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ABSTRACT 

Otitis Media with Effusion (OME) is the commonest cause of paediatric hearing 

impairment globally. Antibiotic laden pellets placed in the middle ear (ME) present a 

potential novel treatment strategy for OME disrupting the middle ear biofilm and 

avoiding systemic side effects. In vitro studies of Staphylococcus Aureus biofilm 

eradication with pellets laden with rifampicin and clindamycin demonstrate a future 

potential OME treatment and this study aims to establish the safety of these pellets in 

vivo. 

 

Rifampicin (1.8mM) and clindamycin (35.3mM) loaded pellets made of poly lactic-co-

glycolic acid and pluronic were surgically placed in guinea pig middle ears.   

 

Auditory Brainstem Responses (ABRs) thresholds between 8-30 kHz were tested over 

16 weeks alongside controls to assess for ototoxicity; amplitudes and latencies studied 

to assess for neurotoxicity. At one week post insertion of antibiotic laden pellets, 

marked ABR threshold elevation (15-40 dB) was observed and persisted (25-40 dB) at 

week 16 without accompanying changes in ABR wave amplitudes and latencies. This 

pattern therefore does not support a neurotoxic mechanism. 

 

Representative cytocochleograms and immunofluorescence of the cochleas did not 

exhibit any appreciable frank outer or inner hair cell loss from the guinea pigs loaded 

with rifampicin and clindamycin pellets. This suggests that the pellets are not causing 

threshold elevation via an ototoxic mechanism.   
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ME histology revealed pellet remnants causing a moderate inflammatory response 

persisting at 16 weeks. With evidence of chronic inflammation in the middle ear, an 

associated ME effusion which has been undetected experimentally may underlie the 

ABR threshold elevation seen with rifampicin and clindamycin laden pellets.  Confined 

to the middle ear, this may also explain the lack of IHC and OHC damage.  

 

As a delivery vehicle to the ME, PLGA and Pluronic pellets have potential, but further 

studies are required on their antibiotic carriage to the middle ear before in vivo use. 
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/ƘŀǇǘŜǊ мΥ LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Understanding the transduction of sound on 
developing therapeutic intervention to OME 
 
 
Otitis Media with Effusion (OME) is the commonest cause of paediatric hearing 

impairment in the developed world (Mandel et al., 2008). Current treatment strategies 

include ventilation tube insertion (NICE 2008). This has approximately 25% of patients 

requiring a repeat surgical procedure within two years of the first procedure (Gates et 

al., 1987) and with a mean number of procedures per person of 2.1 (Daniel  et al., 

2006). The ideal treatment strategy should therefore be to treat OME and prevent 

recurrence with a single therapeutic intervention. A putative new treatment for OME 

is insertion of an antibiotic laden pellet into the middle ear allowing topical antibiotic 

delivery in a sustained release fashion. Such pellets have been designed using 

polylactic glycolic acid (PLGA) and pluronic and when loaded with rifampicin and 

clindamycin demonstrate biofilm eradication in vitro (Daniel et al., 2010). Inserting 

these pellets into the middle ear of animal models is an important step to establish the 

safety of potential new OME treatments. 

 

Before understanding the potential harmful effects of drug pellets on inner ear 

function, it is first necessary to consider the middle and inner ear function in normal 

hearing individuals and the overall impact of impaired hearing. 
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1.1.1 The Sense of Hearing 

 

The sense of hearing influences all aspects of life (Barker et al., 2017). Sound is a key 

component to human survival throughout evolution (Manley et al., 2017); through 

detection of prey by predators and hence has a vital role in danger avoidance and 

prolonging life. Hearing is also a key component of communication with other 

ƛƴŘƛǾƛŘǳŀƭǎΣ ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ƭƛŦŜΩǎ ƻǾŜǊŀƭƭ ŜƴƧƻȅƳŜƴǘ (Bakhos et al., 2017). Human 

progress throughout the millennia with the development of language and subsequent 

learning and passing on knowledge has been greatly influenced by hearing and 

communication (Manley et al., 2017). Hearing is a component of many hobbies 

including music. This is evidenced ŦǊƻƳ .ŜŜǘƘƻǾŜƴΩǎ IŜƛƭƛƎŜƴǎǘŀŘǘ ¢ŜǎǘŀƳŜƴǘ at the 

age of 31 when he describes his decreased appreciation for his music and subsequent 

desperation and reclusiveness due to progressive hearing loss (Van Beethoven 1802).  

 

Impaired hearing in childhood can affect language development (Samelli et al., 2017). 

This is seen in conditions such as Otitis Media with Effusion (OME) which is the 

commonest cause of paediatric hearing impairment in the developed world (Mandel 

et al., 2008). OME causes a conductive hearing loss due to fluid accumulation in the 

middle ear (Venekamp et al., 2016) and is common in the 2-6 year age group during 

language acquisition (Qureishi et al., 2014). Understanding the detailed mechanisms 

of sound transmission through the ear is a key component to developing therapeutic 

interventions to treat OME and hence prevent the long term sequelae of speech and 

language delay and missed academic potential. 
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1.1.2 Overview of anatomy and hearing 

Sound is a compressive wave in an elastic medium. It is a form of mechanical energy 

and is caused by changes in air pressures which are detected by the ear. Molecules of 

air are constantly moving and colliding. This is described as Brownian motion of air 

molecules in contact with the tympanic membrane (Harris et al., 1968). Compression 

of air molecules creates a sound, which travels in the form of a sinusoidal compressive 

wave to the pinna. The EAC (external auditory canal) channels the sound wave to the 

tympanic membrane (Szymanski et al., 2018) causing vibrations at the frequencies of 

the component sounds. The tympanic membrane vibrations in turn cause ossicular 

chain vibrations (malleus, incus and stapes) which results in the stapes footplate 

vibrating the oval window όhΩ/ƻƴƴƻǊ  et al., 2017) (Figure 1).  

 

Vibrations of the oval window are transmitted to the scala vestibuli in the cochlea 

(Rask-Andersen et al., 2018). The cochlea has three main components (Zou et al., 

2015); the SV (scala vestibuli), SM (scala media) and ST (scala tympani). Acoustic 

energy is transferred from the air containing middle ear to the fluid filled cochlea 

(Greene et al., 2015) and then from the oval window to the round window (Figure 2). 

The wave travels through the scala vestibuli first, then the flexible partition of the 

cochlea, called the basilar membrane, vibrates (Warren et al., 2016). This vibration is 

ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ŦƻǊ ǘƘŜ ǎƻǳƴŘΩǎ ŦǊŜǉǳŜƴŎȅ, creating a tonotopic organisation of the 

sound (Warren et al., 2016). Vibration of the OHC (outer hair cells) and IHC (inner hair 

cells) in the Organ of Corti then contribute to signal transduction as channels on the 

apical portion of the inner hair cells are mechanically opened via the tip links creating 
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a depolarising current (Fettiplace et al., 2017). Inward flux of K+ and Ca2+ ions cause 

depolarisation and generation of an action potential which results in release of 

glutamate on to spiral ganglion processes (Fettiplace et al., 2017). Here, action 

potentials are generated in response to the glutamate induced depolarisation. These 

action potentials are propagated to the brain stem via afferent neurons (Fettiplace et 

al., 2017).  
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Figure 1: Coronal view of the left middle ear showing the ossicular chain: malleus, incus and stapes 
(Illustration by E Hoskison using Paint) 
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Figure 2: Schematic diagram showing the tapered basilar membrane increasing in width from the base 
to the apex (from webnode.com) 

 

A cross section of the cochlea (Figure 3) showing separation into three main 

compartments (ST, SM and SV) and the separation of the perilymph and the 

endolymph. This allows for the maintenance of a resting potential in the Organ of Corti, 

known as endocochlear potential, before depolarisation and action potential 

generation.  
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Figure 3: Cross section of the cochlea showing the cochlear duct or scala media (Encyclopedia 
Britannica Inc 1997) 

 
The cochlea is adapted for the transduction of mechanical energy into electrical energy 

whilst preserving the ǎƻǳƴŘ ǿŀǾŜΩǎ temporal structure, intensity and amplitude. The 

ear has several adaptive mechanisms which ensure that minimal energy is wasted in 

transmission of the sounds to the cochlea. This is especially important due to the 

impedance mismatch of the air-water interface from the middle to the inner ear 

(Withnell et al., 2013). Without the middle ear acting as energy transformer, over 

99.9% of incident sound energy would be reflected at the air-fluid interface at the 

junction of the air in the middle ear and fluid filled inner ear. This would be the 

equivalent of approximately 30dB hearing loss. 
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Amplification mechanisms include ŎƘŀƴƴŜƭƭƛƴƎ ǘƘŜ ǎƻǳƴŘΩǎ ŜƴŜǊƎȅ ŀǘ ǘƘŜ ǇƛƴƴŀΦ 

Animals such as cats are designed to rotate their ears to the direction of the sound to 

improve linearity of the acoustic axis and hence sound detection and spatial awareness 

of its source (Musicant et al., 1990).  Humans, however do not have this adaptation. 

The binaural design allows analysis of the time delay as sound reaches the two ears 

separately and the intensity difference between the two ears is analysed and 

processed by the brain ς this is the interaural time difference (ITD). The head shadow 

effect creates the interaural intensity difference (IID) and assists directionality coding 

of sounds (Parisa et al., 2017). Such information is encoded in a complex signal allowing 

accurate temporal and spatial information of the sound to be analysed by the brain.  

In humans, the accuracy of sound localisation is 1.5 degrees (Durlach et al., 1978). 

 

The air-fluid interface at the oval window creates an impedance mismatch which the 

ear has adapted to overcome using two mechanisms. The surface area of the tympanic 

membrane is 20 times greater than the oval window. The oval window is located at 

the stapes footplate allowing amplification of signal. The ossicular chain also acts as a 

fulcrum with a lever ratio of 1.3 in humans (Guinan et al., 1967) amplifying the 

mechanical vibrations and limiting dissipation of energy. As a result of these two 

mechanisms, hydraulic press and lever arm, approximately 30dB of sound energy is 

gained, compensating for the losses from the air/fluid interface impedance mismatch 

(Withnell et al., 2013).  
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The sound amplification and impedance mismatch function of the middle ear is 

important to understand when attempting to address pathology of the middle ear such 

as OME (otitis media with effusion). The preservation of middle ear function is also 

important when considering any therapeutic intervention for middle ear disease such 

as OME. Tympanic membrane and ossicular chain integrity are important to maintain 

optimal middle ear function. 

1.1.3 Specialised features of sound transduction 

Von BékéǎȅΩǎ experiments on cochlea physiology demonstrated that, when using a 

vibrating electrode to record from the basilar membrane, the cochlea monophonic 

wave was proportional to the basilar membrane displacement and not velocity (Békésy 

et al., 1974). His work also showed properties of the basilar membrane which set up 

the tonotopic mapping along its length - the apex is wider and has resonance with low 

frequency sounds. Vibrations of the basilar membrane in a sound specific location 

contribute to tuning of the sound. The basilar membrane has a central role in signal 

transduction. Energy is transmitted to a specific locus allowing hair cell vibrations 

resulting in signal transduction. 

1.1.4 Trapdoor model theory 

Vibration of the OHC in the organ of Corti at frequency specific longitudinal distance 

along the basilar membrane has led to the άtrapdoor modelέ for ion channel opening. 

The tectorial membrane acts as a spring on top of the OHC. As the basilar membrane 

is deflected down, the tectorial membrane is stretched and the vibrations are 
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transferred to the OHC. The hair cells are central to signal transduction of mechanical 

energy into electrical signals. As the OHC ǾƛōǊŀǘŜ ƛƴ ŀƴ ŜȄŎƛǘŀōƭŜ ŦŀǎƘƛƻƴΣ ǘƘŜ άǘǊŀǇŘƻƻǊέ 

model of ion channel opening and hair cell excitation causes a depolarising current by 

K+ and Ca2+ ion influx (Gillespie et al., 1995) (Figure 4). The tip links connecting the OHC 

are an essential component of this motion detection. Tip link destruction by proteolytic 

enzyme elastase (Preyer et al., 1995) or removal of the Ca2+ ions (Assad et al., 1991) 

shows a loss of signal transduction, supporting this model. Studies on the frog saccular 

hair cells have shown that whole bundle stiffness is a property of the open probabilities 

of transduction channels (Hudspeth et al., 1988) which is evidence that this mechanism 

transcends across vertebrates. Stretch on the tip links has been shown experimentally 

to be directly proportional to the angle of stereocilia deflection (Geisler et al., 1998) 

emphasising the accuracy and effectiveness of the tip links as sensors (Geisler et al., 

1993) and their role in transduction of the sound into an electrical signal. 

 

Figure 4: {ŎƘŜƳŀǘƛŎ ŘƛŀƎǊŀƳ ƻŦ ǘƘŜ άǘǊŀǇŘƻƻǊέ ƳƻŘŜƭ ǎƘƻǿƛƴƎ ƘŀƛǊ ŎŜƭƭ ŜȄŎƛǘŀǘƛƻƴ ǿƛǘƘ ǇƻǎƛǘƛǾŜ 
displacement mediated by the tip links (Gillespie et al., 1995) 
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Current flow has also been shown to be proportional to stereocilia displacement in the 

direction of the kinocilium (Fettiplace 1992) with a sensitivity of up to 0.3nm 

(Hudspeth et al., 1988). 

1.1.5 Adaptation 

The cochlea is also able to undergo adaptation to a stimulus; a property which is 

function of the stereocilia. Adaptation occurs during excitation when the magnitude 

of the transducer current slowly decreases to a new resting level. The mechanism of 

hair cell adaptation has been shown to be a function of calcium ion concentration - 

with a reduction in speed of adaptation shown in turtle hair cells when the Ca2+ ion 

concentration is decreased from 3nM to 1mM (Crawford et al., 1991). It has been 

proposed that the calcium ions interact with the transducer channels determining the 

state of adaptation (Fettiplace et al., 1992). Adaptation involves movement of the ion 

channel up or down the stereocilium. 

 

The άƳƻǘƻǊέ ǘƘŜƻǊȅ ƻŦ ŀŘŀǇǘŀǘƛƻƴ ǿŀǎ proposed by Hudspeth and Gillespie in 1994 

with actin-myosin interaction causing increased tension in the tip links during 

excitation, gradually dragging the adaptation motor downwards and hence reducing 

tension until a new equilibrium is reached. Conversely, when deflected in the opposite 

inhibitory direction, the tip links have a reduced tension allowing the motor 

mechanism to climb upwards to counteract this. 
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1.1.6 Frequency selectivity 

Hair cells are adapted to have a greater sensitivity to sinusoids of a certain frequency 

along the length of the basilar membrane (Fettiplace et al., 1992). This selectivity is a 

function of the tonotopic organisation of the basilar membrane due to the physical 

change in properties of the basilar membrane along its length. The OHC also have a 

role fine-tuning this mechanism by refining the signal.  

1.1.7 Amplification 

Measurements of basilar membrane displacement in response to sound waves were 

first performed by Von Békésy (Von Békésy 1974) using stroboscopic light and large 

amplitudes. This produced displacements in the micrometre range. Johnstone and 

Boyle used a Doppler shift technique in 1967 to measure basilar membrane 

displacements (Johnstone et al., 1967). Khanna and Leonard were the first to use 

submicron measurements of the basilar membrane using laser interferometry (Khanna 

et al., 1982). Interferometry is a technique used to detect small displacements using 

the principles of a coherent single beam being split into two identical beams of 

electromagnetic radiation. Each beam travels a separate path and then they combine 

at a detector. Any resulting phase difference in the beams as they arrive at the detector 

is analysed to determine the difference in path length or a refractive difference along 

the path. Such measurements show the fine tuning of the basilar membrane for 

frequency specific sounds and also superior accuracy for low sound levels.  
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The identification of sound emissions from human ears in response to brief clicks 

(Kemp et al., 1978ύ ǇǊƻǾƛŘŜŘ ŀ ŎƭǳŜ ǘƻ ǘƘŜ ŎƻŎƘƭŜŀΩǎ ǘǊŀƴǎŘǳŎǘƛƻƴ ǇǊƻcesses. Evidence 

that these sounds were generated by outer hair cells was supported by Brownell 

(1985) with the identification of the OHC as the source of otoacoustic emissions (OAE) 

as they mechanically deform when stimulated with a current (Brownell et al., 1985). 

The reticular lamina and the basilar membrane were seen to move towards each other 

as the OHC contracted. These results showed the OHC enhancing the responses of the 

basilar membrane in a frequency selective manner acting as a feedback mechanism. 

This amplification mechanism varies in extent along the length of the basilar 

membrane explaining the variation in fine tuning between more basally placed high 

frequency and apical low frequency sounds.  

 

1.1.8 Innervation 

Signal transduction occurs at the IHC generating an action potential which is 

transmitted along spiral ganglia neurones to the brain. Each IHC connects with 10-30 

afferent neurons with a single synapse to type I myelinated neurons and multiple 

synapses with type II unmyelinated neurons. Such complex innervation is required for 

rapid, accurate coding of temporal events (Geisler et al., 1998). The presence of 

efferent innervations, via the olivocochlear system, has a mechanism in the fine tuning 

and hence accurate transduction of the electrical signal. Feedback is directed to the 

outer hair cells or the axons which supply the IHC. This mechanism allows sharp signal 

generation. 
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1.1.9 Summary of signal transduction 

Mechanical energy travelling through the middle ear is amplified to minimise energy 

dissipation at the air fluid interface between the middle and inner ears. This is achieved 

using two mechanisms:  1) reducing the surface area of the oval window relative to the 

TM and 2) the fulcrum mechanism of the ossicles. The cochlea utilises a number of 

different processes for signal transduction utilising the IHC which are situated along 

the basilar membrane. Tonotopic organisation of the ŎƻŎƘƭŜŀΩǎ ōŀǎƛƭŀǊ ƳŜƳōǊŀƴŜ 

assists the organisation of transduction. The OHC and efferent feedback mechanisms 

have a role in signal tuning to preserve temporal, spatial, intensity and frequency 

information, accurate discrimination which is important to human communication, 

interaction and survival. 

 

Understanding the mechanisms of signal transduction is essential prior to designing 

and implementing potential invasive treatments for ME conditions such as OME. This 

is where fluid accumulates in the ME cavity affecting the impedance-mismatch 

mechanism and transmission of sound to the inner ear. 

 
 
 

 

 

 
 
 
 



44 
 

1.2 Otitis Media with Effusion 
 
 
OME is the commonest cause of paediatric hearing impairment in the developed world 

(Mandel et al., 2008). Understanding the detailed aetiology and pathogenesis of OME 

allows for design of therapeutic interventions which are safe, effective and acceptable 

to the paediatric population. 

 

OME is the chronic inflammation of the middle ear mucosa associated with 

development and accumulation of mucus behind an intact tympanic membrane and 

without the symptoms and signs of acute infection (Venekamp et al., 2016). The 

mastoid air cell system may also be involved due to its anatomical connection with the 

ME via the mastoid antrum (Abdul-Aziz et al., 2017). OME has a clinical diagnosis with 

the presence of mucin and resultant conductive hearing loss (Schilder et al., 2016). If 

the mucus is present for a three month timescale, the effusion is considered to be 

chronic (Bluestone et al., 1984). It is common for a middle ear effusion to develop after 

an upper respiratory tract infection (Schilder et al., 2016) with a majority of these 

resolving naturally. Any middle ear irritation can lead to an effusion developing and 

hence the causes of OME are widespread including trauma (Miller et al., 2016), 

infection and inflammation (Wierzbicka et al., 2012). 

1.2.1 Symptoms 

Fluid which is either serous or mucoid in consistency can accumulate in the middle ear 

and affects the transmission of sound from sound waves from the external ear to the 
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cochlea. The fluid decreases tympanic membrane and ossicular chain vibration and 

hence attenuates the propagation of the sound signal through the middle ear. Children 

with OME therefore experience a 18-35dB conductive hearing loss (Cai et al., 2017) 

due to the impaired ME function. Presentation maybe with hearing impairment and 

preschool children may demonstrate speech and language delay. Although symptoms 

are transient in most children, a proportion require treatment because of the impact 

OME has on hearing and subsequent education and speech and language development 

(NICE 2008). Children may have a preceding history of AOM (acute otitis media) with 

fever and otalgia. In young infants this otalgia may manifest with ear pulling or general 

malaise for example being unable to sleep, irritable and unable to tolerate a normal 

diet. OME, AOM and recurrent AOM with three or more episodes in a six month 

interval are all closely related conditions (Alho et al., 1995). Studies of school children 

have shown that patients with AOM are more likely to develop OME (Martines et al., 

2011).  

1.2.2 Prevalence 

Otitis Media with Effusion (OME) is the commonest cause of hearing impairment in the 

developed world (Mandel et al., 2008) with a point prevalence of 20% (proportion of 

patients having OME at any one time) and up to 80% of the population of children 

being affected before the age of 10 years (Mandel et al., 008; NICE 2008). OME is 

common in the preschool age group with two peaks of incidence seen at 2 and 5 years 

(Zielhuis et al., 1990) as seen in a study of Dutch children. A cumulative incidence of 

OME has been shown in preschool children in the USA with 53% incidence in the first 
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year and 61% in the second (Casselbrandt et al., 1995). A European cohort has found 

that 35% of children have had at least one episode of otitis media before the age of 

two (Brauer et al., 2006). A large study of n=2253 in Pittsburgh USA (Paradise et al., 

1997) showed that 91.1% of children developed OME in the first two years of life and 

of these, 52.5% had bilateral effusions. These effusions in the Paradise study were due 

to both OME and AOM; two conditions which other studies show are interlinked 

(Martines et al., 2011).  

Draining the OME with ventilation tube insertion is also one of the most common 

surgical procedures performed in children. This is the current treatment regimen for 

OME according to the NICE guidelines of 2008. However, it does not address the 

underlying infection and hence many children have OME recurrence. Approximately 

25% of patients require a repeat surgical procedure within two years of the first 

procedure (Gates et al., 1987) and studies have shown that the mean number of 

procedures per person is 2.1 (Daniel et al., 2006). The ideal treatment strategy should 

therefore be to treat OME and prevent recurrence with a single therapeutic 

intervention. 

1.2.3 Aetiology 

OME is a multifactorial disease process. Risk factors for OME, however, have been 

identified through extensive epidemiological studies. There are still many theories 

regarding the aetiology of OME and hence this is an active area of ongoing research. 

The numerous theories underlying the pathogenesis of OME explains the multiple 

different treatments which are offered to patients, without a consensus for one single 
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effective treatment strategy. It is possible that OME is a multifactorial disease process 

but with different dominant factors causing OME in different individuals. This would 

result in treatment tailored to each separate patient to initially address the dominant 

factors with the aim of eliminating OME. This is the case in other multifactorial disease 

processes in medicine and therefore, there would be a precedent for the treatment of 

OME to follow a similar pattern.  The challenge posed, therefore, is to determine the 

dominant factor in each patient and to tailor this treatment accordingly. 

 

Genetic studies have shown that OME has a significant genetic component. A 

prospective twin study in Pittsburgh, USA showed a strong correlation between 

monozygotic sets compared to dizygotic sets experiencing middle ear effusions over a 

24 month period (Casselbrant et al., 1999). It has been speculated that this may have 

an anatomical basis with a hereditability of degree of pneumatisation of the mastoid 

(Dahlberg et al., 1945) and differences in Eustachian tube dimensions and function 

according to race (Beery et al., 1980). In an attempt to further characterise genetic 

susceptibility, genomic scanning has been done and loci on chromosomal regions 10q, 

19q and 3p have been identified as possible gene locations for chronic and recurrent 

OME (Daly et al., 1999). 

 

OME has a seasonal prevalence with approximately twice as many cases in the winter 

months compared to the summer months (Rovers et al., 2000, Sassen et al., 1997). 

This may be due to an increase in upper respiratory tract infections and closer contact 

with other children during these colder months due to increased time spent indoors. 
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Attendance in day care with more than four children under 3.5 years of age has also 

been identified as a risk factor for OME (Dewey et al., 2000).  This supports the contact 

theory with the main aetiological cause being a contagious environmental factor such 

as viruses and bacteria that may survive as a biofilm on toys and surfaces in the day-

care environment (Walker et al., 2017). 

 

 

1.2.4 Pathogenesis 

The middle ear communicates with the nasopharynx via the Eustachian tube (Jufas et 

al., 2016); both have an epithelial lining. The epithelial cells are similar to those in the 

upper respiratory tract, acting as a defence mechanism against the environment. The 

epithelium of the middle ear varies depending on location (Luo et al., 2017). Near the 

Eustachian tube opening, it is cuboidal or columnar, turning into flat epithelium near 

the mastoid air cell system and cuboidal on the promontory. Inside the mastoid, the 

epithelium is squamous and the Eustachian tube is lined with tall columnar epithelial 

cells which are ciliated and secretory (Hentzer et al., 1984). This creates a mucociliary 

transport system carrying pathogens from the middle ear down the Eustachian tube 

and into the nasopharynx (Ilomäki et al., 2016). Insults to the cilia in the form of upper 

respiratory tract infections result in impaired function or destruction of the cilia 

causing tubal dysfunction and impaired mucociliary clearance (Ohashi et al., 1991). 
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The healthy middle ear secretes fluid from the mucosal epithelial cells. The mucosal 

fluid is composed of mucins (Solzbacher et al., 2003), antibodies (Bernstein et al., 

1993), defensins (Underwood et al., 2011), protegrins (Bolintineanu et al., 2011), 

collectins (van Rozendaal et al., 2001), cathlecidins (Lehrer et al., 2002),  lysozyme 

(Travis et al., 1999), histatins (Melino et al., 2014) and nitric oxide (Brukdorfer et al., 

2005).  All of these molecules have a defensive role acting producing a physical barrier 

and with their antimicrobial properties (see Table 1). The mucus secreted by the 

respiratory epithelium in the body has a variable thickness according to the site of 

secretion. For example the ear has thinner mucus than in the mucus lining the 

stomach. Mucus is also constantly in motion in a healthy individual due to the action 

of the beating respiratory cilia (Luo et al., 2017). 

 

In a healthy individual, middle ear fluid does not accumulate. Clearance mechanisms 

which act on fluid elimination include cilia beating towards the nasopharynx via the 

Eustachian tube. Thus, the fluid and any accumulated debris are swallowed and the 

low pH of the gastric environment has a bactericidal effect eliminating contaminants 

of the middle ear (Schubert et al., 2014).  

 

Although the healthy middle ear mucosa is constantly secreting fluid, no effusion is 

seen. This suggests that there may be a difference in the composition especially 

regarding the viscosity of the middle ear fluid in a patient with OME and/or a defective 

fluid clearance mechanism. 
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Molecule Role in defence Reference 

Mucins Facilitates binding bacteria 
to initiate mucociliary 
clearance/ 
phagocytosis/cytokine  
mediated destruction 

Solzbacher et al., 2003 

Antibodies IgE mediated 
hypersensitivity and 
activation of inflammatory 
cascade 

Bernstein et al., 1993 

Defensins Antimicrobial action, 
proinflammatory, 
chemoattractants 

Underwood  et al., 2011 

Protegrins Small peptides with 16-18 
amino acid residues. 
Integrate into 
lipopolysaccharide in 
bacterial membranes and  
permeabilize them 

Bolintineanu et al., 2011 

Collectins Family of collagen 
containing C type lectins. 
Soluble pattern recognition 
receptors which bind to 
micro organisms prior to 
phagocytosis by 
macrophages 

van Rozendaal  et al., 
2001 

Cathlecidins Bipartite molecules with an 
N-terminal cathelin domain 
and C-terminal 
antimicrobial domain 

Lehrer et al., 2002 

Lysozyme Large antimicrobial protein 
with action against Gram 
positive organisms 

Travis et al., 1999 

Histatins Metal binding peptides with 
antibacterial properties 

Melino et al.,  2014 

Nitric Oxide A free radical which binds to 
haem and activates cGMP 
signalling cascade 
Reacts with other radicals to 
produce oxidants resulting 
in  protein damage 

Brukdorfer et al., 2005 

 

Table 1: Components of middle ear secretions and their role on defence against pathogens 
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In an attempt to investigate the composition of middle ear effusion in patients with 

OME, aspirates of the fluid have frequently been taken for scientific analysis (Brake et 

al., 2012, Daniel et al., 2012, Xu et al., 2011). This fluid is easily available from patients 

and has provided many research units with material to investigate to determine the 

components of the effusion and hence elucidate the pathogenesis of OME. There has 

been a huge focus on analysis of this fluid in recent years (Brake et al., 2012, Daniel et 

al., 2012, Xu et al., 2011), however it must be stated that this has been biased by the 

easy availability of the material and hence may not be the best source to determine 

the pathogenesis of OME. The composition of middle ear effusions have been shown 

to comprise of water, cells, cell debris, electrolytes and high molecular weight 

compounds of which most are mucins and a smaller number protein, lipids and 

deoxyribonucleic acid (DNA). 

 

OME is caused by inflammation of the ciliated, pseudostratified columnar epithelium 

of the Eustachian tube and the hypotympanum. This causes mucus secretion and a 

differentiation into thickened pseudostratified mucus secreting epithelium (Ishii et al., 

1980, Tos M et al., 1980) with a reduction in cilia number and cilia function (Takeuchi 

et al., 1990). Figure 5 demonstrates histologically the metaplasia seen in OME in a 

mutant mouse model labelled Islet 1 (Hilton et al., 2011). Examination of the middle 

ear histologically revealed chronic OME with an intact tympanic membrane. The 

mucosa was thickened with fibrocytes, granulocytes and granulation tissue. The 

genetic basis for this in this mouse colony was found by Hilton et al to be a tyrosine to 
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cysteine mis-sense mutation on the Islet 1 gene with further studies ongoing to detect 

to exact mechanisms. Islet 1 genes have previously been found in the gastric lining, 

suggesting a role in regulating somatostatin gene expression and hence gastric 

mucosal secretion. 

 

 

 

 

 

 

Figure 5: Histology of middle ear mucosa in OME showing metaplasia (Hilton et al., 2011) 

Histologically, the submucosa shows blood vessel dilatation and increased number of 

inflammatory cells such as macrophages, plasma cells and lymphocytes. The middle 

ear effusion is usually mucoid or serous in nature, but its actual origins are a matter of 

some debate. Fluid can be secreted from the epithelial, goblet cells and mucus glands 

as well as an inflammatory transudate or exudate. The mucins are thought to be the 

Figure taken from HiIton 2011 

¶ a) and b) both normal mucosa of 

middle ear cavity (MEC) and external 

auditory canal (EAC) with the 

malleus (M) 

¶ c) and d) from mice with Islet 1 gene 

mutation. Note the thickened 

mucosal lining of the middle ear 

mucosa with mucous production, 

fibroblasts, granulocyte and 

granulation tissue 

Figure 5: Histology of middle ear mucosa in OME 
showing metaplasia (Hilton 2011) 
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main contributing factor to the variable viscosity of the middle ear effusions (Kubba et 

al., 2000). 

1.2.5 Mucins 

Mucin is secreted by the middle ear epithelial cells. Mucins are glycoproteins which 

consist of a protein backbone, sugar side chains and interconnected disulphide bonds. 

Mucins allow lubrication, prevent dehydration and protect the underlying mucosa and 

facilitate H2O transport. Genes expressing mucins in the middle ear are secretory gel 

forming, secretory non-gel forming and cell surface (Linden et al., 2008). Mucins 

located on the cell surfaces provide a barrier preventing molecules such as bacteria 

from attaching and invading the underlying mucosa. Other mucins have intracellular 

functions with a role in regulation of cell growth and apoptosis when encountering 

microbes or toxins (Linden et al., 2008). 

 

Middle ear effusion aspirates have identified the main gel-forming mucins in the 

middle ear to be MUC2, MUC 5AC and MUC5B (Hutton et al., 1997, Ubell et al., 2010, 

Duah et al., 2016). Patients with OME have also been found to have defects in the 

MUC5AC gene which may predispose them to this condition (Ubell et al., 2010). In 

addition to bacterial pathogens, aspirates of the middle ear have been found to be 

composed of water, cell debris, electrolytes and high molecular weight compounds 

which are predominantly mucin. Mucus provides a surface for bacterial attachment to 

prevent bacterial adherence to the underlying mucosa causing an infection (Reddy et 

al., 1997). Mucin molecules have oligosaccharide side chains which bacteria can bind 
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via adhesins. In a situation where the bacteria evade elimination, the mucus has the 

ability to proliferate in its lysozyme, lactoferrin and complement components. If the 

host defence systems fail in the middle ear, OME develops (Kubba et al., 2000). 

 

Detailed studies of middle ear effusions has shown that there is a difference in 

composition of the effusions between children and also a difference in composition of 

effusions between left and right ears in a bilateral case of OME (Johnson et al., 1997). 

In this particular study, the levels of mucins and cytokines IL-8, TNF-ʰΣ L[-м ̡were 

analysed. Higher levels of cytokines were found in effusions with greater viscosity 

caused by a higher level of mucin. This suggests that inflammatory mediators may 

increase the production of mucin. Inflammatory mediators such as IgG and IgA have 

been identified in middle ear effusions in higher levels than in serum. Other features 

of inflammation were also identified such as vascular proliferation, infiltration of 

plasma cells and lymphocytes and metaplasia of the middle ear with an increase in 

goblet cells and mucus glands (Ishii et al., 1980, Sade et al., 1966, Jones et al., 1979).  

 

Nitric oxide (NO) has been identified as an important inflammatory mediator which 

has cytotoxic actions when released in large quantities (Anggard et al., 1994). In vitro 

studies have shown that NO increases mucin production in cell cultures of goblet cells 

which is predominantly MUC5AC (Capper et al., 2003). In vivo models have also shown 

an increase in mucin with NO (Rose et al., 1997). Middle ear effusions have also been 

shown to contain NO metabolites which is further evidence that NO is an important 

inflammatory mediator in OME (John et al., 1999).  Detailed genetic analysis of samples 
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of blood from patients with OME using PCR has shown that there is a potential 

susceptibility to OME with an endothelial NO synthase polymorphism (Ates et al., 

2017). Understanding the detailed basis for OME susceptibility may help to select 

treatments for individuals. 

 

Evidence of inflammatory mediators causing OME has led to proposed cascades 

including the flowchart from Kubba et al., 2000 (Figure 6). The common pathway is for 

mucin secretion and hence a middle ear effusion. Recent detailed analysis of mucin in 

OME aspirates has shown that children with MUC5B in their effusions were younger 

than other children undergoing ventilation tube insertion (Duah et al., 2016) 

suggesting that certain types of mucin are more pathogenic for OME, especially 

affecting those under 48 months. This is an important factor when considering the 

impact of OME on speech and language acquisition. 

 

     ¢bCʰ 
      
                   activates Phospholipase C 
 
            hydrolysis of Phosphatidylcholine 
 
   Phosphatidylcholine + Diacylglycerol 
 
     activates Protein Kinase C 
 
         activates and induces Nitric oxide synthetase 
 
        Nitric oxide 
 
           activates Guanylate cyclase 
 
       cGMP        GTP 
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                               activates cGMP dependent protein kinase 
 
  phosphorylation of serine residues on target proteins 
 
  up-regulation of mucin genes 
 
                           Mucin secretion 
 
Figure 6: Inflammatory cascade producing mucin (adapted from Kubba et al., 2000) 

 

1.2.6 Viruses 

Analysis of middle ear effusions has also shown that viruses have been found using 

reverse transcriptase polymerase chain reaction (Pitkäranta et al., 1998) and more 

recently quantitative PCR identifying viral nucleic acid in 15% of middle ear fluid 

samples (Slinger et al., 2016).  Viruses detected included human rhinovirus in 63%, 

respiratory syncytial virus and coronavirus. Viruses activate the inflammatory cascade 

(Figure 6) and increase the production of mucin creating a middle ear effusion which 

is usually of a short duration.  

1.2.7 Bacteria 

Although OME is likely multifactorial (Schilder et al., 2016), there is a wealth of 

evidence for the involvement of bacteria. There is overlap between the incidence of 

AOM in children and the subsequent development of OME and it has been found that 

50% of middle ear effusions follow an episode of AOM (Alho et al., 1995). Identified 

risk factors include attendance in day care, increased number of siblings and a low 

socioeconomic group. All of these factors increase the risk of infection spread and 

ǊŜŘǳŎŜŘ ƘȅƎƛŜƴŜΦ .ǊŜŀǎǘ ŦŜŜŘƛƴƎ ƛƴŎǊŜŀǎŜǎ ŀƴ ƛƴŦŀƴǘΩǎ ƛƳƳǳƴƛǘȅ due to its antimicrobial 
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and anti-inflammatory properties and hence is believed to be a protective factor 

against OME (Abrahams et al., 2011). Neonatal immunity is also attributable to 

antibodies transferred from the mother to baby in utero. This effect lasts 6 months, 

therefore breast feeding for greater than 6 months may confer additional protection. 

