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Thesis Abstract 

Hearing loss is usually diagnosed through pure-tone threshold audiometry. However, 

some listeners who have normal hearing thresholds complain about difficulty 

communicating in environments where there are competing sounds and noise. 

Animal research has shown that this problem may arise from a loss of synapses 

between inner hair cells and auditory nerve fibres. This is known as synaptopathy and 

is thought to mainly affect medium to high-threshold auditory nerve fibres, which are 

responsible for encoding moderate to loud sounds, but do not respond to quiet 

sounds. If true, this would explain why hearing thresholds are not affected. This 

‘hidden’ hearing loss may explain some of the difficulties that some listeners 

experience whilst having clinically normal audiograms. 

Synaptopathy has been studied in humans using the auditory brainstem response 

(ABR), but so far, the results have been varied. One possible reason could be that 

auditory brainstem responses contain a high degree of inter-individual variability 

resulting from unrelated factors such as gender, head size, or cochlear length. These 

confounds may be alleviated by using relative rather than absolute ABR measures.  

This thesis investigated two ABR methodologies, based on relative measures, aimed 

at optimizing the response for detection of hidden hearing loss. 

The first is the wave I to V ratio, which is well established in the literature. It 

compares the amplitude of early (wave I) and late (wave V) components of the ABR. 

If synaptopathy has occurred, wave I is expected to be decreased but wave V is 

expected to be unchanged, due to compensatory changes in neuronal gain 

(hyperexcitability). This should, leading to a decrease in the wave I/V ratio. 

However, wave I is reportedly mainly elicited from high frequency regions of the 
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cochlea, while wave V is thought to originate from a broader range of cochlear 

frequencies. This means the wave I/V ratio may be frequency-dependent, and so, 

using it in order to measure synaptopathy requires careful matching of audiometric 

thresholds which would be impossible in the context of clinical assessment. This 

means it needs to be measured in a frequency-specific manner in order to be 

clinically useful.   

In the first experiment, we aimed to optimize the methodology for recording the 

wave I to V ratio frequency-specifically. First, we compared stimuli with different 

temporal properties to improve neuronal synchronization across different frequency 

regions, which would lead to increased ABR waves. Next, we compared stimuli with 

different spectral compositions, with the aim of increasing contributions to the ABR 

arising from low-frequency cochlear regions. Finally, we compared mastoid 

electrodes to specialist tiptrode electrodes. Tiptrodes are designed to enhance the 

early ABR waves, particularly, wave I, by moving the electrode inside the ear canal 

and thus closer to the generator of this wave. The results showed that both waves I 

and V are enhanced by using stimuli that improve temporal synchronization across 

frequencies, but that this advantage is not maintained in the frequency-specific 

measurements. Both the spectral manipulations and the use of tiptrodes were found to 

improve wave I, but, if anything, have a detrimental effect on wave V. In a second 

experiment, we measured the frequency-specific wave I to V ratio, developed in the 

first experiment, in two groups of subjects, one with high levels of previous noise 

exposure and one with low levels of exposure. The hypothesis was that high levels of 

noise exposure may be associated with hidden hearing loss. This should therefore 

lead to a reduction in the ABR wave I. In contrast, the wave V amplitude is expected 

to be unchanged, as central compensatory mechanisms leading to neuronal 
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hyperexcitability are thought to restore activity at higher processing levels. 

Therefore, if hidden hearing loss was present in our noise-exposed subjects, we 

would expect to see a reduced wave I to V ratio compared to the non-exposed 

subjects. Contrary to this expectation, we found no significant change in wave I, but 

a significant decrease in the amplitude of wave V, paired with an increase in the wave 

V latency.   

The second approach used a novel method, based on the phenomenon of adaptation, 

which is well-studied in ABRs. Previous research suggests that auditory nerve fibres 

that encode louder sounds have different adaptation properties to fibres that encode 

fainter sounds, suggesting that synaptopathy should change the adaptational 

properties of ABRs.   

We first performed an experiment in non-exposed subjects to validate a measure of 

adaptation obtained using maximum length sequences, which allow the recording of 

well-defined ABRs even at very short inter-stimulus intervals. Then, we compared 

this measure between noise-exposed and non-exposed subjects. Our results showed a 

difference between the two groups in the size of wave I, with the non-exposed 

subjects showing a larger wave I amplitude than the exposed subjects. There were no 

clear differences in adaptation properties that would have indicated a change in the 

distribution of auditory nerve fibres encoding low and high sound levels.   

This thesis suggests that the most promising approaches for developing an ABR-

based measure of hidden hearing loss in humans are (a) frequency-specific ABR 

recording and (b) use of different stimulus levels. Whilst our results, along with 

results from another recent study, conflict with the idea that early and late ABR 

waves are affected differently by hidden hearing loss, they offer promising new 
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approaches for dealing with the high degree of unrelated inter-individual variability 

present in ABR recordings, and thus present an important first step towards 

developing an objective diagnostic hidden hearing loss test in humans.   
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Chapter 1. Introduction 

1.1.1 The Ear 

The mammalian auditory system is an evolutionary marvel, with the ability to detect 

and analyse sounds over a wide frequency and dynamic range. Humans can hear 

sounds typically from 20 Hz to 20 kHz with some other mammals extending this 

range up to 100 kHz. The mammalian auditory system is also greatly sensitive, being 

able to hear across a range of 120 decibels (dB). This remarkable hearing ability 

largely stems from the cochlea (Robles & Ruggero, 2001).  

1.1.2 The Outer and Middle Ear 

The ear is made up of an outer, middle and an inner part (Figure 1.1). The outer ear 

(pinna) protrudes from the side of the head and collects sound into the ear canal, 

leading to vibration of the ear drum. The ear drum is connected to the middle ear 

bones (malleus, incus and stapes), which transmit the sound vibrations into the inner 

ear (cochlea). The middle ear’s main role is to impedance match sound that travels in 

the low-impedance medium of air to the higher-impedance fluid that resides in the 

cochlea. Without this, most of the acoustic energy would be reflected back.   
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Figure 1.1- The peripheral auditory system that details the outer, middle and inner ear. The 

eardrum and ossicles transmit sound information to the cochlea  (adapted and used without 

permission from Olusanya, 2013) 

1.1.3 The Cochlea 

The cochlea is a fluid-filled canal situated deep within the temporal bone. The 

cochlea is a coiled-up bony tube, which is partitioned into two compartments by the 

basilar membrane (BM). The BM stretches from the base to the apex of the coil 

(Figure 1.2). Sound vibrations are transmitted into the cochlea via the oval window, a 

flexible membrane at the base of the cochlea, which is attached to the stapes. As the 

oval window is pushed inwards by the stapes, the fluid in the cochlea is pressured 

and this causes the round window to be pushed outwards. This, in turn, initiates a 

travelling wave on the basilar membrane, which propagates towards the apex. The 

traveling wave increases in amplitude and decreases in velocity until it reaches a 

point of maximal displacement (Pickles, 2008). This point is determined by the 

frequency of the sound. This tonotopic arrangement is due to the fact that the 

mechanical properties of the BM vary across the length of the cochlear partition, 

being short and stiff at the base, and becoming progressively longer and floppy 
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towards the apex. Like a stringed instrument, the shorter and stiffer parts will 

resonate to higher frequencies, whereas the longer and floppier parts resonate to 

lower frequencies (Pickles, 2008). 

 

Four rows of auditory hair cells lie upon the BM. There are two types of hair cells, 

both of which have specific functions (Figure 1.3). The three outer rows of hair cells 

are known as outer hair cells (OHCs), which have electromotile properties and form 

part of an electromechanical feedback system (Brownell, 1990). This increases the 

Figure 1.3 - Structural 

organization of the cochlea. The 

auditory receptor organ (organ of 

Corti), is made up of three rows of 

OHC and one row of IHCs along 

with supporting cells (Hensen’s, 

Deiter and pillar cells). The organ 

of Corti is located atop the BM 

and covered by the tectorial 

membrane. The IHCs and OHCs 

are innervated by cochlear nerve 

fibres. The apical part of the hair 

cells is immersed in endolymph, 

whereas perilymph is found 

basally to the hair cells (adapted 

and used without permission from 

Wan, Corfas, & Stone, 2013). 

Figure 1.2 – Cross-section of the cochlea. The basal part of the cochlear is stiffer which allows 

processing of high frequency sound. The apex is less stiff and processes low frequencies   

(adapted and used without permission from Alberti, 2001) 
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amplitude and frequency selectivity of BM vibrations at low sound intensities and is 

known as the cochlear amplifier (Robles & Ruggero, 2001).  

The inside row is made up of inner hair cells (IHCs), which are the actual sensory 

receptors. When the stereocilia of the IHCs are displaced due to BM motion, there is 

a change in the intracellular potential, which results in in the release of 

neurotransmitter at the synapses of the dendrites of the spiral ganglion, whose axons 

go on to form the auditory nerve (also known as the eighth cranial nerve).  

There are two types of spiral ganglion cells (SGCs). Type 1, which make up 90-95% 

of SGCs, are myelinated and innervate the IHCs. Type 2, which make up the 

remaining 10-5%, innervate the OHCs and are not myelinated (Figure 1.4) (Kaga, 

2011).   

Figure 1.4 - (A) Cross section of cochlear 

duct showing spiral ganglion cells 

innervating IHCs through their peripheral 

axons and terminals. (B) Type I SGCs form 

afferent connections mainly with IHCs (90 – 

95%), and type II SGCs form efferent 

connections mainly with OHCs (and make up 

10 – 5 % of SGC numbers). (Adapted and 

used without permission from Kaga, 2011). 

B 

A 
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The auditory nerve fibres (ANFs) can be categorised into different types according to 

their firing thresholds, with low, medium and high threshold fibres. This is important 

for the encoding of stimulus intensity, with fibres with a high threshold encoding 

high-intensity sounds and fibres with a low threshold encoding low-intensity sounds 

(Figure 1.5). The ANFs have varying spontaneous firing rates, with the fibres with 

the lowest thresholds having the highest firing rates, and the fibres with the highest 

thresholds having the lowest firing rates. The high-spontaneous-rate (high-SR) fibres 

saturate at low intensities (around 60 dB SPL), whilst low spontaneous rate (low SR) 

fibres will not saturate until much higher intensities (typically 100 dB SPL or more) 

(Plack, 2005). 

 

The low- and high-threshold ANFs also differ from each other in their adaptation 

properties. Adaptation refers to the change in the firing rate of neurons in response to 

continuous or repeated activation: when the stimulus is first presented, the neurons 

fire at a high rate, but as the stimulus continues to be presented, the firing rate 

decreases (Figure 1.6) (Sumner & Palmer, 2012). This type of adaptation is known as 

Figure 1.5 - Shows low-, medium- and 

high-SR ANFs and firing rate in response 

to varying sound levels. Low SR fibres do 

not start responding to sound until high 

SR fibres are fully saturated (adapted 

and used without permission from 

Bharadwaj, Verhulst, Shaheen, 

Liberman, & Shinn-Cunningham, 2014) 
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spike-frequency adaptation and occurs in many sensory neurons (Clifford et al., 

2007; De Palo et al., 2013). Adaptation occurring in the auditory nerve was first 

described by Eggermont & Spoor (1973) who measured amplitude changes in 

response to changes in stimulus rate in the N1 action potential (recorded at the round 

window) in guinea pigs, which is comparable to the human wave I (Burkard, Voigt, 

& Smith, 1993). 

 

 

 

 

 

 

Adaptation in the auditory nerve has multiple time courses. It includes a rapid decay 

occurring in the first few milliseconds after stimulus onset, to short term adaptation 

which reaches a steady state after a few hundred milliseconds (Smith, 1977). Finally, 

there are also phases that last considerably longer, with a slow decline in firing rate 

that can take many minutes.  

Rhode & Smith (1985) demonstrated in the cat auditory nerve that low- and high-SR 

fibres displayed different adaptation properties, with low-SR fibres showing no rapid 

adaptation whereas the high-SR fibres rapidly adapted. In addition,  Relkin & Doucet 

(1991) demonstrated in the chinchilla auditory nerve that the low-SR fibres take 

longer to recover after being stimulated (from forward masking, which is when a 

masking sound is presented before the eliciting stimulus) than high-SR fibres. The 

Figure 1.6 – Peri-stimulus time 

histogram from the response of ferret 

ANFs. Recordings were taken from 

ANFs with the same CF as the pure 

tone being presented. Panels A to D 

show the response of ANFs at different 

levels above threshold. Mean values 

are plotted in black. Number of fibres is 

in parentheses. Of importance is how 

there is some activity before stimulus 

onset, this is the spontaneous firing rate 

of ANFs, when stimulus onset occurs, 

there is a high rate of firing, which 

gradually decreases to a steady, lower 

rate, reflecting adaptation. Adapted 

and used with permission from Sumner 

& Palmer (2012).  
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low-SR fibres took approximately 2 second to recover, however the high-SR fibres 

were fully recovered after around 200 ms. The different adaptation time courses were 

also demonstrated in the chinchillas’ auditory nerve compound action potential 

(CAP) (Evan M. Relkin, Doucet, & Sterns, 1995). Here, recovery of CAP from 

forward masking showed two time constants – a fast and steep recovery up to 100 ms 

and a slower and shallower recovery up to 1 second. It was suggested that the faster, 

steep recovery reflect high-SR fibres, and the slower, shallower recovery reflect low-

SR fibres.  

1.1.4 Ascending Auditory System 

The ascending auditory system (figure 1.7) starts as the auditory nerve innervates the 

cochlear nucleus which then carries information on specific pathways to higher 

centres of the brain. The cochlear nucleus is the first relay station in the brainstem. 

The tonotopic organisation of the cochlea also remains in the cochlear nucleus. 

Within the cochlear nucleus each AN fibre branches out to ascend to the 

anteroventral cochlear nucleus and also descend to the posteroventral and dorsal 

cochlear nucleus. Each of the three parts of the cochlear nucleus have cells with 

different properties to allow them to encode specific auditory information from the 

hair cells. 

The next station is the superior olivary complex (SOC), which is the first level of the 

auditory system that combines sound information from both left and right ears. The 

different structures within the SOC further process and pass the information to the 

higher stages of the lateral lemniscus (LL) and inferior colliculus (IC) (Schwartz, 

1992). The SOC is made up of three well defined cell structures; the medial and 

lateral olivary nucleus (MSO & LSO) and medial nucleus of the trapezoid body 

(MNTB) (Paxinos, Xu-Feng, Sengul, & Watson, 2012).  
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 The medial olivary nucleus is the largest of the four structures and is mainly 

involved in sound localisation by processing interaural time differences which is how 

low frequency sounds are localised (Amunts, Morosan, Hilbig, & Zilles, 2012).  

Fibres ascending through the lateral lemniscus from both cochlear nuclei and the 

superior olivary nuclei then arrive at the inferior colliculus (IC). The IC is the largest 

of the nuclei in the auditory pathway and is located above SOC and below the 

auditory thalamus. The IC functions as a relay station, and performs complex sound 

integration from input of the many lower auditory nuclei which includes amplitude, 

frequency and time course analysis (Mei, Cheng, & Chen, 2013). However, the IC is 

still not fully understood, with human lesion studies implicating it in the recognition 

of speech (Champoux et al., 2007). After the IC, the information is routed to higher 

stages of the pathway. Next, the medial geniculate body (MG) is the thalamic relay 

station that links the IC to the auditory cortex (Amunts et al., 2012). It is divided into 

three main parts; the ventral, dorsal and medial divisions.  

The ventral section receives tonotopic input from the central IC which projects to the 

primary areas of the auditory cortex (AC) (Lee, 2013). However the dorsal and 

medial divisions, which are non-tonotopic, project to higher order auditory cortical 

areas in the planum temporale, which do not have a precise tonotopic organisation as 

opposed to the primary auditory cortex (Kaga, 2011).  
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1.1.5 Hearing loss 

Hearing loss is a common sensory deficit, which becomes much more prevalent in 

the older population, with 60% of people over 70 years  suffering a loss of at least 25 

dB (Atar & Avraham, 2005). There are different types of hearing loss: conductive, 

sensorineural and retrocochlear. Conductive hearing loss refers to reduction in sound 

transmission efficiency through the outer and middle ear. This can be caused by wax 

blockage, infections or trauma to the ear drum. Conductive loss attenuates sounds, 

making them appear quieter. Sensorineural loss refers to damage in the cochlea. This 

damage can be caused in a variety of ways, such as noise exposure, ototoxic 

Figure 1.7 – The ascending auditory 

pathway. Each station correlates to a 

waveform in the ABR. Here these are 

listed from wave I to V.  
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chemicals, infections or a variety of disorders. Retrocochlear hearing loss is damage 

to parts of the auditory system that comes after the cochlea. An acoustic neuroma that 

grows and disturbs the auditory nerve is a common example. Sensorineural loss is the 

most common form of hearing loss. In mammals, hair cells do not regrow when 

damaged. When the OHCs are damaged, the cochlear amplifier becomes 

dysfunctional, resulting in a reduction in the ability to hear low-level sounds, and 

thus elevation in audiometric thresholds. Loss of OHCs is also thought to lead to 

broader cochlear frequency tuning. The OHCs that reside in the base of the cochlea 

are most vulnerable to damage. This was shown by  Sha, Taylor, Forge, & Schacht 

(2001) who investigated the survival capacity of isolated OHCs dissected from 

different turns of a guinea pig cochlea. Using staining techniques to differentiate 

between dead and viable OHCs, they found that after exposure to ototoxic drugs, up 

to 90% of apical OHCs survived, but less than 30% of basal OHCs. This 

vulnerability of basal OHCs was linked to a reduced amount of the antioxidant 

glutathione inside basal OHCs compared to apical OHCs. This would be expected to 

increase the effect of free radical damage on the basal OHCs, which was supported 

by the finding of increased basal OHC survival when antioxidants were added 

experimentally. It is therefore likely that this is the main cause of the typical high-

frequency hearing loss that is seen with aging or after loud sound exposure. Figure 

1.8 shows an audiogram that shows typical age-related hearing loss (presbycusis).   
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IHCs are also susceptible to age- and noise-related damage, but to a lesser degree 

than the basal OHCs. Interestingly, it has been found that up to 80% of IHCs can be 

destroyed before hearing thresholds are affected (Salvi et al., 2016). This appears to 

demonstrate that only a few IHCs are needed for the detection of sound in quiet 

environments. In severe cases of sensorineural hearing loss, there may be a complete 

loss of IHC function over certain regions of the cochlea. These regions are called 

“dead regions” and are is not easily detected with standard pure-tone audiometry 

(PTA) (Moore, 2001).  

1.2 Hidden Hearing Loss: Evidence in Animals 

It is well known that, when the cochlea is exposed to sufficiently intense noise, 

damage occurs to the hair cells (Liberman & Dodds, 1984), resulting in permanent 

elevation of hearing thresholds (referred to as permanent threshold shift, or PTS). 

However, when the ear is exposed to moderate levels of noise, thresholds may 

become elevated but only temporarily – a phenomenon known as temporary 

threshold shift (TTS). It had been thought that this temporary hearing loss did not 

result in any permanent damage to structures of the inner ear and recovery was 

Figure 1.8 - Audiogram showing high-

frequency hearing loss, which is commonly 

thought to be due to damage to the high-

frequency (basal) OHCs, which are known to 

be particularly vulnerable and short-lived. 

Adapted and used without permission from 

The National Hearing Test (2014) 
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assumed to result in largely normal auditory function. However, recent findings have 

reported new evidence that challenges this assumption. 

