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Abstract 

When carefully looked for, postoperative sensorineural hearing loss affects one in five middle ear surgery 

patients and is associated with decreased quality of life. The mechanisms of this loss are poorly 

understood and animal models are an important way to investigate this injury and reduce iatrogenic harm. 

However, hearing outcomes are confounded when manipulation of the middle ear limits the reliability of 

air conducted (AC) evoked auditory potentials, and most currently available bone conduction (BC) 

transducers have poor output at the frequencies of most interest. 

Our aims were to develop a high frequency BC animal model of middle ear surgery, then use this model 

to investigate mechanisms of cochlear injury and whether this injury may be mitigated. We modified a 

magnetostrictive BC transducer and calibrated the evoked auditory potential output against a known AC 

stimulus in the guinea pig. We investigated two forms of ossicular manipulation: one with direct coupling 

to a micromanipulator, the other with burr contact to the incudomalleal complex, and assessed 

electrocochleography (ECochG) outcomes. We then extended this acute model to a recovery model to 

investigate whether a single intravenous dose of dexamethasone prior to ossicular manipulation impacted 

hearing outcomes, as indicated by ECochG. 

We were able to elicit evoked potentials with BC up to 32 kHz, providing a sensitive indicator of 

sensorineural hearing. We found these high frequency regions of the cochlea much more susceptible to 

injury than the lower frequencies traditionally investigated with BC. We identified conductive hearing 

losses which may otherwise have been assumed sensorineural. Ossicular manipulation with the 

micromanipulator did not show reliable sensorineural threshold deterioration, but high-speed burr contact 

did and was accompanied by a reduction in the amplitude of evoked potentials. This threshold shift 

persisted at follow up and was not altered by dexamethasone. The amplitudes for summating potentials 

and compound action potentials were, however, significantly better in the dexamethasone group. 

Surgical manipulation of the middle ear causes high frequency loss of cochlea function which can persist 

and is mitigated by dexamethasone. This is a useful model to further investigate the influence of middle 

ear surgery and its treatment. 

 

 

 





v 
 

Acknowledgements 

I will be forever grateful for the opportunity to pursue this research, and to all those who have supported 

and encouraged me on the way. To those who believed in me when I was having serious doubts, and 

who continue to stand with me as we look to where all this might be leading, my sincerest thanks. 

I firstly wish to acknowledge Peter Thorne, my primary supervisor, whose patient and persistently positive 

guidance I will always remember with the most profound gratitude, and hope one day I will be able to 

emulate. Thank you, Peter. To Philip Bird, my co-supervisor and clinician extraordinaire who showed me 

what it is to be an academic surgeon and who saw the spark of academic potential in me all those many 

years ago. Thank you, Phil. Thanks also to my other co-supervisor Srdjan Vlajkovic for your feedback, 

wisdom and encouragement over the many years it has taken me to get this far.  

A special thanks to Ravi Telang and Cindy Guo for sharing your expertise, skills and stories with me. For 

all your help troubleshooting hardware, software, anaesthesia and for the invaluable assistance in 

preparing immunofluorescence, my thanks. Thanks also to Nishani Dayaratne, my fellow social club co-

ordinator, for the fun we had along the way and for your last-minute assistance in preparing this 

manuscript. 

I wish to acknowledge the generous financial assistance I received as the inaugural Sir Patrick Eisdell 

Moore Fellow from the Deafness Research Foundation, the University of Auckland and the wider 

Otolaryngology Head and Neck Surgery community of New Zealand. It is your support which makes 

research a serious option for surgical trainees and is an investment I hope will yield a rich harvest. 

Finally, and most importantly, none of these endeavours would have been possible without the loving 

support (and sometimes firm encouragement) from my wife; and the understanding, patience and love 

from our children. To Anna, Joshua, Isaac and Esther, thank you for sharing with me in this journey. 

 





vii 
 

Table of Contents 
 

Abstract ................................................................................................................................................... iii 

Acknowledgements ................................................................................................................................. v 

List of Figures ......................................................................................................................................... xi 

List of Tables ......................................................................................................................................... xv 

Abbreviations ....................................................................................................................................... xvii 

 

Introduction to Thesis ............................................................................................................................. 1 

 

 CHAPTER ONE: LITERATURE REVIEW ............................................................................................... 5 

1.1 Literature Review Aims.............................................................................................................. 5 

1.2 Definition and Anatomy ............................................................................................................. 5 

1.3 Postoperative sensorineural hearing loss ................................................................................. 9 

 Physiology of hearing ............................................................................................................ 9 

 Hearing loss ......................................................................................................................... 10 

 Sensitive indicators of postoperative cochlear function ...................................................... 11 

 Does high frequency hearing loss matter? .......................................................................... 12 

 Injury mechanisms ............................................................................................................... 13 

1.4 Animal Models of Middle Ear Surgery ..................................................................................... 23 

 Why animal models? ........................................................................................................... 23 

 Animal model search strategy ............................................................................................. 23 

 Interventions ........................................................................................................................ 24 

 Outcome measures ............................................................................................................. 25 

 Limitations............................................................................................................................ 25 

 

 

 



viii 
 

1.5 Choosing an animal model ...................................................................................................... 28 

 Mouse .................................................................................................................................. 30 

 Rat ....................................................................................................................................... 31 

 Mongolian Gerbil .................................................................................................................. 32 

 Chinchilla ............................................................................................................................. 33 

 Guinea pig ............................................................................................................................ 34 

 Rabbit ................................................................................................................................... 37 

 Cat ....................................................................................................................................... 38 

 Dog ...................................................................................................................................... 40 

 Sheep ................................................................................................................................... 41 

   Pig ........................................................................................................................................ 42 

   Non-Human Primate ............................................................................................................ 43 

1.6 Bone conduction ...................................................................................................................... 45 

 Bone conduction mechanisms ............................................................................................. 45 

 Differences between air- and bone-conducted sound ......................................................... 47 

 Transducer performance ..................................................................................................... 48 

1.7 Mitigating interventions ............................................................................................................ 50 

 Steroids ................................................................................................................................ 50 

 Other pharmacotherapeutic agents ..................................................................................... 51 

 Laser .................................................................................................................................... 52 

 Robot ................................................................................................................................... 52 

1.8 Literature review summary ...................................................................................................... 53 

 

 

 

 

 

 



ix 
 

 CHAPTER TWO: DEVELOPMENT OF A NOVEL HIGH FREQUENCY BONE-CONDUCTION 

TRANSDUCER FOR EVOKING AUDITORY POTENTIALS IN SMALL MAMMALS; AND 

DEVELOPMENT OF A MIDDLE EAR SURGICAL INJURY MODEL WITH HEARING OUTCOME 

CORRELATES ........................................................................................................................................ 55 

2.1 Introduction .............................................................................................................................. 56 

2.2 Aims ......................................................................................................................................... 59 

2.3 Method ..................................................................................................................................... 59 

 Study 1: Bone-conduction device ........................................................................................ 59 

 Study 2: Manipulation .......................................................................................................... 66 

 Tissue extraction and analysis ............................................................................................ 71 

 Data analysis ....................................................................................................................... 71 

2.4 Results ..................................................................................................................................... 72 

 Micromanipulator ................................................................................................................. 72 

 Magnetostrictive Transducer Performance ......................................................................... 74 

 Burr contact manipulation .................................................................................................... 83 

2.5 Discussion ............................................................................................................................... 94 

 

 CHAPTER THREE: RECOVERY ANIMAL MODEL TO ASSESS PERMANENT HEARING CHANGES 

AFTER MIDDLE EAR MANIPULATION; AND INFLUENCE OF INTRAOPERATIVE SYSTEMIC 

DEXAMETHASONE ON HEARING IMMEDIATELY PRIOR TO MIDDLE EAR MANIPULATION....... 99 

3.1 Introduction ............................................................................................................................ 100 

3.2 Methods ................................................................................................................................. 102 

 Experiment procedure ....................................................................................................... 102 

 Animals .............................................................................................................................. 103 

 Surgical Approach ............................................................................................................. 103 

 Anaesthesia ....................................................................................................................... 103 

 Dissection .......................................................................................................................... 103 

 Electrode preparation ........................................................................................................ 105 

 Sound System and Calibration .......................................................................................... 105 

 ABR Parameters ................................................................................................................ 106 

 Electrocochleography Parameters .................................................................................... 106 



x 
 

   Manipulation ...................................................................................................................... 107 

   Tissue extraction and analysis .......................................................................................... 107 

   Data analysis ..................................................................................................................... 107 

3.3 Results ................................................................................................................................... 108 

 Animals .............................................................................................................................. 108 

 Calibration .......................................................................................................................... 108 

 Acute Middle Ear Manipulation .......................................................................................... 116 

 Chronic changes ................................................................................................................ 130 

3.4 Discussion.............................................................................................................................. 148 

 

 CHAPTER FOUR: GENERAL DISCUSSION ...................................................................................... 157 

4.1 Strengths................................................................................................................................ 165 

4.2 Limitations .............................................................................................................................. 165 

4.3 Future directions .................................................................................................................... 167 

 

 CHAPTER FIVE: SUMMARY AND CONCLUSIONS .......................................................................... 169 

 

APPENDICES ....................................................................................................................................... 171 

Appendix I – Magnetostrictive bone conduction transducer development ........................................ 171 

Appendix II – Immunofluorescence from acute study ........................................................................ 176 

Appendix III - Bone conduction evoked potential corrections by frequency ...................................... 179 

Appendix IV – Immunofluorescence in vehicle and steroid treated ossicular manipulation .............. 180 

 

REFERENCES ...................................................................................................................................... 185 

 

 



xi 
 

List of Figures 

 

Chapter One 

Figure 1 Right ear in coronal cross section ............................................................................................... 6 

 

Chapter Two 

Figure 2 Bone conduction transducer affixed to micromanipulator and sealed within plastic................. 63 

Figure 3 Transducer shielded and coupled to skull via small screw ....................................................... 64 

Figure 4 Coupling screw cemented in place on scalp vertex in a rat ...................................................... 64 

Figure 5 Wave II auditory brainstem response bone conduction correction ........................................... 66 

Figure 6 Exposure and Transducer attachment. ..................................................................................... 67 

Figure 7 Motorised micromanipulator coupled to curved myringotomy blade on dissection rig. ............ 68 

Figure 8 Stapes micromanipulator manipulation ..................................................................................... 68 

Figure 9 Threshold shifts by frequency for middle ear exposure ............................................................ 72 

Figure 10 Baseline wave I auditory brainstem response amplitudes at different test frequencies ......... 75 

Figure 11 Baseline wave II auditory  brainstem response amplitudes at different test frequencies ....... 76 

Figure 12 Baseline wave I auditory brainstem response latencies at different frequencies ................... 78 

Figure 13 Baseline wave II auditory brainstem response latencies at different frequencies .................. 79 

Figure 14 Baseline compound action potential amplitudes at different test frequencies ........................ 80 

Figure 15 Baseline compound action potential latencies at different test frequencies ........................... 81 

Figure 16 Baseline summating potential amplitudes at different test frequencies .................................. 82 

Figure 17 Individual compound action potential shifts post-ossicular manipulation ............................... 84 

Figure 18 Individual summating potential shifts post-ossicular manipulation ......................................... 85 

Figure 19 Compound action potential threshold changes following ossicular manipulation ................... 86 

Figure 20 Summating potential threshold changes following ossicular manipulation ............................. 87 

Figure 21 CAP and SP threshold changes following ossicular manipulation ......................................... 88 

Figure 22 CAP and SP thresholds before and after ossicular manipulation ........................................... 89 

Figure 23 Change in compound action potential amplitude .................................................................... 91 

Figure 24 Change in summating potential amplitude .............................................................................. 92 

Figure 25 Animal #12 compound action potential amplitude changes .................................................... 93 

 



xii 
 

Chapter Three 

Figure 26 Experiment overview ............................................................................................................. 102 

Figure 27 Baseline wave II auditory brainstem response amplitudes at different frequencies ............. 110 

Figure 28 Baseline wave II auditory brainstem response latencies at different frequencies ................ 111 

Figure 29 Baseline compound action potential amplitudes at different frequencies ............................. 112 

Figure 30 Baseline compound action potential latencies at different frequencies ................................ 113 

Figure 31 Baseline summating potential amplitudes at different frequencies ....................................... 114 

Figure 32 Manipulation compound action potential thresholds ............................................................. 117 

Figure 33 Manipulation compound action potential threshold distribution ............................................ 118 

Figure 34 Manipulation summating potential thresholds ....................................................................... 119 

Figure 35 Manipulation summating potential threshold distribution ...................................................... 120 

Figure 36 Manipulation compound action potential threshold shifts ..................................................... 121 

Figure 37 Manipulation summating potential threshold shifts ............................................................... 121 

Figure 38 Manipulation compound action potential amplitude shift  ..................................................... 123 

Figure 39 Manipulation summating potential amplitude shift ................................................................ 124 

Figure 40 Animal #2 compound action potential amplitudes conductive hearing loss .......................... 126 

Figure 41 Animal #2 summating potential amplitudes air and bone conduction alignment .................. 127 

Figure 42 Manipulation air conduction cochlear microphonic amplitude shift ....................................... 129 

Figure 43 Air conduction auditory brainstem response thresholds at recovery .................................... 133 

Figure 44 Air conduction auditory brainstem response amplitude shift ................................................. 134 

Figure 45 Recovery compound action potential thresholds .................................................................. 135 

Figure 46 Recovery compound action potential threshold distribution .................................................. 136 

Figure 47 Recovery summating potential thresholds ............................................................................ 137 

Figure 48 Recovery summating potential threshold distribution............................................................ 138 

Figure 49 Recovery cochlear microphonic thresholds .......................................................................... 139 

Figure 50 Recovery cochlear microphonic threshold distribution .......................................................... 140 

Figure 51 Recovery auditory brainstem response threshold shifts ....................................................... 141 

Figure 52 Recovery compound action potential threshold shifts ........................................................... 141 

Figure 53 Recovery summating potential threshold shifts ..................................................................... 142 

Figure 54 Recovery cochlear microphonic threshold shifts ................................................................... 142 

Figure 55 Recovery compound action potential amplitude shifts .......................................................... 144 

Figure 56 Recovery summating potential amplitude shifts .................................................................... 145 

Figure 57 Recovery cochlear microphonic amplitude shifts .................................................................. 147 

 

 



xiii 
 

Appendices 

Figure 58 Circuit to mimic skull impedances ......................................................................................... 172 

Figure 59 Spectrum analyser analysis of transducer output ................................................................. 172 

Figure 60 Transducer and microphone shielding .................................................................................. 173 

Figure 61 Bone conduction transducer taped to skull vertex ................................................................ 174 

Figure 62 Bone conduction transducer artefact from a cadaveric animal ............................................. 175 

Figure 63 Immunofluorescence of cross section from control animal ................................................... 176 

Figure 64 Immunofluorescence of organ of Corti from control animal .................................................. 177 

Figure 65 Immunofluorescence of spiral ganglion from control animal ................................................. 177 

Figure 66 Immunofluorescence of organ of Corti from manipulation animal ........................................ 178 

Figure 67 Immunofluorescence of spiral ganglion from ossicular manipulation animal ........................ 178 

Figure 68 Immunofluorescence of cross section from control animal ................................................... 180 

Figure 69 Immunofluorescence of organ of Corti from control animal .................................................. 181 

Figure 70 Immunofluorescence of spiral ganglion from control animal ................................................. 181 

Figure 71 Immunofluorescence of organ of Corti from ossicular manipulation animal (vehicle) .......... 182 

Figure 72 Immunofluorescence of spiral ganglion from ossicular manipulation animal (vehicle) ......... 182 

Figure 73 Immunofluorescence of organ of Corti from ossicular manipulation animal (steroid) ........... 183 

Figure 74 Immunofluorescence of spiral ganglion from ossicular manipulation animal (steroid) ......... 183 

 

 





xv 
 

List of Tables 

Chapter Two 

Table 1 Bone Conduction Transducer Output ......................................................................................... 61 

Table 2 Bone conduction threshold shifts with 3 - 20x 200 µm stapes micromanipulation .................... 72 

Table 3 Bone conduction threshold shifts with 5 – 80x 400 µm stapes micromanipulation .................... 73 

Table 4 Further threshold shifts with 20 – 80x 200 µm stapes micromanipulation and burr contact ...... 73 

Table 5 Burr contact manipulation animal overview ................................................................................ 74 

Table 6 Bone conduction auditory brainstem response correction by frequency for each animal ......... 77 

Table 7 Differences between mean compound action potential baseline thresholds by frequency ....... 83 

Table 8 Differences between mean summating potential baseline thresholds by frequency ................. 83 

Table 9 Post-manipulation compound action potential and summating potential threshold shifts ......... 83 

 

Chapter Three 

Table 10 Animal parameters ................................................................................................................. 108 

Table 11 Difference between ABR and CAP bone conduction corrections .......................................... 115 

Table 12 Difference between CAP and SP bone conduction corrections ............................................. 115 

Table 13 Manipulation compound action potential BC versus AC thresholds ...................................... 125 

Table 14 Manipulation summating potential BC versus AC thresholds ................................................ 125 

Table 15 Recovery compound action potential BC versus AC thresholds............................................ 130 

Table 16 Recovery summating potential BC versus AC thresholds ..................................................... 131 

 

Appendices 

Table 17 Bone conductor electromagnetic output ................................................................................. 171 

Table 18 Isolation of bone conductor and microphone ......................................................................... 173 

 

 





xvii 
 

Abbreviations 

ABR Auditory brainstem response 

AC Air conduction 

ACABR Air conduction auditory brainstem response 

BC Bone conduction 

BNC Bayonet Neill–Concelman 

CAP Compound action potential 

CHL Conductive hearing loss 

CM Cochlear microphonic 

CSF Cerebrospinal fluid 

dB Decibel 

dB HL Decibel hearing level 

dB SPL Decibel sound pressure level 

dB SPLeq Decibel sound pressure level equivalent 

DC Direct current 

DPOAE Distortion product otoacoustic emission 

EAC External auditory canal 

ECochG Electrocochleography 

EP Endocochlear potential 

ET Endotracheal 

H&E Haematoxylin and Eosin 

HoM Handle of malleus 

Hz Hertz 

IAC Internal auditory canal 



xviii 
 

ICA Internal carotid artery 

IHC Inner hair cell 

I-O Input-output 

IP Intraperitoneal 

ISJ Incudo-stapedial joint 

IV Intravenous 

kg Kilogram 

kHz Kilohertz 

LDV Laser Doppler vibrometer / vibrometry 

LPI Long process of incus 

mg Milligram 

mL Milliliter 

ms Millisecond 

mV Millivolt 

NAC N- acetylcysteine 

OAE Otoacoustic emissions 

OHC Outer hair cell 

OOC Organ of Corti 

Pa Pascal 

PFA Paraformaldehyde 

POSNHL Postoperative sensorineural hearing loss 

PTA Pure tone audiogram 

PTS Permanent threshold shift 

RMS Root mean square 

RPM Revolutions per minute 



xix 
 

SC Sub-cuticular 

SDS Speech discrimination score 

Sec Second 

SEM Scanning electron microscopy 

SNHL Sensorineural hearing loss 

SP Summating potential 

TDT Tucker Davis Technologies 

TEM Transmission electron microscopy 

THD Total harmonic distortion 

TM Tympanic membrane 

TTS Temporary threshold shift 

Vdc Volts (direct current) 

Vp-p Peak to peak voltage 

W Watt 





1 
 

Introduction to Thesis 

Primum non nocere. First, do no harm. 

This dictum, embedded in the medical psyche, permeates the ethical framework within which doctors 

practice the art of medicine. This harm may be anticipated as a potential side effect of therapy and may 

be mitigated, but frequently the harm is an apparently idiosyncratic event. Complications in surgery are 

by nature idiosyncratic, the patient harm is unintended and unexpected. But such a complication may be 

better understood and mitigated when its underlying mechanism is first understood. 

Otology is the medical and surgical management of the ear and surgical intervention to the ear is 

performed by an otologist, or more broadly, an otorhinolaryngology head and neck surgeon. Such surgery 

is usually done to improve patients’ quality of life (Guyot & Sakbani, 2007) which may have been reduced 

by hearing impairment, otalgia (pain), otorrhoea (discharge), tinnitus, aural fullness, imbalance or vertigo 

due to the proximity of the vestibular system in the inner ear (Flint et al., 2010). The aetiologies of these 

processes are diverse and may include infective, neoplastic, traumatic, congenital, degenerative, 

metabolic or iatrogenic factors. The role of middle ear surgery is primarily to provide a safe and dry ear, 

and secondarily to improve hearing (House & Sheehy, 1963; Smith & Danner, 2006). Other indications 

include access to other structures (inner ear, posterior or middle cranial fossa) or tissue biopsy (Bennett 

& Haynes, 2007). In this regard, the concept of a safe ear is one in which any destructive tissue such as 

tumour, cholesteatoma, or other nidus of infection has been removed and the middle ear is sealed off 

from the external environment (Palva, Palva, & Karja, 1973; Ragheb, Gantz, & McCabe, 1987). 

The potential complications of middle ear surgery are frequently the same as those of the underlying 

disease process. For example, an operation to patch a perforation in the tympanic membrane may 

actually cause hearing loss in that ear (Bicknell, 1971), leaving the patient with a significant handicap. 

Similarly, surgery to remove a cholesteatoma may, rarely, render the patient deaf, vertiginous, or with a 

paralysed side of their face (Jung et al., 2013). 

Understanding the mechanisms and management of these injuries needs to be the goal of both clinicians 

and scientists so that surgical complications may be reduced. There must dialogue in both directions as 

clinicians embrace evidence-based practice and scientists gain a deeper appreciation of the challenges 

facing unwell patients. One of the responsibilities of the Surgeon Scientist is to help bridge these roles 

(Mansukhani, Patti, & Kibbe, 2017), to have resources to devote to a clinical problem and to learn the 

skills to address future challenges, while providing a conduit for colleagues in both professions to 

exchange information. The ultimate goal is better outcomes for patients by reducing ear surgery 

complications which significantly impact patients’ quality of life (Guyot & Sakbani, 2007). It is with these 

aspirations in mind that we undertook to study the phenomenon of post-operative sensorineural hearing 

loss (POSNHL) following middle ear surgery. We sought firstly to model this injury and then to investigate 

how to reduce this harm.  
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The incidence of POSNHL after middle ear surgery is classically cited as <1% for a total loss (Smyth, 

1977) and around 5% for a partial loss (Cody & Taylor, 1973a, 1973b). However, the definition of partial 

loss greatly influences the apparent incidence of injury and there is substantial variation in definition within 

the literature (Berliner, Doyle, & Goldenberg, 1996). In particular, as the higher audiometric frequencies 

are more sensitive to insult (Domenech & Carulla, 1988), definitions of loss which include the lower 

frequencies have less apparent injury (de Bruijn, Tange, & Dreschler, 2001). For patients undergoing 

stapes surgery, not strictly speaking just middle ear surgery due to opening of the vestibule, nearly a 

quarter of patients (4.6 – 60%) have a postoperative sensorineural hearing loss at 4 kHz (R. Boonchoo 

& P. Puapermpoonsiri, 2007; DiBartolomeo & Ellis, 1980; Ginsberg, Hoffman, Stinziano, & White, 1978; 

Hausler, Schar, Pratisto, Weber, & Frenz, 1999; Lesinski & Stein, 1989a; Liden, Lindqvist, & Hallqvist, 

1981; Sedwick, Louden, & Shelton, 1997; Silverstein, 1998). In contrast, using data from their same 

patient cohort, Lesinski et al. showed that if thresholds were only averaged over the lower frequencies of 

0.5, 1 and 3 kHz, there was no apparent sensorineural loss (>10 dB) (Lesinski & Stein, 1989a). 

The proposed aetiologies for POSNHL include noise exposure (Domenech, Carulla, & Traserra, 1989b; 

Kylen, Arlinger, & Bergholtz, 1977; Palva, Karja, & Palva, 1973), inadvertent ossicular drill contact (Hallmo 

& Mair, 1996; Helms, 1976; Lau & Tos, 1986; Lee & Schuknecht, 1971; Sheehy & Anderson, 1980; Smyth, 

1976; Smyth, Kerr, & Goodey, 1971), infection (Brahe Pedersen & Felding, 1991; Gundersen, 1964; 

Sheehy & Crabtree, 1973), antisepsis (Bicknell, 1971; Packer, Mackendrick, & Solar, 1982) or the 

transmission of manipulation forces directly to the cochlea via the stapes and oval window (Black & 

Wormald, 1995; Cody, Hallberg, & Simonton, 1967; Dawes & Curry, 1969; Gormley, 1987; Kamal, 1990; 

Kylen, Arlinger, Jerlvall, & Harder, 1980; Smyth, 1972, 1976, 1977; Smyth et al., 1971; Vartiainen & 

Seppa, 1997). Modelling this injury is essential to develop appropriate therapeutic or preventative 

interventions. 

To investigate this injury in an animal model, air-conduction (AC) auditory evoked potentials can readily 

be used to assess hearing function. The significant limitation, however, is that these evoked responses 

require sound transmission across the middle ear. If the middle ear has been disrupted by surgery, the 

animal acquires a variable conductive hearing loss (CHL). This makes direct comparison of pre- and post-

intervention auditory thresholds related to any sensorineural defect impossible. Studies which only assess 

AC and note a hearing loss after the intervention are not able to differentiate whether this loss was due 

to a conductive or sensorineural impairment or of mixed pathology (Adamczyk, Appleton, Parell, & 

Antonelli, 1999).  

To illustrate this, Antonelli et al. packed the guinea pig middle ear with Gelfoam and noted AC ECochG 

threshold elevation (Antonelli, Sampson, & Lang, 2010). They concluded that this was likely sensorineural 

in nature as there was no visible foam left at the completion of the study. This may be true or it may have 

been due to scarring, adhesions, or other potential CHL confounders. Similarly, after an ear vibration 

study 60% of the guinea pigs developed an immediate temporary threshold shift (TTS) with an average 
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shift of 8.8 dB across all frequencies and animals (Sutinen, Zou, Hunter, Toppila, & Pyykko, 2007). After 

one week the shift was 2.4 dB on average and at two weeks the shift was 1.3 dB. The authors contend 

this is sensorineural, but it could also be a resolving middle ear effusion post-manipulation with a CHL. 

Some authors have attempted to define a sensorineural hearing loss (SNHL) on AC by decreased 

waveform amplitude or latency (Pinilla et al., 2003), or by the pattern of loss (Paparella, 1962), while other 

authors have tried galvanic stimulation of the cochlea to bypass the middle ear (Hegewald, Heitman, 

Wiederhold, Cooper, & Gates, 1989). However, the conventional method for direct stimulation of the 

cochlea is with bone conducted (BC) sound which is not solely dependent on the middle ear to give an 

indication of cochlear function. This should be performed before and after middle ear surgery to 

appreciate any POSNHL (Suits, Brummett, & Nunley, 1993). BC hearing testing has high test-retest 

stability (Laukli & Fjermedal, 1990) and is possible in humans with a hearing frequency spectrum from 12 

Hz up to 24 kHz (Olson, 1967; Wever, Lawrence, & Smith, 1949). However, traditional BC transducer 

performance deteriorates significantly at frequencies greater than 5 kHz (Frank & Richards, 1980), so in 

smaller animals with a higher hearing frequency spectrum BC is impractical because studies with BC 

stimuli are generally limited to this lower frequency spectrum (Maw, Kartush, Bouchard, & Raphael, 

2000). 

The work in this thesis aims to establish whether middle ear surgical approaches can cause SNHL using 

an animal model and bone conduction measurements. In our first series of experiments we modified a 

magnetostrictive BC device which had high enough output at a high enough frequency to be a sensitive 

method of eliciting cochlear function in an acute (non-recovery) guinea pig model. We went on to develop 

this model to include ossicular manipulation and demonstrated a temporary threshold shift (TTS) in 

evoked auditory potentials. In subsequent studies, we developed this into a recovery model and used this 

model to investigate the effect on evoked auditory potentials when animals were administered systemic 

steroid prior to a known injurious ossicular manipulation. 

The importance and impact of this thesis is that we have developed a sensitive method of dynamically 

assessing cochlear function in guinea pigs which is not dependent on the middle ear, at least for acute 

experiments. This work was inspired by the clinical problem of inadvertent hearing loss after ear surgery 

and as such our primary outcome focus was hearing, as assessed functionally with evoked auditory 

potentials. 
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CHAPTER ONE: 

LITERATURE REVIEW 

This review provides a general overview of the relevant human anatomy and physiology of hearing and 

especially sensorineural hearing loss, before exploring potential animal models of middle ear surgery, 

and finally summarises the literature around injury to the inner ear from surgical manipulation of the ear 

and what may be done to mitigate against harm. 

 

1.1 Literature Review Aims 

1. To identify an appropriate animal species to develop as a model of middle ear surgery. 

2. To investigate high-frequency bone conduction as an indicator of cochlear function. 

3. To review theorised surgical injury aetiologies. 

4. To investigate the potential for cochlear harm reduction in the context of middle ear surgery. 

 

1.2 Definition and Anatomy 

Middle ear surgery is a broad term which encompasses any manipulation of the structures of the middle 

ear and adjoining air spaces. The human middle ear, or tympanum, is bounded laterally by the tympanic 

membrane (TM), medially by the promontory of the cochlea, anteriorly by the Eustachian (auditory) tube, 

and posteriorly by the aditus ad antrum and subsequent entry into the mastoid air cells. Superiorly is the 

tegmen, a bony roof on the other side of which is the middle cranial fossa. Inferiorly is another plate of 

bone which separates the middle ear from the jugular fossa (Gray, Williams, & Bannister, 1995). On the 

lateral aspect the tympanic cavity is only partly bordered by the TM and so the cavity is partitioned into 

the mesotympanum, directly medial to the TM; the hypotympanum below; and the epitympanum above 

the mesotympanum (Figure 1). 
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Figure 1 Right ear in coronal cross section. Fine-dashed ellipse indicates position of mastoid in a plane deeper (more 
posterior) to the image, while the arrow indicates the location of the aditus ad antrum which connects the middle ear 
space to the antrum of the mastoid in the region of the epitympanum. VIII vestibulocochlear nerve. Credit 
iStock.com/Didacta_produktionsbyra (image edited and used with permission) 

 

The middle ear is an air-filled space with specialised features to transmit acoustic energy from the 

terrestrial air environment to the fluid-filled space of the inner ear. This is referred to as the middle ear 

transformer and in mammals consists of the malleus, incus and stapes; a chain of three articulating bones, 

which joins the TM to the oval window of the cochlea (Romer & Parsons, 1977). The malleus handle is 

embedded within the TM and the malleus head articulates with the incus in the epitympanum. The long 

process of the incus (LPI) projects back down into the mesotympanum and turns medially to articulate 

with the incudostapedial joint (ISJ), another synovial joint. Collectively, these bones are referred to as the 

ossicles (in Latin, little bones). Other important structures include muscles and nerves. The tensor 

tympani muscle projects laterally from the bony processus cochleariformis and attaches to the TM. The 

stapedius muscle tendon attaches to the neck of the stapes, having similarly arisen from a bony 

prominence, the pyramidal eminence. The facial nerve (VII) emerges from the internal auditory canal 

(IAC) at its first genu posterior to the processus cochleariformis, courses along the medial wall of the 

tympanic cavity, where it may be dehiscent in up to 30% of people (Arias-Marzan et al., 2019), before 

turning inferiorly at its second genu and travelling through the mastoid bone to emerge at the stylomastoid 

foramen. Finally, the chorda tympani (a sensory branch of the facial nerve) passes across the middle ear 

between the malleus and incus and supplies the nerve fibres for taste to the ipsilateral side of the tongue.  



7 
 

Surgical access to the human middle ear is commonly gained either directly down the ear canal with 

elevation of the EAC skin and reflection aside of the TM (transcanal +/- wider exposure from an endaural 

incision), or by drilling through the mastoid cortex and air cells and entering the middle ear through the 

aditus ad antrum. This access may be further augmented by a facial recess approach. Any operation 

upon the tympanum may be referred to as a tympanoplasty and was classically categorised by Wullstein 

into Types I – V depending on how medial the reconstruction proceeded (Wullstein, 1956). In 

tympanoplasty Type I, a TM perforation is repaired and is synonymous with a myringoplasty, whereas a 

Type V operation indicated fenestration of the cochlea due to an immobile stapes footplate. This 

classification has now been largely abandoned in favour of terms which describe the procedures 

performed in any given operation. For example, an ossiculoplasty is any procedure which endeavours to 

reconstruct the middle ear transformer and restore sound conduction from the TM to the oval window 

either by direct apposition or with coupling via a prosthesis or tissue. A mastoidectomy involves removing 

the bone of the mastoid and may be performed to clear the mastoid of disease or to provide access to 

the middle ear via the aditus ad antrum. Special note is made when the stapes footplate is immobile and 

a fenestration is made through the footplate for a prosthesis connected to the ossicles to transmit sound 

vibration to the cochlea. This stapedectomy procedure involves not only manipulation of the middle ear 

but adds the variable of inner ear exposure (Shea, 1958). 

The inner ear has several interconnected fluid-filled cavities and is housed within the bony labyrinth. 

Within the bony labyrinth is a membranous labyrinth filled with a high potassium concentration fluid known 

as the endolymph. Between the bony and membranous labyrinth, the space is filled with fluid at much the 

same ionic composition as cerebrospinal fluid (CSF) called perilymph (Bosher & Warren, 1968). 

Anteriorly, the labyrinth is composed of the cochlea which transduces sound from mechanical to 

electrochemical energy. The cochlea has a broad base but narrows as it spirals after two and three-

quarter turns to the apex. At the centre of the cochlea is the modiolus through which the VIII nerve fibres 

pass and synapse at the spiral ganglion. Extending laterally from the modiolus, the osseous spiral lamina 

attaches to the membranous labyrinth as it spirals towards the cochlea apex. 

The tube of the membranous labyrinth is affixed to the outer wall of the bony labyrinth by the spiral 

ligament and, as indicated previously, the osseous spiral lamina is attached medially. These attachments 

partition the perilymph into the scala vestibuli above Reissner’s membrane and the scala tympani beneath 

the basilar membrane with the endolymph-containing scala media between these membranes. In the 

cochlea apex, the scala vestibuli and tympani communicate in a region known as the helicotrema. On the 

lateral wall of the scala media is the stria vascularis which helps to regulate the scala media's high 

potassium environment and electrical potential, which is important for the transduction of sound. 
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The blood supply to the cochlea comes from the labyrinthine branch of the anterior inferior cerebellar 

artery. This branches into the anterior vestibular and common cochlear arteries. The common cochlear 

artery divides into the cochlear (spiral modiolar) and vestibulocochlear arteries, of which the 

vestibulocochlear artery supplies approximately three quarters of the basal turn and the proper cochlear 

artery supplies the remaining cochlea (Nakashima et al., 2003). 

The vestibular component of the inner ear lies posterior to the cochlea and has both static and dynamic 

force sensors. The utricle and saccule are primarily influenced by linear acceleration in horizontal and 

vertical planes respectively. These otolithic organs sit between the cochlea anteriorly and the semicircular 

canals (SCC) posteriorly and are very close to the oval window. The anterior part of the oval window in 

humans is only 1 mm from the saccule, while the distance between the superior part of the stapes 

footplate and the utricle is between 1 to 1.5 mm (Anson & Bast, 1958). Other authors found an even 

closer relationship with the shortest distance between the utricle and the footplate found at the posterior-

superior edge of the footplate, and varied between 0.2 and 0.9 mm (Leonard & Alexander, 1968). The 

same authors found 44% of 200 ears had fibrous adhesions between the lateral surface of the utricle and 

the medial surface of the footplate. They asserted that these fibres and their accompanying blood vessels 

must inevitably be torn during removal of the stapes in stapedectomy. Paparella also found the saccule 

to be more susceptible to direct trauma than the utricle in the monkey due to the same anatomic 

considerations (Paparella, 1966). In experimental fracture of the footplate in cats, there was rupture of 

Reissner’s membrane and injury to the organ of Corti in the upper basal turn of the cochlea (the site of 

the lesion corresponding to the 4 kHz region) as well as injury to the saccular macula (Singleton & 

Schuknecht, 1959). Only one ear showed a lesion of the saccule without a lesion of the organ of Corti. 

The authors suggest that compression of the saccule by the footplate may transmit endolymph to the 

cochlea and produce cochlear damage in ossicular manipulation.  

The semicircular canals detect angular velocity from rotational head movement. Each ear has three SCCs 

which are oriented in roughly orthogonal planes to each other. These are the lateral (horizontal), posterior 

and superior (anterior) canals and they are each maximally sensitive to rotation in their own plane.   

There are several communications between the cochlea and surrounding anatomy. The labyrinth 

communicates at the oval window with the stapes footplate. Additionally, the round window communicates 

with the middle ear at the end of the scala tympani. The cochlear aqueduct arises from the basal turn and 

communicates perilymph with CSF. Finally, the vestibular aqueduct is a diverticulum of the membranous 

labyrinth and projects out to the endolymphatic duct and sac. 
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1.3 Postoperative sensorineural hearing loss 

 Physiology of hearing 

At standard atmospheric conditions sound travels through air at 343 m/sec (Fahy, 2001). It is directed by 

the pinna down the external auditory canal (EAC) to the middle ear. If this sound were to reach the inner 

ear unmodified, 99.9% of that energy would be reflected due to the significantly greater impedance of the 

principally water-filled labyrinth (1.5 MPa.s.m-3) compared to air (415 Pa.s.m-3) (ibid). This represents a 

transmission loss of 30 dB (Wever et al., 1949). To overcome this impedance, the middle ear apparatus 

transforms and amplifies sound energy via several mechanisms. The first is that the TM efficiently 

captures the sound due to its fibroelastic properties which allow it to vibrate maximally when the air 

pressure on both sides of the TM is the same (Beery, Andrus, Bluestone, & Cantekin, 1975). Secondly, 

the surface area ratio between TM and the oval window at the stapes footplate interface is about 17:1 so 

that the same force from TM movement over the smaller area of the stapes footplate increases the 

pressure transfer (Bess & Humes, 2003). Lastly, there is a lever effect as the ratio of lengths from the top 

of the incus and malleus to the tip of the LPI is 1.3x the distance from the top of the incus and malleus to 

the tip of the malleus handle at the TM umbo. This increases the force of stapes movement, but decreases 

its excursion distance. Combined as the middle ear transformer, these factors amplify sound by 

approximately 40 dB (Von Békésy, 1960). 

At the oval window, the stapes footplate vibration creates a pressure wave which travels through the 

cochlea and leads to a travelling wave along the basilar membrane and the attached organ of Corti (OOC) 

in a basal to apical direction due to the vibration characteristics of the basilar membrane. Different 

frequencies of stimulation have different points of maximal resonance along the cochlea due to variations 

in its impedance, thus making the cochlea tonotopically mapped (Martin, 2003). High frequencies are 

transduced in the basal portion with lower tones mapped to the apical regions of the cochlea. 

Sound is transduced from mechanical to electrical energy by the sensory cells of the OOC (Steele, Boutet 

de Monvel, & Puria, 2009). The OOC has a single row of inner hair cells (IHC) and three rows of outer 

hair cells (OHC) with the space between them forming the tunnel of Corti. Stereocilia protruding from 

above these cells join to the tectorial membrane, which then connects centrally to the spiral limbus on the 

osseous spiral lamina. The inner hair cells transduce basilar membrane motion into electrochemical 

stimulation of VIII when the basilar membrane vibrates in response to the sound pressure wave travelling 

through the perilymph. This OOC motion is relative to the tectorial membrane and the stereocilia are 

displaced in response, opening mechanically-gated cation channels and permitting influx of potassium 

from the endolymph into the cell. This cation influx then depolarises the hair cell, which in turn leads to 

influx of calcium and release of neurotransmitter (glutamate) and depolarisation of the cochlear afferent 

neuron. The spiral ganglion houses the cell body of the cochlear neurons from where one neural process 

perforates the osseous spiral lamina and innervates the OOC, while the other process travels down the 

IAC and across the cerebellopontine angle to the cochlear nucleus in the brainstem.  
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Hearing may be quantified by audiometric testing, one outcome of which is the threshold intensity where 

sound is only just able to be heard. Sound intensity is reported in decibels (dB), but the decibel is not a 

unit in and of itself, rather it is a logarithmic ratio between two power quantities (Olson, 1967). For hearing, 

the reference is the threshold of hearing at 20 µPa of sound pressure (Gelfand, 2009) and sound levels 

in reference to this are termed dB SPL. However, the ear is not uniformly sensitive to all frequencies and 

so decibel hearing level (dB HL) is a term where a correction factor is applied to each frequency to give 

a flat baseline for what is considered “normal” hearing. It is the deviations in dB HL which are noted on a 

conventional audiogram. Audiometry is not an infallible method of hearing assessment and relies on 

skilled testers, cooperative patients and appropriate judgement in interpreting the results. 

Pure tone audiometry (PTA) can assess the complete hearing pathway to the cochlea or may interrogate 

just the cochlea. Hearing responses are assessed at different intensities and frequencies of sound. When 

sound is delivered to the external ear, this sound energy travels down the EAC and across the middle 

ear to the cochlea. This is termed air conduction (AC) as the primary stimulus is vibration of sound in air. 

When the skull is vibrated with a bone conductor (BC) the cochlea is also stimulated, but is less reliant 

on the external and middle ear. In health, the thresholds for both AC and BC should be the same. 

 

 Hearing loss 

Hearing loss from impaired sound transmission to the cochlea is a conductive hearing loss (CHL) and is 

shown as a fall in AC thresholds with preservation of BC thresholds, generating an air-bone gap (ABG). 

Underlying CHL pathology may be from TM perforation, fluid or other material in the middle ear, or 

impaired ossicular continuity or mobility. If the underlying cochlear function is normal and the CHL 

pathology is corrected, hearing may return to normal. In contrast, sensorineural hearing loss (SNHL) is 

due to impaired cochlea sound transduction or neural transmission of sound via the (vestibulo-)cochlear 

nerve (cranial nerve VIII) and will generally be evidenced by a fall in both AC and BC. SNHL may also be 

shown by a fall in speech reception or discrimination, where even amplification to compensate for a CHL 

is inadequate to correctly identify speech. Speech scores are not directly comparable to BC (Robinson & 

Kasden, 1977) and Guilford found lower POSNHL incidences when pure tone testing was compared with 

speech discrimination losses (0.7 versus 1.9%) (Guilford, 1961), but as will become evident later in this 

review this was probably because they looked at relatively low pure tone frequencies which are not a 

sensitive indicator of cochlear dysfunction. Most sensorineural losses also tend to be progressive with 

time. A hearing loss with both conductive and sensorineural components is termed a mixed hearing loss.  

Middle ear surgery frequently attempts to address an ABG with improved hearing an expected outcome. 