There is also likely to be synergy with the risk factors such as breastfeeding and high 

socioeconomic class. Adenoidal hypertrophy in the nasopharynx has been postulated 

as a site where bacteria are quiescent before transfer via the Eustachian tube into the 

middle ear. This theory is supported by evidence that there is a higher number of 

pathogens in the nasopharyngeal flora of children with OME (91%) compared to those 

without (Hemlin et al., 1991). 

 

Aspirates of OME fluid which has been present for more than 2 months have shown 

live bacteria in 91.8% of samples (Daniel et al., 2012) indicating their possible role in 

the pathogenesis of OME. The most common was Streptococcus pneumonia in 8% 

(Jero et al., 1997). This study was performed on children with a wide age spectrum and 

the incidence of pathogens was found to be higher in younger children. 

 

It is also worth commenting that in some studies up to 20% of effusions are sterile, 

emphasising the multifactorial components at play in the aetiology of OME. A recent 

multicentre study from Korea showed that aspirates from children receiving grommets 

cultured bacteria in only 13.3% of cases and of these, Haemophilus Influenza was the 

most prevalent ( Yoo et al., 2018). 

 



58 
 

The current 13-valent conjugate pneumococcal vaccination given in the UK (Prevnar 

13, Pfizer) confers protection against 13 strains of Streptococcus. Studies testing 

effusions from patients with OME requiring ventilation tube insertion have identified 

only serotype 19A which is covered by Prevnar suggesting that the other bacterial 

serotypes of Streptococcus which are found in the middle ear are not currently 

covered by a vaccination schedule (Slinger et al., 2016). 

 

 

1.2.8 Atopy 

 

There is mixed evidence that atopy has a role in the aetiology of OME. Martines et al., 

(2011) found a strong association with OME and atopy in a cohort of 2097 Sicilian 

schoolchildren. One theory behind this include impaired immunity and a middle ear 

inflammatory reaction increasing susceptibility to microbial infection (Zernotti et al., 

2017). However, other studies contradict this (Tos et al., 1979). Oral antihistamines 

have been shown to have no benefit in the treatment of OME (Griffin et al., 2006) 

again highlighting the multifactorial nature of OME. 
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мΦнΦф 9ǳǎǘŀŎƘƛŀƴ ǘǳōŜ άŜȄ-vacuoέ theory 

 

A theory for the development of OME which has now been largely abandoned is the 

άŜȄ-ǾŀŎǳƻέ ǘƘŜƻǊȅΦ ¢Ƙƛǎ ŘŜǎŎǊƛōŜǎ ōƭƻŎƪŀƎŜ ƻŦ ǘƘŜ 9ǳǎǘŀŎƘƛŀƴ ǘǳōŜ ǿƘƛŎƘ ŎŀǳǎŜǎ ŀ 

negative middle ear pressure and the development of a transudate effusion. Analysis 

of the middle ear effusion has shown that exudates are present which contradicts this 

theory. Eustachian tube dysfunction may allow acid reflux to pass to the middle ear 

causing inflammation. In children, the Eustachian tube is more horizontal than in 

adults, hence facilitating acid reflux to the middle ear. This acid reflux could also aid 

bacterial transfer to the middle ear. Evidence for this theory of Eustachian tube 

dysfunction as an aetiological factor for OME includes the presence of pepsin in the 

middle ear fluid at concentrations of 1000 times greater than serum (Tasker et al., 

2002). Pepsin is a component of gastric secretions and hence its presence at high 

concentrations in the middle ear is evidence supporting reflux.  A recent study showed 

evidence of laryngopharyngoreflux in 67% of children with OME (Górecka-Tuteja et al., 

2016) using pH manometry of the oesophagus. This study did not investigate the 

presence of reflux up to the ET and potential contribution to the pathogenesis of OME. 

It is also important to state that both LPR and OME are common and hence an 

association is therefore expected. 
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1.2.10 Prognosis of OME 

A large proportion of patients with OME have a self-resolving condition which requires 

no treatment. 

 

In the USA there is a much lower threshold for referral to see a specialist. In the UK, 

children referred to specialist ENT clinics are those that have significant behavioural 

problems and educational concerns. This variation in threshold for referral may explain 

any discrepancies between epidemiology between the UK as compared to the USA and 

differences in Health care systems (private insurance in the USA vs. National Health 

Service in the UK). 

 

In the acute setting, AOM has the potential sequelae of acute mastoiditis which can 

lead to intracranial complications including sagittal sinus thrombosis, meningitis and 

intracranial abscess formation with a death rate of 5% in the cases which develop into 

intracranial complications (Bluestone et al., 2002). Chronic OME has the potential 

complications of deficient expressive speech, poorer concentration skills, high 

frequency sensorineural hearing loss, tympanic membrane atelectasis, perforation, 

retraction and cholesteatoma (Daly et al., 1999). With language delay there is a 

subsequent overall impact on education, career and hence earning potential in later 

life.  

 

OME has a recurrent nature in some children with 25% requiring a second grommet 

insertion after the first (Gates et al., 1987). Underlying this recurrence are virulence 



61 
 

factors which result in the bacteria becoming difficult to eliminate including the 

presence of mucin. Another potential virulence factor is the bacteria in OME live in a 

biofilm formation in the middle ear. Understanding the formation and architecture of 

biofilms in greater detail may assist in treatment of OME and long term eradication, 

avoiding recurrence.  
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1.3 Biofilms 
 

There is evidence that OME is a biofilm disease (Hall-Stoolley et al., 2006). A biofilm is 

a highly organised multicellular community (Bakaletz et al., 2012) which fulfils four 

diagnostic criteria: 1) bacteria are aggregated 2) bacteria are associated with a surface 

3) bacteria are encased in a complex extracellular matrix and 4) bacteria are 

recalcitrant to antibiotic treatment (Hall-Stoodley et al., 2009, Parsek et al., 2003). The 

community of bacteria is encased in extracellular polymeric substance (EPS) that is 

attached to a surface. In comparison with their planktonic state, biofilms have a 

reduced growth rate due to the limited availability of nutrients and a distinct 

transcriptome (Post et al., 2004, Post et al., 2007). Biofilms also have the ability to 

exchange genetic material and hence develop the potential for antibiotic resistance, 

enhancing their survival (Slinger et al., 2006). These virulence factors allow biofilms to 

evade the hoǎǘΩǎ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜ ŀƴŘ ŀƭǎƻ ǘƘŜ ŀŎǘƛƻƴ ƻŦ ŀƴǘƛōƛƻǘƛŎǎΦ ¢ƘŜ 9t{ ŀƭǎƻ 

provides a physical barrier providing recalcitrance to biofilm disruption and removal 

(Flemming et al., 2010).  

 

OME is challenging to treat with a high recurrence rate ς 25% of children require a 

second grommet insertion (Gates et al., 1987). There is evidence of biofilm formation 

in the middle ear which explains this recalcitrance to antibiotics and recurrence of the 

condition. The middle ear effusions that have been collected are culture negative for 

bacteria.  Polymerase chain reaction (PCR) however, has detected bacterial DNA 

(Rayner et al., 1998) and also messenger RNA identifying metabolically active bacteria. 

Special techniques are therefore required to detect biofilms as bacterial culture 
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appears to be insufficient. Paluch-Oles et al looked at effusion samples taken post 

ventilation tube insertion in children with OME (Paluch-Oles et al., 2011). Bacterial 

growth was demonstrated in 40% of samples using conventional culture techniques 

but using the method of PCR, bacteria were found in 98% of cases. Mucosal samples 

from children with chronic or recurrent OME also demonstrated bacterial biofilms 

(Homoe et al., 2009).  

 

Bacteria may be transmitted to the middle ear from the adenoids which are located in 

the nasopharynx close to the Eustachian tube orifice. A study by Hori et al., in 2010 

showed that children with OME have a higher percentage of their adenoidal mucosal 

surface covered with biofilm than that of children with obstructive sleep apnoea (Hori 

et al., 2010). Studies on 20 children with adenoidal hypertrophy and OME detected 

biofilms on all adenoidal specimens after surgery using scanning electron microscopy 

(Tawfik et al., 2016). This was significantly greater than 20 children with adenoidal 

hypertrophy wƘƻ ŘƻƴΩǘ ƘŀǾŜ OME, supporting the view that adenoidal biofilm 

contributes to the recurrent nature of OME. 

 

1.3.1 Studies in vitro 

Studies have shown that the main organisms associated with OME (Haemophilus 

influenza, Streptococcus Pneumoniae and Moraxella catarrhalis) readily form biofilms 

both in vivo (Ehrlich et al., 2002, van Hoecke et al., 2016) and in vitro (Murphy et al., 

2002, Allegrucci et al., 2006, Pearson et al., 2006). In the animal model of the chinchilla, 
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Haemophilus influenza was shown to develop a biofilm in the middle ear cavity after 

five days (Ehrlich et al., 2002). Haemophilus influenza has been the most extensively 

studied biofilm and it has been shown that proteins expressed on the surface are 

unique in the biofilm format compared to the planktonic state (Murphy et al., 2002). 

In addition to the proteins identified, adhesins, enzymes and lipopolysaccharides have 

been located on the surface of Haemophilus influenza biofilms which are thought to 

act as a virulence factors (Webster et al., 2006). Sialylation of the lipopolysaccharide 

has also been shown to be a major virulence factor both in vitro and in vivo (Bouchet 

et al., 2003). 

1.3.2 Studies in vivo 

Analysis of specimens taken from the middle ear mucosa in children undergoing 

ventilation tube insertion with recurrent AOM or chronic OME has shown biofilms of 

Haemophilus influenza, Streptococcus pneumonia and Moraxella catarrhalis (Hall-

Stoodley et al., 2006). Despite the culture negative status of the effusions, a large 

number of viable bacteria were seen after dead fluorescent staining using confocal 

scanning laser microscopy (CSLM) and 92% showed biofilms which were identified as 

clusters of pathogenic bacteria with a matrix attached to a surface. Evidence of Gram 

positive cocci infection of the middle ear mucosal epithelium has been shown in 

mucosal biopsies from children with OME. This may explain the persistent nature of 

infection and recalcitrance to antibiotic treatment (Coates et al., 2010). Bacterial 

messenger RNA has been detected in up to 35% of culture negative middle ear 
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effusions from children undergoing myringotomy insertion for OME (Rayner 1998). 

This finding reinforces the role of bacteria in the biofilm model. 

1.3.3 Implications of biofilms on OME treatment  

Bacteria in biofilms have been shown to be 1000 times more resistant to the action of 

antibiotics than in their planktonic forms (Starner et al., 2008, Kaji et al., 2008). This is 

due to their multiple virulence factors including the EPS and ability to exchange genetic 

information conferring antibiotic resistance. Biofilms therefore pose a challenge for 

eradication and in the treatment of OME due antibiotic recalcitrance and the 

persistence of pathogens (Belfield et al., 2015). There maybe implications of inserting 

a potential substrate in the form of ventilation tubes for the biofilms to grow on (Jang 

et al., 2007) creating an inflammatory reaction and chronic infection. There is also 

evidence that the adenoids are a reservoir for biofilms and hence when OME is 

eradicated, bacteria can ascend into the middle ear to reform a biofilm (Nistico et al., 

2011, Saafan et al., 2012, Tawfik et al., 2016). This may be one of the explanations for 

recurrent OME. The treatment for OME has to account for the presence of biofilms 

and therefore antibiotic delivery should be ideally targeted to disrupt the biofilm 

matrix. 
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1.3.4 Biofilms in nature and disease 

Studies of aquatic environments show that bacteria grow in communities which we 

know as biofilms, encased in a matrix, adherent to a surface and with a sufficient 

nutrient supply. It is rare to find bacteria in the free floating planktonic form. 

Microscopic observations and quantitative studies have shown that over 99.9% of 

bacteria can grow in biofilms on different surfaces (Donlan and Costerton 2002). 

Biofilms are a major problem in the water industry as they adhere to water pipes. 

Complex methods for sampling, examining and controlling the growth in this 

environment have been developed (Donlan and Costerton 2002). Medical specialities 

have since accepted the presence of biofilms in clinical infections. Microbiologists 

classify bacteria into mucoid and non-mucoid species depending on their ability to 

produce slime, which is a mucin-like layer produced by the biofilm. 

 

The US National Institute of Health states that biofilms contribute to over 80% of 

microbial infections in humans (Davies et al., 2003). Many clinical infections are the 

result of biofilm infections such as cystic fibrosis, perichondritis and infective 

endocarditis. Most indwelling medical devices are a substrate for biofilm adherence 

including catheters, prosthetic heart valves, extra ventricular devices (Bayston et al., 

2007) which all feature in neurosurgery and in the field of Ear, Nose and Throat, 

tracheostomy tubes and ventilation tubes. Biofilms are also found in many ENT 

infections such as chronic rhinosinusitis (CRS) (Barshak et al., 2017), recurrent 

tonsillitis, chronic supporative otitis media (CSOM), middle ear cholesteatoma and 

implant infections (Smith A et al., 2011). 
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1.3.5 Adherence 

The initial step of biofilm formation is adherence to a surface which may be a cell, 

mucin or an artificial implant such as a ventilation tube. The surface type and bacterial 

characteristics both influence adherence. A solid-liquid interface and a rough textured 

surface are thought to be favourable mediums for microbial attachment and growth 

(Donlan and Costerton 2002) similar to the presence of OME in the middle ear.  

Bacteria which adhere strongly to a surface are better at producing biofilms. Bacteria 

use Brownian motion to locate a target surface. When the bacteria are in close vicinity, 

they use flagella or produce polysaccharides to help bridge the gap and overcome any 

electrostatic repulsive forces, assisting adhesion (Hori et al., 2010).  

1.3.6 Polysaccharides 

Two main groups of polysaccharides are produced by bacteria: lipopolysaccharide 

(LPS) and extra-cellular polymeric substance (EPS). LPS consists of lipid A, core 

polysaccharides and outer O antigen units. LPS is important for the initial stages of cell 

surface adhesion whereas EPS is the primary matrix component of biofilms. EPS exists 

in three forms: 1) capsular which is tightly bound to the cell wall 2) loosely bound which 

creates the slime of biofilms and 3) soluble form. The EPS produced from 

Staphylococcus EpidŜǊƳƛǎΩǎ is called Polysaccharide Intercellular Adhesion (PIA) and is 

the most widely studied. PIA has the basic unit of N-acetyl-glucosamine which is amide 

ŀƴŘ Ƙŀǎ ǊŜǇŜŀǘŜŘ ǳƴƛǘǎ ƭƛƴƪŜŘ ƛƴ ŀ ʲ-1, 6 formation (Figure 7). PIA residues contain up 

to 15% of de-N-Acetylated amino groups (Mack et al., 2004). 
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a) N-Acetyl-glucosamine 

 

 

 

 

b) Polysaccharide intercellular adhesin PIA (Leung et al., 2009) 

Figure 7: Diagram to show structure of a) N-acetyl glucosamine and b) Polysaccharide intercellular 
adhesin (Leung 2009) 

 
 
 
 
 
 
 
 
 
 

http://www.sciencedirect.com/science/article/pii/S0008621508006101#gr1
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1.3.7 Biofilm interaction with mucin 

The molecular structure of biofilm polysaccharides share many similarities with 

mucins; both are peptidoglycans. Their glycosylation allows for attraction of water 

molecules to form gel-like macromolecules. Mucins secreted by the body may act as a 

substrate for the growth of biofilms due to their large surface area for attachment. 

Therefore, mucins can act as a virulence factor for biofilms. Studies have demonstrated 

a surface coated in mucin results in growth of biofilms with increased resistance to 

antibiotics compared to plain glass surfaces (Landry et al., 2006). 

 

Due to the similar structure of mucins and biofilms, chemical agents have been shown 

to breakdown both. An example of this is the mucolytic Ambroxol degrades alginates 

produced by Pseudomonas Aeruginosa biofilms (Li et al., 2008). 

 

1.3.8 Biofilm architecture 

After adherence to a surface, bacteria multiply to form a biofilm. They mature to form 

pillars and develop specialised water channels allowing nutrients to enter and waste 

products to leave (Donlan et al., 2002). Each colony has a unique structure as shown 

by CLSM (Tolker-Neilsen et al., 2000) which can vary according to the age of the 

colonies. For example Pseudomonas Aeruginosa has been shown to form ball shaped 

micro-colonies or loose protruding structures depending on the exact species. Bacteria 

were also been to be motile, leaving their colonies and joining others. This occurs 
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particularly if a certain size is reached allowing the biofilm to change from a compact 

micro-colony to loose structures. 

 

The co-existence of planktonic and sessile populations of bacteria with a constant 

interchange is thought to be an adaptation to external factors. This has been 

demonstrated experimentally by growing Pseudomonas and Burkholderia together in 

a commensal environment forming mixed micro colonies. When the environment 

changes to non-commensal, both bacterial species form separate micro colonies 

(Nielsen et al., 2000). This phenomenon can be explained by chemotactic signalling 

known as quorum sensing and allows bacteria to adapt to their environments altering 

to a planktonic form if the conditions for biofilm formation are unfavourable. This 

adaptability should be considered a virulence factor allowing biofilms to evade and 

survive harsh biological conditions. 

мΦоΦф LƴǘŜǊŎŜƭƭǳƭŀǊ ǎƛƎƴŀƭƭƛƴƎ άvǳƻǊǳƳ ǎŜƴǎƛƴƎέ 

Intercellular signalling is also known as a phenomenon ŎŀƭƭŜŘ άqǳƻǊǳƳ ǎŜƴǎƛƴƎέ ǿƘŜǊŜ 

bacteria in a biofilm detect local densities and co-ordinate their behaviour (Jamal et 

al., 2017). The sensors are thought to be N-Acetyl Homoserine Lactones which control 

the expression of target genes. There is evidence that quorum signalling has an 

important role in the development of biofilms by controlling the expression of extra-

cellular polymeric substances (EPS) which are central to the ability to form a biofilm 

(Nadell et al., 2008). 
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1.3.10 Antibiotic recalcitrance 

Bacteria in a biofilm show a marked recalcitrance to antibiotics. There are thought to 

be several factors behind this. The exopolysaccharide gel layer (slime) formed by the 

biofilm provides a protective physical barrier preventing penetration of antibiotics to 

bacteria (Souli et al., 1998).  Another theory is that the biofilms have the ability to form 

small colony variants (SCVs) when the biofilm is so thick that oxygen and nutrients are 

depleted. The SCVs are subpopulations in the dormant state and have switched off 

many of the mechanisms that antibiotics target and hence become recalcitrant 

(Bayston et al., 2000). 

 

In the biofilm state, cell wall synthesis inhibitors are affected, resulting in a reduction 

of cell wall protein production which conserves energy (Neut et al., 2007). As the 

division rate of bacterial cells in a biofilm are reduced, antibiotics which target dividing 

cells are less effective. Genetic information can also transfer between adjacent cells 

allowing mutations which may confer antibiotic resistance. This can even occur 

between different bacterial species (Fergie et al., 2004). 

 

All of these factors combine to reduce biofilm susceptibility to antibiotic treatment and 

hence can cause significant problems clinically with chronic infections such as OME. 
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1.3.11 Biofilm examination and measurement in research 

Direct imaging of biofilms is the gold standard for examination. Scanning Electron 

Microscopy (SEM) requires hydrated biofilms to be processed before imaging which 

may cause a degree of distortion. New advances in the development of CSLM have 

removed the processing step and allows biofilms to be examined dynamically, 

although the resolution is slightly less than SEM (Sugimoto et al., 2016). 

1.3.12 Clinical diagnosis of biofilm infections 

Biofilm infections are difficult to diagnose clinically. The techniques of SEM and CSLM 

are expensive and are impractical to use in the clinical setting. However, in most cases 

the surface of the biofilm is biological such as the middle ear mucosa in OME. Blood 

culture alone can fail to pick up sufficient quantities of bacteria as many of the bacterial 

are in a dormant form in the biofilm.   

 

Future developments are required to develop a reliable biofilm detection assay that 

can be used clinically. This may involve measuring the metabolites such as quorum 

sensing signalling molecules and would have implications for the treatment of OME. 

1.3.13 Therapeutic possibilities of treating biofilms in OME  

Successful treatment of OME, for which there is strong evidence is a biofilm infection, 

should not involve increasing the antibiotic dose systemically for prolonged periods of 

time as this has the risk of greater side effects for the patient and a limited efficacy 



73 
 

due to antibiotic recalcitrance (Belfield et al., 2015). Disruption of the biofilm using 

mucolytic agents, altering the substrate surface and hence limiting bacterial 

adherence, formation and quorum sensing are all possible therapies. Applying this to 

the middle ear in the treatment of OME however is challenging as systemic drug 

delivery would not achieve high enough doses and the middle ear is difficult to access 

anatomically. Before the discussion of any novel forms of treatment for OME, it is 

worth considering the variety of different treatments available and the merits and 

disadvantages of each. 
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1.4 Treatment for OME 

1.4.1 Medical management 

Medical treatment for OME would render surgery unnecessary, which appeals 

considering the recurrent nature of OME and the high incidence in children. Numerous 

hospital visits with interventions have a potential impact on ŎƘƛƭŘǊŜƴΩǎ ŜŘǳŎŀǘƛƻƴ ŀƴŘ 

wellbeing. Different medical treatments for OME have been trialled as discussed 

below. 

1.4.2 Nasal topical steroids 

Administration of nasal steroid topically treats any potential blockage of the 

eustachian tube opening in the postnasal space. Steroids reduce inflammation and 

encourage opening of the tube. Studies, however, have not shown a significant benefit 

from topical nasal steroids in the treatment of OME (Shapiro et al., 1992, Wang et al., 

2017). A well designed study was a double blind randomized controlled trial with 217 

children aged between 4 and 11 years old taking either mometasone furoate or 

placebo for 3 months (Williamson et al., 2009). No clinical difference in the resolution 

of OME was found. To reinforce this, the NICE guidelines (2008) have stated that there 

is no proven benefit from the use of topical nasal steroids. There is also little benefit 

in the use of nasal topical steroids in children who have variable anatomy of the 

eustachian tube and hence are prone to recurrent OME such as craniofacial 

abnormalities including midface hypoplasia in trisomy 21. 
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1.4.3 Systemic steroids 

Systemic steroids can be used to reduce the inflammation of the middle ear mucosa in 

OME. Studies to assess the efficacy of systemic steroids have had mixed results. A 

study comparing the effects of systemic steroids to the effect of systemic steroids and 

oral antibiotics showed that OME resolved quicker in the treatment group given both 

steroids and antibiotics (Mandel et al., 2002). However, this difference was only 

apparent for two weeks after treatment had ceased. Similarly, a systematic review by 

Simpson et al., (2011) has shown that systemic steroids used in combination with oral 

antibiotics causes OME to resolve quicker, but this benefit is not long term and there 

is no evidence of any alleviation of hearing loss (Simpson et al., 2011).  Systemic 

steroids also have considerable side effects when given for any long duration including 

gastric ulceration, osteopenia, suppression of the hypothalamo-pituitary axis and 

growth retardation which is especially relevant when considering the paediatric 

cohort. 

1.4.4 Oral antibiotics 

Systematic reviews of oral antibiotics to treat OME have found no benefit if patients 

are followed up for a long period (Rosenfield et al., 2002). This evidence is from 1966-

1991. A Cochrane review published in 2012 has similar conclusions (van Zon et al., 

2012) and the NICE guidelines do not recommend the use of oral antibiotics (NICE 

2008) to treat OME. 
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1.4.5 Other medical treatments 

No medical treatments for OME have shown efficacy to the extent that they could 

replace ventilation tube (VT) insertion. The use of nasal decongestants with or without 

antihistamine administration has not shown any clinical benefit in the management of 

OME (Griffin et al., 2006, Cantekin et al., 1983). Administration of oral mucolytics such 

as mucodyne has not shown any statistically significant increase in the resolution of 

OME (Commins et al., 2000). Treating OME with homeopathic remedies has not shown 

any statistically significant clinical benefit when compared to controls in a prospective 

double blinded randomized controlled trial (Pedrero-Escalas et al., 2016) although this 

study was based on otoscopy and tympanometry and not audiometric or clinical 

outcomes.  Auto-inflation is a technique which increases pressure in the post nasal 

space and opens the Eustachian tubes, hence enhancing middle ear drainage. This 

manoeuvre has been shown to improve the likelihood of OME resolution over 2 weeks 

to 3 months (Williamson et al., 2011) but requires a degree of skill and dexterity which 

is unsuitable as a treatment of a condition which mainly affects young children. In 

addition, the long term effects of auto-inflation are not established. 

 

A further understanding of immune pathways activated during OME is important when 

considering the development of new therapies for OME. The OME signalling pathway 

includes Toll-like receptors which have a dual function in OME induction and 

resolution. Understanding these receptors and signalling molecules is important as 

they are possible targets for novel OME therapies (Leichtle et al., 2009). 
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Hearing aids are a valid management option in children with OME. They are used to 

overcome the conductive hearing loss created by the fluid and hence impedance 

mismatch. Their function is to amplify sound rather than as a therapeutic intervention 

to treat OME. Wearing hearing aids would help to resolve the speech and language 

difficulties experienced by children. Hearing aids are associated with battery ingestion, 

which has the rare yet potential life threatening complication of oesophageal 

perforation (Litovitz et al., 1992). Hearing aids, however have the risk of noise trauma 

with sound amplification after OME resolution and a higher incidence of bullying at 

school when worn (Leff et al., 1999).  Studies show that over 90% of children who are 

fitted with hearing aids wear them (Gan et al., 2017) despite the potential for less 

social acceptance. This high proportion may result from the numerous stages involved 

from diagnosis of OME to referral for hearing aid and eventual fitting on the NHS 

(National Health Service) providing potential opportunities for resolution of the OME 

and chance for parents to alter their decision regarding hearing aid fitting.  

1.4.6 Surgical management 

Following the current NICE guidance for OME, children who have a hearing loss of 25dB 

or worse in the better hearing ear undergo watchful waiting for three months (NICE 

2008, ENT UK 2009). After this period, if there is still a hearing problem, children 

undergo ventilation tube (VT) insertion. This is the most common operation in 

Otolaryngological practice with 35,225 operations to drain the middle ear fluid in 

patents of all ages in the period 2015-2016 (hospital episode). 
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1.4.7 Ventilation tube surgery 

Ventilation tubes are commonly referred to as grommets. They are inserted via a hole 

in the tympanic membrane called a myringotomy which also allows the surgeon to 

drain the middle ear of fluid. The myringotomy and hence grommet insertion is in the 

anterior-inferior aspect of the tympanic membrane to avoid the incudostapedial joint 

which is located in the superior posterior quadrant. The grommet allows the middle 

ear ventilation and equalises the pressure between the middle and outer ears (NICE 

2008). Ventilation tubes typically last between 9 and 12 months before self-extrusion. 

A systematic review shows that myringotomy and aspiration without insertion of a 

grommet are not effective at improving hearing to an adequate level (Freemantle et 

al., 1992). 

 

Clinical trials assessing the efficacy of grommet surgery have had the problems of 

randomization of ears and of non-stringent audiometric criteria. A large multi-centre 

trails (TARGET Trial of Alternative Regimens in Glue Ear Treatment ς TARGET 2003) 

was set up in the UK using strict audiometric criteria and randomizing patients instead 

of ears. A comprehensive Cochrane meta-analysis (Browning et al., 2010) uses the 

TARGET trial results with the MRC (Medical Research Council) results and shows that 

grommets on average offer a 10 to 14 dB improvement 3 months post insertion.  These 

hearing benefits last for 6 months until the OME has resolved or the grommet self-

extrudes. Symptomatic hearing loss from OME is still considered to be best treated 

with grommet insertion (Schilder et al., 2017). 
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1.4.8 Adenoidectomy 

¢ƘŜ ŀŘŜƴƻƛŘǎ ŀǊŜ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ Ǉƻǎǘ ƴŀǎŀƭ ǎǇŀŎŜ ŀƴŘ ŀǊŜ ǇŀǊǘ ƻŦ ²ŀƭŘŜȅŜǊΩǎ ǊƛƴƎ ƻŦ 

lymphoid tissue on the upper aerodigestive tract. Adenoidectomy was previously 

thought to improve OME by removing Eustachian tube obstruction and hence 

improving ventilation of the middle ear. However, current opinion is that the adenoids 

are a source of bacteria in the form of biofilm which cause recurrent infection. 

Adenoidectomy was previously the surgical procedure of choice to treat OME before 

ventilation tube insertion (Browning et al., 2008). Adenoidectomy is normally 

performed as an adjunct to ventilation tube insertion conferring an additional benefit 

of 2.3 dB at 1 year follow up compared to ventilation tube insertion alone. The main 

benefit, however, is a reduction in the recurrence rate of OME from 47% to 28% 

percent when adenoidectomy is performed at the same time as ventilation tube 

insertion, compared to ventilation tubes on their own (Browning et al., 2008). 

Adenoidectomy has been shown from the TARGET trial data to improve the average 

hearing of children by 4.2dB over 12, 18 and 24 months (MRC Otitis Media Study Group 

2012). Adenoidectomy also reduced the eligibility for revision surgery from 31% to 14% 

at 12 months follow up. However, adenoidectomy is not without risk of complication 

including hypernasal speech, velopharyngeal insufficiency and most importantly, post-

operative haemorrhage which is serious enough to require a return to theatre at a rate 

of 0.6% (MRC Otitis Media Study Group 2012). Post-operative haemorrhage is a 

particularly serious complication in young children with a circulating blood volume of 

80mls per kg of body weight. Therefore, the addition of adenoidectomy in the 

treatment of OME remains debatable (Schuler et al., 2017). 
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1.4.9 Eustachian tuboplasty 

Eustachian tube dysfunction has a role in the pathogenesis of chronic ear disease 

including OME. This is due to the anatomical connection between the protympanum 

and the ME (Jufas et al., 2016) allowing ventilation of the ME and mucociliary clearance 

pathway for pathogens. If there is a dilation dysfunction of the ET, there is a potential 

for an effusion to develop in the ME cavity as seen in OME. A treatment strategy for 

OME is therefore to open the ET and improve its function. This can be achieved by 

insertion of a balloon down the ET from the ME as an adjunct to ME surgery (Tarabichi 

et al., 2016) or accessing this from the nasopharynx (Ashry et al., 2017). Results have 

shown a symptomatic improvement in 79% of adult cases post cartilaginous balloon 

tuboplasty (Ashry et al., 2017). Other options are laser (Kujawski et al., 2004) or 

microdebrider (Metson et al., 2007) treatment of the ET cartilaginous portion to 

increase its patency and hence prevent the development of OME. Balloon tuboplasty, 

however, has the additional benefit of circumferential treatment to the ET as shown 

histologically (Kivekas et al., 2015). 

 

There are no major adverse outcomes reported to date after laser Eustachian 

tuboplasty with a complication rate of 4.4% reported (Miller et al., 2017). Eustachian 

tuboplasty is a relatively new treatment option for OME which has a potential 

therapeutic benefit for adults and children (Pau et al., 2015). However, future high 

quality evidence in the form of randomised controlled trials and are required in this 

area to evaluate the benefit of Eustachian tuboplasty further (Randrup et al., 2015).  
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1.4.10 Failure of current treatment strategies 

Medical treatments of OME show failures and even the current gold standard of 

ventilation tube insertion results in a quarter of patients developing recurrent OME 

(Gates et al., 1987) after grommet extrusion. The average number of surgeries per 

patient has also be found to be 2.1 (Daniel et al., 2006), again emphasising the 

recurrent nature of OME. The presence of biofilms in the middle ear and persistent 

nature with antibiotic recalcitrance may explain this rate of recurrence as the 

underlying infection has not been treated sufficiently with grommet insertion. The 

concept of biofilms also explains why oral antibiotics are insufficient to treat OME. An 

effective treatment for OME which minimises recurrence therefore must target the 

biofilm infection and oral antibiotics do not reach adequate concentrations in the 

middle ear to achieve this (Belfield et al., 2015). 
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1.5 Drug delivery to the ear 
 
 

In order to develop new treatments for OME, it is important to understand the 

different methods of drug delivery to the ear, with a focus on delivery directly to the 

middle ear compartment to eradicate biofilm bacteria whilst avoiding unwanted 

systemic side effects. 

1.5.1 Anatomy overview 

The ear is divided into three compartments: the outer, middle and inner ear (Gleeson 

et al., 2008). The outer ear runs from the pinna, along the external auditory canal and 

ends at the tympanic membrane, separating the outer ear from the middle ear. The 

middle ear also communicates via the eustachian tube to the space behind the nose 

and via the round and oval windows to the inner ear. The tympanic membrane 

comprises of three layers: 1. the outer skin which is five cells thick, 2. connective tissue 

with collagen giving the tympanic membrane its structural integrity and 3. internal 

mucosal lining which is one cell thick and comprises cuboidal ciliated respiratory 

epithelium. Drug delivery to the middle ear via the transtympanic route must cross all 

three layers of the tympanic membrane with or without a physical breach. 

 

As discussed previously (Figure 1), the middle ear contains the ossicular chain 

comprising the malleus, incus and stapes and has a mucosal lining which maintains the 

moist middle ear environment. Ciliated epithelium wafts debris into the eustachian 

tube as a protective mucociliary clearance mechanism. The eustachian tube 
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replenishes the air in the middle ear cavity by letting in air at atmospheric pressure to 

the middle ear. The mastoid air cell complex communicates with the middle ear and 

infections can spread from the middle ear via the mastoid antrum causing mastoiditis. 

 

The inner ear contains the cochlea and the semi-circular canals which are the hearing 

and balance organs. The inner ear is protected and surrounded by dense temporal 

bone.  As described previously, cochlea hair cells are responsible for detection of sound 

and the hair cells in the semi-circular canals detect motion.  The delicate inner ear 

structure (sensory elements) is surrounded by perilymph which is in continuity with 

the cerebrospinal fluid via the perilymphatic duct. Internally, the cochlea and semi-

circular canals are interconnected by a system of endolymphatics. The oval window is 

a thin membrane which allows the vibrations of the stapes to transmit sound 

vibrations to the inner ear. The round window acts as a pressure buffer moving out of 

phase with the oval window. Both the round and oval windows facilitate the primary 

function of the middle ear of efficient acoustic energy transfer from the air vibrations 

from the outer ear to the vibrations of cochlea fluid in the inner ear. The round window 

ultrastructure consists of three cell layers ς the outer epithelium, middle connective 

tissue layer and inner epithelium. The round window has been shown to have different 

permeabilities to particles depending on their molecular size, concentration, 

liposolubility, charge and thickness of the membrane (Goycoolea et al., 1997). Recent 

technology has developed vectors which are viral (Jero et al., 2001) and non-viral (Yin 

et al., 2014) allowing transfer of therapies to the inner ear by deliberately crossing the 

round window. There is a preference for non- viral vectors as these are not associated 
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with carcinogenesis. In addition, non-viral vectors do not have any DNA packaging 

difficulties and are more easily produced (Yoon et al., 2016). It is important to consider 

the transfer of drugs from the middle ear to the inner ear across the round window 

and oval window membranes as potential adverse side effects in the development of 

new therapies to treat OME. 

 

1.5.2 Overview of treatments for the ear 

Various treatments have been proposed for treating the plethora of ear conditions 

whether they are infective, inflammatory, metabolic or autoimmune. This is relevant 

in the context of OME which is considered to have both an infective and inflammatory 

component. Drugs can be delivered systemically or be directed to the middle ear which 

has the advantage of increasing the dosage and efficacy without exposing the patient 

to unwanted side effects. However, delivery to the middle ear requires the 

development of systems which allows sustained release of local high concentrations. 

This poses a challenge when considering absorption of drugs from the middle ear 

mucosa and their transit down the eustachian tube and also the potential transfer 

across the round window to the inner ear where damage to the hearing or balance 

mechanisms may occur as side effects causing vestibulotoxicity (King et al., 2013) and 

ototoxicity (Stevens et al., 2015). 
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1.5.3 Topical treatments 

The application of topical treatments is used in inflammatory conditions of the outer 

ear which have caused secondary inflammation of the tympanic membrane (Neilson 

et al., 2008).  In the clinical setting of OME, inflammation of the TM is present after 

potential secondary infection. Antibacterial and antifungal creams are applied to the 

ear canal under direct vision usually as an office procedure without the need for any 

anaesthetic (Rosenfeld et al., 2014). Care must be taken to avoid excoriation to the 

external auditory canal skin or trauma to the tympanic membrane which could both 

potentially cause the patient discomfort. Although topical medication will treat the 

outer layer of the intact tympanic membrane, there will be no transfer of medication 

to the middle ear unless there is a TM breach for example in cases of acute otitis media 

(AOM) (Winterstein et al., 2013). 