Figure 1.9 - Control (a) and noise exposed (b) ears that show loss of cochlear synaptic 

terminals. Red dots are synaptic ribbons, the auditory nerve dendrites are stained green, 

dashed lines show the outline of an IHC. The merged images show presynaptic ribbons 

overlaid onto postsynaptic terminals (filled arrows) and the dashed region shows that there 

is a lack of both and that this region is now deafferented.  The position of the IHC nuclei is 

also more irregular in exposed ears. There is also delayed loss of spiral ganglion cells, with 

no loss at 2 weeks (c) but substantial loss at 64 weeks (d). Adapted and used without 

permission from Kujawa & Liberman (2009) 

Kujawa & Liberman (2006) found a delayed loss of SGCs after a noise exposure that 

produced a moderate, permanent threshold shift. Kujawa & Liberman (2009) 

followed this up using immunostaining histological techniques, now using a noise 

exposure that caused only temporary, but not permanent threshold shifts. They 

exposed mice to 100 dB SPL of octave-band noise (8-16 kHz) for 2 hours, and 

followed this with immunostaining of synapses at several time points after exposure 

(1 day, 3 days, 2 weeks and 8 weeks), and compared the results between the exposed 

mice and an unexposed group. The immunostaining results showed that there was 

destruction of auditory nerve synapses after noise exposure (Figure 1.9) and this was 

thought to be due to excess release of the neurotransmitter glutamate – through a 

process known as excitotoxicity.  
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Kujawa & Liberman (2009) also measured auditory brainstem responses (ABRs), 

compound action potentials (CAPs) and distortion product otoacoustic emissions 

(DPOAEs). They found temporary threshold shifts in all physiological measures at 

day 1, followed by recovery occurring from day 3 to week 8 and 12 (Figure 1.10).  

Interestingly, even though hearing thresholds recovered, there was a permanent 

attenuation of wave I of the ABR at suprathreshold levels at high frequencies 

(frequencies in the range just above the noise band), suggesting a reduction in ANFs 

responding to louder sounds. These results indicated that, whilst OHC function had 

fully recovered, there was lasting damage to the low-SR ANFs in that frequency 

range.  

The fact that damage occurred above the frequency range of the noise band is due to 

upward spread of excitation and is typical of acoustic injury (Robles & Ruggero, 

2001). The results from Kujawa and Liberman (2006 & 2009) suggest that, even in 

cases where the hair cells fully recover after noise exposure, the exposure can cause 

Figure 1.10 – Changes in DPOAE and 

ABR measures over certain times points 

after exposure to 2 hours of 8-16 kHz 

noise at 100 dB SPL. Adapted and used 

without permission from Kujawa & 

Liberman (2009) 
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substantial loss of auditory synapses, followed by the subsequent degeneration of 

associated SGCs.  

It is not only noise exposure that causes loss of synapses and ANF degeneration; 

auditory synaptopathy has also been shown to occur due to the normal ageing 

process. Sergeyenko, Lall, Liberman, & Kujawa, (2013) demonstrated in mice that 

cochlear synaptic loss is progressive, starting from 4 weeks through to old age (144 

weeks) and that the loss of synapses is approximately linear with age. ANF loss 

followed synaptic loss after a period of several months. As for noise exposure, age-

related auditory synaptic loss was seen long before there were any changes in hearing 

threshold or number of surviving hair cells, suggesting that both forms of 

synaptopathy are biased towards the high-threshold, low-SR group of ANFs.    

Low-SR fibres make up roughly 40% of ANFs (Liberman, 1978). Furman, Kujawa, 

& Liberman (2013) demonstrated that, in guinea pigs exposed to noise that caused 

TTS, there was acute loss of synapses, as in the mice, and, interestingly, there was 

also a significant reduction in low-SR fibres, whereas high-SR fibres mostly survived 

and showed normal responses properties (thresholds and tuning). Similar findings of 

low-SR vulnerability were shown in the aged gerbil (Schmiedt, Mills, & Boettcher, 

1996) and with ototoxic induced neuropathy (Bourien et al, 2014). Bourien’s et al 

(2014) results showed that low- R fibres were first affected by the ototoxic drug, 

followed by medium- and high-SR fibres with increasing drug dose. Glutamate 

excitotoxicity is thought to be a main causal factor behind cochlear synaptopathy, and 

it is thought that low-SR fibres may be more vulnerable to glutamate excitotoxicity 

than high-SR fibres. While this increased vulnerability is as yet unexplained, it may 

stem from the fact that low- and high-SR fibres have different distributions of 

glutamate receptors, with low-SR fibres having more glutamate receptors than high-
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SR fibres and are therefore being more affected by glutamate’s excitotoxic effects. 

Additionally, the low-SR fibres have less mitochondria, which buffer the high levels 

of Ca2+ ions that arise from glutamate excitation (Liberman & Kujawa, 2017).   

1.3 Hidden Hearing loss: Evidence in humans, post-mortem 

To investigate degeneration of the ANFs and cochlear afferent synapses in humans, 

studies were carried out that collected histological data from post mortem human 

tissue. Makary, Shin, Kujawa, Liberman, & Merchant (2011) aimed to assess whether 

the SGC loss with intact hair cells that has been shown in animals also occurs in 

humans. This was done by performing neuronal counts of 100 temporal bones from 

100 individuals, with an age range of newborn to 100 years old. Only individuals that 

had fully intact OHCs and IHCs were included in the study. They found that SGC 

counts decreased as age increased with a mean rate of 100 cells per year of life. They 

found no significant difference for gender or inter-aural differences, but they did find 

a slight increase in degeneration in the basal turn compare to the upper turns of the 

cochlea but this was not statistically significant (Figure 1.11). This finding fits with 

what Sergeyenko et al. (2013) found in aged mice.  

Viana et al. (2015) investigated damage to cochlear synapses (where the SGCs 

innervates the IHCs) and the axons of the auditory nerve using specialist 

immunostaining techniques similar to those used in the animal studies. They looked 

at five normal ears, harvested from recently deceased humans (aged between 54 – 89 

years) and found evidence for damage to the synapses (synaptopathy) and 

degeneration of the auditory nerve axons (neuropathy), even though hair cell counts 

appeared near normal. They also showed that SGC bodies generally survive, whereas 

the peripheral axons do not, and therefore counting SGCs severely underestimates 
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the amount of neuropathy that has taken place. This is consistent with the results of 

Sergeyenko (2013) in mice.  

  

 

 

 

 

 

One important aspect of these findings is that age-related synaptopathy appears to be 

different from presbyacusis in frequency profile (Figure 1.12). Age related 

Figure 1.12 - In the human post-mortem 

synaptopathy data, ageing appears to effect all 

frequency cochlear regions about equally. SGC 

counts (A) show a reduction across all frequencies 

[segment I: high frequencies, segment IV: low 

frequencies, Makary et al. (2011)]. This is also true 

for the number of auditory synapses as shown by 

immunostaining (Viana et al , 2015) (B). 

Synaptopathy data from noise-exposed mice 

(Kujawa & Liberman, 2015) suggests reduction of 

IHC synapses at frequencies above the noise band 

that was used for exposure, suggesting that noise 

exposure mainly causes synaptopathy at higher 

frequencies. Adapted and used without permission 

from Makary et al. (2011), Viana et al, (2015) and 

Kujawa & Liberman, (2015).  

Figure 1.11 - SGC counts as a function 

of age. There was a mean of 33,679 

SGCs in the first decade of life, which 

decreased to a mean of 22,444 in the 

tenth decade. Each point is an estimate 

of the total number of SGCs in one ear. 

The legend indicates ears with 

histopathological conditions (Otitis 

media and striatal atrophy). Adapted 

and used without permission from 

Makary, Shin, Kujawa, Liberman, & 

Merchant (2011) 

  
A 

C 

B 



32 

 

synaptopathy profiles in humans seem to suggest that synaptopathy is uniform across 

all frequencies, in contrast to presbyacusis, the age-related decrease in hearing 

threshold, which occurs mainly at high frequencies, partly because of the particular 

vulnerability of basal OHCs (Sha et al., 2001). King, Hopkins, & Plack, (2014) 

compared frequency following responses (FFRs) at low (235 Hz) and high (3.9 kHz) 

frequencies in noise-exposed human subjects. They found a decrease in the amplitude 

of the high-frequency FFR compared to the low-frequency FFR, suggesting that, 

unlike age-related synaptopathy, synaptopathy due to noise exposure primarily 

damages high-frequency synapses. They suggested that, if low frequencies remain 

mostly undamaged, then the low-frequency measure can be used as a within-subject 

comparison.   

1.4 Evidence for hidden hearing loss in humans: auditory brainstem 

responses  

The ABR is an electrophysiological test of brainstem function in response to auditory 

stimuli. It typically uses a short transient stimulus, such as a click, which causes 

synchronous neural firing in successive nuclei located in the brainstem. This results 

in a sequence of waves (which are labelled with roman numerals I-VII) that occur in 

the first 10 ms after stimulus onset and represent the response of different stages in 

the auditory pathway. In animal models, wave I has been shown to represent 

contributions from the auditory nerve, wave II from the cochlear nuclei, wave III 

from the superior olive, IV from the lateral lemniscus and wave V from the inferior 

colliculus (Buchwald & Huang, 1975). 

With wave I representing contributions from the auditory nerve, it is likely sensitive 

to synaptopathy or any type of degeneration in the auditory nerve. Bramhall, Konrad-
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Martin, McMillan, & Griest (2017) found possible evidence of synaptopathy 

occurring in humans by measuring wave I in noise-exposed military veterans who 

had normal audiometric thresholds. They used tone burst stimuli at 1, 3, 4 & 6 kHz at 

60, 70, 80, 90, 100, and 110 dB peak equivalent SPL and found that participants who 

reported having had higher levels of noise exposure had reduced wave I amplitudes 

at all levels and all frequencies but showed no difference in wave V, compared to 

participants who reported low levels of noise exposure. Bramhall et al (2017) 

compared responses to tone bursts with different frequencies, to investigate whether 

synaptopathy was occurring in specific frequency ranges in the cochlea. They did not 

find any differences between tone burst frequencies. However, the ABRs elicited by 

these tone bursts would not have been expected to be frequency-specific at the high 

intensities that they used, as there would have been substantial upward spread of 

excitation. This would have meant that the response always contained contributions 

from high frequency regions, even when using low frequency tone bursts. This 

upward spread of excitation can be avoided, and thus frequency-specificity 

improved, by using highpass filtered masking noise to obtain ‘derived band’ 

responses (this is covered in more detail in chapter 2). Similarly, Stamper & Johnson 

(2015) reported a significant correlation between level of noise exposure and reduced 

wave I amplitude when looking at subjects who had been exposed to recreational 

noise. However, in their study, gender could have had a confounding influence on the 

results due to differences in male and female anatomy which affect the ABR (in 

general, males have smaller waves I, III and V; Picton, Stapells, & Campbell, 1981).  

There were more males in the noise-exposed groups and more females in the non-

exposed group (Stamper & Johnson, 2015b). This gender imbalance between groups 

could be important as the males’ smaller wave I amplitude may in fact be down to 
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their gender rather than their greater noise exposure. After re-analysis, they found 

that the males’ wave I amplitude actually showed no significant correlation with 

noise exposure history, whereas females still showed the expected correlation 

(reduction in wave I amplitude with increasing noise exposure).  

This highlights that absolute amplitudes of ABRs may not provide a suitable measure 

of auditory nerve function as there is a large amount of variability between subjects 

that is unrelated to ANF dysfunction or synaptopathy (Plack et al., 2016), due to 

differences in gender, head size and cochlear length. Dehan & Jerger (1990) found 

males had longer latencies and smaller peak amplitudes than females. Don, Ponton, 

Eggermont, & Masuda, (1993) found that there was a significant difference in ABR 

amplitudes between males and females. They showed that the larger wave V 

amplitude occurred because of a faster response time across the cochlea leading to 

better neural synchrony in females, and therefore larger amplitudes. From this they 

calculate that the cochlea length must be approximately 13% shorter in females.  

1.5 Comparative ABR Measures 

The irrelevant variability in ABR amplitude measures can be controlled for by 

comparing two measures taken from the same individual, if one measure is affected 

by synaptopthy whilst the other is not, and if both measures are equally affected by 

the irrelevant variability. Using a comparison between such two measures, for 

instance, by taking the ratio as for the wave I/V ratio, would be expected to minimise 

or cancel out the irrelevant source of variability.   

Liberman, Epstein, Cleveland, Wang, & Maison, (2016) used a comparative ABR 

method when comparing noise-exposed to non-exposed human subjects. They 

investigated the summating potential (SP) to wave I ratio. The SP is a pre-synaptic 
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potential thought to reflect the receptor potentials of cochlear hair cells, mainly IHCs 

(McMahon, Patuzzi, Gibson, & Sanli, 2008; Sellick, Patuzzi, & Robertson, 2003; 

Zheng, Ding, McFadden, & Henderson, 1997). They hypothesized that, if there is 

synaptopathy in the noise-exposed group, wave I will be reduced in amplitude whilst 

the SP should be unaffected as it is presynaptic. In the noise-exposed group, they 

found an increased the SP/wave I ratio along with the exposed group also showing 

worse performance in certain speech-in-noise tasks. These findings appear to be 

compatible with synaptopathy, although, counterintuitively, the increased SP/wave I 

ratio appeared to be driven by a significant increase in SP amplitude in the noise-

exposed group, whilst the wave I amplitude was the similar across both groups. More 

recently Mulders, Chin, & Robertson (2018), who measured the cochlear action 

potential (CAP) and SP from the round window in noise-exposed guinea pigs, found 

that both the SP and the CAP amplitudes were reduced after noise exposure, even 

after the hearing thresholds had fully recovered. They proposed that noise exposure 

had caused damage to both the IHCs (in particular damage to the tip links or 

transduction channels) and auditory nerve synapses and ANFs. This would imply that 

the SP/Wave I ratio would not be a suitable measure of synaptopathy. 

Another comparative measure that has been suggested is the wave I/V ratio. This has 

been used as a measure of hyperexcitability in the auditory brainstem which is 

thought to occur when input to the brainstem is reduced by hearing loss or other 

peripheral auditory damage, leading to a decrease in wave I/V ratio. 

Hyperexcitability has also been suggested to be a possible cause for tinnitus. This 

idea is also known as the “central gain theory”, which proposes that the brainstem 

homeostatically increases its excitability in order to compensate for the reduced input 

from the auditory nerve (further information on central gain theory in appendix 6.1) 
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It has been observed in animal studies that the earliest stage in the auditory pathway 

that experiences spontaneous firing rate increases after peripheral damage is the 

cochlear nucleus, which receives input directly from the auditory nerve. Increases in 

spontaneous firing rates have also been observed at later stages, such as the inferior 

colliculus (Eggermont, 2015) and auditory cortex (Noreña & Eggermont, 

2003).These studies suggest that hyperactivity begins to develop within days of 

hearing loss occurring.  

Bauer, Brozoski, & Myers (2007)  found that, in noise-exposed rats showing 

behavior indicative of tinnitus, there was no significant correlation between hair cell 

loss and tinnitus symptoms, but there was a significant correlation between the 

degree of ANF loss and the level of tinnitus. They proposed that the tinnitus 

symptoms arose, because the loss of ANFs had led to reduced inhibition at the 

cochlear nucleus, which, in turn, would have led to an increase in spontaneous firing 

rates and thus hyperexcitability. This idea is further supported by the findings of 

Kaltenbach & Afman (2000), who showed that hamsters that were noise exposed 

with a high-intensity 10-kHz tone burst and showed behavioral signs of tinnitus, 

demonstrated neuronal hyperactivity in the dorsal cochlear nucleus that resembled 

neural activity of normal-hearing hamsters when presented with a low-level version 

of the 10-kHz tone burst. Furthermore, the distribution peak of spontaneous firing in 

the dorsal cochlear nucleus matched that of the exposure frequency. These findings 

suggest that the dorsal cochlear nucleus was altered due the exposure, and that it 

behaved physiologically as if it was responding to a tone in the absence of any actual 

corresponding acoustic stimulus. Consistent with this, Hickox & Liberman (2014) 

found a reduced wave I in noise-exposed mice, but normal or even enhanced later 

peaks, suggesting compensatory neural hyperactivity occurring in the brainstem.  
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This might explain why humans with normal audiograms who suffer from  tinnitus 

report having higher lifetime exposure to noise (Guest, Munro, Prendergast, Howe, & 

Plack, 2017): the noise exposure may have led to synaptopathy and neuropathy, 

which is undetectable in the audiometric thresholds. This, in turn, may have led to 

compensatory neural hyperactivity, which could also manifest as tinnitus although 

hyperexcitability appears to occur even when tinnitus is not present ( Eggermont, 

2015). 

The possibility of hyperexcitability occurring in humans has been investigated  by 

Schaette & McAlpine (2011) who reported that wave I amplitude was significantly 

reduced while wave V was unchanged in subjects with normal hearing and tinnitus, 

compared to a control group who had matched hearing thresholds (up to 12 kHz) but 

no tinnitus (Figure 1.13). This suggests that the tinnitus subjects had synaptopathy at 

the auditory nerve level, reducing the amplitude of wave I (i.e. hidden hearing loss), 

which was compensated for in the auditory brainstem, leading to a normal wave V 

amplitude. Homeostatic mechanisms attempt to restore the mean firing rate of 

neurons in the cochlear nucleus by increasing excitatory synaptic strength, decreasing 

inhibitory synaptic strength and increasing intrinsic excitability of neurons. This 

leads to a state of hyperactivity that could cause spontaneous activity to be amplified, 

and thus result in the tinnitus percept. 

Kehrle et al  (2008) and Nemati, Faghih Habibi, Panahi, & Pastadast (2014) also 

found a significantly reduced wave I/V ratio in subjects with tinnitus compared to 

non-tinnitus subjects, both with clinically normal hearing (normal being defined as 

audiometric thresholds below 25 dB between the frequency range of 250 and 8000 

Hz).  
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Similar findings were reported by Gu et al. (2012) who went a step further with very 

careful matching of groups and having a third control group. The three groups were: 

a tinnitus group, a control group who were matched for age, gender and extended 

audiometric thresholds, as well as a second control group of young non-tinnitus 

subjects, intended to investigate the effect of age. The tinnitus and non-tinnitus group 

were matched using extended audiometry (frequency range 125 Hz to 16 kHz). They 

found a decrease in wave I and enhancement in wave V, resulting in a decrease in 

wave I/V ratio in the tinnitus subjects as compared to the age- and threshold-matched 

controls (first control group). When compared to the second control group (younger 

non-tinnitus subjects), both the tinnitus and matched non-tinnitus groups showed 

elevated audiometric threshold above 4 kHz and a reduced wave I amplitude. This 

indicates that the difference between the tinnitus and threshold-matched non-tinnitus 

groups occurred even though both groups had elevated hearing thresholds above 4 

kHz. Elevated thresholds therefore may be an important factor in the development of 

tinnitus but having elevated thresholds does not guarantee that tinnitus will develop.   

Figure 1.13 - shows how ABR 

measures may show that 

homeostatic plasticity is taking 

place in the central auditory 

pathway.  The reduction in high 

threshold ANF (bottom) leads to a 

reduced wave I, which is 

dependent on how intact the ANFs 

are. If this occurs, the reduced 

neural output from the cochlea is 

restored by an increase in gain, 

resulting in a restored wave V. 

This Figure shows a reduction in 

high threshold ANFs as the reason 

for an increase in gain.  Adapted 

and used without permission from 

Schaette & McAlpine (2011)  
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 Eggermont & Don (1980) investigated cochlear contributions to wave I and V using 

a frequency-specific ABR recording method. They found that waves I and V were 

dependent on different frequency ranges of the cochlea (Figure 1.14).  

 

According to their results, wave I dependents mainly on high frequencies, whereas 

wave V integrates over high and low frequencies. This may mean that there is a 

confound in using the wave I/V ratio in subjects with hearing loss, as the hearing loss 

may lead to changes in the frequency weightings of waves I and V within the overall 

response: according to Eggermont & Don’s (1980) results, even a mild high-

frequency hearing loss may lead to greater reduction of wave I than wave V (due to 

wave I’s stronger dependence on high frequencies), therefore leading to a reduced 

wave I/V ratio. As patients with suspected synaptopathy are likely to exhibit at least 

some level of high-frequency hearing loss, this would represent a major obstacle to 

using the wave I/V ratio for clinical assessment of synaptopathy, and may also have 

represented a confound in some of the previous studies. In particular, whilst Schaette 

& McAlpine's (2011) tinnitus subjects had normal audiograms, they did show slightly 

poorer hearing than the normal subjects at the highest frequency tested (12 kHz). 