However, patients may not be aware of a POSNHL when an ABG is closed, because as long as their AC 

improves from before surgery, patients will likely feel that their overall hearing has improved. Yet without 

that injury their hearing could have been even better. 
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 Sensitive indicators of postoperative cochlear function  

Sheehy noted general agreement that sensorineural hearing impairment should occur in <2% of ear 

surgery cases (Sheehy, 1983), but what level of impairment and at which frequencies? Not all frequencies 

are impaired to the same degree after a cochlear injury and selection of frequencies to report success, 

or failure, has a significant effect on apparent success rates (de Bruijn et al., 2001). These same authors 

go on to reveal a step-wise deterioration in successful surgical outcomes when comparing 0.5, 1 and 2 

kHz, with 0.5, 1, 2 and 3 kHz, with 0.5, 1, 2 and 4 kHz, to 1, 2 and 4 kHz. That is to say, when higher 

frequencies are used the apparent SNHL rate increases. In another specific example, Keck et al. more 

than halved their apparent POSNHL incidence from 6.8% when averaging 1, 2 and 4 kHz to 3% just by 

analysing 0.5, 1, 2 and 3 kHz instead (Keck, Wiebe, Rettinger, & Riechelmann, 2002). Many other authors 

have also noted the BC deterioration following ear surgery to be most marked at 4 kHz (Black, 2003; 

Dommerby & Tos, 1983; Vartiainen & Seppa, 1997) or 4 and 8 kHz (Miller, Rendall, & Kalmon, 1961); 

however, in contrast to these studies, Kylen et al. found predominantly a low frequency threshold shift 

following ossicular manipulation (Kylen, Arlinger, et al., 1977). 

There are other important features in qualifying a POSNHL. The most obvious is the magnitude of loss 

required to qualify, with greater threshold shift requirements meaning a lower apparent POSNHL 

incidence. The timing of the testing is important as well, so as to differentiate between a TTS and a 

permanent threshold shift (PTS). Shambaugh had a 60% POSNHL rate noted at 4 kHz after 1 week, but 

this decreased to 40% after 4 months (Shambaugh, 1963). If the immediate postoperative period is 

investigated, high frequency threshold shifts up to 75 dB may be seen at two hours after surgery, but 

these have almost completely recovered at six hours (Hausler et al., 1999).  

In addition to averaged frequencies in a single patient leading to a lower apparent POSNHL incidence, 

averaging results across a patient cohort also makes it unclear how many individual patients had a 

cochlear injury (Huber, Linder, & Fisch, 2001). One study gave no rate of POSNHL, but noted average 

loss at 4 kHz for 558 ears to be 60 dB (Donaldson, 1976). A further clue that an averaged loss across a 

cohort may not reveal underlying individual losses may be seen if the mean loss is qualified by a large 

variability (De Corso, Marchese, Sergi, Rigante, & Paludetti, 2007).  

To summarise, Berliner et al. demonstrated that the greatest differences in success rate were due to the 

choice of success definition (Berliner et al., 1996). In 1995, the American Academy of Otolaryngology 

Head and Neck Surgery attempted to standardise presumed operative cochlear damage by reporting the 

average BC thresholds at 1, 2 and 4 kHz ("Committee on Hearing and Equilibrium guidelines for the 

evaluation of results of treatment of conductive hearing loss. American Academy of Otolaryngology-Head 

and Neck Surgery Foundation, Inc," 1995). This arbitrarily decreases the apparent POSNHL incidence 

by including lower and less sensitive frequencies and has not been revised since. 
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Histopathology of the cochlea may be used to demonstrate structural injury, but even in the presence of 

hearing loss the findings may be normal (Ikeda et al., 2011). Paparella showed all experimental animals 

had a hearing loss, but in one animal the only histopathological change observed was a loss of 

mesothelial cells in the lower basal turn (Paparella, 1962). Noise trauma, such as is seen with prolonged 

mastoid drilling, is likely from a slow exhaustion on the cytochemical or enzymatic level without gross 

tissue destruction, whereas acoustic trauma such as a blast injury, or brisk ossicular contact, is more 

likely the product of a physical injury involving local tissue lesions and should be evident on histopathology 

(Schuknecht & Tonndorf, 1960). Noise injury demonstrates a similar locus of loss in the cochlea (Flottorp, 

1973; Sataloff, Vassallo, & Menduke, 1967). Guinea pigs showed more injury to the basal cochlea with 

OHC more affected than IHC (Rubinstein & Pluznik, 1976). Dommerby and Tos also found that 

audiometrically as well as histologically, POSNHL resembles acoustic trauma (Dommerby & Tos, 1983). 

Why this high frequency basal region of the cochlea should be more sensitive to injury than other regions 

is likely to be multifactorial. It has been shown that cells in basal turn have higher metabolic activity, and 

that oxygen consumption of the stria vascularis is higher in the basal than the apical areas (Ballantyne, 

1970; Koide, Hando, & Yoshikawa, 1964; Rauch, 1966). Furthermore, there is a different blood supply 

for basal turn (Tange & Dreschler, 1990) because of the watershed between cochlear and 

vestibulocochlear arteries (Crowe, Guild, & Polvogt, 1934). The high incidence of high frequency loss due 

to different aetiologies suggest the most vulnerable regions of the cochlea are within the areas supplied 

particularly by the vestibular branch (Axelsson, 1968). 

 

 Does high frequency hearing loss matter? 

Controversially, Sataloff believed that although there was noise-induced damage at 10, 12 and 14 kHz 

that this “will not affect the individual in his ability to communicate…(but) this finding is expected to be of 

some value for diagnostic purposes” (Sataloff et al., 1967). Other authors felt that clinically, the high-

frequency changes were quite harmless and since they were not included by other authors, they did not 

include them either (Tos, Lau, & Plate, 1984). Elsewhere, Marchant noted that a 4 kHz loss apparently 

did not correlate with a deterioration in speech score and questioned the relevance of reporting 

audiometric changes there (Merchant, 1967). 

However, we are coming to appreciate that high frequency hearing is important for speech discrimination, 

especially in noise (Aniansson, 1974; Bailey, Pappas, & Graham, 1981) as well as for sound intensity 

discrimination at speech frequencies (Florentine, 1983). It has also been shown that intense (>65 dB) 

noise at high-frequency (10-20 kHz) can elevate hearing thresholds in the 1-7 kHz range and was 

associated with reduced temporal integration of sound (Henry, Ayars, Paolinelli, & Nguyen, 1985). One 

of the reasons only 63% of patients experienced improvement in speech testing after stapes surgery is 

that they lost high frequency hearing, which was not appreciated on a regular audiogram (Mair, 1989). 
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In addition, there is evidence that sensorineural insults are cumulative; whether they are acquired by 

noise, ototoxicity or surgery (Fisch, May, Linder, & Naumann, 2004; Hallmo & Mair, 1996; Sheehy & 

Brackmann, 1979), and that these effects compound underlying presbyacusis with progressive hearing 

loss (Desai, Aiyer, Pandya, & Nair, 2004). Injuries also increase the risk of further cochlear injury if 

additional ear surgery is required, and may be referred to as a “fragile cochlea” (Fisch, Acar, & Huber, 

2001; Satar, Sen, Karahatay, Birkent, & Yetiser, 2007; Sheehy, Nelson, & House, 1981). Because of this, 

every effort should be made to preserve cochlear function at all frequencies (Tos et al., 1984). 

 

 Injury mechanisms 

The aetiology of this POSNHL is not well understood. Many potential mechanisms for POSNHL have 

been suggested and these are now discussed in further detail. 

1.3.5.1 Force 

It truly is remarkable that the threshold sound pressure for auditory neurons can be as low as –10 dB 

SPL, which is equivalent to 7 µPa (Rhode, 1978). This sound pressure is so low that it produces ossicular 

chain vibration on the order of 1/1000 the diameter of a hydrogen atom (~10−13 m) (Rhode, 1978). With 

this in mind, it is tempting to attribute cochlear losses following middle ear surgery to the significantly 

supraphysiological forces imparted on the ossicular chain and transmitted to the cochlea (Bergin, Sheedy, 

Ross, Wylie, & Bird, 2014; Hayden & McGee, 1965). Several authors have considered excessive 

POSNHL to be due to excessive ossicular manipulation (Palva, Karja, & Palva, 1976; Vartiainen & Seppa, 

1997), especially while clearing cholesteatoma away from the footplate region (Kamal, 1990), or in the 

presence of an intact ossicular chain (Vartiainen & Seppa, 1997). Smyth attributed POSNHL to the 

hydraulic effects of surgery on the membranous inner ear structures, but said that this effect may not be 

apparent for five or more years after the event (Smyth, 1982). In animal models, when there was less 

surgical manipulation of the middle ear, fewer post-operative complications developed (Paparella, 1967). 

Bellucci noted a 1.5% dead ear post-tympanoplasty and a 20% lesser POSNHL (Bellucci, 1985). He 

summarised the likely opportunities for transmission of excessive force during surgical procedures as: 

excessive and vigorous palpation of ossicles; ossicular contact with the rotating burr; disarticulation of 

the ISJ; positioning of the prostheses and / or tissue grafts on the stapes or tympanic membrane; and, 

removal of cholesteatoma and tympanosclerosis from around the oval and round windows. 

Some manipulations appear to be less traumatic than others. Myringotomy ± ventilation tube insertion 

where the TM is left in its annular ring is not known to cause POSNHL (Emery & Weber, 1998). Whereas 

the incrementally greater manipulation required for a myringoplasty has demonstrated a 7% POSNHL 

>10 dB at 4 kHz (de Zinis, Cottelli, & Koka, 2010). They also showed significantly greater impairment with 

the post-auricular approach when compared with a transcanal approach (13% versus 2%) and for patients 

who underwent EAC drilling (20% versus 4%), although there are likely to be confounding variables as 
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these adjunct procedures indicate a more complex reconstruction. POSNHL was also attributed to thicker 

graft material requiring more positioning (Zakzouk & Attallah, 1992) and in revision surgical cases due to 

scarring and more challenging dissection (Zakzouk & Attallah, 1992). Ophir et al. noted a 2.6% incidence 

of dead ears in paediatric myringoplasty with all losses operated on by residents (Ophir, Porat, & Marshak, 

1987). In contrast, Mair and Hallmo used high frequency BC to evaluate myringoplasty outcomes and 

showed no damage (Mair & Hallmo, 1994). Further studies showed POSNHL in up to 10% of 

ossiculoplasty (Alaani & Raut, 2010; Krueger et al., 2002; Michael, Fong, & Raut, 2008; Quesnel, Teissier, 

Viala, Couloigner, & Van Den Abbeele, 2010; Zheng, Guyot, & Montandon, 1996). 

Experimentally, manual manipulation of the ossicular chain for a minute in guinea pigs produced a 

temporary decrease in microphonic potentials during manipulation, which recovered to their initial value 

afterwards (Faltynek & Vesely, 1970). Manipulation intensity was not standardised but apparently 

corresponded to routine manipulations on human middle ears. Manipulation of the ossicular chain by 

attaching a middle ear implant apparently did not change cochlear sensitivity (Hough et al., 1987), but 

the transducer and the frequencies investigated were not stated. Colman notes indirect cochlear damage 

from hydrodynamic changes occurring with footplate manipulation, and remarks how surprising it is that 

direct instrumental injury is uncommon given the close proximity of structures (Colman, 1962). He also 

discusses how infrequently balance disturbance was seen, especially in the context of such profound 

cochlear injury. This is possibly because the vestibular system is phylogenetically older than the hearing 

system and is more robust ("Panel discussion. Iatrogenic vestibular disorders," 1971).  

Similarly, Paparella attributed the findings of typical acoustic trauma in the basal turn to mechanical 

stimulation through the ossicles via volume displacements under the stapes footplate (Paparella, 1966). 

Hattori extends this anatomical correlate of fine stapes manipulation cochlear trauma to that caused by 

acoustic trauma, hydrops, and serofibrinous labyrinthitis (Hattori, 1965). However, Bellicci and Wolff 

concluded that depression of the stapes only causes cochlear damage when the vestibular membranous 

labyrinth was traumatized (Bellucci & Wolff, 1959b), and Paparella contended there was a difference 

between mechanically-induced cochlear lesions and those from acoustic trauma, in that the mechanical 

lesions were most severe in the lower basal turns instead of the upper basal turns (Paparella, 1962). 

Hardcastle and McGee investigated the effect of unphysiological movement of the stapes as a cause of 

hearing loss (Hardcastle & McGee, 1969). They assumed some degree of serous labyrinthitis is present 

after surgery which involves the high frequencies, since these receptors were physically close to the site 

of operation. They noted a TTS of 30 dB at 16 kHz which recovered two months later, but was thought to 

be due to ISJ dislocation and that hearing recovery represented this CHL rather than cochlear pathology. 

They found the limit of stapes displacement was 0.5 mm before there was inevitable subluxation. They 

concluded that a 5 Hz direct mechanical stimulation probe was not likely to cause cochlear damage and 

that there also needed to be concomitant damage to the saccule for this to happen. 



15 
 

Clinically, stapedectomy or the small fenestra stapedotomy have POSNHL rates between 1 - 23%, 

depending on how a loss is qualified (R. Boonchoo & P. Puapermpoonsiri, 2007; Hausler et al., 1999; 

Vincent, Sperling, Oates, & Jindal, 2006). Several authors cite supraphysiologic force as a POSNHL 

aetiology (Cody et al., 1967; Rutledge et al., 1965; Smyth & Hassard, 1978). Total stapedectomy is 

potentially more traumatic than a stapedotomy and Shea identified less POSNHL with the small fenestra 

surgery (Shea, 1963); while analysis of Jean Marquet’s work showed total stapedectomy had a 4x greater 

incidence of POSNHL than stapedotomy or partial stapedectomy (Somers, Govaerts, Marquet, & 

Offeciers, 1994). The incidence after revision surgery was twice that seen for primary surgery 

(Shambaugh, 1963; Somers et al., 1994). Elsewhere, the risk of a dead ear from revision surgery was 

nearly 1/20 (Cody et al., 1967). In contrast several authors found revision surgery did not seem to confer 

additional POSNHL risk (Gibb & Chang, 1982; Pearman & Dawes, 1982; Pedersen, 1996). In extreme 

cases, this trauma can be caused by creating an excessively large hole in the stapes footplate, with 

consequent perilymph leakage, or by pushing a bony piece of the footplate into the vestibule (Schreiner 

& Vollrath, 1983).  

As a general mechanism of injury, it was shown that the slightest stimulus to the cochlear capillaries, 

such as touching with a strand of cotton, caused blood flow to slow or cease, usually only temporarily 

(Lawrence, 1973). Following on from this, Smyth and Hassard suggested that the introduction of 

mechanical energy to the cochlea from any source reduces microcirculatory flow which may lead to 

hypoxic degeneration of the organ of Corti (Smyth & Hassard, 1978). 

As to how middle ear forces create this cochlear injury specifically in the basal region, modelling by 

Tonndorf indicated that slow stapes footplate depression or release creates a displacement of the basilar 

membrane predominantly within the apical portion of the model, with the bulk of the displaced fluids 

passing across the helicotrema. In contrast, when the manipulation was sudden, the basilar membrane 

displacement was more proximal to the oval window (Tonndorf, 1959). Later, Tonndorf and Schuknecht 

noted the transients associated with blast-like acoustic effects were 8 – 12 mm from the basal end of the 

cochlea (Schuknecht & Tonndorf, 1960), consistent with injury at this point along the basilar membrane 

with subsequent high frequency sensorineural hearing loss. 

When we consider that at the hearing threshold the sound pressure is 20 µPa and at the pain threshold 

at 114 dB it reaches 10 million µPa and this only corresponds to a static pressure of a 1 mm water column 

(Huttenbrink, 2003), it is remarkable that we do not see POSNHL from middle ear manipulation more 

often. The mean stapedial amplitude under normal loading is reported at about 10 Angstroms at a sound 

level of 80 dB SPL (Rubinstein, Feldman, Fischler, Frei, & Spira, 1966). However, it must also be 

remembered that barometric air pressure changes of several hundred mm of water are usually well 

tolerated by the ear when flying, diving, or even swallowing. Similarly, pneumatic otoscopy or 

tympanometry may expose the EAC and TM to pressures of ± 400 mm water with the TM and malleus 

displaced by up to 1 mm, yet the stapes does not move by more than 30 µm (Huttenbrink, 1988). This is 



16 
 

primarily achieved by the physiological gliding apart of the incus and malleus, uncoupling them and not 

transmitting the displacement further medial (Huttenbrink, 2001). There are also contributions from the 

relatively rigid annular ligament, ossicular suspensory ligaments, and the tendon sheath of the tensor 

tympani muscle which functions as a malleo-cochleariform ligament.  

This contrasts with the views of other authors who recognised potential cochlear trauma aetiology and 

attributed this to a massive volume displacement of perilymph beneath an intact footplate (Paparella, 

Sugiura, Bolz, & Lim, 1966). However, considering that the amplitude of the stapes at 94 dB SPL is 

approximately 20 to 30 nm, Huttenbrink concludes that “a visible vibration of middle ear structures has 

no correlation to ossicular motion in physiologic sound conduction” (Huttenbrink, 2001). 

 

1.3.5.2 Vibration 

Smyth acknowledged cochlear loss due to contact between the rotating burr and incus (Smyth & Kerr, 

1970). Helms predicted equivalent sound levels of over 130 dB when the rotating burr contacts the intact 

ossicular chain (Helms, 1976). LDV assessment of equivalent noise levels from drilling directly onto the 

short process of the incus showed the highest equivalent noise level was 108 dB SPL, with a 1 mm cutting 

burr and a 2.3 mm cutting burr produced up to 125 dB SPL (Jiang et al., 2007). Diamond burrs generated 

less noise than their cutting counterparts, with a 2.3 mm diamond burr producing a highest equivalent 

noise level of 102 dB SPL. The energy of the noise increased at the higher end of the frequency spectrum, 

with a 2.3 mm cutting burr producing a noise level of 105 dB SPL at 1 kHz and 125 dB SPL at 8 kHz. In 

contrast, the same sized diamond burr produced 96 dB SPL at 1 kHz and 99 dB SPL at 8 kHz. 

Palva advocates disarticulation of the ISJ if clearing of the epitympanic space is required, as this should 

reduce transmitted ossicular movement and the chance that this cause sensorineural deafness (Palva, 

Palva, et al., 1973), although even the action of ISJ disarticulation can present significantly large forces 

upon the ossicular chain (Bergin et al., 2014). Gjuric et al. disarticulated the ISJ in their guinea pig model 

to assess the response to ossicular burr contact (Gjuric, Schneider, Buhr, Wolf, & Wigand, 1997). They 

applied a 1.44 mm diamond burr at 20,000 rpm to the body of the incus for 10 seconds and showed a 

greater threshold shift in the higher frequencies (39 dB nHL at 8 kHz) than intermediate (36.7 dB nHL at 

6 kHz) or low frequencies (35 dB nHL at 4 kHz), with click evoked thresholds in between at 35.7 dB nHL. 

No significant spontaneous recovery of thresholds was noted and disarticulation of the ISJ before drilling 

did not reduce the degree of threshold shift. In a feline model, a 4 mm burr was placed against the malleus 

and incus body for 5 – 15 seconds and all four animals sustained hearing loss (Paparella, 1962). They 

concluded that the larger burr transmits a greater amplitude of motion to the ossicles which probably 

resulted in a greater volume displacement of perilymph beneath the footplate. 
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The site of burr vibration injury was assumed to be hair cells, but the guinea pig stria vascularis became 

leaky to horseradish peroxidase after drilling with 1 mm cutting burr at 10,000 rpm for 10 – 60 seconds 

(Seki, Miyasaka, Edamatsu, & Watanabe, 2001). In a feline model, Ossicular manipulation at 25 kHz 

when applied to cochlear capsule for 3 minutes, caused localised hearing losses at 16 and 32 kHz with 

associated lesions of the OOC consisting of hair cell loss in the terminal end of the lower basal turn 

(Colman, 1962). There were similar findings when the malleus was stimulated, but when the ISJ was 

stimulated the losses were more profound and were after a shorter period of stimulation. 

 

1.3.5.3 Noise 

A permanent hearing loss can be caused by exposure to 100 – 130 dB for 30 minutes (Miller, 1974). The 

6 mm cutting burr gives a noise level of 88 – 108 dB, the use of a 4 mm burr reduced this by 1 – 6 dB 

and a 2 mm burr saw a reduction of 5 – 16 dB (Kylen, Stjernvall, & Arlinger, 1977). The mean noise levels 

of the diamond burrs were 5 – 11 dB lower than the mean noise levels of the cutting burrs. Variations in 

rotation speed had only a slight influence on the noise levels produced (0 – 5 dB). The noise levels around 

the cochlea were only slightly influenced by the localization of the drilling within the ear (< 1.8 dB). The 

authors conclude that drill-induced noise levels in ear surgery cannot be reduced to any great extent and 

noise trauma to the cochlea can only be avoided by minimizing the duration of drilling. This fits with 

modelling elsewhere which notes the equal energy principle does not seem to apply at high intensities of 

sound, as the IHC receptor saturates at high intensities (Goulios & Robertson, 1983). Also, higher 

frequency injury is more deleterious for a given level and duration than lower frequencies (Erlandsson et 

al., 1980). Impulse noise follows equal energy principle better than continuous noise, but is less relevant 

in ear drilling surgery (Erlandsson et al., 1980) except perhaps in the historical cases of mallet and gouge 

mastoidectomy (Schuknecht & Tonndorf, 1960). Drilling EAC exostoses is also associated with POSNHL 

(Frese, Rudert, & Maune, 1999) and the noise exposure is not just in the operated ear, as the contralateral 

ear noise has only 5 – 10 dB of attenuation (Kylen & Arlinger, 1976) (Domenech et al., 1989b). 

In addition to the drilling noise of up to 125 dB with a mean constantly >100, aspiration adds further 30 

dB of noise (Domenech et al., 1989b). Even suction noise intensity following myringotomy has been 

measured at 117 dB (Wetmore, Henry, & Konkle, 1993). But Spencer claims this was not of sufficient 

amplitude, nor present for a sufficient length of time, to produce a sensorineural hearing loss (Spencer, 

1980). Even so, POSNHL has been seen after just suctioning wax from EAC (Katzke & Sesterhenn, 

1982). They noted a noise intensity of 138 dB SPL for the Fr 9 tube, with up to 152 dB when using the Fr 

7 suction tube with the finger suction control closed. In mastoid surgery, the single factor contributing the 

highest noise level is suction irrigation, which exposes the ipsilateral ear to noise levels averaging up to 

107 dB (Parkin, Wood, Wood, & McCandless, 1980). Despite fears of suctioning over an open vestibule, 

Colman found no relationship between severe loss of perilymph and histological cochlea injury, but there 

was a decrease in the endocochlear potential (Colman, 1962). 
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In other animal models, saccular rupture was seen in guinea pigs exposed to 136 & 150 dB (McCabe & 

Lawrence, 1958). Drilling directly onto the cochlea in cats produced no discernible N1 change when 

evoked with clicks (Gulick & Burgin, 1962). The same article claims the cat cochlea is more sensitive to 

injury than a human cochlea. 

In one study, guinea pigs were exposed to 100 – 138 dB wide band noise for 1 minute to 1 hour and 

sacrificed immediately afterwards, or after short survival times (Spoendlin, 1971). In light and electron 

microscopic examinations the initial structural changes were firstly distortion of outer hair cells; buckling 

of sensory hairs; swelling of the dendrites to the inner hair cells; increased density in efferent nerve 

endings at the outer hair cells, followed by disintegration of hair cells and rupture of dendrites with incipient 

retrograde nerve degeneration at higher exposures. Swollen dendrites seemed reversible to a certain 

extent, whereas the buckling of sensory hairs of the inner hair cells remained even after longer survival 

times (Spoendlin, 1971). Later, guinea pigs were exposed to wide band noise between 110 and 140 dB 

with exposure times between 30 seconds and 1 week (Spoendlin & Brun, 1973). At exposure intensities 

of 130 dB severe structural alterations were found immediately after the exposure. Even after 30 second 

exposures to 140 dB the organ of Corti was entirely missing in a small area of the lower second turn, 

leaving the basilar membrane with the spiral vessel and the tectorial membrane (Spoendlin & Brun, 1973). 

Noise primarily affects the outer hair cells (Robertson, Johnstone, & McGill, 1980). This was seen 

elsewhere after blast impulses of up to 160 dB were used in Chincillas, the most prominent feature of the 

lesion was the complete separation of a 5 – 7 mm strip of the sensory epithelia consisting of outer hair 

cells, Deiters’ cells and Hensen’s cells from the reticular lamina and the basilar membrane. The inner hair 

cells in this same area survived for several days in a remarkably normal condition (Hamernik, Turrentine, 

Roberto, Salvi, & Henderson, 1984). Noise-induced hearing loss is also associated with reduced cochlea 

blood flow and vasospasm of vessels of the basilar membrane (Lawrence, Nuttali, & Burgio, 1975; Thorne 

& Nuttall, 1987, 1989) with increased free radical production, which is likely to contribute to cell apoptosis 

(Le Prell, Yamashita, Minami, Yamasoba, & Miller, 2007). 

Clinically, POSNHL may be seen in up to 20% of cases with otologic drill use, as qualified by standard 

BC (Bellucci, 1985; Della Santina & Lee, 2006; Ragheb et al., 1987; Smyth & Hassard, 1981). When 

galvanic stimulator was instead used to investigate up to 20 kHz, the higher frequencies were seen to be 

more affected with a measurable loss in 37.5%, and a clinically important loss in 16.7% (Domenech et 

al., 1989b). Kylen and Arlinger noted a TTS which varied from 5 – 40 dB at 4 and 8 kHz after drilling 

(Kylen, Arlinger, et al., 1977). Da Cruz et al. found OAE impairment in 2/12 patients immediately after 

surgical ear drilling, but went on to note no change in BC hearing post-operatively in all 12 patients (da 

Cruz, Fagan, Atlas, & McNeill, 1997). In contrast, Hallmo found no evidence of drill related POSNHL, but 

they only reported on means for the group and not individual patients (Hallmo & Mair, 1996). Urquhart et 

al. had the same null finding, but again used mean reporting for the group (Urquhart, McIntosh, & 

Bodenstein, 1992).  
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In addition to vibration and noise, it has been noted that the drill can also cause inner ear injury by 

inadvertently directly breaching the otic capsule, with the lateral semicircular canal the most likely site of 

injury (Lee & Schuknecht, 1971). 

 

1.3.5.4 Infection 

Sheehy advised others to avoid tympanoplasty and stapedectomy in the same operation, as he noted 

higher POSNHL with an open vestibule in presence of infection (Sheehy, 1965). Kerr and Smyth echoed 

this advice due to the risk of cochlear dysfunction “from attempting to clear granulations or squamous 

epithelium from around the stapes in the presence of gross inflammation” (Kerr & Smyth, 1970). Indeed, 

guinea pigs have an increased risk of POSNHL when stapedotomy is performed in the presence of 

Pseudomonas aeruginosa (Falcone et al., 2003) and Pseudomonas aeruginosa infection may be a 

causative factor for POSNHL when the lateral semicircular canal is breached in guinea pigs (Prevatt, 

Sedwick, Gajewski, & Antonelli, 2004). It was further shown that this risk could be mitigated against with 

ciprofloxacin & dexamethasone solution irrigation (Shefelbine, Young, & Antonelli, 2006). In a different 

model, breach of a semicircular canal alone did not necessarily cause hearing loss in rats, unless they 

too were exposed to pseudomonas toxin (Stenqvist, Rask-Andersen, & Anniko, 1997). 

Clinically, there is a close association between stapes surgery POSNHL and periods of epidemics of 

influenza (Brahe Pedersen & Felding, 1991), and the possibility has been raised of a subclinical infection 

as a cause of POSNHL, because there was higher EAC swab growth in cases with POSNHL from stapes 

surgery (Sheehy & House, 1962). Gundersen attributed a case of postoperative dead ear to intercurrent 

otitis externa (Gundersen, 1964). 

 

1.3.5.5 Toxins 

One series noted a remarkably high incidence of 13.4% dead ears postoperatively, and was traced to the 

0.5% Chlorhexadine and 70% alcohol skin preparation solution used at the start of the case (Bicknell, 

1971). Similarly, Sterispon (absorbable gelatin sponge) appeared to have twice as much post-

stapedectomy POSNHL (Shenoi, Ballantyne, & Bredberg, 1975). Sterispon was previously manufactured 

with 0.367% formaldehyde and animal experiments demonstrated extensive damage to the internal ear 

from as little as 100 mcg of formaldehyde (Bellucci & Wolff, 1964).  

Similarly, Bellucci attributed many of the pathological inner ear changes he saw postoperatively to 

probable graft toxicity (Bellucci & Wolff, 1960). In contrast, it appeared that fibrin tissue glue was not toxic 

to a rabbit middle ear model (Katzke, Pusalkar, & Steinbach, 1983). 
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Alcohol is able to be taken up and released by ossicles and cartilage. One study commented that if the 

alcohol contained in the cartilage T-strut was released and distributed instantaneously through the inner 

ear fluids then a toxic concentration would be achieved (Thomas & Colman, 1975).  

Several authors found bleeding into the fenestra during stapes surgery to be one of the major causes of 

postoperative labyrinthits, although it is hard to attest to whether there is something toxic about blood, as 

blood has also been used as a patch over the open oval window therapeutically (Lewis, 1961; Shambaugh 

& Takahara, 1955). Cochlear losses possibly due to bleeding need to be carefully separated from suction 

trauma which may have occurred in an attempt to control bleeding (Fee, 1962; Ikeda et al., 2011). 

Linthicum & Sheehy also found no evidence of harm from blood left in the vestibule when examined five 

years later (Linthicum & Sheehy, 1969), and Colman found no toxic effect from blood in the vestibule in 

cats undergoing stapes surgery (Colman, 1962). 

 

1.3.5.6 Temperature 

The temperature on drilled bone reaches 140 degrees Celsius (Matthews & Hirsch, 1972) and these 

temperatures cause immediate thermal injury to the exposed tissues. Temperatures over 100°C were 

measured only 0.5 mm from the drill when there were no specific provisions for cooling. Somewhat 

paradoxically, an increase in the drilling pressure was found to cause a decrease in the average maximum 

temperature. There were no significant differences in maximum temperatures that could be correlated 

with drill speed. Worn drills did however cause a greater maximum temperature elevation with a longer 

duration of temperature elevation. Manual irrigation with a room temperature solution proved highly 

effective in limiting the maximum temperature elevation, with only one of 16 tests producing an elevation 

over 50° C.  

 

1.3.5.7 Age  

Some authors have noted that advancing age was a factor for POSNHL (aWengen, Pfaltz, & Uyar, 1992; 

Shea, 1963), and Schuknecht suggested that the elderly have cochlear changes predisposing to them to 

POSNHL (Schuknecht & Jones, 1979). Glorig showed older ears were more sensitive to injury (Glorig & 

Davis, 1961) and Bauchet St Martin et al. stated preoperative older age had a 6x higher risk of cochlear 

harm (Bauchet St Martin, Rubinstein, & Hirsch, 2008). Zou also showed that the cochlea of older subjects 

was more vulnerable to vibration than that of young subjects (Zou et al., 2001). In contrast, age was not 

a POSNHL factor according to Vartiainen et al. (Vartiainen, 1995) and Salvinelli (Salvinelli et al., 2003) 

for otosclerosis, and Nomura et al. for cholesteatoma surgery (Nomura, Iino, Hashimoto, Suzuki, & 

Kodera, 2001). 
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1.3.5.8 Disease processes 

Two studies did not show more SNHL in the cholesteatoma groups pre-operatively (da Costa, Rosito, & 

Dornelles, 2009; de Azevedo, Pinto, de Souza, Greco, & Goncalves, 2007), but Redaelli de Zinis et al. 

found SNHL was correlated with increasing duration of middle ear disease as well as age (Redaelli de 

Zinis, Campovecchi, Parrinello, & Antonelli, 2005), and English et al. found BC thresholds decreased with 

duration and severity of disease (English, Northern, & Fria, 1973). Yoshida et al. likewise found more 

preop SNHL in chronically diseased ears compared with age matched controls, but no correlation was 

found with size of TM perforation (Yoshida, Miyamoto, & Takahashi, 2009). Some authors thought it was 

possible for BC in chronically diseased ears to recover following surgery (Tuz, Dogru, Uygur, & Gedikli, 

2000), whereas English found no such recovery (English et al., 1973). 

Paparella et al. theorized that SNHL in association with COM might be secondary to cochlear biochemical 

changes occurring through the round-window membrane (Paparella, Brady, & Hoel, 1970) and this was 

also echoed by Shelton and Sheehy who identified a dead ear in a patient with extensive cholesteatoma 

fistula (Shelton & Sheehy, 1990). One approach to managing a fistula of the lateral semicircular canal is 

to undertake a complete radical operation in the mastoid area, with removal of the incus bridge and all 

diseased tissue from the tympanum, leaving the area of the fistula to the last (Palva, Karja, & Palva, 

1971). Bleeding is then thoroughly controlled before the cholesteatoma is peeled off the fistula, taking 

care not to use suction. Removing the matrix risks injury to the underlying labyrinth with associated 

POSNHL in up to 25% of patients (Austin, 1989; Baron, 1953; Palva et al., 1971; Parisier, Edelstein, Han, 

& Weiss, 1991; Ritter, 1970; Sheehy & Crabtree, 1973), so Gormley advocated preserving the 

cholesteatoma matrix over the fistula (Gormley, 1986) but Walsh contended that every particle of 

cholesteatoma should be removed because of its osteolytic potential for further otic capsule damage 

(Walsh, 1953) and elsewhere POSNHL was greatest (22%) in fistula cases treated by radical or modified 

radical mastoidectomy where matrix was left intact over fistula (Sheehy & Patterson, 1967). 

 

1.3.5.9 Other 

The level of operator has been recognised as a risk for patients developing POSNHL, with surgeons 

towards the start of their learning curve experiencing an increased incidence of POSNHL (Tos et al., 

1984). When choosing an operative technique, consideration should be given to procedures with a less 

risky learning curve, while operative skill is refined (Vital, Konstantinidis, Vital, & Triaridis, 2008). While 

elsewhere no difference was seen between levels of operator (Leighton, Robson, & Freeland, 1991), 

which some attribute to early consultant intervention when a trainee is unsure (Burns & Lambert, 1996). 

Higher rates POSNHL were seen with longer procedures (Palva & Sorri, 1979), but this may have been 

due to more extensive disease and required dissection. One paper reported on cat and monkey ears and 

attributed histological pathology to some unknown intrinsic or extrinsic antigen (Paparella et al., 1966). 
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1.3.5.10 Contralateral Sensorineural Hearing Loss 

In chronic ear surgery, contralateral cochlear trauma is thought to be due to drill noise (Palva & Sorri, 

1979) as there is only a 10 dB difference between the sides of the head (Man & Winerman, 1985). In an 

animal model of drilling, 80% of animals had a threshold shift exceeding 20 dB in the contralateral ear 

(Zou et al., 2001). However clinically, permanent injury has not been borne out. POSNHL was most 

marked at 16 kHz for 4.8% of ears and was attributed to surgical trauma or anatomical changes 

postoperatively; however, there was no reported loss on contralateral side. The contralateral ear did show 

decreased otoacoustic emission (OAE) amplitudes after drilling, but changes were only temporary with 

resolution within 72 – 96 hours (Karatas, Miman, Ozturan, Erdem, & Kalcioglu, 2007). 

Although another paper found no contralateral hearing loss after drilling and vestibular schwannoma 

removal (Tos, Trojaborg, & Thomsen, 1989), a contralateral loss was seen post-operatively in a cohort of 

vestibular schwannoma patients where “allergic factors” were implicated in two out of the three losses 

(Clemis, Mastricola, & Schuler-Vogler, 1982). This concept of a sympathetic cochleolabyrinthitis is also 

present in the stapes surgery literature (Richards, Moorhead, & Antonelli, 2002). One study noted a slight 

but statistically significant BC deterioration in 16% of cases, most frequently in the non-operated ear and 

one very severe, unequivocal sensorineural deterioration in the non-operated ear was observed (Pirodda, 

Modugno, & Buccolieri, 1995). The rationale is that following surgical manipulation and inner ear injury, 

immunocompetent cells become sensitized to previously unseen inner ear antigens and prime the 

contralateral inner ear dysfunction (Harris, Low, & House, 1985). On an epidemiological level, idiopathic 

sudden sensorineural hearing loss in the general population is somewhere between 1:5,000 and 

1:10,000. In contrast, the same condition in an unoperated ear in otosclerosis has an incidence of 1:2300 

(DuVall, Caparosa, & Bailey, 1981). Finally, sensorineural injury has been seen following operations in 

other parts of the body, such as the adrenal gland (Gatland, 1991) or a non-petrous craniotomy (Ryan, 

Bird, & Bonkowski, 2010). 
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1.4 Animal Models of Middle Ear Surgery 

 Why animal models? 

Animal models may be used to explore these possible POSNHL aetiologies and mechanisms. The 

primary goal of modelling middle ear surgery is to improve outcomes in humans. The outcomes of interest 

are improved hearing, resolution of disease and safety of the procedure. As discussed later, there are 

several limitations to hearing assessment in animal models, but safety evaluation of an intervention is 

where models offer much utility. Even before interventions are assessed, animal models can aid in 

understanding disease aetiology and natural history (Kennedy, Jyonouchi, Kajander, Sun, & Rimell, 1999; 

McGinn, Chole, & Henry, 1982; Ryan et al., 2006). While there are many differences between humans 

and other animals, it is possible to compare specific disease states in animals with their human 

counterparts through transgenic or knockout models of gene expression (Cheeseman et al., 2011; Song 

et al., 2009; Yan et al., 2013). Animal models also allow researchers to investigate the impact of 

concomitant diseases on surgical outcomes (Falcone, Gajewski, & Antonelli, 2003). With careful 

experimental design, variable extremes not possible in humans can also be studied (Erlandsson, 

Hakanson, Ivarsson, Nilsson, & Wersall, 1980; Paparella, 1962). If the animal has a shorter life cycle than 

humans it is possible to see the effects of these diseases or interventions from many individual animals 

over a shorter and more practical timeframe. 

Models of ear surgery also enable surgeons to gain experience, confidence and competence with 

procedures, thereby reducing complications from the learning curve on human patients. In stapes 

surgery, live animal models expose operators to complications found in human surgery. For example, a 

floating or depressed footplate, incus dislocation, overhanging or dehiscent facial nerve, excessive 

bleeding, or perilymph drainage with a dry vestibule are all possible findings (Hohmann, Stengl, & Long, 

1963). Animal research explores the foundations of treatments, reinforces surgical techniques and brings 

advances to patient care (Bellucci & Wolff, 1959b). 

We will assess the strengths and weaknesses of different animal models of middle ear surgery by noting 

particular anatomical features, methods of surgical access to the middle ear, middle ear surgical 

outcomes, attention to the hearing frequency spectrum, and particular advantages or disadvantages of 

each animal model in formulating our own study parameters for later in this thesis. Unless otherwise 

indicated, the hearing frequency spectra are taken from work by Fay (Fay, 1988) and Warfield (Warfield, 

1973). 

 Animal model search strategy 

The Medline, Cochrane and Embase databases were searched for the terms model, middle ear and 

surgery. The search was expanded by searching for the interventions of ossicular replacement, stapes 

surgery, myringoplasty, tympanoplasty, mastoidectomy and active middle ear implant. 8250 articles were 

then limited to animal studies and the English language. The resulting 278 titles and abstracts were 
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reviewed for inclusion. Studies of surgical anatomy of the animal middle ear were included, but studies 

not pertaining to surgical intervention of the middle ear were excluded. These included interventions to 

induce a medical model of disease. The full text of 121 articles was sought and the references of these 

checked for further pertinent studies. A total of 176 articles were subsequently included in this animal 

model review. 

 Interventions 

The scope of this review specifically pertains to middle ear surgical interventions. These include materials 

used for tympanoplasty and their biotolerance in the middle ear mucosal environment (Kuijpers & Grote, 

1977), as well as their impact on hearing. Such experiments include different tympanoplasty 

reconstruction techniques (Kerr & Smyth, 1970; Watson, 1981), middle ear packing (Krupala, Gianoli, & 

Smith, 1998; Lipan et al., 2011; Park et al., 2006), support materials (Feenstra & Feenstra, 1975; Liening, 

McGath, & McKinney, 1995), tissue glues (Kaufman, 1974; Koltai & Eden, 1983; Tabb, 1968) and active 

middle ear implants (Dumon, Zennaro, Aran, & Bebear, 1995; Hough et al., 1987; Koka, Holland, Lupo, 

Jenkins, & Tollin, 2010; Lupo, Koka, Holland, Jenkins, & Tollin, 2009; Lupo, Koka, Hyde, Jenkins, & Tollin, 

2011; Lupo, Koka, Jenkins, & Tollin, 2012; Maniglia et al., 1988; Schnabl et al., 2012; Spindel, Corwin, 

Ruth, & Lambert, 1991; Spindel, Lambert, & Ruth, 1995; Zennaro, Dumon, Erre, Guillaume, & Aran, 

1992). The impact of mastoid surgery has been modelled with noise (Soudijn et al., 1976; Suits et al., 

1993), vibration (Sutinen et al., 2007; Zou, Bretlau, Pyykko, Starck, & Toppila, 2001) and ossicular contact 

(Paparella, 1962). Examined variables include drilling duration and speed, burr size and composition 

(diamond or cutting). 

Stapedectomy is not solely a middle ear procedure due to opening of the vestibule, but there are many 

features in terms of an animal model of ear surgery which are useful to review. Stapedectomy is a very 

reproducible procedure in terms of pathology and outcomes and there are several variables that have 

been examined in animal models (Adamczyk et al., 1999; Colman, 1962; Gocer et al., 2007). As well as 

the surgical approach, these include the degree and method of footplate removal (Allen, Dallos, & 

Kuruvilla, 1964; Coker, Ator, Jenkins, Neblett, & Morris, 1985; Gantz, Jenkins, Kishimoto, & Fisch, 1982; 

Gardner, Robertson, Tomoda, & Clark, 1984; Ikeda et al., 2011; Jovanovic, Anft, Schonfeld, Berghaus, 

& Scherer, 1995; Kiefer, Tillein, Ye, Klinke, & Gstoettner, 2004; Lyons, Webster, Mouney, & Lousteau, 

1978; Shah et al., 1996; Stengl & Hohmann, 1964; Vollrath & Schreiner, 1982a), choice of prosthesis and 

graft material (Colman, 1960; Cottle & Tonndorf, 1966; Hayden & McGee, 1965; Mischke, Hyams, Shea, 

& Gross, 1977; Rutledge, Sanabria, Tabb, & Igarashi, 1965; Smyth, Kerr, & Jones, 1968) and effects of 

tensor tympani tendon transection (Hohmann et al., 1963). 

Complications may also be closely evaluated in an animal model. These include blood in the vestibule 

(Hayden & McGee, 1965; Hohmann et al., 1963; Vollrath & Schreiner, 1982b) and induction and effect of 

infection (Albuquerque, Rossato, Oliveira, & Hyppolito, 2009; van Blitterswijk, Bakker, Grote, & Daems, 

1986; van Blitterswijk, Grote, de Groot, Daems, & Kuijpers, 1986; van Blitterswijk, Grote, Koerten, & 
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Kuijpers, 1986). Noise induced injuries were not included in this review unless the noise was specifically 

related to middle ear surgery, such as from drilling or the blast wave and cavitation effects of the erbium-

doped yttrium aluminium garnet laser (Kiefer, Tillein, et al., 2004; Shah et al., 1996). Noise injury is distinct 

from, but analogous with the acoustic injury which comes from the impact of excessive surgical forces 

applied to the middle ear and transmitted down the ossicular chain to the cochlea (Allen et al., 1964; 

Hayden & McGee, 1965; Kiefer, Tillein, et al., 2004; Paparella, 1967). Laser surgery avoids acoustic 

injury by virtue of its no-touch method, but other laser complications may include perilymph temperature 

elevation or direct cochlear injury (Coker, Ator, Jenkins, & Neblett, 1986; Coker et al., 1985; Gantz et al., 

1982; Jovanovic et al., 1995; Lyons et al., 1978; Shah et al., 1996; Vollrath & Schreiner, 1983). 