1.5.4 Oral treatment 

Oral medication is used in the treatment of many otological conditions including AOM. 

Although there is reduced bioavailability compared to systemic or topical treatments, 

the non-invasive approach is suitable for those patients deemed unfit for a general 

anaesthetic which is required for many other drug delivery systems. 

 

Oral antibiotics are prescribed for the treatment of conditions such as AOM (SIGN 

Guidelines) and CSOM. Upper respiratory pathogens involved in AOM and CSOM 

include Streptococcus pneumonia, Haemophilus influenza and Moraxella catarrhalis 
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(Celin et al., 1991) and antibiotic regimens are targeted to cover these organisms with 

amoxicillin having the most widespread use. Disadvantages of oral antibiotics include 

the possibility of multidrug resistance to these upper respiratory tract organisms (Tos 

et al., 1980) with particular concern regarding increasing resistance to Streptococcus 

pneumonia (SIGN Guidelines). The side effects of oral antibiotics are mainly 

gastrointestinal, including Clostridium difficile infections which are associated with 

quinolones such as ciprofloxacin given for the treatment of Pseudomonas aeruginosa 

infections. Oral antibiotics have also been shown to give variable concentrations in 

plasma and middle ear fluid. For example, a study with amoxicillin has shown that 

following oral administration, 15-35% of children have no detectable amoxicillin in the 

middle ear fluid (Celin et al., 1991).  

 

Otitis media with effusion as discussed, is the commonest cause of hearing impairment 

in children in the developed world and is a biofilm disease (Hall-Stoodley et al., 2006, 

Mandel et al., 2008, Pichichero et al., 2009, Woodford et al., 2009) requiring 10 to 

1000 times higher concentrations of antibiotics to kill them in comparison with 

planktonic bacteria (Kubba et al., 2000; Belfield et al., 2015). Oral antibiotics therefore 

are less efficacious than directed topical treatment and do not achieve the higher 

concentrations required to eradicate a biofilm disease such as OME. Oral antibiotics 

are also associated with side effects including gastrointestinal disturbance and skin 

rash (Venekamp et al., 2016). 
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Steroids can be given orally for treatment of other otological conditions such as sudden 

sensorineural hearing loss (SSNHL) (Wilson et al., 1980) with a significant improvement 

in hearing if administered in the acute setting.  As already mentioned in the treatment 

of OME, systemic effects of oral steroids include suppression of the 

hypothalamopituitary axis, gastric ulceration and haemorrhage, pancreatitis, 

psychiatric disturbance and hyperglycaemia (Gleeson 2008). Side effects are 

uncommon as the typical regimen is a short five days of 40mg prednisolone taken once 

daily. 

 

{ȅǎǘŜƳƛŎ ƻǊŀƭ ǘǊŜŀǘƳŜƴǘǎ ŦƻǊ aŞƴƛŝǊŜΩǎ ŘƛǎŜŀǎŜ ƛƴŎƭǳŘŜ ŘƛǳǊŜǘƛŎǎ ǿƘƛŎƘ ǊŜŘǳŎŜ ǘhe 

production and accumulation of endolymph (Jackson et al., 1981). Diuretics, such as 

bendroflumethiazide, however have significant side effects for the patient including 

hypokalaemia and postural hypotension (Santos et al., 1993), requiring patient 

monitoring. 

 

Noise-induced hearing loss has been assessed experimentally and treated by 

administering patients with oral antioxidants such as N-acetyl cysteine (Lin et al., 

2010). This has shown a protective effect in the clinical setting by reducing the hearing 

threshold and is a promising orally administered neuroprotective agent to preserve 

hearing. Further clinical trials are required before widespread implementation. 

 

Oral drug administration therefore has a wide application to many conditions involving 

the middle and inner ears. Patient compliance and reliability is important especially 
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when drugs are to be taken long term. Side effects can be significant especially 

involving the gastrointestinal tract and hence can affect patient compliance. There is 

limited bioavailability when compared to topical drug administration and hence higher 

doses may be required. The duration of oral administration also depends on the 

underlying condition being treated. In the context of OME, although oral treatment in 

the form of antibiotics is non-invasive, its efficacy is debatable especially with the 

presence of biofilms and with considerable side effects when given to children 

(Venekamp et al., 2016). 

1.5.5 Intravenous administration of drugs 

Middle ear infections which spread to the mastoid bone result in conditions such as 

acute mastoiditis (Obringer et al., 2016) and chronic infections of the temporal bone 

known as necrotising otitis externa (Chawdhary et al., 2017). Acute mastoiditis 

treatment typically requires up to a week of intravenous antibiotics, but necrotising 

otitis externa requires treatment for a minimum of six weeks. Patients would require 

a cannula or a long intravenous line to be inserted which has a localised infection risk 

with subsequent cellulitis or thrombophlebitis.  For both of these conditions 

mastoiditis and necrotising otitis externa, the treatment is targeted to pathogens in 

conjunction with local microbiology guidelines and consideration of immunization 

status. Intravenous antibiotics commenced for acute mastoiditis include ceftriaxone, 

beta-lactam or beta-lactamase inhibitors (Obringer et al., 2016). Use of 

aminoglycoside antibiotics will require blood samples to be taken for monitoring to 

minimise the side effects including nephrotoxicity and ototoxicity (Huth et al., 2011). 



89 
 

The latter is usually permanent (Greenwood et al., 1959). Vestibulotoxicity, which is 

damage to the balance system, can occur in up to 15% of patients on systemic 

aminoglycosides (Fee et al., 1980) and ototoxicity occurs between 2% and 25% 

(Mulheran et al., 2001). Symptoms of vestibulotoxicity include disequilibrium and 

tinnitus, and hearing loss if ototoxicity is present.  Gentamicin, which is an 

aminoglycoside antibiotic has been found in the outer hair cells of guinea pigs within 

30 minutes of intravenous administration in one experimental setting with a peak at 6 

hours (Imaimura et al., 2003). This emphasises the importance of dose timing of these 

antibiotics and level monitoring. Gentamicin kills hair cells by apoptosis with the 

effects taking up to five days. 

 

Intravenous steroids have also been used for sudden sensorineural hearing loss 

(Kakehata et al., 2006) in combination with hyperbaric oxygen treatment (Hosokawa 

et al., 2017) and also for the treatment of aŞƴƛŝǊŜΩǎ ŘƛǎŜŀǎŜ (Shea et al., 2012). The 

side effects of intravenous steroids are similar to those seen when administered orally 

(see section 1.5.4). 

 

Intravenous treatment is not appropriate in the context of OME as patients are 

typically systemically well. Expert panel opinion still considers ventilation tube 

insertion to be the optimal treatment for OME in the context of symptoms from the 

hearing loss (Schilder et al., 2017).  
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1.5.6 Transtympanic administration of drugs without TM breech 

The tympanic membrane acts as a barrier to the delivery of drugs to the middle ear 

and therefore must be artificially breached if it is intact. The possibility of transmitting 

drugs across an intact tympanic membrane has being tested experimentally in the 

form of iontophoresis (Passali et al., 1984) which works on the principle of ion delivery 

by applying an electrical potential across cell membranes and using magnetic fields to 

move magnetic nanoparticles to targeted structures in the ear (Shapiro et al., 2010). 

Preliminary animal models of nanoparticle technology used to deliver prednisolone to 

the middle ear has shown increased inflammatory changes in rats after 30 days on a 

histological examination of the temporal bones (Lafond et al.,2018). This technology 

has future potential but requires more translational studies using in vivo models to 

ascertain the potential side effects and safety of this innovative new modality of 

treatment. Magnetic nanoparticle technology has the potential to target therapies to 

specific sites such as the cochlea to decrease the ototoxic effects of chemotherapeutic 

treatments such as cisplatin which are systemically administered (Ramaswamy et al., 

2017). Active transport to the cochlea also avoids drug delivery to the middle ear via 

transtympanic delivery. Preliminary studies on mice models show the possible 

potential of such nanotechnology (Ramaswamy et al., 2017). 

 

Application of P407-PBP, a polymer to the EAC containing 1% ciprofloxacin antibiotic 

in chinchilla models has shown formation of a hydrogel and flux across an intact 

tympanic membrane with drug delivery to the ME. This has potential as a new 

treatment for OME (Yang et al., 2016), allowing topical delivery of drugs without 
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systemic side effects and TM breech. Future experiments are required however in 

these methods which do not breech the TM for long term efficacy in humans and 

safety. 

 

Peptides have also been identified which allow transportation across an intact TM and 

are hence a potential new treatment strategy for drug delivery to the ME in cases such 

as OME (Kurabi et al., 2017). Experiments using rat models have shown that peptides 

transport across an intact TM and have the potential to carry drugs to the ME without 

changes in the morphology of the ME and IE. Peptide transport therefore is a possible 

future therapeutic mechanism for drug delivery to the ME for conditions such as OME. 

1.5.7 Transtympanic administration of drugs with TM breech: 

injection 

Transtympanic injection antibiotics, local anaesthetic and steroids have the advantage 

of delivering greater local concentrations in the middle ear which is more efficacious 

and has minimal systemic side effects  (Chandrasekhar et al., 2001, Ho et al., 2004) 

when compared to intravenous treatments. Administration of drugs by transtympanic 

injection is performed in the office or operating theatre setting involving usually a local 

anaesthetic or less frequently general anaesthetic. A single treatment for patients is 

usually offered and there is minimal pain associated with this technique.  

Complications of intratympanic injection of medication include a tympanic membrane 

perforation which may persist for more than six months (Shulman et al., 2000). Other 

limitations of intratympanic injections include the potential of ototoxicity which is seen 
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in up to 30% of patients (Jackson et al., 2002) due to the variable uptake to the inner 

ear. Factors influencing this include middle ear mucosal status, round window 

thickness and adhesions, patency of the eustachian tube and endolymphatic hydrops 

όŦƭǳŎǘǳŀǘƛƻƴǎ ƛƴ ǘƘŜ ŜƴŘƻƭȅƳǇƘŀǘƛŎ ŦƭǳƛŘύ ǿƘŜƴ ƎŜƴǘŀƳƛŎƛƴ ƛǎ ŀǇǇƭƛŜŘ ǘƻ ǘǊŜŀǘ aŞƴƛŝǊŜΩǎ 

disease (Berryhill et al., 2005).  Serial doses maybe required as the eustachian tube 

rapidly clears the middle ear. Variations in the permeability of the round window have 

been identified through gadolinium contrast studies (Yoshioka et al., 2009) also 

contributing to variations in drug delivery to the middle ear through injections. 

 

Local delivery of steroids to the middle ear is used as a treatment for sudden 

sensorineural hearing loss (Chen et al., 2010) and tinnitus (Cesarani et al., 2002) 

allowing medication to be transmitted to the inner ear via the round window. Topical 

steroid delivery is preferentially used in patients who have contraindications to 

systemic steroids such as during pregnancy or patients with active gastric ulceration 

(Chen et al., 2007). Increasing the dose of dexamethasone to the middle ear has been 

shown to increase the local concentration in the inner ear and the duration of action 

(Fu et al., 2011). A trial by Rauch et al., compared the administration of oral steroids 

in sudden SNHL with transtympanic injection and has shown no superior method 

(Rauch et al., 2011) therefore the transtympanic route would be preferable as systemic 

side effects are minimised.  
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1.5.8 Transtympanic administration of drugs with TM breech: 

incision (VT insertion) 

Topical drug delivery to the middle ear can also be achieved through the application 

of drops through a perforation in the tympanic membrane. This may either be a 

perforation which has been created surgically via a myringotomy (incision in the 

tympanic membrane) and ventilation tube insertion, or it may occur naturally as a 

complication of chronic middle ear disease (CSOM). Patients can therefore self - 

administer for a prolonged treatment course which requires a degree of patient 

reliability, compliance and manual dexterity. Patency of the ventilation tube can also 

be influenced by wax and premature extrusion of the grommet renders them 

ineffective after the tympanic membrane seals over. 

 

1.5.9 Transtympanic administration of drugs with TM elevation: 

tympanomeatal flap 

Access to the middle ear can be achieved by raising the edge of the tympanic 

membrane surgically creating a tympanomeatal flap. This procedure is performed 

under local or general anaesthetic and allows the insertion of catheters, microwicks 

and sustained release treatments in the form of pellets or polymers. Considerable skill 

is required to insert the drug delivery device into the correct location and therefore 

this cannot be easily performed in the office setting. Catheters and microwicks aim to 

deliver drugs to the round window membrane at the interface of the middle and inner 
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ears. Transmission of drugs across the round window allows middle ear drug delivery 

to treat inner ear conditions. This can occur either intentionally or unintentionally as a 

side effect of middle ear drug delivery (Jackson et al., 2002). Studies using the ionic 

marker TMPA (trimethylphenylammonium) show that up to 65% of the marker crosses 

the round window membrane (Salt et al., 2012). Factors influencing the rate of drug 

delivery include middle ear mucosal status, round window thickness and the presence 

of adhesions (Berryhill et al., 2002). In a scenario of ME inflammation, there is the 

potential for increased transmission of drug to IE causing sesensorineural deafness 

(Münker, 1981). Transmission of drugs to the inner ear is an important factor to 

address when developing drug delivery systems for the middle ear in order to minimise 

potential ototoxicity with cochlear hair cell damage and vestibulotoxicity resulting in 

hearing loss and disequilibrium (Huth et al., 2011). Factors increasing the permeability 

of the round window to a substance have been found experimentally to include high 

osmolality, the presence of benzyl alcohol and suctioning near the round window 

membrane (Mikulec et al., 2008). Manufacturing drugs which are to be delivered to 

the middle ear with properties that reduce transmission to the inner ear are a future 

development that has potential to reduce vestibulotoxicity and ototoxicity.  

 

Catheters have been used experimentally to deliver drugs accurately to the round 

window niche in the middle ear. This allows transmission of medication to the 

perilymph of the cochlea through the round window membrane. Animal models using 

this technique have shown that neuroprotective agents such as gacyclidine, a NMDA 

(N-Methyl-D-aspartate) receptor antagonist which maybe of clinical benefit in the 
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treatment of salicylate - induced tinnitus. Application to the round window niche in 

patients for 40-63 hours has shown a temporary relief of tinnitus in 67% (Wenzel et al., 

2010). Catheters have also been utilised in the treatment of sudden sensorineural 

hearing loss allowing continuous application of dexamethasone to the round window 

(Plontke 2009) showing a mean improvement in the hearing of 8.5dB.  

 

¢ŜŎƘƴƛǉǳŜǎ ǳǎƛƴƎ ŀ ƳƛŎǊƻǿƛŎƪ ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ ǘƻ ǘǊŜŀǘ aŞƴƛŝǊŜΩǎ ŘƛǎŜŀǎŜΣ 

sensorineural hearing loss and autoimmune inner ear disease (Light et al., 2004) 

allowing for accurate delivery of drugs to the round window in a sustained fashion. 

This produces the best pharmacokinetic profile of the drug in the inner ear fluids and 

allows for patient self ς administration after initial insertionΦ  aŞƴƛŝǊŜΩǎ ŘƛǎŜŀǎŜ ƛǎ 

treated with the application of gentamicin to the inner ear via the round window 

(Suryanarayanan et al., 2009), showing a good symptomatic improvement with long 

term vertigo control shown in 76.8% of patients at 24 months (Hill et al., 2006). The 

Silverstein microwick has also been used in experiments with sudden sensorineural 

hearing loss (Van Wijck et al., 2007) allowing patients to self - administer steroids for 

three weeks showing a 67% improvement.  

 

Drug - laden pellets can be inserted into the middle ear by tympanomeatal flap. This 

allows accurate placement of the pellets in the middle ear to treat conditions such as 

OME. Drugs are released in a sustained profile in high doses. Pellets, laden with 

antibiotics have the potential to eradicate biofilms in the middle ear. Studies in vitro 

have shown the potential efficacy of rifampicin and clindamycin for biofilm eradication 
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(Al-Zahid et al., 2011). This approach could show great promise as targeted drug 

delivery in the future as a superior way to treat biofilms in the middle ear in conditions 

such as OME. 

 

Local application of polymers containing drugs can be performed by injection into the 

middle ear after a tympanomeatal flap is raised. This requires sufficiently low viscosity 

of the polymer to pass through a 19G needle. Examples include the administration of 

steroids to treat sensorineural hearing loss on a polymer vector such as OTO-104 (Piu 

et al., 2011) which is a poloxamer-based hydrogel containing micronized 

dexamethasone and lignocaine loaded on polylactic glycolic acid (PLGA) as a treatment 

for tinnitus (Horie et al., 2010). This technique can achieve up to three months of 

sustained release to the perilymph of the inner ear via diffusion across the round 

window without any middle ear inflammatory side effects observed (Piu et al., 2011, 

Horie et al., 2010) and it shows potential for the future of drug delivery to the middle 

ear. 

1.5.10 Eustachian tube drug delivery 

Delivery of drugs to the middle ear via the eustachian tube, located in the space at the 

back of the nose can be achieved using intranasal medication (Zou et al., 2008) with 

drops showing more efficacy than spray. The mechanism of action is via a reduction in 

tubal oedema and improved ventilation of the middle ear. Administration of metered 

dose surfactant with or without steroids (Tamura et al., 2005) has shown a reduction 

in opening pressure, but although this technique has interesting potential, it has not 
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gained favour clinically as it is technique ς dependent and requires drug passage 

through the nasal vestibule. Additional variables including variations on nasal anatomy 

would therefore call into question the reliability and reproducibility of drug delivery to 

the ear via the nasal conduit. 

 

The eustachian tube orifice can also be identified endoscopically and cannulated to 

facilitate drug delivery to the middle ear. This requires navigation using fibreoptic 

equipment through the nasal passage to access the Eustachian tube orifice.  This 

procedure is typically performed under a general anaesthetic. The close anatomical 

proximity to the internal carotid artery and the possible elution of drug immediately 

back into the nasopharynx are also to be considered when selecting this possible route 

of drug delivery. 

 

1.5.11 Other methods of drug delivery 

Localised drug delivery to the middle ear can also be achieved through bone - anchored 

devices (McCall et al., 2010). A bone - anchored implantable system consisting of a 

subcutaneous micropump, drug reservoir and septum port has been developed in rat 

models and has been tested with bolus application of drugs to the round window. A 

future aim would be for long term implantation in humans delivering drugs 

continuously which would apply to the treatment of OME, but there are the risks of 

the implantation procedure, infection and long term safety (Gao et al., 2010) and 

hence overall acceptability.  
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1.5.12 Summary and future perspective 

There are numerous methods of drug delivery to the middle ear which can be 

categorised as topical, systemic (intravenous), transtympanic and via the eustachian 

tube. Localised treatments have the advantages of directed drug delivery allowing 

higher therapeutic doses and minimising systemic side effects. Challenges are posed 

by the interventional techniques and the creation of modified release preparations. 

The advantages and disadvantages of each technique are summarised in Table 2. 

 

Technology assisting drug delivery to the middle ear is likely to evolve in the next 

decade. There are exciting developments in the use of iontophoresis allowing charged 

ion particles to cross into the middle ear across an intact tympanic membrane when a 

magnetic field is applied. These drugs could then also be transmitted to the inner ear 

via the round window (Shapiro et al., 2014). As this would involve applying the drug 

topically into the external ear, this could be done as an office procedure with minimal 

intervention. The ideal future solution would be to have a carrier system which could 

cross the intact tympanic membrane which could be loaded with a choice of drugs or 

biochemical agents for the treatment of middle and inner ear and Eustachian tube 

pathologies. In context of OME, polymer pellet delivery to the middle ear facilitating 

sustained antibiotic release and biofilm disruption shows the most promise. Assessing 

this technique in vivo is an important next step. 
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 Condition Advantages Disadvantages 

Topical Inflammation of 
tympanic membrane 

Low technology, 
inexpensive, 
outpatient 
delivery, single 
treatment 

Limited 
applications, 
unsuitable if 
manual dexterity 
issues 

Oral AOM, 
SSNHL,  
aŞƴƛŝǊŜΩǎ disease 

Self-administered 
Short course 
No intravenous 

Side effects of 
antibiotics, steroids 
and diuretics 
Antibiotics 
resistance 
Decreased efficacy 
of antibiotics with 
biofilms 

Intravenous Mastoiditis 
Necrotizing Otitis 
Externa 

High dose Inpatient delivery 
Local side effects ς 
phlebitis 
Systemic side 
effects: 
nephrotoxicity, 
ototoxicity ς level 
monitoring 

Transtympanic 
delivery 
without breach 

Iontophoresis 
Magnetic particles 

Minimally 
invasive 

Technology under 
development 

Transtympanic 
injection 

Middle ear: AOM 
LƴƴŜǊ ŜŀǊΥ aŞƴƛŝǊŜΩǎ 
SSNHL, tinnitus 

Biofilm treatment 
with pellets/ 
polymers 
Inner ear 
treatment via 
round window 

Interventional 
Requires 
anaesthetic 
Perforation risk 
Ototoxicity 
potential 
Variable delivery  
RW thickness, 
adhesions, middle 
ear mucosal status 

Transtympanic 
via ventilation 
tube 

Middle ear: AOM, 
OME, CSOM 

Sustained 
release, single 
treatment, Self-
administered 

Myringosclerosis 
Ototoxicity 
potential 

Tymapnomeatal 
flap 

Wide application, 
catheter, microwick, 

Accurate delivery 
to round window 

Potential 
ototoxicity 
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pellet/ polymer 
insertion 

Operation for 
placement and 
removal 

Eustachian tube AOM, CSOM Self-administered Dependent on 
nasal anatomy, 
technique 

Implantable 
delivery 
systems 

{{bI[Σ aŞƴƛŝǊŜΩǎ 
tinnitus 

Widespread 
conditions 
treated 

Infection 
Long term safety  
Anaesthetic 

Table 2: Summary of drug delivery to the ear 

 

1.6 Animal models for middle ear experimentation 

1.6.1 History of animal models for experimentation 

Animal experimentation dates back to the 4th century BC from the days of Greek 

philosopher Aristotle (384-322BC). He performed dissections on animals during the 

reign of Alexander the Great (Cohen et al., 1984).  Erasistratus (304-258 BC) is believed 

to be the first to have experimented on live animals. In the 2nd century in Rome AD, 

DŀƭŜƴ ǇŜǊŦƻǊƳŜŘ ŘƛǎǎŜŎǘƛƻƴ ƻƴ ǇƛƎǎ ŀƴŘ Ǝƻŀǘǎ ŀƴŘ ǿŀǎ ŘǳōōŜŘ ǘƘŜ άŦŀǘƘŜǊ ƻŦ 

ǾƛǾƛǎŜŎǘƛƻƴέΦ 5ƛǎǎŜŎǘƛƻƴǎ ŎƻƴǘƛƴǳŜŘ, and in 12th century Spain AD an Arabic physician 

named Avenzoar rehearsed surgical procedures on animals before humans (Abdel-

Halim et al., 2005). 

1.6.2 Regulations of animal experimentation 

As experimentation on animals grew, so did the controversy and ethical debate from 

society. Animal experimentation in the UK is stringently regulated by the Home Office 

and enforced by the Animals Scientific Procedures Act (ASPA 1986). The principles of 
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Replacement, Reduction and Refinement which are dubbed άwǳǎǎŜƭƭ ŀƴŘ .ǳǊŎƘΩǎ оwǎέ 

(Russell and Burch 1959) should be considered when planning animal experiments. 

1.6.3 Otological research and animal experimentation 

Otological research is commonly performed on animals. Von Békésy, who won a Noble 

prize for his cochlea recordings, initially used human temporal bones and later cats in 

his experiments (Békésy et al., 1974). Rodent groups have been popularized in recent 

years.  Approximately 90% of animal experiments in the USA are on mice and rats (Trull 

et al., 1999). In the UK there is a trend for a reduction in primate experiments and 

hence rodents are the test group of choice for most experiments including those based 

on the auditory system. When considering replacement, there are currently no 

effective in vitro models or tissue substitutes to replace animal models for ototoxicity. 

This is because the cochlea is a complex sense organ with a very high metabolic rate in 

vivo and precisely regulated electrochemical environment that cannot be replicated in 

vitro.  Therefore, when planning auditory experiments using animal models, rodents 

are frequently selected. 

 

The guinea pig (Cavia porcellus) was first described as Mus porcellus by Linneus in 1758 

and is a rodent animal model which is widely used in the UK for hearing and balance 

experiments. The guinea pig has a number of qualities which lends itself to being an 

experimental model including a large tympanic bulla volume (Wysocki et al., 2005). 

This feature allows potential drug delivery to the middle ear and also to the inner ear 

via transmission across the round window membrane (Hoskison et al., 2012). Access 
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to the middle ear is required for studies on middle ear mucosal disease including OME 

(Dai et al., 2008), inner ear access for cochlea recordings (Lavigne et al., 2016), 

perilymph sampling (Selvaduri et al., 2000) and models of ototoxicity (Xia et al., 2012 

and 2014). 

 

The rat model is also widely used in otological experiments because of the robust 

nature, cheaper cost and most importantly similar structural organisation to the 

human hearing apparatus (Judkins et al., 1997) with three separate ossicles. 

 

1.6.4 Knowledge of anatomy of guinea pig and rat ear dimensions 

It is known that the guinea pig EAC is narrow allowing a limited view of only the 

tympanic membrane and malleus handle (Albuquerque et al., 2009). Detailed 

measurements and surgical simulations however have not been made. There is little 

information in the literature of tympanic membrane dimensions surface area and also 

the accessible proportion of the tympanic membrane from the ear canal which is 

important for surgical access via the transtympanic route. No detailed dimensions of 

the middle ear relations have been published. 

 

Studies on guinea pig models of OME have shown that volumes injected into the 

middle ear range up to 0.2mls (Guan et al., 2011) in a study using saline. Inducing OME 

by injecting lipopolysaccharide into the middle ear (Dai and Gan 2008) used up to 

0.3mls of solution. Neither of these studies focused on inducing models of OME for 
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experimentation. No detailed measurements of the middle ear bulla volume of rats 

have been found for comparison. 

 

Measurements of the rat incus and malleus masses have previously been recorded 

(Salih et al., 2001). However, measurements of guinea pig incudomalleal complex 

masses have not been made despite anatomical studies which have identified the 

union between the malleus and incus in the guinea pig (Wysocki et al., 2005).   

 

Regarding the dimensions of the middle ear cavity for the rat and guinea pig, there is 

little comparative data. Similarly, when considering the surgical approaches to the 

middle ear for these animals there is limited information. When considering the use of 

an animal model for otological experimentations, guinea pig and rat models are both 

favourable. Detailed cadaveric studies of the rat and guinea pig middle ear and surgical 

access are required to select which animal model is most appropriate to study a 

potential new treatment for OME.  

 

1.6.5 Selection of albino vs pigmented animals 

Animal species selection is important, as is the selection of pigmented versus albino 

animals. The literature has a disparate view on this. Bock and Steel 1984 recommend 

that information on pigmentation should always be available as it could influence 

results. The Steel group states that pigmented animals are preferable, although this 

review is superseded by more contemporaneous work. However, studies on 
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ototoxicity using kanamycin in guinea pigs show that there is more hearing loss and 

hair cell degeneration in the pigmented variety compared to albino animals 

(Wästerström et al., 1986). However, in studies assessing noise exposure and oxidative 

stress levels in spiral ganglion cells, there appears to be more damage in albino guinea 

pigs (Xiong et al., 2011). The use of albino guinea pigs in experiments to assess the 

safety of a treatment and hence ototoxicity would therefore appear justified as hair 

cell damage would be easily detectable. 

1.6.6 Physiological differences between animal species 

The frequency of a sound wave is measured in Hertz (Hz) and represents how many 

cycles of the wave passes through a given point in space in one second. This frequency 

of a wave, correlates to the perceived pitch of the sound; higher frequencies are 

perceived as higher in pitch. Physiological differences between species result in ears 

which are adapted to hear different ranges of frequencies, with the range of rat and 

guinea pig hearing being comparable as seen in Figure 8 (Heffner et al., 2007).  
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Figure 8: The hearing ranges of some common laboratory animals taken from Heffner et al., 2007.  

The thin lines represent frequencies perceived at 60 dB SPL and the thick lines represent frequencies 
ǇŜǊŎŜƛǾŜŘ ŀǘ мл Ř. {t[Φ ¢ƘŜ ǎȅƳōƻƭ ΨΚΩ ŘŜƴƻǘŜǎ ƛƴŎƻƳǇƭŜǘŜ Řŀǘŀ 

 

Therefore, anatomical differences should be the main deciding factor in determining 

whether rat or guinea pig models are used as in vivo models and not the physiological 

differences as they have similar hearing ranges. For experiments involving middle ear 

surgery, the spacious bulla of the guinea pig should be considered as a positive 

discriminator, but a detailed comparison between the rat and guinea pig middle ears 

and surgical approaches is required. 
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1.6.7 Animal models and OME 

Laboratory animal models may develop OME over the course of experimentation as a 

side effect of intervention.  Alternatively, OME can be created by a variety of means in 

laboratory animals to study the effects of OME treatments. The Eustachian tube can 

be blocked off experimentally using gutta perchate in mouse models creating TM 

thickening and OME seen at 4 weeks post operatively (Varsak et al., 2016). Rat models 

have demonstrated ET blockage using gutta perchate blockage of the ET has an onset 

of OME at 1 week and at 1 year there are sterile effusions present in 80% of animals 

(Russell et al., 1998).  

 

Guinea pig animal models can develop OME experimentally by the injection of LPS into 

the ME (Dai et al., 2008).  Measurements of otoscopy, tympanometry and histology 

show evidence of OME at 3, 4 and 14 days. Saline injection into the guinea pig bulla 

develops a MEE which is a simulation of OME (Guan et al., 2011). When ABR is tested 

at a range of frequencies (0.5-20kHz), OME has been shown to cause ABR threshold 

elevation by 23dB and latency elevation of 0.6msecs. The amount of saline injected is 

proportional to the degree of ABR threshold and latency elevation.  

 

Other experimental models using guinea pigs have injected a nonviable heat killed 

pneumococci (HKP) into the ME to create an OME before testing potential new 

treatments such as pulmonary surfactant (Huang et al., 2005). ABR threshold 

elevations in OME for the guinea pig models were recorded as 45dB +/- 5.7dB which is 

elevated significantly from the baseline values of 14dB +/- 3 dB measured at 5 days. 
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These results demonstrate the potential to have a 40dB elevation in ABR threshold 

recordings with the presence of OME in guinea pig animal models and the onset of 

such an effusion can develop within a week of experimental insult.   

 

OME causes an ABR threshold elevation of up to 40dB in animal models and this value 

is similar to the levels of hearing loss seen in children with OME who experience a 18-

35dB conductive hearing loss measured on PTA  and speech audiometry with a flat air 

conduction profile from 2-8kHz (Cai et al., 2017). 

 

 

 

 

1.7 Ototoxicity 

1.7.1 Definition of Ototoxicity 

Ototoxicity is injury to the ear or more specifically the cochlea (cochleotoxicity) and / 

or the vestibular system (vestibulotoxicity). The source is usually chemical in the form 

of pharmacotherapy. As a result, hearing, balance or a combination of both may be 

affected. Some widely used drugs which cause irreversible ototoxicity include 

aminoglycosides and chemotherapeutic agents such as cisplatin. Other drugs may 

cause temporary ototoxicity including loop diuretics and salicylates. Aminoglycosides 

can enter the middle ear via a perforation or injection and then once in the middle ear, 
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transfer can occur across the round window membrane into the inner ear.  

Aminoglycosides can also cause ototoxicity from systemic administration. 

1.7.2 Mechanism of ototoxicity of aminoglycosides 

Aminoglycosides act via damaging the inner ear sensory neuroepithelium with the OHC 

being preferentially damaged by apoptosis. On a cellular level, the ototoxic action of 

aminoglycosides is believed to occur via disruption of the PIP2 (phosphatidylinositol 

4,5 bisphosphate) secondary messenger system which maintains the cell membrane 

(Schacht et al., 1986).  The aminoglycosides bind with iron intracellularly which is a 

toxic metabolite and is involved in the generation of free radicals that cause oxidative 

stress to the cell and result in apoptosis (Song et al., 1997, Forge et al., 2000) taking 

approximately 5 days to kill the cell. 

1.7.3 Mechanism of ototoxicity of cisplatin 

Cisplatin ototoxicity has been shown on a cellular level to involve damage to the Organ 

of Corti predominantly affecting the basal region of the cochlea corresponding to high 

frequency sounds (Xia et al., 2014). Disorganisation of the spiral ganglion cells has also 

been seen alongside loss of the Organ of Corti architecture with cisplatin ototoxicity 

(Franceschi et al., 2011). In the guinea pig model, loss of OHC in the basal and middle 

turns of the cochlea have been seen after cisplatin administration (Cardinal et al., 

2000). Hearing loss after cisplatin administration is also thought to occur via reactive 

oxygen species and cochlea inflammation (Sheth et al., 2017). Therapies have 

developed to scavenge reactive oxygen species and reduce inflammation for example 



109 
 

through transient receptor potential vanilloid channel inhibition in the cochlea 

(Mukherjea et al., 2008), preventing uptake of cisplatin into the cochlea. Inhibition of 

cisplatin induced DNA damage and subsequent apoptosis is also a potential 

therapeutic intervention to minimise cisplatin mediated ototoxicity (Sheth et al., 

2017).  

 

1.7.4 Mechanism of ototoxicity for noise induced hearing loss 

Noise induced hearing loss in mice and guinea pigs has been shown to be due to spiral 

ganglion neuron degeneration in the cochlea (Lin et al., 2010). There is some recovery 

with repeated measurements at 2 years suggesting a potential synaptic repair 

mechanism. 

 

1.7.5 Mechanism of ototoxicity without IHC and OHC loss 

Damage to the mechanism of hearing may target the vulnerable synaptic connections 

between the cochlea hair cells and afferent neurons without hair cell loss. 

Sensorineural hearing loss which is associated with a loss synaptic connections 

between the cochlea hair cells and auditory nerves (Kujawa et al., 2015) is known as 

synaptopathy (Mehraei et al., 2016). This is associated with decreased ABR amplitude 

in wave I in animal models and increased latency in wave V.  Experimentally, the 

mechanism of synaptopathy is gaining interest, but translating this to human cases is 

currently limited (Hickox et al., 2017) as there is no acceptable clinical test to 



110 
 

demonstrate the loss of synaptic connections from the cochlea to afferent nerves 

(Mehraei et al., 2016). The degree of loss of synaptic connections can vary and be 

considered as an occult damage to the hearing mechanism which may not be clinically 

detectable until a critical level of loss of synaptic connections is reached and hearing 

thresholds are affected (Liberman et al., 2017). Animal studies have shown that 

synaptopathy is able to account for hearing loss without corresponding IHC and OHC 

loss (Kujawa et al., 2009). Understanding the mechanisms of synaptopathy is 

important to allow for future therapeutic intervention (Kobel et al., 2017) preventing 

loss of synaptic connections and disruption of the auditory pathway. 

 

 

1.7.6 Animal models used to assess for ototoxicity 

Both in vitro and in vivo animal models are used to test for ototoxicity (Yorgason et al., 

2011). Each has its merits and requires consideration when planning experiments. In 

vivo models allow a functional measurement of hearing and a biological comparison 

with humans. This is also important in the context of translational research. Animal 

models of choice are the guinea pig and chinchilla due to their larger size and hence 

ease of surgical manipulation in ototoxicity experiments. Guinea pigs have also been 

shown to be more sensitive to toxic medication than other rodents and hence is a 

preferred model (Poirrier et al., 2010). In contrast, mice models allow for genetic 

knock-out manipulations and have a short gestation of only 19 days and hence are less 

costly. Rat models are robust yet have a smaller middle ear for surgical manipulation 
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and their anatomy is comparable with humans with three separate ossicles and a single 

middle ear bulla chamber (Judkins et al., 1997). 