This difference in high-frequency hearing capacity may have contributed to the 

observed reduction in wave I/V ratio in the tinnitus group.  

Figure 1.14 - Wave I, III and V 

amplitudes as a function of frequency. 

ABRs were recorded using frequency-

restricted stimuli so only certain 

regions of the cochlear could 

contribute to the response resulting in 

frequency-specific ABRs. Low 

frequencies contribute to wave V but 

not to wave I. Adapted and used 

without permission from Eggermont & 

Don (1980) 
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The problem could, however, be circumvented by performing frequency-specific 

ABR measurements that allow investigation of specific, limited frequency ranges, 

and thus the possibility to compare ranges with and without hearing loss. Frequency-

specific ABR measurement can be achieved using the “derived-band” method.  This 

method involves presenting the ABR stimuli in the presence of an intense highpass-

filtered noise, which eliminates all neural contributions from above the highpass 

cutoff frequency. This is repeated for varying cutoff frequencies, typically varied in 

octave or ½ octave steps. Next the ABR responses for successive pairs of cutoff 

frequencies are subtracted to reveal contributions from the intervening frequency 

range. For example, when the 4-kHz condition is subtracted from the 8-kHz 

condition, this would result in a response that was only elicited by the frequencies 

between 4 and 8 kHz. This is known as a “derived-band response” (Figure 1.15).  

    

By using the derived-band method, synaptopathy could be investigated in frequency-

restricted bands. In this way, both waves I and V would be forced to depend on the 

same frequencies (within the derived-band range), ensuring that both would be 

Figure 1.15 - Derived band masking technique. The abscissa represents cochlea frequency. 

“Masker” represents the part of the cochlea masked by highpass noise, whereas 

“Response” represents the region that is still able to respond to the stimulus. By 

subtracting recording B from A, which have different highpass cutoff frequencies, this will 

remove the response that is common to both recordings. In this example, the result is a 

derived-band response from 4 kHz to 8 kHz (Adapted and used with permission from 

Nuttall, Moore, Barry, Krumbholz, & de Boer, 2015). 
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equally affected by hearing loss. With hearing loss taken into account, any changes in 

wave I to V ratio could then be attributed to hyperexcitability.  

1.6  Adaptation measures 

Animal studies have suggested that synaptopathy mainly affects ANFs that encode 

high-level sounds (low-SR fibres). At the same time, both animal and ABR studies 

have suggested that low-SR fibres show different adaptation properties to fibres that 

encode low-level sounds (high-SR fibres). Therefore, it may be possible to 

distinguish the two types of fibres based on their adaptation properties. This idea has 

so far not been tested. Some previous studies have measured envelope following 

responses (EFRs) to periodic modulated waveform, which are hypothesized to give 

insight into how temporal information is encoded in the auditory pathway. At the 

same time, EFRs may also reflect adaptational effects, caused by interactions 

between responses to successive stimulus cycles. This notion is supported by the 

results of Bharadwaj et al (2015), who measured EFRs in subjects with suspected 

synaptopathy.     

Previous studies of ABR adaptation have used either continuous trains of stimuli, 

presented at different rates, expecting the ABR to be more adapted at faster 

presentation rates, or presented short trains of stimuli (usually between five and ten), 

with long inter-train intervals, expecting adaptation to accumulate over the course of 

the train. Using short trains of clicks presented at a within-train interval of 16 ms, 

Thornton & Coleman (1975) demonstrated that the amplitude of wave V decreases 

with increasing click number, and this adaptation is complete by the third to fourth 

click in the train. They found that the strength of amplitude adaptation with click 

number increased with decreasing stimulus level and suggested that this was due to 
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increased ABR contribution from high-SR fibres. Even at lowest stimulus level used, 

these fibres would have been stimulated close to their saturation limit, and would 

therefore have been expected to be more prone to becoming adapted. As the level 

was increased, the low-SR fibres would have contributed more to the response, and 

because these fibres have a far wider dynamic range, the repeated stimuli would have 

represented only a small part of their total dynamic range, and thus produced a lesser 

amount of adaptation.  

As well as adaptation causing decreases in amplitude, Don, Allen, & Starr (1977) 

demonstrated it also leads to an increase in the wave V latency. Using continuous 

stimulus trains, they found that increasing the stimulus rate from 10/sec to 100/sec 

increased the latency of wave V by 0.9 ms, which is equivalent to decreasing the 

stimulus intensity by 20 dB. This latency shift could be attributed to synaptic fatigue 

or adaptation of IHC receptors, or, alternatively, could be due to desynchronization of 

neural firing between different neuronal elements.  

Burkard & Hecox (1983) investigated wave V latency and amplitude adaptation in 

the presence of broadband noise. They found that, in general, broadband noise 

increases the latency and decreases the amplitude of wave V. In quiet, the latency of 

wave V increased with click number, and this was complete by the fourth click. On 

the other hand, they found little or no effect of click number on the wave V 

amplitude. When masking noise was present, the latency adaptation decreased with 

increasing noise level, and no longer occurred at the highest noise levels, suggesting 

that the noise was saturating specific ANFs that showed strong adaptation properties.  

Not many studies have shown adaptation-related amplitude changes in wave V when 

using short stimulus trains. Junius & Dau (2005) investigated adaptation of wave V 



43 

 

using trains of eight stimuli. They used clicks, chirps and band limited chirps (0.5-10 

kHz, 4ms). The stimuli were presented at two within-train rates (inter stimulus rate of 

95.2 and 250 Hz). They found that the wave V latency increased with increasing 

stimulus number for all stimuli, and also increased with within-train rate. However, the 

wave V amplitude did not change for any of the stimuli at the within-train rate of 95.2 

Hz, and was only slightly reduced at the 250-Hz rate after the first stimulus. This lack 

of amplitude reduction at the 95.2 -Hz rate does not agree with the previous studies 

that showed a reduction in wave V amplitude (Burkard & Hecox, 1983; Thornton & 

Coleman, 1975). The reduction at 250 Hz was however accredited to rapid adaptation.  

A similar finding was shown by Ballachanda, Moushegian, & Stillman, (1992), who 

investigated adaptation properties of waves I, III and V using short click trains (total 

length of 10 clicks). They found that, for wave V, adaptation was not reflected in the 

wave amplitude, however, for waves I and III, adaptation did seem to cause amplitude 

reduction. This highlights that the wave V amplitude may not be very sensitive to 

adaptation unless at very high rates. The authors argued that this may be due to wave 

V receiving input from the peripheral and central parts of the brainstem, and that these 

adapt differently from the periphery.  
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Chapter 2. Optimisation of Frequency-specific ABR Recording of 

the wave I/V Ratio 

2.1 Introduction 

The typical click stimuli used in ABR measurements elicit responses with broad 

frequency spectra. However if one wanted to investigate only responses from specific 

cochlear frequency regions, there are methods that can ‘restrict’ the cochlea’s 

contribution to the ABR. The two main methods are using tone bursts or derived 

bands.  

The tone burst ABR uses a short-duration tone to stimulate the exact frequencies 

required. The tone burst is a popular method often used in clinical and research 

settings and has clear and reliable responses over a wide range of frequencies (250 

Hz to 8000 Hz) (Gorga, Kaminski, Beauchaine, & Jesteadt, 1988). However the tone 

burst is not truly frequency specific at supra-threshold levels. When the basilar 

membrane (BM) vibrates, the neurons that correspond to the stimulus frequency will 

respond due to the tonotopy of the BM (see Chapter 1). However if the exciting 

stimulus is of a high enough intensity, neurons with higher characteristic frequencies 

(CF) will be also excited (Moore, 2001). This is known as upward spread of 

excitation (Figure 2.1). This may present an issue when using tone burst ABRs at 

Figure 2.1– The response to a 10dB 1 kHz 

tone burst is displayed in red, the BM is 

shown to vibrate only at frequencies very 

close to 1 kHz. However as the level of the 

stimulus is increased it can be seen that the 

BM vibrates at a larger range of higher 

frequencies. This is the spread of excitation 

effect that increases non-linearly with 

level. Adapted and used without permission 

from Elberling (2013). 
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supra-threshold levels, due to a larger portion of the cochlea responding than just the 

CF regions that match the tone burst. 

The other method to record frequency specific ABRs is the derived band method 

which was first described by  Eggermont & Don (1980). This uses intense high-pass 

filtered masking noise to isolate a specific region of the cochlea, which means it does 

not suffer from upward spread of excitation due to the masking noise eliminating 

neural contributions above the high-pass cutoff frequency. 

The derived band method operates by subtracting two high-pass masked ABRs from 

each other (see Chapter 1). This means that the two noise floors from each response 

are combined whilst the response is only the difference of the two responses and 

therefore much smaller. This results in a response with a poor SNR. This is 

particularly problematic for wave I, which is already difficult to record due to its 

small amplitude, and for responses from low frequency regions, which have poor 

neural synchronization as a result of cochlear dispersion (traveling wave delay).  

To address these issues, three methods for improving the response size will be 

investigated in this Chapter. These are: 

¶ Changes in the temporal properties of the stimulus to compensate for cochlear 

dispersion. Even within the relatively narrow octave-wide bands, dispersion 

will create delays between the different frequencies within the bands.  The 

delay increases most rapidly at lower frequencies, leading to maximal within-

band delays of up to 2 ms (values taken from Strelcyk & Dau, 2009), which is 

where the greatest improvement in response amplitude is needed. 

¶ Changes in the spectral properties of the stimulus to boost responses form  

low-frequency cochlear regions 
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¶ Use of in-ear electrodes to record closer to the generators of wave I and 

thereby increase its measured amplitude 

2.2 Temporal stimulus changes 

The traditionally used click stimulus presents a wide range of frequencies 

simultaneously. However, in the cochlea, the response to a click is not synchronous. 

There is a delay of several milliseconds for the peak of the response in low frequency 

channels compared to the high frequency channels. This travelling wave delay 

(TWD) is mostly due to a change in stiffness along the cochlear partition (more 

flexible at the apex, stiff at the basal end) (Fobel & Dau, 2004). It takes more time for 

the low frequency region to reach its maximum displacement at the apical end of the 

cochlea than it does for the high-frequency basal region.   

Therefore the travelling wave elicited by the click will not cause the neural units to 

become stimulated at the same time and the neural activity will be temporally 

smeared and thus won’t reinforce each other, resulting in an ABR that is reduced in 

amplitude. This is more apparent at low frequencies due to the increasing TWD 

towards the apex. To compensate for the TWD, a rising frequency stimulus can be 

used. This stimulus starts by presenting low frequencies first and then goes up in 

frequency over time and is known as a rising chirp. Dau, Wegner, Mellert, & 

Kollmeier (2000) designed a rising frequency chirp based upon TWDs based on a 

model of the cochlea described by De Boer (1980). They found that the chirp 

compensated for cochlear travel time differences across frequency and maximized 

neural synchrony and resulted in a larger ABR amplitude.  

In 2004, Fobel & Dau, compared two chirps which were based upon TWDs which 

were estimated from stimulus-frequency otoacoustic emissions (SFOAE) (Shera & 
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Guinan, 2000) and frequency specific tone burst evoked ABR data which was 

recorded with a wide range of stimulus levels (Neely, Norton, Gorga, & Jesteadt, 

1988) and is known as the A chirp. These were compared to the original linear de 

Boer cochlea model chirp. They found that level dependent A chirp had longer 

latencies at lower intensities and became shorter at higher intensities. This shortening 

of latency could be due to upward spread of excitation occurring when the ABRs 

were elicited with tone bursts. This is because at higher levels, even the low 

frequency tone bursts will have elicited an off frequency response in the high 

frequency portion of the cochlea and this occurs quicker than the on frequency 

response. This would result in an ABR latency function that is shorter at higher 

intensities. However they found that at low intensities, the longer latency chirp 

elicited the largest wave V as this was less affected by spread of excitation.  

 

 

 

 

 

 

 

 

Elberling and Don (2010) furthered chirp optimisation by designing level-specific 

chirps that were created using the wave V latencies elicited by octave-band wide 

chirps centered at 0.5, 1, 2 and 4 kHz at that given level. This was repeated for 4 

Figure 2.2 – A. Level specific chirp latency frequency function. At high intensity levels 

the chirp becomes shallow because upward spread of excitation starts to contribute. 

This is similar to the A chirp findings by Fobel & Dau (2004). Adapted and used 

without permission from Elberling et al (2007. B. The frequency latency functions for 

four different data sets. The Don data was derived from restricted frequency data and is 

much steeper than that of high intensity level specific chirps or even the previously used 

Neely (A Chirp). Adapted and used without permission from Elberling et al (2007) 

A B 
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different levels (20, 40, 60 & 80 dB normal hearing level (nHL)). The four level 

specific chirps (20, 40, 60 & 80dB nHL) latency vs frequency functions are plotted in 

Figure 2.2.A. From this it is possible to see that at high intensities the chirp is 

shortened and low frequencies are presented only slightly before high frequencies, 

this in fact makes the chirp closer to a click. So while the A chirp and Elberling 2010 

chirps maximize overall ABR amplitude (especially wave V), the high level chirps 

are created based on the latencies of high intensity unmasked responses, which 

essentially results in a chirp that aligns the spread of excitation effect and not by 

frequency place of the cochlea. These short chirps are only marginally different to the 

original click and are not the correct stimuli for this experiment.  

To account for this, a chirp that is not level dependent will be used (does not become 

shorter at higher intensities). Elberling 2007 compared three chirps, one was based 

on derived band ABR data (‘Don Data’ (Manuel Don, Kwong, & Tanaka, 2005)), 

while the other two were based on the Neely et al data (A chirp) and the de Boer 

model. The ‘Don’ chirp differed from the other two as it had longer latencies at each 

specified frequency than that of the Neely (A Chirp) and de Boer (Figure 2.2.B).  

This chirp also became the CE chirp that is used in clinical ABR testing. This chirp 

should give a more accurate compensation of the cochlear traveling wave delay than 

the A chirp used previously.  

2.2.1 Spectral Changes 

Wave I has been shown to have little contribution from low frequency regions when 

clicks were used to elicit it (Don & Eggermont, 1978). This was also true for wave V, 

but to a lesser degree. As explained in the previous section, the poor low frequency 

responses partly occur because there is greater dispersion in this frequency region. In 

addition, the typical stimuli used have a white spectrum, and so contains less energy 
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at low frequencies. To address poor low frequency derived band wave I amplitude, 

the spectrum of the stimulus will be changed to a pink frequency weighting. This 

results in a -3dB/octave slope, and creates equal amounts of energy across each 

octave band.  

Altering the spectral composition of an ABR eliciting stimulus has been done before 

although only as a means to compensate for earphones with a shaped frequency 

response and with an aim to make the stimulus more spectrally flat. In cases where 

earphones transmitted low frequencies more effectively than high, the stimulus 

would have had high frequencies boosted to make the output more spectrally flat. 

Elberling et al.  2012 (Elberling, Don, & Kristensen, 2012) found that Etymyotic 

ER3a insert earphones produced ABRs with smaller amplitudes than Etymyotic ER2 

insert earphone. They modified the spectral composition of the chirp to account for 

the difference in frequency-amplitude response of the ER3a and were able to increase 

amplitude of ABRs. However Dau et al (2000) compared a de Boer chirp to a 

modified de Boer chirp which was designed to have a flat frequency spectrum (both 

chirps had a frequency range from 0.1 to 10.4 kHz). The modified flat spectrum chirp 

had more high frequency energy than the unmodified chirp. They found an increase 

in wave V amplitude but this did not meet significance when compared to the normal 

chirp.  

Spectral compositions effect on ABR amplitude have only been investigated in wave 

V when elicited by a broadband stimulus and has only looked at boosting high 

frequencies. The findings show that increasing high frequency content of a chirp may 

in some cases improve wave V amplitude in broadband conditions. It may be 

possible that by increasing low frequency content of a chirp it may increase wave I or 
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V amplitudes in low frequency derived bands. If this is possible it will allow more 

robust frequency specific ABR recordings to be performed.  

2.2.2 Tiptrode electrodes 

Specialist electrodes may offer a further increase in wave I amplitude without 

detrimentally affecting wave V. There are a number of different types of electrodes, 

some of which have been used for ABRs include the following: trans-tympanic 

needles, tympanic ball electrodes and in-ear tiptrodes.   

The trans-tympanic needle electrodes require a thin needle to be inserted into the 

promontory through the tympanic membrane. The tympanic ball electrodes have a 

ball that rests against the tympanic membrane by means of a spring. Both of these 

electrodes are invasive and carry a small amount of potential risk to participants 

(Srireddy, Horlbeck, & Niparko, 2001). 

The in-ear tiptrodes allows the ABR recording to be carried out inside the ear canal 

and therefore closer to the auditory nerve generators, which should improve the wave 

I response (Figure 2.3). They are also the least invasive and simplest to use. Bauch & 

Olsen (1990) compared standard electrodes to tiptrodes when recording ABRs in 

normal and sensorineural hearing loss subjects. They reported that the amplitude of 

wave I was larger when using tiptrodes compared to mastoid electrodes yet wave V 

amplitude was identical for both tiptrode and standard mastoid electrodes. They also 

report that wave I was identified more often in participants who had sensorineural 

hearing loss when using tiptrodes compared to the mastoid electrodes. Similar 

findings were also shown by Brantberg (1996). Liberman, Epstein, Cleveland, Wang, 

& Maison (2016) and Bramhall, Konrad-martin, Mcmillan, & Griest, (2017) also 

chose tiptrodes for their increased ability to record wave I in humans. However 
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Atcherson, Lim, Moore, & Minaya (2012) found no statistical difference in wave I, 

III and V amplitude between tiptrodes, mastoid or ear lobe electrodes.  

If tiptrodes help improve wave I amplitude, the issue with poor SNR may be 

alleviated and allow frequency specific measurements of the wave I/V ratio to be 

performed. Furthermore, any benefits from using a chirp or pink stimulus may stack 

with improvements from tiptrodes and offer an improvement in ABRs that has not 

been documented before.  

 
 
 
 

2.3 Methods 

2.3.1 Subjects  

Subjects were mainly recruited from the University of Nottingham.  None reported 

current or past issues with hearing. Pure tone audiometry was used to establish 

hearing thresholds in both ears. Participants were tested from 0.5 kHz to 12.5 kHz 

using a GSI 16 audiometer. Audiometry was conducted according to the British 

society of audiology guidelines using a 1 up 2 down staircase procedure, in 5 dB 

hearing level (HL) and 10 dB HL steps using a GSI 16 Audiometer. All experiments 

were conducted in a sound-attenuating booth at the Institute of Hearing Research. 

Figure 2.3 - Illustration of tiptrodes 

in an ear canal. By moving the 

recording site closer to the auditory 

nerve generators, wave I amplitude 

may be increased. Adapted and used 

without permission from Ferraro 

(1990) 
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Subjects were seated in a comfortable chair and were able to communicate via 

intercom, and in the case of an emergency, were able to use a panic button. Subjects 

were able to watch a subtitled film.  Subjects were informed to report any discomfort 

from the intensity of the stimuli immediately or if the tiptrodes were uncomfortable. 

Ethical approval was supplied by the University of Nottingham, School of Medicine 

Ethics Committee (REF G10112015 MRC IHR, 10th November 2015). 