 Outcome measures 

The outcomes of interest in models of middle ear surgery can be broadly classified as either physiological 

in live animals or anatomical in cadaveric studies. Measuring hearing as a physiological outcome can be 

done with behavioural testing of auditory thresholds or with methods that do not require trained responses 

such as auditory brainstem responses (ABR), electrocochleography (ECochG) or otoacoustic emissions. 

The advantage of these latter methods is that they can be performed in anesthetised animals. 

Because of the potential CHL in small animals undergoing middle ear surgery, histopathological 

outcomes of cadaveric tissue have been favoured. This may involve light microscopy or transmission 

(TEM) or scanning electron microscopy (SEM). These outcomes have the advantage of assessing tissue 

injury, such as hair cell loss or saccule perforation, and also permit some assessment of the middle ear 

at the same time. Biocompatibility studies of exogenous material rely on this outcome for signs of 

rejection, extrusion or dissolution. The disadvantages of this approach are that the animal must be 

euthanised to gain access to the tissue and the correlation between observed injury and physiological 

impairment cannot be established. This mismatch between histology and function was illustrated by Ikeda 

et al. who showed cochlear histology remained unchanged when vestibular perilymph was removed 

during stapedectomy, even though the endocochlear potential (EP) was substantially reduced (Ikeda et 

al., 2011). While EP is not a direct indicator of auditory thresholds, Sewell showed a one millivolt decrease 

in EP is estimated to cause a one dB loss of threshold (Sewell, 1984). 

 Limitations 

The key limitation with any animal model is the extent of comparability to humans. Animal models only 

approximate humans and have their inherent limitations (Huttenbrink, 1988). Results of animal studies 

may not directly apply to humans due to anatomical, physiological or pathological differences between 

species (Coker et al., 1986; Falcone et al., 2003; Liening, Lundy, Silberberg, & Finstuen, 1997). This 

fallibility is inherent with all basic science research (Wells & Gernon, 1987), but valuable information is 

still obtained when animals are exposed to the same conditions as human surgery. Tissue healing and 

repair of the delicate inner ear can be studied in great detail (Bellucci & Wolff, 1959b). 
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Sometimes the outcome differences between animal and human studies may be explained by anatomical 

differences in the middle ear, or the ossicular chain structure and its transformer properties. For example, 

the lever ratio of the malleus and incus in humans is significantly smaller than in cats; a human stapes 

weighs more than four times that of the cat; humans have a wider anterior annular ligament versus 

posterior whereas the cat’s is symmetrical; and, the rotational component of stapes motion is more 

prominent in humans than cats (Cottle & Tonndorf, 1966; Guinan & Peake, 1967). Opening an extensively 

diseased otosclerotic footplate in humans is likely to be less traumatic than removing the mobile footplate 

in the cat, although some authors hold the opposite view (Colman, 1962). Furthermore, the main limit of 

animal models for stapes surgery is that humans are the only animal species known to naturally get 

otosclerosis (Bellucci & Wolff, 1959a). Another species difference is between the squirrel monkey and 

human is that the tympanic cavity is much smaller in the monkey and therefore more likely to develop 

adhesions due to proximity of structures (Paparella, 1967). This means the results of experimental 

surgery in a clean and dry monkey ear may not be relevant in the human with active infection. 

However, occasionally the differences between animals and humans are advantageous. Laser assisted 

middle ear surgery offers excellent results in humans (Garin, Van Prooyen-Keyser, & Jamart, 2002; Motta 

& Moscillo, 2002; Palva, 1987), but the reported success of argon laser in patients contradicts the poor 

results anticipated by animal experimentation (Coker et al., 1985). This was thought to be due to 

differences in footplate pigmentation or mineralisation and variations of vestibular anatomy. Bellucci and 

Wolf found fibrosis invading the inner ear occurs in cats in stapes surgery, and later studies suggested it 

was due to invasion of the middle ear through the defect in the atticotomy (Bellucci & Wolff, 1959b). But 

Fee did not note any significant cases in humans and concluded this was not clinically important (Fee, 

1962). Foreign body giant cells were seen within three weeks on aluminium oxide ossicular prostheses 

in a rabbit model, but this was not a consistent finding in human studies (Trabandt, Brandes, 

Wintermantel, Lenarz, & Stieve, 2004). Also, the human TM can tolerate capped polyethylene prosthesis 

when reinforced with vein much better than in feline models (Withers, Hatfield, & Richmond, 1963). 

Difficulties also arise when attempting to compare results from different animal models. Hydroxyapatite 

has been used as a substrate for crafting ossicular reconstruction prostheses, however, early animal 

studies produced conflicting accounts of biodegradation (van Blitterswijk, Grote, Kuypers, Blok-van Hoek, 

& Daems, 1985). It was recognised that this divergence may be due to using different animal species. 

Audiometric differences between species have also been noted and are due to differences in 

configuration of the pinna and EAC, the bulla size, the middle ear transformer ratio, and potentially the 

cross sectional area of the helicotrema at the cochlea apex (Dallos, 1970). To mitigate against possibly 

missing harm in one species naturally resistant to a particular intervention, the Food and Drug 

Administration requires testing be done in two different animal species prior to human trials (Siedentop, 

1980). Conflicting reports about the safety of cyanoacrylate tissue glues in the middle ear were in part 

due to different compounds being used, but even with a single compound, butyl cyanoacrylate 

(Histoacryl), there were different outcomes across six species used to test this glue (Koltai & Eden, 1983).  
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Some species have particular anatomical features which limit their usefulness as a middle ear surgical 

model. The anatomy of smaller animals poses particular challenges, both in terms of access and tissue 

response to intervention. For example, models of myringoplasty with iatrogenic TM perforation are limited 

by the excellent intrinsic reparative ability of the TM (Guilford, Williams, & Halpert, 1964; Paparella, 1967). 

The rat stapedial artery, a branch of the internal carotid artery (ICA), passes across the stapedial footplate 

and limits access to the oval window (Adamczyk et al., 1999; Pinilla, Ramirez-Camacho, Jorge, Trinidad, 

& Vergara, 2001), although it is possible to cauterise this vessel and proceed (Lu, Xu, & Shepherd, 2005). 

Sheep have an adipose-filled and poorly pneumatised mastoid cavity which restricts a postauricular 

approach and cortical mastoidectomy (Cordero, del mar Medina, Alonso, & Labatut, 2011; Schnabl et al., 

2012). Similarly, the mastoid in pigs is poorly pneumatised and hidden by the atlanto-occipital joint (Gurr, 

Stark, Probst, & Dazert, 2010). For clarity, postauricular in relation to most animal models denotes a 

postauricular incision, soft tissue reflection, exposure and opening of the bulla. Non-human primates are 

the only animals which have a similarly developed mastoid air cell system and antrum to humans 

(Hohmann et al., 1963), and postauricular may denote either the skin incision, the subsequent 

transmastoid approach, or both. Non-human primates also have a cartilaginous EAC which approximates 

the human one, although the bony canal is too long and narrow in most species for a transcanal approach 

(Hohmann et al., 1963). Other species-specific limitations are identified later in this review. 

Another limitation of animal models of middle ear surgery may come from researcher inexperience with 

new species or techniques, which can lead to inadvertent injury. This learning curve with new species or 

techniques may come at significant expense and / or reduce the number of research subjects. In a study 

of nine baboon ears, Siedentop accidentally opened the horizontal semicircular canal in three ears, three 

ears sustained burr injury to the facial nerve, and two cochleae promontory were injured (Siedentop, 

1980). Following a monkey death from suppurative labyrinthitis and meningitis, Hohmann et al. advocated 

pilot studies for researchers to become familiar with new middle ear surgical techniques (Hohmann et al., 

1963). Krupala et al. and Antonelli et al. both used three animals to refine study procedures and achieve 

technical skill (Antonelli et al., 2010; Krupala et al., 1998). In such pilot studies it is possible to find safe 

operating parameters to guide further research. In examining the effect of the carbon dioxide laser on the 

middle ear, Lyons et al. found that even on the lowest settlings there was damage to the cochlea and 

animals which received between 20 and 30 watt laser lesions did not recover from anaesthesia (Lyons et 

al., 1978). While pilot studies are useful for reducing unintended injury, Rutledge et al. acknowledged that 

operative experience reduces serious complications, but does not completely eliminate them (Rutledge 

et al., 1965). 

Experimental injury may cause unnecessary distress when the animal wakes from anaesthesia and 

consideration should be given to acute non-recovery experiments (Cottle & Tonndorf, 1966). Operative 

facial nerve injury may cause facial paralysis and may mean animals are unable to maintain adequate 

nutrition or eye care, and even cause death (Judkins & Li, 1997). Sometimes, this injury is hard to avoid. 

In the guinea pig, the facial nerve runs posteriorly over the oval window niche and needs to be sacrificed 
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to widely expose this area (Cottle & Tonndorf, 1966; Dost, Ellermann, Missfeldt, Leyden, & Jahnke, 2002) 

and in rat where the stapedial artery limits access to the oval window (Adamczyk et al., 1999). An 

insensate guinea pig or rat auricle after a postauricular incision is at risk of being bitten though social 

activity so animals may need to be kept separate for several days (Dost et al., 2002). Injury to the vestibule 

may result in abnormal head tilt (Dost et al., 2002), or in extreme cases poor oral intake and death. 

However, acute experiments prohibit behavioural outcome assessment and intervention outcome follow 

up over time. 

 

1.5 Choosing an animal model 

The choice of which animal model to use when evaluating a middle ear surgical intervention depends on 

two key factors: the goals of the experiment and the local resources available. 

The research question must clearly identify what the outcome measures are and what method is required 

to achieve this outcome. If only a few animals are needed to answer the research question then larger 

animals may be considered as a model because they are likely to approximate the human response more 

closely, although the learning curve and inherent risk of technical difficulties for a new procedure cannot 

be overstated. There are specific limitations identified for many of the above species which need to be 

considered when selecting an animal model. For example, if the stapedial artery cannot be worked 

around, then the rat should not be selected for stapes surgery. Larger animals tend to be more robust 

and tolerate surgery and anaesthesia better than small animals, but the effect of bolus intraperitoneal 

anaesthesia may be less predictable in a larger animal and so gaseous anaesthesia may be required. 

The experimental outcomes may be histopathological, functional or both. Either outcome may be 

assessed with acute or chronic experiments, but where chronic experiments permit observation over time, 

acute experiments have the ability to sacrifice any key structures which are impeding surgical access. 

The ventral approach is more suited to acute experiments as it provides excellent exposure of the middle 

ear in most species, but this wider exposure is at the cost of greater tissue sacrifice and may not be 

compatible with animal survival beyond anaesthesia. Another limitation of the ventral approach model is 

that there is no equivalent approach in humans because of the destructive access. The postauricular 

approach is suited to most chronic experiments and provides adequate exposure of the middle ear but is 

not possible in the sheep or pig due to the adipose filled mastoid and overhanging atlanto-occipital joint 

respectively (Gocer et al., 2007; Andre Gurr et al., 2010; Schnabl et al., 2012). The transcanal route 

provides the least invasive but technically most challenging exposure of the middle ear due to the narrow 

confines of the EAC and the limited visibility and access this provides to the middle ear in most animals. 

This is obviously an issue for smaller animals such as rodents but even primates have a narrow bony 

portion of the EAC. Exposure may be enhanced by widening the EAC with a drill and both the 

postauricular and especially the transcanal approaches are facilitated by amputation of the pinna. 
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Middle ear surgery that involves manipulation of the sound-conducting apparatus limits audiometric 

outcomes by introducing a variable CHL. By itself this would not be a problem, however, middle ear 

surgery is also associated with SNHL from cochlear injury (Berenholz, Rizer, Burkey, Schuring, & Lippy, 

2000; Handley & Hicks, 1990; Ragheb et al., 1987) and so it may be impossible to distinguish the cause 

of a hearing loss with conventional techniques. This is an issue with any model of hearing reconstruction 

surgery and may be overcome by direct stimulation of the cochlea galvanically (Hegewald et al., 1989; 

Okstad, Laukli, & Mair, 1988; Thornton, Bell, & Phillipps, 1989) or with BC (Maw et al., 2000). No identified 

studies used galvanic stimulation in animals and it is not clear whether the classic components of BC 

apply and whether an electroneural effect is occurring (Tonndorf & Kurman, 1984). On the other hand, 

BC is problematic in animal models because of the mismatch between the frequency output capability of 

the transducer and the hearing frequency spectrum of the animal. There was no artificial mastoid for 

calibration of BC identified in animals, but when a human artificial mastoid was used there was a 

significantly sharp deterioration in transducer performance above 5 kHz (Frank & Richards, 1980; Roeser, 

Valente, & Hosford-Dunn, 2007). This frequency response limit is satisfactory for assessing low frequency 

hearing structures located towards the animal cochlea apex, but the higher frequencies in the basal turn 

of the cochlea will be missed. Of the common animal models identified in this review, the upper hearing 

limits for guinea pig, cat and rat are 50, 64, and 76 kHz respectively (Fay, 1988; Warfield, 1973) and are 

therefore poorly assessed with traditional BC transducers. Further compounding this problem is that it is 

precisely the basal turn of the cochlea where injury from middle ear surgery is most likely to be seen 

(Davis, Morgan, Hawkins, Galamros, & Smith, 1950; Lesinski & Stein, 1989b; Palmgren, 1979; Vartiainen 

& Seppa, 1997), and therefore under-appreciated with an inadequate bone conductor. 

The second significant consideration when choosing an animal model of middle ear surgery are the 

available resources. The choice of animal will be restricted by the animals available. While primates are 

the closest model of human middle ear anatomy, they are expensive to acquire and care for and 

legislation may significantly limit the kind of study permissible ("Animal Welfare Act 1999," 1999). Society 

may also deem certain species undesirable as research subjects (Lavinsky & Goycoolea, 1999). Small 

animals are generally easier to acquire and care for and larger numbers permit greater statistical power 

for analysis. Research with the chinchilla and gerbil models are limited to places in the world where they 

occur naturally, as any advantage in importing the animal is likely to be offset by the cost differential with 

locally available rats or guinea pigs. Local facilities may also limit what kinds of animals are able to be 

cared for and whether the animal unit has previous experience with that species. Anaesthetic modality 

may influence the types of research able to be supported as not all laboratories will have gaseous 

anaesthesia or perioperative support services. Choice of model is also influenced by the human 

resources available and experimenter experience as well. 

This animal model review has identified a significant body of evidence for tolerance of novel materials 

(packing, oval window graft, prostheses) and laser surgery, most of which utilised histological rather than 

functional outcomes, and many of which pertain to stapedectomy, rather than just middle ear 
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manipulation. Few studies were found that actually modelled surgery and investigated hearing outcomes. 

This is likely due to the inherent difficulty in assessing cochlear reserve in small animals when the middle 

ear has been disturbed.  

 

 Mouse 

1.5.1.1 Anatomical features 

The mouse EAC is 6.25 millimetres (mm) long and has a slight rostral curve as it approaches the TM. All 

rodents lack mastoid air cells. The malleus and incus are firmly joined by a synarthrosis. The ossicular 

system is of a microtype, whereby the handle of the malleus is fused to the tympanic ring and has 

restricted mobility, versus the freely mobile synovial joints in humans (Suckow, Stevens, & Wilson, 2012). 

The microtype system is better for high-frequency hearing (Treuting, Dintzis, Frevert, Liggitt, & Montine, 

2012). 

1.5.1.2 Approach 

Only one study was identified which used the mouse as a model of middle ear surgery, and as there was 

only need to access the TM to model the mitotic activity of TM healing, the transcanal route was chosen 

(Reijnen & Kuijpers, 1971). 

1.5.1.3 Outcomes 

The mouse hearing frequency spectrum is 1 – 91 kHz. No mouse middle ear surgical models used hearing 

as an outcome. The only identified study used radio-identified mitotic repair of TM (Reijnen & Kuijpers, 

1971). 

1.5.1.4 Advantages 

Mice are relatively cheap to acquire and house, so mouse studies can have greater numbers of subjects. 

Fundamentally, there are no important differences of the structure of the TM between mice and humans, 

except the relatively large size of the pars flaccida in mice (Reijnen & Kuijpers, 1971). 

1.5.1.5 Disadvantages 

The small size of the mouse middle ear makes access and exposure challenging. Their short lifespan 

may complicate longer term studies by presbyacusis (Suckow et al., 2012). 
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 Rat  

1.5.2.1 Anatomical features 

The rat facial nerve exits the temporal bone more superficially and anterorostrally than in humans. The 

ossicles are thinner than human ones and are almost totally hidden in the epitympanic region (Judkins & 

Li, 1997). The stapedial artery courses between the stapes crura and so makes surgery at this site difficult 

(Judkins & Li, 1997). 

1.5.2.2 Approach 

The cervical approach to the ventrolateral wall of the tympanic bullae is the traditional method of 

accessing the middle and inner ear in rodents (Hellstrom, Salen, & Stenfors, 1982; Kuijpers & Grote, 

1977; Pinilla et al., 2001; Pinilla et al., 2003). The postauricular approach is relatively straightforward, 

provides good access and is less invasive than the ventral approach (Haim, Ephraim, Ronen, & Haim, 

2011; Hellstrom et al., 1982; Hellstrom, Salen, & Stenfors, 1983; Judkins & Li, 1997; Liening et al., 1997; 

van Blitterswijk, Bakker, et al., 1986; van Blitterswijk, Grote, Koerten, et al., 1986). Similarly, the supra-

auricular approach exposes the middle ear above the TM, leaving this attached to the meatal skin. This 

approach gives full view of the incus and its articulations and has the advantage of not having to remove 

bone from the bulla or cavity wall (Kuijpers & Grote, 1977; van den Broek & Kuijpers, 1967). The 

transcanal route is possible, but challenging due to the narrow dimensions of the EAC (Soderberg, 

Hellstrom, & Stenfors, 1985).  

1.5.2.3 Outcomes 

The rat hearing frequency spectrum is 200 Hz – 76 kHz. This was audiometrically assessed with air-

conducted ABR broadband clicks (Haim et al., 2011; Pinilla et al., 2003). Pathological examination 

included: otomicroscopy; SEM and TEM; X-ray microanalysis and bone fluorescence; haematoxylin and 

eosin (H&E) staining, autoradiography; and methyl green-pyronin staining which clarifies the ribonucleic 

acid content and allows a better differentiation between living and dead cells (Kuijpers & Grote, 1977; 

Soderberg et al., 1985; van Blitterswijk, Bakker, et al., 1986; van Blitterswijk, Grote, Koerten, et al., 1986; 

van Blitterswijk et al., 1985; van den Broek & Kuijpers, 1967). Perilymph temperature elevation has also 

been used as an outcome measure in laser studies (Shah et al., 1996). 

1.5.2.4 Advantages 

The rat middle ear ventilation and drainage system is similar to humans due to the Eustachian tube, 

middle ear and attic communication. So the rat middle ear might have advantages over the chinchilla or 

guinea pig in tubal occlusion research with associated middle ear infections, as these infections occur 

naturally in the rat (Albuquerque et al., 2009; Daniel, Fulghum, Brinn, & Barrett, 1982; Hellstrom et al., 

1982; van Blitterswijk, Grote, de Groot, et al., 1986).  
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The rat middle ear structures are more similar to humans than for guinea pigs, the exception being the 

facial nerve which is more superficial and anterorostral in rats. The rat ossicles are clearly defined and 

can be removed separately, as in humans (Pinilla et al., 2001). It is easier to open the tympanic bulla in 

rats than guinea pigs due to weaker bulla joints (Albuquerque et al., 2009). The Long-Evans rat is not 

known to have hearing deficits (Pinilla et al., 2003). The Fat Sand rat is found in the deserts of the Middle 

East and northern Africa and provides easier access to middle and inner ear anatomy due to the large 

bulla cavity, a thin otic capsule, and an cochlea that clearly projects into the middle ear cavity (Haim et 

al., 2011; Sichel, Plotnik, Cherny, Sohmer, & Elidan, 1999).  

1.5.2.5 Disadvantages 

The rat stapedial artery runs through the stapes crura, making stapes and oval window manipulations 

extraordinarily difficult (Adamczyk et al., 1999; Hellstrom et al., 1982; Sichel et al., 1999). Exposing the 

oval window can cause haemorrhage, cochlear injury and death (Pinilla et al., 2001). Rat ossicles are 

nearly a quarter the size of their human counterparts and are nearly completely hidden within the 

epitympanum (Judkins & Li, 1997). Albuquerque et al. believed the rat is a more difficult animal model 

than the guinea pig as it is less docile and also because the tympanic bulla was more fragile, making 

handling more delicate (Albuquerque et al., 2009). Transcanal or intact TM exposure of the middle ear 

was impossible unless approached ventrally (Judkins & Li, 1997). Following induced middle ear infection, 

the bone was stronger and so opening the tympanic bulla was more difficult which in turn facilitated 

damage to the cochlea, vestibular system and ossicles (Albuquerque et al., 2009). Wistar Albino rats 

have hearing deficits (Pinilla et al., 2003). Rat middle ear packing with gelfoam induces osteoneogenesis 

and connective tissue formation with adhesions (Feenstra & Feenstra, 1975; Hellstrom et al., 1983). 

 

 Mongolian Gerbil 

1.5.3.1 Anatomical features 

The Mongolian gerbil’s enlarged bulla enhances low frequency hearing sensitivity, which allows it to 

detect approaching predators faster (Rosowski, Ravicz, Teoh, & Flandermeyer, 1999). The pars flaccida 

is circular and relatively large, 10 – 20% TM surface, compared with only 2 – 3% in humans (Dirckx, 

Decraemer, von Unge, & Larsson, 1998). The anterior mallear process extends from the anterior process 

of the malleus to the temporal bone and is not seen in humans (Rosowski et al., 1999). The ossicular 

system is of microtype (Suckow et al., 2012). 

1.5.3.2 Approach 

Postauricular (McGhee & Dornhoffer, 1999) and transcanal (Liening et al., 1995) routes have been used 

for middle ear surgical models, but as these studies were chronic experiments no comment is able to be 

made about the suitability of the ventral approach which is commonly used in rodents. 
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1.5.3.3 Outcomes 

The Mongolian Gerbil hearing frequency spectrum is 100 Hz – 60 kHz, but no studies identified used 

hearing as an outcome. Pathological specimens were examined under TEM, H&E or polychrome staining 

and examined under the light microscope with routine and polarized light (Cousins & Jahnke, 1987; 

Liening et al., 1995; McGhee & Dornhoffer, 1999). 

1.5.3.4 Advantages 

Similar to mice and rats, gerbils are small and easy to care for. The comparatively large bulla assists in 

dissection and exposure. Gerbils are relatively free of otitis media (Daniel et al., 1982). Liening et al. used 

the gerbil in their model because it is the least phylogenetically advanced animal known to form retraction 

pockets, and it does this quickly in response to Eustachian tube cautery (Liening et al., 1995). 

1.5.3.5 Disadvantages 

The researchers in these studies did not identify any specific weaknesses to using gerbils as a middle 

ear surgical model, however, there were few reports. The general concerns with small animal external 

validity apply and they are not available in every country. 

 

 Chinchilla 

1.5.4.1 Anatomical features 

Similar to the gerbil, for its size the chinchilla has a comparatively large bulla and TM (Goksu et al., 1992; 

Vrettakos, Dear, & Saunders, 1988). The ossicular system is freely mobile, whereby the bones are 

suspended on ligaments as they are in humans (Suckow et al., 2012). The incus and malleus are fused 

with cartilage, functioning as a horizontal bar. Compared with humans, the crura are more central on the 

stapes footplate. A bony strut, the crista stapedis, is persistent as in the human embryo and guinea pig 

(Goksu et al., 1992). It passes through the stapes arch from the fallopian canal to the rim of the round 

window (Browning & Granich, 1978) and is the calcified remnant of the stapedial artery.  

1.5.4.2 Approach 

Browning and Granich describe four approaches to the labyrinth and ossicles (Browning & Granich, 

1978). The dorsal, labyrinthine, and combined approach through the mastoid and labyrinthine parts of 

the bulla all go through the bulla, while the fourth approach is transcanal alone. No single approach 

demonstrates all of the middle ear, so the chosen approach is tailored to the kind of surgery required. 

1.5.4.3 Outcomes 

The hearing frequency spectrum of the chinchilla is 90 Hz – 22 kHz, remarkably similar to humans. The 

low frequency hearing is due to the large TM and bulla. Hearing measures included ABR (Nader, Kourelis, 

& Daniel, 2007), cochlear microphonics (CM) (Lupo et al., 2009) and compound action potentials (CAP) 
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(Morizono & Sikora, 1982). The chinchilla can be trained in behavioural hearing threshold testing 

(Browning & Granich, 1978). Middle ear implant studies have used tone evoked CM (Koka et al., 2010; 

Lupo et al., 2011; Lupo et al., 2012), CAP and ABR (Lupo et al., 2009). The same studies also used laser 

Doppler vibrometry (LDV) to examine stapes motion. Other outcomes were tympanometry and histology 

(Margolis, Schachern, & Fulton, 1998), and vestibular temperature (Kodali, Harvey, & Prieto, 1997). 

1.5.4.4 Advantages 

As noted with mice, rats and gerbils, the chinchilla is cheap to acquire and look after in countries where 

it is endemic. The large bulla is thin and allows for easy immobilisation, middle ear access and histological 

preparation. After it is opened, the bulla heals firstly with fibrous tissue and then with bone so that recovery 

experiments are possible. The cochlea is also thin and projects into the labyrinthine bulla so is easily 

accessed for electrophysiological measurements. The chinchilla's hearing is relatively susceptible to 

noise trauma  (Browning & Granich, 1978). As with gerbils, chinchillas are naturally relatively free of otitis 

media (Daniel et al., 1982). The life span of the chinchilla is 12 to 20 years (Morizono, Giebink, Paparella, 

Sikora, & Shea, 1985) so they are useful for studies requiring normal hearing, but less appropriate as a 

model of presbyacusis, albeit better than rodents. 

1.5.4.5 Disadvantages 

The chinchilla venous sinuses are within the skull bones instead of the dura as in humans. As such, 

removing bone can be challenging due to the risk of haemorrhage (Browning & Granich, 1978). It is 

difficult to identify the TM via the transcanal route due to the direction of the EAC, even following removal 

of the convoluted cartilaginous folds of the pinna (Morizono & Sikora, 1982). The EAC runs dorsal-ventral 

where the lateral wall is continuous with, and in the same plane as, the lateral walls of the labyrinthine 

and mastoid bulla sections (Browning & Granich, 1978). The chinchilla round window membrane is only 

one sixth the thickness as that of humans (Morizono & Sikora, 1982). 

 Guinea pig 

1.5.5.1 Anatomical features 

There is a foramen in the anteroinferior aspect of the EAC which resembles the foramen tympanicum 

seen in the first few years of human life. The guinea pig TM is proportionally larger than in humans and 

only has a pars tensa, above which is a bony area called the supratympanic crest. The cochlea has 3.5 

turns and projects well into the middle ear, dividing it into bulla below and epitympanum above. The bulla 

corresponding to the meso- and hypotympanum of the human ear. In contrast, human cochlea are 

positioned in the skull base and surrounded by hard, dense bone (Stenfelt & Goode, 2005). The 

epitympanum is a slit-like space which contains the fused incudomalleal complex. Compared to humans, 

there is a simplified air cell system of four large cells which do not have fine partitions. The oval window 

is orientated vertically while the round window sits horizontally. The stapes is identical to that in humans 

but has a crista stapedis. The guinea pig Eustachian tube consists entirely of cartilage. The facial nerve 
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exits in a posterosuperior position between the tympanic ring and the bulla (Adamczyk et al., 1999; Goksu 

et al., 1992; Hellstrom et al., 1982; Sanli, Aydin, & Ozturk, 2009).  

1.5.5.2 Approach 

There is a large body of literature on the guinea pig as a model of middle ear surgery and this is reflected 

in the number of different surgical approaches to the middle ear. The head may be strapped to the table 

(DeRowe, Ophir, & Katzir, 1994) or immobilised with a custom head holder. Most authors favoured a 

postauricular approach to the bulla (Antonelli et al., 2010; Krupala et al., 1998; Maw et al., 2000; Spindel 

et al., 1991), sometimes referring to this as retroauricular (Ichibangase, Yamano, Miyagi, Nakagawa, & 

Morizono, 2011; Lipan et al., 2011) or postaural (Holzer, 1973) approaches. This gives excellent access 

to the round window with a slight turn of the animal’s head. However, the stapes is hidden by an 

overhanging facial nerve and a shelf of bone medial to the nerve also obscures the ISJ. Full access to 

the oval window therefore requires removal of the bony shelf, sacrifice of the facial nerve and removal of 

the crista stapedius (Adamczyk et al., 1999). Special care needs to be taken of animals with facial nerve 

sacrifice as they are liable to develop ocular complications or feeding problems (Dost et al., 2002; Judkins 

& Li, 1997). As a slight variant, the supra-aural approach comes down onto the epitympanum first, before 

exposure of the rest of the ossicular chain, cochlear promontory, and the facial nerve (Watson, 1981; 

Wells & Gernon, 1987). This approach was particularly useful for homograft reconstruction which required 

removal of the TM from its annulus (Watson, 1981). The transcanal approach (DeRowe et al., 1994; Park 

et al., 2006; Smallman, To, & Proops, 1991; Vesterhauge & Sorensen, 1973) is facilitated by incision of 

the pinna base (Lyons et al., 1978) or removal entirely. However, the incision leaves the pinna insensate 

and it is at risk of being bitten in social activity (Dost et al., 2002). The inferior (Sanli et al., 2009) or ventral 

(Vollrath & Schreiner, 1982a, 1982b) approaches give excellent exposure but are more suited to non-

recovery anaesthesia experiments.  

1.5.5.3 Outcomes 

The hearing frequency spectrum of the guinea pig is 54 Hz – 50 kHz, of which the lower half is commonly 

interrogated with AC sound. Evoked potentials include tone (Schreiner & Vollrath, 1983; Vollrath & 

Schreiner, 1983) and click (Jovanovic et al., 1995; Zou et al., 2001) evoked CAP, (Adamczyk et al., 1999; 

Falcone et al., 2003; Ichibangase et al., 2011), tone evoked CM (Vollrath & Schreiner, 1982b, 1983), and 

tone (Lipan et al., 2011; Suits et al., 1993) and click (Maw et al., 2000; Park et al., 2006) evoked ABR 

(Antonelli et al., 2010). Middle ear surgical implants are also capable of evoking ABR potentials with clicks 

(Spindel et al., 1991; Zennaro et al., 1992) or tones (Zennaro et al., 1992) via coupling to the ossicular 

chain or round window (Spindel et al., 1991; Spindel et al., 1995; Zennaro et al., 1992). Endocochlear 

potential changes correlate with hearing impairment and are another physiological outcome measure that 

indicate cochlear injury (Ikeda et al., 2011). Other studies have also examined thermal effects in a more 

conventional fashion (Vollrath & Schreiner, 1982a, 1983). Post-mortem analysis includes histology (Dost, 
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Reide, Mißfeldt, & Jahnke, 1994; Krupala et al., 1998; Vesterhauge & Sorensen, 1973) with H&E staining 

(Holzer, 1973), hair cell counting (Rubinstein & Pluznik, 1976) and SEM (Soudijn et al., 1976).  

1.5.5.4 Advantages 

Guinea pigs live for about three years, and during the first half of their life ear infections are rare (Watson, 

1981). The large tympanic cavity affords excellent exposure of the middle ear and the Eustachian tube is 

always patent (Watson, 1981). This has the advantage of excellent postoperative middle ear ventilation 

to reduce the influence of infection or TM retraction. The facial nerve anatomy resembles that in humans, 

but the exit point is more superficial in the guinea pig (Judkins & Li, 1997). Noise-induced hearing loss, 

which is thought to be analogous with surgical injury, is well established as an experimental model in the 

guinea pig which complements the surgical models (Suits et al., 1993). The guinea pig is chosen in 

models of laser-assisted otosclerosis surgery because the basal turn of the cochlea is readily accessible 

and is of a similar thickness to the otosclerotic human footplate (150 – 200 µm) (Jovanovic et al., 1995; 

Kiefer, Tillein, et al., 2004).  

1.5.5.5 Disadvantages 

For the later years of life, guinea pigs tend to have an increasing incidence of spontaneous infections 

(Watson, 1981). Guinea pig anaesthesia is notoriously difficult for long operations with conventional 

techniques (Watson, 1981). Such procedures benefit from a gaseous anaesthetic circuit which increases 

complexity of the experiment. The fusion of the incudomalleal complex limits the external validity of 

ossiculoplasty procedures to humans. The prominence of the cochlea is more suited to inner ear 

experiments (Pinilla et al., 2001) rather than those for the middle ear. The guinea pig bulla is thicker than 

in rat and may require drilling away, whereas it can be taken apart piecemeal in rat. (Albuquerque et al., 

2009). Despite the relatively large bulla, simultaneous access to the oval window for interventions and 

the round window for ECochG may be difficult (Vollrath & Schreiner, 1982b). 

The guinea pig cochlea is more susceptible than humans to ototoxicity due to their thinner round window 

membrane (Ichibangase et al., 2011) and is also ten times more sensitive to acoustic trauma than humans 

(Kiefer, Tillein, et al., 2004). Cochlear harm may also be overestimated in guinea pig stapes surgery 

because the structures most traumatised are the basilar membrane and the organ of Corti, whereas in 

humans it is the utricle and saccule which are more directly exposed (Kiefer, Tillein, et al., 2004). 

Additionally, the guinea pig cochlear aqueduct is patent. This can lead to flow of cerebrospinal fluid from 

the subarachnoid to the perilymphatic space which may continue to leak through the oval window 

following stapedectomy as a perilymphatic fistula (Ikeda et al., 2011). The net effects of these features 

may overestimate the cochlear harm in guinea pigs from interventions. 

Several authors have also noted that the guinea pig possesses the ability to lay down new bone in the 

middle ear. Dost et al. found a control group of animals were apparently able to regrow crude stapes 

superstructures from the remnants of their crurae (Dost et al., 2002). This osteoblastic response was also 
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seen in relation to generic middle ear bony trauma and with granulation tissue by Holzer (Holzer, 1973). 

He proposed this response was unique to the guinea pig and this notion was supported by Wells et al. 

who found bony overgrowth at the Histoacryl site in guinea pigs (Wells & Gernon, 1987), whereas bony 

destruction was seen in the cat (Smyth & Kerr, 1974) and the rabbit, (Heumann & Steinbach, 1980) but 

not in the dog (Siedentop, 1974). This finding limits the external validity of guinea pig ossiculoplasty 

surgery to humans, but also causes problems in the guinea pig where uncontrolled bony fixation between 

an implant and other middle ear structures complicated what may have been an otherwise successful 

operation (Dost et al., 1994). 

 

 Rabbit 

1.5.6.1 Anatomical features 

The rabbit bulla is larger than most mammals and has a longer EAC. The bulla is rounder and does not 

project past the level of the occipital bone, as found in the cat and dog (Suckow et al., 2012). 

1.5.6.2 Approach 

The transcanal (Doyle-Kelly, 1961; Stieve et al., 2009; Trabandt et al., 2004; Turck et al., 2007; Ulku, 

Avunduk, Uyar, & Arbag, 2005) route was most common and exposure was aided by a postauricular 

incision with reflection forward of the pinna and incision through the cartilaginous EAC, before raising the 

tympanomeatal flap (Heumann & Steinbach, 1980). The postauricular approach through the bulla was 

only advocated in one study which compared it to a human attico-antrotomy (Doyle-Kelly, 1961). Another 

group did, however, advocate a combined transcanal and postauricular approach (Macías-Reyes, 

Ramos-Zúñiga, Garcia-Estrada, Jáuregui-Huerta, & Hidalgo-Mariscal, 2012). The ventral approach once 

again was better suited to non-recovery experiments (Moller, 1965). 

1.5.6.3 Outcomes 

The hearing frequency spectrum of the rabbit is 360 Hz – 42 kHz. Stieve et al. attempted to get around 

the problem of ossiculoplasty disrupting the AC stimulus by using BC click-evoked ABR, however, no 

comment was made as to the frequency response of transducer (Stieve et al., 2009), and most BC 

transducers have notoriously poor output above 5 kHz (Frank & Richards, 1980) so do not assess the 

high frequency basal region of the cochlea. Manual positioning of transducer may also provide 

inconsistent pressure and therefore energy transfer of stimulus. Another publication from the same group 

used click and 8 kHz pip stimulus ABR, traditional microscopy and SEM, but did not report their 

audiological findings (Trabandt et al., 2004). In addition to SEM (Schwager, 1998), Giemsa (Schwager, 

1998; Schwager & Geyer, 1998), H&E (Doyle-Kelly, 1961; Ulku et al., 2005), von Gieson’s stain and 

fibroblast growth factor stains (Ulku et al., 2005) were also used with transmission and fluorescent light 

microscopy (Reck, 1981) to assess tissue outcomes. 
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1.5.6.4 Advantages 

As with rodents, the rabbit is relatively cheap and easy to obtain (Argudo, Estaca, Ferran, Romero, & 

Osete, 1990), but being larger, the ear is much easier to examine perioperatively (Reck, 1984). Rabbits 

provide a close model of human middle ear anatomy and have a standardised surgical approach (Stieve 

et al., 2009; Trabandt et al., 2004). Their response to middle ear surgery shares the same bone 

remodelling processes as in humans (Reck, 1984) without showing the ossicular osteogenic response 

seen in guinea pigs (Turck et al., 2007). The anaesthesia depth can be better controlled with inhalational 

techniques rather than barbiturates which enable mortality to be considerably reduced (Stieve et al., 

2009). The complication of bradycardia and associated cardiac arrest  on endotracheal (ET) intubation 

and was mitigated with Glycopyrrolate. (Stieve et al., 2009). 

1.5.6.5 Disadvantages 

Gaining access to the rabbit middle ear is still more difficult than in humans due to the small dimensions 

involved (Stieve et al., 2009). There are differing opinions whether the facial nerve is dehiscent in the 

middle ear (Schwager, 1998) or not (Stieve et al., 2009). A dehiscent nerve is at greater risk from middle 

ear surgery but would only be a problem in non-acute experiments. 

 

 Cat  

1.5.7.1 Anatomical features 

The middle ear cavity of the cat is separated in two by a bony septum. This has a small hole in it so that 

the ear functions in a similar way to the mastoid, aditus, middle ear arrangement in humans, although the 

cavity effect is much greater in cats (Guinan & Peake, 1967). While the cat TM is smaller and thinner than 

in humans, the structure is essentially the same. There are two collagenous bundle layers in the middle 

layer of the pars tensa, which are oriented radially and in a circular fashion respectively. The pars flaccida 

middle layer does not have a specific fibre arrangement. The lateral layer of the TM is covered by the 

same keratinising squamous epithelium as the EAC, and medially the TM is lined by the mucosa of the 

middle ear cavity (Reijnen & Kuijpers, 1971). The pyramidal process is bony in humans but in the cat it is 

cartilaginous, located next to the cartilaginous rim of the TM, and referred to as the pyramidal cone to 

reflect these differences (Davey, 1979). The cat has the ability to regenerate its stapedius tendon 

(Hohmann et al., 1963). 

1.5.7.2 Approach 

Access to the cat middle ear was aided by removing the pinna (Kaufman, 1974) and by suitable head 

immobilisation, such as ear bars and a snout clamp (Guinan & Peake, 1967). Once again, the 

postauricular route was the most popular (Bellucci & Wolff, 1959b; Coker et al., 1986; Gardner et al., 

1984; Hellstrom et al., 1982; Hohmann et al., 1963; Kerr & Smyth, 1970; Mischke et al., 1977; Singleton 
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& Schuknecht, 1959). This entailed extending the postauricular incision to the posterior surface of the 

pinna cartilage to find the bony EAC, and then drilling posterior to the EAC until the middle ear space was 

blue lined and could be opened with picks (Smyth & Kerr, 1974; Smyth et al., 1968). This has also been 

referred to as the posterosuperior (Paparella, 1962; Wilson, Pulec, & Van Vliet, 1966), retroauricular 

(Reijnen & Kuijpers, 1971), transmastoid (Stengl & Hohmann, 1964), or squamomastoid approaches 

(Rutledge et al., 1965). In a similar way it was also possible to approach from above through the attic 

(Cottle & Tonndorf, 1966; Hayden & McGee, 1965). Davey began with a postauricular incision and drilled 

down the EAC to reach the middle ear via an attic approach (Davey, 1979). The mediolateral approach 

is also possible, but requires removal of the parotid gland, digastric muscle, hyoid chain, ligature and 

transection of the ICA and posterior facial vein (Wever et al., 1949). As such, along with the ventral 

approaches (Koltai & Eden, 1983; Moller, 1965), the mediolateral approach is better suited to non-

recovery experiments. The transcanal approach was not used in any identified studies due to the narrow 

EAC in cats and the excellent exposure afforded by other means (Smyth et al., 1968). 

1.5.7.3 Outcomes 

The hearing frequency spectrum of the cat is 45 Hz – 64 kHz. Cats can be trained to behaviourally 

respond to tones for hearing threshold testing. Traditionally, this involved shock avoidance techniques 

(Paparella, 1962). However, as similar information can be gained with electrophysiology (Wever et al., 

1949) with CM (Allen et al., 1964; Cottle & Tonndorf, 1966; Moller, 1965), such techniques are no longer 

required. Active middle ear implants were evaluated on cat stapes in the early stages of this technology 

(Maniglia et al., 1988). Histopathological studies used H&E staining (Coker et al., 1986; Hayden & 

McGee, 1965; Kerr & Smyth, 1970; Mischke et al., 1977; Reijnen & Kuijpers, 1971; Rutledge et al., 1965; 

Stengl & Hohmann, 1964; Wilson et al., 1966), inverted-phase and SEM (Goode, 1982; Williams, Hunter-

Duvar, & Mitchell, 1981), or other histology (Colman, 1960, 1962; Singleton & Schuknecht, 1959). 

Vestibular temperature response to laser has also been investigated (Coker et al., 1985). 

1.5.7.4 Advantages 

There is a large body of literature on feline middle ear surgical models and some researchers chose cats 

as a model to allow comparisons with earlier work (Guinan & Peake, 1967). Being larger than rodents, 

the middle ear structures are more easily accessed and manipulated (Bellucci & Wolff, 1959b; Cottle & 

Tonndorf, 1966) and the cat is still cheaply cared for (Hohmann et al., 1963). Being larger also confers 

an anaesthetic survival advantage (Kaufman, 1974). The cat middle ear also resembles the human ear 

much closely than the guinea pig in relation to ossicular orientation and shape, facial nerve, and middle 

ear muscles (Judkins & Li, 1997). Cats are responsive and agile, so accurate postoperative clinical 

observations of hearing and balance are possible (Bellucci & Wolff, 1959b). Anaesthesia can be difficult 

to titrate in other species, but barbiturate anaesthesia in the cat eliminates middle ear muscle activity 

when appropriately deep and can be used as a guide to anaesthesia adequacy (Guinan & Peake, 1967). 
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1.5.7.5 Disadvantages 

The middle ear structures are robustly protected deeper in the temporal bone than rodents (Judkins & Li, 

1997) and drilling is required for access as the epitympanum cannot be exposed via the transcanal route 

due to the long, narrow and convoluted EAC (Smyth et al., 1968). The EAC can also harbour a large 

number of bacteria, fungi and parasites (Hohmann et al., 1963; Withers, Mersol, & Hatfield, 1965). While 

the ossicles are larger than in rodents, they are still smaller than in humans and surgery is therefore much 

more challenging with cochlear injury much more likely (Smyth et al., 1968). It would also appear that the 

feline TM is less robust than in humans as extrusion of a polyethylene strut was a common finding in cats 

(Withers et al., 1963). A patent cochlear aqueduct was not infrequently found in cats (Colman, 1962) and 

may contribute to perilymph overflow not usually found in humans (Smyth et al., 1968). 