1.7.7 Antibiotics and other drugs with known ototoxicity in 

rodents 

Studies have shown that aminoglycoside antibiotics are ototoxic in mice models but at 

much higher concentrations than in humans. Guinea pigs have raised ABR thresholds 

after exposure to cisplatin (Blakley et al., 2008). This finding is supported by the 

systemic administration of gentamicin in mice and guinea pig models with elevation of 

ABR thresholds seen after two weeks in the latter group. Mice therefore are not 

considered a sensitive enough ototoxicity model (Poirrier et al., 2010). Experiments 

have also found that there is no evidence of ototoxicity in guinea pig models after 

prolonged exposure of ciprofloxacin hydrochloride 0.3% and dexamethasone 0.1% 

(Lemke et al., 2009). Other antibiotic groups are not known to be ototoxic in rodents.  

1.7.8 Other adverse effects of antibiotics in rodents 

Rat and guinea pig appear as the two realistic contenders for an animal model when 

considering surgical implantation of the middle ear. The table below gives an overview 

of the side effects of antibiotic in these two species (Table 3). The most serious side 

effects are related to the gastrointestinal tract causing haemorrhagic colitis and 

enterotoxaemia (Harkness et al., 1995). In relation to auditory experiments, 

aminoglycosides are ototoxic and hence should be avoided. This information on side 

effects is in the systemic form and hence any topical drug application would have 
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minimal systemic absorption. However, it is important when planning ototoxicity 

experiments even with localised drug delivery to the middle ear to understand that a 

small amount of drug may enter the circulation. In addition, topical treatments also 

have the potential to be slow release and hence there would be a lower total 

circulating concentration overall. 

 

 

Antibiotic group Examples Side effect Reference 

Penicillins Penicillin 
Ampicillin 
Penicillin G 

Enterotoxaemia 
 
Haemorrhagic 
colitis 

Harkness et al., 
1995 
 
Harkness et al., 
1995 
Botting et al., 
1997 

Lincosamides Clindamycin Clindamycin 
associated colitis 
with a heat labile 
toxin 

Rehg et al., 1980 

Fluoroquinones Norfloxacin 
Enrofolxacin 
Ciprofloxacin 
Orbifloxacin 

Articular 
degeneration in 
growing GPs ς 
blisters and 
cartilage erosion 
Norflox ς 
cholestasis 

Bendele et al., 
1980 

Aminoglycosides Vancomycin 
Gentamicin 

Ascending flaccid 
paralysis and 
respiratory arrest 
(especially under 
general 
anaesthetic) 
 
Ototoxic 
 
Nephrotoxic 

Harkness et al., 
1995 
 
 
 
 
 
 
Conlee et al., 
1989 albino 
susceptible 
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McClure et al., 
1998 OD dosage 
best practice 

Tetracyclines Tetracycline 
Doxycycline 
 

Nephrotoxic 
Phototoxicity 
Tetratogenic 
Hepatotoxicity 

Deboyser et al., 
1989 

Rifampicin Rifampicin 
Rifabutin 
Rifapentine 

Hepatotoxicity 
Rash 
 

Collins et al., 
1985 

 

Table 3:  The known side effects of different antibiotic groups in rodents 

 
When considering an antibiotic carrier to deliver antibiotics to the middle ear in the 

form of a pellet, PLGA and pluronic are selected. As a delivery vehicle, any information 

ƻƴ t[D! ŀƴŘ ǇƭǳǊƻƴƛŎΩǎ ǇƻǘŜƴǘƛŀƭ ƻǘƻǘƻȄƛŎƛǘȅ ǎƘƻǳƭŘ ōŜ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳnt before pellet 

design. 

1.7.9 Background of poly lactic-co-glycolic acid (PLGA) and pluronic 

use in rodents 

In studies testing the safety of chemotherapy for glioblastoma using a mouse model 

and etoposide with PLGA as a delivery vehicle, there is no evidence of toxicity to the 

animals (Smith et al., 2014).  The applications of PLGA in the fields of neuroscience 

include the potential treatment of cerebrovascular accidents (Bible et al., 2009) acting 

as a structural support for neural stem cells. Fibroblast growth factor has also been 

incorporated into PLGA fibrous membrane and implanted into in vitro and in vivo rat 

models of rotator cuff tear (Zhao et al., 2014). These studies have been without any 

reported toxicity. Studies using guinea pig models of tuberculosis have used PLGA 

nanoparticle technology to deliver isoniazid. This was done to improve bioavailability 
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and there have been no reports of toxicity (Horváti et al., 2014) after oral 

administration. It is important that even when delivering drugs directly to the middle 

ear using a PLGA vector, if there is any systemic absorption, this is non-toxic to the 

animal models. Guinea pig models have a propensity to gastrointestinal disturbances 

which is important as it can be potentially fatal. In addition, there have also been some 

experiments performed on drug delivery to the ear in guinea pig models. A PLGA-PEG-

PLGA co-polymer was designed for sustained drug release into the middle ear (Feng et 

al., 2014) and ABR was used to assess for any evidence of ototoxicity with involvement 

of the inner ear. The PLGA-PEG-PLGA co-polymer was injected intra-tympanically at 

two concentrations: 0.05ml and 0.1ml. There was no evidence of ototoxicity in the 

lower dose. However, there was evidence of ototoxicity in the high dose with ABR 

elevation of thresholds seen especially at higher frequencies.  

 

An in vivo study using PLGA as a drug delivery vehicle to the inner ear for lidocaine 

shows sustained release over three days after application to the round window 

membrane. However, there is a degree of temporary hearing loss seen in the guinea 

pig models (Horie et al., 2010).  

 

A novel study by Zhang et al., 2013 used the concept of drug delivery to the middle ear 

and the transmission of drug to the inner ear via the round window to assess 

intracerebral delivery of therapies. The polymer drug vehicle used was PLGA and the 

drugs used were salvianolic acid B, transhinon IIA and panax notoginsenoside. There 

was no evidence of cochlea toxicity in vivo when using guinea pig animal models, 
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reinforcing the otological safety of PLGA nanoparticles as a potential drug delivery 

system to the middle ear.  

1.7.10 In vitro studies testing for ototoxicity 

In vitro studies have been developed to reduce the use of animal experimentation and 

to test concepts prior to moving to in vivo models. Neonatal mouse cochlea culture 

was first undertaken in 1991 (Richardson et al., 1991) with morphological changes 

seen on electron microscopy after adding ototoxic antibiotics. Murine culture models 

in vitro allow studies of the underlying cellular mechanisms involved and a high 

throughput of tests. In vitro tests however require skill and the observed response may 

not correlate to cellular responses as predicted. Neonatal cultures may also not 

correlate to mature findings of adult mice (Yorgason et al., 2011). In vitro results must 

be correlated with more time consuming and expensive animal studies before any 

consideration of translation of a treatment into a human.  

 

Studies in vitro have also attempted to simulate the dimensions of the middle ear and 

hence drug delivery to the inner ear via diffusion across the round window membrane 

(Liu et al., 2014). Methods are aimed at developing a sustained release drug delivery 

system in vitro and results have shown the longest sustained delivery using the PLGA-

PEG-PGLA co-polymer. However, when testing for ototoxicity, there is no adequate in 

vitro model at present.  

1.7.11 In vivo studies test for ototoxicity 
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Hearing tests including Auditory Brainstem Evoked Response (ABR) measurements are 

widely used in testing for ototoxicity (Murillo-Cuesta et al., 2009). Brain stem auditory 

evoked potentials were first recorded in neurosurgical patients from surface 

electrodes on the nerves VIII, medulla, pons, midbrain and the cortex and from a 

removable electrode in the IIIrd, IVth and lateral ventricles (Hashimoto et al., 1981). 

Two potentials were recorded within 10ms after click stimulation with a slow positive 

wave (5-6ms) and a negative wave 8-10ms with 7 smaller waveforms in-between. 

These waves correspond to different components of the auditory pathway from the 

distal VIII nerve to the medial geniculate body (see section 1.9). 

 

In addition, cochlear histology studies can be performed to assess for hair cell damage 

(Furness et al., 1986). The cochlea is highly organised across mammalian species with 

three rows of OHC and one row of IHC. The IHC bundles face the modiolus and any 

displacement in this orientation is thought to contribute to disorders in 

mechanoelectrical transduction (Hudspeth et al., 1983). Both acoustic trauma 

(Spoendlin et al., 1971; Liberman et al., 1979) and aminoglycoside antibiotic 

kanamycin (Ylikoski et al., 1974; Furness et al., 1986) have been shown to cause a 

number of cochlea changes including hair cell loss, stereocilia disorganisation and 

fusion (Kiang et al., 1986). Murine models of hair cell loss show a pattern of basal loss 

prior to apical (Mahendrasingham et al., 2011). Quantitative analysis of the IHC and 

OHC in guinea pig models can be used to assess ototoxicity after application of drugs 

such as azithromycin (Pawlowski et al., 2010). 
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Immunohistochemistry provides information of any damage to other aspects of the 

inner ear including spiral ligament and stria vascularis. The stria vascularis is known to 

be the histological changes associated with age related hearing loss (Kusunoki et al., 

2004). Damage to the spiral ganglion cells is also associated with presbyacusis 

(Schuknecht et al., 1993).  The ototoxic effects of chemotherapy drugs such as cisplatin 

have been shown to cause IHC and OHC loss, degeneration of the stria vascularis and 

a decrease in spiral ganglion cells (Rybak et al., 1995).  It is possible to study the 

histological slices of inner ears after drug delivery to the middle ear to attempt to 

elucidate any damage to these structures which would suggest potential ototoxicity. 

 
 
 

1.8 Novel treatment strategies for OME: 

1.8.1 Pellets 

The current treatment strategy for OME is ventilation tube insertion and drainage of 

the effusion (NICE Guidelines 2008). This does not include treatment of any persistent 

infection and biofilm eradication which is believed to be the basis for recurrence of 

OME. To achieve biofilm eradication in the middle ear and hence treat OME and 

prevent recurrence (Gates et al., 1987, Daniel et al., 2006), direct drug delivery to the 

middle ear is an attractive solution. The treatment would be optimal over several 

weeks in the form of a bio-degradable, modified-release antibiotic formulation. 

Research has already been undertaken in this field developing pellets for middle ear 

insertion with a modified release antibiotic.  
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The use of poly lactic-co-glycolic acid (PLGA) has been combined with a carrier gel 

pluronic F127 to create a pellet which has the potential to deliver drugs to the middle 

ear in a modified release formula. Two antibiotics have been tested in vitro for this 

purpose: rifampicin and clindamycin. The results have shown that in vitro the pellet 

releases antibiotics for up to three weeks and is capable of eradication of a 

Staphylococcus Aureus biofilm in an in vitro model of OME (Daniel et al., 2010). PLGA 

is one of the most effective bio-degradable polymeric nanoparticles already in 

widespread clinical use. It has been approved for clinical use due to its properties of 

being low toxicity and biocompatibility with tissues. To date, there have been no 

reports of adverse effects of PLGA and pluronic (Horváti et al., 2014). 

 

The antibiotic combination of rifampicin and clindamycin was carefully selected due to 

their broad spectrum cover and without evidence of ototoxicity. Rifampicin is a 

member of the ansamycin antibiotic group (Sensi 1983). It is a heterocyclic structure 

and is used to treat tuberculosis (WHO 2010), leprosy and other Mycobacterial 

infections. Rifampicin is a powerful inducer of the hepatic cytochrome P450 and has 

side effects including nausea, vomiting, orange discolouration of urine and drug 

interaction with other medications metabolised by the liver. There is no evidence of 

any ototoxicity caused by rifampicin. 

 

Clindamycin is a licosamide and is a semi-synthetic derivative of lincomycin which is a 

natural antibiotic produced by actinobacterium Streptomyces lincolnensis 

(Birkenmeyer et al., 1970). Clindamycin is used to treat middle ear infections, bone 
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and joint infections and pneumonia (Smieja 1998). Side effects include rash, diarrhoea, 

vomiting and a metallic taste. Similarly to rifampicin, there are no reports of 

ototoxicity. The combination of clindamycin and rifampicin antibiotics loaded onto 

PLGA and Pluronic pellets as a potential treatment for OME is therefore considered 

safe from an ototoxicity perspective. 

 

Another research group has also studied a slow release antibiotic middle ear implant 

using ampicillin in an animal model (Goycoolea et al., 1991, Goycoolea et al., 1994). 

These studies were performed using a drug delivery device consisting of PLGA loaded 

with ampicillin which was inserted into the middle ear of cats and chinchillas with 

OME. Histopathology showed no adverse reaction to the implantation device and 

there was no evidence of ototoxicity on hair cell studies of the cochlea. However, these 

models show no assessment of biofilms. In vitro experiments have used biodegradable, 

modified release antibiotic pellets and studied their action on Staphylococcus Aureus 

biofilms (Daniel et al., 2012). PLGA pellets containing rifampicin and clindamycin were 

tested. The results showed that drug release was continuous for up to 21 days and that 

biofilms were eradicated with pellets containing 7% or 28% of antibiotic. This in vitro 

work requires translation into in vivo models. 

1.8.2 Hydrogel 

Other novel methods of drug delivery to the middle ear which aim at sustained release 

include intra-tympanic injection of hydrogel with ciprofloxacin (Wang et al., 2014) into 

guinea pig and chinchilla models of otitis media. No evidence of middle or inner ear 
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ototoxicity has been reported and sustained release was achieved for up to two weeks. 

With such sustained release of antibiotics, there is the potential for biofilm disruption 

in vivo and also the potential for a single treatment strategy for OME. It is however, 

undetermined in this study how long the hydrogel is present in the middle ear and 

whether there is any dissipation down the Eustachian tube. 

1.8.3 Biodegradable ventilation tubes 

A new, novel treatment for OME is the insertion of biodegradable ventilation tubes 

which are impregnated with antibiotic ciprofloxacin (Gan et al., 2013). Over a period 

of three months the antibiotic was released and less bacterial adherence to the 

ventilation tube was seen. Insertion of foreign bodies into the middle ear such as 

ventilation tubes is known to be a potential problem in the development of novel drug 

delivery systems to the middle ear (Belfield et al., 2015) and can create a chronic 

inflammatory state and act as a substrate for bacterial colonisation. This would 

potentially contribute to biofilm formation instead of potential eradication. 

Importantly, there was no evidence of ototoxicity in the middle or inner ear using 

biodegradable ventilation tubes as a method of drug delivery to the middle ear. 

 

1.8.4 Magnetic nanoparticles 

Using magnetic nanoparticles and applying an external magnetic field has the future 

possibility of delivering drugs in a non-invasive manner to localised targets around the 
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body. Such technology would allow precise delivery of drugs to the middle ear to treat 

conditions such as OME (Shapiro et al., 2014). Such technology however, is under 

development and there are potential limitations including the complex technology of 

multiple high powered magnets which would allow accessibility to the relatively small 

and shallow target of the middle ear. Preliminary animal models of nanoparticle 

technology used to deliver prednisolone to the middle ear has shown increased 

inflammatory changes in rats after 30 days (Lafond et al., 2018) and therefore more 

studies are required before consideration of translating this technology to humans.  

 

Magnetic manipulation of nanoparticles, however has the exciting possibility of being 

a therapy free from surgery and hopefully devoid of any side effects due to the 

localised delivery mechanism.  

 

Delivery of PLGA and pluronic pellets laden with rifampicin and clindamycin into guinea 

pig middle ears is an important step into developing new therapies for OME which 

treat the biofilm in a sustained manner. Testing the safety of this potential new 

treatment in vivo is essential and requires several different techniques: ABR, 

cytocochleograms and middle ear histology to assess the effects of the pellet and 

antibiotics on the middle, inner ear and auditory pathway. 

 

 

1.9 Auditory Brainstem Response 
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The auditory brainstem response (ABR) test is electroencephalograph (EEG) recording 

which measures the neural activity of the animal while different sounds are presented. 

In the ABR recording, both a click stimulus and single tone stimulus are presented to 

determine both the general thresholds of hearing (click) and the animalΩs sensitivity to 

various frequencies. The click stimulus is a square wave stimulus which consists of a 

ǿƛŘŜ ǊŀƴƎŜ ƻŦ ŦǊŜǉǳŜƴŎƛŜǎ ǇǊŜǎŜƴǘŜŘ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅΦ ¢ƘŜ ŦǊŜǉǳŜƴŎȅ άǊŀƴƎŜέ όŦύ ƻŦ ǘƘŜ 

click stimulus can be calculated as: 

Ὢ  
ρ

ὸ
 

where t is the duration of the stimulus in seconds. For the click ABR recordings, the 

duration of the stimulus is 0.01ms hence, 

Ὢ ρπππππὌᾀ ρππὯὌᾀ. 

As the initial frequency of the click stimulus was 100Hz, this means that the click ABR 

recording tests across the range of 0.1kHz ς 100.1kHz.  

 

Single tone frequency ABR recordings are tested at 6, 12, 18, 24, and 30kHz for 

laboratory mice as this represents the most sensitive regions in the hearing ranges 

(Turner et al., 2005). The hearing for the guinea pig is shown to be most sensitive in 

the 16kHz-24kHz range (Figure 9). 
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Figure 9 Graph showing the sensitivity to various frequencies of eight different species 
including commonly used laboratory animals and humans (Turner et al., 2005). The 
data has been adapted from Fay et al., 1988 

 
For both the click and single tone ABR, measurements are taken by presenting the 

stimulus 256-512 times at a single intensity, and an average waveform is produced. 

This is repeated between 0dB SPL and 95dB SPL with 5 dB increments.  

 

The guinea pig ABR consists of five waves (I-V) which present within 8ms of the 

stimulus being received. These five waves represent distinct regions of the auditory 

pathway. Of particular interest in this study are waves I and II, which represent the 

SGNs (spiral ganglion neurons) /auditory nerve, and the cochlear nucleus respectively, 

with waves III-V representing higher levels of the auditory brainstem (Melcher et al., 

1996; Henry et al., 1979). In addition to this, the ABR can also consist of other, 

peripheral evoked potentials such as cochlear microphones which originate from the 

hair cells and can therefore provide insight into cochlea function (Eggermont et al., 
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1976). The summation potential also originates form the cochlea hair cells and can be 

detected during ABR recordings (Honrubia et al., 1969). 

1.9.1 Auditory Brainstem Response Threshold 

Analysis of the ABR waveform can take into account threshold. This is the intensity of 

sound where the waveform is first distinguishable from noise. The amplitude of the 

peaks and troughs of each wave can also be measured over a range of intensities; and 

the latency of the peaks and troughs measured over a range of intensities. By using 

this analysis, and the knowledge that each wave corresponds to a specific region of the 

auditory pathway, the ABR measurement can be used to build a picture of how the 

animal processes sound before and after presentation of a noise stimulus. 

 
 
Studies have shown that ABR threshold elevation occurs after insults such as 

amikacin (Nekrassov et al., 2000) in guinea pigs at 4kHz and 8kHz. Cisplatin is also 

known to cause ABR threshold elevation (Cheng et al., 2005) in experimental guinea 

pig animal models and the condition of kernicterus, with an elevated levels of 

unconjugated bilirubin in a newborn baby has been shown to cause threshold 

elevation (Kaga et al., 1979). 
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Figure 10: !ƴ ŜȄŀƳǇƭŜ ƻŦ ŀ άŎƭŜŀƴέ !.w ǿŀǾŜŦƻǊƳ ǎƘƻǿƛƴƎ ǘƘŜ ǇŜŀƪǎ όtм-P5) and 
troughs (N1-N5) of the five waves (I-V)
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Figure 11. ABR recordings may misrepresent the behavioural thresholds of hearing in 
animals (Heffner et al., 2003)  

Behavioural hearing tests, although they can be difficult and time consuming, have 

been shown to produce better estimates of hearing across a range of species 

(Szymanski et al., 1999; Heffner and Heffner, 2003). Error! Reference source not 

found.11 shows the measured threshold across a range of frequencies of the domestic 

house mouse; here you can see that there is a distinct difference of average threshold 

measured at >2kHz.  One theory is these differences are thought to arise from the 

ǊŜƭŀǘƛǾŜƭȅ άƛƳǇǳǊŜέ ǘƻƴŜǎ ǇǊŜǎŜƴǘŜŘ ƛƴ !.w ŀƴŀƭȅǎŜǎΣ ŎŀǳǎŜŘ ōȅ ǘƘŜ ǊŀǇƛŘ ƻƴǎŜǘ ŀƴŘ 

offset of the tones used for ABR analysis, compared to the longerΣ ƳƻǊŜ άǇǳǊŜέ 400ms 

tones presented in behavioural studies; however it is also possible that the use of 

anaesthetics and the inherent electrical background noise could also interfere with the 

estimation of threshold in ABR analysis.  

 

file:///C:/Users/Emanuele/Desktop/Sherri/docs/METHODS.docx%23_ENREF_8
file:///C:/Users/Emanuele/Desktop/Sherri/docs/METHODS.docx%23_ENREF_21
file:///C:/Users/Emanuele/Desktop/Sherri/docs/METHODS.docx%23_ENREF_8
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Despite this discrepancy between ABR thresholds and behaviour thresholds, ABRs are 

widely used as a simple and non-invasive test of threshold shifts in laboratory animals 

after noise insult, and have been shown to be particularly effective in estimating shifts 

of threshold in response to broadband noise and high frequency tones.  

1.9.2 Auditory Brainstem Response Latency 

Measurements in the latency of ABR traces and changes over time also provides 

information regarding the transmission of sound from the cochlea to the brain (Figure 

10). Therefore a latency shift provides complementary information about the neural 

transmission and hence the possibility of neurotoxicity. This has been demonstrated 

with an increase in latency seen after acoustic trauma (Gourévitch et al., 2009) and is 

seen in aging guinea pigs (Ingham et al., 1998; Nozawa et al., 1998). This correlates 

with the finding of increased latency seen in elderly patients in waves I and III (Konrad-

Martin et al., 2012). The underlying pathogenesis is believed to be related to reduction 

in auditory nerve units and their synchrony of firing. Aminoglycoside treatment has 

been shown to cause increase in ABR latencies of waves I and V in human subjects 

after netilmicin and tobramycin administration (Hotz et al., 1990).  

 

Studies have shown that increases in latency of P1 precede P3 and P5 and correspond 

to ototoxicity of the basal cochlea (Jacobson et al., 1985). This initial effect is thought 

to be due to compromise of the vascular supply of the basal cochlea.  

 

Aspirin toxicity in rats causes an increase latency of P1 and P2 and P4 at 1kHz and 2kHz 

but was pǊŜǎŜǊǾŜŘ ŀǘ п ŀƴŘ уƪIȊ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ƭƻǿ ŦǊŜǉǳŜƴŎȅ ƘŀƛǊ ŎŜƭƭǎ ƻŦ ǘƘŜ ǊŀǘΩǎ 

cochlea are susceptible to aspirin ototoxicity (Kurata et al., 1997). Cisplatin, which is 

frequently used as a chemotherapeutic agent and has known ototoxic effects has been 
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shown to cause an increase in wave V latency (De Lauretis et al., 1999) This has been 

postulated to be an early sign of hearing deterioration which may have some clinical 

applications in attempting to calibrate the dose tolerated by individual patients 

receiving cisplatin in order to avoid the ototoxic side effects. The patients with 

increases in latency also have hearing loss detected by audiograms.  

 

1.9.3 Auditory Brainstem Response Amplitude 

Aspirin studies on rats have shown that the P2 and P4 amplitude was reduced at 2kHz 

but this was not seen at higher frequencies of 4 and 8kHz (Kurata et al., 1997). 

Aminoglycoside antibiotic testing of rats in the form of amikacin has been shown to 

decrease amplitude of ABR recordings for each wave (Yamamoto et al., 1992). 

 

Studies on patients have shown that with age, the amplitudes of all the ABR peaks 

were reduced suggesting a reduction in the number of nerve conducting units (Konrad-

Martin et al., 2012). Similarly, noise exposure in rats has been shown to cause a 

decrease in amplitude proportionally to the level of noise exposure and the basal 

region of the cochlea was most affected (Chen et al., 2014) with hair loss noted. Noise 

exposure experiments using guinea pigs has also shown that the amplitudes of ABR 

wave I was consistently decreased, yet wave IV which was also assessed recovered a 

week after the noise exposure period (Heeringa et al., 2014). The mechanism is 

postulated to be related to a disturbance of the auditory inputs to the inferior 

colliculus with an imbalance between inhibitory and excitatory responses which may 

result in hyperacusis after noise exposure in the acute setting. 

 

Table 4 summarises the ABR latency and amplitude changes with different aetiologies. 
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Stimulus Latency Amplitude 

Acoustic trauma Increase (Gourévitch et 
al., 2009) 

Proportional decrease 
with noise exposure 
(Chen et al., 2014) 

Presbyacusis Increase guinea  pig 
(Ingam et al.,  1998; 
Nozawa et al., 1996) 
Human ς increase wave I 
and III (Konrad-Martin et 
al., 2012) 

All waves reduced 
(Konrad-Martin et al., 
2012 ) 

Salicylate Increase P1,2 and 4 at 
2kHz (Kurata et al., 1997) 

Reduced P2 and P4 at 
2kHz (Kurata et al., 1997) 

Cisplatin Increase wave V ( De 
Lauretis et al.,1999) 

Reduced P1 and P3 (Otto 
et al.,  1988) 

Aminoglycosides Increase I and V (Hotz et 
al.,  1990) 

All waves reduced 
(Yamamoto et al.,  1992) 

 

Table 4: Summary of ABR latency and amplitude changes with different stimuli presented to the 
cochlea 

 

1.10 Cytocochleograms 
 

Creating cytocochleograms is a method used to count hair cells and to ascertain and 

quantify any loss of both IHC and OHC. For details on preparation please refer to 

section 3.11. This method has been widely used before (Mahendrasingham et al., 

2011). Studies using mouse models CD/1 for presbyacusis have shown that OHC are 

damaged initially in the basal cochlea and with associated IHC degeneration 

(Mahendrasingham et al., 2011).  

 

It is already known from studying cytocochleograms and hair cell counts that 

chemotherapy agents such as cisplatin cause OHC loss from base to apex and from 

outer most row of hair cells to the inner hair cells (Tropitzsch 2014). Increasing the 

concentration of cisplatin also resulted in progression of hair cell loss. 
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Aminoglycoside antibiotics are also known to cause hair cell loss of both the IHC and 

OHC as seen after administration of gentamicin (Forge et al., 2000) and kanamycin to 

rats (Matsuda et al., 1999). The rapid accumulation of aminoglycoside gentamicin in 

the hair cells is thought to be the basis of this toxicity (De Groot et al., 1990) resulting 

in apoptosis. 

 

1.11 Histology 
 

Looking at the ultrastructure of the middle ear and inner ear is important in assessing 

any morphological changes. Such structural alterations may contribute towards 

ototoxicity and hence impact the safety of compounds introduced into the middle ear. 

Cisplatin ototoxicity is known to cause such changes including degeneration of 

epithelial cells in the stria vascularis (Meech et al., 1998; Ravi et al., 1995) and the 

neurones of the spiral ganglion (Van Ruijven et al., 2005, Zheng et al., 1995, Zheng et 

al., 1996). The cisplatin induced degeneration of the Organ of Corti (Zheng et al., 1996; 

Van Ruijven et al., 2005) is better appreciated using cytocochleograms to identify IHC 

or OHC loss than using histology. 

  

It is also important to assess the impact of any surgical intervention on the middle ear 

on the mucosa and if there is any evidence of fibrosis or scarring. This can be seen in 

histology cross sections looking at inflammatory cells and the presence of fibrin. When 

using carrier molecules such as PLGA and pluronic in the form of pellets, histology 

allows for an assessment of the degree of residual foreign body after a designated time 

and any potential inflammatory response associated with this. 
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Noise exposure in the acute setting results in stria vascularis swelling and in the chronic 

setting over two weeks results in degeneration (Hirose 2003). The stria vascularis is 

also known to be damaged in noise induced hearing loss (Gratton 1996; Spicer 1997; 

Ichimaya 2000). 
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/ƘŀǇǘŜǊ нΥ tǊƻƧŜŎǘ !ƛƳǎ  

2.1 Overall aims 

Delivering rifampicin and clindamycin laden PLGA and Pluronic pellets into an animal 

model middle ear and assessing for safety is the primary aim. There is no prior evidence 

of ototoxicity from the antibiotics or components of the middle ear pellet and 

therefore the hypothesis is that there will be no evidence of ototoxicity after insertion.  

There is also the hypothesis of no evidence of inflammation or disruption of function 

of the middle ear after pellet insertion. 

2.1.1 Selection of animal model  

Selecting the correct animal model for implantation of middle ear pellets is important 

for reduction and refinement of the experiments (Russell and Burch 1959). A 

comparison of the anatomy and dimensions of the auditory system in cadaveric rats 

and guinea pigs will be made. Studies will be focused on middle ear dimensions to 

differentiate between these two animal models especially in relation to ME volume. 

2.1.2 Development of surgical delivery to the middle ear 

Surgical approaches to the middle ear will be compared using cadaveric animals to 

determine the best route for delivery of middle ear pellets which have fixed 

dimensions. The transtympanic route, posterobulla and anterobulla approaches will 

be assessed for their merits and feasibility of insertion of a ME pellet with set 

dimensions. 
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2.2.3 Testing the safety of middle ear surgery 

Surgical controls will be undertaken to determine if implantation of middle ear pellets 

is ototoxic and traumatic in any way. 

2.2.4 Testing middle ear pellets made of PLGA and pluronic for 

safety including ototoxicity 

Pellets made of poly lactic-co-glycolic acid (PLGA) and pluronic will be inserted into the 

middle ears of animal models and safety tested in the form of ABRs over a period of 

16 weeks. After culling humanely, histology sections and cytocochleograms will be 

prepared and analysed to assess for evidence of ototoxicity. In addition, 

immunohistochemistry will be performed on cochlear sections; using DAPI and 

Phalloidin staining to assess for morphology and presence of IHC and OHC. 

2.2.5 Testing middle ear pellets made of PLGA and pluronic loaded 

with rifampicin and clindamycin for safety including ototoxicity 

Poly lactic-co-glycolic acid (PLGA) and pluronic pellets laden with antibiotics rifampicin 

and clindamycin will be inserted into the middle ears of animal models and safety 

tested in the form of ABRs over a period of 16 weeks. After culling humanely, histology 

sections and cytocochleograms will be prepared and analysed to assess for evidence 

of ototoxicity. In addition, immunohistochemistry will be performed on cochlear 

sections; using DAPI and Phalloidin staining to assess for morphology and presence of 

IHC and OHC. 
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2.2.6 Testing middle ear pellets made of PLGA and pluronic loaded 

with rifampicin and clindamycin individually for safety including 

ototoxicity 

PLGA and pluronic pellets laden with either rifampicin or clindamycin will be inserted 

into the middle ears of animal models and safety tested in the form of ABRs over a 

period of up to 16 weeks. After culling humanely, histology sections and 

cytocochleograms will be prepared and analysed for evidence of ototoxicity assessing 

the IHC and OHC and evidence of inflammation. In addition, immunostaining will be 

performed on cochlear sections; using DAPI and Phalloidin staining to assess for the 

presence or absence of both IHC and OHC and their morphology.  
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/ƘŀǇǘŜǊ оΥ 9ȄǇŜǊƛƳŜƴǘŀƭ aŜǘƘƻŘǎ 

3.1 Principal Experimental Groups 
 

The main experimental groups were carried out using albino Dunkin Hartley guinea 

pigs as the test species. Each set of experiments had specific technical variation to 

evaluate the following: 

 

1. Biological control group of animals to assess the changes in ABR over time 

2. Surgical control group to assess the effects of opening the middle ear bulla 

without pellet insertion into the male albino guinea pig 

3. Treatment control group to assess the effects of PLGA and pluronic pellet 

inserted into the middle ear of guinea pigs 

4. The effects of PLGA and pluronic pellet loaded with rifampicin inserted into 

the middle ear of male albino guinea pigs 

5. The effects of PLGA and pluronic pellet loaded with clindamycin inserted into 

the middle ear of male albino guinea pigs 

6. The effects of PLGA and pluronic pellet loaded with both rifampicin and 

clindamycin inserted into the middle ear of male albino guinea pigs 
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3.2 Animal Procurement and Husbandry 
 

A total of 48 healthy Dunkin Hartley adult albino male guinea pigs (Harlan UK, Limited) 

weighing between 350g and 450g were used experimentally. Animals were all given a 

minimum of 72 hours of acclimatisation prior to experimental use. All experiments 

were carried out in accordance with Home Office Regulations in accordance with The 

Animals Act (Scientific Procedures) 1986 and covered by the appropriate Personal 

(60/13670) and Project (60/4436) Home Office Licences with assistance from the 

technical support staff at the Clinical Research Facility in Leicester which has a license 

covering guinea pig procedures. Advice was taken from the Home Office vet regarding 

anaesthesia and analgesia. 

 

Animals were randomly allocated to cage and housed in groups of up to four in open 

cages (Scanbur). Identification marks were as follows: head, back, rump and no mark. 

Fresh sawdust and hay were supplied every 3 days. Water was changed daily and a 

guinea pig pellet diet was administered daily. Water and solid food was supplied ad 

libitum. The water was from the domestic supply and replaced daily and guinea pig 

pellet diet, FD1 SQC supplied by Special Diet Services Limited, UK.   

 

Temperature was maintained between 16-20 oc and humidity between 45-70%. 

Lighting was on a 12 hour light/dark cycle (commencing at 7am). There was minimal 

natural sunlight. The animal house staff fed and watered the animals daily and 

monitored their general wellbeing including inspection of fur, teeth and any surgical 

scars.  
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Any animal showing signs of general illness was excluded from the study.   

Furthermore, any animal with signs of middle ear infection at surgery was excluded. 

 

3.3 Monitoring and maintenance of physiological 
function during experiments 
 

After the induction of anaesthesia, ABR electrodes were attached and the guinea pig 

was placed on a heated mat with the left ear facing up. Core body temperature was 

maintained between 37 +/- 1oc using a Harvard homeothermic control unit and blanket 

placed under the guinea pig with a silicone sealed rectal temperature probe inserted 

(calibrated using a water bath and thermometer). A non-invasive pulse oximeter 

(Nonin 8500AV, Nonin Medical inc., Plymouth, USA) was placed on the left hind paw 

to continuously monitor arterial blood oxygen saturation. This was maintained above 

97%. Supplementary oxygen was delivered if required via a facemask. The pulse 

oximeter also gave a pulse reading and this was kept in the normal range for guinea 

pigs: 180-350 beats per minute. Respiration rate was also noted throughout the 

experiments.  

Lacrilube ointment consisting of liquid paraffin, was used to protect the corneas 

bilaterally during the ABR recordings and operative procedures. 

 

3.4 Surgical procedure 
 
Prior to sedation or surgery, the guinea pigs were weighed and the experimental drug 

doses were calculated accordingly (Table 6). 

After an initial ABR recording, the recording electrodes and monitoring equipment 

were removed and the guinea pig transferred to the adjacent surgical suite whilst 

under sedation. The animal was then attached via a face mask (Blease Boyles 
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Apparatus) to isofluorane (1%) in the induction room and the skin prepared with 

shaving of fur in the left submandibular region and chlorhexidine antiseptic to the skin. 

The guinea pig was transferred to the operating table and positioned using a beanbag 

cradle with a mouthpiece connection to isoflurane 1% for the duration of the 

procedure. Intraoperative monitoring was performed using pulse oximetry and rectal 

temperature probe. The skin was draped and instruments cleaned using an autoclave 

(121 degrees centigrade). Using a sterile technique, a 2cm incision was made over the 

mandible using a scalpel. The platysma was divided and the masseter muscle exposed 

(Figure 12). The posterior belly of digastric runs underneath the masseter and was 

followed to the bulla of the middle ear. This approach to the middle ear bulla has 

previously been described by Gil-Carcedo et al., (1991). The anterior and undersurface 

of the middle ear bulla was exposed gently and a round fenestration, approximately 

2.5mm in diameter, was made in the bone. This was achieved using a Schucknecht pick 

and joining small perforations together. 

 

 

Figure 12. Diagram of surgical approach to guinea pig middle ear bulla (highlighted yellow) with 
retraction of the posterior digastric. Level of cervical skin incision indicated (red dotted line) 

temporalis 

posterior digastric 

retractor 

masseter      deep 
 
masseter superficial 

2 cm 
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For the surgical control animals, a piece of bone wax (70% beeswax, 30% Vaseline) was 

placed over the bulla hole. For the guinea pigs which have pellets inserted, this was 

done prior to the bone wax application using McIndoe non-toothed forceps. The 

pellets were stored in a fridge at 4 degrees centigrade in separate sterile packages 

prior to their insertion into the middle ear bulla. The skin was closed using a 

subcuticular 5/0 vicryl suture and glue. Please refer to section 3.12 for manufacture 

and preparation of the pellets. 