9ȄǇŜǊƛƳŜƴǘ м ŀƴŘ нΥ aŀǎǘƻƛŘ ŜƭŜŎǘǊƻŘŜǎ ό/ƭƛŎƪ Ǿǎ /ƘƛǊǇΣ tƛƴƪ ±ǎ ²ƘƛǘŜύ 

In these two experiments, twenty four subjects aged between 21 and 37 (mean age 

25.4 years, 14 female) took part. All had audiometric thresholds in the clinical range 

better (0.125 to 8 kHz) than 25 dB HL, except one subject who had a single threshold 

at 30 dB HL (twenty one subjects had better than 20dB). Twenty two subjects had 

better than 30 dB HL thresholds at 12.5 kHz but four subjects had elevated thresholds 

ranging from 40 dB HL to 60 dB HL. Mean thresholds are shown in Figure 2.4 

(individual thresholds shown in appendix 6.7).   

2.3.2 Experiment 3: Tiptrode electrodes  

Twelve normal hearing participants took part in the tiptrode recordings (10 females, 

aged 23 to 31 years old with a mean age of 26.5 years old), of which eight had also 

participated in experiments 1 and 2.  One subject had to be removed due to data 

corruption leaving 11 subjects in total.  

All had normal audiometric thresholds (<20 dB 0.125 kHz to 8 kHz) except for one 

who had a low frequency elevation of thresholds (25 dB and 30 dB at 0.125 and 0.25 

kHz respectively).  

The tiptrode data was grouped into two ways for comparison to the data collected 

with mastoid electrodes. The first grouping comprised data from all subjects, to be 
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compared to all data collected with mastoid electrodes. The second included only 

subjects that had performed the experiment with both mastoid electrodes and 

tiptrodes, to allow a within subject comparison.  

The mean hearing thresholds for the mastoid and tiptrode groups are plotted in Figure 

2.4. Hearing thresholds are similar however the tiptrode group has a mild elevation at 

12.5 kHz frequency range.  

Figure 2.4 - Mean hearing thresholds for the mastoid electrode group and the tiptrode 

group. Error bars denote standard error.  

 

2.3.3 Stimuli 

Brainstem responses were elicited by click and chirp stimuli in both white and pink 

frequency spectrums. The chirp was based on Elberling’s et al (2007) CE chirp and 

created using the following power function which is based on derived band ABR 

latencies from the Don data (Don, Kwong, Tanaka, Brackmann, & Nelson, 2005b) : 

T = ὯὪ  

 

Where T = latency in seconds, f is frequency in Hz and k and d are constants 

(K=0.0920 and d=0.4356).  Cosine waves were created for each frequency from 250 

to 12000 Hz. These cosine waves were then summed together to form the click, 
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which was 50 µs in length. The phase delay from the function was then applied to 

each corresponding cosine wave, which were then summed to create the chirp.  

Both click and chirp stimuli were presented at 90 dB SPL p.e at 20/s for 6000 

repetitions. Highpass (HP) filtered masking noise with a white spectrum was 

presented at 80 dB SPL, which corresponded to an SNR of 10 dB compared to the 

click or chirp (the minimum level of the HP noise required to eliminate contributions 

from above the HP cut-off frequency was determined by a pilot study, described in 

the appendix 6.6). The HP cut-off frequencies used were 0.5,1, 2, 4 and 8 kHz.   

The pink frequency weighting was equal energy per octave. The HP noise was also 

given a pink frequency weighting when presented with a pink stimulus.  

All stimuli were generated digitally at a 50-kHz sampling rate using MATLAB (The 

Mathworks, Natick, MA, USA), and digital-to-analogue converted with a 24-bit 

amplitude resolution using a TDT System 3 (Tucker Davis Technologies, Alachua, 

FL, USA) consisting of a real-time DSP processor (RP2.1) and a headphone 

amplifier (HB7). They were presented monaurally to the left ear via ER-2 insert 

earphones (Etymotic Research Inc., Elk Grove Village, IL, USA). Stimuli were 

presented to the left ear only.  The stimuli were presented with alternating polarities 

to minimize stimulus artefacts. The order of condition presentation was randomised 

between subjects.  
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2.4 Derived band method 

The derived band (DB) method works by presenting the stimuli in the presence of 

intense high pass filtered noise with varying high pass cutoff frequencies.  The 

responses for all pairs of successive cut-off frequencies are then subtracted from each 

other. For example if the responses elicited in highpass noise with cut-off frequencies 

of 8 and 4 kHz were subtracted from each other, it would result in a DB containing 

responses only from the cochlear frequency range between 4 and 8 kHz, which is an 

octave wide band centered on 5.7 kHz (Figure 2.5). The HP cut-off frequencies used 

here were 8, 4, 2, 1 and 0.5 kHz. The DBs created from these are octave wide bands 

centered on their geometric means of 5.7, 2.8, 1.4, 0.7 and 0.4 kHz respectively.  In 

addition, the response elicited with the HP cut-off frequency of 8 kHz was subtracted 

from the response recorded without any HP noise, which produces a DB between 8 

and 12 kHz, which is approximately centered on 11.3 kHz.  

 

Figure 2.5 - Derived band masking technique. The abscissa represents cochlea 

frequency. “Masker” represents the part of the cochlea masked by highpass noise, 

whereas “Response” represents the region that is still able to respond to the stimulus. 

By subtracting recording B from A, which have different highpass cutoff frequencies, 

this will remove the response that is common to both recordings. In this example, the 

result is a derived-band response from 4 kHz to 8 kHz. (Nuttall et al., 2015)(Nuttall et 

al., 2015)(Nuttall et al., 2015)(Nuttall et al., 2015)(Nuttall et al., 2015)(Nuttall et al., 

2015)(Nuttall et al., 2015)(Nuttall et al., 2015)(Nuttall et al., 2015) 
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There is a further method that can be utilised that can help improve the ABR. By time 

aligning wave V of each DB response and then summing them all together, the ABR 

amplitude can be increased, as it compensates for the desynchronisation caused by 

the travelling wave delay.  This is known as the stacked ABR  (Manuel Don, Kwong, 

Tanaka, Brackmann, & Nelson, 2005a) (Figure 2.6).  

2.4.1 ABR recording  

When mastoid electrodes were used, BioSemi (BiosSemi B.V, Amsterdam, 

Netherlands) ABR-type active electrodes were attached in a vertical montage, with 

the reference at the vertex and active electrodes at the ipsilateral and contralateral 

mastoids, and ground electrodes on the forehead. The site where the electrodes would 

be placed was cleaned with alcohol and then conductive gel was applied to the 

electrodes. When tiptrodes were used, they were inserted into both ear canals. For the 

tiptrodes an additional step was required in that the ear canals were cleaned with 

alcohol and also NuPrep abrasive gel, the tiptrodes were coated with conductive gel 

before being inserted into the ear canal.  

Figure 2.6 – The stacked ABR. Derived bands are time aligned on wave V then 

summed together, this results in a larger ABR than the non-stacked standard 

response. Adapted and used without permission from Don, Kwong, Tanaka, 

Brackmann, & Nelson, (2005)  
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The electrodes were attached to a Bio-Semi ActiveTwo analogue to digital convertor 

and recorded via Biosemi ActiABR software and saved digitally. The ABR data was 

online filtered between 100Hz to 2000Hz and the sampling rate was 16834/s.  

2.4.2 Data processing and analysis 

All offline data processing and analysis were performed in MATLAB. The responses 

were first bandpass filtered, then a Bayesian weighted averaging was applied. 

Finally, peak latencies and amplitudes were obtained using manual peak picking.  

мΦпΦнΦм hŦŦƭƛƴŜ CƛƭǘŜǊƛƴƎ  

The overall aim of the filter is to remove as much noise while keeping the signal as 

intact as possible. In the ABR wave I to V ratio literature, a variety of different filter 

settings have been used. Gu, Herrmann, Levine, & Melcher (2012) reported using 5 

Hz to 2000 Hz whereas Prendergast et al (2016) reported using 300 Hz to 1500 Hz. 

The wider filter settings have better signal fidelity while narrower filter settings 

remove more noise and make the response/absence of response easier to identify. 

This trade-off has been investigated, but only in regards to white click amplitudes. 

Mason (1984) found that lower high pass filter settings were more beneficial to wave 

V amplitude. Doyle & Hyde (1981) also demonstrated that wave I and V were 

affected by different HP cut-off frequencies. We investigated different HP filter 

settings in a pilot study, comparing HP cut-offs of 100, 150 and 225 Hz and found 

similar findings in that 100 Hz resulted in a significantly larger wave I and 150 and 

225 Hz resulted in larger wave V amplitude.   

The optimal filter settings were decided to be a 150 Hz zero phase Butterworth 4th 

order HP for wave I and a 100 Hz zero phase Butterworth 4th order HP for wave V. A 

2 kHz Butterworth 4th order lowpass filter was applied to both waves (Figure 2.7). 
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To achieve this, wave I and V were processed separately for filtering and averaging. 

 

2.4.2.2 wŜƧŜŎǘƛƻƴ ŀƴŘ .ŀȅŜǎƛŀƴ ²ŜƛƎƘǘŜŘ !ǾŜǊŀƎƛƴƎ 

The standard method of averaging has some shortcomings as background noise can 

be nonstationary, which means it varies over time between low and high levels, for 

instance due to episodes of subject movement. To reduce the impact of episodes of 

high levels of noise, Bayesian weighted averaging was applied (Elberling & 

Wahlgreen, 1985). For this, the trials were allocated into blocks of 250 trials, and the 

noise level in each block was estimated as the variance at a single time point, 

corresponding to the grand average peak latency of wave I or V, across trials. The 

average over each block was weighted by the inverse of this variance before being 

added to the overall average.   

More than 6000 trials were recorded for each condition. To reduce the number of 

trials down to a fixed 6000 limit to be submitted to the Bayesian weighting, a 

rejection was performed. A 5-ms rejection window was set around the estimated 

wave I or V peak latencies, based on the measured grand average values.  The 

maximum value within the rejection window was compared to a rejection threshold 

that was initially set at 20 standard deviations from the mean of this value across all 

trials. The rejection threshold was lowered in steps of 0.125 until 6000 trials 

remained. 

Figure 2.7 –Click and chirp 

responses which have been filtered 

with a 100 and 150 Hz highpass 

filter. The Wave I is larger with the 

150 Hz filter whereas wave V is 

larger when using the 100 Hz filter. 

This is true for both click and chirp 

stimuli. 
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мΦпΦнΦо aŀƴǳŀƭ tŜŀƪ tƛŎƪƛƴƎ  

Waveform peaks were initially manually peak picked. The amplitudes of wave I and 

V were measured from peak to following trough and latencies were measured from 

wave I peak and wave V peak. Due to the subjective nature of picking peaks, 

especially in conditions where there is a high degree of noise contaminating the 

signal a repeatable and reliable protocol of picking peaks was required.   

The following protocol lists the steps that were followed for the manual peak 

picking:  

¶ Estimated peak locations are determined by peak picking grand average data 

¶ There is usually a 4 millisecond gap between wave I and wave V, as wave V 

is easily distinguishable, it can be used as a marker to judge where wave I 

should be.  

¶ The signal is split into two replicates which gives a rough estimation of signal 

to noise, if the replicates are in good agreement with each other where a wave 

is expected the user can pick the peak with more confidence.  

¶ The peak is picked from its highest peak to lowest trough, we ignore any 

shoulder peaks that sometimes occur as these are variable between subjects.  

¶ If the replicates are in poor agreement and the wave is not clearly detectable 

then the condition should be skipped.  

¶ The individuals ABR waveform data is displayed along with grand average 

ABR waveform and no high pass to advise on where wave I and wave V 

should be located as these conditions have better SNR.  

The grand average data was peak picked by three blinded operators following this 

protocol. From the grand average data estimated time locations for wave I and V 
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were overlaid onto the individual conditions (Figure 8). The operators could call up 

the grand average or broadband waveforms to overlay onto the current condition 

being picked to assist in finding wave I and V. After both sets of data were picked, 

they were both compared by looking for differences in picked latencies higher than 

0.5 ms (+-0.25 ms on either side of peak). The conditions that were flagged were 

then re-evaluated and discussed by all operators who then made a final decision on 

where the peak or trough was or logged the condition as a fail and to be discarded.  

 

 

 

 

 

Table 2.1 – An example of the three pickers agreeing and disagreeing on wave I peak to 

trough points. In this example, all three pickers agree on where wave I peak is, but one 

picker disagreed on the trough location. This resulted in a picking confidence score of 5 out 

of a possible maximum of 6.  

To give a quantitative value to the picker’s confidence, agreement scores were 

summed from all operators. For example, if the three operators agreed on where the 

peak of wave I was, but one operator disagreed on where the trough was, would 

result in 5 agreements for this condition (example shown in Table 2.1). This 

condition would also be re-evaluated but the original confidence score would remain 

at 5 points. If all operators agree the maximum score is 6 points.  

 

 

 

Condition 1 Picker 1 Picker 2 Picker 3 

Wave I peak Agreed = 1 
point 

Agreed = 1 
point 

Agreed = 1 point 

Wave I trough Agreed = 1 
point 

Agreed = 1 
point 

Disagreed = 0 
point 
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2.4.3 Statistical Analysis  

Data organisation and exploration was performed with SPSS (23, SPSS Inc). 

Statistical analysis was performed in R (R Core Team, Vienna, Austria).  A Shapiro–

Wilk test and histogram was used to check for normal distributions in data (all data 

appeared normally distributed) and linear mixed effect modelling was performed 

using the R based LME4 package, version 1.1-14 (Bates, Maechler, Bolker, & 

Walker, 2014) and the LMERtest package (Kuznetsova, Brockhoff & Christensen, 

2017). The fixed effects were evaluated in a stepwise manner with a maximum 

likelihood fitting. Each fixed effect and interactions of fixed effects was 

systematically checked to see which combination resulted in the lowest Akaike 

information criterion (AIC). The model that resulted in the lowest AIC was 

determined to be the best fit model. To determine effect significance, p-values were 

calculated from F statistics (type III, Satterthwaite approximation) (Kuznetsova, 

Brockhoff, & Christensen, 2017) using the lmertest package. The stepwise model has 

some detractors due to stochastic errors from the process of variable selection (Peng 

& Lu, 2012). Therefore the models were confirmed using the maximal model 

approach (Barr, Levy, Scheepers, & Tily, 2013) using the afex package and the mixed 

function (Singmann et al. 2018).  
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2.5 Results 

2.5.1 Click vs Chirp stimuli 

Figure 2.9 shows the grand average waveforms of the highpass (HP) masked (C, D) 

and the derived-band (DB) (E, F) ABRs elicited by the white click and chirp stimuli. 

Stimulus waveforms are shown above (A, B). It can be seen that the chirp elicits 

larger HP responses than the click, which is especially apparent for wave V (C, D). 

The largest differences between the click and chirp are evident in the responses 

recorded with the higher HP cut-off frequencies, or with no HP masking (<∞). On the 

other hand, in the DB responses (E, F), the chirp responses do not look any larger in 

amplitude compared to the click responses; if anything, they look smaller.  

 

 

 

 

 

 

 

 

There is a clear difference in latency between the click and chirp DB responses. The 

clicks demonstrate an exponential travelling wave delay, which agrees with previous 

studies. The chirps however are much more aligned, although not exactly, which 

means that the chirp did not perfectly compensate for the travelling wave delay. This 

Figure 2.9 – Grand average ABR 

waveforms elicited by the click and the 

chirp. Panels A and B show the stimuli. 

C and D show the high pass masked 

ABRs and E and F the derived band 

ABRs. Waveforms (panel C & D) have 

been shifted on the time axis to account 

for the delay between the trigger onset 

(at 0 ms in panel A & B) and the actual 

start of the sound stimuli, which was 

approximately 5 ms for the click (C) and 

2 ms for the chirp ( D). This shift was 

performed to ensure that both response 

waveforms start at the onset of the sound.   
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can be seen in the low frequency DB responses, which are more delayed compared to 

the high frequency DB responses.  

Figure 2.10 and 2.11 show the mean peak latencies and amplitudes across the 

individual HP and DB responses for wave I and wave V, respectively. These were 

obtained by manually peak picking wave I and V for each individual waveform. 

These plots show a similar pattern to the waveform data in that for the HP responses, 

the chirp amplitudes are general larger than the click amplitudes, but for the DB 

responses, the click and chirp show similar amplitudes.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 – A. Mean latency for 

HP wave I, B. mean latency for 

derived band  wave I. C boxplot of 

wave I HP. D. boxplot of wave I 

derived band.  Box and whisker 

plot shows the median as a line, 

box denotes 1st and 3rd quartiles 

and whiskers denote 1.5 * 

interquartile range (IQR). The 

mean has been added as a black 

circle. Latencies are in bar plots 

and error bars denote standard 

error.  
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To confirm these effects statistically, the individual HP amplitudes were subjected to 

a linear mixed effects model (LMM), with wave number (I & V), HP cut-off 

frequency (0.5, 1, 2, 4, 8, no HP) and stimulus type (click & chirp) as fixed factors 

and subject as the random effect. Table 2.2 shows the main effects and interactions.  

 

 

 

 

Figure 2.11 – A. Mean latency for 

HP wave V, B. mean latency for 

derived band wave V. C boxplot of 

wave V HP. D. boxplot of wave V 

derived band.  Box and whisker plot 

shows the median as a line, box 

denotes 1st and 3rd quartiles and 

whiskers denote 1.5 * (IQR). The 

mean has been added as a black 

circle. Latencies are in bar plots and 

error bars denote standard error.  
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Table 2.2: Statistical results for the LMM analysis of HP wave I and V amplitudes for click 

and chirps. Num DF = numerator degrees of freedom, Den = denominator degrees of 

freedom 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All three fixed factors caused significant main effects. This indicates that there is a 

significant difference in amplitude between wave I and V, and between stimulus 

types and between HP cut-off frequencies. Wave V has a much larger amplitude than 

wave I, chirp responses were significantly larger than clicks, responses increased in 

amplitude as HP cut-off frequency increased.  There was a significant 2-way 

interaction between wave number and stimulus type, because the chirp stimulus was 

more beneficial for wave V than wave I (as can be seen in fig 10 & 11).  There were 

a further two 2-way interactions. One was between wave number and HP cutoff 

frequency, which was because wave V increased more steeply with increasing cut-off 

frequency than wave I, and the other was between stimulus type and HP cut-off 

  bǳƳ 5C 5Ŝƴ 5C C ±ŀƭǳŜ Ǉ 

²ŀǾŜ bǳƳōŜǊ м помΦол уллΦуп <0.001 
***  

ǎǘƛƳǳƭǳǎ м ппнΦно мнсΦмр <0.001 

***  

It ŎǳǘƻŦŦ р понΦпт ттΦоф <0.001 

***  

²ŀǾŜƴǳƳōŜǊ ϝ{ǘƛƳ м помΦто ттΦнр <0.001 

***  

²ŀǾŜƴǳƳōŜǊ ϝ It 
ŎǳǘƻŦŦ 

р полΦфт онΦуп <0.001 

***  

{ǘƛƳǳƭǳǎϝ It ŎǳǘƻŦŦ р понΦно млΦсм <0.001 

***  

²ŀǾŜƴǳƳōŜǊ ϝ 
ǎǘƛƳǳƭǳǎ ϝ It ŎǳǘƻŦŦ 

р помΦпп нΦфо лΦлмн 

ϝ 
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frequency, which was because the chirp response increased more steeply with 

increasing HP cut-off frequency than the click response.  There was also a significant 

3-way interaction between wave number, stimulus type and HP cut-off frequency. 

Figure 11 suggest that this was because for wave V, the chirp benefit was progressive 

as the cutoff frequency increased, whereas for wave I, the chirp benefit was only 

apparent for the no HP (<∞) condition.  

Next, the DB amplitudes were submitted to an LMM, with wavenumber (wave I and 

V), DB frequency (0.4, 0.7, 1.4, 2.8, 5.7, 11.3 kHz) and stimulus type (click & chirp) 

as fixed factors and subject as the random effect. Results are shown in Table 2.3. 