The cat was also prone to osteoneogenesis, although this was in association with mucosal injury (Kerr & 

Smyth, 1970) and the significant fibrosis reaction which followed . When the mucosa was not traumatised 

fibrosis was not a significant problem (Mischke et al., 1977). It is likely that this repair process is influenced 

by the small epitympanic area and associated proximity of the middle ear structures to the wall of the 

cavity (Wilson, Pulec, & Linthicum, 1970). 

 

 Dog 

1.5.8.1 Anatomical features 

As in the cat, the cartilaginous EAC of the dog is convoluted and can be a reservoir of bacteria and 

parasites (Hohmann et al., 1963). 

1.5.8.2 Approach 

Only two authors were identified who utilised a canine model of middle ear surgery. Siedentop accessed 

the middle ear through the bulla but does not describe the approach any further (Siedentop, 1974). 

Guilford et al. describe different approaches in their three publications (Guilford, Shaver, & Halpert, 1966; 

Guilford, Shortreed, & Halpert, 1966; Guilford et al., 1964). They used a postauricular incision with 

transection of the cartilaginous EAC and a transcanal approach with removal of the skin of the posterior 

EAC and overhanging canal roof in a study on incus repositioning (Guilford, Shaver, et al., 1966); what 

appears to be a standard transcanal approach in a study on TM perforation repair (Guilford et al., 1964); 

and a postauricular approach with opening of the bulla in a third study (Guilford, Shortreed, et al., 1966). 

1.5.8.3 Outcomes 

The canine hearing frequency spectrum is 67 Hz – 45 kHz, however, none of the above studies assessed 

hearing as an outcome. Pathological evaluation was with H&E, trichrome or Weigert’s elastic tissue 

stains. Siedentop also used histological evaluation but did not elaborate further (Siedentop, 1974). 
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1.5.8.4 Advantages 

In these studies, mongrel dogs were apparently easily acquired and it was noted their middle ears are 

larger than those of a cat. 

1.5.8.5 Disadvantages 

In the perforation study it was observed that iatrogenic TM perforation would heal spontaneously within 

a few weeks (Guilford et al., 1964). This limits the utility of this model in tympanoplasty when the control 

group can do as well, or better, than the surgical intervention group. Comparisons with other animals are 

difficult as there is very little data on the use of dogs as a middle ear surgical model. Dogs are larger and 

more energetic than cats and rodents and so require more specialised care. 

 

 Sheep  

1.5.9.1 Anatomical features 

The EAC of the sheep is highly curved and projects over the pars flaccida, which is triangular and smaller 

than the circular pars tensa (Seibel, Lavinsky, & De Oliveira, 2006). This leaves part of the lateral bulla 

under the bony shelf of the ventral EAC. Similarly, the inferolateral bulla extends laterally under the 

tympanic bone and annulus (Cordero et al., 2011). As such, the hypotympanum is particularly large. The 

pars tensa is proportionally large compared with other animals. The sheep middle ear is morphologically 

equivalent to the human middle ear (Schnabl et al., 2012), although the size is about two thirds smaller 

(Cordero et al., 2011). The long process of the incus is shorter, thicker, and closer to the body of the 

malleus (Cordero et al., 2011). As with the chinchilla and human, the ossicular system is freely mobile, 

being suspended by collagenous fibres or mucosal folds carrying blood vessels and nerves. The malleus 

head articular surface forms a diarthrosis with the incus body, whereas the ISJ is similar to the anarthrosis 

seen in humans (Seibel et al., 2006). Human and sheep round windows are similar, but sheep have no 

mastoid antrum and the mastoid cells are filled by adipose (Seibel et al., 2006). 

1.5.9.2 Approach 

The only studies identified which explored the potential of using sheep as a middle ear surgical model 

used the transcanal approach (Cordero et al., 2011; Gocer et al., 2007). Based on these studies, the 

postauricular approach was not recommended due to mastoid adipose (Cordero et al., 2011), they 

reasoned that the transcanal route provides adequate exposure instead.  

1.5.9.3 Outcomes 

The sheep hearing frequency spectrum is 100 Hz – 30 kHz, however, no studies were identified which 

used hearing outcomes. Outcomes from stapedectomy training models focused on successful placement 

of the prosthesis, duration of procedure, and complications (Cordero et al., 2011; Gocer et al., 2007). 
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1.5.9.4 Advantages 

Sheep are easily managed in a laboratory as they do not need special care in confinement and are docile 

animals. They are more expensive to acquire than rodents, but tolerate surgical procedures well and have 

a longer lifespan. Sheep are specifically bred for human consumption so there is less objection from 

animal rights organisations to their involvement in research (Lavinsky & Goycoolea, 1999). The smaller 

attic allows the ossicles to be accessed in the same axis as the EAC down the transcanal route, so there 

is no need to open the dorsal bone of the head (Seibel et al., 2006). Such a model is advocated for 

myringotomy, tympanotomy, ossiculoplasty and stapedectomy (Gocer et al., 2007). 

1.5.9.5 Disadvantages 

The postauricular approach and mastoidectomy are precluded by mastoid adipose (Cordero et al., 2011; 

Gocer et al., 2007; Schnabl et al., 2012). The facial nerve is thicker than in humans and often dehiscent 

in the tympanic cavity (Cordero et al., 2011).  

 

 Pig 

1.5.10.1 Anatomical features 

The atlanto-occipital joint faces posteriorly and partially overlaps the mastoid (Gurr, Kevenhorster, Stark, 

Pearson, & Dazert, 2010). The mastoidectomy landmarks of the temporal line and suprameatal spine are 

not seen. Pneumatised mastoid air cells are not found, instead there are pneumatised air cells inferior to 

the tympanic cavity (Pracy, White, Mustafa, Smith, & Perry, 1998). The external ear canal of the pig is 

very long and orientated posterosuperiorly (Andre Gurr et al., 2010). The body of the incus is shorter than 

in humans and has an additional process perpendicular to the short process (Andre Gurr et al., 2010) 

which is not seen in humans. The remaining ossicles are approximately the same size as their human 

counterparts. 

1.5.10.2 Approach 

The only studies identified explored the potential of transcanal surgery when using pigs as a middle ear 

surgical model. Based on these studies, the postauricular approach was not recommended due to the 

overhanging atlanto-occipital joint and lack of mastoid pneumatisation. The transcanal technique requires 

drilling to enlarge the narrow EAC, modelling the human canalplasty (Andre Gurr et al., 2010). 

1.5.10.3 Outcomes 

The pig hearing frequency spectrum is 42 Hz – 40 kHz (Heffner & Heffner, 1990), and due to the small 

volume of literature, hearing is yet to be assessed as an outcome of middle ear surgery in this species. 
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1.5.10.4 Advantages 

While the external ear is conspicuously different to humans, the middle ear is very similar both in terms 

of structure dimensions and position (Andre Gurr et al., 2010; Hoffstetter et al., 2011).  

1.5.10.5 Disadvantages 

The pig temporal bone has a very different appearance to the human one, which leads to increased 

difficulty with middle ear exposure (Andre Gurr et al., 2010). The temporal bone also has a significant 

amount of soft tissue and adipose mastoid coverage (Schnabl et al., 2012). 

 

 Non-Human Primate 

1.5.11.1 Anatomical features 

The squirrel monkey has a straight EAC (Kaufman, 1974), with a short bony portion consisting of only an 

exaggerated bony annulus (Paparella, 1967). The temporalis muscle is large and permits fashioning of a 

rotation flap (Paparella, 1967). As noted earlier, primates are the only animals which have a mastoid air 

cell system and antrum which are similar to humans (Hohmann et al., 1963). The cynomolgus monkey 

has a cartilaginous EAC which resembles the human, but the bony EAC is too long and narrow to permit 

the transcanal approach (Hohmann et al., 1963). The baboon EAC is short and narrow with a diameter 

of less than 4 mm and length of approximately 25 mm (Geyer, Stadtgen, Schwager, & Jonck, 1998). 

1.5.11.2 Approach 

The straight EAC facilitates the transcanal route similar to that used in humans, either with endaural 

releasing incisions (Kaufman, 1974) or without them (Lima & Wilpizeski, 1980). Paparella initially used a 

postauricular incision in the squirrel monkey but abandoned this because of the required length of incision 

and associated postoperative wound infection (Paparella, 1967). They too moved to the transcanal 

approach with endaural incisions and the operation was well tolerated. The postauricular approach was, 

however, favoured for the cynomolgus monkey (Hohmann et al., 1963) and baboon (Siedentop, 1980) 

with drilling down of the posterior EAC wall (Geyer et al., 1998). 

1.5.11.3 Outcomes 

The hearing frequency spectrums for the squirrel and cynomolgus monkeys are 100 Hz – 43 kHz and 28 

Hz – 42 kHz respectively (Heffner & Masterton, 1970). PTA thresholds were assessed in squirrel monkeys 

with behavioural conditioning using the shock avoidance technique while employing a double grill box 

(Paparella, 1967). This study noted hearing losses of 30 to 40 dB and assumed this was a conductive 

loss as the cochleae were normal on histological examination. Hardcastle and McGee also assumed 

hearing losses were conductive in nature due to normal cochlea histology (Hardcastle & McGee, 1969). 

Lima and Wilpizeski assessed AC and BC thresholds up to 16 kHz with ABR and behavioural testing, but 

they make no comment about BC masking and the BC transducer they used was the Radioear B-70A 
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bone vibrator (Lima & Wilpizeski, 1980) for which artificial mastoid testing demonstrates a poor response 

in frequencies above 5 kHz (Frank & Richards, 1980). Nevertheless, by having both AC and BC in their 

study, they demonstrated a 21 dB CHL up to 16 kHz, while cochlear reserve only deteriorated by 2 dB. 

Hearing outcomes were not assessed in the single cynomolgus monkey study and 18 baboons similarly 

only underwent histopathological review (Geyer et al., 1998; Hohmann et al., 1963; Siedentop, 1980).  

1.5.11.4 Advantages 

In the squirrel monkey, the transcanal approach is straightforward and is the preferred method of middle 

ear exposure (Hohmann et al., 1963; Paparella, 1967). The squirrel monkey is small and manageable 

and can survive for extended periods after surgery (Kaufman, 1974). It can be readily conditioned so that 

pure tone auditory thresholds can be established even more quickly than in cats. Old World monkeys, 

including baboons, are phylogenetically closer to humans than most other living primates, the closest 

being anthropoid apes (Geyer et al., 1998). Results from baboons are expected to stand the best chance 

of being transferable to the human middle ear.  Paparella also notes that the phylogenetic proximity of 

the squirrel monkey to man may increase the external validity of experimental findings (Paparella, 1967). 

The same may be said for the phylogenetic closeness of the cynomolgus monkey (Hohmann et al., 1963). 

1.5.11.5 Disadvantages 

The mastoid cavity is shallow so the semicircular canals may be inadvertently exposed and opened during 

surgery (Paparella, 1967). The TM possesses a remarkable ability to repair itself which makes 

myringoplasty modelling difficult as even large lesions heal spontaneously within a week (Paparella, 

1967). The cynomolgus monkey has a weak annular ligament which made it difficult to remove the stapes 

crura and not the footplate (Hohmann et al., 1963). In contrast, the human annular ligament is rigid and 

is responsible for 90% of the impedance of the middle ear at speech frequencies (Huttenbrink, 2003). 

The baboon transverse and sigmoid sinuses are close to the posterior EAC wall, which reduces the space 

for surgical manipulation. The horizontal semicircular canal and the facial ridge limit visibility of the stapes 

footplate (Geyer et al., 1998) but the stapes head and some of the crura can usually be seen (Siedentop, 

1980). 
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1.6 Bone conduction 

When the middle ear is surgically manipulated, there is a real possibility that the manipulation may induce 

a CHL confounding evoked auditory potential assessment of cochlear function when AC is the sole mode 

of sound transmission. Despite this concern, only one animal study in our review unequivocally 

demonstrated a conductive loss (Lima & Wilpizeski, 1980). Before considering whether or not to use BC 

to assess cochlear function in our studies it is important to consider what BC is and how it works. 

 

 Bone conduction mechanisms 

There has been much debate over the years as to the contributing factors to bone conduction and their 

relative importance. Over 80 years ago Barany said: 

“When we determine a bone conduction threshold, in spite of all precautions we never get a value 

representing the sensitivity of the end organ. We always get a value giving the sensitivity of the 

end organ multiplied with the efficiency of the most efficient bone conduction mechanism prevailing 

at that moment in the tested ear. In different pathological conditions, at different occasions, from 

different points of the head, the most efficient mechanism will differ.” (Barany, 1938) 

Allen and Fernandez stated that BC was solely due to bony compression of cochlear fluids (Allen & 

Fernandez, 1960), whereas Brinkman et al. believed BC was due to inertial effects on the ossicular chain 

and cochlear fluids (Brinkman, Marres, & Tolk, 1965). In total, Tonndorf noted seven primarily osseous 

components contributing to BC sound, with the net result on the basilar membrane from the sum total of 

these vectors: 1) middle ear ossicular inertia, 2) middle ear cavity compliance, 3) compressional effect 

on the cochlea, 4) mobility of the oval window, 5) mobility of the round window, 6) cochlear fluid inertia, 

and 7) the compliance effect via the cochlear aqueduct third window (Tonndorf, 1966). With respect to 

the basilar membrane, it does not matter where the BC stimulus is coming from as the basilar membrane 

vibration will always travel from the stiffer basal region toward the more compliant apex (Bekesy, 1955). 

Additionally, non-osseous mechanisms are also present, as it is possible to elicit BC ABR at 2 and 8 kHz 

with the B-71 transducer directly onto soft tissue of the rat brain (Freeman, Sichel, & Sohmer, 2000). This 

experiment was repeated in guinea pigs and fat sand rats. Furthermore, when the external auditory 

meatus is blocked, an additional occlusion mechanism is present, whereby the vibrations of the skull 

radiate into the occluded meatus, producing aerial waves which then act on the tympanic membrane like 

any other aerial stimulus (Freeman et al., 2000). This EAC contribution was noted to be most significant 

between 0.4 – 1.2  kHz (Stenfelt & Goode, 2005). Similarly, it is possible to have compression of the 

middle ear cavity in much the same way, with a maximal effect at around 2.5 kHz; however, this 

mechanism was thought to be unimportant by Stenfelt (Stenfelt & Goode, 2005).  
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The translatory (or inertial) mode of bone conduction is where the cochlear bony shell is vibrated and an 

inertial lag develops between cochlea vibration and that of the ossicular chain. Thus, relative motion is 

established between the cochlear shell and the ossicular chain. In a LDV human temporal bone model, 

Stenfelt et al. noted that relative inertia between the ossicles and round window is not important at 

frequencies <1.5 kHz, but beyond this the phase of the ossicles start to lag that of the skull and relative 

inertia manifest at the stapes footplate becomes important (Stenfelt, Hato, & Goode, 2002). Tonndorf also 

indicated the inertial pathway to be important at lower frequencies (Tonndorf, 1966). However, in another 

study experimental elimination of the ossicular chain inertial mechanism and of the occlusion effect did 

not greatly alter the BC response (Stenfelt & Goode, 2005). Stenfelt also disputed the influence of CSF 

pressure transmission because this mechanism failed to explain BC threshold losses with certain lesions 

of the middle ear ossicles, lateralization of a BC tone, and transcranial attenuation.  

In the compressional mode of BC (modified by Tonndorf to the ‘distortional’ mode of BC), the skull 

vibrations cause distortion of the bony cochlear shell leading to fluid displacements in and out of the 

cochlear windows, with basilar membrane displacement and excitation. Tonndorf maintained that this is 

a major pathway at higher frequencies (>4 kHz) (Tonndorf, 1966). In lower frequencies in otosclerosis 

where the middle ear input is attenuated, the low-frequency sensitivity probably comes from a third 

window including the cochlear and vestibular aqueducts as well as nerve fibres, veins, and microchannels 

entering the cochlea (Stenfelt & Goode, 2005). 

An inertial component between the cochlear shell and the cochlear fluids has also been suggested. This 

induces alternating pressure changes across the basilar membrane, exciting the cochlea (Freeman et al., 

2000). Stenfelt concluded that cochlear fluid inertia is the major contribution to the mechanism of bone 

conduction. 

Due to these multiple pathways, BC is not necessarily a true reflection of underlying cochlear function at 

all frequencies. In humans, frequencies from 1.5 – 3 kHz have a significant contribution from middle ear 

and BC stimulation of the basilar membrane is dependent on compliance of oval and round windows. 

Therefore, surgery which alters compliance may change BC thresholds, but not necessarily reflect 

changes in underlying cochlear function (Smyth & Hassard, 1981). This is most frequently seen in 

otosclerosis where the oval window no longer permits stapes vibration and the BC contribution from the 

middle ear is lost. This is manifest as the Carhart notch at 2 kHz and may revert completely to normal 

following restoration of the sound conducting pathways with a stapedotomy (Danesh, Shahnaz, & Hall, 

2018). All the while, the underlying cochlear reserve did not change. 
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 Differences between air- and bone-conducted sound 

Because of these multiple and overlapping conduction pathways, BC sound is different to AC sound. In 

BC-evoked otoacoustic emissions, the increase in emission amplitude with increase in stimulus level is 

much higher for BC than AC (Stenfelt & Goode, 2005). Here, the reasoning is that BC sounds reach the 

cochlea by different routes and may therefore influence the generation of otoacoustic emissions 

differently than by AC. In another study purporting to demonstrate differences between AC and BC ABR, 

the latency of wave V appeared to disproportionally increase more with a decrease in the BC stimulus 

level than with AC (Mauldin & Jerger, 1979). However, in this study the stimulus was a click, and the 

Radioear B-70A BC transducer did not have as full a stimulation spectrum when compared to 

headphones, so it is probable the basal high frequency, low latency regions of the cochlea again would 

have been proportionally under-stimulated. 

For pure tones, we would actually expect the BC latencies to be shorter than AC for an equivalent stimulus 

level, and require a correction factor for this as AC sound must travel through a column of air in a tube 

from the speaker and also across the middle ear to reach the cochlea, whereas BC travels at a much 

faster 450 m/s directly through bone to cochlea (Dobrev et al., 2017). 

Two classical studies have further shown differences between AC and BC. In 1954, Deatherage et al. 

published a short communication on BC ultrasound which claimed humans are able to perceive a 50 kHz 

BC stimulus when the subject’s jaw made contact with water which had the transducer in (Deatherage, 

Jeffress, & Blodgett, 1954). This finding was extended nine years later with perception of BC in humans 

noted up to 95 kHz, but this time the water coupling was only around the bespoke barium titanate crystal 

transducer which was positioned on the mastoid (Corso, 1963). More recently, it was demonstrated that 

speech could be modulated into an ultrasonic carrier wave, transmitted via bone conduction with a 

Wilcoxon (Rockville, MD) F3/F9 electromagnetic piezoelectric transducer, and accurately perceived, even 

in patients who had an underlying sensorineural hearing loss (Lenhardt, Skellett, Wang, & Clarke, 1991). 

This same technology has also been used to try and modulate tinnitus (Goldstein et al., 2001; Lenhardt 

et al., 2002). It is certainly possible that the classic modes of BC outlined earlier may not apply at these 

ultra-high frequencies, but the prospect of high frequency bone conduction in humans remains intriguing 

and the transducers used may be an option for BC evaluation of hearing in small animals.  
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 Transducer performance 

According to Dirks, the type of BC vibrator used has a major influence on the reliability of BC 

measurements (Dirks, 1964). As an illustration of the limited performance of regular BC transducers in 

animal models, Geal-Dor used the Radioear B-71 to deliver BC clicks in neonatal rats (Geal-Dor, 

Freeman, Li, & Sohmer, 1993). Because BC stimulates both cochleae simultaneously, they ablated the 

contralateral (non-test) ear with fine hook instrument. If ablation is not used, then the non-test ear must 

be masked. The transducer output was linear up to 130 dB, but the intensity settings on the Evoked 

Potential System when using BC stimulation did not indicate the actual intensity delivered by the vibrator. 

They therefore chose to present their results as a dB value above their previously established mean 

thresholds for adult rats. The BC transducer maximum intensity AC equivalent was only 35 dB on average 

above the threshold of adult animals. From here, the transducer performance rolled off fairly quickly, and 

this demonstrates a very narrow window for evaluation of threshold changes. 

Clinically, the Pracitronic KH70 bone vibrator was used to test 8 – 16 kHz (Hallmo & Mair, 1996), and BC 

CAP thresholds were shown to correlate well with traditional BC thresholds up to 8 kHz (Kylen, Harder, 

Jerlvall, & Arlinger, 1982). But as was highlighted above, detecting thresholds is only useful with a low 

output at higher frequency transducer if the thresholds are near-normal. If there has been a threshold 

shift, or pre-existing SNHL, detecting this may be beyond the power output possible for the BC transducer. 

Harder et al. compared preoperative BC ECochG with conventional psychoacoustic thresholds up to 8 

kHz and found close agreement in otosclerosis patients (Harder, Kylen, Arlinger, & Ekvall, 1980). 

Three common BC transducers, the Radioear B-70A, B-71 and B72 were evaluated with an artificial 

mastoid (Frank & Richards, 1980). All showed no significant output above 5 kHz. In comparison, the 

Pracitronic KH-70 had a fairly flat frequency response from 8 – 16 kHz (Roeser et al., 2007). This device 

is no longer available. A Canadian group developed a piezoelectric BC transducer which had output up 

to 12 kHz (Gallichan et al., 1998). No further clinical studies are available on this device for review, nor is 

it commercially available. Recently, a new Radioear BC device has become available, and this B81 

demonstrates performance up to 10 kHz (Jansson, Håkansson, Johannsen, & Tengstrand, 2015). 

Clinically though, caution has been sounded about evaluating frequencies above 4 kHz with BC (Lightfoot 

& Hughes, 1993). Because of discrepancies between AC and BC standards to which audiometers are 

calibrated, there could appear to be an artificially large ABG due to apparently poorer BC above this 

frequency. While this may cause irregularity in assessing ABG changes with surgery, any absolute 

changes in the BC thresholds at 4 kHz and above should still be a reliable indicator of sensorineural 

reserve. 
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The galvanic stimulator uses high-frequency electrostimulation to assess cochlea function (Tonndorf & 

Kurman, 1984). Several authors have used this device in the setting of middle ear surgical changes 

(Domenech & Carulla, 1988; Hegewald et al., 1989; Okstad et al., 1988; Thornton et al., 1989), but there 

is uncertainty whether the classical components of BC apply, particularly if it is possible to mask the 

contralateral ear or whether a purely electroneural effect is occurring. 

Active middle ear implants are electromagnetic or piezoelectric devices which are implanted in the middle 

ear and stimulate hearing by being coupled commonly to the incus (Arthur, 2002), round window (Barbara 

et al., 2019), or less frequently, the stapes (Muller, Zahnert, Ossmann, Neudert, & Bornitz, 2019). 

Because of this mode of action primarily on the ossicles, they are not strictly speaking BC transducers 

but nevertheless have been used in models as both as an evoking stimulus for auditory thresholds and a 

mechanism of inducing injury (Lupo et al., 2009). 

Transducers which utilise magnetostrictive materials go some way to addressing these upper frequency 

limitations of standard bone conductors. Magnetostrictive BC transducers are derived from materials such 

as Terbium which exhibit internal strain when in a magnetic field (Engdahl, 2000). Electromagnetic 

transducers with a magnetostrictive core move en masse as a standard electromagnetic piston, but 

additionally the core itself elongates and contracts in the magnetic field. The net result is a transducer 

with a much greater frequency response range than a standard electromagnetic bone conductor (Sakai, 

Karino, & Kaga, 2006). Sakai et al. first incorporated a giant magnetostrictive device into a BC transducer 

in 2006 and demonstrated ABR recordings in rat up to 30 kHz (Sakai et al., 2006). Importantly, they noted 

the output of the transducer was linear and harmonic distortion was less than 0.1% at all frequencies. 

Popelka then evaluated a giant magnetostrictive BC transducer in a clinical setting and found it accurately 

measured hearing in conventional conditions up to 85 dB HL for 8 – 16 kHz (Popelka, Telukuntla, & Puria, 

2010). This is a much higher frequency range and intensity than the previously used Radioear B- family 

of BC transducers. 

When considering how the BC transducer is coupled to the patient, several studies have not shown any 

apparent difference in threshold regardless of the attachment methodology: whether the bone vibrator 

was applied to the skull with a weight of 26 or 116 g (Freeman et al., 2000); utilising different positions 

and pressures (Carhart, 1950); or when application forces varied between 3 – 10 Newtons (Arlinger & 

Kylen, 1977). The only variable which influenced transducer output was whether or not it was placed 

against intact skin, as in that situation the Radioear B70A had grossly distorted output compared to input 

voltages. Zou et al. also noted better vibration characteristics when their vibrating probe was placed 

directly in the bony EAC instead of on the frontal bone (Zou et al., 2001). 
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1.7 Mitigating interventions 

Every effort should be made to reduce surgical trauma, as this provides the most favourable results 

(Babighian & Albu, 2009b). But even in the most careful hands, mistakes can be made or unpredicted 

complications arise. Here we review potential interventions to reduce the risk of POSNHL. As with noise, 

it is reasoned that free radicals and decreased blood flow are the main aetiologies of cochlear injury, so 

the cochlea should be receptive to interventions targeting these features (Le Prell et al., 2007). 

 Steroids 

Steroids have been investigated for their role in cochlear recovery following sudden sensorineural hearing 

loss (Lefebvre & Staecker, 2002), and may be given topically or systemically for this (Rauch et al., 2011). 

But as the natural history of this condition is unknown for any given patient, it is difficult to predict who will 

respond to steroid therapy and who will not. The site of steroid action in sudden sensorineural hearing 

loss may actually be the mineralocorticoid, not the glucocorticoid receptor as traditionally assumed 

(MacArthur, Hausman, Kempton, & Trune, 2015). 

Many studies reviewed steroids with regards to stapes surgery, and there is a large body of data to 

support their use in cochlear implantation as part of a hearing preservation protocol (Chambers et al., 

2019; Chang et al., 2017; Kuthubutheen et al., 2017; Lyu et al., 2018; Ye, Tillein, Hartmann, Gstoettner, 

& Kiefer, 2007). Fewer studies have investigated the effect of steroids for middle ear surgery, but the 

notion of cochlea protection remains the same.  

There are mixed results for steroids with stapedectomy. Monkeys given 20 mg IM methylprednisolone 

showed less prominent serous labyrinthitis (Hendershot, 1968); and, steroids and vasodilators were 

recommended for patients who sustained SNHL following stapedectomy (Hora, 1964). But when steroids 

were given prophylactically, the stapedectomy control group (31/36) closed their ABG better than steroid 

group (23/36) so the study was abandoned (Hendershot, 1974). Their control group had one patient with 

>10% discrimination loss, whereas there were no losses in the treatment group. Interestingly, there was 

more postoperative vertigo in steroid group. This same vertigo finding was seen in a study by 

Riechelmann et al. as well after their patients were given IV prednisone prophylactically (Riechelmann, 

Tholen, Keck, & Rettinger, 2000). Furthermore, they noted no POSNHL difference between their groups.  

In cochlear implantation, steroids protect the cochlea by decreasing intracochlear inflammation and 

fibrosis (Kiefer, Gstoettner, et al., 2004), up-regulating anti-apoptosis genes and down-regulating pro-

apoptotic genes (Eshraghi et al., 2011). Ye found topical steroids to be protective against cochlear trauma 

in a guinea pig model of vestibular opening, applicable to both cochlear implantation and stapes surgery 

(Ye et al., 2007). Dexamethasone is used more frequently than triamcinolone and also helps to prevent 

hearing loss from electrode insertion (Vivero et al., 2008). 
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In a model of middle ear surgery, 14 mg/kg IP methylprednisolone in guinea pigs 15 minutes 

preoperatively and daily for 8 days did not prevent the threshold shift induced by drilling (Schneider, 

Gjuric, Katalinic, Buhr, & Wolf, 1998). Contrasting with this, two concentrations of IV hydrocortisone were 

given prior to IV horseradish peroxidase and immediate 10,000 RPM 1 mm burr vibration of the ossicular 

chain for 60 seconds in 17 guinea pigs (Hashimoto, Seki, Miyasaka, & Watanabe, 2006). They showed 

a dose dependent decrease in peroxidase leak from the stria vascularis with higher doses of steroid, but 

60 seconds of drill contact is an enormous dose of direct ossicular trauma and is likely to have rendered 

significant hearing impairment, but evoked potentials were not done in this experiment. Nevertheless, it 

demonstrated that steroid can have a protective effect even when given directly prior to middle ear 

manipulation trauma. 

In contrast to animal studies, Causse believed that corticosteroids made the cochlea fragile and could 

hasten sensorineural damage so must be dispensed very carefully in short and slight doses (Causse, 

1967). Delivery may be topical or systemic, with topical administration giving higher concentrations in 

basal cochlear fluids than systemic in guinea pigs, with methylprednisolone showing the best penetration 

likely due to a combination of molecule size and non-polarity (Parnes, Sun, & Freeman, 1999). 

 

 Other pharmacotherapeutic agents 

Calcium channel blockers for vasodilation produced a small benefit in the speech frequencies, but 

outcomes were worse at higher frequencies (Maurer, Mann, & Amedee, 1998). Furthermore, it was shown 

that nifedipine was not helpful for idiopathic sudden sensorineural hearing loss (Mann & Beck, 1986). 

Non-steroidal anti-inflammatory drugs were shown to be protective against trauma in animal models, but 

also toxic (probably to outer hair cells) in higher doses (Hoshino, Tabuchi, & Hara, 2010). N-

acetylcysteine (NAC), a glutathione precursor and reactive oxygen species scavenger, mitigates 

aminoglycoside ototoxicity (Kranzer et al., 2015); and has been effective in reducing PTS in noise-

exposed guinea pigs, although human studies found no effect on TTS (Le Prell et al., 2007). 

Magnesium-deficient guinea pigs developed significantly increased hearing loss during 4 weeks of noise 

exposure [95 dB(A)] as compared to animals fed a magnesium-rich diet. The hearing loss was negatively 

correlated to the magnesium content of the perilymph (r = -0.86) (Ising, Handrock, Gunther, Fischer, & 

Dombrowski, 1982). Adenosine receptor agonists have also successfully been used to ameliorate noise-

induced hearing loss in rats (Wong et al., 2010). 

Deeply anesthetizing guinea pigs decreased their POSNHL by 4x (Rubinstein & Pluznik, 1976). This was 

hypothesised to be because the internal physiological milieu of the organism was altered with a GA and 

perhaps was related to efferent activity. Following noise exposure, the damage to the OHC was much 

greater than the IHC in both awake and asleep groups. 
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The final agent reviewed was oxygen, where the post-noise TTS recovers more quickly if a chinchilla is 

given 100% O2 (or better yet 95% O2 with 5% CO2), and the same effect was also present in humans 

(Joglekar, Lipscomb, & Shambaugh, 1977). 

 

 Laser 

Animal models of middle ear surgery which utilised the laser were surprisingly negative. There was more 

POSNHL in guinea pigs with laser versus the drill. The laser had greater hearing loss especially at the 

higher frequencies (Kiefer, Tillein, et al., 2004). Other authors also showed more POSNHL in laser-treated 

guinea pigs (Arnoldner, Schwab, & Lenarz, 2006; Kiefer, Tillein, et al., 2004). 

This contrasts with the clinical experience in middle ear surgery, where the laser offers the ability to have 

a no-touch technique, which is useful when operating in challenging situations, such as when there is 

cholesteatoma on the stapes superstructure or footplate, or in a difficult to treat area such as the sinus 

tympani (Yau, Mahboubi, Maducdoc, Ghavami, & Djalilian, 2015). 

 

 Robot 

Robots are already able to mill temporal bones (Federspil, Geisthoff, Henrich, & Plinkert, 2003), and 

robot-assisted stapedotomy in a temporal bone laboratory setting significantly reduced the maximum 

force applied to the stapes footplate. For stapes footplate fenestration targeting, robotic assistance 

significantly improved accuracy for less-experienced surgeons and significantly worsened targeting for 

more-experienced surgeons (Rothbaum et al., 2002). Stapedectomy trainees are also easier to teach 

laser-assisted fenestration, rather than micropick techniques (Levenson, 1999). However, useful surgical 

trainers need not be overly complex (Mathews, Hetzler, & Hilsinger, 1997). 
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1.8 Literature review summary 

• Postoperative sensorineural hearing loss is not uncommon after surgery involving the middle ear, 

with an increasing apparent incidence the higher the investigated hearing frequency.  

• The mechanisms of this loss are poorly understood, but are probably related to the 

supraphysiological motion of the ossicular chain with concomitant force transmission to the 

cochlea. 

• This force may arise from noise, direct vibration or other contact with the ossicular chain or 

tympanic membrane. 

• The guinea pig is a good model for middle ear surgery because of the similar hearing frequency 

spectrum to humans; the ease of access to the comparatively large middle ear; the rarity of ear 

infections for the first year of life; and, the extensive body of research which exists for guinea pig 

surgical models of the ear. 

• Animal models which evaluate postoperative sensorineural hearing loss with evoked auditory 

potentials are confounded by a possible conductive hearing loss which is unable to be adequately 

addressed with existing bone conduction transducers. 

• Several potential therapeutic modalities exist to mitigate against cochlear injury from middle ear 

surgery, and warrant further investigation. 
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2.1 Introduction 

The aetiology of postoperative sensorineural hearing loss (POSNHL) is not well understood. Potential 

mechanisms include noise exposure (Domenech et al., 1989b; Kylen, Arlinger, et al., 1977; Palva, 

Karja, et al., 1973), drill contact with the ossicular chain (Hallmo & Mair, 1996; Helms, 1976; Lau & Tos, 

1986; Lee & Schuknecht, 1971; Sheehy & Anderson, 1980; Smyth, 1976; Smyth et al., 1971), infection 

(Brahe Pedersen & Felding, 1991; Gundersen, 1964; Sheehy & Crabtree, 1973), antisepsis (Bicknell, 

1971; Packer et al., 1982) or the transmission of manipulation forces directly to the cochlea via the 

stapes and oval window (Black & Wormald, 1995; Cody et al., 1967; Dawes & Curry, 1969; Gormley, 

1987; Kamal, 1990; Kylen et al., 1980; Smyth, 1972, 1976, 1977; Smyth et al., 1971; Vartiainen & 

Seppa, 1997). Understanding the mechanisms of injury is essential to develop appropriate therapeutic 

or preventative interventions. 

The otologic drill has been implicated in POSNHL either by direct contact with the ossicular chain 

(Hallmo & Mair, 1996; Helms, 1976; Lau & Tos, 1986; Lee & Schuknecht, 1971; Sheehy & Anderson, 

1980; Smyth, 1976; Smyth et al., 1971), or noise injury (Domenech et al., 1989b; Kylen, Arlinger, et al., 

1977; Palva, Karja, et al., 1973). It may be that the final common pathway of assault on the cochlea is 

the same, and that drill contact with the ossicular chain simply represents a higher intensity noise, albeit 

over a much briefer period. Drilling on an intact ossicular chain can transmit over 130 dB equivalent 

tympanic membrane pressure to the inner ear (Helms, 1976) and in humans, the short process of the 

incus is most susceptible to injury (Urquhart et al., 1992). However, despite peak noise levels of 125 

dBA with mean noise levels greater than 100 dBA recorded in mastoid drilling (Domenech et al., 1989b), 

most authors have not found any association between POSNHL and drill noise (Hallmo & Mair, 1996; 

Man & Winerman, 1985; Urquhart et al., 1992), although neither Hallmo et al. (Hallmo & Mair, 1996) or 

Man et al. (Man & Winerman, 1985) qualify what constituted a POSNHL and Urquhart et al. presented 

mean results only, which does not communicate POSNHL incidence (Urquhart et al., 1992). 

Modelling of these mechanisms is challenging and can only approximate the response in humans. 

Animal models have several advantages over tissue, mathematical or computer simulated models. The 

behavioural response of the animal as a whole may be assessed and reveal the influence of many 

complex inter-related biological systems. If interventions are randomly assigned, the potential 

confounders of this complex biological interplay may be accounted for with a matched control group. 

Animal models share varying degrees of homologous anatomy with humans, and the influence of tissue 

injury and repair may be assessed. When assessing the impact of cochlear interventions, the outcomes 

may be assessed in relation to both structure and function. Structural outcomes are usually investigated 

in the form of histological analysis, whereas the primary function of the cochlea is transduction of sound 

for our sense of hearing. While tissue models permit histological analysis of interventions, only a live 

animal model is able to provide data on the response to sound, and in a clinical setting it is the hearing 

outcome which matters to an individual patient. 
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Hearing outcomes may be assessed with behavioural testing or electrophysiology measures. 

Behavioural testing has the advantage once again of testing many components of the organism as both 

the peripheral receptor and effector pathways must be intact, as well as central connections and 

modulation. However, perturbations along any of this pathway may cause an abnormal response to 

sound and it is not always easy to identify the specific site where this is occurring. Thus, while 

behavioural testing may be sensitive to hearing interventions, it may not be so specific to the locus of 

action. Behavioural measures provide the correlate with the audiogram. Electrophysiological 

investigation is much more adept at targeting the various components of the auditory pathway, but 

provides only a correlation with what the animal may actually be hearing. Indeed, the peripheral 

neuronal pathways may be intact while the animal remains cortically deaf (McMahon, Patuzzi, Gibson, 

& Sanli, 2008).  

The most frequently used electrophysiological measures of hearing are the evoked potentials. The 

evoking stimulus is most commonly sound but may also be galvanic (Domenech, Carulla, & Traserra, 

1989a; Hegewald et al., 1989). The evoked potential is a voltage detected by electrodes which is either 

a near- or far-field potential depending on the distance the electrode is from the generator of the 

potential (Arpini, Cornacchia, Albiero, Bamonte, & Parravicini, 1979; Verma & Dela Cruz, 1988). The 

significant challenge of using evoked potentials to assess cochlear function arises when the middle ear 

has been disrupted through tympanic membrane or ossicular manipulation such as may be seen in 

middle ear surgery. In this situation, the evoking sound may not be completely conducted across the 

middle ear normally due to an iatrogenic conductive hearing loss. This makes it impossible to determine 

whether a decreased evoked potential from air conducted sound is due to middle ear or cochlear 

pathology, with a corresponding conductive or sensorineural hearing loss. The key issue here is that 

surgical manipulation of the middle ear may cause both kinds of hearing loss and teasing out the 

contributions of each is difficult in small animals. 

Cochlear function may be assessed by direct interrogation with bone-conducted sound, and when 

assessed in conjunction with air-conducted sound it is possible to differentiate between conductive, 

sensorineural or mixed hearing losses. Bone conduction (BC) provides a stimulus to the cochlea that 

mostly bypasses the middle ear structures, although in humans the external and middle ear influence 

bone conduction in the lower frequencies up to about 3 kHz (Stenfelt & Goode, 2005). Frequencies 

greater than this primarily cause condensation and rarefaction of the walls of the cochlea and stimulate 

the basilar membrane directly (Stenfelt & Goode, 2005). In humans, these frequencies correspond with 

the basal turn of the cochlea where it is most sensitive to injury. However, bone conduction using a 

conventional bone vibrator can provide useful information on cochlear status only up to around 5 kHz 

because the power output of most of these transducers falls away markedly above this frequency (Frank 

& Richards, 1980). Small mammals, which are used as models of inner ear injury and disease, have a 

higher hearing frequency range, up to 50 – 90 kHz depending on the species (Fay, 1988; Warfield, 

1973). Thus the conventional human bone vibrator is only capable of stimulating the more robust apical 
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regions of the animal cochlea. Subsequently, these standard bone conductors are inadequate for the 

sensitive detection of cochlear injury in small animals by auditory evoked potentials, and particularly 

high frequencies where injury from middle ear manipulation is more apparent. 

Transducers which utilise magnetostrictive materials go some way to addressing these upper frequency 

limitations of standard bone conductors. Magnetostrictive BC transducers have a much greater 

frequency range than standard electromagnetic BC transducers due to their ability to change shape in 

the presence of a magnetic field (Popelka et al., 2010). Electromagnetic transducers with a 

magnetostrictive core move en masse as a standard electromagnetic piston, but additionally the core 

itself elongates and contracts in the magnetic field. The net result is a transducer with a much greater 

frequency response range than a standard electromagnetic bone conductor. Popelka et al. used a 

magnetostrictive device in the clinical setting to extend BC measurements from the 4 – 6 kHz range up 

to 16 kHz (Popelka et al., 2010). Sakai et al. also used a magnetostrictive bone conductor to evoke 

potentials up to 30 kHz in rats, which lies in the sensitive high frequency basal turn (Sakai et al., 2006). 

The guinea pig has been the animal model of choice for many studies on middle ear surgery (Adamczyk 

et al., 1999; Antonelli et al., 2010; DeRowe et al., 1994; Dost et al., 2002; Holzer, 1973; Ichibangase et 

al., 2011; Krupala et al., 1998; Lipan et al., 2011; Lyons et al., 1978; Maw et al., 2000; Park et al., 2006; 

Schreiner & Vollrath, 1983; Smallman et al., 1991; Spindel et al., 1991; Vesterhauge & Sorensen, 1973; 

Vollrath & Schreiner, 1982b, 1983; Watson, 1981; Wells & Gernon, 1987; Zou et al., 2001). In 

comparison with the mouse and rat which have upper limits of hearing at ~90 and ~75 kHz respectively, 

the guinea pig hearing frequency spectrum spans a much lower range (54 Hz – 50 kHz) (Fay, 1988; 

Warfield, 1973). This brings the sensitive high frequency basal region much closer to the upper limits 

of a giant magnetostrictive bone conductor. The large tympanic cavity / bulla provides ease of surgical 

access for manipulations, or the incudomalleal complex may be accessed directly and leave the bulla 

intact (Watson, 1981). 
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2.2 Aims 

This study has two principal aims. The first is to evaluate the use of a magnetostrictive bone conduction 

(BC) transducer to measure auditory function (cochlear potentials and auditory brainstem responses) 

in guinea pigs across a greater frequency range than is possible with conventional BC transducers. The 

second aim is to use this transducer to investigate the acute impact of a controlled, repeatable middle 

ear manipulation on cochlear function, as may occur as a consequence of middle ear surgery. A key 

purpose of developing this approach is to study the extent and mechanisms of sensorineural hearing 

loss following middle ear surgery. Bone conduction stimulation of evoked auditory potentials enables 

cochlear injury to be measured following middle ear surgical manipulations where there may also be 

some damage to the middle ear air conduction pathways.   