Analgesia was given to the guinea pigs in the form of metacam (1mg/kg) initially 

subcutaneously and then orally in the initial post-operative period and buprenorphine 

(0.05mg/kg) was administered to counteract the hypnorm and to provide opiate based 

pain relief. 

 

In the initial post-operative period, the guinea pigs were monitored carefully in the 

recovery area with gel based water, bottled water, carrot, hay and pellet supplements 

to eat. The cages were kept on a heated mat. The following day, the guinea pigs were 

transferred into their open cages. The guinea pigs were weighed daily for the initial 

post-operative period and were given 72 hours of metacam. 

 

3.5 The use of sedation/anaesthesia in the experimental 
design 
 

Surgical anaesthesia had to meet the criteria of achieving analgesia, muscle relaxation 

and loss of reflexes in order to optimise recordings. Minimal physiological and 

metabolic disturbance to each guinea pig was achieved. The mode of administration 

of drugs aimed to minimise stress and discomfort to the animal. Historically, guinea 

pigs are one of the most difficult animals to anaesthetise with injectable or inhalational 
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anaesthetics due to the problems with compromising respiratory or cardiac function 

with bradycardia (Cannell et al., 1972). 

 

The overall aim was to develop a regimen allowing surgical intervention and 

repeatable auditory recordings. The loss of the guinea pig pedal reflex was used as a 

guide to depth of anaesthesia. Parenteral agents were preferred as they did not 

require a facemask as this had the potential to interfere with the experimental set up.  
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3.6 Experimental regimens 

3.6.1 Regimen 1: ABR Recording 

A subcutaneous injection of 0.6ml/kg of fentanyl/fluanisone (Hypnorm) was 

administered subcutaneously into the neck. In addition, subcutaneous administration 

of midazolam (Hypnovel) was also given. Together, this created a moderately deep 

anaesthetic allowing electrode placement and ABR recording.  

 

A second regimen was developed for a small subset of additional experiments which 

were carried out in 2014 because Hypnorm was discontinued by the manufacturer. 

This was an unavoidable alteration in the drug regimen. Please refer for Regimen 4 

section 3.6.4 for details of this change. 

3.6.2 Regimen 2: ABR Recording and surgery 

 A subcutaneous injection of 0.6ml/kg of fentanyl/fluanisone (Hypnorm) was 

administered subcutaneously to the neck. An addition subcutaneous administration of 

midazolam (Hypnovel) was also given. Together, this created a moderately deep 

anaesthetic allowing electrode placement and ABR recording. After ABR recording, 

Isoflurane was administered using a facemask and surgery was undertaken to insert 

the pellet into the middle ear. 

3.6.3 Regimen 3: ABR Recording and terminal anaesthesia 

A subcutaneous injection of 0.6ml/kg of fentanyl/fluanisone (Hypnorm) was 

administered subcutaneously to the neck. An addition subcutaneous administration of 

midazolam (Hypnovel) was also given. Together, this created a moderately deep 
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anaesthetic allowing electrode placement and ABR recording. Intraperitoneal injection 

of barbiturate Medetomidine was then performed and death certified from clinical 

examination before perfusion-fixation.  

 

 

 

3.6.4 Regimen 4: Hypnorm substitution 

A small cohort of animals (8) underwent anaesthesia without the availability of 

Hypnorm as this was discontinued by the manufacturer. As a substitute, a combination 

of midazolam (4mg/kg), fentanyl (0.04mg/kg) and medetomidine (0.4mg/kg) was 

developed as a regimen. This was administered subcutaneously and reversed using 

atipamezole (1mg/kg) at the end of the experimental recording. 

 

 

 

Drug Dose 

Midazolam 4.0mg/kg 

Fentanyl   0.04mg/kg 

Medetomidine 0.4mg/kg 

Atipamezole 1.0mg/kg 

Hypnorm (fentanyl/fluanisone) 0.6mg/kg 

Buprenorphine 0.5mg/kg 

Atropine 0.5mg/kg 

 

Table 5: Drug doses used in experimental regimens according to animal weight 
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3.7 Pharmacology of anaesthetic agents 
 

3.7.1 Isofluorane 

Isoflurane is a halogenated methyl-ethyl-ether. This is an established anaesthetic 

agent for small animals and is ideal for short procedures as there is limited central 

nervous system depression. Studies on isoflurane in guinea pigs have shown that there 

is a dose dependent reduction in the amplitude and increase in the latency of the ABR 

(Stronks et al., 2010).  It is therefore important that the isoflurane is used after the ABR 

recording is completed for the surgical experimental component. 

 

3.7.2 Midazolam (Hypnovel) 

Midazolam is a water soluble benzodiazepine and acts to potentiate fentanyl (Pieri et 

al., 1981). Previous studies show that fentanyl and midazolam in combination produce 

good skeletal muscle relaxation in small rodents and guinea pigs (Flecknall and Mitchell 

1984). Fentanyl used in combination with diazepam in guinea pigs has been shown to 

provide a safe effective anaesthetic regimen with reduced respiratory depression and 

no alteration of ABR thresholds. 

 

3.7.3 Fentanyl/Fluanisone (Hypnorm) 

Administration of Fentanyl and Fluanisone is used to initiate neuroleptanalgesia in 

small laboratory animals including guinea pigs. 
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Fentanyl is a potent and effective opioid agonist active against ˃  receptors. It is up to 

100 times more effective than morphine regarding analgesia (Green et al., 1975). 

Fentanyl has a rapid onset but short duration of action. 

Fluanisone is a tranquiliser which potentiates the analgesic action of fentanyl and 

antagonises any respiratory depression (Inoue et al., 1994).  

3.7.4 Medetomidine 

Medetomidine is a synthetic barbiturate used as an anaesthetic or an analgesic acting 

as an alpha two adrenergic receptor agonist. It is often used in combination with 

opioids as premedication. Side effects include peripheral vasoconstriction and 

bradycardia (Sinclair et al., 2003). It is frequently used in euthanasia with 

intraperitoneal or intracardiac injection and is injected once deep anaesthesia is 

established. 

3.7.5 Atipamezole 

Atipamezole is a synthetic alpha-adrenergic receptor antagonist (Pertovaara et al., 

2005).  It is administered subcutaneously and is rapidly absorbed from the periphery 

to the central nervous system. It is used as a reversal agent for medetomidine. 

3.7.6 Atropine 

Atropine is an anticholinergic drug and its actions are on the parasympathetic nervous 

system to inhibit salivary gland and mucous secretions, aiming to reduce guinea pig 

secretions during the experiments. It is administered subcutaneously and side effects 

include ventricular tachycardia, nausea and blurred vision.   
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3.8 Auditory Brainstem Response 

3.8.1 ABR analysis 

In order to generate a short, shaped tone pip suitable for eliciting a frequency specific 

response, a computer controlled wave form generator was used. This system was 

designed and built to order by Dr. Patrick Jones of Applied Technology at Glaxo Smith 

Kline. A schematized diagram of its components is shown in Figure 13. 

 

HP54603B 
Oscilloscope 60MHz 

Tti  TGA 1230 30MHz 
synthesised  arbitary 
waveform generator 

PA4 programmable  attenuators 

10dB 
attenuation 

3dB 
attenuation 

B and K 2804  
microphone  
power supply B and K 4192 microphone 

Guinea pig left ear 

 via a speculum 

National Instruments 
SCB68 interface box 

Medelec  2A Sapphire 
auditory evoked 
potential system 

Medelec  2A Sapphire 
preamplifier 

Active, reference and ground 
electrodes from guinea pig 

PC based analysis  

and data storage 

 

Figure 13: Schematic diagram of signal generator and recording system 

 
Cosine enveloped wave forms of the desired frequency (8,12,16,24,30) KHz with a total 

length of 5 milliseconds including a 1 millisecond rise and fall time were generated 

using a Thurlby Thandar Arbitary Wave Form Generator (TGA 1230, 30MHz, Tucker 

Davis, US). The maximum amplitude of the signal from the TGA 1230 was 20V peak to 

peak.   
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The signal from this device was fed into paired Tucker Davis DA-4 Signal attenuators. 

This allowed 99dB attenuation of the maximal output of the signal generator in 1 dB 

increments. For increased speed of use one attenuator was set to 10 dB steps and the 

other to 1 to 3 dB steps. This signal was fed to an ultra high performance Bruel and 

Kjaer reverse driven microphone (Model 4192) for transduction. The microphone was 

fed by a 200 V bias current to ensure reliable and flat frequency response (B&K battery 

operated microphone power supply 2804 coupled to the signal line by a 0.01mF 

capacitor). The signal was concurrently fed to a Hewlett Packard 54600 oscilloscope 

for real time signal monitoring throughout the experiment. 

 

The signal generator was electronically switched by the master PC (Kayak XA, Hewlett 

Packard running Microsoft Windows NT4.0). Thus the onset of signal generation 

triggered the onset of compound action potential recording. The signal was repeated 

and recording averaged from up to 400 times whilst being continuously displayed on 

a PC screen oscilloscope. This repetition was user determined according to the clarity 

of the signal displayed. At high intensities, 20 to 50 cycles would be adequate. 

 

The CAP signal was pre-amplified using a Medelec Sapphire 4a x 10 000 and filtered 

between 5Hz ς5 kHz then fed through to the PC.  Within the PC, the real time signal 

was digitally sampled using a National Instruments sampler at 16kHz. This sampled 

signal was then averaged for CAP display with sensitivity (Volts/division) and time base 

(ms/division) set manually by the user at each recording. For each recording, captured 

data was saved by the computer in a user defined file. This allowed offline analysis 

using Microsoft Excel for organisation of the data and statistical analysis. Analysis was 

carried out using MINITAB software (Minitab Inc).  
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Hearing thresholds were evaluated using ABR auditory brainstem responses because 

auditory nerve fibre thresholds maintain a systemic relationship across different 

degrees of hearing loss (Ngan 2001). After recording of the ABRs by subcutaneous 

electrodes, the waveforms were averaged and stored for offline analysis using GSK 

analysis programme and TDT. On analysis of the waves, threshold was defined as the 

lowest level in dB at which a clear waveform could be observed. Wave 1 was the focus 

for analysis with a particular emphasis on P1-N1. When wave 1 was unclear, other 

peaks were analysed with P2-N2 and subsequently P3-N3.  

 

Amplitude was measured as the difference between P1 and N1 and between P2 and 

N2 and P3 to N3. Latencies were measured from the tip of the first deflection to the 

bottom of the first, second and third peaks (N1, N2 and N3). We included the first three 

waves because N3 is known to have the best signal to noise ratio and hence can be 

easily identified (Gourévitch 2009). The latencies and amplitudes were measured at 

16kHz and 24kHz because these frequencies are thought to be most representative of 

clear traces in the guinea pig animal model. 
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Figure 14: Example of cumulative views of ABR recording showing peaks P1 (red), P2 (yellow), P3 
(green), P4 (turquoise) and P5 (blue). 
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Figure 15: Example of selection of peaks P1-P5 with circles and troughs N1-N5 (triangles). Threshold 
for this ABR recording would be at 30dB 

P1   N1    

P2   N2  

P3   N3    

P4   N4    

P5   N5    

Please note amplitude measurements were as follows: P1-N1, P2-N2 and P3-N3 in 

V˃olts 

Please note latency measurements were as follows: P1 ς N1, P2-N2, P3-N3 in msecs 

 

After measurements of the amplitude and latency are made, information regarding 

the transduction of the electrical signal down the auditory pathway can be deduced. 

Both increases and decreases in latency and amplitude can be scientifically important. 

The amplitude and latency results for each animal in an experimental group were 

pooled and mean values and standard errors calculated for each value for 94, 84 and 

74dB. Paired t-tests were done to assess for significance with p<0.05 taken as the level 

of significance. 

 

3.8.2 Acoustic Calibration 

The ABR machine was set up and calibrated monthly and also in a shorter fashion at 

the beginning of each experimental session. The short calibration involved connecting 

output 2 to the oscilloscope and holding the calibration microphone connected to the 

driver output x. The calibration microphone was held next to the recording 

microphone of 4192 and the oscilloscope recording at 20mv/div.  
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With a calibration stimulus of 1kHz at 94dB SPL the 4192 modified microphone using 

a 20V signal (peak to peak) at 1kHz was used. When coupled with the 4134 calibration 

microphone this would produce a reference voltage of 38mV peak to peak or 

13.8mVrms. This was monitored on an oscilloscope and used as a quick check to ensure 

the 4192 driver was generating a calibrated acoustic signal referenced at 94dB SPL 

which was referenced as the 0dB system output. This was concluded that the system 

was operating as required to drive a guinea pig cochlea. 

 

The settings of the equipment should read as follows ς increment 1:10db, increment 

2:3db SPL. The Thurlby Thandar machine was turned to the Patrick test and the power 

supply charged with three 1.5V batteries was turned on. 

 

 

 

Figure 16: The acoustic coupler set up.  

The computer programme CAP allowed measurements of click33, 30kHz, 24kHz, 

16kHz, 12kHz and 8kHz. Attenuation was used from 94dB in increments of 

combinations of 10dB and 3dB. Recordings were saved onto the computer for joint 
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analysis; the threshold was found and measurements peri threshold taken in 

increments of 3dB. The stimulus used to determine CAP responses was carefully 

calibrated prior to experimentation as outlined below.  It is notable that the results 

presented in the thesis generally refer to the stimulus level as dB attenuation, thus the 

reader is directed to Figure 2.6 for the dB SPL equivalent. 

 

The B&K 4134/4192 driver was coupled via a reciprocity closed calibration chamber 

B&K Type 4142 to a B&K 4134 microphone acting as the reciprocal calibrator.  The B&K 

4134 driver was then continuously driven by the TGA1230 at 20 volts peak to peak with 

the 200V bias voltage provided by the B&K 2804 power supply which also powered the 

4134 microphone.  A secondary output from the B&K 2804 was fed to the Hewlett 

Packard 35665A signal analyser, which gave a graphic display of signal intensity in dB 

SPL.  The driver was calibrated for frequencies between 1 to 30 kHz and found to 

operate within the B&K specification.  The maximal output values, in dB SPL, obtained 

at 8, 16, 24 and 30 kHz are shown in Figure 17. 

 

The acoustic calibration was provided by a 1 kHz tone generator that delivered a 112 

dB SPL tone (this device was calibrated by the National Physics Laboratory, Teddington, 

UK).  The output of the B&K 2804 was also visually checked on an oscilloscope, which 

was used to inspect shaping, and symmetry of the stimulus waveforms.   
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Frequency (kHz) Voltage (peak to 

peak) mV 

dB SPL 

8 35 92 

16 36 92 

24 10 83 

30 10 84 

 

Figure 17: Maximal driver output (dB SPL) after closed field stimulus at 8,16,24 and 30kHz 

 

3.8.3 Regimen for Auditory Brainstem Response recordings 

Guinea pigs had an initial ABR recording before any surgery which was either a surgical 

control procedure, PLGA pellet insertion or PLGA with antibiotic insertion. ABR 

recordings were then repeated at 1, 2, 4 and 16 weeks for the following groups: 

biological control, surgical control, pellet control without antibiotics, pellet loaded 

with rifampicin and clindamycin. The guinea pigs tested with pellets loaded with either 

rifampicin or clindamycin separately were tested at 0, 2, 4 and 9-12 weeks. After the 

final ABR recording, the guinea pigs were killed by a Schedule one procedure of the 

Animals and Scientific Procedures Act (ASPA) 1986. 
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3.8.4 Auditory Brainstem Response recording 

Weight was measured prior to each recording and anaesthetic calculations were made 

(see Table 6). Guinea pigs were anaesthetised subcutaneously and after 5 minutes was 

placed next to the recording apparatus. The animals were carefully positioned on a 

heated mat and a rectal thermometer recorded the core body temperature to ensure 

it remained between 37-38 degrees centigrade. This is important given that ABR 

measurements can be affected by core body temperature (Murakami et al., 1992). 

Three recording electrodes were positioned subcutaneously as indicated in Figure 14. 

Is was important to ensure that the electrodes were placed subcutaneously and not in 

the muscle layer as this increased the resistance and hence background noise of the 

signal and reduced clarity of the recording. A pair of curved forceps were used to assist 

this placement to pick up the skin and avoid placement in the muscular layer. The black 

preauricular reference electrode was carefully positioned anterior to the pinna as this 

was a hairless field and therefore relatively easy to achieve a good position. 
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Figure 18: Image of three electrodes positioned on guinea pig (red: midline live electrode, black: pre-
auricular reference electrode, white: rump ground electrode) 

 
 
To ensure that the electrodes were positioned correctly in the subcutaneous tissue, a 

resistance reading was made to ensure recordings were <4 kOhms. The microphone 

and its speculum attachment was then carefully placed into the left external auditory 

meatus of the animal to create a closed system and tight seal. Occasionally, a small 

amount of debris was required to be removed from the external auditory canal to 

minimal conductive losses. Whilst ABR recordings were being taken, the guinea pig 

was given oxygen via a face mask of 1litre/min and a pulse oximeter attached to the 

front left leg to monitor saturations of oxygen and heart rate during the recording. 

Oxygen levels are known to affect the accuracy of ABR recordings with hypoxia causing 

threshold elevation and increase in latency (Attias 1990). 
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3.9 Terminal anaesthesia and preparation of specimens 

3.9.1 Schedule 1 Animal Scientific Procedures Act euthanasia 

In accordance with Home Office Guidelines, guinea pigs were euthanized by 

decapitation after terminal anaesthetic administration. This was given in the form of 

intraperitoneal barbiturate called pentobarbitone at a dose of 5mls and was 

performed under NACWO supervision (see acknowledgements). The animals were 

monitored for signs of death including loss of respiration, loss of femoral pulses and 

rigor mortis. Half of the animals were then decapitated immediately and the middle 

ear bulla harvested and preserved by freezing for histology studies at a later date. The 

other half underwent perfusion-fixation. 

3.9.2 Perfusion and fixation 

Perfusion-fixation was performed on a downflow bench. As soon as death was 

established by palpating for asystole, the animal was pinned onto a cork mat and the 

abdominal skin incised. The peritoneal cavity was opened and the sternum identified. 

The sternum was quickly removed using dissection scissors and the immobile heart 

identified. The inferior vena cava was then divided and a perfusion catheter inserted 

into the left ventricle. A three way stop tap was then started and fluid for irrigation 

ŀƴŘ ǘƘŜƴ ŦƻǊ ŦƛȄŀǘƛƻƴ ŜƴǘŜǊŜŘ ǘƘŜ ŎƛǊŎǳƭŀǘƛƻƴ ǘƻ ǇŜǊŦǳǎŜ ŀƴŘ ŦƛȄ ǘƘŜ ŀƴƛƳŀƭΩǎ ōǊŀƛƴ ŀƴŘ 

surrounding tissues including the cochlea. The fluid consists of 4% paraformaldehyde 

in 0.1M PBS with a pH 7.2-7.4 and approximately 500 mls was run through over a 

period of 30 minutes for each animal. Signs of fixation which were observed included 

rigidity and extension of the limbs. Once the procedure has been completed, the head 

was decapitated and the middle ear bulla dissected out and stored in formalin for 

immunostaining and analysis at a later date.  
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3.10 Middle Ear Histology 
 
 

After the animals were euthanized, the animals were perfused with fixative and the 

temporal bones stored in EDTA (Ethylenediaminetetra-acetic acid) for decalcification. 

Fixation can be influenced by autolysis of the tissues from intracellular enzymes and 

bacterial decomposition.  The temporal bones were carefully labelled and were stored 

in a freezer at minus 18 degrees celsius. 

 

For preparation of the histological slides, credit is given to Dr Jennifer Edwards (see 

acknowledgements). The stages involved in preparation of the slides and the steps are 

described below and were observed. This work was carried out in the MRC (Medical 

Research Council) Building at Leicester University. 

 

Three of the temporal bones were embedded in wax and sliced using a microtome to 

create slides to visualise and study the middle ear histology. Details of the slide 

preparation are given in sections 3.10.1- 3.10.7. One in twenty slices were taken every 

five microns. The slides were then studied and analysed for evidence of middle ear 

chronic inflammation and the pellet remnants were also assessed. 

3.10.1 Dehydration 

After fixation, temporal bones were dehydrated to allow for paraffin wax penetration. 

Immersion in 70% ethyl alcohol prior to dehydration, assists the process. 
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3.10.2 Clearing 

This stage treats the specimens with an agent, xylene, to allow the tissue blocks to be 

mixed with both alcohol and paraffin wax. This step alters the refractive index of the 

tissues rendering it almost transparent. 

3.10.3 Wax Impregnation 

The paraffin wax used had a melting point of 57 oC (TCS Biosciences LTD). The temporal 

bones were carefully orientated during immersion allowing blocks to form on 

solidification at room temperature. 

3.10.4 Slicing 

The specimen blocks were carefully sliced in 1: 20 wƛǘƘ р ˃m between each slice.  

3.10.5 Removal of paraffin  

The paraffin was removed using xylene solvent and then washed away with 90% 

alcohol as xylene is immiscible with aqueous solutions. A wash with distilled water was 

then required for each slice. 

3.10.6 Staining 

Haematoxylin and Eosin (H and E) staining was selected for the specimens. 

Haematoxylin is a basic dye which stains the nucleic acids in the specimens and Eosin 

is and acidic dye which stains the cytoplasm. This combination is the most commonly 

used staining method allowing for the histology of the tissues to be studied using 

conventional light microscopy. 
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3.10.7 Mounting 

A coverslip was carefully placed over the specimens to preserve and protect the tissue 

sections with a small quantity of mounting medium DPX distrene ς tri cresyl phosphate 

made up in xylene. 
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3.11 Cytocochleograms 
 

After the temporal bones in the guinea pigs were isolated post perfusion-fixation, they 

were treated with 10% EDTA decalcifying agent (made in 0.1M PBS pH 7.2-7.4) with 

storage at 4oc and rotation over four weeks.  

 

Once decalcified, the temporal bones were kept in PBS at 4 oc and after an interval, 

were dissected to isolate the cochleas. Dissection was supervised by Professor Furness 

using micro instrumentation and the use of micro blades. This work was undertaken 

at Keele University (please see acknowledgements). These were made using slices of 

razor blades mounted on cocktail sticks using superglue adhesive (cyanoacrylate). The 

technique of en-bloc cochlea dissection and then isolation of the cochlea turns 

separately was found to create the greatest yield in terms of hair cell preservation. 

Once the turns had been dissected and the excess tissue trimmed away, the specimens 

were mounted on a slide under a coverslip. Care was taken to ensure that the 

specimens were prevented from dǊȅƛƴƎ ƻǳǘ ŀƴŘ ǘƘŀǘ wŜƛǎǎƴŜǊΩǎ membrane was upright 

to ensure correct orientation of the specimens.  

 

Once the slides were mounted, using a Nomarski microscope, the hair cells both outer 

and inner were counted in rows. The presence of a cell was determined by viewing an 

intact apical plate and stereocilia (Mahendrasingham et al., 2011). A template was 

used to mark off the absent hair cells. This was provided by Professor Furness and all 

analysis took place under his supervision at Keele University. The cochlea were 

examined quantitatively allowing a comparison between OHC and IHC in the apex, 

middle and basal turns of the cochlea (Furness et al., 1990). This was done sequentially, 

starting at the apex and moving in a clockwise manner to the base. 
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Cytocochleograms were constructed by plotting the percentage of missing IHC or OHC 

as a function of percentage distance from the apex of the cochlea. When hair cells 

could not be counted, the size of the gaps were estimated and recorded. 

 

In addition, immunofluorescence was performed in the University of Leicester to 

demonstrate the hair cells. After specimen dissection of the individual cochlea turns, 

samples were treated with 0.25% Triton dissolved in PBS for 30 minutes and repeated 

twice. A mixture of PBS and Triton 0.25%, Phalloidin 2.5% and DAPI (4', 6-diamidino-2-

phenylindole) 4 micrograms (with a concentration of 5mg/ml). Specimens were left 

shielded from the ambient light with a foil cover for over 2 hours. After this exposure, 

washing the specimens in PBS for 10 minutes was required before mounting on a 

coverslip. The specimens were visualised under an immunofluorescence microscope 

and images were captured. 
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3.12 Pellet manufacture and preparation 
 

Pellet design, manufacture and preparation has been undertaken at the University of 

Nottingham Department of Trauma and Orthopaedics under the supervision of 

Professor R Bayston and Professor K Shakesheff. This is recognised in my 

acknowledgements. The details of the pellet manufacture are also published (Daniel 

et al., 2012). 

 

Pellets are made with PLGA 50:50 56kDa micro particles with pluronic F127 (20%) 

solution. The ratio of the PLGA to the gel is 1 to 0.8. The oil/water emulsion method 

was used to prepare micro particles with 1g of PLGA was dissolved in 6.7 mL of 

dichloromethane (DCM) (Sigma-Aldrich, Gillingham, UK) in a glass container, and 

added to 200 mL of 0.3% polyvinyl alcohol (PVA) (Sigma-Aldrich, Gillingham, UK). The 

mix was homogenised using a Silverson L5M mixer for 2 minutes at 9000RPM 

(Silverson Machines, Chesham, UK) (Silverson 2010). 

 

The emulsion, at room temperature, was then left stirring overnight (16 hours) with a 

50 mm glass flea on Variomag Poly magnetic stirrer (Variomag, Daytona Beach, USA) 

set at 300rpm, to allow DCM to evaporate. The following day, the PVA / PLGA emulsion 

was aliquotted into 50 mL containers, and centrifuged at 3000 rpm for 5 minutes (MSE 

Mistral 1000, London, UK). The supernatant was discarded, and the particles re-

suspended in de-ionised water and centrifuged again. 

 

The step was repeated until the samples had been centrifuged three times in water. 

The resulting PLGA suspension was filtered through a 40µm filter to remove any large 

clumps, frozen in liquid nitrogen and then freeze dried (ModulyoD, Thermo Electron 
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Corporation, Waltham, MA USA) prior to storage at minus 20°C. The size of the 

particles was determined by laser diffraction with Coulter LS230 particle size analyser 

(Beckman Coulter, High Wycombe, UK, solid state 780nm laser) using the Garnett 

optical formula. Using this method, the mean particle diameter size obtained was 

12.31 µm, median 11.70 µm and mode 15.37 µm.  

 

The pellets were produced by mixing UV-sterilised PLGA micro particles with a carrier 

gel and antibiotics, placing the mix into a Polytetrafluoroethylene mould designed to 

produce pellets 3mm long and 2.5 mm diameter, with a central 1mm diameter hole 

(the result of a stainless steel pin); the pellets thus had the appearance of a small tube, 

with the central hole designed to prevent airtight obstruction of the Eustachian tube 

should the pellet move in the middle ear following placement. The pellets were 

sintered at 60°C for 16 hours, taken out of the mould, and sterilised again with UV 

(ultraviolet) light.  

 

The pellets were composed of PLGA (Lakeshore Biomaterials, Birmingham, USA) with 

2% high viscosity sodium CMC (Blanose®, Aqualon / Hercules, Widnes, UK) or 20% 

Poloxamer pluronic F127 (Sigma-Aldrich, Gillingham, UK) (the PLGA to gel ratio was 

1:0.8) and antibiotics rifampicin (Codman, Wokingham, UK) and clindamycin (Sigma-

Aldrich, Gillingham, UK) at a high concentration of 4% (rifampicin) and 24% 

(clindamycin) of the PLGA weight. 

 

The antibiotics added to the pellets are rifampicin from Sigma and clindamycin from 

Fluka. The doses of rifampicin and clindamycin used are equivalent to 106 MIC 

(minimum inhibitory concentration) and are sufficient to achieve eradication of 

biofilms of Staphylococcus Aureus. These are clindamycin 2.10-4g; rifampicin 2.10-5g. 
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The pellets underwent E-beam sterilisation and were vacuum packed prior to transfer 

on ice to the University of Leicester where the in vivo work was carried out. The pellets 

were stored in a fridge at 4°c and individually labelled until implantation in the animal 

models. 

 

 

 

                  Figure 19: Image of two pellets laden with rifampicin with cm scale 

 

 

The concentrations of the pellets can be calculated with the assumption that the 

volume of each pellet is cylindrical and is calculated as therefore 14microlitres.  

 

In this volume there is a molar concentration of rifampicin and clindamycin as follows: 

Rifampicin 823 g/mol 

823 g in 1M in 1litre 

1152g is 1.4M in 1 litres 

1152g is 1M in 1.4 litres 
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1152g is 1M in 1400 000 000 microlitres 

 

There is 2 x 10-7 g in 14microlitres 

So divide 1152g by 10-9 to get how many grams for 1M in 14microlitres 

=1.15 x 10-6g for 1M in 14microlitres 

 

The concentration is 1.8mM for 2.1 x 10-5g 

 

Clindamycin 425g/mol 

425g in 1M in 1litre 

595g is 1.4M in 1 litre 

There is 2 x 10-4g in 14 microlitres 

So divide 595g by 10-9 to get how many grams for 1M in 14 microlitres 

=5.95 x 10-7g for 1M in 14 microlitres 

 

 

The concentration is 35.3mM for 2.1 x 10-4g 

The doses of rifampicin and clindamycin used in combination are the same as when 

the antibiotics are individually loaded onto the pellets. 

 

Summary 

Rifampicin concentration is 1.8mM for 2.1 x 10-5g 

Clindamycin concentration is 35.3mM for 2.1 x 10-4g  
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3.13 Cadaveric experiments 
 

Ten temporal bones were collected from five adult male guinea pigs of Dunkin-Hartley 

strain. Their weight ranged from 470 - 558g with a mean of 524g. The guinea pigs were 

being used for cardiology research carried out at the University of Leicester. After they 

were killed by a schedule one procedure, guinea pig heads were collected. No ethical 

approval was required for this study. Guinea pig cadavers were studied and dissected 

under the microscope (KAPS DP Medical) and anatomical measurements were made 

using a specially designed sliced transparent ruler in millimetres. 

 

Simulation of surgical access to the middle ear was performed assessing the 

transtympanic access and bulla approaches (both anterior and posterior). Volume 

measurements were undertaken using micro-syringe to inject IMS (Industrial 

Methylated Spirit) via the ventral bulla and then the fluid level was seen at the 

tympanic membrane where a myringotomy had been made. IMS was chosen to 

eliminate air bubbles in the bulla. This was repeated in triplicate and averaged. The 

ossicles were identified and also weighed. 

 

Ten temporal bones were also collected from five adult male Wistar rats. They were 

also being used for cardiology experiments at the same site. Again, no ethical approval 

was required for this anatomical comparison study using cadaveric specimens. 

Measurements were again made under the microscope, volume measurements using 

the same technique and the ossicles were weighed.  

 

Photograph of cadaveric images were taken using Image J computer programme.  
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3.14 Statistical analysis 
 

Data was arranged in Excel spreadsheets for analysis. Data was analysed by one tailed 

paired t-tests with a priori assumption of threshold increase. Significance was set at 

p<0.05 (Bonferroni correction). This was used to analyse ABR threshold elevation. 

   

Repeated measures ANOVA on all data sets was not justified due to changes in 

variance post week 0 (week 0 starting on the day of initial ABR recording). Holm-

Bonferroni correction was made to minimise a Type 1 error given the multiple 

comparisons made using t-tests (Holm, 1979). 

 

CǊƛŜŘƳŀƴΩǎ two way analysis of variance was undertaken using software programme 

Minitab 17. This was selected as the most appropriate test for analysis over time of 

the median values and was selected for amplitude and latency analysis of ABR due to 

the variability seen. 
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/ƘŀǇǘŜǊ пΥ 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ ŀƴƛƳŀƭ ƳƻŘŜƭΥ 
ǊŜǎǳƭǘǎ ƻŦ ŎŀŘŀǾŜǊƛŎ ǿƻǊƪ ŎƻƳǇŀǊƛƴƎ ǘƘŜ 
ƳƛŘŘƭŜ ŜŀǊ ƻŦ ǘƘŜ ƎǳƛƴŜŀ ǇƛƎ ŀƴŘ Ǌŀǘ 

 

4.1 Anatomical comparison 

4.1.1 External relations of the temporal bone 

The guinea pig temporal bone is located at the posterior-inferior aspect of the skull 

and is composed of the four main components: squamous, tympanic, zygomatic and 

mastoid. The zygomatic arch articulates with the temporomandibular joint. 

 

The tympanic section is composed of the tympanic ring, ventral and dorsal tympanic 

bulla. The ventral bulla is the dominant air space in the guinea pig middle ear and 

articulates with the smaller dorsal bulla via the incudomalleal complex. The smaller 

dorsal bulla is analogous to the epitympanum in the human. 

 

The rat temporal bone has a similar basic structure and is also found in the posterior 

inferior part of the skull. There is only one middle ear bulla compartment in the rat, 

unlike the guinea pig which has both the dorsal and ventral bulla.  
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4.1.2 Outer ear: 

The guinea pig pinna has a characteristic round shape with a consistent tragal/anti-

tragal to widest diameter of 29mm. The range of this measurement was 26ς30mm 

(Table 6). The outer ear canal is cartilaginous with a curvature which could be 

straightened by pulling the pinna in a posterior dorsal direction to visualise the 

tympanic membrane under the microscope. 

 

The ear canal narrows to its smallest diameter of 3mm measured obliquely at the bony 

canal opening. After this point, it widens again to reach the tympanic membrane. The 

mean total length of the ear canal is 10.2mm (range 10-11mm) and the bony length is 

3mm. The view of the guinea pig tympanic membrane from the ear canal and hence a 

transtympanic approach is limited to the malleus handle and the superior part of the 

annulus only (Table 6).  

 

Lƴ ŎƻƴǘǊŀǎǘΣ ǘƘŜ ǊŀǘΩǎ ƻǳǘŜǊ ŜŀǊ Ƙŀǎ ŀ ǎƳŀƭƭŜǊ Ǉƛnna with a mean diameter of 20.2mm 

(range 20-21mm). Again this was measured from the tragal/antitragal junction to the 

Ǉƻƛƴǘ ƻŦ ƎǊŜŀǘŜǎǘ ŘƛǎǘŀƴŎŜ ƻƴ ǘƘŜ ǇƛƴƴŀΦ ¢ƘŜ ǊŀǘΩǎ ŜŀǊ Ŏŀƴŀƭ Ƙŀǎ ŀ ƳƻǊŜ ŎƻƴǎƛǎǘŜƴǘ 

diameter in comparison with the guinea pig ear canal as it does not have the fluting 

aspect getting narrower and then widening again before reaching the tympanic 

membrane. The narrowest point of the rat EAC, however, is at the bony canal rim 

measuring 2mm in diameter. The view of the tympanic membrane under the 

microscope is greater than that of the guinea pig allowing a greater view of the 

tympanic membrane due to the consistent diameter and lack of fluting. 
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Animal Mean 
pinna 
diameter 
/mm 

Mean external 
auditory canal 
length/mm 

Mean bony 
canal 
diameter/mm 

Mean bony 
canal 
length/mm 

Area of 
tympanic 
membrane
/mm2 

Guinea 
pig 

n=10 

29.0 10.2 2.9 3.0 35.2 

Rat 
n=10 

20.2 8.2 2.0 1.0 10.7 

 

Table 6: Measurements of the external auditory canal and tympanic membrane in the guinea pig and 
rat 

 

 

Animal Anterior-
posterior 
distance 
of 
bulla/mm 

Malleus handle 
to 
hypotympanum 
/mm 

Malleus handle to 
epitympanum/mm 

Malleus 
handle to 
round 
window/mm 

Malleus 
handle to 
Eustachian 
tube/mm 

Guinea 
pig 

n=10 

10.0 7.0 3.0 1.8 7.0 

Rat 
n=10 

6.9 4.0 1.35 1.3 2.75 

 

Table 7: Measurements of the ventral bulla of the guinea pig and middle ear of the rat. 

 

 

 

Measurements of the mass of the guinea pig malleus and incus in combination can be 

plotted as a function of the inverse root to the power 3 against the highest frequency 

in kHz guinea pigs species can hear (Figure 20). There is a linear correlation seen when 

other malleus and incus measurements are made  and plotted against highest 

frequency of hearing in kHz for rat (Salih et al., 2001) and human species (Hemilä et 

al., 1995). 