Table 2.3: Statistical results for the LMM analysis of DB wave I and V amplitudes for click 

and chirps. Num DF = numerator degrees of freedom, Den = denominator degrees of 

freedom. 

 bǳƳ 
5C 

5Ŝƴ 5C C ±ŀƭǳŜ Ǉ 

²ŀǾŜ bǳƳōŜǊ м оффΦрр пнрΦлф <0.001 ***  

5. ŎƻƴŘƛǘƛƻƴ р оффΦнт мсΦмп <0.001 ***  

{ǘƛƳǳƭǳǎ м плсΦлт лΦор лΦрр 

²ŀǾŜ bǳƳōŜǊ ϝ 5. 
ŦǊŜǉǳŜƴŎȅ 

р офсΦор млΦфм <0.001 ***  

²ŀǾŜ bǳƳōŜǊ ϝ ǎǘƛƳǳƭǳǎ м офуΦмр лΦлм лΦфл 

{ǘƛƳǳƭǳǎ ϝ 5. ŦǊŜǉǳŜƴŎȅ р оффΦст пΦмр лΦллм ϝϝ 

²ŀǾŜ bǳƳōŜǊ ϝ 5. 
ŎƻƴŘƛǘƛƻƴ ϝ {ǘƛƳǳƭǳǎ  

р офтΦмм нΦмт лΦлрс 

 

There were significant main effects for wave number and DB condition, with wave V 

again larger in amplitude than wave I and high frequency DBs larger in amplitude 

than low frequency DBs,  but stimulus type was not a significant effect, indicating 
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that there was no significant amplitude difference between the click and chirp 

responses. This shows that the chirp does not seem to benefit DB responses as it does 

the HP masked responses. There was a significant 2-way interaction between wave 

number and DB frequency, which indicated a difference in the shape of the functions 

relating DB amplitude to frequency between wave I and V.  

In Figure 2.12 the frequency dependency of the DB amplitudes is shown for wave I 

and V, overlaid for the click and chirp. The values were normalized for each 

combination of stimulus and wave number by dividing by the largest mean value, to 

aid comparison.  The bold black line shows the mean across the click and chirp. The 

general pattern is that the amplitude increases as frequency increases, however wave 

I seems generally more steeply dependent on higher frequencies.  There is more 

difference in the frequency dependence between click and chirp for wave I,  with 

chirps showing the largest amplitude in the highest frequency band, whilst clicks 

show larger amplitudes from 2.8 kHz upwards, but then dropping above 5.7 kHz.   

 

As the previous LMMs showed that there was a difference between click and chirp in 

the HP responses, but no statistical difference between click and chirp in the DB 

responses, it was decided that an LMM would be used to test whether this difference 

between HP and DB responses was significant. Only the DB and noHP response 

Figure 2.12 Normalized DB amplitude. 

DB amplitude is shown as a function of 

frequency, normalized to the amplitude 

of largest DB response (5.7 kHz for click 

wave I & V and chirp wave V, 11.3 

kHz). For chirp wave I. The black line 

shows the mean between click and chirp. 

Wave I appears to be more dependent on 

higher frequencies, whereas wave V 

integrates over a broader frequency 

range. Bars denote standard error. 
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could be compared, as the HP responses were used to create the DB responses and 

would therefore violate the assumption of independence and not be statistically 

accurate.   

The amplitudes were submitted to an LMM, with wavenumber (wave I and V), 

stimulus type (click & chirp) and response type (2 levels: level 1 DB = 0.7, 1.4, 2.8, 

5.7, level 2 = no HP) as fixed factors and subject as the random effect. Results are 

shown in Table 4. 

Table 2.4: Statistical results for the LMM analysis of DB wave I and V amplitudes for click 

and chirps. Num DF = numerator degrees of freedom, Den = denominator degrees of 

freedom. 

 bǳƳ 5C 5Ŝƴ 5C C ±ŀƭǳŜ Ǉ 

{ǘƛƳǳƭǳǎ м опсΦум пнΦсл <0.001 ***  

²ŀǾŜ ƴǳƳōŜǊ м опсΦтф рфуΦоо <0.001 ***  

wŜǎǇƻƴǎŜ ǘȅǇŜ м оптΦфо ммуΦлу <0.001 ***  

{ǘƛƳǳƭǳǎ ϝ ²ŀǾŜ 
ƴǳƳōŜǊ 

м опсΦсо муΦлт <0.001 ***  

{ǘƛƳǳƭǳǎ ϝ wŜǎǇƻƴǎŜ 
ǘȅǇŜ 

м оптΦно ссΦфп <0.001 ***  

²ŀǾŜ ƴǳƳōŜǊ ϝ 
wŜǎǇƻƴǎŜ ǘȅǇŜ 

м опсΦун пнΦфм <0.001 ***  

{ǘƛƳǳƭǳǎ ϝ ²ŀǾŜ 
ƴǳƳōŜǊ ϝ  wŜǎǇƻƴǎŜ 

ǘȅǇŜ 

м опсΦоп мфΦрст <0.001 ***  

 

The significance of the main effects were as expected. The significant stimulus and 

response type interaction confirms that the chirp enhances the no HP but not the DB 

responses.  The significant wave number and response type interaction arises because 
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wave V is larger in amplitude for the no HP compared to the DB, but wave I is more 

similar in amplitude between no HP and DB.  

Next the wave I to V ratio was plotted for the click and chirp stimuli (Figure 2.13). 

The profile looks much flatter than that demonstrated by Eggermont & Don (1980), 

who showed an increase in the wave I to V ratio with increasing frequency. This 

frequency dependence is here only seen in the chirp at the highest DB frequency.  

 

 

2.5.2 Click vs Chirp Conclusion  

From the results it appears that the chirp stimulus does result in a larger amplitude for 

the HP responses, however this benefit does not apply to the DB responses, where the 

chirp shows the same, if not smaller amplitudes than the click. When the HP 
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Figure 2.13– Wave I to V ratios 

for click and chirp stimuli. The 

lowest two DBs were not plotted 

due to large amounts of missing 

data (Wave I peaks were 

frequently rejected for the lowest 

DB frequencies). Box and whisker 

plot shows the median as a line, 

box denotes 1st and 3rd quartiles 

and whiskers denote 1.5 * (IQR). 

The mean has been added as a 

black circle. Datum points outside 

the whiskers are labelled as an 

outlier 
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responses were aligned and progressively added together (‘stacked’) (Figure 2.14), 

this resulted in an improvement in amplitude for both the click and chirp, with more 

benefit for the click. As this stacking method greatly improved the SNR of the 

individual waveforms, these responses will be shown from here onwards in 

waveform plots to show the frequency dependence of the responses.  

  

Next, an automated stacking procedure was investigated that performs an automated 

peak picking.  This could assist in reducing bias introduced by manual peak picking. 

2.5.3 Automatic picking procedure  

Manual peak picking with multiple human pickers has been the most often used 

method for extracting ABR peak and latency data, however it has limitations. The 

limitations of manual peak picking are 1) peak picking in noisy conditions is 

difficult, 2) it is labour intensive when dealing with large data sets. The first 

limitation is evident in Figure 2.15, which shows the rate of agreement between the 

three pickers when selecting a peak and the proportion of peaks rejected. The figure 

shows that, particularly for wave I and the DB responses, there was a poor agreement 

between the three pickers resulting in a high rejection rate.  

Figure 2.14 - Stacked 

responses for HP click 

and chirp. This is done 

by time aligning wave V 

for all HP frequency 

responses then 

progressively summing 

them for increasing HP 

cut-off frequency.   
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Overall, there was a general trend for the agreement rate to decrease, and the 

rejection rate to increase, towards lower frequencies in both HP and DB responses, 

suggesting that low agreement and high rejection rates were associated with a low 

response amplitudes. The high rejection rate makes statistical analysis problematic, 

as it results in a bias towards larger-amplitude responses, as the lower-amplitude 

responses are rejected. As a result, the mean or median responses are not 

representative of the group as a whole. For instance, the 0.7 kHz DB has a rejection 

rate as greater than 50 percent. Therefore the manual peak picking is not entirely 

suitable for noisy responses. Ideally an alternative method to manual peak picking 

would be A) be automated, reducing the workload that manual peak picking requires 

and B) give sensible amplitudes for conditions where the response is small or non-

existent.  

 

 
 

Previous automatic approaches have fitted template peaks to individual ABR 

waveforms, which infers where a peak is located and how large it is in size. Here, we 

Figure 2.15 – The agreement is the 

proportion of latency picks that were 

agreed between the three pickers within 

a 0.5ms window. There were 6 latencies 

in total for each wave (a peak and a 

trough for each of the 3 pickers = max 

score of 6). The rejection rate is the 

proportion of responses (out of the total 

number of participants whose responses 

were picked) that were rejected in the 

final agreement between three pickers. 

Bars show confidence and rejection 

rates for click and chirps. Error bars 

denote standard error. There is a 

general trend for confidence to increase 

for higher frequencies and amount of 

rejection to decrease. Error bars denote 

standard error. 
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used the opposite approach, by fitting individual waveforms to a template of the 

entire response using a non-linear warping procedure. The procedure was developed 

by Krumbholz (2018) based on an approach developed by Lucero, Munhall, Gracco, 

& Ramsay (1997). This method, known as dynamic time warping was originally 

developed for speech recognition applications, which operated by comparing stored 

words (a template) to incoming speech and taking the closest match. To achieve the 

most optimal match between the template and speech, sections of the speech were 

allowed to be stretched or compressed. Here, the approach will use the grand average 

ABR trace as a template which will then dynamically time warp waveform 

landmarks (waves I, III and V) till they align with the grand average ABR trace. This 

is done by nonlinearly stretching and compressing the timescale (Figure 2.16).  
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In the current application, it was fitted to simultaneously maximize alignment 

between all individual HP responses with the grand-average response for no-HP 

condition (the condition with the largest SNR). The fitting maximized the correlation 

between the differentials of the individual and the template waveforms. This matched 

portions of the waveforms where they rose or fell, i.e., where there was a peak or 

trough, irrespective of absolute amplitude. The process was iterated twice, because 

after having been warped once, the template becomes much sharper and therefore 

more accurate. This is shown in Figure 2.17, which shows the original and time-

warped individual waveforms for the no-HP click condition, overlaid with the 

respective grand-average response.  

Figure 2.16 – Panel A shows two 

waveforms and how each time point is 

matched with Euclidian matching (one 

to one matching). The similarity between 

both waves is poor even though they 

have similar peaks and troughs. The 

dynamic time warping matching 

asynchronously adjusts parts of the 

waveform which yields a far better 

match (adapted and used without 

permission from Tolpygo SFL Scientific) 
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To test the correspondence between automatic and manual picking methods, we 

compared them by plotting the click and chirp manual HP and DB amplitudes against 

the automatic amplitudes (Figure 2.18). Rejected responses were not plotted for the 

manual peaks. As can be seen from the plot, there generally appears to be a good 

correlation between automatic and manual methods. This was especially strong for 

HP conditions (panels A & B), but less so for DB conditions (panels C & D). To test 

the correlations, the correlation coefficients were transformed into Z scores with the 

Fisher transform and then tested with a Student’s t test. All p values were < 0.001 

indicating that automatic and manual picking methods were significantly correlated 

with each other. The correlations were strongest for the HP chirp condition (R2 = 

0.94) which generally yielded the largest responses, followed by the HP click 

condition (R2 = 0.77). Conversely, the weakest correlations were seen for DB click 

and DB chirp conditions (R2 = 0.63 and 0.42 respectively) which yielded the smallest 

responses. These results seem to indicate that the largest differences between manual 

and automatic peak picking methods are for conditions with the largest amount of 

noise and lowest amplitudes. This pattern can also be seen when looking at wave I 

and V separately as conditions that yielded smaller responses tended to show weaker 

correlations and wave I had the weakest responses. The smallest correlation was 

Figure 2.17 - Original and time 

warped no HP waveforms. The 

warped waveform is more define 

and will therefore be a better 

template 
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produced by the condition that on average had the lowest amplitude and highest 

rejection rate, which was wave I DB chirp (R2 = 0.17). The highest correlation was 

produced by the chirp wave V HP (R2 = 0.95).  

While both picking methods are clearly correlated, it is also apparent that the 

automatic amplitudes generally fall below the manually picked ones in Figure 2.18, 

this can be seen by the fact that the data points generally fall below the identity line. 

To test the degree of this bias, we calculated the ratio between the mean of the 

differences between the automatic and manual amplitudes and the mean of the 

absolute respective differences. This results in a value that indicates the degree of 

bias of the data points around the identity line: if the data points were spread evenly 

around the identity line, the bias value would be close to 0; if all data points were 

located either below or above the identity line, the bias value would be equal to either 

-1 or +1, respectively. The bias value for automatic picks was close to -1, therefore 

the automatic peaks are smaller in amplitude compared to manually picked data. This 

could be due to two reasons: either, the automatic method struggles to warp low-

amplitude/high-noise responses, leading to an underestimation of peak amplitudes 

Figure 2.18 – Scatter plots of peak to 

trough amplitudes for automatic and 

manual picks. Automatic and manual 

picks are plotted for click and chirp, 

wave I and V and for both high pass and 

derived band. The closer the points are to 

the identity line the better the match 

between manual and automatic. Overall 

the correspondence is good with the 

automatic being lower in amplitude 

overall. 
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picked in such responses, or the manual picking is overestimating peaks in low 

amplitude/high noise responses by picking noise peaks instead of real responses. It 

may even be a combination of both of these reasons. The smaller amplitudes are not 

necessarily a negative aspect of the automatic picking procedure, the smaller 

amplitudes may in fact be more accurate. 

Next, the latencies between the automatic and manual picks were compared using the 

same method as the amplitudes. Figure 2.19 shows the comparison between 

automatic and manually picked latencies for the highpass-masked responses (panel A 

& B). The comparison between the automatic and manual latencies can only be made 

for the highpass-masked responses as the automatic derived band latencies were 

based on the peak latencies of the highpass-masked responses, with a cut off 

frequency corresponding to the upper edge of the band (for example the 2 kHz band 

for the 1-2 kHz derived band). The justification for this is shown in Figure 2.19 panel 

C & D which shows manual picked data for derived band and highpass masked 

responses, and as seen, there is good correspondence between the two responses. The 

correlation between the automatically and manual picked latencies are generally 

much closer together than the amplitudes (tighter spread of data points when 

comparing Figure 2.18 and 2.19). There was also no obvious systematic bias. The 

variance of the latencies, for both automatic and manual, was generally much smaller 

in relation to wave and condition related differences than was the case for the 

amplitudes. This can be seen in Figure 2.18 panel A & B, with the data points for 

wave I and V being clearly separated, as are the points showing the click-evoked 

wave V latencies for different highpass masking conditions (distinct clusters for wave 

V in panel A). 
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As expected, there were highly significant correlations between automatic and 

manually picked latencies. The strongest correlations between manual and automatic 

picking were for click wave I (R2 = 0.92) and click wave V (R2 = 0.93). The chirps 

had a weaker but still highly significant correlation with wave I (R2 = 0.26) and wave 

V (R2 = 0.46). All correlations were significant with a p values < 0.0001.  The 

derived-band and highpass masked latencies were also highly correlated with the 

strongest correlations for the clicks, with wave I having a R2 of 0.97 and wave V 

0.98. The chirps had a weaker but still highly significant correlation with wave I (R2 

= 0.58) and wave V (R2 = 0.57). All correlations were significant with p values < 

0.0001. 

 

 

 

Figure 2.19 – Panel A & B show scatter 

plots of latencies for automatic and 

manual picks. Automatic and manual 

picks are plotted for click and chirp, 

wave I and V.  

Panel C & D show scatter plots of 

latencies for derived band and highpass 

masked picks for click and chirp, wave I 

and V.  

The closer the points are to the identity 

line the better the match between manual 

and automatic, and derived band and 

highpass masked conditions. 
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2.5.4 Automatic peak picking conclusion  

The automatic peak picking procedure offers a number of advantages. It has been 

shown to significantly correlate with manual picking, while offering the further 

benefits of possibly being more accurate when picking noisy conditions by 

preserving the number of observations with smaller or non-existent responses, which, 

in manual picking, tend to be discarded. Furthermore, it saves a large amount of time 

as it removes the extremely labour intensive process of manual peak picking.  

Finally, the automated method sharpens up the waveforms, making wave III visible, 

and allowing it to be picked. This can be seen in Figure 2.17. These advantages mean 

that the automatic procedure will be used for all further experiments.  

2.5.5 Pink vs white 

The next step was to investigate if changing the spectral properties of the stimuli by 

boosting low frequencies would increase the amplitude of low frequency responses. 

Figure 2.20 compares the frequency spectra of the white and pink stimuli, showing 

that the pink is higher in level than white stimuli at low frequencies but lower at high 

frequencies. We expected that the low frequency responses would be increased when 

using the pink stimulus while the high frequency responses would be reduced.  

This pattern was only observed for the wave I click responses. Figure 2.21 shows the 

stacked HP responses for the white and pink click and chirp. Figure 2.21 also shows 

a magnified image of the click wave I. We can see that the pink click has comparable 

wave I responses across frequency. The HP responses for pink clicks show similar 

Figure 2.20 - Spectral plots for pink and 

white stimuli. In the pink stimuli, lower 

frequencies are boosted in amplitude in 

relation to higher frequencies. This results 

in equal energy to a white stimulus. 
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amplitude responses for low frequencies, but smaller responses for high frequencies. 

This causes the peak waveforms for different HP cut-off frequencies to be spaced 

more evenly and close together compared to the white click. This is an indication that 

the high frequency bands are contributing less to the overall response for the pink 

click compared to white click. This can also be seen in the mean DB amplitudes 

(Figure 2.22), where for the pink click, the amplitudes are approximately the same 

across DB frequencies, so that the function appears more flat compared to the white 

click, where some DBs (1.4 and 5.7 kHz) are much larger in amplitude compared to 

the other bands.  On the other hand, the chirp wave I shows a small increase in 

amplitudes at 0.4 and 0.7 kHz, but for frequencies above this, the amplitude is 

generally reduced. The waveforms do not show a clear wave I for either the white or 

pink chirps.  

 

 

 

 

 
 
 
 

Figure 2.21- Highpass click and chirp responses for white (A) and pink (B). 

These responses are stacked and time aligned. Arrows denote magnification of 

wave I for white and pink click 
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Wave V does not follow the expected pattern, as it mostly showed a reduction at 

higher frequency DBs, with little to no enhancement at low DB frequencies when 

using the pink compared to the white stimulus. This reduction was particularly 

pronounced for the chirp stimulus. This can be seen clearly in the HP stacked 

responses (Figure 2.21). Wave V for the pink chirp at high DB frequencies was no 

larger than wave III, while wave V for the white chirp is much larger than wave III. 

Figure 2.22 - Box plots showing the pink and white spectrum DB 

amplitudes for wave I click (A) Wave V click (B), wave I chirp (C) and 

wave V chirp (D) This data was obtained using the new automated picking 

procedure. Box and whisker plot shows the median as a line, box denotes 

1st and 3rd quartiles and whiskers denote 1.5 * IQR. The mean has been 

added as a black circle. Datum points outside the whiskers are labelled as 

an outlier 
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Wave V is generally lower in amplitude for all frequencies when using a pink chirp 

(Figure 2.22 B). 