 

2.3 Method 

 Study 1: Bone-conduction device  

2.3.1.1 Sound System and Calibration 

All experiments were performed in an acoustically and electrically shielded booth. The microphone used 

for calibration was a ¼ inch free-field condenser microphone (Model number 7016, ACO Pacific, 

Belmont CA). This microphone was polarised to 200 Vdc, had a frequency response range of 5 Hz to 

120 kHz with an error of ± 2 dB and a dynamic range of 35 dBA to 164 dBA (3% total harmonic 

distortion). The microphone was stored in a heated desiccating box to reduced moisture contamination 

and coupled with a calibrator (Type 4230, Brüel & Kjær, Nærum Denmark) via a custom built ¼ inch 

adapter. This calibrator generates a sound pressure level of 94 dB SPL re 2x10-5 Pa (or 1 Pa), however, 

for free field measurements a correction of -0.4 dB for 1 inch microphones or -0.2 dB for ½ inch 

microphones must be applied. For our free field microphone calibration measurements with a ¼ inch 

free field microphone we assumed an uncorrected output of 94 dB. The microphone was coupled to a 

spectrum analyser (SR760 FFT, Stanford Research Systems Inc, Sunnyvale, CA) and an oscilloscope 

(TDS210, Tektronix, Beaverton, OR) with a resulting waveform peak to peak voltage of 10.4 mV (3.68 

mVrms) and signal intensity of -49 dBV recorded respectively. These were cross-checked with each 

other to confirm hardware integrity according to the equation: dBVrms = 20xlog[(0.5.Vp-p/ √2)/1Vrms], 

and also cross checked with the stated microphone specifications of 3.51 mVrms and -49.1 dBV per 

Pascal. 

The auditory evoking and potential recording hardware was a modular Tucker-Davis Technologies 

(TDT) (Alachua, FL) System 3 with a sampling rate of 200 kHz. The system comprises of the RP2.1 

digital-analogue / analogue-digital converter, PA5 programmable attenuator, ED1 electrostatic speaker 

driver, RA16 Medusa base station, RA4 preamplifier and RA4LI head stage. The RA4 has a 20x gain. 
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The RA16 has a fibre optic coupling to the battery powered preamplifier to reduce noise and has a 

sampling rate of ~25 kHz with a corresponding upper Nyquist frequency limit of ~10 kHz. For 

electrophysiological recordings of frequencies higher than this, the battery powered BMA200 (CWE-

Inc, Ardmore, PA) with low impedance electrode interface was coupled directly to an RP2.1 input. 

The transducer used for air-conducted (AC) sound was a TDT closed-field electrostatic speaker coupled 

to the animal’s external auditory canal (EAC) by a 10 cm plastic tube. AC latencies were corrected by 

0.3 ms to account for the delay in sound transmission along the tube. The non-linear output from this 

speaker was addressed by coupling it to the ACO microphone and driving it with a 9 Vp signal from 

within TDT’s System 3 calibration software SigCal (Tucker-Davis Technologies, Alachua, FL). SigCal 

then attenuated voltage output according to frequency to provide a linear response to 90 dB SPL from 

4 – 36 kHz.  

2.3.1.2 Bone Conductor, pre-animal studies 

The magnetostrictive bone-conduction (BC) transducer was derived from commercially available BC 

headphones (HP-F200, TEAC, Tokyo, Japan). The headphones are designed to be worn such that the 

vibrating surfaces contact the zygoma bilaterally. The unit ships with a pre-amplifier which also serves 

as an interface where an audio source may be plugged in. The transducer was extracted from the 

headset and coupled with a standard BNC connector to interface with the RP2 output. The input 

amplifier was removed as this limited the performance of the transducer to frequencies below 24 kHz 

and it was unclear if any other filtering or signal processing from the preamplifier would confound a 

calibrated output. The HP-F200 has an output of 2.8 W and a stated frequency range of 25 Hz to 20 

kHz.  

We examined the transducer acoustic properties by coupling the calibrated free-field condenser 

microphone to the oscilloscope and placing it in proximity to the transducer. With the transducer 

positioned so that the vibrating pin rested on a metal benchtop (thus providing a load to the transducer 

of its own weight and a surface to vibrate / resonate on), the transducer was able to be audibly heard 

up to 16 kHz, and the adjacent ACO microphone showed a waveform with a voltage as shown in      

Table 1. Independent of loading, the transducer was reliably heard above 4 kHz. These initial 

exploratory studies were intended to demonstrate the acoustic output of the transducer in a 

semiqualitative way and no effort was made at this stage to investigate the dynamic response within a 

frequency, for instance with a vibrometer or accelerometer. Please see Appendix I – Magnetostrictive 

bone conduction transducer development for further details of transducer development and verification. 

  



61 
 

Table 1 Bone Conduction Transducer Output as measured on the oscilloscope for the 
unloaded (transducer pin facing up and vibrating freely) and loaded (transducer resting 
down on its pin with the weight of the transducer providing the load) 

Frequency Loaded 

Vibrator Heard 

Waveform 

(dBV) 

Unloaded 

Vibrator 

Heard 

Waveform 

(dBV) 
1 kHz Yes -76.16 No -89.46 

2 kHz Yes -70.07 No -94.7 

3 kHz Yes -76.16 No -97.29 

4 kHz Yes -70.07 Yes -96.68 

5 kHz Yes -75.78 Yes -94.46 

6 kHz Yes -75.55 Yes -95.35 

7 kHz Yes -69.74 Yes -88.79 

8 kHz Yes -76.55 Yes -94.7 

9 kHz Yes -75.61 Yes -92.47 

10 kHz Yes -81.92 Yes -98.32 

11 kHz Yes -80.26 Yes -101.2 

12 kHz Yes -75.02 Yes -95.22 

13 kHz Yes -83.99 Yes -90.69 

14 kHz Yes -81.97 Yes -90.93 

15 kHz Yes -88.82 Yes -90.3 

16 kHz Yes -90.3 Yes -90.65 

17 kHz No -84.25 No -89.3 

18 kHz No -82.72 No -84.16 

19 kHz No -78.39 No -74.37 

20 kHz No -69.55 No -70.94 

... 
    

24 kHz No -75.05 No -71.78 

... 
    

32 kHz No -64.52 No -71.14 

 

To further identify the acoustic output of the transducer, the transducer and microphone were isolated 

with aluminium foil and then acoustically coupled with a 10 cm plastic tube and the transducer was 

driven with a 5 Vp-p input at 40 and 70 kHz. The microphone responses indicated that the with this 

shielding, transmission of energy was not electromagnetic, and more likely to be acoustic as the peak 

microphone response voltages were all similar regardless of shielding (Appendix Table 18). 
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2.3.1.3 Bone Conductor, animal studies 

This project was approved by the University of Auckland Animal Ethics Committee (Ref: 1040). In these 

studies, we used adult, non-mated, Tricolour Dunkin-Hartley female guinea pigs (6 – 8 weeks). For 

bone conduction model development, we also used non-mated adult Wistar rats of either sex. 

Animals were screened for any significant hearing loss preoperatively with the Preyer’s reflex and the 

EAC was examined to exclude animals with any obvious underlying infection. Anaesthesia is discussed 

separately below in the anaesthesia section. Initial studies were undertaken with the animal at room 

temperature but were subsequently refined to include supine positioning on a heated blanket which was 

regulated by a rectal thermometer to maintain core body temperature at 37.5 degrees Celsius. The 

animal was initially supported by sand bags on either side, but a commercially available rig was soon 

acquired to support the animal and the head was then immobilised with the assistance of a stereotaxic 

bite bar and ear pins (SR-5M-HT, Narishige International USA, INC. NY). 

2.3.1.4 Anaesthesia 

Each animal had their weight confirmed prior to anaesthetic dose calculations. Animals were given 

anaesthetic pre-medication with 0.3 mg/mL buprenorphine (Temgesic) at 0.05 mg/kg SC before 

anaesthesia was induced with 800 mg/mL ethyl carbamate (Urethane) at 1500 mg/kg IP. Top up 

anaesthesia was provided with a ketamine / xylazine combination comprising 0.5 mL 100 mg/mL 

ketamine, 0.1 mL 20 mg/mL xylazine and 0.4 mL distilled water and given at a dose of 1 mL/kg. Animals 

were euthanised with a 90 mg/kg pentobarbitone (Pentobarb 300) overdose following the completion 

of recordings. 

2.3.1.5 ABR Electrode preparation 

Initial studies for magnetostrictive BC transducer evaluation and manipulation of the stapes utilised only 

the far-field auditory brainstem response (ABR). Sub-dermal platinum electrodes were placed over each 

bulla for negative (ipsilateral) and earth (contralateral), as well as at the scalp vertex for the reference 

(positive) electrode. Impedances were checked to ensure they were matched at ~1 kΩ. 

2.3.1.6 ABR Parameters 

Stimuli consisted of 5 ms alternating polarity tone bursts with a 1 ms cosine gated rise/fall time, 

presented at 21/sec for 8, 12, 16, 20, 24 & 32 kHz in 5 dB SPL steps from 80 to 5 dB SPL. Acquisition 

settings were a 10 ms acquisition time for 512 averages and bandpass filtered from 300-3000 Hz (notch 

50 Hz). Auto-cursors were placed by BioSig (Tucker-Davis Technologies, Alachua, FL) to indicate 

baseline as well as waves I & II. Input-output (I-O) functions for wave latency and amplitude from 

baseline were exported into an Excel (Microsoft, Redmond, WA) database. Thresholds were defined 

as the lowest intensity where wave II was identified and were confirmed with repeat testing +/- 5 dB 

around this threshold. These same parameters were used for AC & BC stimuli. 
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2.3.1.7 Animal model development 

The left cochlea was mechanically ablated with a fine metal hook to remove ambiguity when analysing 

bone-conducted stimuli. In pilot studies (n=3), AC ABR responses were measured after the ablation to 

confirm the absence of electrical activity in this left cochlea. As no responses were observed, this 

contralateral test procedure was discontinued in later studies. 

Initially, the transducer was affixed with tape, but this produced inconsistent results due to mobility. To 

solve this, we affixed a standard 5 mm Allen key to the transducer and mounted this on a 

micromanipulator to rigidly immobilise the transducer. Enclosing the transducer in plastic hermitically 

sealed it from any moisture associated with dissection and exposure (Figure 2). With this arrangement, 

however, it became difficult for the vibrating transducer pin, which is very short, to make contact with 

the skull. To facilitate transfer of sound, a small screw with a hollow head was used to couple the 

transducer to the skull, as shown in Figure 3. To minimise movement of the coupling screw, the skull 

periosteum was elevated, the bone air-dried, the screw positioned and a small amount of dental cement 

(Dycal, Dentsply NY) was placed at the junction of the screw and the skull (Figure 4). 

 

Figure 2 Bone conduction transducer affixed to micromanipulator and sealed within plastic. A 5 mm Allen key 
provides the bridge between the transducer and the micromanipulator. 
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Figure 3 Transducer shielded and coupled to skull via small screw 

 

 

Figure 4 Coupling screw cemented in place on scalp vertex in a rat 
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2.3.1.8 Bone conduction transducer activity and calibration 

There was an artefact at 24 kHz, (shown present in a cadaveric animal in Appendix Figure 62) which 

was substantially reduced by shortening the arm to an acceptable level. The optimal location for 

transducer placement was via the coupling screw on the ipsilateral bulla, with the position indicated in 

Figure 6. 

Having established that the BC transducer had acoustic output across a wide range of frequencies, and 

optimised the transducer attachment, attention then turned to whether the transducer output was linear 

within the desired frequency, and whether transducer output differed across frequencies. ABR was 

performed at the start of each experiment to allow comparison of calibrated AC responses with those 

from the uncalibrated bone conductor by comparing the I-O functions for each. The ABR waveform 

configuration and gradient of BC I-O functions were very similar to those from AC (Figure 5). To correct 

for the BC transducer non-linearity across frequencies, a post-hoc analysis was performed for every 

animal whereby the BC ABR wave II I-O functions at each frequency were compared with the equivalent 

AC I-O functions (Figure 5). As the BC functions followed a similar pattern to the AC functions, the BC 

functions were overlaid to identify the degree of correction required to produce equivalent I-O functions, 

with particular attention paid to the AC derived wave II amplitude at 60 dB SPL. Shifting the bone 

conduction curve to the right resulted in a negative correction factor, whereas the correction factor was 

positive when the bone conduction curve was shifted to the left for alignment. In this way BC was 

calibrated in dB SPL equivalent (dB SPLeq). Where thresholds exceeded 80 dB SPL(eq), for statistical 

purposes the value of 85 was used. 

Several ABR experiments were performed to ascertain if evoked potentials were being induced by BC 

independent of AC. In one experiment using the ABR parameters described above, glue in the EAC did 

not alter BC-evoked thresholds at 8 kHz. Further evidence for BC evoked potentials in a different animal 

was the presence of BC but not AC-evoked ABR when the tympanic membrane and incudomalleal 

complex were excised. After this middle ear surgical intervention, the BC threshold at 20 kHz was 

elevated by 20 dB consistent with a cochlear injury from middle ear manipulation, but the BC thresholds 

at 8, 10, 12 and 16 kHz were unchanged from baseline, while AC-evoked potentials had either an 

approximately 30 dB threshold elevation or were not seen at all. 
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Figure 5 Post-hoc bone conduction evoked potential correction using wave II from the audiometric brainstem 
response. A Air conduction evoked potentials. B Bone conduction evoked potentials. C Air conduction input-output 
function. D Bone conduction input-output function. E Overlay with arrows which align at 60 dB SPL air conduction. 

F Bone conduction trace shifted by 10 dB for correction, intensity now dB sound pressure level equivalent. 

 

 Study 2: Manipulation 

2.3.2.1 Dissection and exposure 

The bulla on the right was exposed in a similar fashion to the left by trimming the fur around the post-

auricular incision site and scalp vertex with scissors and using topical ethanol to smooth the fur down 

and sterilise the incision sites. The post-auricular incision on the right was slightly longer to facilitate 

wider exposure on this side in comparison to the limited exposure required for the left side. The pinna 

was trimmed to reduce the soft tissue in the operative field and to permit easier visualisation of the 

tympanic membrane and insertion of the speaker tubing. Musculature was dissected off the superior 

aspect of the bulla and hot wire cautery used for haemostasis. Dissection continued along the adjacent 

skull posteroinferiorly around the EAC to provide a contact point for the bone conductor and coupling 

screw on the bulla (Figure 6). The screw was anchored in place with dental cement (Dycal, Dentsply 

NY). The epitympanic recess was carefully perforated with a fine hook to expose the incudomalleal 

complex. The perforation was carefully enlarged with curved forceps to remove all the overlying bone 

and to maximise access without disturbing the EAC, tympanic membrane or ossicles. This was the 

same for all middle ear access. 
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Figure 6 Exposure and Transducer attachment. A Overview of exposure, right bulla with red ovals indicating the 
site of bone removal for incudomalleal complex and round window exposure, as well as the attachment site of the 
transducer coupling pin; B soft tissue dissection with I Incudomalleal complex, P pinna and arrow pointing to round 
window. Red dotted ovals correspond to those shown in A; C placement of transducer coupling screw, D screw 
cemented in place. 

 

2.3.2.2 Manipulation design 

As stated earlier, the key driver of this project was to model the impact of middle ear manipulation, such 

as may be encountered in surgery, on postoperative hearing. With such a model, mitigating 

interventions could be investigated to reduce this hearing loss. A model of manipulation was therefore 

devised utilising a motorised micromanipulator coupled to a myringotomy blade (Figure 7) which 

contacted the exposed stapes capitulum (Figure 8). The micromanipulator selected was the DMA-1511 

(Narishige International USA, INC. NY). This single-axis micromanipulator was used in coarse mode 

which had a speed setting of 0.5 µm per 1 Hz. The default motor speed on this coarse setting was 5,000 

Hz with a subsequent movement speed of the micromanipulator arm of 2,500 µm per second. 
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Figure 7 Motorised micromanipulator coupled to curved myringotomy blade on dissection rig. 

 

Figure 8 Stapes micromanipulator manipulation. T transducer, C cement, M myringotomy blade, Arrow points to 
stapes head 
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The depth of stapes depression was either 200 or 400 µm which at 2,500 µm per second was 

accomplished over 0.08 or 0.16 seconds respectively. The rotation of the motor could be increased to 

1,000,000 Hz which delivered the same 200 µm stapes depression over a remarkably brief 4x10-4 

seconds. The final micromanipulator variable was the number of repeated stapes displacements. 

This system delivered a repeatable method of stapes depression with an adjustable speed, depth, and 

number of repeated depressions such as may occur with inadvertent ossicular contact during middle 

ear surgery. However, as will become apparent, this model did not reliably produce cochlear injury and 

so a second form of manipulation with brief high-speed drill contact with the ossicular chain was used 

in subsequent studies. 

For those animals undergoing middle ear manipulation via the motorised micromanipulator, the 

micromanipulator was connected to the stapes capitulum to remove the unknown vectors present if the 

micromanipulator were attached to any other part of the ossicular chain. To couple the micromanipulator 

to the stapes capitulum, a myringotomy blade was rigidly attached to the micromanipulator to permit 

very precise and rigid contact with the stapes. To access this region, the incudomalleal complex was 

carefully removed, followed by the ridge of bone separating the epitympanum from the mesotympanum 

and EAC. This permitted wide enough access for the micromanipulator-attached myringotomy blade to 

be positioned and make contact with the stapes capitulum, all under microscope guidance. 

A significant disadvantage of this model was the incremental threshold shift just with dissection and 

exposure of the middle ear structures, as shown in Figure 9 in the Results section. The higher 

frequencies were more affected than the lower frequencies; however, with time the thresholds of the 

mid-frequencies around 16 – 20 kHz did show some recovery. This arrangement was not ideal for a 

model of middle ear surgery as temporary threshold shifts were induced with exposure dissection and 

showed recovery even prior to any experimental manipulation. In addition to being most susceptible to 

sustaining an injury, the higher frequencies also did not show recovery from dissection injury. This made 

the most sensitive frequencies to injury unusable for assessing experimental middle ear manipulation 

effects. For these systemic reasons, and because the results of micromanipulator stapes depression 

did not produce a reliable injury (see Results section), a second model of injury with a high-speed burr 

was developed. 

The clinical correlate for the high-speed burr model is that the ossicular chain is at risk of inadvertent 

contact during temporal bone drilling. The short process of the incus is most likely to be contacted by a 

rotating drill burr than any other part of the ossicular chain during drilling of the mastoid (Urquhart et al., 

1992). For those animals undergoing high-speed drill ossicular contact, the ossicles and tympanic 

membrane were not disturbed but a further opening was made in the superior bulla overlying the site 

of the round window so that electrocochleography could be undertaken (Figure 6). 
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Ten animals had ossicular manipulation by briefly contacting the exposed incudomalleal complex with 

a 1 mm 20,000 revolution per minute (RPM) cutting burr (Round head 63503002, Densply, U.K). The 

duration of the contact was for two seconds and was confirmed visually with a small region of milled 

bone when observed under the microscope. Care was taken to only lightly touch the bone and not 

disarticulate the complex with excessive pressure. Three sham-operated control animals had exposure 

with no ossicular manipulation. Electrocochleography (ECochG) was performed prior to and 

immediately after ossicular manipulation.  

2.3.2.3 Electrocochleography electrode preparation 

Silver-chloride electrodes were constructed as follows: 0.08 mm (0.003”) Teflon-coated silver wire was 

prepared into a ball tipped electrode to rest on the round window of the cochlea by stripping the Teflon 

under a microscope and then melting the tip of the wire into a small ball in a flame. The wire was trimmed 

to a couple of centimetres and the opposite end stripped and soldered to a platinum electrode wire. A 

further two electrodes for negative and ground were prepared similarly but did not have a ball tip 

fashioned as they sat in the musculature of the neck and the contralateral bulla respectively. To reduce 

impedance the electrodes were electrically chlorided for 90 seconds in a solution of normal saline with 

the anode (+ve) of the 9V circuit consisting of a copper electrode. 

2.3.2.4 Electrocochleography Parameters 

The BMA200 settings were the same for all electrocochleography and consisted of direct current (DC) 

coupling, 20x gain, bandpass filtering from DC-50 kHz. BioSig stimuli were similar to ABR with the 

exceptions of a slightly longer 10 ms alternating polarity tone burst with a 1.5 ms cosine gated rise/fall 

time. The presentation rate of 21/sec at 8, 12, 16, 20, 24 & 32 kHz frequencies and decreasing intensity 

from 80 to 5 dB SPL in 5 dB SPL steps were the same as the ABR parameters.  Acquisition settings 

were a 20 ms acquisition time for 100 averages and amplified 20x. The compound action potential 

(CAP) was alternating current coupled with acquisition filters of 300-50,000 Hz. CAP post-acquisition 

filters were 300-3000 Hz. The summating potential (SP) was acquired with filters DC-1000 Hz with post-

acquisition processing to remove the SP baseline. Prior to any recording, the SP was checked and the 

DC offset on the BMA200 adjusted to bring the waveform within a target of +/- 1 mV. 

Electrocochleography was performed at baseline and following middle ear manipulation. 

Given the electromagnetic radiation from the device, it was impossible to differentiate the cochlear 

microphonic from the transducer noise and this feature of electrocochleography was unable to be 

performed with this transducer. The CAP and the SP were able to be seen, primarily because they 

contained a lower frequency energy range (0 – 3 kHz) than the microphonic at the higher frequencies 

and were able to be appropriately filtered. 
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 Tissue extraction and analysis 

Following animal euthanasia and intracardiac PFA, the right bulla was removed with the assistance of 

a microscope, and further 4% PFA was carefully flushed under the microscope through the round and 

oval windows. Guinea pig cochleae were then decalcified in 5% EDTA solution in 0.1M PBS for 10 

days.  After overnight cryoprotection in 30% sucrose 0.1M PBS, they were embedded in Tissue-Tek 

O.C.T. compound, snap-frozen in isopentane at −80°C and cryosectioned at 35 μm.  The floating 

sections were permeabilised with 1% Triton X-100 in 0.1 M PBS for 1 hour, and non-specific binding 

sites blocked with 10% normal goat serum for 1 hour at room temperature.  Primary antibodies purified 

anti-tubulin β 3 antibody (#MMS-435P, BioLegend Inc., San Diego, CA, 1: 200 dilution) and myosin-

VIIa rabbit polyclonal antibody (#25-6790, Proteus BioSciences Inc., Ramona, CA, 1: 100 dilution) were 

used in this study.  The antibodies were incubated overnight at 4°C.  In control experiments, the primary 

antibody was omitted.  The sections were then incubated with the secondary antibodies (Alexa 488 

goat anti-mouse IgG, dilution 1:500; Alexa-594 goat anti-rabbit, 1:500; Life Technologies) for 2 hours 

at room temperature.  The sections were rinsed several times in 0.1M PBS, mounted in Citifluor (Citifluor 

Ltd, London, UK) and screened for tubulin β 3 and myosin-VIIa labelling using Zeiss Axio Imager M2 

upright microscope. 

 Data analysis 

Electrocochleography (CAP and SP) was performed at baseline and following middle ear manipulation 

but because of time constraints due to duration of anaesthesia, ABR measures were not performed 

post manipulation. Data was investigated for normality with Kolmogorov-Smirnov testing and visually 

checked for approximation to the trend line with quantile-quantile (QQ) plotting. It was then analysed 

using one-way ANOVA, two-factor ANOVA with replication, Wilcoxon Rank-Sum test and Fisher Exact 

test (Excel, Microsoft, Redmond, WA). Box plots were used for data display. All data is presented as 

mean ± SEM. 
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2.4 Results 

 Micromanipulator 

Exposure of the stapes head, even without coupling the myringotomy blade, induced a threshold shift 

which was greater in the higher frequencies beyond 16 kHz (Figure 9). There was no recovery of hearing 

in the higher frequencies over the 8-hour duration of the experiment, but 16 kHz did show some 

threshold recovery with time.  

 

Figure 9 Threshold shifts by frequency for middle ear exposure. TM tympanic membrane, HoM handle of malleus. 
Time indicated post-anaesthetic induction. 

 

Stapes displacement with the micromanipulator model was unsatisfactory for several reasons. Once 

again, merely exposing the stapes caused ABR threshold shifts at the limits of the transducer above 16 

– 24 kHz (Table 2 and Table 4). Repeated 200 µm stapes displacements over 0.08 seconds failed to 

show predictable threshold shifts. Larger 400 µm stapes displacements over 0.16 seconds (Table 3) 

initially showed threshold shifts up to 16 kHz, but beyond this some frequencies continued to deteriorate 

while 8 kHz paradoxically showed evidence of threshold recovery. 

 

Table 2 Bone conduction threshold shifts (dB) with 200 µm stapes micromanipulation 
repeated 3 – 20 times. Italics = output limits of transducer reached 

Frequency Stapes exposed 3x 5x 10x 20x 

8 kHz 0 -10 -10 5 0 

10 kHz -10 -20 -15 0 -15 

12 kHz -10 -5 0 0 -5 

16 kHz -50 -50 -50 -50 -50 

20 kHz -40 -40 -40 -40 -40 

32 kHz -20 -20 -20 -20 -20 
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Table 3 Bone conduction threshold shifts (dB) with 400 µm stapes micromanipulation 
repeated 5 to 80 times. Italics = output limits of transducer reached 

Frequency Stapes exposed 5x 10x 20x 40x 80x 

8 kHz -15 -10 -15 -30 -20 -15 

10 kHz 0 0 0 -5 -10 -15 

12 kHz -10 -10 -15 -30 -30 -30 

16 kHz -15 -15 -15 -35 -55 -55 

20 kHz -25 -35 -50 -50 -50 -50 

32 kHz -25 -25 -25 -25 -25 -25 

 

When the micromanipulator speed was increased to its remarkably quick 500,000 µm per second, the 

threshold shifts paradoxically appeared to recover. It became apparent at this point that this model of 

middle ear manipulation was unable to reliably induce cochlear injury. Only when a 20,000 RPM 1 mm 

coarse rotating burr was brought into contact with the coupling myringotomy blade for 10 seconds did 

the bone-conduction evoked thresholds markedly drop. When this burr made contact, the stapes was 

observed under the microscope to move violently; however, there was no dislocation of the stapes from 

the annular ligament. 

 

Table 4 Further bone conduction threshold shifts (dB) with 200 µm stapes micromanipulation 
at 20 – 80 repetitions, including at high speed and with rotating burr contact. Italics = output 
limits of transducer reached 

Frequency Stapes exposed 20 x 40 x 80 x (@ 0.5 m/sec) Drill 

8 kHz -5 -10 -15 0 -50 

12 kHz -10 -15 -20 0 -45 

16 kHz -30 -20 -5 -5 -55 

20 kHz -35 -25 -25 -15 -55 

24 kHz -30 -30 -30 -30 -30 

32 kHz -30 -30 -30 -30 -30 

 

Having proceeded through model development with the micromanipulator, an additional 10 animals 

underwent rotating burr contact with their ossicular chain and three animals underwent exposure only 

(Table 5). While animals of either sex were requested, unfortunately only female guinea pigs were 

provided. This latter model of manipulation was much more successful at inducing cochlear changes 

consistent with hearing loss and so was used to assess bone conduction transducer performance. The 

same baseline data set was used to calibrate the bone conductor to a SPL equivalent as described in 

the methods section above. 
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Table 5 Burr contact manipulation animal overview 

Animal ID Group Sex Weight (g) 

1 Control Female 434 

2 Manipulation Female 395 

3 Manipulation Female 392 

4 Manipulation Female 500 

5 Manipulation Female 443 

6 Manipulation Female 409 

7 Manipulation Female 538 

8 Manipulation Female 470 

9 Manipulation Female 296 

10 Manipulation Female 285 

11 Manipulation Female 315 

12 Control Female 300 

13 Control Female 366 

 

 

 Magnetostrictive Transducer Performance 

A comparison of the wave I and II ABR amplitudes following post-hoc correction of BC intensities are 

shown in Figure 10 and Figure 11. Across all frequencies, wave II amplitudes were larger than wave I 

by 614 +/- 170 nV at 80 dB SPLeq (see methods for definition). Data were normally distributed. The 

responses to BC were similar to AC stimulation at all test frequencies (ANOVA, p>0.05 all frequencies). 

There was a resonance in the bone conductor at 24 kHz which generated much larger amplitudes for 

both waves I and II at the highest intensities. Bone conduction transducer responses were lower at 32 

kHz. 
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Figure 10 Wave I auditory brainstem response air conduction (AC) and bone conduction (BC) amplitudes (µV) at different test frequencies. Mean +/- SEM. Blue air conduction, 
red bone conduction. N=13. NS not significant. All ANOVA comparison between air conduction and bone conduction p>0.05 



76 
 

 

 

Figure 11 Wave II auditory brainstem response air conduction (AC) and bone conduction (BC) amplitudes (µV) at different test frequencies. Mean +/- SEM. Green air conduction, 

purple bone conduction. N=13. NS not significant. All ANOVA comparison between p>0.05 
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Despite correcting for the delay in AC latency due to the 10 cm of plastic tubing which coupled the 

electrostatic speaker to the EAC, AC evoked wave I and II were a mean 0.12 ms earlier than their BC 

evoked counterparts (Figure 12 and Figure 13). This difference was statistically significant (ANOVA, 

p<0.01 all frequencies for wave I and II, except wave II 32 kHz where p<0.05) and may reflect a delay 

in the magnetostrictive transducer activation or be a consequence of the calibration approach. 

Interestingly, when the same correction factor was applied to electrocochleography data there was no 

significant difference between AC or BC evoked potentials (Figure 15). 

Latencies decreased with increasing frequency consistent with the earlier activation of the higher 

frequencies along the tonotopically mapped basilar membrane. 

Based on ABR wave II, BC I-O function amplitudes were greater than the corresponding AC I-O 

functions and generally required shifting of the BC curve to the right (Table 6). This was more marked 

in the 8 – 16 kHz range and suggests the BC transducer was particularly efficient in this frequency 

range. 

Table 6 Bone conduction auditory brainstem response (ABR) correction by frequency for each animal. Negative 
value indicates ABR wave II bone conduction amplitude greater than for air conduction 

Freq \ ID 1 2 3 4 5 6 7 8 9 10 11 12 13 Mean SEM 

8 kHz -15 -5 -5 -10 -5 -5 -10 -10 -15 -5 -5 -5 -10 -8.1 1.1 

12 kHz -5 -10 -15 -5 -5 0 -10 -15 -15 -20 -15 -20 0 -10.4 1.9 

16 kHz -15 -10 0 15 -10 10 0 -10 -15 -10 -5 -20 -20 -6.9 3.0 

20 kHz 15 -5 0 15 -5 5 0 -10 -5 -10 -5 -15 0 -1.5 2.5 

24 kHz 5 -10 5 0 -10 -5 20 -15 -5 -5 0 -5 15 -0.8 2.8 

32 kHz 15 -5 10 0 0 0 0 -10 5 -20 0 -5 -5 -1.2 2.4 

 

Following on from this ABR calibration and verification data, the electrocochleography comparisons of 

BC transducer performance are shown in Figure 14 for the CAP P1-N1 amplitudes, Figure 15 for CAP 

latencies and Figure 16 for the SP responses. Similar to ABR, amplitudes of these potentials were 

greater at 16 kHz than at the other two frequencies. AC and BC derived amplitudes and latencies were 

similar for both CAP and SP (ANOVA, p>0.05 at all frequencies), which contrasts with the ABR data 

where there was a significant difference in latencies. 

It is apparent that the baseline thresholds at 32 kHz, and to a lesser degree 24 kHz, were higher than 

those at lower frequencies. This is further shown in Table 7 where, with the exception of 8 kHz, the 24 

kHz CAP baseline thresholds were significant elevated (ANOVA <0.05) compared to the lower 

frequencies and the elevated baseline thresholds at 32 kHz were highly significant (ANOVA <0.01). 

This pattern was similar when evaluating the SP baseline thresholds in Table 8.  



78 
 

 

 

Figure 12 Wave I auditory brainstem response air conduction (AC) and bone conduction (BC) latencies (msec) at different frequencies. Mean +/- SEM. Blue air conduction, red 
bone conduction. N=13. Bone conduction latencies were slightly longer than air conduction (All ANOVA **p<0.01) 
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Figure 13 Wave II auditory brainstem response air conduction (AC) and bone conduction (BC) latencies (msec) at different frequencies. Mean +/- SEM. Green air conduction, 
purple bone conduction. N=13. Bone conduction latencies were slightly longer than air conduction (ANOVA *p<0.05 or **p<0.01) 



80 
 

 

Figure 14 Baseline compound action potential P1-N1 air conduction (AC) and bone conduction (BC) amplitudes (µV) at different test frequencies. There is a small degree of 
plateau at high intensities for 20 kHz, and a small gap between AC and BC above 60 dB SPLeq at 24 kHz, but neither of these differences were statistically significant (All ANOVA 
p>0.05). Mean +/- SEM. Blue air conduction, red bone conduction. N=13. NS not significant.
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Figure 15 Baseline compound action potential P1-N1 air conduction (AC) and bone conduction (BC) latencies (msec) with increasing sound intensity at different test frequencies. 
Mean +/- SEM. N=13. NS not significant (all ANOVA p>0.05) 
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Figure 16 Baseline summating potential (SP) air conduction (AC) and bone conduction (BC) amplitudes (µV) with increasing sound intensity across frequencies. Consistent with 
the compound action potential data in Figure 14, there was a further plateau of SP amplitude at high intensities for 20 kHz, as well as 24 kHz, and to a lesser degree 32 kHz. 
Despite these appearances, there was no statistically significant difference between the overall AC or BC input-output functions. Mean +/- SEM. N=13. Blue air conduction, red 

bone conduction. NS not significant (ANOVA p>0.05 all frequencies) 



83 
 

Table 7 Differences between mean compound action potential baseline thresholds across 
frequencies. Figures in bold ANOVA p<0.05, bold and italics ANOVA p<0.01, n=13 

 12 kHz 16 kHz 20 kHz 24 kHz 32 kHz 

8 kHz 8.1 6.3 5.0 -3.1 -15.6 

12 kHz  -1.9 -3.1 -11.3 -23.8 

16 kHz   -1.3 -9.4 -21.9 

20 kHz    -8.1 -20.6 

24 kHz     -12.5 
Table 8 Differences between mean summating potential baseline thresholds across 
frequencies. Figures in bold ANOVA p<0.05, bold and italics ANOVA p<0.01, n=13 

 12 kHz 16 kHz 20 kHz 24 kHz 32 kHz 

8 kHz 9.4 9.4 6.7 0 -14.4 

12 kHz  0 -2.8 -9.4 -23.9 

16 kHz   -2.8 -9.4 -23.9 

20 kHz    -6.7 -21.1 

24 kHz     -14.4 
 

 Burr contact manipulation 

Following burr contact with the incudomalleal complex, evoked electrocochleography potential 

thresholds deteriorated across frequencies. The individual control and post-manipulation BC CAP 

thresholds are indicated in Figure 17 and were significant at 8, 12 and 32 kHz (Wilcoxon Rank-Sum 

test). The SP contrasted the CAP and for individual data were only significant at 32 kHz (Figure 18). 

Mean results are shown in Figure 19 and Figure 20 and a summary of the spread of data for CAP is 

presented next to the SP data in Figure 22 where middle ear manipulation induced a statistically 

significant threshold shift at every frequency (ANOVA <0.01 or as indicated). The negative gradient for 

control animals at higher frequencies may reflect the increased sensitivity of this higher frequency basal 

region of the cochlea to dissection trauma and an associated temporary threshold shift which begins to 

recover, even in the relatively short period after dissection. 

In addition to the high frequencies being more susceptible to an apparent dissection injury than the 

lower frequencies (Table 7 and Table 8), Table 9 shows that after manipulation there were more animals 

with threshold shifts at 32 kHz than lower frequencies. In addition, threshold shifts at 32 kHz were more 

likely to be >20 db SPLeq, although this was only significant for the SP (Fishers Exact Test, p<0.05).  

Table 9 Number and % of animals with post-manipulation compound action potential (CAP) and summating 

potential (SP) threshold shifts that were >10 and >20 dB SPLeq (n=10) after ossicular manipulation 

>10 dB Threshold Shift Following Manipulation 

 8 kHz 12 kHz 16 kHz 20 kHz 24 kHz 32 kHz 

CAP 7 (70%) 7 (70%) 5 (50%) 6 (60%) 6 (60% 9 (90%) 

SP 6 (60%) 8 (80%) 6 (60%) 6 (60%) 7 (70%) 9 (90%) 
 

>20 dB Threshold Shift Following Manipulation 

 8 kHz 12 kHz 16 kHz 20 kHz 24 kHz 32 kHz 

CAP 5 (50%) 6 (60%) 4 (40%) 4 (40%) 4 (40%) 8 (80%) 

SP 4 (40%) 4 (40%) 4 (40%) 4 (40%) 4 (40%) 9 (90%) 
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Figure 17 Individual compound action potential (CAP) shifts post-ossicular manipulation. Red contact (n=10). Blue dash control (n=3). 
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Figure 18 Individual summating potential (SP) shifts post-ossicular manipulation. Red contact (n=10). Blue dash control (n=3). 
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Figure 19 Bone conduction compound action potential (BCCAP) threshold changes following ossicular manipulation. Mean +/- SEM. Control in blue. ANOVA p>0.05, *p<0.05, 
**p<0.01. 
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Figure 20 Bone conduction summating potential (BCSP) threshold changes following ossicular manipulation. Mean +/- SEM. Control in blue. 
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Figure 21 Compound action potential (CAP) threshold changes and summating potential (SP) threshold changes following ossicular manipulation (n=10) compared to control 
group with no ossicular manipulation (n=3). Bone conduction auditory brainstem response (BC ABR) provided for baseline comparison. NS not significant ANOVA p>0.05, 
*p<0.05, **p<0.01 
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Figure 22 Individual data showing comparisons between bone conduction compound action potential (BCCAP) and bone conduction summating potential (BCSP) thresholds 
before and after ossicular manipulation. Changes in the gradient for the red (burr contact) data points indicate one evoked potential changing proportionally more than the other. 
Clockwise rotation indicates relatively poorer BCCAP thresholds after ossicular manipulation, whereas anticlockwise line average rotation implies greater BCSP threshold 

impairment. Baseline in blue, burr contact in red. N=10. 
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Thresholds for both CAP and SP show a very similar pattern in response to injury. This is corroborated 

by Figure 22 which indicates a trend of CAP thresholds deteriorating only slightly more than SP 

thresholds following middle ear manipulation.  

The input-output function of the amplitude shifts for CAP in Figure 23 and SP in Figure 24 were generally 

consistent with threshold shifts and all showed marked divergence from controls with highly statistically 

significant results for all frequencies. The changes in SP amplitude are nearly identical to controls at 8 

kHz, with both showing signs of decreased inner hair cell function over the course of the experiment. 

Again, there was evidence of neural recovery from dissection injury at 32 kHz where control animals 

showed some improvement in CAP amplitudes. Results at 24 kHz did not follow the same growth 

function curve as other frequencies and may be due to a harmonic resonance within the transducer 

leading to higher amplitudes at this frequency. 

Control animals had a further period of observation following the time-matched data presented above. 

During this period, it was noted that AC I-O function deteriorated while BC I-O function was preserved. 

An example of these CAP results is shown in Figure 25 for animal #12 and is consistent with a 

conductive hearing loss at that final time point. No AC function was seen at higher frequencies, although 

BC was preserved. On examination the AC tube was not displaced from the ear canal and there was 

no middle ear effusion visible behind the tympanic membrane. However, there was an effusion around 

the incudomalleal complex. Similar results were sometimes observed in animals undergoing 

manipulation whereby the AC I-O function would deteriorate disproportionally more than BC I-O 

function, suggesting a mixed hearing loss in response to middle ear manipulation. Without a high-

frequency bone conductor, the change in air-conduction evoked potentials would be very difficult to 

attribute to either a conductive or a sensorineural loss. 
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Figure 23 The change in bone conduction-evoked compound action potential amplitude (µV) shows a greater amplitude impairment in the ossicular manipulation group, with a 

more pronounced impairment at higher stimulus intensity. Control in blue (n=3), burr contact in red (n=10). All ANOVA significant at **p<0.01 level. 
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Figure 24 The change in bone conduction-evoked summating potential amplitude (µV) also shows a greater amplitude impairment in the ossicular manipulation group, with a 

more pronounced impairment at higher stimulus intensity. Control in blue (n=3), burr contact in red (n=10). All ANOVA significant at either *p<0.05 or **p<0.01 level. 
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Figure 25 Animal #12 compound action potential amplitude changes due to an effusion around the incudomalleal 
complex. At follow up, the bone conduction (BC) results in purple stayed closely aligned to both the previous air and 
bone conduction evoked potentials in blue and red respectively. However, the air conduction (AC) tracing in green 
had markedly poorer amplitudes and higher thresholds across all of the displayed frequencies, consistent with a 
conductive hearing loss which without bone conduction may have been mistaken for a sensorineural loss. 
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2.5 Discussion 

This study shows that manipulation of the ossicular chain as an acute model of middle ear surgery causes 

a sensorineural loss of function as measured by electrocochleography (SP and CAP). The high frequency 

BC technique in this study provides a valuable tool in assessing cochlear function in small animals where 

the hearing frequency spectrum is not able to be adequately assessed with conventional BC due to the 

poor power output of these transducers above 5 kHz (Frank & Richards, 1980). Traditionally, AC 

transducers have been used to assess the higher frequency spectrum of these small animals (Kiefer, 

Tillein, et al., 2004); however, this is not ideal as middle ear manipulation may induce a conductive hearing 

loss, which confounds interpretation of underlying cochlear function, as indicated by Figure 25. 

We have shown that where there is the possibility of middle ear disruption, such a disruption may cause 

a conductive hearing loss and create difficulty interpreting evoked auditory potentials. This disruption may 

be due to a pre-existing condition such as an infection, or by the study parameters themselves, for 

example by a middle ear effusion, or by disruption of the tympanic membrane or ossicles. In this situation, 

evoked auditory potentials may be found by stimulating the cochlea directly. 

Several studies have attempted to address the limitations of AC-evoked potentials with galvanic 

stimulation of the cochlea and describe stimulation of BC pathways (Okstad et al., 1988; Thornton et al., 

1989; Tonndorf & Kurman, 1984). This method has been used in humans to document POSNHL following 

stapes surgery (Domenech & Carulla, 1988) and tympanoplasty (Domenech et al., 1989b) where 

incidences of 83.3% and 37.5% were identified. Galvanic stimulation identified temporary threshold shifts 

following mastoid surgery, but no permanent threshold shift was seen (Hegewald et al., 1989). Despite 

the promise of direct BC pathway stimulation, the galvanic audiometer is restricted in output to 50 dB HL 

which limits the effective dynamic range within which it must operate (Okstad et al., 1988). It is also 

uncertain whether the classical components of BC and cochlea reserve apply or whether a purely 

electrical effect is involved (Okstad et al., 1988). 

Bone conduction assessment of hearing has high test-retest validity (Laukli & Fjermedal, 1990), although 

this appears to depend on which bone conductor is used (Frohlich, Plontke, & Rahne, 2018). Most 

commercially available bone conductors have limited useful output above 5 kHz (Roeser et al., 2007). 