 



170 
  

170 
 

 

X axis: 1/ 3ҞƳŀƭƭŜǳǎ ŀƴŘ ƛƴŎǳǎ Ƴŀǎǎ όƳƎύ                     Y axis: highest frequency of 

hearing /kHz 

Figure 20: Graph to show the relationship between the highest frequency of hearing (Hz) and mass of 
malleus and incus (mg) for different species: human, guinea pig and rat  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

y = 84.414x
R² = 0.9958

-40

-20

0

20

40

60

80

100

120

140

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

GuineaPig

Rat

 Human 



171 
  

171 
 

4.1.3 Middle ear: 

The tympanic membrane of the guinea pig has a diameter of 6.9mm (range 6.5-7mm) 

which was measured using a millimetre gauge ruler from the inner mucosal surface 

after opening up the ventral bulla.  

 

The ventral bulla is the main air space of the middle ear and has a mean volume of 119 

microlitres. The dimensions of the ventral bulla are shown in Table 7. The anterior 

posterior diameter is 13mm and the distance from the malleus neck to the floor of the 

hypotympanum 7mm. The width is variable along the length with the cochlear 

positioned posteriorly and the ossicular chain on the medial wall.  

The ossicular chain in the guinea pig unusually has a fused malleus and incus and a 

separate stapes. The mass of the incudomalleal complex is 5.4 mg (range 5.0mg-

5.9mg).  

 

The cochlear impression is clearly seen in the ventral bulla with the round window and 

oval window via the stapes footplate clearly identifiable. This is the anatomical 

connection from the middle to the inner ear and hence can be accessed to facilitate 

recording or drug delivery to the inner ear. 

 

In contrast, the rat tympanic membrane has an oval shape with a diameter of 4mm. 

Again this was measured from the inner mucosal surface after opening up the ventral 

bulla. The rat middle ear has one main compartment, unlike the guinea pig which has 

both the ventral and dorsal bulla. The rat middle ear has a volume of 40 microliters. 

The anterior ς posterior diameter is 6.9mm and the distance from the malleus neck to 
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the hypotympanum 4mm. The promontory is less defined. The dimensions of the rat 

middle ear bulla are shown in Table 7. 
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4.2 Surgical approaches to the middle ear 

4.2.1 Transtympanic 

Transtympanic access to the middle ear in the guinea pig is possible for surgical 

implementation down the External Auditory Canal (EAC) but is limited by 3mm 

diameter at its narrowest point. This constriction makes manipulation of instruments 

and hence surgery difficult or impossible. The tympanic membrane area accessible 

down the transtympanic approach is limited to the superior quadrant. With the benefit 

of cadaveric work, transtympanic injections and myringotomy are possible although 

technically challenging. Insertion of a mini Shah grommet (Adept medical) with a 

diameter of 1.5mm would be feasible (Adept medical) but not a regular size Shah 

grommet with a diameter of 2.5mm. 

 

Instrumentation down the EAC of the guinea pig and surgical manipulation of the 

ossicles would be very difficult. Due to the narrowing and then funnelling out of the 

EAC, raising a transtympanic flap would also not be possible to allow access to the 

middle ear for ossiculoplasty, myringoplasty or drug delivery routes to the middle ear. 

 

The rat EAC does not narrow in the same manner as the guinea pig, but it has an overall 

narrower diameter of 2mm. A relatively larger area of the tympanic membrane is 

accessible in comparison with the guinea pig, but restricted access is again 

problematic. Instrumentation and insertion of ventilation tubes down the EAC would 

be technically challenging in the rat due to the narrow dimensions. 
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4.2.2 Retrobulla  

In the guinea pig, a post auricular incision and removing post auricular muscle 

attachments would expose the ventral bulla posteriorly. This would allow a hole to be 

made in the bulla wall and visualise the cochlea and access the round window. 

Catheter insertion and sampling of the perilymph could be done via this route 

(Selvadurai et al., 2000). The distance from the posterior ventral bulla to the anterior 

becomes constricted between the cochlea and the tympanic membrane and hence 

access to the anterior aspect of the ventral bulla from this posterior approach is 

limited. 

 

In the rat model, the retrobulla approach also allows exposure to the cochlea and 

round window. However, there is less constriction between the cochlea and tympanic 

membrane at its narrowest point allowing a conduit from posterior to anterior bulla. 

4.2.3 Anterobulla 

This approach to the middle ear would be challenging due to the proximity of the 

temporomandibular joint to the anterior aspect of the ventral bulla. Disruption of this 

joint would prove to be disabling to the animal post operatively especially regarding 

feeding. Access can be achieved via an incision in the neck and dissection. By following 

the posterior belly of digastric superiorly to its insertion at the styloid process, the 

adjacent middle ear bulla can be identified (Pinilla et al., 2001). The anterior bulla wall 

can be breeched and access to the ventral bulla gained. Other important structures 

which should be recognised and preserved include the facial nerve, facial vein and 

branches of the internal carotid artery. 
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The antero-bulla approach in the guinea pig is more technically difficult than the rat 

model because of the larger mandible and the thicker anterior bulla wall. In both the 

rat and guinea pig animal models this approach is possible allowing access to the 

Eustachian tube and ventral bulla. 

 

Access to the ME bulla via the anterobulla approach allows careful placement of pellets 

away from the ossicular chain. This situation differs from transtympanic access where 

ǘƘŜ ǇŜƭƭŜǘ ƛǎ άǇƻǎǘŜŘέ ǘƘǊƻǳƎƘ ŀ ƳȅǊƛƴƎƻǘƻƳȅΦ ¢Ƙƛǎ Ŏŀƴ ǊŜǎǳƭǘǎ ƛƴ ƛƴŎǊŜŀǎŜŘ ǾŀǊƛŀǘƛƻƴ 

in the ǇŜƭƭŜǘΩǎ ǊŜǎǘƛƴƎ Ǉƻǎƛǘƛƻƴ ƛƴ ǘƘŜ a9Φ 

4.2.4 Discussion of cadaveric work 

With the fixed pellet dimensions, both the guinea pig and rat models are unsuitable 

for transtympanic insertion of the pellet via a myringotomy into the middle ear as 

would be the future potential clinical scenario in patients. This is precluded in the 

rodent animal models due to the diameter of the pellet at 2.5mm and the relative 

diameters of the bony ear canals of the rat and guinea pig at 2.0mm and 2.9mm 

respectively.  

 

The guinea pig model is the preferred to the rat model because of the larger bulla 

volume of 119 microlitres compared to 40 microlitres. Insertion of the pellets into the 

ventral bulla via a fenestration of the anterior wall allows careful placement away from 

the ossicular chain and in a consistent location of the ventral bulla which is important 

for experimental ototoxicity testing. Minimising variables between experiments 

including the position of the pellet is important to standardise testing. This can be 

more readily achieved through the surgical anterobulla approach. 
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The anterobulla approach has technical challenges due to the access via a cervical 

incision and careful dissection and avoidance of structures including the facial nerve, 

vein and branches of the carotid artery. The temporomandibular joint is also at risk of 

potential damage and should be carefully preserved.  The surgical approach and its 

success can be reviewed from the post-operative complication rate and the response 

of the surgical control groups to surgery. 

 

The guinea pig model is suitable when considering its similarities with the human 

temporal bone. There is a ME compartment ς the bulla which contains the ossicles and 

communicates with the IE. The guinea pig ossicular chain is fused with the incudo-

malleal complex, whereas the human has three separate ossicles. This is an anatomical 

difference but is not considered to impact on the guinea pig use as an animal model. 

The human ME communicates with the mastoid air cell complex for aeration in a 

similar manner to the guinea pig tympanic bulla connecting to the mastoid air cell 

system (Goksu et al., 1992). These anatomical similarities between the human and 

guinea pig temporal bones emphasise the suitability of using guinea pigs as an animal 

model in experiments assessing ME pellet insertion. 
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/ƘŀǇǘŜǊ рΥ wŜǎǳƭǘǎ ƻŦ !ǳŘƛǘƻǊȅ .ǊŀƛƴǎǘŜƳ 
wŜǎǇƻƴǎŜǎ 

5.1.1 ABR threshold results analysis 

Data was analysed by one tailed paired t-tests with a priori assumption of threshold 

increase. Significance was set at p<0.05 (Bonferroni correction).  Repeated measures 

ANOVA analysis on all data sets was not justified due to changes in variance post week 

0 which is defined as the initial ABR recording. The Holm-Bonferroni correction was 

also applied to the data. 

 

For these three treatment groups, biological control, surgical control and PLGA pellets 

(see Figures 21, 22 and 23), the mean ABR thresholds at week 0 were directly 

comparable falling between 35-52 dB SPL.   

5.1.2 Changes in ABR threshold over 8-30 kHz over weeks 0-16: 

biological control group  

Figure 21 shows the changes in threshold for the Biological, or time Control Group.  In 

this non-intervention group without surgery, mean ABR thresholds over 8-30 kHz 

remained stable with relatively low variability. Mean thresholds from week 0 which is 

the day of initial ABR recording varied from -1 to 6 dB.   Only one excursion of 6dB at 

30 kHz reached significance at week 16 and was not considered to be of marked 

biological significance.   
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Figure 21:  Biological Control showing no significant changes in mean ABR thresholds over 0-16 weeks  
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5.1.3 Changes in ABR threshold over 8-30 kHz over weeks 0-16: 

surgical control group 

Figure 22 shows the changes in threshold for the surgical control group. ABR 

thresholds over 8-30 kHz showed greater variance post week 0 at the onset of ABR 

recording. Mean ABR thresholds from week 0 varied from 1 to about 10 dB.  Only one 

excursion of 10dB at 16 kHz reached significance which would be considered of 

biological significance.  By week 16 mean thresholds were within 1 to 4dB of those at 

week 0 when ABR recording commenced.  

 

 

 

Figure 22:  Surgical Control group showing only one significant change in ABR threshold at 16 kHz at 
week 1 (marked with a *).  
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5.1.4 Changes in ABR threshold over 8-30 kHz over weeks 0-16: 

PLGA and pluronic pellet control group 

Figure 23 summarises threshold changes for the PLGA pellet Group. Mean ABR 

threshold shifts over 8-30 kHz fell between -1 to about 12 dB. Whilst some elevations 

at 24-30 kHz were significant, only one was above 10 dB (12.3 dB) at 30 kHz for week 

16 (p=0.016).  

 

 

Figure 23: PLGA and pluronic Pellet alone showing one significant change in threshold of 10 dB at 30 
kHz at week 16 (marked with a *)  
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5.1.5 Changes in ABR threshold over 8-30 kHz over weeks 0-16: 

Pellets with rifampicin and clindamycin in combination  

Figure 24 shows the highly significant changes in mean ABR threshold across virtually 

all frequencies over weeks 1-16. A number of unusual features are present in these 

threshold elevations which are discussed at the different time points.  

 

 

Figure 24: Rifampicin and clindamycin loaded PLGA and pluronic pellets.  Highly significant changes at 
virtually all frequencies over weeks 1-16. Not all significance levels indicated.  

 

 

Week 1   

Highly significant (P< 0.002 ς 0.0001) threshold elevations of between 30-40 dB are 

seen at all frequencies at 1 week post pellet implantation which occurred initially at 

week 0. The pattern of elevation is unusual as it affects all frequencies. This would be 

 Week 0 
00 
Week 16 
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considered an atypical pattern of loss for ototoxicity as higher frequencies are typically 

affected more than lower frequencies. 

 

Week 2  

Mean threshold elevations remain highly significant across all frequencies of between 

25-40dB at week 2 post pellet implantation. There is some evidence of slight recovery 

at 16-24 kHz.  

 

Week 4 

In Figure 24 at week 4 there appears more marked recovery over 12 -24 kHz with mean 

threshold elevations of between 10-25 dB. The mean elevations of about 10 dB at 16 

and 24 kHz are statistically significant (p=0.05 and 0.07). However, mean ABR 

thresholds at 8, 12 and 30 kHz remain clearly elevated between 20-35 dB.   

 

Week 16 

Significant threshold elevation ranges between 11-30 dB over 8-30 kHz at week 16. 

Elevation at 16-24 kHz was significant (p=0.019 ς 0.005).   The largest elevations of 

nearly 30 dB were seen at 8 and 30 kHz. The unusual pattern of threshold elevation 

affecting low and high frequencies is maintained.   

5.1.6 Changes in ABR threshold over 8-30 kHz over weeks 0-16: 

pellets with rifampicin tested separately  

Following the findings with the antibiotics in combination, the effect of the PLGA and 

pluronic pellets loaded separately with either rifampicin or clindamycin was examined. 

This was performed in two separate experimental sittings: 2012 and 2013. There was 
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an altered anaesthetic regimen for experiments performed in 2013 due to the lack of 

availability of Hypnorm (see section 3.6.4 anaesthetic regimen 4: Hypnorm 

substitution). 

 

Figure 25 shows the results for rifampicin alone at weeks 0, 2, 4 and 12.  At week 2, 

thresholds were elevated by 20-30 dB across all frequencies. Notwithstanding these 

elevations the variability means that post Bonferroni correction, significance was 

marginal (p=0.031 to 0.083) apart from at 8 kHz where the 28 dB elevation was highly 

significant at p =0.006.  Over experimental weeks 2-12, mean thresholds gradually 

show recovery finally falling to within 6-15 dB of initial values at week 0.  These did not 

reach significance, but are considered likely to be biologically real. Again, the pattern 

of threshold elevation is of interest as it involves all frequencies.   

 

 

 

Figure 25:  PLGA and pluronic pellets loaded with rifampicin alone (n=8).   
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5.1.7 Changes in ABR Threshold over 8-30 kHz over Weeks 0-16: 

pellets with clindamycin tested separately  

Figure 26 shows the results for clindamycin alone (n=8). Mean elevations at week 2 

were between 15-30 dB.  Only one value reached significance at week 2, 30kHz with a 

mean threshold elevation of 32dB.  

 

 

Figure 26:  PLGA and pluronic pellets loaded with clindamycin alone (n=8). 

 

Over weeks 2-12, mean thresholds again gradually demonstrated recovery reaching 

within approximately 0-25 dB of initial week 0 values.  These again were not significant. 

¢ƘŜ Ψ¦Ω ǎƘŀǇŜŘ ŜƭŜǾŀǘƛƻƴ ǇŀǘǘŜǊƴ ƻŦ ǘƘǊŜǎƘƻƭŘǎ ƛǎ ŀƭǎƻ ŀǇǇŀǊŜƴǘ ǿƛǘƘ ŎƭƛƴŘŀƳȅŎƛƴ with 

relative sparing of mid frequency values seen. 

 



185 
  

185 
 

5.1.8 Holm-Bonferroni correction for the ABR threshold data 

Multiple comparisons were performed on the ABR threshold data and therefore the 

Holm-Bonferroni correction was applied to the p values. This was done to minimise 

the risk of a Type I error.  

 

Tables 8-13 show the Holm Bonferroni corrections applied to the ABR threshold data. 

There is only sporadic rejection of the null hypothesis which is highlighted red except 

for Table 11 which shows the null hypothesis rejected for most of the p values. Overall, 

this statistical correction therefore confirms the significance of the results from the t 

tests with no significant threshold elevation seen in the control groups and pellet with 

either rifampicin or clindamycin separately. There is significant threshold elevation 

seen in the pellet loaded with both rifampicin and clindamycin across all thresholds at 

weeks 1 and 2 with some low frequency recovery at week 16.  

 

 

 

 

 

BC   Frequency   

    
Week 

8kHz 12kHz 16kHz 24kHz 30kHz 

1 0.040   2 0.070    1 
>0.0125 

0.950  4   0.534   3 0.070  1 >0.0125 

2 0.088   3 0.070    1 
>0.0125 

0.350  3 0.090   2 
>0.167 

0.150  2 

4 0.030   1 
>0.0125 

0.550    3 0.169  2 > 0.167 0.686   4 0.250  4 

16 0.579   4 0.870    4 0.002  1 
<0.0125 

<0.001 1 
<0.0125 

0.210  3 

 
Table 8: Biological control threshold p values and the Holm Bonferroni correction. Values where the 
null hypothesis is rejected are highlighted red. 
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SC   Frequency   

    Week 8kHz 12kHz 16kHz 24kHz 30kHz 

1 0.084  2 0.227  3 0.677  3 0.036  1 
>0.0125 

0.233  3 

2 0.864  4 0.908  4 0.365  1 
>0.0125 

0.732  4 0.115  2  
>0.0167 

4 0.052  1 
>0.0125 

0.164  1 
>0.0125 

0.553  2 0.138  2 0.233  3 

16 0.334  3 0.225  2 0.702  4 0.398  3 <0.001 1 
>0.0125 

 
Table 9: Surgical control threshold p values and the Holm Bonferroni correction. Values where the null 
hypothesis is rejected are highlighted red. 

 
 
 

P   Frequency   

    Week 8kHz 12kHz 16kHz 24kHz 30kHz 

1 0.603  4 0.842  4 0.129  1 
>0.0125 

0.177  3 0.131  4 

2 0.277  3 0.273  2 0.365  2 0.029  1 
>0.0125 

0.023  1 
>0.0125 

4 0.137  1 
>0.0125 

0.111  1 
>0.0125 

0.656  4 0.070  2 0.028  2 

16 0.142  2 0.814  3 0.605  3 0.941  4 0.033  3 

 

Table 10: Pellet control threshold p values and the Holm Bonferroni correction. Values where the null 
hypothesis is rejected are highlighted red. 

 
 

PA   Frequency   

    Week 8kHz 12kHz 16kHz 24kHz 30kHz 

1 0.00004  1 
<0.0125 

0.000012  1 
<0.0125 

0.0011  1 
<0.0125 

0.0009  1 
<0.0125 

0.00008  1 
<0.0125 

2 0.0003    
3<0.025 

0.001         
2<0.0167 

0.005    
2<0.0167 

0.005    
2<0.0167 

0.0009    
3<0.025 

4 0.00015  
2<0.0167 

0.007         
3<0.025 

0.101    4 0.136    4 0.0136    4 

16 0.001      4      0.009         4 0.037    
3>0.025 

0.010    
3<0.025 

0.0008    
2<0.0167 

 
Table 11: Pellet with rifampicin and clindamycin threshold p values and the Holm Bonferroni 
correction. Values where the null hypothesis is rejected are highlighted red. 
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PRif   Frequency   

    Week 8kHz 12kHz 16kHz 24kHz 30kHz 

1 0.012  
1<0.0125 

0.166  
1>0.0125 

0.106  
1>0.0125 

0.062  1  
>0.0125 

0.090  
1>0.0125 

4 0.441  3 0.202  2 0.178  2 0.146  2 0.125  2 

12 0.251  
2>0.0167 

0.499  3 0.427  3 0.620  3 0.199  3 

 
Table 12: Pellet with rifampicin threshold p values and the Holm Bonferroni correction. Values where 
the null hypothesis is rejected are highlighted red. 

 
 
 
 

PClind   Frequency   

    Week 8kHz 12kHz 16kHz 24kHz 30kHz 

1 0.225  2 0.201  
1>0.0125 

0.197  2 0.074  
1>0.0125 

0.049  
1>0.0125 

4 0.318  3 0.618  2 0.432  3 0.570  3 0.124  2 

12 0.051  
1>0.0125 

0.966  3 0.192  
1>0.0125 

0.120  2 0.188  3 

 
 
 
Table 13: Pellet with clindamycin threshold p values and the Holm Bonferroni correction. Values where 
the null hypothesis is rejected are highlighted red. 
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5.1.9 Summary and discussion of ABR threshold results 

The ABR threshold results do not show any significant excursions from initial week 0 

values when initial ABR testing occurred for the biological control, surgical control and 

PLGA and pluronic pellet groups. As ABR threshold elevation is used as a measure of 

safety of ME pellets, it can be concluded that the surgical access to the middle ear bulla 

and insertion of the PLGA and Pluronic pellet did not affect the hearing mechanism. 

These results support the guinea pig animal model for middle ear experimentation and 

was an interesting finding for model development because of the significant surgical 

and experimental intervention in a small middle ear space. The anterobulla access to 

the middle ear in the guinea pig has also been shown to be reproducible and safe 

method without damaging to the hearing mechanism. 

 

The ABR threshold elevation seen at all frequencies after PLGA and pluronic pellet 

loaded with rifampicin and clindamycin in combination persists at the high and low 

frequencies at week 16 however, there was some recovery in the mid frequency range. 

This ABR threshold elevation suggests that the antibiotics in the pellets may affect the 

ME hearing mechanism. 

 

The significant and sustained elevation of threshold seen with the antibiotic 

combination of rifampicin and clindamycin was unexpected and unusual in 

appearance. The partial mid frequency recovery and persistent elevation at 8 and 30 

kHz seen at week 16 does not appear to have been reported elsewhere. This first 

reporting would suggest that the drugs in combination at these levels in the pellet may 

not be suited for use in humans.   
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The ABR threshold results for pellets loaded with either rifampicin or clindamycin 

tested separately also resulted in unusual patterns of threshold elevation. These 

results are not as pronounced as the drugs used in combination, suggesting a 

synergistic effect between the two antibiotics when used together. 

 

Analysis of the amplitude and latency changes of the ABR waveforms from initial 

readings at week 0 to week 16 would show if there is any evidence of neurotoxicity 

with waves P2 and P3 indicating an effect on the central processes in the auditory 

pathway.  
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5.2 ABR amplitude results analysis 

5.2.1 Changes in ABR amplitude of biological control group over 

74-94dB at 16kHz 

The amplitude of each of the waveforms P1,P2 and P3 was analysed in turn at 94dB, 

84dB and 74dB. The amplitude of wave P1 did not show any significant changes over 

16 weeks.  

 

Figure 27: Changes in amplitude over time for biological control group at 16kHz analysing the P1 
wave. Significance is denoted by a *. 
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Wave P2 showed one significant decrease in amplitude for week 1 at 94dB from 1.594 

uV to 0.976 uV (see Figure 28). 

 

Figure 28: Changes in amplitude against time biological control group at 16kHz analysing the P2 wave. 
Significance is denoted by a *. 

 
 
Analysis of wave P3 at 16kHz shows a significant reduction in amplitude at week 1 from 

2.02 uV to 1.029 uV (p 0.037) at 94dB. See Figure 29. 

 

Figure 29: Changes in amplitude against time biological control group at 16kHz analysing the P3 wave. 
Significance is denoted by a *. 

 
*  

*  
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Overall, there are some excursions seen in the amplitude for the biological control 

group from initial ABR readings at week 0 at all three levels of hearing (74, 84 and 

94kHz) when analysing at 16kHz. The most significant results however seem to be at 

week 1 with resolution at weeks 2, 4 and 16. The most pronounced results also appear 

to be seen in waves P2 and P3. 

 

5.2.2 Changes in ABR amplitude of biological control group over 

74-94dB at 24kHz 

Biological control group at 24kHz shows no significant excursions from the initial week 

0 ABR values on analysis of P1 for amplitude. See Figure 30. 

 

Figure 30: Changes in amplitude against time biological control group at 24kHz analysing the P1 wave. 
Significance is denoted by a *.  
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Analysis of wave P2 at 24kHz showed that there was one significant reduction in 

amplitude at 94kHz from 1.348uV from initial ABR recordings at week 0 to 0.722 uV at 

week 1 ( p=0.0438). See Figure 31. 

 

Figure 31: Changes in amplitude against time biological control group at 24kHz analysing the P2 wave. 
Significance is denoted by a *. 

 
Wave P3 for biological control group at 24kHz also shows a significant decrease in 

amplitude at week 1 for both 94dB (p=0.029) and 84dB (p <0.01). See Figure 32. 

 

Figure 32: Changes in amplitude against time for biological control group at 24kHz analysing the P3 
wave. Significance is denoted by a *. 
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Overall, the amplitude results for the biological control group show decreased values 

at both 16kHz and 24kHz in waves P2 and P3 at week 1. 94dB showed significant 

decreases in waves P2 and P3 for both 16kHz and 24kHz and for wave P3 was also a 

significant amplitude reduction for 84dB at week 1.  

5.2.3 Summary of changes in ABR amplitude of biological control 

groups at 16kHz and 24kHz 

There are no changes in the P1 wave amplitude seen at both 16kHz and 24kHz. For 

wave P2 there is a decrease in amplitude at week 1 only seen at 94dB for both 16kHz 

and 24kHz. There is also a decrease in amplitude for wave P3 at week one in both 

16kHz and 24kHz at 94dB and also 84dB at week one for 24kHz (Table 14). 

 P1 P2 P3 

BC 16kHz - Ҩ ǿŜŜƪ м фпŘ. Ҩ ǿŜŜƪ м фпŘ. 

BC 24kHz - Ҩ ǿŜŜƪ м фпŘ. Ҩ ǿŜŜƪ м 

94dB,84dB 

 

Table 14: Changes in amplitude for waves P1-P3 measured at 16kHz and 24kHz for the biological 
control group. 
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5.2.4 Changes in ABR amplitude of surgical control group over 74-

94dB at 16kHz 

There are no significant excursions from initial ABR recordings at week 0 on analysis of 

wave P1 in the surgical control group for 16kHz (Figure 33). 

 

Figure 33: Changes in amplitude against time for surgical control group at 16kHz analysing the P1 
wave. Significance is denoted by a *. 

 
Wave P2 shows one significant decrease in amplitude at week 1 for 94dB in the surgical 

control group at 16kHz. There is a decrease from 1.503 uV to 0.771 uV (p =0.01) using 

a two tailed test. Figure 34 demonstrates this. 
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Figure 34: Changes in amplitude against time for surgical control group at 16kHz analysing the P2 
wave. Significance is denoted by a *.  

 
Wave P3 shows significant decreases in amplitude at weeks 1 for 94dB with a reduction 

ŦƻǊƳ нΦрпǳ± ǘƻ мΦруп ˃V (p <0.01) and also at week 1 at 74dB with a reduction from 

1.091uV to 0.653uV (p=0.02). This is shown in Figure 35. 

 

 

Figure 35: Changes in amplitude against time for surgical control group at 16kHz analysing the P3 
wave. Significance is denoted by a *. 
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5.2.5 Changes in ABR amplitude of surgical control group over 74-

94dB at 24kHz 

There were no significant excursions from initial ABR recordings at week 0 seen on 

analysis of wave P1 at 24kHz (see Figure 36). 

 

Figure 36: Changes in amplitude against time for surgical control group at 24kHz analysing the P1 
wave. Significance is denoted by a *. 

 
For wave P2 there was one significant reduction in amplitude seen at 94dB. At week 1 

the amplitude was 1.396 uV and this changed to 0.664uV (p=0.049). At week 1 there 

was also a reduction in amplitude for 84dB from 1.321 to 0.6 uV and this did not reach 

statistical significance but was close with a p value of 0.054 (Figure 37). 
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Figure 37: Changes in amplitude against time for surgical control group at 24kHz analysing the P2 
wave. Significance is denoted by a *. 

 
Wave P3 shows a significant reduction in amplitude at week 1 for 94dB (p=0.05) and 

74dB (p=0.012). Please refer to Figure 38. 

 

Figure 38: Changes in amplitude against time for surgical control group at 24kHz analysing the P3 
wave. Significance is denoted by a *. 
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5.2.6 Summary of changes in ABR amplitude of surgical control 

group at 16kHz and 24kHz 

 P1 P2 P3 

SC 16kHz - Ҩ ǿŜŜƪ м фпŘ. Ҩ ǿŜŜƪ м 

94dB,74dB 

SC 24kHz - Ҩ ǿŜŜƪ м фпŘ. Ҩ ǿŜŜƪ м фпŘ.Σ 

74dB 

 
Table 15: Changes in amplitude for waves P1-P3 measured at 16kHz and 24kHz for the surgical control 
group. 

Overall, there are no changes in amplitude for wave P1 in the surgical control group at 

16kHz and 24kHz. For wave P2 there is a significant decrease in amplitude seen in wave 

P2 at 94dB week 1 at both 16kHz and 24kHz (Table 15). There is a decrease in 

amplitude seen in wave P3 at both 16kHz and 24kHz for 94dB and 74dB. 
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5.2.7 Changes in ABR amplitude of PLGA and pluronic pellet 

control group over 74-94dB at 16kHz 

There were no significant excursions from weeks 0-16 for the pellet control group at 

16kHz on analysis of the amplitude of waves P1,P2 and P3 (Figures 39,40,41). 

 

Figure 39: Changes in amplitude against time PLGA and pluronic pellet control group at 16kHz 
analysing the P1 wave. Significance is denoted by a *.  

 

 

Figure 40: Changes in amplitude against time PLGA and pluronic pellet control group at 16kHz 
analysing the P2 wave. Significance is denoted by a *. 
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Figure 41: Changes in amplitude against time PLGA and pluronic pellet control group at 16kHz 
analysing the P3 wave. Significance is denoted by a *.  

 
 

5.2.8 Changes in amplitude of PLGA and pluronic pellet over 74-

94dB at 24kHz 

There were no significant excursions from weeks 0-16 for the pellet control group at 

24kHz when analysing amplitude of waves P1,2 and 3 (Figures 42,43,44). 

 

Figure 42: Changes in amplitude against time PLGA and pluronic pellet control group at 24kHz 
analysing the P1 wave. Significance is denoted by a *. 
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Figure 43: Changes in amplitude against time PLGA and pluronic pellet control group at 24kHz 
analysing the P1 wave. Significance is denoted by a *. 

 
 
 
 

 

Figure 44: Changes in amplitude against time PLGA and pluronic pellet control group at 24kHz 
analysing the P1 wave. Significance is denoted by a *. 
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5.2.9 Summary of changes in amplitude of PLGA and pluronic 

pellet at 16kHz and 24kHz  

 

Overall, there was no significant consistent changes seen in the amplitude of the pellet 

control groups on analysis of waves P1, 2, and 3 at 16kHz and 24kHz (Table 16). 

 

 P1 P2 P3 

PLGA + pluronic 

16kHz 

- - - 

PLGA + pluronic 

24kHz 

- - - 

 
Table 16: Changes in amplitude for waves P1-P3 measured at 16kHz and 24kHz for the PLGA and 
pluronic pellet control group. 
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5.2.10 Changes in amplitude of pellets loaded with rifampicin and 

clindamycin in combination over 74-94dB at 16kHz 

For wave P1 there were no significant excursions in amplitude between initial ABR 

recordings at week 0 and week 16 for the pellet group loaded with both rifampicin and 

clindamycin tested at 16kHz (Figure 45). 

 

 

Figure 45: Changes in amplitude against time PLGA and pluronic pellet with rifampicin and 
clindamycin at 16kHz analysing the P1 wave. Significance is denoted by a *. 

 

For wave P2 there were no significant excursions in amplitude between initial ABR 

recordings at week 0 and week 16 for the pellet group loaded with both rifampicin and 

clindamycin tested at 16kHz. 
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Figure 46: Changes in amplitude against time PLGA and pluronic pellet with rifampicin and 
clindamycin at 16kHz analysing the P2 wave. Significance is denoted by a *. 

 
 
On analysis of wave P3 there was a significant decrease in amplitude at week 2 for 

94dB from 1.901 initially recorded at week 0 to 1.199 at week 2 (p=0.0465). There was 

also a significant reduction in amplitude at 74dB at week 2 (p=0.0365) and week 16 

(p=0.029).  

 

 

Figure 47: Changes in amplitude against time PLGA and pluronic pellet with rifampicin and 
clindamycin at 16kHz analysing the P3 wave. Significance is denoted by a *. 
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5.2.11 Changes in ABR amplitude of pellets loaded with rifampicin 

and clindamycin over 74-94dB at 24kHz 

For wave P1 there were no significant excursions in amplitude between initial 

recordings at week 0 and week 16 for the pellet group loaded with both rifampicin and 

clindamycin tested at 24kHz. 

 

Figure 48: Changes in amplitude against time PLGA and pluronic pellet with rifampicin and 
clindamycin at 24kHz analysing the P1 wave. Significance is denoted by a *. 

For wave P2 there were a significant increase in amplitude seen at week 16 at 84dB 

from 0.6 uV initially at week 0 to 0.829uV at week 16 (p<0.01). 
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Figure 49: Changes in amplitude against time PLGA and pluronic pellet with rifampicin and 
clindamycin at 24kHz analysing the P2 wave. Significance is denoted by a *. 

 
For wave P3 there were no significant excursions in amplitude between initial 

recordings at week 0 and week 16 for the pellet group loaded with both rifampicin and 

clindamycin tested at 24kHz (Figure 50).  

 

Figure 50: Changes in amplitude against time PLGA and pluronic pellet with rifampicin and 
clindamycin at 24kHz analysing the P3 wave. Significance is denoted by a *. 

 

 



208 
  

208 
 

5.2.12 Summary of changes in PLGA and pluronic pellet loaded 

with rifampicin and clindamycin in combination over 74-94dB at 

16kHz and 24kHz 

 P1 P2 P3 

Pellet + rifampicin 

and clindamycin 

16kHz 

- - Ҩ ǿŜŜƪ 2   
94dB,74dB 
 
Ҩ ǿŜŜƪ мс           
74dB 

Pellet + rifampicin 

and clindamycin 

24kHz 

- ҧǿŜŜƪ мс           
84dB 

- 

 
Table 17: Changes in amplitude for waves P1-P3 measured at 16kHz and 24kHz for the PLGA and 
pluronic loaded with rifampicin and clindamycin in combination 

 
Overall the amplitude results for pellet loaded with rifampicin and clindamycin show 

no significant excursions from initial recordings at week 0 for P1 at both 16kHz and 

24kHz. An increase in amplitude at 84dB at week 16 for P2 is seen in 24kHz, but with 

no associated changes in 16kHz. For wave P3 at 16kHz there is a significant reduction 

in amplitude at week 2 compared to week 0 for 94dB and 74dB. There was also a 

reduction in amplitude at week 16 for 74dB (Table 17). 

 

 

 

 

 

 



209 
  

209 
 

5.2.13 Changes in ABR amplitude of pellet loaded with rifampicin 

over 74-94dB at 16kHz 

 

Figure 51: Changes in amplitude against time PLGA and pluronic pellet with rifampicin at 16kHz 
analysing the P1 wave. Significance is denoted by a *. 

 
For wave P1 there were no significant excursions in amplitude between initial 

recordings at week 0 and week 12 for the pellet group loaded with both rifampicin at 

16kHz (Figure 51). 

 

For wave P2 there were no significant excursions in amplitude between initial 

recordings at week 0 and week 16 for the pellet group loaded with both rifampicin and 

clindamycin tested at 16kHz (Figure 52). 
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Figure 52: Changes in amplitude against time PLGA and pluronic pellet with rifampicin at 16kHz 
analysing the P2 wave. Significance is denoted by a *. 

 

 

Figure 53: Changes in amplitude against time PLGA and pluronic pellet with rifampicin at 16kHz 
analysing the P3 wave. Significance is denoted by a *. 

 
On analysis of wave P3 there was a significant decrease in mean amplitude at week 2 

for 74dB from 1.273 at week 0 to 0.597 at week 2 (p=0.045).  
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5.2.14 Changes in ABR amplitude of pellet loaded with rifampicin 

over 74-94dB at 24kHz 

 

 

Figure 54: Changes in amplitude against time PLGA and pluronic pellet with rifampicin at 24kHz 
analysing the P1 wave. Significance is denoted by a *. 

 
For waves P1, P2 and P3 there were no significant excursions in amplitude between 

initial recordings at week 0 and week 12 for the pellet group loaded with both 

rifampicin at 16kHz (Figures 54,55,56). 

 



212 
  

212 
 

 

Figure 55: Changes in amplitude against time PLGA and pluronic pellet with rifampicin at 24kHz 
analysing the P2 wave. Significance is denoted by a *. 

 

Figure 56: Changes in amplitude against time PLGA and pluronic pellet with rifampicin at 24kHz 
analysing the P3 wave. Significance is denoted by a *. 
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5.2.15 Summary of changes in amplitude of Pellet loaded with 

Rifampicin at 16kHz and 24kHz 

 P1 P2 P3 

Pellet + Rifampicin 
16kHz 

- - Ҩ ǿŜŜƪ н       тпŘ. 

Pellet + Rifampicin 
24kHz 

- - - 

 
Table 18: Changes in amplitude for waves P1-P3 measured at 16kHz and 24kHz for the PLGA and 
pluronic loaded with rifampicin group. 

 
For wave P3 there is one significant decrease in amplitude seen at week 2 and 74dB 

on analysis of ABR for guinea pigs loaded with pellets and rifampicin and tested at 

16kHz (Table 18). 
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5.2.16 Changes in ABR amplitude of pellet loaded with clindamycin 

over 74-94dB at 16kHz  

On analysis of wave P1 there was a significant decrease in mean amplitude at week 2 

for 74dB from 0.953 at week 0 to 0.79 at week 2 (p=0.03).  