This pattern was confirmed in statistical analysis when the individual DB amplitudes 

were subjected to an LMM, with wave number (I, V), DB frequency (0.4, 0.7, 1.4, 

2.8, 5.7, 11.8 kHz), stimulus type (click & chirp) and spectrum type (white & pink) 

as fixed factors and subject as the random effect (Table 2.5). A 3-way interaction of 

spectrum, stimulus type and DB frequency was significant F (5, 1045.8) = 3.48, p = 

0.003, which may indicate either an increase of amplitude at low frequencies for the 

pink click or a suppression of high frequencies in the chirp responses. To test this, 

LMMs were run on both the click and chirp data separately. The click showed no 

main effect or interaction with spectrum type. The chirp showed an almost significant 

main effect of spectrum (p = 0.07) and a significant interaction of spectrum and DB 

frequency (F (5,540) = 4.45, p < 0.001, confirming that the pink weighting 

suppresses chirp ABR amplitudes at high frequencies. 
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 Table 2.5. Statistical results for the LMM analysis of DB wave I and V amplitudes for pink 

and white click and chirps. Num DF = numerator degrees of freedom, Den = denominator 

degrees of freedom.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Next we examined the effect of spectrum on wave I separately for the click and the 

chirp. DB amplitudes were subjected to LMMs with spectrum (pink and white), DB 

frequency (0.4, 0.7, 1.4, 2.8, 5.7, 11.8 kHz) as fixed effects. The click wave I showed 

no significant main effect or any interaction with spectrum (all p > 0.22), showing 

that any improvement in amplitude for the pink click for wave I was not large enough 

to reach significance. The chirp wave I does show a significant interaction between 

spectrum and DB frequency (p < 0.0001). This shows that spectrum significantly 

 Num DF Den DF F Value p 

Wavenumber 1 1045.8 348.03 <0.001 *** 

Stim 1 1056.5 22.37 <0.001 *** 

DB 5 1045.8 25.47 <0.001 *** 

Spec 1 1056.5 0.40 0.52 

Wavenumber * Stim 1 1045.8 5.37 0.02 * 

Wavenumber * DB 5 1045.8 25.35 <0.001 *** 

Stim * DB 5 1045.8 6.65 <0.001 *** 

Wavenumber * spec 1 1045.8 0.50 0.47 

Stim * spec 1 1045.8 3.49 0.06 

DB * spec 5 1045.8 1.90 0.09 

Wavenumber * stim * DB 5 1045.8 8.08 <0.001 *** 

Wavenumber * stim * spec 1 1045.8 0.19 0.65 

Wavenumber * DB * Spec 5 1045.8 0.16 0.97 

Stim * DB *  Spec 5 1045.8 3.48 0.003 ** 

Wavenumber * Stim * DB * 
Spec 

5 1045.8 0.84 0.51 
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alters wave I amplitude in the chirp.  This may be driven by the increase of responses 

at lower frequencies, or, more likely, the large decrease in amplitude at certain other 

frequencies (1.4 and 11.3 kHz).  

Finally, the same LMMs were performed on the wave V amplitudes. Spectrum did 

not reach significance as a main effect or interaction for either clicks or chirps (all p 

>  0.14). This shows that the reductions in amplitude seen when using the pink 

stimuli are not significant when looking at wave V separately.    

2.5.6 Pink vs White Conclusion 

The pink frequency weighting may offer a small benefit for click stimuli which could 

be investigated further with a larger subject cohort, but this experiment found an 

overall reduction in ABR amplitude when using a pink chirp, therefore the white 

frequency weighting will be used in all further experiments.  

2.5.7 Tiptrode Results 

Figure 2.23 shows the grand average stacked HP responses recorded using the 

mastoid and the tiptrode electrodes, for both click and chirp (24 subjects in the 

mastoid group, 12 in the tiptrode group, of which 8 shared between groups). The HP 

stacked responses were much larger in amplitude, and therefore showed better SNRs 

than the DB responses. For this reason, the stacked HP amplitudes and latencies will 

be analysed to evaluate the frequency dependence of the responses.   

When comparing the waveforms, the tiptrodes appear to produce a slightly larger 

wave I, mainly due to a deeper trough (panel A), than the mastoid electrodes. 

However, in the click responses they also appear to produce a smaller wave V, and to 

completely lack wave III. For the chirps, the tiptrode wave V is more comparable to 

the mastoid electrodes (panel B). Wave III appears to be playing a prominent role in 
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the difference between mastoid and tiptrode electrodes so it was decided that wave 

III would be included in the statistical analysis.  

 

 

Figure 2.24 compares the mean individual HP amplitudes between the mastoid and 

tiptrode electrodes, for both the click and chirp stimuli. For the mastoid click 

responses (panel A, C, E), we see that tiptrodes generally have lower amplitude 

responses. For the chirp, tiptrodes appear to offer a benefit at all frequencies for wave 

I (panel B), but wave V (panel F) is marginally smaller. Wave III (panel C & D) 

shows no change between mastoid and tiptrodes as it is a peak to trough 

measurement, the gross amplitude of wave III is reduced in the tiptrodes but this does 

not show up in a peak to trough measurement. The reduction in gross amplitude can 

be clearly seen in Figure 2.23. Overall the tiptrodes appear to benefit the chirp 

stimulus, especially for wave I, but not the click stimuli. 

Figure 2.23 - Shows the stacked 

high pass responses for mastoid and 

tiptrode electrodes for both click (A) 

and chirp (B). Blue lines represent 

location of wave III.  
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Figure 2.24 – Tukey style boxplot with means for high pass 

conditions for mastoid and tiptrode and for both click (A, C, E) and 

chirp (B, D, F) stimuli. Box and whisker plot shows the median as a 

line, box denotes 1st and 3rd quartiles and whiskers denote 1.5 * 

(IQR). The mean has been added as a black circle. Datum points 

outside the whiskers are labelled as an outlier 
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To confirm these effects statistically, the individual HP amplitudes were subjected to 

an LMM, with wave number (I, III & V), HP cut-off frequency (0.5, 1, 2, 4, 8, noHP 

kHz), stimulus type (click & chirp) and electrode type (mastoid & tiptrode) as fixed 

factors and subject as the random effect (Table 2.6). Electrode type did not have a 

significant main effect F(1, 559.28) = 2.76, p = 0.09, however there were significant 

interactions between electrode type and wave number (p > 0.0001), electrode type 

and stimulus type (p > 0.0001), and electrode type and HP cut-off frequency(p = 

0.04). These 2-way interactions suggest that tiptrodes increase the amplitude for 

wave I, but not wave V, and for the chirps, but not for the clicks, and finally, that 

tiptrodes increase the amplitude in low frequency, but not high frequency bands. 

However, the reduction of wave III seen in Figure 2.21 could be driving some of 

these effects. There was also a significant 3-way interaction between electrode type, 

wave number and stimulus type (p = 0.01), which may arise from the fact that the 

tiptrodes increase the amplitude for wave I chirps, but not for wave I clicks, or for 

click or chirp wave V.  

To investigate further, the LMM analysis was performed on each wave separately. 

There were 3 LMMs run for wave I, III and V with HP cut-off frequency (0.5, 1, 2, 4, 

8, noHP), stimulus type (click & chirp) and electrode type (mastoid & tiptrode) as 

fixed factors and subject as the random effect.  

Wave I showed a significant 2-way interaction between stimulus type and electrode 

type, (F (1, 368.69) = 14.13, p > 0.0001) which suggests that tiptrodes increased 

wave I amplitude for chirps but not for clicks.  Wave III showed the same 2-way 

interaction of stimulus type and electrode type, (F (1, 367.92) = 51.23, p > 0.0001) 

and a 3-way interaction between stimulus type, HP cut-off frequency and electrode 

type, (F (5, 361.87) = 4.06, p = 0.001). This shows that wave III was reduced more 
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for the chirp than the click, and this was more so at specific frequencies.  Wave V 

showed a main effect of electrode type (F (1,346.52) = 10.37, p = 0.001) which arose 

from a general reduction of wave V amplitude when using tiptrodes. There was also a 

2-way interaction between electrode type and HP cut-off frequency (F (5, 364.24) = 

2.70, p = 0.02), due to a greater reduction in wave V amplitude with tiptrodes at 

higher frequencies.  A further 2-way interaction between stimulus type and electrode 

type, (F (1, 368.58) = 7.87, p = 0.005) showed that the wave V responses were 

reduced more for clicks than chirps at high frequencies when using tiptrodes.  

These results suggest that the tiptrodes increased wave I amplitude when used with 

chirps. As explained above, this could be driven by an increase in wave I or a 

decrease in wave III. To test this,   LMMs were performed  on the chirp amplitudes 

separately, for wave I, III and V. HP amplitudes were submitted to an LMM with HP 

cut-off frequency (0.5, 1, 2, 4, 8, noHP) and electrode type (mastoid & tiptrode) as 

fixed factors and subject as the random effect. Wave I amplitudes showed a 

significant main effect of electrode type (F (1, 188.72) = 16.02, p > 0.0001) 

confirming that tiptrodes increases wave I amplitude significantly. There was also a 2 

way interaction between electrode type and condition (F (5, 166.79) = 3.54, p = 

0.004),   showing that this increase in amplitude with tiptrodes was greatest at higher 

frequencies. The wave III chirp amplitudes showed a significant main effect for 

electrode type (F (1, 190.83) = 46.59, p > 0.0001), indicating that tiptrodes decreased 

amplitude across all frequencies. Wave V amplitudes showed a marginal effect of 

electrode type (p = 0.0509), showing that the small decrease in amplitude for wave V 

tiptrodes was almost significant. There was no interaction between electrode and HP 

cut-off frequency.  All three LMMs were repeated on only the 8 subjects that 

participated in both the mastoid and tiptrode experiment for a within subject 
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comparison. The statistical results matched those found in the previous analysis with 

the full groups.  

These results suggested that tiptrodes may be beneficial for use with chirps but not 

with clicks when recording wave I. In the chirp, wave I amplitudes show a small but 

reliable increase when using tiptrodes and also a large decrease in wave III 

amplitudes.  These changes may be a result of the reduction of wave III, which gives 

a deeper trough to wave I, leading to a larger peak to trough measure for wave I. 

Wave V is generally reduced in amplitude for both click and chirp when using 

tiptrodes.  
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Table 2.6: Statistical results for the LMM analysis of DB wave I and V amplitudes for 

mastoid and tiptrode, click and chirps. Num DF = numerator degrees of freedom, Den = 

denominator degrees of freedom. Freq = frequency, stim = stimulus 

 
 

 

 

 Num DF Den DF F Value p 

Wave number 2 1144.37 514.81 <0.001 *** 

Stim 1 1158.48 1.66 0.19 

HP cutoff freq 5 1144.37 136.28 <0.001 *** 

Electrode 1 559.28 2.76 0.09 

Wave number * Stim 2 1144.37 3.00 0.004 * 

Wave number *  HP 
cutoff freq 

10 1144.37 49.42 <0.001 *** 

Stim *  HP cutoff freq 5 1144.37 0.44 0.81 

Wave number *  
Electrode 

2 1144.37 8.00 <0.001 *** 

Stim *  Electrode 1 1158.48 41.61 <0.001 *** 

HP cutoff freq *  
Electrode 

5 1144.37 2.22 0.04 * 

Wave number * stim *  
HP cutoff freq 

10 1144.37 0.66 0.75 

Wavenumber * stim *  
Electrode 

2 1144.37 2.17 0.11 

Wavenumber *  HP 
cutoff freq *  Electrode 

10 1144.37 1.46 0.14 

Stim *  HP cutoff freq *   
Electrode 

5 1144.37 2.86 0.01 * 

Wavenumber * Stim *  
HP cutoff freq  *  

Electrode 

10 1144.37 0.75 0.67 
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2.6 Discussion 

This experiment aimed to optimise the method for eliciting frequency specific ABRs 

to be used in future studies to investigate hidden hearing loss.  

First, we investigated the chirp stimulus. We found that it does increase ABR 

amplitude in the broadband, which is supported by the literature (Elberling, Callo̸, & 

Don, 2010; Elberling & Don, 2008), but not in the DB responses, which were no 

different in amplitude between clicks and chirps. This suggests that the chirp 

stimulus compensates for across frequency delays, but not within band delays. These 

results are consistent with (Wegner & Dau, 2002), who found that click responses 

were in fact larger than chirp responses in lower frequency bands (DB 0.7 and 1.4 

kHz). We found a similar trend, albeit in higher frequency bands (2.7 and 5.8 kHz). 

In our case the difference was clearly demonstrated by the stacking method, which 

yielded notably larger response for the click than the chirp for both wave I and V. 

When the click is time aligned using the stacking procedure, it has the same benefit 

of the time alignment properties of the chirp, and less lateral suppressive effects, 

resulting in a larger response.  

The reason for this reduced within-band response to the chirp is not known. It may be 

that lateral suppressive mechanisms are more effective in the chirp than the click. 

This could be because the chirp causes simultaneous excitation, which elicits more 

effective lateral suppression.  The two potential lateral suppressive mechanisms are 

mechanical suppression within the cochlea, or neuronal suppression. Mechanical 

(two-tone) suppression arises when a one tone reduces the OHC mechano-

transduction current at the characteristic frequency of another tone, leading to a lesser 

amplification of the response to that tone (Dong & Olson, 2016; Ruggero, Robles, 

Rich, & Recio, 1992). A neuronal suppression effect could arise from lateral 



91 

 

inhibition, which happens when neuron suppress the activity of neighboring neurons 

that are close topologically. This cannot happen at the level of the ANF,  and so 

would have to occur at a later stage in the auditory brainstem (Houtgast, 1972; Kral 

& Majernik, 1996).  

Next, we examined whether pink frequency weighting would boost low frequency 

responses. The pink frequency weighting did affect ABR amplitudes, but in a 

complex manner, showing different effects on wave I and V, and for clicks and 

chirps. For wave I evoked by clicks, the pink spectrum increased amplitude at low 

frequencies. For the chirp-evoked wave I, pink weighting may have increased 

responses slightly at low frequencies, but there was also a large reduction in 

amplitude at higher frequencies. On the other hand, for wave V, the pink weighting 

reduced amplitudes in mid to high frequencies and produced no increase in amplitude 

at low frequencies. The loss of high frequency amplitudes was to be expected, as 

sound energy was reduced at these frequencies. The fact that we saw an increase in 

amplitude at low frequencies for wave I, but not wave V, suggest that the increases 

low frequency energy may have created larger responses at the level of the ANF, but 

that at the neuronal level of wave V, the response there was already at ceiling level 

using the white stimulus, and could not be increased further.  

Lastly, we compared tiptrode electrodes to mastoid electrodes. Similar to the pink 

versus white spectrum comparison, this produced results that were different between 

clicks and chirp and between wave I and V.  In this case, wave I considerably 

benefited from the tiptrodes for the chirp, but not the click responses. On the other 

hand, for wave V, tiptrodes produced a general reduction in amplitude which was 

especially apparent for the click. The most striking change as a result of using 

tiptrodes was seen in wave III, which was fundamentally abolished. The change was 
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particularly large for the chirps which had a larger wave III than the clicks. This 

might explain why the chirp showed a larger benefit from the tiptrodes in wave I than 

the click. When using the mastoid electrodes with the chirp stimulus, wave I may be 

obscured by a large wave III, and as that large wave III is suppressed by using 

tiptrodes, the full course of wave I may be revealed. The increase in wave I 

amplitude when using tiptrodes agrees with some previous papers. Bauch & Olsen 

(1990) found an improvement in wave I and a reduction in wave III when using the 

tiptrodes.  The lack of benefit observed here for clicks may  explain why some papers 

have not seen much improvement with tiptrodes (Atcherson et al. 2012).  The reason 

for the large reduction in wave III is unknown, but it could be that the generator of 

wave III is not picked up using the tiptrode configuration.  

We had expected to find a difference in the frequency profiles of wave I and V, based 

on the previous findings of  Eggermont & Don (1980),  which predicted an increase 

in the wave I to V ratio towards higher frequency bands. However, our results 

suggest a much flatter profile of wave I to V ratio across frequency.  
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Chapter 3. Measuring Frequency Specific ABRs in noise-exposed 

participants  

3.1 Introduction 

Several studies have shown a change in the wave I/V ratio in subjects who are noise-

exposed or have tinnitus (Bramhall, Konrad-martin, et al., 2017; Schaette & 

McAlpine, 2011a). These studies measured the wave I/V ratio using broadband non-

masked stimuli and only used subjects with normal audiometric thresholds. These 

types of measurements can only be clinically useful if the subjects PTAs are very 

carefully matched to controls, and they do not reveal the frequency profile of the 

possible hidden hearing loss. The clinical usefulness of these measures may be 

improved by using frequency specific ABR measurements. Here we will apply this 

method in noise-exposed subjects.  

We will measure the wave I and V frequency specifically, using the derived band 

method, in a group of young people with very mixed backgrounds of noise exposure, 

both in terms of how long they were exposed and to what extent. These people had 

reasonably normal PTA thresholds (up to 8 kHz) but were not chosen for being 

normally hearing, and some did have impairments especially above 12 kHz. The 

group will be split into a high and a low noise exposure groups. Based on previous 

research we expect wave I to be reduced in amplitude for the most noise-exposed 

subjects while wave V will be increased due to the putative central gain mechanism. 

This would result in a decrease in the wave I/V ratio. 

The amount of subjects to be recruited for this experiment was decided to have at 

least 25 subjects as a minimum. This is in agreement with other similar studies (Gu et 
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al., 2012; Schaette & McAlpine, 2011b; Stamper & Johnson, 2015a) with each 

having approximately 30 subjects. Second to this having more subjects (over 35) 

would have been unpractical due to long experimental times and lab setup.  

History of noise exposure is difficult to measure and many different approaches have 

been proposed. Some studies will use a simple self-reported quality of hearing 

questionnaire and ask how often the subject was exposed to noise while others 

attempt to quantify noise exposure into a unit. Two of these methods that aimed to 

quantify noise exposure and frequently appeared in the literature are the LENS-Q, 

which was used by Bramhall, Konrad-martin, et al. (2017) in military veterans, and 

the HSE questionnaire, which was used to determine the effectiveness of the UK 

noise at work regulations  developed by Lutman, Davis, & M.A (2008). Further 

questionnaires that were used were those by Liberman (2016) who attempted to 

quantify how loud sounds were perceived and how annoying they were by using a 

scoring scale. We decided to use a modified version of the Lutman et al. (2008) 

questionnaire which we combined with the Liberman questionnaires about auditory 

disability and sound sensitivities to give a range of scores that detail noise exposure 

and hearing quality. We chose these as the LENS-Q questionnaire is primary aimed at 

American military personnel while the HSE questionnaire is aimed at UK civilians. 

Some previous studies that have investigated noise exposure and ABRs also 

measured speech in noise (SIN) performance, as hidden hearing loss is posited to 

lead to problems in understanding speech in a noisy environment. Bharadwaj, 

Masud, Mehraei, Verhulst, & Shinn-Cunningham (2015) did a battery of SIN tests 

along with ABR measures and found that SIN performance decreased with increased 

amounts of noise exposure. Similarly, Liberman, Epstein, Cleveland, Wang, & 

Maison (2016), who compared the summating potential (SP) to wave I ratio, also 
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found impairments in speech perception noise in challenging situations (speech was 

time compressed or reverb was applied). Therefore we also measured SIN 

performance in this experiment.  

We used two SIN tests. The first was the quickSIN test which was developed by 

Etymyotic Research (Etymotic Research, INC, Illinois, USA) and comprises of 

asking subjects to detect words in babble background noise and is used as a method 

of estimating performance in real world social gatherings. The second SIN test asked 

subjects to repeat words from a balanced word list in the presence of speech noise at 

two different SNRs. Finally we did full range pure tone audiometry tests up to 20 

kHz to check for damage above the standard clinical audiometric range (8 kHz) and 

to see how noise exposure affects these easily damaged regions. 

In addition to the wave I and V amplitudes, we will also look at differences in the 

latency of wave V, as previous studies have shown an increase in wave V latency 

with an increase in noise exposure (Prendergast et al. 2016), and Mehraei et al. 