This is a problem for evoking auditory potentials in small animals because their hearing frequency 

spectrum is significantly higher than in humans. In guinea pigs, the hearing spectrum extends from 54 Hz 

to 50 kHz (Fay & Popper, 1994), and it is the higher frequencies which are more susceptible to 

sensorineural injury from manipulation (Dommerby & Tos, 1983; Palva et al., 1976; Paparella, 1966; 

Zakzouk & Attallah, 1992), ototoxic agents (van der Hulst, Dreschler, & Urbanus, 1988) and noise (Glorig 

& Davis, 1961). Subsequently, a sensorineural injury may go undetected, or an intervention to reduce 

such an injury may not show efficacy because less sensitive cochlear regions are being investigated.  
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We incorporated a magnetostrictive transducer into a BC apparatus and showed reliable output and 

subsequent evoked potentials up to 32 kHz in an acute guinea pig model of middle ear surgery. There 

was very close approximation of the input-output functions at all frequencies and intensities for ABR, but 

both SP and to a lesser degree CAP indicated some plateau in output at higher intensities for the higher 

frequencies. That this was inconsistent with the ABR may relate to the apparent distortion noise we 

identified particularly at 24 kHz, and that as ECochG is a near-field potential it is more subject to this than 

the far-field ABR. Additionally, the difference was partly due to a limitation from the calibration process; 

that when the BC curve was shifted left for alignment, there were fewer BC values at the higher intensities 

to be averaged, and the remaining BC amplitudes at these higher intensities were disproportionately low, 

skewing the curve to these lower values and changing the slope of the I-O functions at high intensities 

for CAP and SP. This is one of the limitations of our calibration method. Furthermore, our underlying 

assumption was that the slope of the I-O curves would be the same for AC and BC. This was generally 

true for ABR, and indicates linear BC transducer output with intensity, with the same net effect on the 

cochlea as AC sound. Further studies will help indicate if the apparent separation of the AC and BC 

curves at high intensity for ECochG is a replicable finding. 

Magnetostrictive BC transducers are derived from materials such as Terbium which exhibit internal strain 

when in a magnetic field (Engdahl, 2000). This strain leads to changes in shape which provide a greater 

dynamic frequency response with higher energy density in comparison to traditional electromagnetic 

transducers (Sakai et al., 2006). Sakai et al. first incorporated a giant magnetostrictive device into a BC 

transducer in 2006 and demonstrated ABR recordings in rat up to 30 kHz (Sakai et al., 2006). In that 

study, comparison was made only with a standard BC transducer and not with calibrated AC as in the 

present study. Importantly, Sakai noted the output of the transducer was linear and harmonic distortion 

was less than 0.1% at all frequencies. Our results are consistent with transducer output linearity at all 

frequencies except with high output at 24 kHz. Our peak driving voltage was fivefold higher and may 

contribute to the resonance seen at this level and frequency. Popelka evaluated a giant magnetostrictive 

BC transducer in humans and found it accurately measured hearing in conventional clinical conditions up 

to 85 dB HL for 8 – 16 kHz (Popelka et al., 2010). The transducer used by Popelka was an earlier version 

of that used in the current study. 

Earlier studies which have specifically investigated the influence of middle ear manipulation on hearing 

have been with AC only (Hardcastle & McGee, 1969; Paparella, 1962). Lima & Wilpizeski (Lima & 

Wilpizeski, 1980) evaluated behavioural threshold measurements with both AC and BC up to 16 kHz, but 

the BC transducer was the Radioear B-70A which has very poor output levels above 5 kHz (Frank & 

Richards, 1980). Stieve et al. (Stieve et al., 2009) similarly used AC and BC evoked potentials in rabbits 

undergoing ossiculoplasty, but as they used a click stimulus only, it is difficult to determine any frequency 

specific information, although a click stimulus will generally stimulate the basal region of the cochlea 

(Echeverria & Robles, 1983). 
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Colman presented a model of middle ear trauma from 25 kHz feline ossicular vibration for three minutes 

at different sites (Colman, 1962). When the malleus was stimulated, localised hearing losses at 16 & 32 

kHz associated with lesions of the organ of Corti consisting of hair cell loss in the terminal end of the 

lower basal turn were seen. More profound losses occurred when the incudostapedial joint was directly 

stimulated, even though the contact time was shorter. This is likely because the incudomalleal joint is 

capable of a physiologic dislocation with relatively large malleus motion (Huttenbrink, 2001) and this 

protective effect is lost when the stapes is stimulated directly. This attenuation of stimulus was the main 

reason why in our initial models of ossicular manipulation we coupled the micromanipulator directly to the 

stapes head and not to the more accessible tympanic membrane or malleus. Our findings in contrast to 

their study showed that even brief ossicular contact is capable of inducing changes consistent with 

sensorineural hearing loss. 

The micromanipulator model was chosen to apply a known displacement to the stapes such as might 

occur during ossicular manipulation clinically during surgery. This contact may be deliberate such as 

palpation of the ossicular chain to assess mobility, or peeling cholesteatoma matrix off involved ossicles, 

or the contact may be inadvertent such as accidentally slipping or knocking the ossicles while focusing 

elsewhere. We show that relatively slow and deliberate ossicular manipulation does not appear to have 

an adverse effect on the cochlea, at least not in the mid-range frequencies below 16 - 20 kHz. This is 

consistent with the clinical scenario where careful movement of the ossicular chain does not usually cause 

sensorineural hearing loss. 

Building on the validation work of Sakai and Popelka, we have used high-frequency BC to demonstrate 

changes in cochlear function in response to middle ear manipulation. We demonstrated the guinea pig 

cochlea to be relatively resilient when a standard micromanipulation of the ossicular chain was performed. 

We found that even stapes footplate depressions of several hundred microns did not cause a threshold 

shift, although impairment of the higher frequency responses was noted following the required access 

and exposure. Perhaps this was unsurprising given that no cochlear injury is noted following examination 

of the human ear with pneumatic otoscopy where the umbo moves up to a millimetre (Huttenbrink, 2001). 

Kylen et al. also concluded there was no evidence for POSNHL from their middle ear manipulation in 

humans (Kylen et al., 1980). In our case, it was reasoned that failure to elicit cochlear injury with a 

motorised micromanipulator was likely due to the relatively low velocity / acceleration associated with this 

device and that a device which imparted higher frequency of vibration would be more successful at 

causing a reproducible injury. Furthermore, our protocol for dissection and exposure of the stapes was 

associated with marked threshold elevation at high frequencies, and thus reduced the ability of these 

frequencies to demonstrate further losses from experimental manipulation.  
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We propose that the apparent baseline threshold elevation at 32 ± 24 kHz from the basal region of the 

cochlea was due to dissection injury, despite meticulous haemostasis and careful technique. That these 

frequencies from the basal turn of the cochlea are most sensitive to dissection injury is consistent with 

previously observed cochlear impairment from middle ear and stapes surgery (Dommerby & Tos, 1983; 

Palva et al., 1976; Paparella, 1966; Zakzouk & Attallah, 1992), as well as from noise (Glorig & Davis, 

1961), ototoxic medications (van der Hulst et al., 1988) and aging (Okstad et al., 1988). 

The otologic drill has been implicated in POSNHL either by direct contact with the ossicular chain (Hallmo 

& Mair, 1996; Helms, 1976; Lau & Tos, 1986; Lee & Schuknecht, 1971; Sheehy & Anderson, 1980; Smyth, 

1976; Smyth et al., 1971), or noise injury from prolonged drilling (Domenech et al., 1989b; Kylen, Arlinger, 

et al., 1977; Palva, Karja, et al., 1973). Smyth attributed cochlear loss at least partly to contact between 

the rotating burr and incus (Smyth & Kerr, 1970). It may be that the final common pathway of assault on 

the cochlea is the same, and that drill contact with the ossicular chain simply represents a higher intensity 

noise, albeit over a much briefer period. Drilling on an intact ossicular chain can transmit 130 dB to the 

inner ear (Helms, 1976) and in humans, the short process of the incus is most susceptible to injury 

(Urquhart et al., 1992). Despite peak noise levels of 125 dB with mean noise >100 dB recorded in mastoid 

drilling (Domenech et al., 1989b), most authors did not find any association between POSNHL and drill 

noise (Hallmo & Mair, 1996; Man & Winerman, 1985; Urquhart et al., 1992), although neither Hallmo et 

al. (Hallmo & Mair, 1996) nor Man et al. (Man & Winerman, 1985) qualified what constituted a POSNHL 

and Urquhart et al. presented mean results only (Urquhart et al., 1992). 

Kylen et al. showed 6 mm cutting burrs gave a noise level of 88 – 108 dB, while a 4 mm burr resulted in 

a reduction of 1 – 6 dB and a 2 mm burr decreased sound intensity by 5 – 16 dB (Kylen, Stjernvall, et al., 

1977). They also showed less noise when using the diamond burr with mean noise levels of the diamond 

burrs 5 – 11 dB lower than their cutting burr counterparts. Variations in rotation speed had only a slight 

influence on the noise levels produced (0 – 5 dB). The noise levels around the cochlea were only slightly 

influenced by the location of drilling within the ear (< 1.8 dB). 

Laser Doppler vibrometry assessment of equivalent noise levels from drilling directly onto the short 

process of the incus with a 1 mm cutting burr showed a highest equivalent noise level of 108 dB SPLeq, 

whereas a 2.3 mm cutting burr produced a maximal level of 125 dB SPLeq (Jiang et al., 2007). Diamond 

burrs generated less noise than their cutting counterparts, with a 2.3-mm cutting burr producing a highest 

equivalent noise level of 102 dB SPLeq. The energy of the noise increased at the higher end of the 

frequency spectrum, with a 2.3-mm cutting burr producing a noise level of 105 dB SPLeq at 1 kHz and 

125 dB SPLeq at 8 kHz. In contrast, the same sized diamond burr produced 96 dB SPLeq at 1 kHz and 

99 dB SPLeq at 8 kHz.  
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Our study shows similar levels of impairment to neural and inner hair cell recordings when a high 

frequency rotating burr is brought into brief contact with the incudomalleal complex. The neural response 

is dependent on input from the hair cells, and so it is difficult to ascribe poorer CAP results directly to 

neural injury (Brown & Patuzzi, 2010; Durrant, Wang, Ding, & Salvi, 1998). The main outcome measure 

we were interested in was hearing correlates, as indicated by evoked auditory potentials; however, further 

studies could use histopathology to identify changes in cell populations or synapse receptor expression 

to further investigate anatomical responses to ossicular trauma. Seki et al. noted that the site of injury 

from drill-ossicular contact was assumed to be hair cells, but showed that the guinea pig stria vascularis 

became leaky to horseradish peroxidase after drilling with 1 mm cutting burr at 10,000 rpm for 10 – 60 

seconds, much longer than our ossicular contact time (Seki et al., 2001).  

While our results suggest an inner hair cell ± neural response to ossicular burr contact, unfortunately we 

were not able to get specific information regarding the outer hair cells. Given our acquisition parameters, 

the outer hair cell dependent cochlear microphonic (CM) (Dallos & Wang, 1974) was able to be identified 

with an AC transducer but unfortunately electromagnetic noise from the BC transducer was a significant 

confounder and we were unable to record the CM with the BC transducer. This was not an issue for AC 

evoked potentials, but as seen in Figure 25 a conductive hearing loss artificially attenuates AC evoked 

potentials, including the CM. Similarly while distortion product otoacoustic emissions may be evoked by 

BC (Purcell, Kunov, & Cleghorn, 2003), an intact middle ear is required to conduct the efferent signal 

back to the microphone and the conductive hearing losses described above unfortunately preclude this. 

One of the limitations of this study is that it was only able to demonstrate temporary threshold shifts (TTS). 

Due to the novel nature of our BC transducer, all of these early experiments were designed as acute, 

non-recovery procedures so that technique was able to be optimised. Kylen et al. (Kylen, Arlinger, et al., 

1977) showed all 14 patients undergoing mastoid surgery had an intraoperative TTS, of which only one 

had a TTS on audiometry and no patients had a permanent threshold shift (PTS), but their numbers were 

small. Further studies with our animal model to assess cochlear recovery are presented in the following 

chapter. This model will also will also be used to assess interventions with the potential to reduce 

POSNHL. 
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3.1 Introduction 

Middle ear surgery is associated with a reversible hearing loss seen as a temporary elevation of auditory 

thresholds (a temporary threshold shift (TTS)) in over 50% of patients (Kylen, Arlinger, et al., 1977; 

Shambaugh, 1963) and we have shown (Chapter Two) the same clinical effect in an animal model of 

acute middle ear ossicular manipulation. While a TTS is not uncommon following surgery, fortunately 

most patients do not then go on to develop a permanent threshold shift (PTS). Clinically a PTS can be 

observed around 10% of myringoplasty (de Zinis, Cottelli, & Koka, 2010) or ossiculoplasty procedures 

(Alaani & Raut, 2010; Krueger et al., 2002; Michael et al., 2008; Quesnel et al., 2010; Zheng et al., 1996) 

and up to 20% of middle ear surgeries with the otologic drill (Bellucci, 1985; Della Santina & Lee, 2006; 

Ragheb et al., 1987; Smyth & Hassard, 1981). This loss is most often noted in the high frequencies 

(Ronayooth Boonchoo & Pichai Puapermpoonsiri, 2007) and particularly if the extended high frequencies 

are investigated (Babbage, O'Beirne, Bergin, & Bird, 2017). The higher acoustic frequencies coded by 

the basal turn of the cochlea are much more sensitive to injury than the lower frequencies which are 

traditionally considered as important for speech detection (0.5, 1 and 2 kHz). It is recognised that these 

high frequencies are important for speech discrimination, particularly in the presence of background noise 

(Aniansson, 1974; Florentine, 1983) and so efforts to preserve hearing at these frequencies should be 

encouraged. The incidence of a “dead ear” where all hearing is lost after middle ear surgery is less than 

1% (Berenholz et al., 2000). 

The mechanisms for a PTS injury are unknown, but possible candidates include supraphysiologic motion 

of the ossicular chain during dissection (Kamal, 1990), drill contact with the ossicular chain (Sheehy & 

Anderson, 1980), drill noise (Domenech et al., 1989b), infection (Sheehy & Crabtree, 1973), or surgical 

antisepsis (Packer et al., 1982). A PTS may be even seen following a relatively simple myringoplasty 

(Bicknell, 1971; Ophir et al., 1987) where no drilling of the mastoid is undertaken. Models of middle ear 

surgery where the test subject recovers are needed to investigate these potential mechanisms of injury 

and to ascertain what proportion of subjects with a TTS go on to have a PTS. Such a model would also 

allow for potentially mitigating interventions to be evaluated. 

Middle ear surgery has the potential to introduce a conductive hearing loss, which confounds 

interpretation of evoked auditory potential measurements for clinical or experimental use, unless 

appropriate stimuli are used. Direct stimulation with a bone conduction transducer can bypass any 

potential conductive loss to give a more accurate indication of underlying cochlear function and 

associated sensorineural hearing loss. We have successfully used our novel bone conduction transducer 

in the acute, non-recovery experiment detailed previously, and now have the opportunity to assess the 

repeatability and reliability of the transducer in a recovery model of middle ear surgery. Our high frequency 

bone conductor permits assessment of evoked potentials up to 32 kHz and so is well placed to sensitively 

assess the presence of PTS in small animals. 
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Steroids have been used in both the prevention and treatment of acute sensorineural hearing loss. Much 

of the prophylactic work is derived from cochlear implantation studies where steroids have been given 

systemically (Lo et al., 2017), topically (Honeder et al., 2016) and most recently as part of a drug eluting 

electrode array (Scheper et al., 2017). Steroids have also been used for many years in the treatment of 

sudden sensorineural hearing loss in both systemic and intratympanic formulations (Lefebvre & Staecker, 

2002; Rauch et al., 2011; Ye et al., 2007). Their mechanism of action is thought to be anti-inflammatory 

with effects on vascular permeability (Hashimoto et al., 2006), acute oxidative stress (Dinh et al., 2015), 

and longer-term remodelling of apoptotic and necrotic tissue with decreased scaring and adhesions (Lyu 

et al., 2018). 

Our aims were to 1) develop a recovery model of middle ear surgical exploration in the guinea pig; 2) 

assess for any permanent threshold shift following a standardised middle ear surgical manipulation; and 

3) investigate the effect of systemic dexamethasone on evoked cochlear potentials in both the acute and 

recovery phases. 
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3.2 Methods 

 Experiment procedure 

 

Figure 26 Experiment overview. ABR auditory brainstem response, ECochG electrocochleography, IV intravenous 

 

The contralateral (left) cochlea was ablated two weeks prior to manipulating the right ear so that the 

animal could adapt to any acute unilateral loss of vestibular function.  

Two weeks later, baseline recordings, steroid / saline injection and ossicular manipulation were done and 

an immediate set of compound action potential (CAP) and summating potential (SP) recordings were 

taken to examine for any acute injury. Electrocochleography (CAP and SP) was performed at baseline 

and following middle ear manipulation but because of time constraints due to anaesthesia duration, 

auditory brainstem response (ABR) was not performed immediately post-manipulation. 

A final procedure under anaesthesia was then undertaken two weeks later to assess recovery from acute 

injury, or development of sustained / subsequent injury. 
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 Animals 

This project was approved by the University of Auckland Animal Ethics Committee (Ref: 1439). The study 

was undertaken on non-pregnant adult, Duncan Hartley guinea pigs of either sex, based on the work from 

Chapter Two. Animals were screened for any significant hearing loss preoperatively with the Preyer’s 

reflex and the external auditory canal was examined to exclude any underlying infection. Individual 

animals were identified by their unique fur patterns and each animal had their weight confirmed prior to 

anaesthetic dose calculations. All experiments were performed in a sound attenuating and electrically 

shielded booth. 

 Surgical Approach 

Animals were positioned supine on a heated blanket which was regulated by a rectal thermometer to 

maintain core body temperature at 37.5 degrees Celsius. The head was supported with the assistance of 

a Stereotaxic bite bar and ear pins (SR-5M-HT, Narishige International USA, INC. NY). 

 Anaesthesia 

Animals were given anaesthetic pre-medication with 0.3 mg/mL buprenorphine (Temgesic) at 0.05 mg/kg 

SC before anaesthesia was induced with 1 mg/mL medetomidine (Domitor) at 0.3 mg/kg IP. Top up 

anaesthesia was provided with a ketamine / xylazine combination constituting 0.5 mL 100 mg/mL 

ketamine, 0.1 mL 20 mg/mL xylazine and 0.4 mL distilled water and given at a dose of 1 mL/kg. Further 

analgesia was provided at induction and daily for 5 days with 25 mg/mL carprofen (Rimadyl) at 5 mg/kg 

SC. Antibiotic cover was provided with 25 mg/mL enrofloxacin (Baytril) at 5 mg/kg 30 minutes prior to 

surgery and up to 3 days postoperatively. The postauricular incision site was infiltrated with 10 mg/mL 

lignocaine and 0.005 mg/mL adrenaline at a dose of 0.1 to 0.2 mL/kg SC. When the final recordings were 

complete, the animal was euthanized with a 90 mg/kg pentobarbitone (Pentobarb 300) overdose. Once 

the animal showed no response to a paw squeeze, the animal was perfused with 4% Paraformaldehyde 

(PFA) by an intracardiac injection.  

 Dissection 

The left cochlea was mechanically ablated, as follows, to remove ambiguity when analysing bone-

conducted stimuli. Fur around the post-auricular incision sites and scalp vertex was trimmed with scissors 

and then topical ethanol was used to smooth the fur down and sterilise the incision sites. A left post-

auricular incision was made and the bulla exposed. The bulla was opened with fine curved forceps before 

the round window of the cochlea was exposed and mechanically ablated with a fine hook. After ablation, 

the animal was transferred to a recovery booth which had a warming blanket and was closely observed 

while it emerged from anaesthesia. When it was freely moving it was returned to the colony. Animals 

were checked daily for weight changes and general condition. Animals were given two weeks to recover 

in case they sustained an acute vestibular loss in the ablated ear as well as the intended hearing loss. 
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Two weeks later, the bulla on the right was exposed in a similar fashion to the left, but a more extensive 

post-auricular incision was used for wider exposure. Care was taken to identify and preserve the facial 

nerve as it exited between the tympanic ring and the bulla. Musculature was dissected off the superior 

aspect of the bulla and adjacent skull and extended postero-inferiorly around the external auditory canal 

to provide a contact point for the bone conductor and coupling screw. The bone was dried before the 

screw was anchored in place with dental cement. The epitympanic recess / superior bulla was opened in 

two places to expose the incudomalleal complex and round window. Baseline evoked auditory potentials 

were acquired. 

The fur around the hip was cleaned with ethanol and trimmed to facilitate cannulation of the femoral vein 

with a 26-gauge cannula. The skin was incised and the vessel identified and cannulated with the 

assistance of a microscope. After baseline recordings and 30 mins prior to manipulation, six animals were 

randomised to receive a single 4 mg/mL intravenous dexamethasone bolus at a dose of 2 mg/kg. A further 

six animals were randomised to receive the equivalent volume of 0.9% saline as a bolus for comparison.  

The ossicular chain was manipulated (see Manipulation section for details) and electrocochleography 

(ECochG) was repeated to identify acute changes. The coupling screw was removed and the 

postauricular incision closed with 4.0 silk. The animal was then permitted to recover as per the first 

procedure. 

Final ABR and ECochG were taken two weeks later and the same right postauricular access was used 

to affix the bone conductor and place the AgCl electrode on the round window. The animal was 

euthanised as above following this final anaesthetic.  
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 Electrode preparation 

Silver-chloride electrodes were constructed for near-field electrocochleography with 0.08mm (0.003”) 

Teflon-coated silver wire with the same technique outlined in Chapter Two. 

To record the far-field ABR, sub-dermal platinum electrodes were placed over each bulla for negative 

(ipsilateral) and earth (contralateral), as well as at the scalp vertex for the reference (positive) electrode. 

Impedances were checked to ensure they were matched at ~1 kΩ. 

 Sound System and Calibration 

The microphone used for calibration was a ¼ inch free-field condenser microphone (Model number 7016, 

ACO Pacific, Belmont CA). This microphone was polarised to 200 Vdc, had a frequency response range 

of 5 Hz to 120 kHz with an error of ± 2 dB and a dynamic range of 35 dBA to 164 dBA (3% total harmonic 

distortion). The microphone was stored in a heated desiccating box to reduced moisture contamination 

and coupled with a calibrator (Type 4230, Brüel & Kjær, Nærum Denmark) via a custom built ¼ inch 

adapter. This calibrator generates a sound pressure level of 94 dB re 2x10-5 Pa (or 1 Pa), however, for 

free field measurements a correction of -0.4 dB for 1 inch microphones or -0.2 dB for ½ inch microphones 

must be applied. For our free field microphone calibration measurements with a ¼ inch free field 

microphone we assumed an uncorrected output of 94 dB. The microphone was coupled to a spectrum 

analyser (SR760 FFT, Stanford Research Systems Inc, Sunnyvale, CA) and an oscilloscope (TDS210, 

Tektronix, Beaverton, OR) with a resulting waveform peak-to-peak voltage of 10.4 mV (3.68 mVrms) and 

signal intensity of -49 dBV recorded respectively. These were cross-checked with each other to confirm 

hardware integrity according to the equation: dBVrms = 20xlog[(0.5.Vp-p/ √2)/1Vrms], and also cross 

checked with the stated microphone specifications of 3.51 mVrms and -49.1 dBV per Pascal. 

The auditory evoking and potential recording hardware was a modular Tucker-Davis Technologies (TDT) 

(Alachua, FL) System 3 comprising the RP2.1 digital-analogue / analogue-digital converter, PA5 

programmable attenuator, ED1 electrostatic speaker driver, RA16 Medusa base station, RA4 preamplifier 

and RA4LI head stage. The RA4 has a 20x gain. The RA16 has a fibre optic coupling to the battery 

powered preamplifier to reduce noise and has a sampling rate of ~25 kHz with a corresponding upper 

Nyquist frequency limit of ~10 kHz. For electrophysiological recordings of frequencies higher than this, 

the battery powered BMA200 (CWE-Inc, Ardmore, PA) with low impedance electrode interface was 

coupled directly to an RP2.1 input and set at 20x gain. 

The transducer used for air-conducted (AC) sound was a TDT closed field electrostatic speaker with a 

10 cm plastic tube coupled to the animal’s external auditory canal. The non-linear output from this speaker 

was addressed by coupling it to the ACO microphone and driving it with a 9 Vp signal from within TDT’s 

System 3 calibration software SigCal. SigCal then attenuated voltage output according to frequency to 

provide a linear response to 90 dB SPL from 4 – 36 kHz.  
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The magnetostrictive bone-conduction transducer was derived from commercially available bone-

conduction (BC) headphones (HP-F200, TEAC, Tokyo, Japan). The transducer was extracted and 

coupled with a standard BNC connector to interface with the RP2.1 in the absence of the pre-amplification 

unit the headphones shipped with. The HP-F200 has an output of 2.8W and a stated frequency range of 

25 Hz to 20 kHz. As the bone conductor had a uniform driving voltage of 5 Vp-p for all frequencies, the 

corresponding transducer output was uncalibrated due to the inherent non-linearity of the transducer 

across frequencies. To correct for this non-linearity a post-hoc analysis was performed for every animal 

whereby the BC ABR wave II input-output functions (I-O) at each frequency were compared with the 

equivalent AC I-O functions. As the BC functions followed a similar pattern to the AC functions, the BC 

functions were overlaid to identify the degree of correction required to produce equivalent I-O functions, 

with particular attention paid to the AC amplitude at 60 dB SPL. In this way BC was calibrated in dB SPL 

equivalent (dB SPLeq). 

Where thresholds exceeded 80 dB, for statistical purposes the value of 85 was used. 

 ABR Parameters 

Stimuli consisted of 5 ms alternating polarity tone bursts with a 1 ms cosine gated rise/fall time, presented 

at 21/sec for 8, 12, 16, 20, 24 & 32 kHz in 5 dB SPL steps from 80 to 5 dB SPL. Acquisition settings were 

a 10 ms acquisition time for 512 averages and bandpass filtered from 300-3000 Hz (notch 50 Hz). Data 

was analysed using BioSig (TDT, Alachua, FL) and auto-cursors were placed to indicate baseline as well 

as the peak of wave II. Wave II was selected for analysis as it was consistently the largest waveform with 

our electrode montage, and it was still sufficiently proximal to the cochlea to closely reflect cochlear 

function. I-O functions for wave latency and amplitude from baseline were exported into an Excel 

(Microsoft, Redmond, WA) database. Thresholds were defined as the lowest intensity where wave II was 

identified and were confirmed with repeat testing +/- 10 dB SPL around this threshold. These same 

parameters were used for AC & BC stimuli. ABR was performed at the start of both the acute and follow 

up (recovery) operations to allow comparison of calibrated AC responses with those from the uncalibrated 

bone conductor by comparing the I-O functions for each modality. Given the sound delay due to the speed 

of sound down the 100 mm of plastic tubing from the speaker, 0.3 ms was subtracted from each of the 

corresponding AC latencies. 

 Electrocochleography Parameters 

The BMA200 settings were the same for all electrocochleography and consisted of direct current (DC) 

coupling, 20x gain, bandpass filtering from DC-50 kHz. BioSig stimuli were similar to ABR with the 

exceptions of a slightly longer 10 ms alternating polarity tone burst with a 1.5 cosine gated rise ms rise/fall 

time. The presentation rate of 21/sec, 8, 12, 16, 20, 24 & 32 kHz frequencies and intensity of 80 to 5 dB 

SPL in 5 dB SPL steps were the same as the ABR parameters.  Acquisition settings were a 20 ms 

acquisition time for 100 averages and 20x amplification. The CAP was alternating current coupled with 
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acquisition filters of 300-50,000 Hz. CAP post-acquisition filters were 300-3000 Hz. The SP was acquired 

with filters DC-1000 Hz with post-acquisition processing to remove the SP baseline. Prior to any 

recording, the SP was checked and the DC offset on the BMA200 adjusted to bring the waveform within 

a target of +/- 1 mV. Electrocochleography was performed at baseline and following middle ear 

manipulation. 

 Manipulation 

The ossicular chain was manipulated in 12 animals using a 20,000 revolutions per minute (RPM) rotating 

1 burr which was briefly brought into contact with the exposed incudomalleal complex. The duration of 

the contact was two seconds and was confirmed visually with a small region of milled bone. Care was 

taken to only lightly touch the bone and not disarticulate the complex with excessive pressure. As a 

control, two animals did not undergo burr manipulation. 

 Tissue extraction and analysis 

Following animal euthanasia and intracardiac PFA, the right bulla was removed with the assistance of a 

microscope, and further 4% PFA was carefully flushed under the microscope through the round and oval 

windows. Guinea pig cochleae were then decalcified in 5% EDTA solution in 0.1M PBS for 10 days.  After 

overnight cryoprotection in 30% sucrose 0.1M PBS, they were embedded in Tissue-Tek O.C.T. 

compound, snap-frozen in isopentane at −80°C and cryosectioned at 35 μm.  The floating sections were 

permeabilised with 1% Triton X-100 in 0.1 M PBS for 1 hour, and non-specific binding sites blocked with 

10% normal goat serum for 1 hour at room temperature.  Primary antibodies purified anti-tubulin β 3 

antibody (#MMS-435P, BioLegend Inc., San Diego, CA, 1: 200 dilution) and myosin-VIIa rabbit polyclonal 

antibody (#25-6790, Proteus BioSciences Inc., Ramona, CA, 1: 100 dilution) were used in this study.  The 

antibodies were incubated overnight at 4°C.  In control experiments, the primary antibody was omitted.  

The sections were then incubated with the secondary antibodies (Alexa 488 goat anti-mouse IgG, dilution 

1:500; Alexa-594 goat anti-rabbit, 1:500; Life Technologies) for 2 hours at room temperature.  The 

sections were rinsed several times in 0.1M PBS, mounted in Citifluor (Citifluor Ltd, London, UK) and 

screened for tubulin β 3 and myosin-VIIa labelling using Zeiss Axio Imager M2 upright microscope. 

 Data analysis 

Data was investigated for normality with Kolmogorov-Smirnov testing and visually checked for 

approximation to the trend line with quantile-quantile (QQ) plotting. It was then analysed using one-way 

ANOVA, two-factor ANOVA with replication, Wilcoxon Rank-Sum test and Fisher Exact test (Excel, 

Microsoft, Redmond, WA). Box plots were used for data display. All data is presented as mean ± SEM. 
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3.3 Results 

 Animals 

There was one death from each of the control, vehicle and steroid groups over the course of the 

experiment which left 14 animals for final analysis. The characteristics of these animals and manipulations 

are shown in Table 10. 

Table 10 Animal parameters 

Animal ID Sex Weight (g) Study Arm Comments 

1 Male 609 Control, no manipulation   

2 Female 320 Steroid   

3 Female 349 Control, no manipulation   

4 Female 296 Vehicle   

5 Female 248 Steroid Died day 1 postop 

6 Female 242 Steroid   

7 Female 293 Steroid   

8 Male 303 Vehicle Died during 2nd operation 

9 Male 302 Steroid   

10 Male 386   Died on induction 

11 Male 304 Vehicle   

12 Male 316 Steroid   

13 Female 310 Vehicle   

14 Female 320 Steroid   

15 Male 316 Vehicle   

16 Female 305 Vehicle   

17 Female 305 Vehicle   

 

 

 Calibration 

From Chapter Two, it was shown that our novel magnetostrictive bone conduction transducer required 

calibration against a known sound intensity. This was achieved by overlaying the I-O functions of both air 

and bone conduction-evoked auditory potentials. Air conduction sound from the piezoelectric speaker 

was calibrated in dB SPL as per the Methods section and overlaid on the bone-conduction curves to yield 

an equivalent intensity in dB SPLeq, with particular attention to the mid-to-upper intensity of 60 dB SPL. 

This was regarded as a reasonable approach because the gradient of the air and bone conduction curves 

were similar but displaced. Calibration was undertaken separately for ABR, CAP and SP recordings. The 

input-output function values were normal on Kolmogorov-Smirnov testing and QQ plotting. 
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The overlay data from ABR wave II amplitudes across the frequency spectrum (Figure 27), showed no 

significant ANOVA difference at the alpha = 0.05 level. While corrected BC wave II ABR input-output 

functions for the 14 animals showed satisfactory overlay of bone conduction on air conduction for 

amplitudes, similar to our earlier acute non-recovery studies, corrected air conduction latencies above 8 

kHz were significantly shorter (Figure 28). This latency correction was applied to compensate for the 

delay in evoked potentials due to air-conducted sound travelling down the plastic tubing to the guinea pig 

tympanic membrane. This latency difference between air and bone conduction curves is postulated to be 

due to a delay in bone conduction transducer activation, or perhaps an error in our correction factor. 

Interestingly, this latency discrepancy is the opposite of what was seen for the CAP at 24 and 32 kHz 

seen in Figure 30 which were significant in showing shorter bone conduction latencies; and with our 

electrocochleography latency results from Chapter Two which showed no statistically significant baseline 

difference between AC or BC-derived latencies. 

As with wave II ABR, the P1-N1 complex from the CAP had a BC-evoked potential curve with a gradient 

sufficiently similar to the AC equivalent that the curves could be overlaid and an equivalent dB SPLeq 

sound intensity scale used (Figure 29). These were again based around intensities at 60 dB SPLeq. 

There was satisfactory overlay across frequencies and despite a slight divergence between the curves at 

the higher intensities of 8 kHz, these curves were not statistically significantly different. Interestingly, this 

high intensity 8 kHz divergence was also seen in the ABR data as well as the SP amplitudes (Figure 31). 

It may be that the BC transducer output had a trend to limited intensity at this frequency, but this was not 

enough to reach statistical significance. 

As with ABR wave II and CAP amplitudes, the SP amplitude I-O functions had excellent approximations 

and there were no significant differences between the air and bone conduction curves across the 

interrogated frequencies (all ANOVA p>0.05). This re-affirmed the use of BC-evoked auditory potential 

amplitudes in this particular study group. The differences in waveform latencies between the different 

modalities did not materially impact analysis, as this was based on amplitudes only. 
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Figure 27 Wave II auditory brainstem response air conduction (AC) and bone conduction (BC) amplitudes (µV) at different frequencies showing no statistically significant difference 

between AC or BC derived potentials. Mean +/- SEM. Green air conduction, purple bone conduction. N=14. NS not significant, all ANOVA p>0.05 
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Figure 28 Wave II auditory brainstem response air conduction (AC) and bone conduction (BC) latencies (msec) at different frequencies. While this shows no significant difference 
between AC or BC derived potentials at 8 kHz (NS not significant, ANOVA P>0.05), there were highly significant differences in wave II latencies at the remaining frequencies 
(ANOVA **P<0.01) with apparently shorter AC derived latencies. These AC derived thresholds are corrected by 0.3 ms to account for the 10 cm length of plastic tubing coupling 
the speaker to the external auditory canal. Mean +/- SEM. Green air conduction, purple bone conduction. N=14. 
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Figure 29 Compound action potential P1-N1 air conduction (AC) and bone conduction (BC) amplitudes (µV) at different frequencies show satisfactory overlay with no statistically 
significant difference (NS not significant, ANOVA all p>0.05) at all frequencies. Mean +/- SEM (n=14). Blue air conduction, red bone conduction



113 
 

 

 

Figure 30 Compound action potential air conduction (AC) and bone conduction (BC) latencies (msec) at different frequencies showing no statistically significant latency difference 
between AC and BC derived potentials from 8 kHz to 16 kHz and for P1 and N2 at 20 kHz (NS not significant, ANOVA P>0.05), but significantly shorter BC latencies for N1 at 20 
kHz (ANOVA *P<0.05) and highly significant shorter bone conduction at 24 kHz and 32 kHz (ANOVA **P<0.01). Mean +/- SEM (n=14). 



114 
 

 

 

Figure 31 Summating potential air conduction (AC) and bone conduction (BC) amplitudes (µV) at different frequencies show satisfactory overlay with no significant difference 
between AC or BC derived potentials (NS not significant, ANOVA all p>0.05). Mean +/- SEM (n=14).  
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The corrections by frequency for each animal did not reveal consistent corrections for any frequency as 

seen in Appendix I, with mean corrections varying from -10 to +2.9 dB at each frequency, suggesting that 

BC transducer output was unique for each animal-transducer coupling. 

There was, however, general agreement between the frequency corrections for an individual animal 

across the different electrophysiology modalities. This showed that for each individual experiment, the 

BC transducer produced consistently equivalent output whether we were looking at ABR, CAP or SP. 

There was better concordance between the CAP and SP corrections (Table 12) than with the ABR and 

CAP corrections (Table 11). 

 

Table 11 Difference between auditory brainstem response and compound action potential bone conduction 
corrections 

Animal 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Mean SEM 

8 kHz 5 -5 5 0 5 20 5 10 5 -5 5 0 -5 0 3.2 1.8 

12 kHz -5 0 5 -5 0 20 -5 0 -5 0 -5 5 5 -5 0.4 1.9 

16 kHz -10 0 5 -5 0 10 -5 5 5 -10 -5 10 5 -5 0.0 1.8 

20 kHz -5 -10 0 0 5 20 -10 5 5 -10 -10 15 5 -5 0.4 2.5 

24 kHz -15 -10 0 -5 10 10 0 0 5 -5 -5 10 5 -5 -0.4 2.1 

32 kHz 0 0 5 0 10 15 5 5 5 -5 -10 5 0 -5 2.1 1.7 

 

 

Table 12 Difference between compound action potential and summating potential bone conduction corrections 

Animal 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Mean SEM 

8 kHz 0 5 5 0 5 5 5 -5 0 5 0 10 5 5 3.2 1.0 

12 kHz 0 5 0 0 5 5 5 5 -5 10 5 5 5 5 3.6 1.0 

16 kHz -5 0 0 0 0 5 5 0 5 5 5 0 0 5 1.8 0.8 

20 kHz -5 -5 0 -5 5 0 5 0 0 5 0 -5 -5 0 -0.7 1.0 

24 kHz 0 0 5 5 5 5 5 0 5 0 0 0 0 5 2.5 0.7 

32 kHz -5 5 -5 10 -5 0 5 5 5 5 5 0 5 5 2.5 1.3 
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 Acute Middle Ear Manipulation 

High-speed burr contact with the ossicular chain reliably induces threshold elevation (Figure 32) and 

these findings are concordant with our findings from Chapter Two. Similar to that study, 32 kHz 

demonstrated impaired baseline thresholds. This was again attributed to the iatrogenic dissection injury 

which was required just to gain the necessary exposure to the oval window and ossicular chain. It is 

unfortunate that 32 kHz was affected in this fashion, but the finding serves to highlight the exquisite 

sensitivity of the basal cochlea to surgical injury, at least in the fashion of a TTS. The control animals 

were disproportionally affected at this high frequency. 

Following high speed burr contact with the ossicular chain, all animals showed an increase in their CAP 

thresholds, but there was a very high level of variability with a spread of threshold shifts which were 

consistently greater in the vehicle treated group (Figure 33). The steroid and vehicle treated groups were 

comparable at baseline and while there was a trend for a smaller CAP threshold shift in the steroid-treated 

group for every frequency except 24 kHz, this did not reach significance for any frequency. 

Similar to the acute study, there were significant changes in bone-conducted SP thresholds following 

middle ear manipulation for both the steroid and vehicle treated groups (Figure 34). Steroid treatment 

made no appreciable difference in thresholds when compared to the vehicle group. The two curves nearly 

completely overlay each other for every frequency except 24 kHz, where there was a non-statistically 

significant trend for the steroid treated group to have poorer thresholds. This finding is analogous to that 

seen with the CAP at this frequency as well. Underlying the mean threshold results, the threshold 

distribution for animals treated with steroid or saline was once again highly variable. However, both 

groups were comparable at baseline and the trend to threshold preservation with dexamethasone was 

seen in all frequencies except 24 kHz, but as with the CAP data, these threshold differences were not 

statistically significant (Figure 35). 

For completeness, the SP and CAP threshold data are further represented in Figure 36 and Figure 37 

which further highlight the significant difference between control and middle ear manipulation groups, and 

the lack of difference between the steroid and vehicle treated groups. The negative values in the control 

group represent recovery of threshold changes associated with recovery from the iatrogenic dissection 

injury required for exposure at the start of the experiment. 
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Figure 32 Manipulation bone conduction compound action potential (BCCAP) thresholds. Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green (n=2). No 
frequencies had a statistically significant threshold difference in the steroid treated group compared with the group treated with IV saline (NS not significant, ANOVA P>0.05), 
whereas both of the manipulation groups had highly significant threshold shifts with manipulation compared to control (ANOVA **P<0.01). 
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Figure 33 Manipulation bone conduction compound action potential (BCCAP) threshold distribution. V vehicle (n=6), D dexamethasone (n=6). The steroid and vehicle treated 
groups had no significant threshold differences between each other at baseline or following manipulation (NS not significant, ANOVA p>0.05), whereas ossicular manipulation 
caused a highly significant change in threshold for both groups (ANOVA **P<0.01).



119 
 

 

 

Figure 34 Manipulation bone conduction summating potential (BCSP) thresholds. Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green (n=2). No frequencies 
had a statistically significant threshold difference in the steroid treated group compared with the group treated with IV saline (NS not significant, ANOVA P>0.05), whereas both 
of the manipulation groups had highly significant threshold shifts with manipulation compared to control (ANOVA **P<0.01).
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Figure 35 Manipulation bone conduction summating potential (BCSP) threshold distribution. V vehicle (n=6), D dexamethasone (n=6). The steroid and vehicle treated groups had 
no significant threshold differences between each other at baseline or following manipulation (NS not significant, ANOVA p>0.05), whereas ossicular manipulation caused a highly 
significant change in threshold for both groups (ANOVA **P<0.01).  
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Figure 36 Manipulation bone conduction compound action potential (CAP) threshold shifts following middle ear 
manipulation showed a trend to threshold preservation in the steroid-treated group for all frequencies, however this 
was not significant (ANOVA P>0.05), whereas ossicular manipulation caused a highly significant threshold elevation 
compared to controls (ANOVA **P<0.01). Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green 
(n=2). 

 

Figure 37 Manipulation bone conduction summating potential (SP) threshold shifts following middle ear manipulation 
showed a trend to threshold preservation in the steroid-treated group except at 24 kHz and 32 kHz, however this was 
not significant (ANOVA P>0.05), whereas ossicular manipulation caused a highly significant threshold elevation 
compared to controls (ANOVA **P<0.01). Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green 
(n=2). 
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Following middle ear manipulation and in keeping with the threshold results, there were highly significant 

decreases in I-O amplitudes in animals with burr contact to their ossicular chain for both CAP and SP 

(Figure 38 and Figure 39). In contrast with the threshold data, however; a single IV dose of 

dexamethasone helped to reduce the amplitude loss associated with our model of middle ear injury. For 

CAP, this effect was significant by ANOVA analysis of the curves at 8 kHz and highly significant at all 

other frequencies except 32 kHz.  