 

Figure 57: Changes in amplitude against time PLGA and pluronic pellet with clindamycin at 16kHz 
analysing the P1 wave. Significance is denoted by a *. 

 

 

Figure 58: Changes in amplitude against time PLGA and pluronic pellet with clindamycin at 16kHz 
analysing the P2 wave. Significance is denoted by a *. 
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For wave P2 there were no significant excursions in amplitude between initial 

recordings at week 0 and week 12 for the pellet group loaded with clindamycin at 

16kHz. 

 

 

Figure 59: Changes in amplitude against time PLGA and pluronic pellet with clindamycin at 16kHz 
analysing the P3 wave. Significance is denoted by a *. 

 
On analysis of wave P3 there was a significant decrease in mean amplitude at week 12 

for 74dB from 1.217 at week 0 to 0.76 at week 12 (p=0.03).  
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5.2.17 Changes in ABR amplitude of pellet loaded with clindamycin 

over 74-94dB at 24kHz  

On analysis of wave P1 there was a significant decrease in mean amplitude at week 12 

for 74dB from 0.757 at week 0 to 0.59 at week 12 (p=0.04) (Figure 60). 

 

Figure 60: Changes in amplitude against time PLGA and pluronic pellet with clindamycin at 24kHz 
analysing the P1 wave. Significance is denoted by a *. 

 

 

Figure 61: Changes in amplitude against time PLGA and pluronic pellet with clindamycin at 24kHz 
analysing the P2 wave. Significance is denoted by a *. 
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For wave P2 there were no significant excursions in amplitude between initial 

recordings at week 0 and week 12 for the pellet group loaded with clindamycin at 

24kHz (Figure 61). 

 

Figure 62: Changes in amplitude against time PLGA and pluronic pellet with clindamycin at 24kHz 
analysing the P3 wave. Significance is denoted by a *. 

 
For wave P3 there were no significant excursions in amplitude between initial 

recordings at week 0 and week 12 for the pellet group loaded with clindamycin at 

24kHz (Figure 62). 
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5.2.18 Summary of changes in amplitude of pellet loaded with 

clindamycin at 16kHz and 24kHz 

 P1 P2 P3 

Pellet + Clindamycin 
16kHz 

Ҩ week 2       
74dB 

- Ҩ ǿŜŜƪ мн       
74dB 

Pellet + Clindamycin 
24kHz 

Ҩ ǿŜŜƪ мн       
74dB 

- - 

 
Table 19: Changes in amplitude for waves P1-P3 measured at 16kHz and 24kHz for the PLGA and 
pluronic loaded with clindamycin group. 

 
For wave P1 there is a significant decrease in amplitude seen at 74dB week 2 for 16kHz 

and week 12 for 24kHz. There are no changes in ABR amplitude for waves P2 in the 

group at 16kHz and 24kHz and P3 for 24kHz. For wave P3 there is a significant decrease 

in amplitude seen for 16kHz at 74dB (Table 19). 
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5.2.19 Summary of amplitude results 

 P1 P2 P3 

BC 16kHz - Ҩ ǿŜŜƪ м   94dB Ҩ ǿŜŜƪ м фпŘ. 

BC 24kHz - Ҩ ǿŜŜƪ м   94dB Ҩ ǿŜŜƪ м 
94dB,84dB 

SC 16kHz - Ҩ ǿŜŜƪ м   94dB Ҩ ǿŜŜƪ м 
94dB,74dB 

SC 24kHz - Ҩ ǿŜŜƪ м   94dB Ҩ ǿŜŜƪ м фпŘ.Σ 
74dB 

P 16kHz - - - 

P 24kHz - - - 

PA 16kHz - - Ҩ ǿŜŜƪ н            
94dB 
Ҩ ǿŜŜƪ нΣмс      
74dB 

PA24kHz - ҧ ǿŜŜƪ мс  84dB - 

PRif 16kHz - - Ҩ ǿŜŜƪ н            
74dB 

PRif 24Hz - - - 

PClind 16kHz Ҩ week 2             
74dB 

- Ҩ ǿŜŜƪ мн          
74dB 

PClind 24kHx Ҩ ǿŜŜƪ мн           
74dB 

- - 

 
Table 20: Summary of the changes in amplitude for waves P1-P3 measured at 16kHz and 24kHz for all 
experimental groups. 

 
 
All of the changes in amplitude seen in the control groups: biological control and 

surgical control are in P2 and P3 and all measured at week 1 and showed decreases. 

This is unexpected as the control groups ideally would not show any amplitude 

changes. This may be due to background electromagnetic noise and difficulties with 

interpretation of traces. Figure 63 is an example of a poor ABR trace and shows the 

difficulties in determining the waveform peaks. In contrast, Figure 64 is an example of 

a good quality ABR trace with clear waveforms easily identifiable. 
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Figure 63: Example of ABR trace with poor definition of waveforms. Y axis: amplitude/mV, X axis 
time/msecs 

 

 

 

 

Figure 64: Example of ABR trace with good definition of waveforms. Y axis: amplitude/mV, X axis 
time/msecs 
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The significant changes identified with pellets loaded with both rifampicin and 

clindamycin were seen in P3 at weeks 2 and 16 at 74dB. This is the same finding with 

rifampicin pellets tested at 2 weeks and clindamycin pellets tested at 12 weeks 

suggesting that both rifampicin and clindamycin are contributing to this decrease in 

amplitude seen. Otherwise, the elevation seen from pellets loaded with antibiotics 

rifampicin and clindamycin at week 16 measured at 84dB cannot be attributed to any 

results seen from rifampicin and clindamycin studied separately. This is also the only 

significant result which is elevated, all other significant changes measured in amplitude 

are decreases. 

 

The decreased mean amplitude in P1 measured at both 16kHz and 24kHz for ABR 

measured in guinea pigs laden with clindamycin pellets at weeks 2 and 12 without any 

changes seen in P1 values with pellets loaded with rifampicin and clindamycin together 

cannot be clearly explained. This inconsistency could potentially be attributable to 

noise and difficulties with interpretation of poor quality traces. This can be seen with 

some of the graphs having large error bars. 

5.2.20 Amplitude results uǎƛƴƎ CǊƛŜŘƳŀƴΩǎ ǘǿƻ ǿŀȅ ŀƴŀƭȅǎƛǎ ƻŦ 

variance 

Due to the variability of results around the mean values which is seen with the error 

ōŀǊǎΣ CǊƛŜŘƳŀƴΩǎ two way analysis was used to identify significant excursions from the 

value at week 0. The results are shown for 16kHz and 24kHz analysing ABR waveform 

P1 (Table 21), for P2 (Table 22) and for P3 (Table 23). 
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P1 94 84 74 

16kHz BC 0.49 0.31 0.32 

16kHz SC 0.386 0.23 0.153 

16kHz P 0.131 0.525 0.267 

16kHz PA Rif + Clind 0.576 0.55 0.149 

     
24kHz BC 0.298 0.876 0.515 

24kHz SC 0.166 0.674 0.768 

24kHz P 0.058 0.714 0.532 

24kHz PA Rif + Clind 0.478 0.802 0.766 

 

Table 21: Results of FriedmanΩǎ two way analysis of amplitude of wave P1. Significance denoted as 
p<0.05 marked with *. 

 
bƻƴŜ ƻŦ ǘƘŜ CǊƛŜŘƳŀƴΩǎ two way analysis of the amplitude results for ABR waveform 

P1 reached significance. Therefore there are no significant excursions from initial week 

0  for the amplitude results on analysis of P1.  
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Table 22: Results of FriedmanΩǎ two way analysis of amplitude wave P2. Significance denoted as 
p<0.05 marked with *. 

 
 
 
¢ƘŜ ŀƳǇƭƛǘǳŘŜǎ ƻŦ !.w ǿŀǾŜŦƻǊƳ tн ǳǎƛƴƎ CǊƛŜŘƳŀƴΩǎ two way analysis show 

significant excursions from initial recordings at week 0 at 16kHz in the biological 

control group at 94dB and the group of guinea pigs laden with pellet containing 

rifampicin and clindamycin at 84dB. At 24kHz, significant excursions from initial 

recordings at week 0 were seen in the biological control group at 84dB and 74dB. 

 

 

 

 

 

P2 94 84 74 

16kHz BC 0.04* 0.663 0.252 

16kHz SC 0.064 0.386 0.166 

16kHz P 0.136 0.055 0.258 

16kHz PA Rif + Clind 0.277 0.043* 0.71 

     
24kHz BC 0.509 0.019* 0.021* 

24kHz SC 0.367 0.17 0.534 

24kHz P 0.949 0.385 0.421 

24kHz PA Rif + Clind 0.478 0.234 0.283 
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P3 94 84 74 

16kHz BC 0.574 0.48 0.627 

16kHz SC 0.057 0.42 0.219 

16kHz P 0.214 0.296 0.701 

16kHz PA Rif + Clind 0.076 0.226 0.115 

     
24kHz BC 0.153 0.195 0.155 

24kHz SC 0.155 0.347 0.069 

24kHz P 0.053 0.946 0.461 

24kHz PA Rif + Clind 0.925 0.081 0.104 

 

Table 23: Results of FriedmanΩǎ two way analysis of amplitude of wave P3. Significance denoted as 
p<0.05 marked with *. 

 
¦ǎƛƴƎ CǊƛŜŘƳŀƴΩǎ two way analysis, there are no significant excursions from initial 

recordings at week 0 at 16kHz and 24kHz for ABR waveform P3. 
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5.2.21 {ǳƳƳŀǊȅ ƻŦ CǊƛŜŘƳŀƴΩǎ two way analysis of amplitude 

Overall, there are no consistent excursions from initial recordings at week 0 values for 

the amplitude results for ABR waveforms P1, P2 and P3. There are occasional 

excursions seen on analysis of the P2 waveform, but no pattern can be identified and 

three out of four involve the biological control group.  

 

5.2.22 Holm- Bonferroni correction for the ABR amplitude data 

Multiple comparisons were performed on the ABR amplitude data and therefore the 

Holm-Bonferroni correction was applied to the p values. This was done to minimise 

the risk of a Type I error.  

 

Tables 24-35 show the Holm Bonferroni correction applied to the ABR amplitude data. 

There is only sporadic rejection of the null hypothesis which is highlighted red. Overall, 

this statistical correction therefore confirms the significance of the results from the t 

tests with no significant amplitude changes seen in the experimental groups in waves 

P1, P2 and P3 when analysed at 16kHz and 24 kHz.  
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BC 16kHz P1 P2 P3 

94dB H1: 0.783     4  H1: 0.014     1 <0.0125 H1: 0.037   1>0.0125 

 H2: 0.479     3 H2: 0.912      4 H2: 0.732   3 

 H3: 0.460     2 H3: 0.052      2 H3: 0.981   4  

 H4: 0.143     1>0.0125 H4: 0.071      3 H4: 0.467   2 

    

84dB H1: 0.169   2  H1: 0.513      4 H1: 0.082    1>0.0125 

 H2: 0.069   1 >0.0125 H2: 0.304      3 H2: 0.532    4 

 H3: 0.539   4 H3: 0.184      1>0.0125 H3: 0.278    3 

 H4: 0.439   3 H4: 0.258      2 H4: 0.097    2 

    

74dB H1: 0.427     2 H1: 0.119      2 H1: 0.191    1>0.0125 

 H2: 0.982     4 H2: 0.488      3 H2: 0.874    4 

 H3: 0.262     1>0.0125 H3: 0.861      4 H3: 0.845    3 

 H4: 0.805     3 H4: 0.115      1>0.0125 H4: 0.448    2 

 
Table 24: Biological control amplitude p values at 16kHz and the Holm Bonferroni correction. Values 
where the null hypothesis is rejected are highlighted red. 

 
 

BC 24kHz P1 P2 P3 

94dB H1: 0.238    1>0.0125 H1: 0.044     1 >0.0125 H1: 0.029   1>0.0125 

 H2: 0.346    3 H2: 0.612     3 H2: 0.296   3 

 H3: 0.300    2 H3: 0.379     2 H3: 0.161   2 

 H4: 0.591    4 H4: 0.614     4 H4: 0.713   4 

    

84dB H1: 0.960   4  H1: 0.092      2 H1: 0.0001  1<0.0125 

 H2: 0.600   2 H2: 0.068      1>0.0125 H2: 0.480    2>0.0167 

 H3: 0.678   3 H3: 0.976      4 H3: 0.964    4 

 H4: 0.462   1>0.0125 H4: 0.556      3 H4: 0.802    3 

    

74dB H1: 0.367     4 H1: 0.102      2 H1: 0.106    1>0.0125 

 H2: 0.278     3 H2: 0.515      3 H2: 0.269    3 

 H3: 0.091     1>0.0125 H3: 0.583      4 H3: 0.639    4 

 H4: 0.115     2 H4: 0.093      1>0.0125 H4: 0.107    2 

 
 
Table 25: Biological control amplitude p values at 24kHz and the Holm Bonferroni correction. Values 
where the null hypothesis is rejected are highlighted red. 
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SC 16kHz P1 P2 P3 

94dB H1: 0.484    3  H1: 0.009     1 <0.0125 H1: 0.005   1<0.0125 

 H2: 0.103    1>0.0125 H2: 0.747     2 H2: 0.262   4 

 H3: 0.464    2 H3: 0.847     4 H3: 0.151   3  

 H4: 0.558    4 H4: 0.699     3 H4: 0.072   2>0.0167 

    

84dB H1: 0.200   1 >0.0125 H1: 0.017     1>0.0125 H1: 0.215    2 

 H2: 0.899   3  H2: 0.324     2 H2: 0.535    4 

 H3: 0.561   2 H3: 0.334     3 H3: 0.074    1>0.0125 

 H4: 0.965   4 H4: 0.871     4 H4: 0.372    3 

    

74dB H1: 0.804     4 H1: 0.727      4 H1: 0.022    1>0.0125 

 H2: 0.157     2 H2: 0.529      2 H2: 0.809    4 

 H3: 0.065     1>0.0125 H3: 0.393      1>0.0125 H3: 0.502    2 

 H4: 0.541     3 H4: 0.565      3 H4: 0.505    3 

 
 
Table 26: Surgical control amplitude p values at 16kHz and the Holm Bonferroni correction. Values 
where the null hypothesis is rejected are highlighted red. 

 
 
 
 

SC 24kHz P1 P2 P3 

94dB H1: 0.975     4  H1: 0.049     1<0.0125 H1: 0.030   2 

 H2: 0.603     2 H2: 0.160     2 H2: 0.015   1>0.0125 

 H3: 0.367     1>0.0125 H3: 0.617     4 H3: 0.216   4  

 H4: 0.750     3 H4: 0.346     3 H4: 0.118   3 

    

84dB H1: 0.253    2  H1: 0.054      1>0.0125 H1: 0.092    1>0.0125 

 H2: 0.215    1 >0.0125 H2: 0.566      3 H2: 0.885    4 

 H3: 0.351    3 H3: 0.739      4 H3: 0.317    3 

 H4: 0.374    4 H4: 0.494      2 H4: 0.140    2 

    

74dB H1: 0.995     4 H1: 0.167      1>0.0125 H1: 0.012    1>0.0125 

 H2: 0.556     1>0.0125 H2: 0.555      3 H2: 0.449    4 

 H3: 0.573     2 H3: 0.460      2 H3: 0.408    3 

 H4: 0.691     3 H4: 0.799      4 H4: 0.024    2 

 
Table 27: Surgical control amplitude p values at 24kHz and the Holm Bonferroni correction. Values 
where the null hypothesis is rejected are highlighted red. 
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P 16kHz P1 P2 P3 

94dB H1: 0.152     2  H1: 0.059     2  H1: 0.195   2 

 H2: 0.049     1>0.0125 H2: 0.016     1<0.0125 H2: 0.060   1>0.0125 

 H3: 0.470     4 H3: 0.115     4 H3: 0.504   4 

 H4: 0.402     3 H4: 0.063     3 H4: 0.430   3 

    

84dB H1: 0.178    1>0.0125 H1: 0.106      1>0.0125 H1: 0.144    1>0.0125 

 H2: 0.842    3  H2: 0.470      3 H2: 0.824    4 

 H3: -             H3: 0.331      2 H3: 0.437    3 

 H4: 0.545    2 H4: 0.934      4 H4: 0.271    2 

    

74dB H1: 0.518    4 H1: 0.129      1>0.0125 H1: 0.551    1>0.0125 

 H2: 0.056    1>0.0125 H2: 0.559      3 H2: 0.930    3 

 H3: 0.424    2 H3: 0.590      4 H3: 0.930    4 

 H4: 0.428    3 H4: 0.484      2 H4: 0.921    2 

 
Table 28: Pellet control amplitude p values at 16kHz and the Holm Bonferroni correction. Values where 
the null hypothesis is rejected are highlighted red. 

 
 
 

P 24kHz P1 P2 P3 

94dB H1: 0.827     4  H1: 0.438     2  H1: 0.195   2 

 H2: 0.241     2 H2: 0.388     1>0.0125 H2: 0.060   1>0.0125 

 H3: 0.739     3 H3: 0.728     3 H3: 0.504   4 

 H4: 0.069     1>0.0125 H4: 0.857     4 H4: 0.430   3 

    

84dB H1: 0.592    2  H1: 0.214      1>0.0125 H1: 0.144   1>0.0125 

 H2: 0.512    1 >0.0125 H2: 0.982      4 H2: 0.824   4 

 H3: 0.680    3 H3: 0.702      2 H3: 0.437   3 

 H4: 0.813    4 H4: 0.783      3 H4: 0.271   2 

    

74dB H1: 0.320   1>0.0125 H1: 0.352      1>0.0125 H1: 0.551    1>0.0125 

 H2: 0.350    2 H2: 0.884      4 H2: 0.930    3 

 H3: 0.750    3 H3: 0.775      3 H3: 0.930    3 

 H4: 0.933    4 H4: 0.556      2 H4: 0.921    2 

 
Table 29: Pellet control amplitude p values at 24kHz and the Holm Bonferroni correction. Values where 
the null hypothesis is rejected are highlighted red. 
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PA 16kHz P1 P2 P3 

94dB H1: 0.431     3  H1: 0.191     1 >0.0125 H1: 0.001   1>0.0125 

 H2: 0.811     4 H2: 0.464     3 H2: 0.047   2 

 H3: 0.233     2 H3: 0.619     4 H3: 0.332   4 

 H4: 0.142     1>0.0125 H4: 0.273     2 H4: 0.060   3 

    

84dB H1: 0.467    2  H1: 0.475      3 H1: 0.396   4 

 H2: 0.528    3  H2: 0.207      1>0.0125 H2: 0.123   3 

 H3: 0.418    1>0.0125 H3: 0.470      2 H3: 0.116   2 

 H4: 0.759    4 H4: 0.731      4 H4: 0.097   1>0.0125 

    

74dB H1: 0.756    4 H1: 0.430      1>0.0125 H1: 0.474    3 

 H2: 0.072    1>0.0125 H2: 0.530      2 H2: 0.037    2 

 H3: 0.454    3 H3: 0.819      4 H3: 0.816    4 

 H4: 0.345    2 H4: 0.542      3 H4: 0.030    1>0.0125 

 
Table 30: Pellet with rifampicin and clindamycin amplitude p values at 16kHz and the Holm Bonferroni 
correction. Values where the null hypothesis is rejected are highlighted red. 

 
 

PA 24kHz P1 P2 P3 

94dB H1: 0.220     2  H1: 0.880     4  H1: 0.830   1>0.0125 

 H2: 0.580     3 H2: 0.520     3 H2: 0.980   3 

 H3: 0.150     1>0.0125 H3: 0.110     1>0.0125 H3: 0.990   4 

 H4: 0.810     4 H4: 0.350     2 H4: 0.850   2 

    

84dB H1: 0.320    2  H1: 0.770      3 H1: 0.300   2 

 H2: 0.170    1 >0.0125 H2: 0.160      2 H2: 0.850   4 

 H3: 0.390    3 H3: 0.070      1>0.0125 H3: 0.370   3 

 H4: 0.590    4 H4: -         H4: 0.140   1>0.0125 

    

74dB H1: 0.710    4 H1: 0.850     4 H1: 0.070    1>0.0125 

 H2: 0.580    2 H2: 0.600     3 H2: 0.070    1>0.0125 

 H3: 0.670    3 H3: 0.160     1>0.0125 H3: 0.440    4 

 H4: 0.170    1>0.0125 H4: 0.590     2 H4: 0.120    3 

 
Table 31: Pellet with rifampicin and clindamycin amplitude p values at 24kHz and the Holm Bonferroni 
correction. Values where the null hypothesis is rejected are highlighted red. 
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PRif 16kHz P1 P2 P3 

94dB H1: -     H1: - H1: - 

 H2: 0.800     3 H2: 0.890    2 H2: 0.200   1 

 H3: 0.260     1>0.0125 H3: 0.280     1>0.0125 H3: 0.330   2 

 H4: 0.520     2 H4: 0.970    3 H4: 0.400   3 

    

84dB H1: 0.370    2  H1: -     H1: - 

 H2: 0.310    1 >0.0125 H2: 0.810      3 H2: 0.120   1>0.0125 

 H3: 0.580    4 H3: 0.130      1>0.0125 H3: 0.500   2 

 H4: 0.520    3 H4: 0.700      2   H4: 0.570   3 

    

74dB H1: -              H1: -        H1: -  

 H2: 0.740    1>0.0125 H2: 0.650     3 H2: 0.040    1>0.0125 

 H3: 0.800    2 H3: 0.260     1 H3: 0.150    2 

 H4: 0.800    2 H4: 0.260     1>0.0125 H4: 0.150    2 

 
Table 32: Pellet with rifampicin amplitude p values at 16kHz and the Holm Bonferroni correction. 
Values where the null hypothesis is rejected are highlighted red. 

 
 

PRif 24kHz P1 P2 P3 

94dB H1: -  H1: -  H1: - 

 H2: 0.430     2 H2: 0.680     1>0.0125 H2: 0.087   1>0.0125 

 H3: 0.477     3 H3: 0.705     2 H3: 0.781   3 

 H4: 0.196     1>0.0125 H4: 0.947     3 H4: 0.217   2 

    

84dB H1: -  H1: - H1: - 

 H2: 0.560    3  H2: 0.182      1>0.0125 H2: 0.912   3 

 H3: 0.142    1>0.0125 H3: 0.420      2 H3: 0.281   1>0.0125 

 H4: 0.227    2 H4: 0.459      3 H4: 0.759   2 

    

74dB H1: - H1: - H1: - 

 H2: 0.991    3 H2: 0.587     2 H2: 0.483    3 

 H3: 0.162    1>0.0125 H3: 0.825     3 H3: 0.481    2 

 H4: 0.260    2 H4: 0.346     1>0.0125 H4: 0.140    1>0.0125 

 
Table 33: Pellet with rifampicin amplitude p values at 24kHz and the Holm Bonferroni correction. 
Values where the null hypothesis is rejected are highlighted red. 
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PClind 16kHz P1 P2 P3 

94dB H1: 0.370     1>0.0125 H1: 0.154     1 H1: 0.614   3 

 H2: 0.970     3 H2: 0.630     2>0.0125 H2: 0.070   1>0.0125 

 H3: 0.452     2 H3: 0.690     3 H3: 0.158   2 

    

84dB H1: 0.410     1>0.0125 H1: 0.420 H1: 0.423   2 

 H2: 0.580     2  H2: 0.510      1>0.0125 H2: 0.156   1>0.0125 

 H3: 0.940     3 H3: 0.540      2 H3: 0.633   3 

    

74dB H1: 0.030     1>0.0125 H1: 0.510     1>0.0125 H1: 0.320    2 

 H2: 0.540     3 H2: 0.940     3 H2: 0.977    3 

 H3: 0.529     2  H3: 0.560     2 H3: 0.030    1>0.0125 

 
 
Table 34: Pellet with clindamycin amplitude p values at 16kHz and the Holm Bonferroni correction. 
Values where the null hypothesis is rejected are highlighted red. 

 
 

PClind 24kHz P1 P2 P3 

94dB H1: 0.260     1>0.0125 H1: 0.663     3 H1: 0.305   3 

 H2: 0.540     2 H2: 0.540     2 H2: 0.890   2 

 H3: 0.970     3 H3: 0.218     1>0.0125 H3: 0.080   1>0.0125 

    

84dB H1: 0.980    3 H1: 0.186      2 H1: 0.640   3 

 H2: 0.530    1 >0.0125 H2: 0.210      3 H2: 0.617   2 

 H3: 0.770    2 H3: 0.040      1>0.0125 H3: 0.300   1>0.0125 

    

74dB H1: 0.890    3 H1: 0.840     3 H1: 0.220    3 

 H2: 0.780    2 H2: 0.280     2 H2: 0.145    2 

 H3: 0.040    1>0.0125 H3: 0.060     1>0.0125 H3: 0.052    1>0.0125 

 
Table 35: Pellet with rifampicin clindamycin amplitude p values at 24kHz and the Holm Bonferroni 
correction. Values where the null hypothesis is rejected are highlighted red. 
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5.2.23 Discussion of ABR amplitude results 

 

The results of ABR amplitude measurement show that there is no consistent alteration 

in ABR amplitude across the groups. This is seen on analysis of ABR amplitude using 

the t-ǘŜǎǘ ŀƴŀƭȅǎƛǎ ŀƴŘ CǊƛŜŘƳŀƴΩǎ two way analysis of variance and applying the Holm 

Bonferroni correction.  The ABR amplitude reduction of waves P1, P2 and P3 would 

indicate potential neurotoxicity to the auditory pathway as a sound wave is 

propagated from the cochlea to the cortex.  Both amplitude decrease and increase 

may indicate damage to the auditory pathway. 

 

ABR amplitude can be reduced, as seen with noise exposure (Kujawa et al., 2009), 

amikacin antibiotics (Nekrassov et al., 2000) and hyperthermia (Gold et al., 1985, 

Takahashi et al., 1991).  These associations are frequently seen in conjunction with 

ABR threshold elevation, but not always. 

 

ABR amplitude can also be increased as measured in the administration of sildenafil, a 

type-5 phosphodiesterase inhibitor (Hong 2008). Other studies using kanamycin in rats 

have shown an increase in ABR amplitude to precede ABR threshold elevation (Kuse et 

al., 2011). Both of these elevations indicate decreased auditory function. 

 

No consistent changes in amplitude does not support any damage to the auditory 

pathway from the control groups and pellets loaded with rifampicin and clindamycin. 

 

Another important measure for potential neurotoxicity is changes in the ABR latency. 

Both ABR amplitude and latency changes can be associated with threshold elevation. 
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Therefore, this was assessed for waves P1, P2 and P3 for each of the experimental 

groups. Analysis of waves P2 and P3 assessed the transmission of the auditory signal 

from the periphery to centrally and hence is another assessment for evidence of 

neurotoxicity. 
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5.3 ABR latency results analysis 

5.3.1 Changes in latency of biological control group over 74-94dB 

at 16kHz  

On analysis of wave P1, there was one significant increase in latency at 84dB at week 

1 from 1.825 msecs to 2.1 msecs (p=0.012) (Figure 65). 

 

 

Figure 65: Changes in latency over time for biological control group at 16kHz analysing the P1 wave. 
Significance is denoted by a *. 

 
Wave P2 showed two latency values that were significantly elevated at week 1 for 

94dB and 74dB (see Figure 66). The standard errors for this cohort of results however 

is high due to the variation in values.  

*  
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Figure 66: Changes in latency over time for biological control group at 16kHz analysing the P2 wave. 
Significance is denoted by a *. 

 
 
Analysis of wave P3 at 16kHz shows one significant elevation of latency at week 1 at 

84kHz (p 0.043) (Figure 67). 

 

Figure 65: Changes in latency over time for biological control group at 16kHz analysing the P3 wave. 
Significance is denoted by a *. 

 

 

 

 *  

 
*  

*  
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5.3.2 Changes in latency of biological control group over 74-94kHz 

at 24kHz 

The biological control group at 24kHz shows no significant excursions from initial 

recordings at week 0 values on analysis of P1 for latency (Figure 68).  

 

Figure 66: Changes in latency over time for biological control group at 24kHz analysing the P1 wave. 
Significance is denoted by a *. 

The biological control group at 24kHz shows no significant excursions from initial 

recordings at week 0 values on analysis of P2 for latency (Figure 69). 

 

Figure 67: Changes in latency over time for biological control group at 24kHz analysing the P2 wave. 
Significance is denoted by a *. 
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Analysing the latency of the biological control group at 24kHz for P3, there is one 

significant excursion from initial recordings at week 0 which is elevation at week 16 at 

94dB (Figure 70). 

 

Figure 68: Changes in latency over time for biological control group at 16kHz analysing the P3 wave. 
Significance is denoted by a *. 

 
 
 

5.3.3 Summary of latency results of biological control group at 

16kHz and 24kHz 

 P1 P2 P3 

Biological control 16kHz ҧǿŜŜƪ м       

84dB 

ҧǿŜŜƪ м      

74dB,94dB 

ҧǿŜŜƪ м         84dB 

Biological control 24kHz - - ҧǿŜŜƪ 16       94dB  

 
Table 36: The changes in latency for waves P1-P3 measured at 16kHz and 24kHz for the biological 
control group. 
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5.3.4 Surgical control group latency over time at 16kHz 

On analysis of wave P1 there are significant increases in latency over time at week 1 

and week 16 for 94dB at 16kHz (Figure 71). There is an increase from initial latency 

value of 1.656 msecs at week 0 to 1.95msecs at week 1 (p=0.01). There is also an 

increase to 1.836 msecs at week 16 (p=0.05). 

 

Figure 69: Changes in latency over time for surgical control group at 16kHz analysing the P1 wave. 
Significance is denoted by a *. 

 
Wave P2 shows a significant increase in latency from initial recordings of 2.55 msecs 

week 0 to 2.819 msecs at week 1 (p=0.03) at 94dB (Figure 72). At 84dB there is a 

significant increase from 2.638 msecs at week 0 to 2.788 msecs at week 4 (p=0.04). At 

74dB there is also an increase in latency from initial recordings of 2.725msecs at week 

0 to 2.917 msecs at week 1 (p=0.02).  
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Figure 70: Changes in latency over time for surgical control group at 16kHz analysing the P2 wave. 
Significance is denoted by a *. 

Analysis of wave P3 at 94dB shows a significant increase from initial recordings of 3.463 

msecs at week 0 to 3.813 msecs at week 1 (p<0.01) and again 3.729 msecs at week 2 

(p =0.04) (Figure 73). At 84 dB there is an increase in latency from initial recordings at 

week 0 of 3.52 msecs to 3.83 msecs at week 2 which reaches significance (p=0.05) and 

also at week 1 (p=0.02) for 74dB from 3.59mscesc to 3.8 msecs. 

 

Figure 71: Changes in latency over time for surgical control group at 16kHz analysing the P3 wave. 
Significance is denoted by a *. 
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5.3.5 Surgical control group latency over time at 24kHz 

On analysis of wave P1 there was a significant increase in latency from 1.538 msecs 

initially at week 0 to 1.857 msecs at week 1 (p<0.01) at 94dB (Figure 74).  

 

Figure 72: Changes in latency over time for surgical control group at 24kHz analysing the P1 wave. 
Significance is denoted by a *. 

 
 
For waves P2 and P3 there were no significant excursions from the mean latency at 

the onset of recording (week 0) seen over the experimental period of 16 weeks 

(Figures 75 and 76). 

 

 



241 
  

241 
 

 

Figure 73: Changes in latency over time for surgical control group at 24kHz analysing the P2 wave. 
Significance is denoted by a *. 

 

 

Figure 74: Changes in latency over time for surgical control group at 24kHz analysing the P3 wave. 
Significance is denoted by a *.  
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5.3.6 Summary of latency results of surgical control group at 16kHz 

and 24kHz 

 P1 P2 P3 

surgical control 16kHz ҧǿŜŜƪ м                 94dB 

ҧǿŜŜƪ мс               фпŘ. 

ҧǿŜŜƪ м      тпŘ.Σ 

94dB 

ҧǿŜŜƪ п                  упŘ. 

ҧǿŜŜƪ мΣ н              

94dB 

ҧǿŜŜƪ мΣ н                  

84dB 

surgical control 24kHz ҧǿŜŜƪ м                 94dB - - 

 
Table 37: Changes in latency for waves P1-P3 measured at 16kHz and 24kHz for the surgical control 
group. 

Overall, the latency results for the SC group show changes in P1 at week 1 for 94dB at 

16kHz and 24kHz (Table 37). There was also an increase in latency for week 16 at 

16kHz. Waves had increase at week 1 for 94dB and 74dB for 16kHz and week 4 increase 

at 84dB. Wave P3 had increased latency seen in week 1 for 84 and 94dB. There were 

no significant excursions from week 0 values for P2 and P3 over 16 weeks.  

 

 

 

 

 

 

 

 

 

 



243 
  

243 
 

5.3.7 Pellet control group latency over time at 16kHz 

There was a significant increase in latency for wave P1 at 94dB from 1.71 msecs at 

initial week 0 readings to 1.89 msecs at week 1 (p=0.05) (Figure 75). 

 

Figure 75: Changes in latency over time for PLGA and pluronic control group at 16kHz analysing the P1 
wave. Significance is denoted by a *. 

At 16kHz there are was one significant increase in latency from 2.57 msecs initially at 

week 0 to 2.89msces at week 2 (p=0.02) at 94dB (Figure 78). 

 

Figure 76: Changes in latency over time for PLGA and pluronic control group at 16kHz analysing the P2 
wave. Significance is denoted by a *. 
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There is one significant decrease in latency at 74dB on analysis of wave P3 from 3.92 

msecs measured initially at week 0 to 3.62 msecs at week 16 (Figure 79). 

 

Figure 77: Changes in latency over time for PLGA and pluronic control group at 16kHz analysing the P3 
wave. Significance is denoted by a *. 

 
 
 
 
 
 

5.3.8 Pellet control group latency over time 24kHz 

There were no significant excursions from initial readings at week 0 for latency values 

on analysis of waves P1 or P2 for the pellet control group at 24kHz (Figures 78 and 79). 
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Figure 78: Changes in latency over time for PLGA and pluronic control group at 16kHz analysing the P1 
wave. Significance is denoted by a *. 

 

 

Figure 79: Changes in latency over time for PLGA and pluronic control group at 24kHz analysing the P2 
wave. Significance is denoted by a *. 

 
For wave P3 there was a significant decrease in latency from 3.61msecs recorded 

initially at week 0 to 3.47 msecs at week 4 (p=0.067) at 94dB. 
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Figure 80: Changes in latency over time for PLGA and pluronic control group at 24kHz analysing the P3 
wave. Significance is denoted by a *. 

 

 

 

5.3.9 Summary of changes in latency results of PLGA and pluronic 

pellet control group at 16kHz and 24kHz 

 P1 P2 P3 

pellet control 16kHz ҧ ǿŜŜƪ н                 

94dB 

ҧ week 2                 

94dB 

ҨǿŜŜƪ мс                 

94dB 

pellet control 24kHz - - ҨǿŜŜƪ п                 

94dB 

 
Table 38: Changes in latency for waves P1-P3 measured at 16kHz and 24kHz for the PLGA and pluronic 
pellet control group. 

Overall, the latency results for the pellet control group show increase in P1 and P2 at 

week 2 and 94dB. There is a decrease in latency seen on analysis of P3 at 94dB at week 

16 for 16kHz and week 4 94dB at 24kHz (Table 38). 
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5.3.10 Changes in ABR latency of PLGA and pluronic pellet with 

rifampicin and clindamycin in combination over 74-94dB at 16kHz 

On analysis of the waves P1, P2 and P3 there were no significant excursions from the 

values at week 0 for latency at 74-94dB (Figures 83,84 and 85). 

 

Figure 81: Changes in latency over time for PLGA and pluronic pellet with rifampicin and clindamycin 
in combination at 16kHz analysing the P1 wave. Significance is denoted by a *. 

 

 

Figure 82: Changes in latency over time for PLGA and pluronic pellet with rifampicin and clindamycin 
in combination at 16kHz analysing the P2 wave. Significance is denoted by a *. 
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Figure 83: Changes in latency over time for PLGA and pluronic pellet with rifampicin and clindamycin 
in combination at 16kHz analysing the P3 wave. Significance is denoted by a *. 
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5.3.11 Changes in ABR latency of PLGA and pluronic pellet with 

rifampicin and clindamycin in combination over 74-94dB at 24kHz 

On analysis of wave P1 there are no significant excursions from the latency values 

between initial recordings at week 0 and week 16 (Figure 86). 

 

Figure 84: Changes in latency over time for PLGA and pluronic control with rifampicin and clindamycin 
in combination at 24kHz analysing the P1 wave. Significance is denoted by a *. 