(2016) proposed that wave V latency changes in noise may be a biomarker for hidden 

hearing loss. Based on the results of the previous chapter, we will be using the white 

chirp due to its large amplitude when used with highpass masked stimuli, which we 

will be analysing here. We decided against using tiptrodes, even though they 

produced the largest wave I amplitudes, because this increase in wave I appeared to 

arise from a large reduction of wave III, and may not reflect a true wave I increase.  
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3.2 Methods 

3.2.1 Subjects 

Previous ABR studies on hidden hearing loss have differed in the number of subjects 

used, depending on whether they used noise exposure as an independent variable (N 

= 100+, (Prendergast, Millman, et al., 2017)) or split the subjects into two groups, 

noise exposed and non-exposed, dependent on amount of lifetime noise exposure 

(N= 20-30, Bramhall, Konrad-Martin, et al., 2017;  Schaette & McAlpine, 2011; 

Stamper & Johnson, 2015a). In the present study, time limits meant that we followed 

the latter approach and used two groups with less subjects. Twenty six subjects aged 

between 20 and 40 (mean age 27.07 years, 13 female) took part in the study. The 

number of subjects in this study closely matches several previous ABR studies 

(Bramhall, Konrad-Martin, et al., 2017;  Schaette & McAlpine, 2011; Stamper & 

Johnson, 2015a). Subjects were mainly recruited from the University of Nottingham 

and from local music bands. Subjects did not report any pre-existing problems with 

hearing or if they had ever required surgery and none reported current or past issues 

with hearing. All were native English speakers. All subjects undertook an extended 

frequency audiogram (from 0.125 kHz up to 20 kHz) using an Interacoustics AD629 

with Sennheiser HDA 300 headphones. The ear with the mean lowest thresholds in 

the clinical range (0.125 to 8 kHz) were used for the ABR recordings.  

The experiment was conducted in a sound-attenuating booth at the Institute of 

Hearing Research. Subjects were seated in a comfortable chair and were able to 

communicate via intercom, and in the case of an emergency, were able to use a panic 

button. Subjects were able to watch a subtitled film.  Testing time was approximately 

an hour. Subjects were informed to report any discomfort from the intensity of the 

stimuli immediately.  
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Ethical approval was supplied by the University of Nottingham, School of Medicine 

Ethics Committee (REF G10112015 MRC IHR, 10th November 2015).  

3.2.2 Noise Exposure  

Lifetime noise exposure was estimated using a modified version of the questionnaire 

used to assess the effectiveness of the noise at work regulations (Lutman et al. 2008). 

This in an interview style questionnaire, the subjects are asked about current and past 

occupational and social noise exposure. Asking about specific categories (for 

example, clubs with live amplified music, music through speakers/earphones and live 

amplified music, other forms of noise exposure such as motorbikes and power tools). 

They were also asked if they use hearing protection and if they know the attenuation 

or what brand and model of hearing protection they use. 

For each activity the noise exposure score is estimated using the supplied information 

which is entered into the following formula  

Ὗ ρπ  ὣ ὡ Ὀ Ὀ Ὄ ςπψπ 

 
U = Cumulative noise exposure 

L = Estimated noise exposure in dBA 

A = Attenuation from hearing protection in dB 

Y = Years of exposure  

W = Weeks of exposure per year 

D = Days of exposure per week  

H = Hours of exposure per day  

2080 = Number of hours in a working year 

 

The method for noise estimation was modified from the original protocol. We 

followed a simplified method for estimating noise as described by Prendergast et al. 

(2016). This method only included activities that were estimated to be over 85dB (the 

maximum level UK workers can be exposed too without taking action). All clubs and 

live amplified music were estimated at 105dBA for all participants. For headphone 
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use the participants were asked to imagine they were wearing their headphones 

whilst walking outside on a street, would they have their headphone volume at a level 

that they could not hear the outside world (a) or have their volume at a level where 

they can still hear what is going on around them such as traffic (b). The estimates for 

these two levels were situation (a) at 93dBA or (b) at 87dBA. By fixing the levels for 

different situations to the estimates described by Prendergast, we are able to reduce 

error that subjects may introduce by over or under estimating levels as they may not 

have the personal knowledge to accurately judge how loud a situation was.  

A single noise exposure unit is (U) is equivalent to 1 year at a daily working level of 

90dBA. Due to the positive skew in the exposure data, the exposure units were log 

transformed to create a normal distribution.  

3.2.3 Speech in Noise tests 

Subjects performed a battery of speech in noise tests. The first was the QuickSIN test 

which was developed by Etymyotic Research (ETYMOTIC RESEARCH, INC, 

Illinois, USA). This test comprises of sentences recorded in speech babble (4 

speakers) with the goal of emulating real world social gatherings. Each QuickSIN 

test had six sentences, each sentence is set at one the following SNRs of 25, 20, 15, 

10, 5, and 0 dB with speech set at 60 dB. The aim is for the subject to hear and repeat 

the five key words in each sentence which are then scored as correct/incorrect. The 

subject undertook three sets of QuickSIN tests (18 sentences in total) and the score 

for each QuickSIN test was averaged together. 

The second speech in noise test was using balanced word lists in speech noise at the 

SNRs of 5dB and 0dB. Two sets of ten words were performed for each SNR, these 

were then averaged together.  
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3.2.4 Situational questionnaire  

All subjects were asked to complete a situational questionnaire (available in appendix 

6.9), these questionnaires were adapted from Liberman, Epstein, Cleveland, Wang, & 

Maison (2016). These questions aimed to assess the following: 

¶ A self-assessment of the subjects hearing in certain situations,  

¶ If they found certain sounds loud. 

¶ If they found certain sounds annoying.  

¶ If they found certain sounds to be too loud and uncomfortable.  

3.2.5 Tinnitus questionnaire  

The questionnaires used were the tinnitus functional index (TFI, (Meikle et al.., 

2012)) and tinnitus case history questionnaire (TCHQ, Tinnitus Research Initiative) 

(available in appendix 6.11). These were used to gather descriptive information about 

the subject’s tinnitus. The tinnitus case history questionnaire included further issues 

that are commonly present with tinnitus (hearing impairment, hyperacusis, 

jaw/neck/head pains). The tinnitus functional index collects self-reported information 

about the participant’s tinnitus severity resulting in a 0-100 scale overall TFI score. 

The question categories are split into eight subscales. These include intrusiveness, 

sense of control, cognitive, sleep, auditory, relaxation, emotional and quality of life. 

A score can be evaluated for each separate subscale if required.   

3.2.6 Hearing Function Tests and Self-Reported Outcome Measures 

Overall there were ten measures of subject hearing function. Age, musical instrument 

experience and gender were also captured (available in appendix 6.10). 

¶ High frequency audiometry  

¶ Noise exposure interview questionnaire 

¶ QuickSIN score 

¶ Speech list at 60dB SPL 

¶ Speech in noise at 60dB with noise at 5dB SNR 

¶ Speech in noise at 60dB with noise at 0dB SNR 

¶ Self-reported hearing ability in situations 
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¶ Self-reported loudness of sounds 

¶ Self-reported annoyance of sounds 

¶ Self-reported sounds are too loud 

¶ Subjects with tinnitus also completed the TFI and TCHQ 

The self-reported questionnaires refer to four specific measures. 

1. Situation – is a self-reported measure of how well the subject is able to follow 

conversations in various challenging situations (places with high levels of 

noise or competing speech). This is a 0 to 10 scale with 10 being able to 

follow a conversation perfectly.  

2. Loudness – A self-reported rating of how loud the subject finds specific 

sounds on a scale of 0 to 100 (100 being that the specific sound is unbearably 

loud) 

3. Annoyance - A self-reported rating of how annoying the subject finds specific 

sounds on a scale of 0 to 100 (100 being that the specific sound is unbearably 

annoying) 

4. Too loud – Finding sounds too loud and therefore trying to avoid them (self-

reported measure of avoidance behavior) on a scale of 0 to 100 (100 being 

complete avoidance of that specific sound) 

 

3.2.7 Grouping 

To be considered noise-exposed the subject had to have a noise exposure score of 

over 15 units (a log10 score of 1.18). This was decided as it was approximately the 

median point that led to two groups of balanced subjects (a log10 range of -0.03 to 2.2 

results with a middle value of 1.12). The exposure distribution is plotted in figure 

3.1.  

Figure 3.1 – Histogram and 

density plot of exposure.  
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The behavioral descriptors were plotted along with exposure and age (Figure 3.2, 3.3 

& 3.4).  

 

 
Figure 3.2 – Visualisation and correlations for exposure score, age and gender 
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Figure 3.3– Visualisation and correlations for exposure score, situation and 

loudness.  

Figure 3.4 – Visualisations and correlations for exposure, annoyance and 

finding sounds too loud.   

and 3.4 
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As age is a fundamental part of the equation to calculate exposure, the correlation 

between age and exposure was calculated with a Pearson coefficient and plotted 

(Figure 3.5). There was no significant correlation with p = 0.41.  

 

 

 

Figure 3.5 – Scatter plot for both age 

and exposure score. Age is on the y 

axis and exposure on the x axis. 

Regression line is plotted. General 

trend for exposure to increase with 

age although this is not significant (p 

= 0.41).  

 

Figure 3.6 – Scatter plot for 

exposure score divided by age which 

shows how much noise each subject 

was exposed for each year alive. 

Exposure unit per year is on the y 

axis and subject number on the x 

axis.  
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Figure 3.6 shows that the noise exposed subjects had far more exposure for each year 

alive than the non-exposed subjects. While age may be intrinsically linked with 

exposure (older subjects have more opportunity to accumulate exposure), this figure 

shows that it is not age that is the driving factor but the amount of exposure, as the 

exposed group have far higher amounts of exposure per year of life than the non-

exposed group.  

This led to the noise-exposed group comprising 14 subjects (4 female) with a mean 

age of 28.3 years old (range 23–40). These subjects were primarily made up of 

musicians or those who worked in loud environments (military or factory work). The 

mean exposure was 57.57 (log10 = 1.76). 

The non-exposed group was mostly made up of full time students who rarely went to 

clubs or live amplified music concerts. They also listened to music on headphones 

less often and if they did, at lower volumes. This group comprised 12 subjects (3 

male, mean age 25.6, range 23-33). The mean exposure was 6.55 (log10 = 0.81). 

There were four subjects who reported tinnitus, these filled in an additional two 

questionnaires, the tinnitus functional index. One tinnitus subject had an exposure 

score below 15 and did not play musical instruments or work in a loud environment 

and was therefore grouped into the normal group.  

There was no significant difference in age between groups (Independent sample T 

test, P = 0.111).  There was however an imbalance in gender distribution between the 

groups, with more females sin the non-exposed group (9F, 3 M), and more males in 

the noise-exposed group (4F, 10M). 
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3.2.8 Stimuli 

The white chirp (see Chapter 2) was the sole stimulus used in this experiment. 

Stimuli were presented 20/s at 90dB SPL p.e.  Highpass filtered masking noise was 

presented at 8, 4, 2 and 1 kHz at 80 dB SPL. The stimulus levels were calibrated with 

an artificial ear (Bruel and Kjaer, type 4153).   

All stimuli were generated digitally at a 50 kHz sampling rate using MATLAB (The 

Mathworks, Natick, MA, USA). A Tucker Davis Technologies (TDT) real time 

processor (RP2) (Tucker Davis Technologies, Alachua, FL, USA) performed digital 

to analogue conversion which also consisted of a headphone amplifier (HB7).  All 

sound stimuli were presented via Etymotic ER-2 insert earphones (Etymotic 

Research Inc, Elk Grove Village, IL, USA).  

3.2.9 ABR recording 

Standard BioSemi (BiosSemi B.V, Amsterdam, Netherlands) active electrodes were 

attached in a vertical montage, with the reference at the vertex and active electrodes 

at the ipsilateral and contralateral mastoids, and ground electrodes on the forehead. 

The site where the electrodes would be placed was cleaned with alcohol and then 

conductive gel was applied to the electrodes. When tiptrodes were used, they were 

inserted into both ear canals. The electrodes were attached to a Bio-Semi ActiveTwo 

analogue to digital convertor and recorded via Biosemi ActiABR software and saved 

digitally. The sampling rate was 16834/s.  

3.2.10 Data processing and statistical analysis 

The same offline filtering and Bayesian weighted averaging of the ABR was applied 

as in Chapter 2. Peak picking was performed using the automated procedure 

described in the Chapter 2 results.  
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Statistical analysis was performed in R (R Core Team, Vienna, Austria).  Linear 

mixed effect modelling was performed using the R based LME4 package, version 

1.1-14 (Bates, Maechler, Bolker, & Walker, 2014) and the LMERtest package 

(Kuznetsova, Brockhoff & Christensen, 2017). P-values were calculated from F 

statistics (type III, Satterthwaite approximation ) (Kuznetsova et al., 2017) using the 

lmertest package. Correlations were performed in base R using the cor and p.cor 

function. Plotting was performed in R using the GGplot function (Wickham. 

Springer-Verlag New York, 2016) and Matlab (2016b) (MATLAB (The Mathworks, 

Natick, MA, USA). 

The data was checked for normality, the Z values for Kurtosis and skewness were 

checked to see if they were between -1.96 to +1.96 and the Shapiro-Wilk test P value 

was above 0.05. The normal hearing group was normally distributed for all measures 

except for exposure. The noise-exposed group had non-normal data for five of the ten 

measures.  

The imbalance in gender between the noise-exposed and non-exposed groups poses a 

problem in ABR analysis due to differences in ABRs between males and females. To 

account for this, gender was included in all linear mixed effect models, and type 3 

(marginal) effects were evaluated. As age may be an important factor (older subjects 

will have had more opportunity to become noise exposed), it was also included when 

creating the model structure using a stepwise procedure, however it did not 

significantly improve model fit as determined by AIC and was removed.  
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3.3 Results  

3.3.1  Audiometric Results 

Figure 3.7 compares the average PTA results for the tested ears in the noise-exposed 

and non-exposed groups up to 16 kHz (full audiograms in both ears for individual 

subjects are shown in appendix 6.8). Very few subjects could detect the highest 

frequency tones at 20 kHz (3 subjects in noise-exposed and 2 subjects in non-

exposed group) or at 18 kHz (6 subjects in noise-exposed group and 9 subjects in 

non-exposed group), therefore those thresholds are not shown here.  Some subjects 

could not detect tones between 12.5 and 16 kHz, and for them these values were set 

at the maximum of 55 dB.  

To test if there was a difference between the groups in hearing in the clinical range 

(up to 8 kHz),  the audiometric thresholds were submitted to a linear mixed effect 

model (LMMs) with exposure group (noise-exposed and non-exposed) and tested 

frequency (0.125, 0.5,1,2 and 8 kHz) as fixed factors, and subject as the random 

effect.  There was a significant main effect of group (F (1, 174.51) = 11.28, p < 

Figure 3.7 - mean hearing thresholds for non-exposed and exposed groups. Errobars 

denote standard error. 18 and 20 kHz are omitted from graph.  
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0.0001), showing that the noise-exposed subjects had significantly elevated clinical 

hearing thresholds compared to the non-exposed subjects.  When the same analysis 

was performed on the high frequency PTA thresholds (12.5, 14 and 16 kHz), there 

was also a main effect of group (F (1, 66.46) = 11.17, p = 0.001), confirming poorer 

high frequency thresholds in the noise-exposed group. The mean score for the 

clinical range for non-exposed was 5.59dB HL (SE ± 1.75) and for exposed 9.08 dB 

HL (SE ± 2.42). For the high frequency range the mean for non-exposed was 8.72 dB 

HL (SE ± 5.03) and exposed 19.68 dB HL (SE ± 5.03). 

Next we wanted to see if the amount of noise exposure and hearing thresholds were 

correlated. We would expect to see that an increase in noise exposure led to a 

elevation in hearing thresholds. Figures 3.8 plots the mean threshold in the clinical 

range (A) and in the high frequency range (B) against noise exposure units across 

individual subjects. We can see that hearing thresholds do generally decrease with 

noise exposure, but this was only marginally significant when tested with a Pearson 

correlation, both for the clinical (r = 0.34, p = 0.08) and high frequency range (r = 

0.35, p = 0.07).  

 

 

 

 

 

 

A B 

Figure 3.8 - Scatter plots shows average across frequency PTA score for the clinical 

(0.125 to 8 kHz) and high frequency (12.5 to 16 kHz) range. Plotted as a function of 

exposure. There is a general trend for PTA scores to increase with increasing 

exposure. 
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3.3.2 Speech in Noise Results 

Next the speech in noise test scores compared between the two groups. The 5dB SNR 

and 0dB SNR scores were tested with a Mann–Whitney U test and the QuickSIN 

with a 2 tailed, two sample unequal variance t test. The results are shown in Table 

3.1. There are no significant differences between the two groups for any of the SIN 

tests.  

Table 3.1. Compares the speech in noise tests between non-exposed and exposed groups. 

Columns indicate mean score and ± standard error. P value is from a 2 tailed t test for 

QuickSIN and Mann-Whitney U test for the SIN SNR tests due to being scored in 

percentage. .  

 Noise-exposed Non-exposed P value 

QuickSIN 0.80 ± 2.4 0.63 ± 0.82 p = 0.80 

SIN SNR 5dB 0.39 ± 0.19 0.41 ± 0.09 p = 0.45 

SIN SNR 0dB 0.08 ± 0.08 0.07 ± 0.07 P = 0.95 

 

Figure 3.9 plots the SiN scores for the QuickSIN, SIN SNR 0dB and 5dB tests 

against noise exposure units across individual subjects. None of the SIN measures 

correlated with exposure (QuickSIN:  r = 0.17, p = 0.41; SIN 5 dB:  r = 0.13, p = 

0.52; SIN 0 dB: r = -0.09, p = 0.64). Greater levels of noise exposure did not seem to 

affect SIN ability of the subjects for any of these tests.  
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Most subjects scored in the normal range of 0-3 dB for the QuickSIN experiment 

regardless of exposure (as reported by the QuickSIN scoring Table 3.2). One subject 

can be seen as scoring very poorly with 7.5 dB therefore having moderate SNR loss 

while another scores -4 dB being well above normal and both of these subjects were 

in the exposed group.  

Table 3.2 - Etymyotic’s guide to evaluating hearing loss with the QuickSIN test. 

 

 

 

 

A B C 

Figure 3.9- Speech in noise tests as a function of exposure. A) Is speech in noise with a SNR 

of 5 dB. B) is speech in noise with a SNR of 5 dB. C) Is the QuickSIN test. There is no clear 

indication that an increase in exposure leads to a decrease in performance in speech in 

noise tests. 
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3.3.3 Tinnitus subjects 

There were four subjects who reported tinnitus. The tinnitus was mild for three of the 

subjects (TFI score range 18-31) with only one subject having a moderate problem 

(TFI range 32 – 53) according to the tinnitus functional index. Out of the four, three 

were sufficiently noise-exposed to be placed in the noise exposure group. Their 

results (Table 3.3) show that they were at the low end of noise exposure compared to 

others in the noise-exposed group and were proficient at the SIN tests. They did 

report slightly above average scores for annoyance of sounds (average was 388). 

Noise exposure seems to have only mildly been a contributor to tinnitus in the case of 

three of the four subjects. The subjects also did not have any difficulties with the SIN 

tests, even to the point that tinnitus subject 1 scored the best out of both groups for 

the QuickSIN experiment.  
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Table 3.3 - Shows tinnitus subjects questionnaire and behavioral scores along with the mean 

scores from both the non-exposed and exposed groups and all non-tinnitus subjects. 

Interpreting TFI scores: TFI score of 25 or less indicates relatively mild tinnitus and little or 

need for intervention.  A TFI score ranging from 25-50 indicates significant problems with 

tinnitus and a possible need for intervention. A TFI score of 50 or greater on the TFI 

indicates severe tinnitus. Speech reception threshold set at 50%, SIN scores are only 

designed for the comparison between groups and not as a clinical measure of speech in noise 

performance.  