The impact of dexamethasone on SP input-output functions was less marked than for CAP, and 24 kHz 

joined 32 kHz in not having a significant protective effect from steroid (Figure 39), although compared 

with the CAP results, the impact at 8 kHz was highly significant. 
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Figure 38 Manipulation bone conduction compound action potential amplitude shift showing a significant (ANOVA *P<0.05) reduction in waveform amplitude impairment for the 
steroid-treated group at 8 kHz, and a highly significant (ANOVA **P<0.01) reduction in waveform amplitude impairment at every other frequency, except 32 kHz where the 
difference was not significant (NS ANOVA >0.05). Both groups were highly significantly different (ANOVA **P<0.01) from controls. Mean +/- SEM. Vehicle in blue (n=6), steroid 
in red (n=6), control in green (n=2). 
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Figure 39 Manipulation bone conduction summating potential amplitude shift showing a highly significant (ANOVA **P<0.01) reduction in waveform amplitude impairment for the 
steroid-treated group at 8 kHz to 20 kHz. 24 kHz and 32 kHz showed no significant (NS) difference in the steroid treated group. Both groups were highly significantly different 
(ANOVA **P<0.01) from controls. Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green (n=2).
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In addition to the poorer BC thresholds following middle ear manipulation, consistent with an acute 

sensorineural injury, there were many examples of immediately impaired AC thresholds relative to BC 

thresholds. Where BC thresholds were better than AC, a conductive hearing loss was present. Table 13 

demonstrates these differences for the CAP, while Table 14 shows the AC impairment relative to BC for 

the SP. There were no instances where AC thresholds were better than BC. Caution is required for 

differences 10 dB or less, as these may fall within the test-retest variability of our testing parameters, but 

losses of 15 dB or greater are evident nonetheless. Even a shift of 5 dB translocated the I-O curves so 

that amplitude deterioration was evident at all intensities (Figure 40). 

Table 13 Compound action potential immediate post-manipulation bone conduction threshold 
better than air conduction threshold (dB). Losses greater than 10 dB highlighted in red 

Animal ID 8 kHz 12 kHz 16 kHz 20 kHz 24 kHz 32 kHz 

1 (Control) 5 10 0 5 0  

2 5 10 5 10 0 0 

3 (Control) 0 0 0 0 0 0 

4 5 5 0 0 0  

5 5 5 0 5   

6 0 0 0 0 0 0 

7 10 5 5 10 10 10 

8 0 10 0 0 5 0 

9 0 10 10 0   

10 0 5 5 10 10  

11 5 10 15 10 15 10 

12 5 0 0 0 5 5 

13 10 0 0 0 0 0 

14 25 10 25 25 30  

 

Table 14 Summating potential immediate post-manipulation bone conduction threshold 
better than air conduction threshold (dB). Losses greater than 10 dB highlighted in red 

Animal ID 8 kHz 12 kHz 16 kHz 20 kHz 24 kHz 32 kHz 

1 (Control) 5 0 0 5 0 0 

2 0 0 0 0 0 0 

3 (Control) 0 0 0 0 0 0 

4 0 0 0 0 0 0 

5 0 0 0 0 0 15 

6 0 0 0 0 0 0 

7 0 0 0 0 5 0 

8 0 0 0 0 5 0 

9 0 0 0 0 5 5 

10 0 0 5 0 0 0 

11 5 5 0 15 0 10 

12 0 0 0 0 0 10 

13 0 5 0 0 5 10 

14 25 10 25 20 35 5 
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Figure 40 Animal #2 air- and bone-conduction compound action potential amplitudes post-manipulation showing poorer air conduction (AC) input-output functions in relation to 
bone conduction (BC), indicative of a conductive hearing loss at all frequencies, except at 32 kHz where the results were equivocal and limited to a few data points.
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Figure 41 Animal #2 air- and bone-conduction summating potential amplitudes post-manipulation showing much better alignment between air conduction (AC) and bone 
conduction (BC) input-output functions, and contrast Figure 40 where a conductive loss was present at nearly all frequencies.  
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From Table 13 and Table 14 it is apparent that the CAP threshold is more impaired than the SP threshold 

by possible middle ear dysfunction and associated conductive hearing loss (CHL), except in the case of 

animal #14 where the CAP and SP AC values were impaired by a similar degree (this CHL was 

recognised at the time of surgery and the animal was subsequently noted to have a hypermobile 

incudomalleal complex). It may be that disruption of the ossicular chain impairs both the SP and CAP, 

while other potential conductive hearing loss aetiologies, such as middle ear effusion, differentially impair 

CAP more than SP. 

When the input-output functions were examined more closely, there were again instances of impaired 

post-manipulation AC amplitudes compared to BC. An example of this was from animal #2 in Figure 40. 

As with thresholds, the input-output functions of the SP contrasted with the CAP and showed preserved 

AC-BC alignment with no apparent conductive hearing loss (Figure 41 is from same animal as Figure 

40).  

Despite these acknowledged limitations of using air conduction-evoked potentials, analysis of the input-

output functions of the air conduction cochlear microphonic (CM) did not show any difference between 

steroid and vehicle manipulation groups (Figure 42).
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Figure 42 Manipulation air conduction cochlear microphonic (CM) amplitude shift showed no significant difference in amplitude between steroid and vehicle treated animals 
immediately after ossicular vibration. The differences from controls were all highly significant **P<0.01. Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green 
(n=2). NS not significant, ANOVA P> 0.05.
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 Chronic changes 

Both air and bone conduction were used to assess the chronic impact of the middle ear manipulation. 

The use of bone conduction is important given the apparent conductive losses from the acute middle ear 

intervention. The same animal and frequency specific BC correction factors from the acute manipulation 

were applied to the raw BC data from the follow up electrophysiology. This followed from the assumption 

that those BC correction factors do not change between acute and recovery recordings. 

Equivalent to Table 13 and Table 14, Table 15 and Table 16 demonstrate the differences between 

calibrated AC and corrected BC thresholds, incorporating the same animal and frequency specific BC 

correction factors from the immediate post middle ear manipulation experiment. As well as identifying 

some persisting or further apparent conductive losses, many of the follow up results had apparently much 

better AC thresholds than BC. Those results implied an improved middle ear transducer effect or deficient 

BC transducer coupling. The first of those possibilities is unlikely, and as can be seen from those same 

tables, there were multiple examples of AC better than BC as well as BC better than AC in the same 

animal at different frequencies. Those instances where BC was better than AC indicate that the 

transducer was adequately affixed, but that the BC transducer output, or at least the intensity at the 

cochlea level, was different for the transducer, cement and coupling screw configuration in the recovery 

experiment than from the recordings immediately following middle ear manipulation. Considering once 

again the limits of test-retest variability, AC values higher than BC only greater than 10 dB are highlighted 

in Table 15 and Table 16. 

Table 15 Compound action potential recovery bone conduction (BC) threshold better 
than air conduction (AC) in dB. Apparent AC better than BC highlighted in red. 

Animal ID 8 kHz 12 kHz 16 kHz 20 kHz 24 kHz 32 kHz 

1 (Control) -15 0 0 0 15 0 

2 0 10 20 35 40 20 

3 (Control) -20 -10 0 0 35 0 

4 0 -20 -20 -15 10 10 

5 25 20 10 20 0 0 

6 -15 0 20 10 15 10 

7 5 0 5 5 0 5 

8 -15 -5 0 -5 -10 -5 

9 -20 20 25 5 -5 5 

10 -5 5 0 -10 -10 -5 

11 0 0 0 5 0 0 

12 5 0 0 0 0 10 

13 0 0 0 0 0 -15 

14 15 5 5 5 30 35 
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The possibility of a residual conductive hearing loss at the time of the follow up recordings was 

considered, but a loss due to middle ear effusion could be mainly ruled out as none of the animals had 

an effusion at the time of follow up. Despite the possibility of a residual conductive hearing loss, the 

decision was made to use calibrated AC data from the follow up recordings rather than uncalibrated BC 

where there were concerns with accuracy of the bone conduction thresholds. By utilising AC data at follow 

up and baseline, we were also able to examine the effect on the CM, which was otherwise confounded 

by the use of the magnetostrictive BC transducer. 

Table 16 Summating potential recovery bone conduction (BC) threshold better 

than air conduction (AC) in dB. Apparent AC better than BC highlighted in red. 

Animal ID 8 kHz 12 kHz 16 kHz 20 kHz 24 kHz 32 kHz 

1 (Control) 0 0 5 10 15 5 

2 0 0 10 40 45 25 

3 (Control) -5 -10 -10 5 25 10 

4 0 -15 -20 -25 10 0 

5 0 0 0 15 0 10 

6 -20 -10 0 15 15 20 

7 5 0 0 0 0 5 

8 -5 -5 5 0 -5 0 

9 -20 20 20 5 -5 0 

10 -5 0 0 -20 -20 -5 

11 0 0 0 10 5 -5 

12 0 0 0 5 0 10 

13 0 10 5 0 0 -10 

14 10 10 15 5 25 20 

 

All animals subject to middle ear manipulation in this model had a permanent threshold shift two weeks 

after middle ear manipulation. ABR recovery results demonstrate this (Figure 43). However, there was 

no threshold difference between vehicle and steroid treated animals. Indeed, the vehicle and steroid 

curves were completely superimposed at 20 kHz, and nearly again at 24 kHz. Control animals 

demonstrated a striking recovery of thresholds at 32 kHz, consistent with recovery from their initial 

dissection injury. The steroid treated group had statistically significantly poorer I-O waveform amplitudes 

at 32 kHz (Figure 44), but no other frequency showed a difference between the steroid and vehicle treated 

groups. 

The recovery CAP mean (Figure 45) and distribution (Figure 46) thresholds showed post-manipulation 

threshold improvement after two weeks for most frequencies, except those treated with steroid in the 20 

kHz and 24 kHz groups where mean thresholds were marginally worse. While there was no significant 

recovery threshold difference between the vehicle and steroid groups, the trend was for steroids to impair 

recovery thresholds at all frequencies, with the exception of 12 kHz where the effect came close to being 

significant and protective. 
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Similar to CAP results, the SP mean and threshold distributions showed recovery from middle ear 

manipulation across all frequencies. The trend was better threshold recovery in the steroid treated group 

at 8 – 16 kHz, but conversely for poorer threshold recovery in the steroid treated group at frequencies 

above this (Figure 47 and Figure 48). None of these threshold differences reached significance, however. 

Cochlear microphonic thresholds were higher at baseline than all other evoked auditory potentials (Figure 

49 and Figure 50). Over the course of the study, the control animals had a slight improvement in their 

thresholds across all frequencies except 32 kHz. Conversely, the animals undergoing middle ear 

manipulation had a modest threshold elevation, but the magnitude of this was less than that seen in ABR, 

CAP or SP. The CM results for steroid treated animals were essentially identical to those administered 

IV saline. 

Once again, the threshold shifts from baseline to recovery are shown in Figure 51, Figure 52, Figure 53 

and Figure 54 for ABR, CAP, SP and CM respectively. These highlight the changes in threshold from 

baseline to recovery at each frequency for the saline, steroid and control groups; the lack of significant 

threshold shift differences between steroid and vehicle treated animals; and, how with time the cochlear 

injury associated with the dissection necessary for exposure was able to recover in every instance, except 

at high frequencies for the microphonic. 

All animals had a persisting threshold shift of at least 10 dB in at least one frequency for SP, CAP, CM or 

ABR. The only CAP frequency where there was no statistically significant threshold difference at recovery 

for all evoked potentials (ANOVA P>0.05) was at 32 kHz, which was likely in part due to recovery from 

the high baseline thresholds due to dissection injury for exposure. In contrast, both the SP and ABR 

thresholds did not show a statistically significant difference between baseline and final recovery 

thresholds at 12 kHz and 16 kHz in addition to the lack of significance (ANOVA P>0.05) at 32 kHz. Finally, 

the CM recovery thresholds while also not significantly different from baseline at 32 kHz, were not 

significantly different between these two time points for 8 kHz either.
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Figure 43 Chronic air conduction auditory brainstem response (ABR) thresholds at recovery showed no significant (NS) difference between the steroid and vehicle treated animals 
(ANOVA >0.05) for any frequency. There were no statistically significant differences in manipulation recovery thresholds in comparison to baseline for 12 kHz, 16 kHz and 32 
kHz, whereas the manipulation threshold shift from baseline was significant (ANOVA *P<0.05) at 8 kHz and 20 kHz, and highly significant (ANOVA **P<0.01) at 24 kHz. Mean 
+/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green (n=2). 
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Figure 44 Chronic air conduction auditory brainstem response (ABR) amplitude shift at recovery showed no significant (NS) difference in amplitude between the steroid and 
vehicle treated animals for frequencies, except at 32 kHz where the steroid treated group had significantly (ANOVA **P<0.01) poorer recovery amplitudes. Vehicle in blue (n=6), 
steroid in red (n=6), control in green (n=2). 
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Figure 45 Chronic compound action potential (CAP) thresholds at recovery. No frequencies had a significant threshold difference in the steroid treated group compared with the 
group treated with saline (NS ANOVA >0.05). Final thresholds for manipulation animals remained significantly (ANOVA *P<0.05) elevated for 12 kHz and 16 kHz, and highly 
significantly elevated (ANOVA **P<0.01) for 8 kHz, 20 kHz and 24 kHz. The final threshold for manipulation animals at 32 kHz was not significantly different from baseline (ANOVA 
P>0.05). Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green (n=2). 
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Figure 46 Chronic compound action potential (CAP) threshold distribution at recovery. The results from Figure 33’s acute manipulations are included for comparison. There was 
no significant (NS) difference between steroid and vehicle treated groups (ANOVA P>0.05) at any frequency. There were persisting threshold shifts from baseline at all frequencies 
except 32 kHz. These persisting threshold shifts were significant (ANOVA *P<0.05) at 12 kHz and 16 kHz, and highly significant (ANOVA **P<0.01) at all other frequencies. V 
vehicle (n=6), D dexamethasone (n=6). 
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Figure 47 Chronic summating potential thresholds (SP) at recovery. No frequencies had a significant threshold difference in the steroid treated group compared with the group 
treated with saline (NS ANOVA >0.05). Final thresholds for manipulation animals remained significantly (ANOVA *P<0.05) elevated for 8 kHz and 20 kHz, and highly significantly 
elevated (ANOVA **P<0.01) for 24 kHz. The final threshold for manipulation animals at 12 kHz, 16 kHz and 32 kHz were not significantly different from baseline (ANOVA P>0.05). 
Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green (n=2).



138 
 

 

Figure 48 Chronic summating potential threshold distribution at recovery. The results from Figure 35’s acute manipulations are included for comparison. There was no significant 
(NS) difference between steroid and vehicle treated groups (ANOVA P>0.05) at any frequency. There were persisting significant threshold shifts from baseline at 8 kHz and 20 
kHz (ANOVA *P<0.05) and a highly significant threshold shift at 24 kHz (ANOVA **P<0.01). All other frequencies had no significant final threshold shift from baseline (ANOVA 
P>0.05). V vehicle (n=6), D dexamethasone (n=6). 
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Figure 49 Chronic cochlear microphonic (CM) thresholds at recovery. No frequencies had a significant threshold difference in the steroid treated group compared with the group 
treated with saline (NS ANOVA >0.05). Final thresholds for manipulation animals remained significantly (ANOVA *P<0.05) elevated for 12 kHz, 16 kHz, and 24 kHz, and highly 
significantly elevated (ANOVA **P<0.01) for 20 kHz. The final threshold for manipulation animals at 8 kHz and 32 kHz were not significantly different from baseline (ANOVA 
P>0.05). Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green (n=2).
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Figure 50 Chronic cochlear microphonic (CM) threshold distribution at recovery. There was no significant (NS) difference between steroid and vehicle treated groups (ANOVA 
P>0.05) at any frequency. There were persisting significant threshold shifts from baseline at 12 kHz,16 kHz and 24 kHz (ANOVA *P<0.05) and a highly significant threshold shift 
at 20 kHz (ANOVA **P<0.01). 8 kHz and 32 kHz had no significant final threshold shift from baseline (ANOVA P>0.05). V vehicle (n=6), D dexamethasone (n=6).
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Figure 51 Chronic auditory brainstem response (ABR) threshold shifts following middle ear manipulation showed no 
clear influence of steroid on thresholds and none of these changes reached statistical significance (ANOVA P>0.05). 
The manipulation group threshold shift from baseline was not seen at 12 kHz, 16 kHz or 32 kHz (ANOVA P>0.05), 
but the threshold shift was still significant at 8 kHz and 20 kHz (ANOVA *P<0.05), and highly significant at 24 kHz 

(ANOVA **P<0.01).  Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green (n=2). 

 

Figure 52 Chronic compound action potential (CAP) threshold shifts showed the steroid treated group had a trend to 
preservation of thresholds in frequencies up to 16 kHz, while 20 kHz and above indicated a trend to poorer thresholds, 
but these findings were not significant (ANOVA P>0.05). The threshold shift from baseline for manipulation animals 
was no longer significant at 32 kHz (ANOVA P>0.05), but remained significant at 12 kHz and 16 kHz (ANOVA 
*P<0.05) and remained highly significant at 8 kHz, 20 kHz and 24 kHz (ANOVA **P<0.01).  Mean +/- SEM. Vehicle 
in blue (n=6), steroid in red (n=6), control in green (n=2). 
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Figure 53 Chronic summating potential (SP) threshold shifts showed a similar pattern to Figure 52 with a trend to 
steroid preservation of lower frequency thresholds, but a reversal of this in the higher frequencies; however, none of 
these findings were significant (ANOVA P>0.05). As well as no longer having a significant threshold difference from 
baseline at 32 kHz, 12 kHz and 16 kHz no longer had a significant threshold shift from baseline (ANOVA P>0.05). 
There continued to be significant threshold shifts at 8 kHz and 20 kHz (ANOVA *P<0.05) and a highly significant 
threshold shift at 24 kHz (ANOVA **P<0.01).  Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in 
green (n=2). 

 

Figure 54 Chronic cochlear microphonic (CM) threshold shifts showed steroid had no significant impact on thresholds 
at any frequency (ANOVA P>0.05). As well as no longer having a significant threshold difference from baseline at 32 
kHz, 8 kHz no longer had a significant threshold shift from baseline (ANOVA P>0.05). There continued to be 
significant threshold shifts at 12 kHz, 16 kHz and 24 kHz (ANOVA *P<0.05) and a highly significant threshold shift at 
20 kHz (ANOVA **P<0.01).  Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green (n=2). 
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While none of the threshold changes reached statistical significance, the I-O functions at recovery for 

CAP and SP all showed either a significant, or a highly significant mitigating effect of IV dexamethasone 

administered prior to traumatic middle ear manipulation (Figure 55 and Figure 56). The exception again 

was at 32 kHz where the results were either not significant (CAP) or showed greater amplitude impairment 

(SP). Dexamethasone completely ameliorated the CAP amplitude impairment at 12 kHz and corroborates 

the borderline significant threshold improvement seen earlier. 

Contrasting with the other cochlear potentials, the microphonic data showed that the steroid group had a 

greater reduction in their CM amplitude than those given saline (Figure 57). The amplitude difference was 

moderate, but significant at 8, 12 and 16 kHz, and while the amplitude difference was smaller at 24 and 

32 kHz, the difference was highly significant. 
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Figure 55 Recovery compound action potential amplitude shifts showed highly significant (ANOVA ** P<0.01) preservation of evoked potential amplitudes at every frequency 
except 32 kHz where the differences were not significant (NS ANOVA >0.05). The results were particularly striking at 12 kHz where there was no significant difference between 
the steroid-treated group and the controls. Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green (n=2). 
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Figure 56 Recovery summating potential amplitude shifts also showed highly significant (ANOVA ** P<0.01) preservation of evoked potential amplitudes at nearly every frequency. 
The difference of significance at 20 kHz was ANOVA P<0.05, and at 32 kHz the difference was highly significant for poorer thresholds in the steroid-treated group. Mean +/- SEM. 

Vehicle in blue (n=6), steroid in red (n=6), control in green (n=2).
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Figure 57 Recovery cochlear microphonic amplitude shifts showed significant amplitude impairment in the steroid group at 8 kHz and 12 kHz (ANOVA *P<0.05), and highly 
significant amplitude impairment at 16 kHz and 32 kHz (ANOVA **P<0.01). In contrast, the steroid-treated group had a small but highly significant preservation of amplitudes at 
24 kHz (ANOVA **P<0.01), while no significant (NS) difference was seen at 20 kHz (ANOVA P>0.05). Mean +/- SEM. Vehicle in blue (n=6), steroid in red (n=6), control in green 
(n=2). 
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3.4 Discussion 

We used bone conduction auditory stimulation to investigate the cochlear effects of an ossicular 

manipulation in a recovery guinea pig model, and investigated the impact of a single dose of steroid given 

intraoperatively, immediately prior to the manipulation. This is the first time that a high frequency bone 

conduction transducer has been used to compare the results of ossicular manipulation recovery in small 

animals.  

To summarise our main findings, we showed that all animals sustained a permanent threshold shift from 

our middle ear manipulation model. This PTS showed mixed recovery with time, but never completely 

returned to baseline for all frequencies across all forms of evoked auditory potentials in any animal. This 

extended our earlier studies of acute evoked auditory potentials following middle ear manipulation from 

Chapter Two and demonstrates the natural history of such a trauma. We also showed that a single 

intravenous dose of dexamethasone thirty minutes prior to middle ear manipulation did not have any 

significant effect on preservation of auditory thresholds, but that it did provide highly significant 

preservation of input-output functions for both CAP and SP. Finally, we showed that the bone conduction 

transducer calibration values prior to manipulation were not able to be used for the recovery recordings 

as they produced highly variable results. 

Conductive hearing losses were seen following manipulation and we attempted to address this with BC 

stimulation of the cochlea. This was successful in the acute phase of the experiment where the 

configuration of the BC transducer, coupling screw and cement were the same at both baseline and 

following manipulation. While the animal was anesthetised, the configuration of the transducer attachment 

was unchanged, so any deterioration in the different evoked potentials was likely to be sensorineural in 

nature. Further support of the reliability of bone conduction in this context is the close agreement between 

baseline thresholds across the different recording modalities of ABR, CAP and SP (Table 11 and Table 

12). 

By utilising calibrated bone conduction to evoke the different auditory potentials, it was notable how many 

recordings demonstrated a postoperative difference between air- and bone-conduction, indicating a 

conductive hearing loss (Table 13 and Table 14). If AC-evoked potentials alone were used, as is standard 

with most animal studies, it would be impossible to determine whether the loss was sensorineural or 

conductive in nature. In one animal (#14) this conductive loss could be attributed to the incudomalleal 

complex which was no longer connected to the stapes, but in the other animals no ossicular abnormality 

was identified, raising the possibility of a middle ear effusion which was not recognised or other trauma 

which could not be observed.  

It was notable that the conductive hearing loss for CAP (Table 13) was much more evident than for SP 

(Table 14), except in the one animal with ossicular discontinuity. The reasons for this discrepancy 

between CAP and SP apparent conductive losses are not clear, but may relate to the different generators 
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of these potentials. The SP is a sustained potential which is thought to arise predominantly from the inner 

hair cells, and weighted more to the high frequency region of the basal cochlea, but also has input from 

the basal and apical outer hair cells (Durrant et al., 1998). The CAP is the action potential of the auditory 

nerve and represents recruitment of individual neurons with increasing stimulus intensity (Brown & 

Patuzzi, 2010). It is hypothesised that in the presence of a conductive hearing loss there is some process 

whereby air conduction sound can still depolarise the inner hair cells, but that this is insufficient to evoke 

an auditory neural potential, whereas the same BC stimulus intensity can evoke both the SP and the 

CAP. Clinically, the SP/AP ratio may be increased in cases of superior semicircular canal dehiscence 

where patients have a conductive hearing loss due to supra-normal bone conduction thresholds (Adams 

et al., 2011). In that context, it is the SP amplitudes which are elevated and this amplitude elevation may 

or may not correspond to the changes in the threshold for SP generation which we saw. This appears to 

be the first time that this difference between SP and CAP generation in relation to a surgically-induced 

conductive hearing loss has been identified and warrants further investigation. 

Despite the acknowledged limitations of AC due to possible underlying CHL following ossicular 

manipulation, utilising AC evoked potentials in our study had the advantage of being able to analyse 

changes to the CM. The CM is believed to arise predominately from the sound-evoked outer hair cell 

receptor potentials (Dallos & Wang, 1974) and has a location dependent influence on the waveform, with 

most contributory activity from the basal turn and very little from the cochlear apex (Withnell, 2001). CM 

analysis was not possible for the bone-conduction evoked potentials because the bone conductor 

generated a significant amount of electromagnetic noise. This was able to filtered out when analysing the 

lower frequency CAP, SP and ABR, but as the CM frequency represents that of the evoking sound, it was 

impossible to discern transducer signal from the microphonic with the bone conductor. The CM 

immediately following ossicular contact was nearly identical between steroid and vehicle treated animals, 

and this similarity persisted into recovery. 

The results from our chronic experiments are difficult to interpret. One of our underlying hypotheses was 

that the frequency response from the bone conduction transducer and coupling pin configurations were 

consistent within a given animal. If this were so, then a correction factor for bone-conduction could be 

established at the start of the experiment by aligning the bone-conduction input-output curves with their 

air-conduction equivalents. It was anticipated this same correction factor could then be used in the chronic 

recovery experiments to correct the bone conduction derived results independent of air conduction. This 

had the attraction of not being misled by air conduction which may be confounded by a conductive hearing 

loss: either residual from that demonstrated in the acute experiments; or new, possibly from a middle ear 

effusion or adhesions. 

Our recovery data indicated that this was not the case. There were some anticipated differences at 

recovery between air- and bone-conduction thresholds and input-output functions indicative of a residual 

conductive hearing loss, but there were also many examples where air conduction results were markedly 
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better than bone conduction. In contrast, there were no instances where AC was higher than BC in the 

results from our immediate post-manipulation recordings, which if present would have been concerning 

for slippage of the BC transducer. These instances of apparently better AC at recovery may have been 

due to an unappreciated conductive hearing loss present at the initial correction overlay which 

subsequently resolved at the time of the chronic experiment, or more likely it is due to different sound 

transmission characteristics with different configurations between the bone conduction transducer, 

coupling pin and cement. For this reason, it was decided to analyse the air conduction results for the 

recovery experiments, because at least a uniformly calibrated sound level was being used. This does not 

permit any way to identify possible conductive hearing losses, however, and this remains a potential 

confounder. 

We postulate that this BC transducer variability is due to the unique transducer-screw-cement 

configuration for each instance of anaesthesia. Barany noted that BC cochlea responses are a product 

of the sensitivity of the end organ and the efficiency of the most efficient bone conduction pathway 

(Barany, 1938). It is probable that this conduction pathway differed in our experiments if perhaps the 

amount of cement used, or the exact orientation of the transducer, or how the connecting screw sat over 

the vibrating pin of the transducer was different at the recovery anaesthetic. 

The variability of the transducer-screw-cement configuration may have been reduced by affixing the 

coupling screw directly onto the transducer’s vibrating pin. This was discussed with our engineering 

support team and decided against due to the fragile nature of the transducer and possible damage in 

creating a thread on the transducer pin. The transducer pin itself was far too short to contact the skull, 

and any moisture around the contact site would have seeped into the transducer. 

Future possibilities to address the limitation of BC transducer calibration may be investigated by attaching 

an accelerometer to a fixed bony landmark and measuring BC transducer vibration. The accelerometer 

may, however, suffer the same issues of attachment variability and so potentially a laser Doppler 

vibrometer (LDV) could be targeted to a fixed bony anatomical reference point on the skull and used to 

standardise BC transducer output. This has already been demonstrated in a temporal bone study where 

the LDV incus motion was examined while the ossicular chain was being drilled (Jiang et al., 2007). 

While the numbers of animals used in this study were relatively low, in conjunction with our acute ossicular 

manipulation study in Chapter Two, we demonstrated a reliable and repeatable middle ear injury by 

bringing a high-speed burr briefly into contact with the ossicular chain. Such an event is a risk of middle 

ear surgery in humans and has been implicated in sensorineural injury in cases where the otologic drill 

was used (Lau & Tos, 1986; Lee & Schuknecht, 1971; Sheehy & Anderson, 1980; Smyth, 1976; Smyth 

et al., 1971).  

It was, however, evident in nearly all animals that this was not the only cochlear injury associated with 

the study. All animals which had dissection and exposure of the incudomalleal complex had poorer 
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thresholds at 32 kHz. As this was also present in the control animals, it is postulated that this represents 

a dissection injury. The mechanism of this is not clear, but it may be due to noise injury while the bulla 

was carefully opened. It is unlikely to be from thermal injury from cautery as the hearing loss was so 

uniformly present and the cautery was not. Caution was exercised so that the ossicles were not contacted 

at any other point in the experiment and there was no other obvious cause for a conductive loss, such as 

blocked tubing from the speaker or middle ear fluid, as the lower frequencies were essentially normal. 

The loss at 32 kHz is also unlikely to be due to other experiment parameters such as anaesthesia, other 

drugs used, or impaired animal physiology because of the many examples where 32 kHz thresholds and 

input-output functions were much improved at follow up recordings where the same anaesthesia and 

animal setup was used. It is postulated then: that the isolated loss at 32 kHz represents a temporary 

threshold shift due to some feature of ossicular exposure; is compounded by the experimental ossicular 

manipulation; and then in many cases showed evidence of recovery. That only 32 kHz was affected is 

congruent with other evidence that it is the higher frequency regions of the cochlea which are most 

sensitive to surgical injury when compared to the more resilient frequencies from the apical region 

(Babbage et al., 2017). 

We were unable to explain the differences between air and bone conduction-evoked threshold latencies. 

For ABR, the air conduction-evoked latencies were earlier than their bone-conduction equivalents for all 

frequencies above 8 kHz. Whereas for CAP, the bone conduction-evoked latencies were marginally but 

statistically earlier than those from air conduction. This contrasts with our findings from Chapter Two 

which showed no significant difference in CAP latencies between air and bone conduction evoked 

auditory potentials. It may be that this discrepancy arises from our calibration methodology where the air 

and bone conduction input-output curves were overlaid with reference to amplitude. The amplitude 

comparisons between air and bone conduction-evoked potentials were not statistically significant for 

ABR, CAP and SP, indicating that the amplitudes and shapes of the input-output function curves could 

be approximated. Our outcome analysis focused on threshold and amplitude I-O data and given the 

inconsistencies in baseline latency data, these were not evaluated following manipulation, intervention or 

recovery. 

There are few animal recovery ossicular manipulation studies in the literature, and even fewer which 

present data on postoperative hearing. This is likely to be at least partly because of the recognised 

limitations of evoked auditory potentials or behavioural testing in animals which may have a coexisting 

iatrogenic conductive hearing loss. Paparella (Paparella, 1962) placed a 4 mm burr against the malleus 

and body of the incus in four cats for 5 – 15 seconds. All four animals sustained hearing loss (30 dB in 

three animals and 55 dB in the fourth) and showed basal turn organ of Corti injury, mostly involving the 

outer hair cells. He noted “the larger burr transmits a greater amplitude of motion to the stimulated ossicle 

which probably results in a greater volume displacement of perilymph beneath the footplate.” 
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In a recovery guinea pig model, Gjuric et al. (Gjuric et al., 1997) contacted the body of the incus with a 

1.44 mm diamond burr at 20,000 rpm for 10 seconds and evaluated hearing outcomes. Corroborating 

our studies, they showed a greater threshold shift in the higher frequencies. Also in agreement with our 

findings, there was no significant spontaneous recovery of thresholds, and their study was over a much 

longer follow up period of five weeks. No I-O function data was presented and they investigated lower 

frequencies than we did so they may not have seen even greater injury at higher frequencies. Other 

differences between our studies included their use of a diamond burr for longer contact, as opposed to 

our cutting burr for shorter contact, which is more likely in the clinical situation. Finally, they only used AC 

evoked potentials so CHL remain a potential confounder for them as well. 

In clinical studies, Kylen & Arlinger noted a TTS following temporal bone drilling which varied from 5 – 40 

dB at 4 and 8 kHz (Kylen, Arlinger, et al., 1977). Only one out of the 11 patients with a TTS went on to 

maintain a PTS as well. Hallmo used the Pracitronic KH70 bone vibrator to test from 8 – 16 kHz and 

found no evidence of drill related postoperative sensorineural hearing loss, but they only reported means 

for group and not individual patients, so it is uncertain if any individual patients had a PTS (Hallmo & Mair, 

1996). Urquhart et al. had the same null finding in patients who required mastoid drilling, but again, they 

used mean reporting for the group and so any potential PTS may have been missed (Urquhart et al., 

1992).  

In our study, all animals showed a PTS. Many showed threshold recovery, but in no animal did thresholds 

return to baseline values at all frequencies across all evoked potential modalities. This may be because 

a TTS was still resolving, although two weeks would be considered an appropriate follow-up period in 

many guinea pig ear studies (Astolfi et al., 2016; Chihara, Wong, Curthoys, & Brown, 2013; Duan & 

Canlon, 1996). Another explanation for why we saw 100% PTS may be because our middle ear 

manipulation was significantly greater than what human ears may be inadvertently exposed to during 

middle ear surgery. 

Overall, following ossicular manipulation with our model we saw impairment in at least the CM 

representing outer hair cells, as well as the heavily inner hair cell dependent SP. These generator cells 

in turn have a downstream effect on the CAP neural activity, but caution must be exercised with 

interpretation as the relationship is not linear. For instance, the non-significant threshold difference from 

baseline to recovery for SP but not for CAP at 12 and 16 kHz suggests recovery of the inner hair cells in 

the presence of a persisting neuronal deficit; but as the CM threshold at 12 and 16 kHz was still 

statistically different from baseline it is difficult to attribute the persisting CAP threshold shifts to neural 

injury. Furthermore, our ABR results paralleled those for SP, whereas it would have been expected that 

the ABR would be better correlated with CAP given the common electrical potential generator cells. 

Histopathology could help qualify the anatomic sites of injury, but as this study was primarily clinical with 

regards to hearing outcomes, the demonstrated tissue immunofluorescence is illustrative only. Further 

studies should address this question.  
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Our steroid treated group showed a trend to improved thresholds as compared to the vehicle treated 

group immediately following middle ear manipulation for both CAP (Figure 36) and SP (Figure 37), 

although the results did not reach significance. In contrast, animals demonstrated significantly less 

impairment of CAP and SP input-output functions in the steroid treated group (Figure 38 and Figure 39). 

The recovery experiments showed a durable protective steroid effect on SP and CAP I-O function, but 

had no consistent impact on thresholds. The effect of prophylactic steroids has been noted clinically with 

mixed results, with some evidence of less serous labyrinthitis in steroid-treated groups (Hendershot, 

1968) while two studies demonstrated more vertigo (Hendershot, 1974; Riechelmann et al., 2000) and 

another study showed poorer closure of the air-bone gap (Hendershot, 1974). The greatest body of 

literature supports its use prior to cochlear implantation (Chambers et al., 2019; Chang et al., 2017; 

Kuthubutheen et al., 2017; Lyu et al., 2018; Ye et al., 2007). Potential mechanisms of steroid protection 

in middle ear surgical trauma were investigated by Hashimoto et. al (Hashimoto, Seki, Miyasaka, & 

Watanabe, 2006) who showed a dose dependent decrease in peroxidase leak from the stria vascularis 

with higher doses of steroid prior to ossicular burr contact. It may be that the mineralocorticoid effect of 

dexamethasone on cochlear blood flow is actually more important than any inflammatory effect 

(MacArthur, Hausman, Kempton, & Trune, 2015), particularly when the vasospastic effect of another 

injurious stimulus, noise, is considered (Lawrence, Nuttali, & Burgio, 1975; Thorne & Nuttall, 1987, 1989). 

This discrepancy between evoked potential thresholds and I-O waveform amplitudes was previously 

noted by Kujawa and Liberman after noise exposure in rats (Kujawa & Liberman, 2009). They 

demonstrated this was due to a loss of synaptic ribbons and is a cochlear synaptopathy. They further 

showed that outer hair cell function was normal. Histopathology was not a primary outcome measure for 

our studies, but it is possible that our results point to a similar aetiology. With the decrement in both SP 

and CAP I-O amplitudes, it is difficult to ascribe where the injury lies physiologically, as the neural 

response is dependent on hair cell function (Fujita, 1990). All we are able to say is that a single dose of 

IV dexamethasone prior to ossicular burr manipulation was able to preserve auditory output, as evidenced 

by better CAP I-O amplitudes, likely because of preservation of the underlying hair cell ± neural structures. 

The pharmacokinetics of pre- and intra-operative steroids have been extensively reviewed and the 

optimal method of drug delivery is a source of ongoing debate, with different routes likely to be treating 

different conditions in different regions of the cochlea (Wang et al., 2018). The two primary methods are 

systemically or topically within the middle ear cleft / bulla. Systemic delivery distributes preferentially to 

the apical regions of the cochlea because of the excellent blood supply at this site (Creber, Eastwood, 

Hampson, Tan, & O'Leary, 2018). In contrast, the basal region is vascular watershed area (Tange & 

Hodde, 1985) which is one of the proposed reasons why this region is more susceptible to all forms of 

injury (Crowe et al., 1934), and compared to the apical region the drug delivery may be relatively poorer. 

A further question is whether it is desirable to have the drug in the perilymph or should it be within 

endolymph? The stria vascularis on the lateral wall of the cochlea has a high blood flow (Prazma, Vance, 

& Rodgers, 1984) and may therefore also allow better systemic drug delivery to the endolymph. 
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Topical drug delivery to the cochlea is dependent on several factors including duration of exposure to the 

drug, the permeability of the access portal (Creber, Eastwood, Hampson, Tan, & O'Leary, 2019), and 

diffusion within the perilymph (Sadreev et al., 2019; Salt & Plontke, 2018). Allowing the drug adequate 

time to diffuse from the middle ear to the inner ear is critical. It is important not just to have the drug in 

the middle ear, but it needs to be adjacent to the round and oval windows where it will diffuse into the 

cochlea. Transtympanic injection of drugs may be performed well in advance of any manipulation, but 

may be confounded by the agent not contacting the round or oval windows due to air bubbles at these 

sites (Meyer, 2013). Additionally, the length of time the fluid persists in the middle ear is variable before 

it is cleared down the Eustachian tube (Lajud et al., 2013). This clearance may be reduced by delivering 

the drug bound to a gel which permits a slower release of steroid for longer (Honeder et al., 2016). 

Topical penetration of drug from the middle ear into the cochlea also depends on the nature of the drug. 

This primarily relates to the size of the molecule and its ionic charge (Salt & Plontke, 2018). Smaller 

molecules diffuse faster than large molecules, and non-polar molecules diffuse across lipid membranes 

better than charged molecules. Finally, the drug must diffuse within the perilymph to its target site of 

action and not be metabolically cleared along the way. Dexamethasone sulphate does not cross the 

round window membrane well due to its polar nature, and the active non-polar dexamethasone is rapidly 

cleared from the cochlea basal turn (Salt & Plontke, 2018). The inherent fluid flow within the cochlea is 

miniscule and diffusion is therefore primarily concentration dependent(Sadreev et al., 2019). Creber et 

al. (Creber et al., 2018) showed that topical administration produced higher perilymph steroid 

concentrations in the basal turn, whereas systemic administration favoured higher concentrations in the 

cochlea apex. Despite these concentration differences, the activation of the glucocorticoid receptor was 

the same throughout the cochlea.  

Because of the limitations of topical drug action generally, and the small middle ear cleft of the guinea 

pig, we elected to use a systemic dose of steroid rather than topical treatment. However, these same 

drug characteristics of size and polarity are also a consideration for drug diffusion across the blood-

labyrinth barrier when they are given systemically (El Kechai et al., 2015; Salt & Plontke, 2018). 

Building on Gjuric’s earlier work, Schneider et al. (Schneider et al., 1998) used the same guinea pig 

ossicular contact model of injury but administered 14 mg/kg methylprednisolone intraperitoneally 15 

minutes before surgery and daily for eight days. As with our results, they did not demonstrate any 

threshold shift protection, but they did not look at I-O functions nor did they use bone conduction for their 

immediate post-manipulation thresholds. 

 

The lack of statistically significant differences at 32 kHz for nearly all of the I-O functions is likely due to 

the dissection injury which reduced the capacity of this region of the cochlea to respond to further 
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experimental injury. It is intriguing to consider that if the animal had been given IV dexamethasone prior 

to dissection and middle ear exposure, whether or not function at 32 kHz may have been preserved. 

Sadly, one of the control animals died during the experiment which reduced an already small number of 

control animals. Although the number of control animals is small, when taken in conjunction with our acute 

study in Chapter Two, it appears that thresholds and I-O functions remain stable for the equivalent period 

of middle ear manipulation across electrocochleography measures. In the chronic experiment, we see 

thresholds and I-O functions remaining stable, or in the case of 32 kHz, improving. The small number of 

control animals does not detract from the significant findings of evoked potential amplitude protection with 

a single dose of systemic steroid, as this finding was based on differences between the steroid and vehicle 

groups and did not require direct comparison with the control group. 
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CHAPTER FOUR: 

GENERAL DISCUSSION 

“It is more satisfying to dwell on the large number of excellent results that are obtained in (ear) surgery, 

but it is more profitable to discuss the possible complications and how to avoid them” (Fee, 1962). 

Hearing loss matters to patients. It is the most prevalent sensory deficit in the elderly (Brenowitz, Kaup, 

Lin, & Yaffe, 2018) and is associated with poorer quality of life (Guyot & Sakbani, 2007), social isolation 

(Hay-McCutcheon, Reed, & Cheimariou, 2018) and decreased neurocognitive ability (Crealey & O'Neill, 

2018; Ray, Popli, & Fell, 2018). The clinical problem of postoperative sensorineural hearing loss 

(POSNHL) following middle ear and stapes surgery is prevalent in up to 10% of ossiculoplasty procedures 

(Alaani & Raut, 2010; Krueger et al., 2002; Michael et al., 2008; Quesnel et al., 2010; Zheng et al., 1996), 

20% of cases with otologic drill use (Bellucci, 1985; Della Santina & Lee, 2006; Ragheb et al., 1987; 

Smyth & Hassard, 1981), and even  up to 7% of cases of myringoplasty (Berger, Ophir, Berco, & Sade, 

1997; Bicknell, 1971; de Zinis et al., 2010). Stapedectomy, or the small fenestra stapedotomy have 

POSNHL rates between 1 - 23%, depending on how a loss is qualified for primary surgery (R. Boonchoo 

& P. Puapermpoonsiri, 2007; Hausler et al., 1999; Vincent et al., 2006) with similar values for revision 

stapes surgery (Babighian & Albu, 2009a; Crabtree, Britton, & Powers, 1980; Vincent et al., 2010). 

In this thesis we sought to investigate this clinical problem by devising an animal model of ossicular 

manipulation which causes deterioration in auditory function as assessed by auditory evoked potentials, 

which we have used as a surrogate marker of hearing loss. When evoking these potentials with air 

conducted (AC) sound, there is a significant risk that any experimental middle ear manipulation will 

confound the evoked potentials by introducing a non-predictable conductive hearing loss (CHL). As we 

showed in Figure 25, Table 13 and Table 14, this CHL was not uniform across the involved frequencies, 

and neither was it clinically evident in the form of a middle ear effusion or other obvious middle ear 

pathologies. To address this, it is important to have bone conduction (BC) evoked potentials which can 

interrogate the cochlea in the presence of a CHL and identify any sensorineural impact of middle ear 

surgery. 