 
 
 
For wave P2 there was one significant increase in latency from 2.65msecs initially at 

week 0 to 3.006 msecs at week 2 (p<0.01) at 84dB (Figure 87). 
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Figure 85: Changes in latency over time for PLGA and pluronic pellet with rifampicin and clindamycin 
in combination at 24kHz analysing the P2 wave. Significance is denoted by a *. 

 
 
On analysis of wave P3 there are no significant excursions from the latency values 

between initial recordings at week 0 and week 16 (Figure 88). 

 

 

 

Figure 86: Changes in latency over time for PLGA and pluronic pellet with rifampicin and clindamycin 
in combination at 24kHz analysing the P3 wave. Significance is denoted by a *. 
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5.3.12 Summary of changes in latency results of pellet with 

rifampicin and clindamycin pellets at 16kHz and 24kHz 

 P1 P2 P3 

Pellet rifampicin + 
clindamycin  16kHz 

- - - 

Pellet rifampicin + 
clindamycin 24kHz 

- ҧ ǿŜŜƪ н                 
84dB 

- 

 
Table 39: The changes in latency for waves P1-P3 measured at 16kHz and 24kHz for the PLGA and 
pluronic loaded with rifampicin and clindamycin group. 

 
Overall, the latency results for the pellet loaded with rifampicin and clindamycin show 

no significant excursions from week 0 for 16kHz at P1, P2 and P3 and also P1 and P3 

for 24kHz (Table 39). A significant increase in latency for P2 seem at week 2 for 84dB 

at 24kHz. 

 

5.3.13 Changes in ABR latency of PLGA and pluronic pellet with 

rifampicin over 74-94dB at 16kHz 

 

Figure 87: Changes in amplitude over time for PLGA and pluronic control with rifampicin and 
clindamycin in combination at 16kHz analysing the P1 wave. Significance is denoted by a *. 
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On analysis of the waves P1, P2 and P3 there is no significant excursions from the initial 

values at week 0 for latency at 74dB, 84dB and 94dB for 16kHz (Figures 89, 90 and 91). 

 

 

Figure 88: Changes in amplitude over time for PLGA and pluronic pellet with rifampicin at 16kHz 
analysing the P2 wave. Significance is denoted by a *. 

 

Figure 89: Changes in amplitude over time for PLGA and pluronic pellet with rifampicin at 16kHz 
analysing the P3 wave. Significance is denoted by a *. 
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5.3.14 Changes in ABR latency of PLGA and pluronic pellet with 

rifampicin over 74-94dB at 24kHz 

 

Figure 90: Changes in amplitude over time for PLGA and pluronic pellet with rifampicin at 24kHz 
analysing the P1 wave. Significance is denoted by a *. 

 
On analysis of wave P1 there was one significant increase in mean latency at week 2 

for 74dB from 1.35 initially at week 0 to 1.49 at week 2 (p=0.04) (Figure 90). 

 

 

Figure 91: Changes in amplitude over time for PLGA and pluronic pellet with rifampicin at 24kHz 
analysing the P2 wave. Significance is denoted by a *. 
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On analysis of the waves P2 and P3 there are no significant excursions from the values 

at week 0 for latency at 74dB, 84dB and 94dB (Figures 93 and 94). 

 

Figure 92: Changes in amplitude over time for PLGA and pluronic pellet with rifampicin at 24kHz 
analysing the P3 wave. Significance is denoted by a *. 

 

5.3.15 Summary of latency results pellet loaded with rifampicin 

16kHz and 24kHz 

 P1 P2 P3 

Pellet + Rifampicin 
16kHz 

- - - 

Pellet + Rifampicin 
24kHz 

 ҧǿŜŜƪ н             
74dB 

- - 

 
Table 40: Changes in latency for waves P1-P3 measured at 16kHz and 24kHz for the PLGA and pluronic 
loaded with rifampicin group. 

 
For wave P1 there is a significant increase in amplitude seen at 74dB week 2 for 24kHz. 

There are no other changes in ABR latency for waves P2 and P3 in the group at 16kHz 

and 24kHz (Table 40).  
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5.3.16 Changes in ABR latency of PLGA and pluronic pellet with 

clindamycin pellet over 74-94dB at 16kHz 

 

Figure 93: Changes in latency over time for PLGA and pluronic pellet with rifampicin at 16kHz 
analysing the P1 wave. Significance is denoted by a *. 

 
On analysis of wave P1 there was a significant increase in mean latency at week 2 for 

74dB from 1.48 msecs initially at week 0 to 1.6 msecs at week 2 (p=0.02) (Figure 95). 

 

Figure 94: Changes in amplitude over time for PLGA and pluronic pellet with clindamycin at 16kHz 
analysing the P2 wave. Significance is denoted by a *. 
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On analysis of wave P2 there was a significant increase in mean latency at 94dB from 

2.63 msecs initially at week 0 to 2.62 msecs at week 2 (p=0.004). There is also a 

significant increase in mean latency at 74dB from 2.33 msecs initially at week 0 to 2.52 

msecs at week 2 (p=0.03) (Figure 96). 

 

Figure 95: Changes in latency over time for PLGA and pluronic pellet with clindamycin at 16kHz 
analysing the P3 wave. Significance is denoted by a *. 

 
On analysis of the wave P3 there are no significant excursions from the initial values at 

week 0 for latency at 74dB, 84dB and 94dB (Figure 97). 
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5.3.17 Changes in ABR latency of PLGA and pluronic pellet over 74-

94dB at 24kHz  

On analysis of the waves P1, P2 and P3 there are no significant excursions from the 

initial values at week 0 for latency at 74dB, 84dB and 94dB (Figures 98,99 and 100). 

 

Figure 96: Changes in latency over time for PLGA and pluronic pellet with clindamycin at 24kHz 
analysing the P1 wave. Significance is denoted by a *. 

 

 

Figure 97: Changes in clindamycin over time for PLGA and pluronic pellet with rifampicin at 24kHz 
analysing the P2 wave. Significance is denoted by a *. 
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Figure 98: Changes in latency over time for PLGA and pluronic pellet with clindamycin at 24kHz 
analysing the P3 wave. Significance is denoted by a *. 

 
 

5.3.18 Summary of changes in latency results of PLGA and pluronic 

pellet loaded with clindamycin over 16kHz and 24kHz 

 P1 P2 P3 

Pellet + Clindamycin 
16kHz 

ҧ week 2            
74dB 

ҧ week 2    
74dB,94dB 

- 

Pellet + Clindamycin 
24kHz 

- - - 

 
Table 41: Changes in latency for waves P1-P3 measured at 16kHz and 24kHz for the PLGA and pluronic 
loaded with clindamycin group. 

 

Overall there are increases in latency seen for P1 at week 2 at 74dB and P2 at 74 and 

94dB on analysis of pellet and clindamycin group. There are no significant changes in 

latency for P3 at 16kHz or waves P1, P2 and P3 at 24kHz (Table 41). 
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5.3.19 Summary of overall ABR latency results 

 P1 P2 P3 

BC 16kHz ҧǿŜŜƪ 1               
84dB 

ҧǿŜŜƪ м      
74dB,94dB 

ҧǿŜŜƪ м                
84dB 

BC 24kHz - - ҧǿŜŜƪ мн              
94dB 

SC 16kHz ҧǿŜŜƪ м                 
94dB 
ҧǿŜŜƪ мс               
94dB 

ҧǿŜŜƪ м      
74dB, 94dB 
ҧǿŜŜƪ п                  
84dB 

ҧǿŜŜƪ мΣ н              
94dB 
ҧǿŜŜƪмΣн                
84dB 

SC 16kHz ҧǿŜŜƪ м                 
94dB 

- - 

P 16kHz ҧ ǿŜŜƪ н                 
94dB 

ҧ ǿŜŜƪ н                 
94dB 

ҨǿŜŜƪ мс                 
94dB 

P 24kHz - - ҨǿŜŜƪ п                 
94dB 

PA 16kHz - - - 

PA 24kHz - ҧ ǿŜŜƪ н                 
84dB 

- 

PRif 16kHz - - - 

PRif 24kHz ҧǿŜŜƪ н               
74dB 

- - 

PClind 16kHz ҧweek 2               
74dB 

ҧ ǿŜŜƪ н  74dB, 
94dB 

- 

PClind 24kHx - - - 

 
Table 42: Summary of the changes in latency for waves P1-P3 measured at 16kHz and 24kHz for all 
experimental groups. 

 
Significant changes in latency seen in the control groups: biological control, surgical 

control and pellet without antibiotics are in waves P1, P2 and P3 and demonstrated 

latency increases from week 0 ς week 16 (Table 42). These were predominantly seen 

at 16kHz. It is also interesting to note that changes in latency are pre dominantly 

elevations. However, when testing the pellet without antibiotics, at 94dB there were 

latency decreases seen at weeks 4 and 16. Significant changes in ABR latency are 

unexpected in the control groups. This may be due to background noise and difficulties 

with measurement with traces. 
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The significant changes identified with pellets loaded with both rifampicin and 

clindamycin were seen only in wave P2 at week 2 at 84dB and 24kHz. When pellets are 

separately loaded with rifampicin or clindamycin, there is ABR latency elevation at 

week 2 in P1 at 74dB at both 16kHz and 24kHz and P2 waves at 16kHz at both 74dB 

and 94dB.  

 

Inconsistencies in results could potentially be attributable to noise and difficulties with 

measurements using poor quality traces. This can be seen with some of the graphs 

having large error bars. 

5.3.20 [ŀǘŜƴŎȅ ǊŜǎǳƭǘǎ ǳǎƛƴƎ CǊƛŜŘƳŀƴΩǎ two way analysis 

Due to the variability of results around the mean values which is seen with the error 

ōŀǊǎΣ CǊƛŜŘƳŀƴΩǎ ǘǿƻ ǿŀȅ ŀƴŀƭȅǎƛǎ ǿŀǎ ǳǎŜŘ ǘƻ ƛŘŜƴǘƛŦȅ ǎƛƎƴƛŦƛŎŀƴǘ ŜȄŎǳǊǎƛƻƴǎ ŦǊƻƳ ǘƘŜ 

initial values at week 0. The results are shown for 16kHz and 24kHz analysing ABR 

waveform P1 (Table 26), P2 (Table 27) and P3 (Table 43). 
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P1 94 84 74 

16kHz BC 0.392 0.053 0.971 

16kHz SC 0.015* 0.413 0.74 

16kHz P 0.269 0.56 0.262 

16kHz PA Rif + Clind 0.858 0.015* 0.484 

     
24kHz BC 0.05 0.219 0.365 

24kHz SC 0.009* 0.107 0.891 

24kHz P 0.835 0.843 0.836 

24kHz PA Rif + Clind 0.578 0.078 0.674 

 

Table 43: wŜǎǳƭǘǎ ƻŦ CǊƛŜŘƳŀƴΩǎ two way analysis of latency of wave P1. Significance is denoted by a *. 

 

¢ƘŜ ƭŀǘŜƴŎȅ ƻŦ !.w ǿŀǾŜŦƻǊƳ tм ǳǎƛƴƎ CǊƛŜŘƳŀƴΩǎ two way analysis shows significant 

excursions from initial week 0 values at 16kHz in the surgical control group at 94dB 

and the group of guinea pigs laden with pellet containing rifampicin and clindamycin 

at 84dB. At 24kHz, significant excursions from initial recordings at week 0 were seen 

in the surgical control group at 94dB (Table 43). 
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P2 94 84 74 

16kHz BC 0.032* 0.406 0.102 

16kHz SC 0.013* 0.385 0.57 

16kHz P 0.073 0.186 0.57 

16kHz PA Rif + Clind 0.629 0.562 0.019* 

     
24kHz BC 0.513 0.681 0.117 

24kHz SC 0.011* 0.157 0.07 

24kHz P 0.725 0.135 0.838 

24kHz PA Rif + Clind 0.382 0.046* 0.335 

 

Table 44: wŜǎǳƭǘǎ ƻŦ CǊƛŜŘƳŀƴΩǎ two way analysis of latency of wave P2. Significance is denoted by a *. 

 

¢ƘŜ ƭŀǘŜƴŎȅ ƻŦ !.w ǿŀǾŜŦƻǊƳ tн ǳǎƛƴƎ CǊƛŜŘƳŀƴΩǎ two way analysis shows significant 

excursions from initial week 0 recordings at 16kHz in the biological control group and 

surgical control group at 94dB and the group of guinea pigs laden with pellet 

containing rifampicin and clindamycin at 74dB. At 24kHz, significant excursions from 

initial values at week 0 were seen in the surgical control group at 94dB and the group 

of guinea pigs laden with pellet containing rifampicin and clindamycin at 84dB (Table 

44). 
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P3 94 84 74 

16kHz BC 0.504 0.35 0.814 

16kHz SC 0.001* 0.117 0.124 

16kHz P 0.37 0.185 0.103 

16kHz PA Rif + Clind 0.046* 0.268 0.207 

     
24kHz BC 0.117 0.876 0.267 

24kHz SC 0.139 0.674 0.638 

24kHz P 0.507 0.714 0.037* 

24kHz PA Rif + Clind 0.053 0.802 0.059 

 

Table 45: wŜǎǳƭǘǎ ƻŦ CǊƛŜŘƳŀƴΩǎ two way analysis of latency of wave P3. Significance is denoted by a *. 

 

The latency of ABR waveform P3 using CǊƛŜŘƳŀƴΩǎ two way analysis shows significant 

excursions from initial week 0 values at 16kHz in the surgical control group and the 

group of guinea pigs laden with pellet containing rifampicin and clindamycin at 94dB. 

At 24kHz, significant excursions from initial week 0 recordings were seen in the PLGA 

and Pluronic pellet control group at 74dB (Table 45). 

 

5.3.21 {ǳƳƳŀǊȅ ƻŦ CǊƛŜŘƳŀƴΩǎ two way analysis of latency 

Overall, there are no consistent excursions from initial week 0 values for latency results 

for ABR waveforms P1, P2 and P3. There are excursions seen in every group including 

the control groups biological, surgical and pellet. There is no clear pattern of change 

identified. 
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5.3.22 Holm- Bonferroni correction for the ABR latency data 

Multiple comparisons were performed on the ABR latency data and therefore the 

Holm-Bonferroni correction was applied to the p values. This was done to minimise 

the risk of a Type I error.  

 

Tables 46-57 show the Holm Bonferroni correction applied to the ABR latency data. 

There is only sporadic rejection of the null hypothesis which is highlighted red. Overall, 

this statistical correction therefore confirms the significance of the results from the t 

tests with no significant latency changes seen in the experimental groups in waves P1, 

P2 and P3 when analysed at 16kHz and 24 kHz.  

 
 

BC 16kHz P1 P2 P3 

94dB H1: 0.067     1 >0.0125 H1: 0.0001   1 <0.0125 H1: 0.826   4 

 H2: 0.615     4 H2: 0.33        4 H2: 0.414   3 

 H3: 0.548     3 H3: 0.167      3 H3: 0.175   1 >0.0125 

 H4: 0.229     2 H4: 0.122      2>0.0167 H4: 0.289   2 

    

84dB H1: 0.0117   1 >0.0125 H1: 0.21        1 <0.0125 H1: 0.043    1>0.0125 

 H2: 0.6293   3 H2: 0.863      4 H2: 0.751    3 

 H3: 0.2667   2>0.0167 H3: 0.323      2 H3: 0.225    2 

 H4: 0.7949   4 H4: 0.415      3 H4: 0.962    4 

    

74dB H1: 0.614     1>0.0125 H1: 0.017      1>0.0125 H1: 0.183    1>0.0125 

 H2: 0.694     2 H2: 0.495      3 H2: 0.647    2 

 H3: 0.820     3 H3: 0.635      4 H3: 0.766    4 

 H4: 1             4 H4: 0.389      2 H4: 0.66      3 

 
 
Table 46: Biological control latency p values at 16kHz and the Holm Bonferroni correction. Values 
where the null hypothesis is rejected are highlighted red. 
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BC 24kHz P1 P2 P3 

94dB H1: 0.0615    1>0.0125 H1: 0.0635    1>0.0125 H1: 0.083     2 

 H2: 0.105      2 H2: 0.3445    2 H2: 0.121     3 

 H3: 0.6036    3  H3: 0.4681    3 H3: 0.312     4 

 H4: 0.6132    4 H4: 0.6555    4 H4: 0.033     1>0.0125 

    

84dB H1: 0.082      1>0.0125 H1: 0.172      1>0.0125 H1: 0.163     1>0.0125 

 H2: 0.664      4 H2: 0.593      4 H2: 0.977     4 

 H3: 0.338      2 H3: 0.426      3 H3: 0.976     3 

 H4: 0.581      3 H4: 0.239      2 H4: 0.224     2 

    

74dB H1: 0.1869    1>0.0125 H1: 0.192      1>0.0125 H1: 0.084     1>0.0125 

 H2: 0.4422    3 H2: 0.898      4 H2: 0.394     2 

 H3: 0.338      2 H3: 0.830      3 H3: 0.612     4 

 H4: 0.581      4 H4: 0.266      2 H4: 0.447     3 

 
Table 47: Biological control latency p values at 24kHz and the Holm Bonferroni correction. Values 
where the null hypothesis is rejected are highlighted red. 

 
 
 
 
 
 
 
 
 
 

SC 16kHz P1 P2 P3 

94dB H1: 0.006     1 <0.0125 H1: 0.026     1 >0.0125 H1: 0.001   1<0.0125 

 H2: 0.075     3 H2: 0.438     4 H2: 0.039   2>0.0167 

 H3: 0.187     4 H3: 0.211     3 H3: 0.118   3  

 H4: 0.048     2>0.0167 H4: 0.239     2 H4: 0.533   4 

    

84dB H1: 1.000    4 H1: 0.841     3 H1: 0.033    1>0.0125 

 H2: 0.161    1>0.0125 H2: 0.883     4 H2: 0.051    2 

 H3: 0.889    3 H3: 0.044     1>0.0125 H3: 0.131    3 

 H4: 0.824    2 H4: 0.300     2 H4: 0.659    4 

    

74dB H1: 0.953    4 H1: 0.016      1>0.0125 H1: 0.018   1>0.0125 

 H2: 0.271    1>0.0125 H2: 0.714      3 H2: 0.269    3 

 H3: 0.901    3 H3: 0.921      4 H3: 0.099    2 

 H4: 0.419    2 H4: 0.621      2 H4: 0.707    4 

 
Table 48: Surgical control latency p values at 16kHz and the Holm Bonferroni correction. Values where 
the null hypothesis is rejected are highlighted red. 
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SC 24kHz P1 P2 P3 

94dB H1: 0.006     1<0.0125 H1: 0.004     1 <0.0125 H1: 0.050   2 

 H2: 0.039     2>0.0167 H2: 0.235     4 H2: 0.753   4 

 H3: 0.047     3 H3: 0.368     3 H3: 0.042   1 >0.0125 

 H4: 0.799     4 H4: 0.323     2>0.0167 H4: 0.323   3 

    

84dB H1: 0.642   3  H1: 0.103     1 >0.0125 H1: 0.103    1>0.0125 

 H2: 0.142   1>0.0125 H2: 0.107     4 H2: 0.107    2 

 H3: 0.485   2 H3: 0.542     2 H3: 0.542    4 

 H4: 0.932   4 H4: 0.276     3 H4: 0.276    3 

    

74dB H1: 0.771     4 H1: 0.304      2 H1: 0.304    2 

 H2: 0.329     1>0.0125 H2: 0.493      3 H2: 0.493    3 

 H3: 0.394     2 H3: 0.830      4 H3: 0.830    4 

 H4: 0.552     3 H4: 0.070      1>0.0125 H4: 0.070    1>0.0125 

 
 
Table 49: Surgical control latency p values at 24kHz and the Holm Bonferroni correction. Values where 
the null hypothesis is rejected are highlighted red. 

 
 
 
 
 
 
 
 
 
 
 

P 16kHz P1 P2 P3 

94dB H1: 0.307    3 H1: 0.321     2  H1: 0.050   2 

 H2: 0.339    4 H2: 0.901     4 H2: 0.753   4 

 H3: 0.305    2 H3: 0.426     3 H3: 0.042   1 >0.0125 

 H4: 0.280    1>0.0125 H4: 0.237     1>0.0125 H4: 0.323   3 

    

84dB H1: 0.178   1>0.0125 H1: 0.200     3  H1: 0.103    1>0.0125 

 H2: 0.422   2 H2: 0.766     4 H2: 0.107    2 

 H3: 1.000   3 H3: 0.021     1>0.0125 H3: 0.542    4 

 H4: 1.000   3 H4: 0.128     2 H4: 0.276    3 

    

74dB H1: 0.053     1>0.0125 H1: 0.161      2 H1: 0.304    2 

 H2: 0.165     2 H2: 0.309      4 H2: 0.493    3 

 H3: 0.620     4 H3: 0.102      1>0.0125 H3: 0.830    4 

 H4: 0.299     3 H4: 0.217      3 H4: 0.070    1>0.0125 

 
Table 50: Pellet control latency p values at 16kHz and the Holm Bonferroni correction. Values where 
the null hypothesis is rejected are highlighted red. 
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P 24kHz P1 P2 P3 

94dB H1: 0.572     4 H1: 0.622     3  H1: 0.852   4 

 H2: 0.279     1>0.0125 H2: 0.538     2 H2: 0.791   2 

 H3: 0.523     2 H3: 0.516     1>0.0125 H3: 0.014   1 >0.0125 

 H4: 0.553     3 H4: 1.000     4 H4: 0.832   3 

    

84dB H1: 0.486    2  H1: 0.254     2  H1: 0.371    2 

 H2: 0.284    1>0.0125 H2: 0.438     4 H2: 0.864    3 

 H3: 0.594    3 H3: 0.435     3 H3: 0.958    4 

 H4: 0.775    4 H4: 0.174     1 >0.0125 H4: 0.100    1 >0.0125 

    

74dB H1: 0.698     3 H1: 0.775      4 H1: 0.147    1 >0.0125 

 H2: 0.216     2 H2: 0.275      1>0.0125 H2: 0.254    3 

 H3: 0.207     1>0.0125 H3: 0.289      2 H3: 0.424    4 

 H4: 0.710     4 H4: 0.365      3 H4: 0.154    2 

 
 
Table 51: Pellet control latency p values at 24kHz and the Holm Bonferroni correction. Values where 
the null hypothesis is rejected are highlighted red. 

 
 
 
 
 
 
 
 
 
 
 
 

PA 16kHz P1 P2 P3 

94dB H1: 0.589     3 H1: 0.622     3  H1: 0.852   4 

 H2: 0.502     2 H2: 0.538     2 H2: 0.791   2 

 H3: 1.000     4 H3: 0.516     1>0.0125 H3: 0.014   1 >0.0125 

 H4: 0.388     1>0.0125 H4: 1.000     4 H4: 0.832   3 

    

84dB H1: 0.112    1>0.0125 H1: 0.254     2  H1: 0.371    2 

 H2: 0.183    2 H2: 0.438     4 H2: 0.864    3 

 H3: 0.953    4 H3: 0.435     3 H3: 0.958    4 

 H4: 0.390    3 H4: 0.174     1 >0.0125 H4: 0.100    1 >0.0125 

    

74dB H1: 0.144     1>0.0125 H1: 0.775      4 H1: 0.147    1 >0.0125 

 H2: 0.194     2 H2: 0.275      1>0.0125 H2: 0.254    3 

 H3: 0.245     3 H3: 0.289      2 H3: 0.424    4 

 H4: 0.527     4 H4: 0.365      3 H4: 0.154    2 
 
Table 52: Pellet with rifampicin and clindamycin latency p values at 16kHz and the Holm Bonferroni 
correction. Values where the null hypothesis is rejected are highlighted red. 
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PA 24kHz P1 P2 P3 

94dB H1: 0.097     4 H1: 0.800     4  H1: 0.852   4 

 H2: 0.296     1>0.0125 H2: 0.780     3 H2: 0.791   2 

 H3: 0.920     2 H3: 0.410     1>0.0125 H3: 0.014   1 >0.0125 

 H4: 0.937     3 H4: 0.580     2 H4: 0.832   3 

    

84dB H1: 0.660    2  H1: 0.140     1 >0.0125 H1: 0.371    1 

 H2: 0.369    1>0.0125 H2: 1.000     3 H2: 0.864    2 

 H3: 0.271    3 H3: 0.970     2 H3: 0.958    3 

 H4: 0.868    4 H4: 1.000     4  H4: 0.100    4 >0.0125 

    

74dB H1: 0.443     3 H1: 0.410      1>0.0125 H1: 0.147    1 >0.0125 

 H2: 0.400     2 H2: 0.760      3 H2: 0.254    3 

 H3: 0.736     1>0.0125 H3: 0.800      4 H3: 0.424    4 

 H4: 0.172     4 H4: 0.460      2 H4: 0.154    2 
 
 
Table 53: Pellet with rifampicin and clindamycin latency p values at 24kHz and the Holm Bonferroni 
correction. Values where the null hypothesis is rejected are highlighted red. 

 
 
 
 
 
 
 
 
 
 
 
 

PRif 16kHz P1 P2 P3 

94dB H1:    -          H1:    - H1:    -          

 H2: 0.724    3 H2: 0.770     3 H2: 0.920   2 

 H3: 0.854    4 H3: 0.820     1>0.0125 H3: 0.560   1 >0.0125 

 H4: 0.716    2 H4: 1.000     2 H4: 0.850   3 

    

84dB H1:    -    H1:    -          H1:    - 

 H2: 0.126    1>0.0125 H2: 0.500     3 H2: 0.390    2 

 H3: 0.514    3 H3: 0.830     2 H3: 0.920    3 

 H4: 0.500    4 H4: 0.370     4  H4: 0.500    4 >0.0125 

    

74dB H1:    -    H1:     -   H1:    - 

 H2: 0.881     2 H2: 0.620     3 H2: 0.710    3 

 H3: 0.655     1>0.0125 H3: 0.590     4 H3: 0.680    4 

 H4: 0.656     4 H4: 0.590     2 H4: 0.680    2 
 
 
Table 54: Pellet with rifampicin latency p values at 16kHz and the Holm Bonferroni correction. Values 
where the null hypothesis is rejected are highlighted red. 
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PRif 24kHz P1 P2 P3 

94dB H1:   -        H1:    - H1:   - 

 H2: 0.399    2 H2: 0.785     3 H2: 0.074   1>0.0125 

 H3: 0.777    3 H3: 0.155     1>0.0125 H3: 0.928   3  

 H4: 0.141    1>0.0125 H4: 0.405     2 H4: 0.385   2 

    

84dB H1:    - H1     - H1:   - 

 H2: 0.658    1>0.0125 H2: 0.835     2 H2: 0.439    3 

 H3: 0.783    2 H3: 1.000     3 H3: 0.375    2 

 H4: 0.669    3 H4: 0.604     1 >0.0125 H4: 0.251    1 >0.0125 

    

74dB H1:    - H1     - H1:   - 

 H2: 0.063     1>0.0125 H2: 0.903      3 H2: 0.844    3 

 H3: 0.249     2 H3: 0.375      1>0.0125 H3: 0.676    2 

 H4: 0.650     3 H4: 0.781      2 H4: 0.575    1>0.0125 
 
 
Table 55: Pellet with rifampicin latency p values at 24kHz and the Holm Bonferroni correction. Values 
where the null hypothesis is rejected are highlighted red. 

 
 
 
 
 
 
 
 
 
 
 

PClind 16kHz P1 P2 P3 

94dB H1: 0.190    1>0.0125 H1: 0.004     1<0.0125 H1: 1.000   3 

 H2: 0.230    2 H2: 0.210     2>0.0167 H2: 0.830   2 

 H3: 1.000    3 H3: 0.500     3 H3: 0.290   1 >0.0125 

    

84dB H1: 0.490    1>0.0125 H1  0.950     3 H1: 0.225    3 

 H2: 0.530    2 H2: 0.890     2 H2: 0.057    1>0.0125 

 H3: 0.840    3 H3: 0.740     1>0.0125 H3: 0.185    2 

    

74dB H1: 0.020     1>0.0125 H1: 0.030      1>0.0125 H1: 0.460    2 

 H2: 0.810     2 H2: 0.760      3 H2: 0.192    1>0.0125 

 H3: 0.840     3 H3: 0.420      2 H3: 0.480    3 
 
Table 56: Pellet with clindamycin latency p values at 16kHz and the Holm Bonferroni correction. 
Values where the null hypothesis is rejected are highlighted red. 
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PClind 24kHz P1 P2 P3 

94dB H1: 0.200    1>0.0125 H1: 0.580    2 H1: 0.652   3 

 H2: 0.320    2 H2: 0.400     1 H2: 0.370   1>0.0125 

 H3: 0.740    3 H3: 1.000     3>0.0125 H3: 0.530   2  

    

84dB H1: 0.190    1>0.0125 H1: 0.580     2 H1: 0.423    2 

 H2: 0.420    2 H2: 0.400     1>0.0125 H2: 0.260    1>0.0125 

 H3: 0.830    3 H3: 1.000     3 H3: 0.640    3 

    

74dB H1: 0.120     1>0.0125 H1: 0.150      1>0.0125 H1: 0.800    2 

 H2: 0.150     2 H2: 0.640      3 H2: 0.370    1>0.0125 

 H3: 0.157     3 H3: 0.270      2 H3: 0.830    3 
 
Table 57: Pellet with clindamycin latency p values at 24kHz and the Holm Bonferroni correction. 
Values where the null hypothesis is rejected are highlighted red. 

 

5.3.23 Discussion of ABR latency results 

The results of ABR latency measurement show that there is no consistent alteration in 

ABR latency across the groups to account for the ABR threshold elevations. This is seen 

on analysis of ABR latency using the t-ǘŜǎǘ ŀƴŀƭȅǎƛǎ ŀƴŘ CǊƛŜŘƳŀƴΩǎ two way analysis of 

variance and Holm-Bonferroni correction. The ABR latency changes would indicate 

potential neurotoxicity to the auditory pathway as sound waves are propagated from 

the cochlea to the cortex. 

 

Studies have shown latency increases in hyperbilirubinaemia in waves P1 and P5 (Kaga 

et al., 1979), noise exposure (Gourévitch et al., 2009), aminoglycosides in waves P1 

and P5 (Hotz et al., 1990, Nekrassov et al., 2000) and cisplatin (De Lauretis et al., 1999).  

ABR latency decreases are also seen in hyperthermia experimentally (Takahashi et al., 

1991, Gold et al., 1985) with reversibility on cooling to normal body temperature. 

 

Without consistent changes in the latency values identified, there is no evidence of 

neurotoxicity on analysis of waves P1, P2 and P3. This indicates that the ABR threshold 
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elevation recorded is attributable to a peripheral effect on the auditory conduction 

pathway as opposed to central. In order to assess this further, a detailed analysis of 

the cochlea is required. The technique of cytocochleograms can be used to assess for 

inner or outer hair cell presence or loss in the different experimental groups. 

Cytocochleograms carefully assess the entire length of the cochlea from the apex to 

the base. In addition, immunofluorescence allows a detailed analysis of the 

morphology and presence of the inner and outer hair cells in sample sections of the 

cochlea. The hypothesis of ABR threshold elevation in the pellet group with rifampicin 

and clindamycin in combination being attributable to outer and/or inner hair cell loss 

can therefore be tested (Chapter 6). 

 

Before the onset of each ABR experiment, the weights of the guinea pigs were 

recorded. This allowed for accurate anaesthetic drug calculation and as a measure of 

ŜŀŎƘ ŀƴƛƳŀƭΩǎ ƛƴŘƛǾƛŘǳŀƭ ǿŜƭŦŀǊŜΦ Overall, markers oŦ ǘƘŜ ŀƴƛƳŀƭǎΩ ƎŜƴŜǊŀƭ ǿŜƭƭōŜƛƴƎ 

including weight gain over time is important to ensure a high standard of animal 

husbandry (section 5.4). 
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5.4.0 Weight changes seen during ABR testing 

5.4.1 Guinea pig weight change with t reatment  

The initial mean values of weight for treatment groups show variation as they were of 

different ages when experimentation started. This was due to procurement of a subset 

of animals for the testing the pellet loaded with either rifampicin or clindamycin at an 

interval from another source. This subset of animals was older (at 8 weeks) when the 

ABR tested was performed. Standard errors are not shown as they are relatively small. 

Changes in weight were expected over time. All groups were n=8. There were two 

experimental cohorts; 1) Biological control, surgical control, pellet control and pellet 

laden with rifampicin and clindamycin tested up to 16 weeks and 2) pellets loaded with 

rifampicin and clindamycin separately tested up to 12 weeks. 
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Figure 99: Weight change (grams) over time (weeks) for different treatment groups. 

5.4.2 Biological control, surgical control and pellet control groups.  

The mean starting values of 540-610g are accompanied by largely comparable 

gradients over weeks 0-16 finishing at around 1000g with a slower growth rate over 

weeks 4-16 (Figure 99). 

5.4.3 Pellets loaded with Rifampicin and Clindamycin in 

combination  

Figure 99 shows the growth rate is clearly affected over weeks 0-2 but then appears to 

recover over weeks 2-16.  This clearly indicates that the antibiotics in combination 

delivered via the middle ear affected acute weight gain.  There is evidence of slower 
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acute growth in drug animals treated with drug laden pellets. This recovers in weeks 

12-16 with the final recorded weight comparable with the first cohort. 

 

5.4.4 Pellets loaded with Rifampicin or Clindamycin separately 

The animals in these groups were utilised at a later date and were significantly older 

and heavier as shown on the graph at week 0 when ABR recordings commenced. They 

were subject to fewer time points following pellet placement.  Compared to the other 

groups and their extrapolated growth rates, there appears to be a slowing over weeks 

0-4 which then recovers over weeks 4-12. At the end of the experimental time course, 

their weight is comparable to the other treatment groups at about 950 -1050g.  

5.4.5 Dominant boars 

Several of the guinea pigs showed aggressive dominant behaviour. This was noticed 

and monitored by animal house staff and the Home Office Vet. These boars dominated 

the other three in the cage with biting, scratching and general aggression. Section 8.2 

discusses the animal husbandry issues with the aggressive boars and animals which 

were victimised. It was noted in the animals which had scratches and bites, there was 

less weight gain. This correlated with a high proportion of guinea pigs who had 

undergone pellet placement with rifampicin and clindamycin in combination. This 

indicates that the pellet may result in a systemic disturbance that the other animals 

exploited or there is a decrease in appetite following pellet placement. This is 

discussed further alongside animal husbandry (section 8.2). 
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/ƘŀǇǘŜǊ сΥ /ȅǘƻŎƻŎƘƭŜƻƎǊŀƳǎ ŀƴŘ LI/ ŀƴŘ 
hI/ ƳƻǊǇƘƻƭƻƎȅ ǎǘǳŘƛŜǎ    

6.1.1    Cytocochleogram of the biological control group 

One full cochlea from a guinea pig in the biological control group was prepared, 

dissected and a cytocochleogram was made. Hair cells were counted systematically 

from base to apex and marked off on a template (Figure 106).  Hair cell counts from 

the cytocochleograms show very few missing inner or outer hair cells for the biological 

control group analysed. There were only two areas of the cochlea that were difficult 

to visualise; rows 16 and 20. The greatest loss of inner hair cells was seen in the middle 

section of the cochlea with approximately 12% in row 19 (Figure 102). 

  

Consistently there does appear to be hair cell losses in row 1 which correlates with the 

most apical section of the cochlea. 

 

Using the semi quantitative analysis, there does not appear to be any appreciable loss 

of IHC or OHC in the biological control group throughout the cochlea (Figure 100). At 

row numbers 16 and 20 there were up to 20% of IHC which were unable to be counted 

due to cell distortion, mounting or dissection trauma. Cochlea from the biological 

control group show normal arrangement of three rows of outer hair cells and one row 

of inner hair cells. This result is consistent with the ABR threshold results for the 

biological control group which do not show any significant excursions from the initial 

mean value at week 0. 
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Figure 100: Cytocochleogram of biological control group inner hair cell rows from apex (row 0) to 
base.      

 
The innermost row of outer hair cells (OHC 1) shows loss of cells at rows 1, 5, 6, 8-9, 

15, 19 and 21. These losses were spread throughout the cochlea from the apex to the 

base and none of the losses in a row reached more than 10%. This is shown as a 

cytocochleogram in Figure 103.       

 

 

Figure 101: Cytocochleogram of biological control group OHC row 1 (innermost row) from apex (row 0) 
to base.     














































































































































