The challenge in the current literature though, is that there are very limited options for assessing BC in 

small mammals, where the hearing frequency spectrum is significantly higher than it is in humans (Fay & 

Popper, 1994; Warfield, 1973); although clinical assessment of extended high-frequency hearing loss is 

also still limited to AC for the detection of PONSHL in humans (Babbage et al., 2017). This is because 

most commonly available BC transducers have significantly poorer output above about 5 kHz (Frank & 

Richards, 1980); and for example, the guinea pig hearing frequency spectrum extends up to 50 kHz, thus 

rendering existing BC transducers unable to adequately assess high-frequency auditory evoked 

potentials in this animal. This is a problem because it is precisely these high-frequency regions of the 
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basal cochlea which are the most sensitive to injury from surgery (Babbage et al., 2017), as well as 

ototoxicity (van der Hulst et al., 1988) and noise (Flottorp, 1973; Sataloff et al., 1967); in addition to also 

being the site of maximal deterioration in presbyacusis (Okstad et al., 1988). 

Other authors have therefore focussed on histological outcomes (Dost et al., 1994; Holzer, 1973; Krupala 

et al., 1998; Rubinstein & Pluznik, 1976; Vesterhauge & Sorensen, 1973), or electron microscopy (Soudijn 

et al., 1976) following middle ear surgery as a surrogate for hearing impairment; but these techniques are 

not always able to identify tissue changes in functional cochlear impairment (Ikeda et al., 2011). In one 

study, Paparella showed all experimental animals had a hearing loss, but in one animal the only 

histopathological change observed was a loss of mesothelial cells in the lower basal turn of the cochlea 

(Paparella, 1962). Elsewhere, it was shown that suctioning over an open vestibule decreased the 

endocochlear potential, but there was no histological cochlear injury (Colman, 1962). While EP, essential 

for sensitive transduction, is not a direct indicator of auditory thresholds, each millivolt EP decrease is 

estimated to cause one dB hearing loss (Sewell, 1984). Sometimes, histological study too soon after the 

trauma may not allow enough time for histological changes to develop (Morizono & Sikora, 1982). Even 

electron microscopy failed to show hair cell injury when the animal was euthanised within five minutes of 

trauma, despite evoked potentials indicating hearing impairment (Lawrence, Gonzalez, & Hawkins, 

1967). 

In the situation of apparently normal cochlear histology, a clinically evident hearing loss of 30 – 40 dB 

was assumed to be conductive in nature (Paparella, 1967), with the same conclusion reached in a 

different study (Hardcastle & McGee, 1969). But without BC it is impossible to know for sure. Conversely, 

an assumption of a sensorineural injury was made in a guinea pig model of ear packing when there was 

no visible middle ear pathology to explain the decrease in AC evoked auditory potentials (Antonelli et al., 

2010).  

In response to these challenges, we have modified a magnetostrictive BC transducer and used it to evoke 

auditory potentials in guinea pigs. This transducer was reliably able to evoke auditory potentials up to 32 

kHz, although transducer output was apparently limited at higher frequencies for EcochG in our acute 

study. The apparently poor transducer output at 24 kHz, and to a lesser degree 20 kHz and 32 kHz was 

not seen for ABR wave I or wave II, and is likely due to a limitation of our calibration method. At those 

frequencies, animals with lower amplitudes at high intensities disproportionately decreased the mean 

waveform amplitudes between 70 – 80 dB SPL, because animals with higher amplitudes had those values 

left-shifted to overlay the AC curve for calibration, and left no values for 70 – 80 dB SPLeq averaging. 

 

 

 



159 
 

We calibrated the transducer against a calibrated AC stimulus by overlying the I-O functions for both air- 

and bone-derived auditory potentials (Figure 5). This generated a correction factor to apply to intensity 

for the BC values at that frequency. We showed this correction factor was fairly uniform across ABR, SP 

and CAP for each transducer-coupling configuration. However, this correction factor only applied for that 

animal at that frequency. Because the output of the transducer was not uniform across frequencies, a 

different correction factor was required at different frequencies. Furthermore, the correction factor at a 

frequency in one animal was different in different animal at the same frequency (Table 6). 

To ensure that BC ABR responses were coming from the tested ear, we ablated the contralateral ear with 

a fine hook. This same approach was used by Geal-Dor et al. in rats before using a B-71 BC transducer 

to investigate hearing (Geal-Dor et al., 1993). We considered using a noise masking protocol for the 

contralateral ear this, but decided this caused unnecessary complexity and variability to our experiment 

protocol and would add ambiguity as to which ear was stimulating the evoked potentials. In the Geal-Dor 

et al. experiment, the B-71 only reached 35 dB above the adult rat average baseline threshold, and would 

have been suboptimal for our use given this poor output. 

Next, we devised an animal model of middle ear manipulation for which we had two primary goals. Firstly, 

the model needed to reliably induce cochlear injury as manifest by changes in auditory evoked potentials. 

However, this induced cochlear injury needed to be of sufficient magnitude to be notable in all animals, 

but not so large as to leave the animal with no residual hearing function. Ideally, our model would provide 

a dynamic enough range of residual cochlear function so that we could later investigate interventions 

which could hopefully mitigate against this injury.  

Our second goal for the middle ear manipulation model was that it should reflect the clinical situation 

which prompted all of this research in the first place. This generated a tension between our goals for a 

model, as clinically, hearing loss from cochlear injury usually does not happen. With even the most 

sensitive indicators of injury, it is only present in approximately 20 - 50% of patients (Babbage et al., 2017; 

Ostfeld, Bar-on, & Bergman, 1979). As a compromise, we investigated surgical manipulations on the 

middle ear which have been recognised as deleterious in humans, albeit they occur uncommonly. We 

recognise this caveat as one of the important limitations for the external validity of our model in humans. 

Our initial approach to middle ear manipulation used a motorised micromanipulator to deliver a known, 

repeatable but customisable deflection of the ossicles. This most likely also represented the clinical 

situation of ossicular contact during surgery, sometimes intentionally, sometimes inadvertently. Because 

of potential confounding with uncoupling of the incus and malleus seen in humans with large tympanic 

membrane (TM) or malleus motion (Huttenbrink, 2001), we chose to couple the micromanipulator directly 

to the capitulum of the stapes and to drive it in a piston, rather than a rocking fashion (Figure 8). Despite 

meticulous care and attention during exposure of the ossicles and disarticulation of the incudostapedial 

joint (ISJ), this manipulation in and of itself was enough for animals to sustain a variable sensorineural 

hearing loss (SNHL), which was particularly notable in the high frequencies (Figure 9). 
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This dissection injury would continue to be seen throughout our studies, but became less pronounced 

later when ISJ disarticulation was no longer required, and even showed recovery in our chronic 

experiments (see control data for Figure 43 and Figure 45 and Figure 47). This indicates that we were 

only seeing a temporary threshold shift (TTS) at those higher frequencies and is consistent with other 

clinically noted TTS (Kylen, Arlinger, et al., 1977; Shambaugh, 1963). Analogous to human data, the high 

frequency basal region of the cochlea appear more susceptible to injury in other animal studies (Morizono 

et al., 1985; Morizono & Sikora, 1982). It may be in reference to these high frequencies that Ikeda et al 

observe that “the inner ear is a delicate and labile structure which is damaged by even the slightest 

trauma” (Ikeda et al., 2011). 

We know from human studies, that even relatively large TM manipulations only depress the stapes 

footplate by up to 30 µm (Huttenbrink, 1988), and that depression of 500 µm was likely to cause footplate 

subluxation (Hardcastle & McGee, 1969), so to stand a chance of inducing injury our initial footplate 

depressions in the guinea pig were only 200 µm. However, despite multiple iterations of stapes 

depression, no further reliable injury was seen (Table 2). Subsequently doubling the depth of insertion to 

400 µm also failed to demonstrate what would be expected to be incremental impairment of ABR 

thresholds (Table 3). Even increasing the depression speed to 0.5 m/s did not show ABR impairment; 

and paradoxically, the lower frequencies even showed some recovery (Table 4). It was not until we 

brought the 20,000 revolutions per minute (RPM) 1 mm cutting burr into contact with the ossicular chain 

that we saw a significant injury. 

That we failed to see ABR threshold shifts following relatively large and numerous footplate motion may 

be because the more sensitive frequencies were already injured from the dissection required for 

exposure, and therefore were unable to display further impairment. Failure to note further impairment 

may also be due to a degree of cochlear tolerance to relatively slow footplate motion, with much of the 

force being shunted across the helicotrema to the round window, and not the basilar membrane 

(Tonndorf, 1959). Indeed, this fits well with the clinical observation that if the ossicles are manipulated 

slowly and carefully, then usually there is no evidence of a POSNHL (Bellucci, 1985). Manual 

manipulation of the ossicular chain for a minute in guinea pigs produced only a  temporary decrease in 

microphonic potentials during manipulation, which recovered to their initial value when the manipulation 

ceased (Faltynek & Vesely, 1970). Elsewhere, 5 Hz direct mechanical stimulation of the ossicular chain 

was shown to be an unlikely cause of cochlear injury, as there also needed to be concomitant damage 

to the saccule for this to happen (Hardcastle & McGee, 1969). Bellicci and Wolff concurred and concluded 

that depression of the stapes only causes cochlear damage when the vestibular membranous labyrinth 

was traumatized (Bellucci & Wolff, 1959b). When the vestibule was not directly traumatised, the cochlea 

exhibited remarkable resistance to manipulation of the stapes and oval window. 
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Having established cochlear trauma with the 20,000 RPM burr contact to the ossicular chain, we refined 

the parameters down from ten seconds of contact, to just two. Contact was confirmed visually, revealing 

a small area of milled bone from out of the incudomalleal complex, but care was taken not to disrupt any 

other middle ear structures. Clinically, this model of injury fits quite well as drilling on the ossicular chain 

can transmit 130 dB sound equivalent to the inner ear (Helms, 1976) and it is the short process of incus 

which is most susceptible to burr trauma (Urquhart et al., 1992). The aetiology of this loss is assumed to 

be a type of acoustic stimulation injury (Lee & Schuknecht, 1971) and was directly attributed as the cause 

of POSNHL in many patients by multiple authors (Lau & Tos, 1986; Shambaugh, 1963; Sheehy & 

Anderson, 1980; Smyth, 1976; Smyth et al., 1971). 

There are several published models of ossicular burr contact for cochlear trauma with variable burr 

contact time at variable drill speeds. One study with only a histological outcome had burr contact for up 

to 60 seconds, and even though their drill speed was half the speed of that used in our model, based on 

our results, this period of contact would cause a significant loss of hearing function across multiple 

frequencies (Seki et al., 2001). Additionally, when comparing to our animal model goals, this model does 

not have an equivalent surgical correlate. In a feline model, a 4 mm burr was placed against the malleus 

and incus body for 5 – 15 seconds and all four animals sustained hearing loss (Paparella, 1962). While 

the time of injury is closer to our model, it was still between 4 – 7 times our exposure duration, and was 

with a much larger burr; which has been shown to generate more injury (Kylen, Stjernvall, et al., 1977). 

A similar model to ours used a 1.44 mm diamond burr at 20,000 RPM to the body of the incus for 10 

seconds. Their audiometric outcomes showed greater impairments at higher frequencies, with no 

spontaneous recovery of thresholds after five weeks (Gjuric et al., 1997). This model only used AC sound 

to evoke potentials and is subject to the same limitations as earlier noted about CHL. Other contrasting 

features between our study and theirs was their use of an implantable electrode and they only recorded 

the CAP; their burr was diamond, while ours was cutting; and, they did not investigate hearing above 8 

kHz. 

Our ossicular burr contact model reliably caused threshold elevation of the summating potential (SP) and 

the compound action potential (CAP) and these changes were assumed to represent changes in 

underlying hearing function. Unfortunately, the electromagnetic noise from the transducer precluded 

analysis of the cochlear microphonic (CM) which has the same waveform as the stimulating sound. The 

CAP correlation to psychoacoustic-derived hearing thresholds is close in adult humans at 1, 2 and 4 kHz 

with correlation coefficients around 0.8 and regression line slopes close to 1 (Schoonhoven, Prijs, & 

Grote, 1996). 
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These electrocochleography (EcochG) potentials arise from different primary generator cells within the 

cochlea, but have several features which make for challenging conclusions about what changes in 

threshold, or input-output (I-O) functions mean. The CM is believed to arise predominantly from the outer 

hair cells (Dallos & Wang, 1974) and has a location dependent influence on the waveform, with most 

contributory activity from the basal turn and very little from the cochlea apex (Withnell, 2001). Because of 

this, the CM is very dependent on the position of the electrodes. We consistently placed the silver-chloride 

electrode on the round window to provide the best signal-to-noise ratio, but cannot guarantee it was in 

exactly the same place for follow up recordings. We were also unable to record the CM from our BC 

evoked testing, as the electromagnetic noise from the transducer alone precluded assessment of the 

underlying cellular response. 

The SP is a direct current (DC) potential which is sustained throughout an evoking sound and which is 

thought to arise predominantly from the inner hair cells (IHC) of the basal cochlea; but also has 

contributions from the basal and apical outer hair cells (OHC) (Durrant et al., 1998; van Emst, Klis, & 

Smoorenburg, 1995). The SP has the appearance of displacing the entire CM (Goldstein, 1954). From 

this, it can be assumed that perturbations in the SP are primarily due to changes in inner hair cell receptor 

potentials possibly through, but the response is non-linear due to the input from the associated OHC and 

the different frequency-response from the predominating high frequency cells in the basal cochlea. 

The CAP is the algebraic sum of all of the individual nerve fibre action potentials (AP) of the 

(vestibulo)cochlear nerve activated by the specific sound stimulus (Brown & Patuzzi, 2010). An increase 

in CAP waveforms at higher intensities indicates recruitment of additional, higher threshold neurons. The 

threshold does not give an accurate representation of the total number of neurons (Kujawa & Liberman, 

2009). The CAP is equivalent to wave I of the ABR (de Vries & Glass, 2019), however, the amplitudes 

will be quite different as ABR is a far-field potential, while the CAP is near-field, with a concomitant 

increase of the signal to noise ratio, which has an impact on threshold determination (Aimoni et al., 2010). 

The relationship between SP and CAP for auditory fatigue showed a greater decrement in SP than CAP, 

whereas CM remained unchanged (Gans, 1980). Outer hair cell anomalies significantly impaired the CM, 

but the SP and CAP were normal in a mutant guinea pig model (Fujita, 1990).  

Because the CAP is dependent on the cellular generators, as represented by the CM and SP, for a CAP 

neural impairment to be unequivocal there must be preserved generator cell function. Such a scenario is 

the hallmark of auditory neuropathy (McMahon et al., 2008); but this was not evident in our study as we 

saw impaired SP as well as CAP. 
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Having established an acute, non-recovery model of middle ear surgery in the guinea pig, we proceeded 

to develop a recovery model. Because we mechanically ablated the non-test ear for clarity of BC evoked 

potentials, the guinea pigs sustained the equivalent of a unilateral labyrinthectomy. Animals were closely 

observed on recovery from anaesthesia and did not show the same degree of socialisation as their litter 

mates. This effect settled after a day of supportive care, and is consistent with the up to 30 hours of 

vestibular symptoms seen by Hung et al (Hung, Harvey, & Millen, 1999). Another challenge with the 

recovery model were the recognised anaesthesia difficulties for guinea pigs during long operations 

(Watson, 1981), and it was for this reason that we did not repeat ABR following ossicular manipulation 

and only repeated EcochG.  

When the BC transducer was re-affixed at follow up surgery, the previously calculated frequency-specific 

transducer correction factors were found to be inconsistent; as use of those figures sometimes resulted 

in situations which suggested that AC thresholds were better than BC (Table 15 and Table 16). These 

instances of apparently better AC at recovery are likely due to poorer BC sound transmission 

characteristics from the different configurations between the BC transducer, coupling pin and cement. 

While grossly, the appearance of this configuration was the same between animals and between 

recording sessions, we conclude that slightly different amounts of cement, or angle of transducer or some 

other variable limited the re-test reliability of our transducer correction factors. For this reason, it was 

decided to analyse the air conduction results for the recovery experiments, because at least a uniformly 

calibrated evoking sound level was being used. 

Our BC transducer configuration output variability stands in contrast with much of the literature, where 

BC was shown to be a reliable and reproducible method of evoking auditory potentials, regardless of 

transducer position, weight or loading (Arlinger & Kylen, 1977; Carhart, 1950; Freeman et al., 2000; Kylen, 

Stjernvall, et al., 1977). Only Zou et al noted different vibration characteristics when their transducer was 

placed on different parts of the skull (Zou et al., 2001). A coupling screw was required because the 

vibrating pin on the transducer was too short to make contact with the bulla otherwise, but others have 

used a 3 mm coupling screw with a BC transducer with no reported difficulties (Stenfelt et al., 2002). We 

are left having to agree with Dirks that the type of BC vibrator used does have a major influence on the 

reliability of BC measurements (Dirks, 1964). 

This limitation notwithstanding, in our recovery model we showed that a single prophylactic intravenous 

dose of dexamethasone ameliorated decrease in the CAP and SP amplitude at higher sound intensities 

after ossicular burr contact, but did not make any significant difference to the evoked potential thresholds. 

This appears quite similar Kujawa and Liberman’s study where noise injury caused an ABR and CAP 

TTS, but that this returned to baseline after two weeks (Kujawa & Liberman, 2009). However, the ABR 

amplitude showed a persisting amplitude impairment and when this was examined histologically around 

50% of the synaptic ribbons had been lost. This is called a cochlear synaptopathy and was most 

pronounced at high frequency (32 kHz). At the same time, distortion product otoacoustic emissions 
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(DPOAE), which are an indicator of OHC were normal. In our study, we were unable to reliably use 

DPOAEs to assess OHC function, because our surgical manipulation disrupted the middle ear necessary 

to conduct sound to and from the cochlea; and even though BC has been used to evoke DPOAE (Stenfelt 

& Goode, 2005), the middle ear is still required to transmit this information back. 

Despite these potential issues with middle ear confounding, the AC CM was acquired due to the 

configuration of our testing parameters, and as with DPOAE, provides OHC function information (Dallos 

& Wang, 1974). We did not see any threshold protective effect from Dexamethasone and in contrast to 

Kujawa and Liberman, did not see a return to CM or SP baseline thresholds or amplitude values for most 

frequencies. This suggests IHC and OHC impairment with ossicular manipulation, which is not just 

temporary. It is difficult to know from these data alone whether there was a neural injury as well because 

of the dependent association the CAP has with the IHC-derived SP and the OHC-related CM. The CM 

(and SP) have been referred to as “the first electrical event in the sound stimulus auditory perception 

chain” while the CAP is “the last link in the causal chain of auditory events” (Schreiner & Vollrath, 1983). 

We show the effect of IV steroid is to preserve at least IHC function, and possibly neural function as well 

when considering evoked potential amplitudes. There was no protective effect evident on the OHC, as 

demonstrated by the CM. The work from Kujawa and Liberman suggests that as recovery ABR / CAP 

amplitudes do not recover at high frequencies that the amplitude loss is primarily a neural phenomenon. 

The cause for this amplitude loss was shown to be decreased cochlear synaptic terminals, a cochlear 

synaptopathy. Regardless of the exact mechanism, we have shown some functional preservation with a 

single dose of IV dexamethasone. 

An earlier publication of steroid use to mitigate against drill-induced injury also found no protective effect 

from steroids on threshold shifts (Schneider et al., 1998). Based on what we now know, it would have 

been very interesting to find out whether the I-O functions were at all different in their steroid-treated 

group of guinea pigs. In a histopathology study, there was a dose dependent decrease in peroxidase leak 

with higher doses of steroid prior to IV horseradish peroxidase and immediate burr vibration of the 

ossicular chain for 60 seconds in 17 guinea pigs, but no functional outcomes were presented. In our own 

study, it is intriguing to consider whether the dissection for exposure injury we witnessed, particularly at 

32 kHz, may have been mitigated against if the animal had received steroid prior to any dissection at all. 
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4.1 Strengths 

Conductive hearing losses potentially confound much of the middle ear surgery literature when hearing 

outcomes are assessed in small mammals (Hardcastle & McGee, 1969; Paparella, 1967). We have 

shown at least in the acute situation that high frequency BC may be used reliably to evoke auditory 

potentials in these animals, and to appreciate changes from the sensitive basal turn of the cochlea which 

have hitherto not been investigated due to equipment limitations. 

We have demonstrated definitive CHL in animals with no visible middle ear pathology where a SNHL may 

have otherwise been assumed and have resolved this uncertainty regarding the nature of post-middle 

ear manipulation hearing loss. In our studies, we achieved this with evoked auditory potentials and 

provided histological images for illustrative and descriptive purposes only; as our primary outcome of 

interest was strongly tied back to the clinical problem of hearing loss following surgery. 

Some authors have found the guinea pig bulla difficult to access due to its firm composition (Albuquerque 

et al., 2009), but we were able to fairly easily use a microperforator needle and curved forceps to carefully 

remove bone with no evident underlying injury. Others have cited the relatively difficult access to both the 

oval and round windows (Vollrath & Schreiner, 1982b). This was not a problem for us as we accessed 

the incudomalleal complex in the ventral bulla (epitympanum) and there was ample access to the round 

window for EcochG (Figure 6). Another potential limitation of the guinea pig model which we didn’t see 

was the potential for an osteoblastic process in the middle ear after trauma (Holzer, 1973; Wells & 

Gernon, 1987), which would have confounded evoked potentials with an additional CHL.  

 

4.2 Limitations 

Our method of transducer calibration is reliant on initially normal AC and an assumption was made that 

the transducer-animal coupling configuration would be constant for any given animal. This was not the 

case and so our follow up data analysis is based on the AC findings at this time. This does not permit any 

way to identify possible CHL at recovery; however, and this issue remains a potential confounder. 

Currently, this limits the utility of our transducer to situations where it can be calibrated from another, 

independent variable, such as AC. This presents a problem where there is potential for there to be a pre-

existing CHL or at follow up, as there is no way of ascertaining true underlying cochlear reserve. 

At this stage, we have demonstrated findings consistent with IHC and OHC dysfunction, but it is difficult 

to comment about the possibility of neural dysfunction. Certainly, with both IHC and OHC affected by our 

traumatic ossicular intervention, it is possible that this injury induces a pan-cochlear response. As the 

focus of our study was on the clinically important outcome of hearing impairment, we performed 

histopathology for illustrative purposes only. More information may be gained by targeted histology, 

especially now that we have a better indication of where the target sites of injury are likely to be. 
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Our transducer often had suboptimal performance at around 24 kHz with what appeared to be some form 

of resonance (Figure 62). The evoked waveforms were particularly large and drowned out any underlying 

neural response. This was particularly a problem for EcochG at higher intensities, but was not seen for 

ABR so was likely related to the recording parameters, probably the electrode itself. Other authors have 

noted what can be a significant problem with BC transducers at high intensity levels where electrical 

artefacts from the signal transducer make data analysis difficult (Mauldin & Jerger, 1979). The authors 

experimented with forehead placement of transducer and this reduced, but did not eliminate, the problem.  

Our studies had relatively small numbers of control animals. This was partly due to the deaths of some 

of our animals. However, the magnitude of ossicular burr contact injury was such we could show a 

statistically significant impairment, even though the control group numbers were low. And when the 

results from the manipulation phase of our recovery study are examined in conjunction with the acute 

study, there is no doubt that our ossicular manipulation model successfully induces changes in evoked 

auditory potentials, consistent with impaired hearing. The small number of controls also had no impact 

on the statistical comparison between the steroid and vehicle manipulation groups, as their data was able 

to stand alone. 

We also had a relatively short recovery period after ossicular manipulation. This is unlikely to have 

materially impaired our findings as Kujawa and Liberman showed ABR and DPOAE threshold recovery 

within 2 weeks of noise exposure (Kujawa & Liberman, 2009) and other investigators have also used this 

timeframe for follow up in guinea pigs (Astolfi et al., 2016; Chihara et al., 2013; Duan & Canlon, 1996), 

but may be an explanation for why we did not see recovery of the CM when Kujawa and Liberman did 

see recovery of the DPOAE. 

Various surgical steps are more likely to cause sensorineural hearing loss than others, but there is very 

little evidence to support this belief. If we knew which manipulations of a complex middle ear procedure 

imparted significant risk, we could potentially alter the technique, or avoid it. However, given that 80% of 

patients to not sustain a POSNHL, one of the limitations of animal models in identifying which components 

of a procedure are harmful is that a large number of animals would be required to detect harm at any 

given point of the operation. Our ossicular burr contact has proven to be a good model of harm, but it is 

fortunately not a common event clinically, and therefore limits the external validity of our findings. There 

is a tension with all animal models between accurately replicating what is identified clinically, and ensuring 

that ethical standards for animal research are maintained, and the number of animals used is kept at a 

minimum. 
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There are concerns about the generalisability of any animal model. Specifically, for the guinea pig it has 

been reported that the cochlea is more susceptible to ototoxicity than humans due to their thinner round 

window membrane (Ichibangase et al., 2011). It was also reported that the cochlea is ten times more 

sensitive to acoustic trauma than humans (Kiefer, Tillein, et al., 2004). This may be why we saw hearing 

impairment in every animal with ossicular burr contact, despite this being only for a relatively short period 

of time. Cochlear harm may also be overestimated in guinea pig surgery because the structures most 

traumatised are the basilar membrane and the organ of Corti, whereas in humans it is the utricle and 

saccule which are more directly exposed due to their anatomical configuration differences (Kiefer, Tillein, 

et al., 2004). While not directly applicable to our middle ear surgery model, for stapes surgery it is 

important to recognise that the guinea pig cochlear aqueduct is patent which can lead to CSF flow from 

the subarachnoid to the perilymphatic space, and may continue to leak through the oval window (Ikeda 

et al., 2011). The net effect of these features may overestimate the inner ear harm in guinea pig ears 

from interventions. Another feature affecting the generalisability of guinea pig ossicular surgery to humans 

is that the guinea pig has fusion of the incudomalleal complex, whereas in humans this is not the case 

(Watson, 1981). 

In our ABR analysis, we used wave II because it had a larger morphology than wave I, however, we 

acknowledge that the origins of wave II are controversial. It was held that wave II arises from the proximal 

portion of the acoustic nerve and that it was the dense bone of the IAC which presented an anatomical 

reason for separation from wave I (Moller, Jannetta, & Jho, 1994; Moller, Jannetta, & Sekhar, 1988), but 

others have held that the origin may the summation of different generators (Ananthanarayan & Durrant, 

1991; Celesia, 2013). Because of this uncertainty, and also because wave I is more commonly reported 

on, our ABR data may not be directly comparable to some of the existing literature. 

 

4.3 Future directions 

One option to address the limitations of our transducer calibration could be to use an accelerometer 

coupled to the skull at the same time the transducer is being calibrated to a known AC sound, as we have 

already described. The vibration characteristics could then be compared at follow up and any correcting 

factor for the BC transducer be derived again. Alternatively, this process could be facilitated with LDV, 

especially if there is limited space on the animal skull for the BC transducer, accelerometer and AC plastic 

speaker tubing. LDV would also remove the variable of how well the accelerometer was attached, as it is 

possible that the coupling of the accelerometer suffers the same variability as the coupling of our 

transducer. In the first instance, this could be examined on cadaveric guinea pig skulls to assess the test-

retest variability of the calibration method. An additional option may be an osseointegrated implant 

buttress to help attach the BC transducer on the top of the skull. 
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Future research is necessary to complement the physiologic impairment we noted with the corresponding 

histopathology. Such a study could help identify the extent of cellular loss at the IHC, OHC and neural 

levels and see if the same cochlear synaptopathy phenomenon exists for models of mechanical trauma 

such as ours, as it does for existing models of noise trauma. The proportionally larger SP after ossicular 

trauma, with associated elevation in SP/AP ratio is a prompt to investigate for microscopic features of 

endolymphatic hydrops after trauma, as this may explain the finding from other studies why middle ear 

manipulation was deleterious in some animals but not others. 

We showed protection with a single IV dose of Dexamethasone prior to ossicular manipulation, but future 

research could investigate the effect of topical steroid, particularly in the form of a slow-release gel over 

the round / oval windows. Additionally, there are numerous other pharmacotherapies which could be 

investigated for harm reduction including adenosine receptor antagonists, calcium channel blockers or 

other vasodilators, and N-acetylcysteine or other reactive oxygen species scavengers. All of these agents 

could then be further assessed for optimal route of delivery, duration of therapy, and timing prior to middle 

ear manipulation. 
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CHAPTER FIVE: SUMMARY AND CONCLUSIONS 

Nearly one in five patients awake after middle ear or stapes surgery having sustained a cochlear injury 

in the process. This hearing loss is most often identified in the high or extended-high frequencies. While 

this has been acknowledged for many years, in comparison to the pleasing air-bone gap closure, 

postoperative sensorineural hearing loss has received much less attention. This is partly due to the 

homogenous ways that sensorineural hearing loss after surgery has been reported, but is also due to a 

belief that loss in the high frequencies is clinically insignificant. These assertions have been challenged 

in recent years with an acknowledgement of their importance for the discrimination of speech in noise, as 

well as the temporal location of sound. These losses from middle ear surgery are cumulative with further 

surgery, noise injury, or ototoxicity from medications and compound underlying presbyacusis. Hearing 

loss is associated with social isolation, poorer quality of life, and decreased neurocognitive ability. It is 

therefore incumbent on clinicians and researchers to minimise iatrogenic cochlear harm. 

Finding a meaningful way to investigate this issue with animal models is challenging. Histopathology is 

an insensitive marker of functional impairment; and behavioural testing or evoked auditory potentials with 

regular air conducted (AC) assessment of hearing is also fraught. Firstly, by the variable conductive 

hearing loss middle ear manipulation may induce; and secondly because traditional bone conductors 

(BC) are unable to assess the sensitive basal high frequency regions of the cochlea in small mammals. 

We have presented in this thesis a model of high-frequency bone conduction capable of eliciting evoked 

auditory potentials in the guinea pig up to 32 kHz. We have calibrated our transducer against AC evoked 

potentials prior to ossicular manipulation, and with the transducer position unmoved could reliably re-

evaluate the cochlea with BC after manipulation. The transducer and coupling mechanism generate 

unique correction factors for different frequencies within the animal, which are consistent across 

electrocochleography (EcochG) and auditory brainstem response (ABR) recordings, but are different for 

a different animal or even the same animal at follow up assessment. This limits the utility of our high-

frequency BC transducer in its current form, but future work to utilise other methods of calibration are 

hopeful.  

We developed a model of ossicular manipulation with brief contact of a rotating burr to the incudomalleal 

complex. The threshold shifts were greatest at the higher frequencies, and were present for both the 

compound action potential (CAP) and summating potential (SP). Input-output functions of amplitudes 

likewise showed significant reductions in CAP and SP. Our model revealed conductive hearing losses 

after ossicular manipulation which may otherwise have gone undetected and been assumed 

sensorineural in nature. 
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We then demonstrated a modest threshold recovery in a chronic model of ossicular manipulation, but 

there were persisting threshold shifts after ossicular manipulation for all animals in at least one frequency, 

with most frequencies continuing to show statistically significant threshold shifts at follow up. 32 kHz was 

an exception and is probably because the ‘baseline’ thresholds were already elevated due to the sensitive 

response of this frequency region of the cochlea to trauma from the required dissection for exposure. 

Inferences from our evoked potential data as to the site of cochlear injury need to be interpreted with 

caution, due to the multiple influences from different regions of the cochlea on different evoked potentials. 

However, persisting deficits in cochlear microphonic (CM) and SP point to likely pathology at the outer 

and inner hair cell regions. Persisting CAP impairment may truly represent neural injury, such as a 

cochlear synaptopathy, or may just reflect impaired generation by the inner and outer hair cells. The focus 

of this thesis was on hearing outcomes, but further histopathological and immunohistochemical work will 

undoubtedly aid in identifying the precise region of injury. 

We showed that a single dose of IV dexamethasone thirty minutes prior to ossicular manipulation did not 

have any significant threshold preservation effect, but it did significantly ameliorate the manipulation harm 

on the input-output function amplitudes for both SP and CAP. 

There are still many unknown factors as to why some patients sustain postoperative sensorineural 

hearing loss after ear surgery while others do not. Our middle ear surgical model provides a platform for 

further research into ways of reducing this harm for patients. 
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APPENDICES 

Appendix I – Magnetostrictive bone conduction transducer 

development 

The bone conductor was driven with a uniform input voltage calibration of 80 dB = 5 Vp-p for all 

frequencies. The corresponding transducer sound output was uncalibrated and three important features 

were unknown. First, it was not known if the transducer output would be linear within a frequency in 

response to a change in driving voltages; second, if the output intensity was different for a given driving 

voltage at different frequencies, as with the AC electrostatic speaker; and third, it was also unknown what 

the frequency range of the transducer was in the absence of its preamplifier. This last feature was 

investigated first. 

As the transducer was electromagnetic, we first investigated its output using an electrical circuit which 

mimicked the electrical impedance of the skull. This consisted of three resistors joined as a triangle with 

the three corners of the triangle connected to the RA4LI head stage (Figure 58). When the transducer 

was placed in the centre of this triangle, the electromagnetic responses of the transducer were able to be 

viewed in BioSig. This demonstrated that the transducer was able to be driven across the range of 

frequencies likely to be of interest in our animal studies (Table 17). Table 17 also showed that these 

induced electrical responses were able to be attenuated when the transducer was shielded behind a thin 

layer of paper and aluminium foil, while Figure 59 demonstrates transducer responses from the ACO 

microphone up to 96 kHz. 

Table 17 Bone conductor electromagnetic output 

 
BioSig Wave Peak (µV) 

Frequency Unshielded Shielded 

10 kHz 60 2 

20 kHz 60 1.5 

30 kHz 30 0.7 

40 kHz 20 1 
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Figure 58 Circuit to mimic skull impedances for investigating the electromagnetic output of the magnetostrictive 
transducer. The paper beneath the circuit was also used with aluminium foil to shield the circuit from the transducer. 

 

Figure 59 Spectrum analyser analysis of transducer output at A 32kHz, B 40 kHz, C 60 kHz, D 96 kHz showing wave 
peaks at -61, -75.7, -90.11 and -83.27 dBV respectively with a 5 Vp-p driving voltage. 
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To help ensure the output from the transducer was acoustic and not just electromagnetic, as indicated by 

Table 17, the transducer and microphone were shielded from each other with aluminium foil to attenuate 

the electromagnetic radiation demonstrated earlier. The acoustic coupling was with a 10 cm plastic tube 

which was gently curved 90 degrees so that the two devices would not be in direct line of sight (Figure 

60). The transducer was driven with a 5 Vp-p input at 40 and 70 kHz and the microphone responses are 

shown in Table 18. These indicate that the transmission of energy was unlikely to be electromagnetic, 

and more likely to be acoustic as the peak microphone response voltages were all similar regardless of 

shielding. 

Table 18 Isolation of bone conductor and microphone 

 
Microphone Response (dBV) 

Frequency No Shielding Transducer 

Shielding 

Microphone 

Shielding 

Both 

Shielded 
40 kHz -70.47 -70.52 -70.17 -70.19 

70 kHz -81.5 -82.15 -82.1 -82.13 

 

 

Figure 60 A Transducer and microphone unshielded, B transducer shielded, C Microphone shielded, D Both shielded. 
The recorded microphone voltages did not change with any of these configurations and so were unlikely to be due 
to electromagnetic energy and were more likely to be acoustic. 
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The bone conduction transducer was initially held in place with a rubber band around the animal’s head. 

This transitioned to being taped directly onto the vertex of the animal’s skull (Figure 61), but this was 

unsatisfactory because the soft tissue variably attenuated the bone conductor output. Soft tissue was 

removed from the vertex to permit direct contact between the bone and the transducer, but this risked 

introducing moisture into the transducer and so the transducer was wrapped in plastic. With time, 

however, the tape came loose and the transducer was no longer in the same position and so a more 

stable transducer configuration was sought. 

 

Figure 61 Bone conduction transducer taped to skull vertex. The electrode montage is also shown with grey, orange 
and purple electrodes visible and placed at the ipsilateral infraauricular, vertex and contralateral infraauricular sites 

respectively. The animal is resting on a sandbag wrapped in an absorbent sheet. 

There was apparent resonance noise from the apparatus which was in the range of several microvolts. 

As ABR amplitudes at threshold may be less than 100 nanovolts, this transducer noise was significant. It 

was confirmed as non-neural by the persisting presence of a waveform in an euthanised, cadaveric 

animal (Figure 62). This noise was present despite alternating polarity of the stimulus and averaging, and 

methods to dampen the transducer and connected micromanipulator. Shielding the transducer with 

different approaches such as aluminium foil only minimally attenuated this noise. Trying to immobilise the 

connecting screw even further by drilling a small depression into the skull for it to sit similarly did not help 

with this artefact. The artefact was particularly pronounced around 24 kHz. Shortening the arm which 
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connected the transducer to the micromanipulator, did however remarkably reduce this artefact, implying 

some form of mechanical resonance within the system. 

 

Figure 62 Bone conduction transducer artefact from a cadaveric animal with 5 volt peak-to-peak transducer driving 
voltage 23 kHz tone burst using the audiometric brainstem response acquisition parameters described in the ABR 
parameters section. 

The BC-evoked responses were often quite variable and it was hypothesised that this may have been 

due to the guinea pig bulla not being rigidly attached to the rest of the skull. The position of the coupling 

screw was therefore changed from the scalp vertex to directly against the right bulla itself as seen in 

Figure 6. This produced more consistent and reliable recordings. This also had the advantage of 

supporting the coupling screw much more than when it was sitting directly on the scalp vertex. 

  



176 
 

Appendix II – Immunofluorescence from acute study 

Representative images from control animal cochlea show excellent preservation both of inner and outer 

hair cells and neural structures; with a cross sectional overview in Figure 63, the organ of Corti in Figure 

64 and the spiral ganglion region in Figure 65. 

Images taken from ossicular manipulation animals strongly contrasted with controls and showed a loss 

of hair cells (Figure 66) but no change at the spiral ganglion level (Figure 67). 

 

 

Figure 63 Immunofluorescence overlay of cross section from basal cochlea of control animal showing excellent 
preservation of inner and outer hair cells, as well as a normal appearing spiral ganglion. The stria vascularis shows 

intense fluorescence. Myosin staining in green, beta tubulin staining in red. (x10 magnification) 
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Figure 64 Immunofluorescence overlay of organ of Corti from basal cochlea of control animal showing excellent 
preservation of inner and outer hair cells. Myosin staining in green, beta tubulin staining in red. x40 magnification. 

 

Figure 65 Beta tubulin immunofluorescence of spiral ganglion from basal cochlea of control animal showing 
excellent preservation of neural elements. x40 magnification. 
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Figure 66 Immunofluorescence overlay of organ of Corti from basal cochlea of ossicular manipulation animal 
showing disordered architecture of outer hair cells more than inner hair cells. Myosin staining in green, beta tubulin 
staining in red. x40 magnification. 

 

Figure 67 Beta tubulin immunofluorescence of spiral ganglion from basal cochlea of ossicular 

manipulation animal showing no obvious impact on neural elements. x40 magnification.
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Appendix III - Bone conduction evoked potential corrections 

by frequency 

Appendix IIIa Auditory brainstem responses (wave II) 

Animal 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Mean SEM 

8 kHz 0 -5 -5 -5 10 15 15 10 10 5 -5 5 5 -15 2.9 2.4 

12 kHz -15 -10 -10 -20 0 10 -10 0 -5 -5 -20 0 5 -20 -7.1 2.6 

16 kHz -5 -10 -15 -20 10 15 -15 0 15 -15 -20 0 -5 -20 -6.1 3.4 

20 kHz 0 -20 -10 -5 10 25 -20 -5 0 -25 -15 15 -15 -15 -5.7 3.9 

24 kHz 0 -5 10 0 0 20 -10 0 -10 -20 -10 20 -10 0 -1.1 3.1 

32 kHz 0 0 0 10 -5 20 5 -10 -5 -20 -15 10 -5 -15 -2.3 3.2 

 

Appendix IIIb Compound action potentials 

Animal 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Mean SEM 

8 kHz -5 -5 -10 0 5 -5 10 0 0 5 -10 5 15 -10 0.0 2.2 

12 kHz -10 -10 -20 -15 10 -10 -5 0 5 0 -15 -5 -5 -10 -6.2 2.3 

16 kHz 5 -10 -20 -15 10 0 -10 -5 10 -5 -15 -10 -10 -15 -7.3 2.6 

20 kHz 5 -10 -10 -5 5 5 -10 -10 -5 -15 -5 0 -20 -10 -6.1 2.0 

24 kHz 15 5 10 5 -10 10 -10 -10 -15 -15 -5 5 -15 5 -1.8 2.9 

32 kHz 0 0 -5 10 -15 0 0 -15 -10 -15 -5 5 -5 -10 -4.6 2.1 

 

Appendix IIIc Summating potentials 

Animal 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Mean SEM 

8 kHz -5 -10 -15 0 0 -10 5 5 0 0 -10 -5 10 -15 -3.6 2.1 

12 kHz -10 -15 -20 -15 5 -15 -10 -5 10 -10 -20 -10 -10 -15 -10.0 2.3 

16 kHz 10 -10 -20 -15 10 -5 -15 -5 5 -10 -20 -10 -10 -20 -8.2 2.8 

20 kHz 10 -5 -10 0 0 5 -15 -10 -5 -20 -5 5 -15 -10 -5.4 2.3 

24 kHz 15 5 5 0 -15 5 -15 -10 -20 -15 -5 5 -15 0 -4.3 2.9 

32 kHz 5 -5 0 0 -10 0 -5 -20 -15 -20 -10 5 -10 -15 -7.1 2.3 
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Appendix IV – Immunofluorescence in vehicle and steroid 

treated ossicular manipulation 

Representative images from control animal cochlea show excellent preservation both of inner and outer 

hair cells and neural structures; with a cross sectional overview in Figure 68, the organ of Corti in Figure 

69, and the spiral ganglion region in Figure 70. In contrast, the one of the animals administered saline 

prior to ossicular manipulation showed poor morphology of the outer hair cells in Figure 71 with a relatively 

normal appearing spiral ganglion in Figure 72. Whereas animals administered dexamethasone prior to 

ossicular manipulation had both a normal appearing organ of Corti (Figure 73) and spiral ganglion region 

(Figure 74). 

 

Figure 68 Immunofluorescence overlay of cross section from basal cochlea of control animal showing excellent 
preservation of inner and outer hair cells, as well as a normal appearing spiral ganglion. Myosin staining in green, 
beta tubulin staining in red. (x10 magnification) 
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Figure 69 Immunofluorescence overlay of organ of Corti from basal cochlea of control animal showing excellent 
preservation of inner and outer hair cells. Myosin staining in green, beta tubulin staining in red. x40 magnification. 

 

Figure 70 Beta tubulin immunofluorescence of spiral ganglion from basal cochlea of control animal showing 
excellent preservation of neural elements. x40 magnification. 
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Figure 71 Immunofluorescence overlay of organ of Corti from basal cochlea of ossicular manipulation animal with 
the vehicle solution showing poor morphology of outer hair cells. Myosin staining in green, beta tubulin staining in 
red. x40 magnification. 

 

Figure 72 Beta tubulin immunofluorescence of spiral ganglion from basal cochlea of ossicular manipulation animal 

with the vehicle solution showing preservation of neural elements. x40 magnification. 
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Figure 73 Immunofluorescence overlay of organ of Corti from basal cochlea of ossicular manipulation animal with 
the dexamethasone solution showing preserved morphology of inner and outer hair cells. Myosin staining in green, 
beta tubulin staining in red. x40 magnification. 

 

Figure 74 Beta tubulin immunofluorescence of spiral ganglion from basal cochlea of ossicular manipulation animal 

with the dexamethasone solution showing preservation of neural elements. x40 magnification. 
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