Tinnitus 

Subject 

Exposure 

Score 

Tinnitus 

Functional 

Index 

QuickSIN SIN SNR 

5dB 

SIN SNR 

0dB 

Annoyance 

of Sounds 

Subject 1 17.1 44.8 

 

-3.8 

 

45% 

 

15% 460 

Subject 2 15.55 21.6 

 

0.16 

 

20% 

 

0% 520 

Subject 3 18.16 17.6 

 

0.16 

 

55% 

 

10% 575 

Subject 4 6.96 14.8 

 

0.16 

 

40% 

 

5% n/a 

Mean scores 
for Non-
exposed 

group 

6.55 (range = 
0.92 to 14.9) 

n/a 0.63 41% 7% 388 

Mean scores 
for noise 
exposed 

group  

57.57 (range = 
19 to 157) 

n/a 0.80 39% 8% 432 

Mean All 
non-tinnitus 

Subjects 

38.07 (range = 
0.92 to 157) 

n/a 1.05 40% 8% 391 
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3.3.4 Questionnaire results 

To see if the hearing quality questionnaire scores showed any correlation with noise 

exposure a pairwise linear correlation was performed on each questionnaire with 

noise exposure score. The results are shown in Table 3.4. There appeared to be no 

correlation for any of the measures. 

Table 3.4 - Correlation results for exposure and questionnaire scores 

 Pearson’s Correlation 

Coefficient 

P value 

Exposure and hearing 

quality in different 

situations 

r = 0.16 p = 0.41 

Exposure and loudness of r = -0.19 p = 0.35 

Exposure and annoyance 

of sounds 

r = -0.31 p = 0.12 

Exposure and finding 

sounds too loud 

r = -0.11 p = 0.57 

The average scores for each test were also compared between the exposed and non-

exposed subjects, shown in Table 3.4. There is little difference between groups with 

only a mild non-significant increase in annoyance of sounds and how loud sounds 

appear in the exposed group. The noise-exposed groups score marginally better for 

understanding sounds in difficult situations and sounds being too loud (Figure 3.10 
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A, B) but score marginally worse for loudness of sounds and annoyance ( Figure 3.10 

C, D). 

 

 

Figure 3.10 - Figure shows scores for the four self-reported measure of hearing quality. 

Error bars denote standard error. A, hearing ability in different situation (higher score is 

better ability in different environments. B the loudness of sounds (higher score is finding 

sounds louder). C. Is finding sounds too loud in certain environments (higher score is finding 

sounds more unpleasant) D. Annoyance of sound (higher score is more annoying) 

3.4 ABR results 

3.4.1 ABR Amplitude 

Figure 3.11.A shows the grand average ABR waveforms as a function of increasing 

HP cut off frequency for the noise-exposed and non-exposed groups.  Wave V 

appears to be smaller in amplitude in the noise-exposed group, with the difference 

increasing with increasing HP cut off frequency. Wave I shows similar behavior, 

although the differences between the groups are smaller. A similar pattern is observed 

for the derived band responses (Figure 3.11.B), but these show a much poorer SNR, 

which makes it more difficult to observe group differences. For this reason, only the 
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HP responses will be considered in further analysis. By comparing the HP responses 

as a function of cut off frequency, we can evaluate how progressively adding higher 

frequencies alters the response, which gives an insight into the frequency profile of 

any differences between groups.  

 

 

Figure 3.11 (A & D) compares the mean highpass amplitudes between the exposure 

groups as a function of HP cut off frequency.  As expected from the waveforms, the 

exposed group shows smaller amplitudes for both wave I and V, with larger 

differences in wave V, and at higher HP cut off frequencies.   

Figure 3.11 – A. Grand 

average highpass-masked 

responses as a function of 

increasing frequency. Left 

panel is for non-exposed 

subjects and right panel is for 

exposed subjects.  

B. Derived band responses for 

both non-exposed (blue) and 

exposed (red). Shaded areas 

represent standard error.  
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Figure 3.12 –Box plots for wave I and V amplitudes for the three different groupings we 

used; exposure, gender and PTA group. A. wave I exposure, B wave I gender, C, wave I PTA 

group, D, wave V exposure, E wave V gender, F, wave V PTA group. Box and whisker plot 

shows the median as a line, box denotes 1st and 3rd quartiles and whiskers denote 1.5 * 

(IQR). The mean has been added as a black circle. Datum points outside the whiskers are 

labelled as outliers 

To test if these differences were statistically significant, the ABR amplitudes were 

submitted to a linear mixed effect model with wave number (wave I & V), highpass 

frequency (1, 2, 4, 8, no HP) , gender (male & female) and exposure group (noise-

exposed and non-exposed) as fixed effects and  subject as  a random effect. The 

results are shown in Table 3.5. As expected, wavenumber and highpass cut-off 

frequency were significant main effects (wavenumber = F (1, N = 234) = 352.20, p < 

0.0001, HP cut off frequency = F (4, 234) = 47.69, p < 0.0001). Gender also had a 

significant main effect (F (1, 26) = 4.39, p =0.04). This can be seen in Figure 12 (B & 

E), where males show overall smaller wave I and V amplitudes compared to females. 

A B C 

D E F 
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Exposure group did not have a significant main effect (F (1, 26) = 2.72, p =0.11) but 

it did have a significant interaction with wave number (F (1, 234) = 6.56, p = 0.01). 

(Table 3.5). Because of this interaction, wave I and V will be analysed separately. 

Table 3.5 Statistical results for LMM analysis of wave I & V chirp amplitudes for both 

exposure groups 

Wave I & V HP LMM Num DF Den DF F p 

Exposure Group 1 26 2.72 0.09 

Gender 1 26 4.39 0.03 * 

Wave Number 1  352.20 <0.0001*** 

HP cut-off frequency 4 234 47.69 <0.0001*** 

Exposure Group * Wave 
Number 

1 234 6.56 0.01 * 

Exposure Group * HP cut 
off frequency 

4 234 2.31 0.058 

Gender * Exposure group 1 234 0.8682 0.35144 

Wave Number * Gender 1 234 21.53 <0.0001*** 

Wave Number * HP cut off 
frequency 

4 234 16.91 <0.0001*** 

Gender * exposure group 1 26 0.86 0.36 

Wave Number * HP cut off 
* gender 

4 234 1.28 0.27 

Wave Number * HP cut off 
* exposure group 

4 234 1.21 0.30 

Wave Number * gender * 
exposure group 

1 234 2.44 0.11 

HP cut off * gender* 
Exposure group 

4 234 0.25 0.90 

Wave Number * gender * 
exposure group * HP cut off 

frequency 

4 234 0.86 0.48 
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Wave I and V amplitudes were separately submitted to an LMM with HP cut off 

frequency, gender and exposure group as fixed effects and subject as a random effect.  

For wave I (Table 3.6), only HP cut-off frequency showed a significant main effect (F 

(4, 16) = 16.00, p < 0.0001), but there was no significant main effect of exposure (p = 

0.35) or any interaction with exposure, and no significant effect or interaction with 

gender. 

For wave V, there was no main effect of exposure, but there was a significant 

interaction between exposure and HP cut off frequency (F (4, 104) = 3.05, p =0.01) 

(Table 3.7). This indicates that wave V is reduced in noise-exposed subjects but only 

at certain frequencies. There was also a significant gender effect (F (1, 26) = 5.66, p 

=0.02).  

Table 3.6 Statistical results for LMM analysis of wave I HP chirp amplitudes for both 

exposure groups 

Wave I HP LMM Num DF Den DF F p 

Exposure Group 1 26 0.87 0.35 

Gender 1 26 0.20 0.64 

HP cut-off frequency 4 104 16.00 <0.0001*** 

Exposure Group * HP cut 
off frequency 

4 104 1.91 0.10 

HP cut off frequency * 
Gender 

4 104 1.00 0.40 

Exposure Group * Gender 4 26 0.21 0.64 

Exposure group * HP cut 
off frequency * gender 

4 104 0.56 0.69 
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Table 3.7 Statistical results for LMM analysis of wave V HP chirp amplitudes for both 

exposure groups 

 

To test how the difference between groups varied with HP cut off frequency, a post 

hoc comparison was performed on wave V amplitude for each HP cut off frequency 

separately using 2 sample t-tests. The results (Table 3.8) show that there were 

significant differences between noise-exposed and non-exposed for all HP cut off 

frequencies except for the 1 kHz. However after correction for multiple comparisons 

using Bonferroni correction, all comparisons failed to reach significance with <4 kHz 

and <8 kHz only approaching significance.  

 

 

 

Wave V HP LMM Num DF Den DF F p 

Exposure Group 1 26 2.61 0.10 

Gender 1 26 5.66 0.02 * 

HP cut-off frequency 4 104 61.04 <0.0001*** 

Exposure Group * HP cut off 
frequency 

4 104 3.05 0.01 * 

HP cut off frequency * 
Gender 

4 104 2.11 0.08 

Exposure Group * Gender 4 26 0.88 0.34 

Exposure group * HP cut off 
frequency * gender 

4 104 0.98 0.41 
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Table 3.8: Statistical results for t test comparison between highpass cut-off frequencies. Far 

right column is Bonferroni correct p values.  

 

Exposure seems to lead to a reduced wave V but not wave I, this was plotted in figure 

3.11. We can see a general trend for exposure to decrease amplitude although this 

varied between genders. To see if there was a correlation between amount of 

exposure and wave amplitude, a partial Pearson’s correlation was performed between 

the unmasked amplitude for both wave I and V and the noise exposure units, with 

gender partialed out (Figure 3.13). The results show a decrease in wave I and V 

amplitude with increasing noise exposure, but this was not significant (wave I: r = -

0.31, p = 0.75, wave V: r = -0.76, p = 0.45).   

Highpass cut-off Frequency T test P value T Test Bonferroni Corrected 

<1 kHz 0.687 1 

<2 kHz 0.044 * 0.221 

<4 kHz 0.011 * 0.056 

<8 kHz 0.010 * 0.056 

<inf kHz (no HP) 0.018* 0.092 

Figure 3.13– scatter 

plots for wave I and V 

amplitude for the no 

high pass response. 

Amplitude is on the y 

axis and log 

transformed exposure 

is on the x axis. 

Regression lines are 

plotted for both 

genders.  
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3.4.1.1 !.w [ŀǘŜƴŎȅ 

Figure 3.14 (A & D) shows the mean latencies as a function of HP cut off frequency 

compared between the noise-exposed and non-exposed groups. The latencies in the 

exposed group are shorter than the non-exposed group at low frequencies (<1 kHz 

and <2 kHz) but become longer at higher frequencies, which causes the function to 

have a shallower slope in the exposed group.  

 

Figure 3.14 - Tukey box plots for wave I and V latency for the three different groupings we 

used; exposure, gender and PTA group. A. wave I exposure, B wave I gender, C, wave I PTA 

group, D, wave V exposure, E wave V gender, F, wave V PTA group. Box and whisker plot 

shows the median as a line, box denotes 1st and 3rd quartiles and whiskers denote 1.5 * 

(IQR). The mean has been added as a black circle. Datum points outside the whiskers are 

labelled as an outlier 

 

 

A B 

D 

C 

E F 
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The latencies were submitted to a LMM with wave number (I and V), exposure 

group (exposed and non-exposed), highpass cut off frequency (1, 2, 4, 8, no HP) and 

gender (male and female) as fixed effects and subject as a random effect. Table 3.9 

shows the full results. Exposure and gender did not have significant main effects 

(exposure = F (1, 26) = 0.53, p =0.47), gender = F (1, 26) = 0.06, p =0.80), but 

exposure did have a significant interaction with highpass cut off frequency (F (4, 

234) = 3.81, p =0.004), which confirmed the shallower slope of the latency versus 

frequency function in the noise-exposed group.    
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Table 3.9 Statistical results for LMM analysis of wave I & V chirp latencies for both 

exposure groups 

 

 

 

Wave I & V Latency LMM Num DF Den DF F p 

Wave Number 1 234 14734 <0.0001*** 

Exposure Group 1 26 0.53 0.47 

HP cut-off frequency 4 234 154.64 <0.0001*** 

Gender 1 26 0.06 0.80 

Wave Number * Exposure 
Group 

1 234 1.01 0.31 

Wave Number * HP cut off 
frequency 

4 234 0.32 0.85 

Exposure Group * HP cut 
off frequency 

4 234 3.81 0.004 ** 

Wave Number * Gender 1 234 0.27 0.60 

Exposure Group * Gender 1 26 1.26 0.27 

HP cut off * Gender 4 234 0.93 0.44 

Wave number * Exposure 
group * HP cut off 

4 234 0.09 0.98 

Wave number * Exposure 
group * gender 

1 234 3.03 0.08 

Wave number * HP cut off 
* gender 

4 234 0.19 0.94 

Exposure group * HP cut 
off * gender 

4 234 3.49 0.008 ** 

Exposure group * HP cut 
off * gender * wave 

number 

4 234 0.20 0.93 
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Figure 3.15 plots latency against noise exposure for wave I and V for the no high-

pass noise condition. We can see that there appears to be an increase in latency with 

increasing amount of noise exposure but this was not significant for wave I when 

tested with a partial Pearson’s correlation with gender accounted for (r = 0.33, p = 

0.10), but was significant for wave V (r = 0.49, p = 0.01). The apparent outlier in the 

male group may have been driving the significant correlation. This subject was the 

5th most exposed and had the poorest hearing thresholds of the whole group which is 

known to affect latency. The subject was removed and the data analysed again. The 

outlier did not have an impact on previous results.  

 

 

 

 

 

 

3.4.2 Regrouping using high frequency PTA thresholds 

A more direct measure of damage to the auditory system is a reduction in hearing 

thresholds, therefore we decided that instead of grouping on amount of exposure, we 

would group on hearing thresholds with a ‘better’ and ‘poorer’ hearing group. The 

difference between the noise-exposed and non-exposed groups in the clinical range 

were small, so that regrouping in this range was not feasible.  As early damage 

normally affects higher frequencies first, we instead grouped subjects on their high 

frequency thresholds in the range of 12.5 to 16 kHz. These groups were decided by 

having any subject with poorer than 25 dB HL at high-frequency thresholds (12.5 to 

A B Figure 3.15 - Latency as a 

function of log transformed 

exposure for wave I and V 

no high pass noise 

responses. Latency 

generally increase with 

exposure score for both 

waves. 
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16 kHz) being assigned to the ‘poorer’ hearing group, all other subjects were 

assigned to the ‘better’ hearing group. The threshold of 25 dB HL was chosen as any 

threshold score above 20 dB HL is described as being a mild hearing loss according 

to the British Society of Audiology’s recommended procedure (BSA , 2011). 

Therefore 25 dB HL is the first point in the mild hearing loss range. This point was 

also the only point that could be used to split the groups into approximately equal 

numbers which can be seen in figure 3.16.   

 

Figure 3.16 – Distribution of all subjects mean high frequency thresholds. This figure shows 

that there is a clear indication of two groups, with 16 subjects having high frequency 

thresholds better than 25 dB HL and the other 10 subjects being higher. 
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The new groups resulted in: 

¶ Poor hearing group = 10 subjects (3 female, age range 23 to 35, mean age 

26.81) Exposure score = 34.61 

¶ Better hearing group  = 16 subjects (10 female, age range 20 to 40, mean age 

27.50) Exposure score = 33.65 

The groups were well balanced with similar ages and exposure scores, but there were 

still more females in the better hearing group.  

The effect of high-frequency PTA group can be seen in Figure 3.12 (C & F), which 

shows that poorer hearing subjects have smaller wave I and V amplitudes than better 

hearing subjects.  Wave V shows the most drastic difference.  

To see if this difference was significant, the amplitudes were submitted to a LMM 

with wave number (wave I and V), highpass cut off frequency (1, 2, 4, 8, <inf kHz), 

gender (male and female) and hearing group (poor and better) as fixed effects and 

subject as a random effect.  Hearing group did have a significant main effect (F (1, 

26) = 5.71, p =0.02) and so did gender (F (1, 26) = 4.98, p = 0.03. There was also 

significant interaction between hearing group and wave number (p < 0.0001). (Full 

results in Table 3.10). As there was an interaction between hearing group and wave 

number, separate LMMs were run for wave I and V.  
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Table 3.10 Statistical results for LMM analysis of wave I & V chirp amplitudes for both PTA 

groups 

 

   

 

Wave I & V amp PTA group 
LMM 

Num DF Den DF F p 

Wave Number 1 234 378.72 <0.0001*** 

Hearing Group 1 26 5.71 0.02* 

HP cut-off frequency 4 234 50.12 <0.0001*** 

Gender 1 26 4.98 0.03* 

Wave Number * Hearing 
Group 

1 234 25.96 <0.0001*** 

Wave Number * HP cut off 
frequency 

4 234 20.38 <0.0001*** 

Hearing Group * HP cut off 
frequency 

4 234 2.71 0.03 * 

Wave Number * Gender 1 234 20.63 <0.0001*** 

Hearing Group * Gender 1 26 0 0.97 

HP cut off * Gender 4 234 1.76 0.13 

Wave number * HP cut off * 
gender 

4 234 1.30 0.26 

Wave number * HP cut off * 
hearing group 

4 234 1.36 0.24 

Wave number * hearing 
group* gender 

1 234 0.004 0.94 

HP cut off * hearing group* 
gender 

4 234 0.37 0.82 

hearing group* gender* 
wave number * HP cut off 

4 234 0.57 0.68 



128 

 

Wave I showed no significant main effect or interaction with hearing group. There 

was no main effect of gender (p = 0.50) but there was an interaction between gender 

and HP cut off frequency (p =0.03). This indicates that wave I differences between 

the two hearing groups are caused by the gender imbalance which may actually be 

due to noise exposure (gender and noise exposure groups overlap and noise exposure 

was not included as a factor in the LMM analysis). High frequency hearing 

thresholds do not appear to have an effect on wave I amplitude (Table 3.11).  

 Table 3.11 Statistical results for LMM analysis of wave I chirp amplitude for both exposure 

groups 

 

 

 

 

 

 

 

 

 

Wave V did show a significant main effect of hearing group (p =0.01), and an 

interaction between hearing group and HP cut off frequency (p =0.01) (Table 3.12). 

Gender also had a main effect (p = 0.01). This suggests that elevations in high 

frequency hearing thresholds lead to a reduction in wave V amplitude and more so at 

Wave I PTA Group 
LMM 

Num DF Den DF F p 

Hearing Group 1 26 0.35 0.55 

HP cut off Frequency 4 104 13.82 <0.0001*** 

Gender 1 26 0.44 0.50 

Hearing Group * HP 
Cut off Frequency 

4 104 1.72 0.14 

Hearing Group * 
Gender 

1 26 0.005 0.94 

HP Cut off Frequency 
* Gender 

4 104 2.78 0.03* 

HP Cut off Frequency 
* Gender * Hearing 

group 

4 104 1.73 0.14 
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specific frequencies. Gender has an effect on amplitude in that males have a general 

reduction in amplitude across all frequencies.  

Table 3.12 Statistical results for LMM analysis of wave V chirp amplitude for both PTA 

groups 

 

 

 

 

 

 

 

 

Wave V PTA Group 
LMM 

Num DF Den DF F p 

Hearing Group 1 26 7.55 0.01* 

HP cut off Frequency 4 104 62.25 <0.0001*** 

Gender 1 26 6.32 0.01* 

Hearing Group * HP 
Cut off Frequency 

4 104 3.37 0.01 * 

Hearing Group * 
Gender 

1 26 0 0.99 

HP Cut off Frequency 
* Gender 

4 104 2.17 0.07 

HP Cut off Frequency 
* Gender * Hearing 

group 

4 104 0.44 0.77 
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Figure 3.14 (E & F) compares the mean latencies between the poorer and better 

hearing groups. The latencies seem reasonably similar between the better and poorer 

hearing groups, but with the poorer hearing groups having marginally longer 

latencies. To see if this was significant, the latency data was subjected to a LMM 

with wave number (I and V), hearing group (poor and better), highpass cut off 

frequency (1, 2, 4, 8, no HP) and gender (male and female) as fixed effects and 

subject as a random effect (Table 3.13). Interestingly, hearing group had no 

significant effect on latency, nor was any interaction with hearing group significant. 

This is in contrast to what was found for the effect of noise exposure, where noise 

exposure caused a shallower slope of latency as a function of HP cut off frequency 

(Figure 3.14 A & D). Gender showed no main effect (p = 0.65) but did show a 

significant interaction with HP cut off frequency (p =0.004) suggesting that the only 

factor affecting latency was gender, but not high frequency hearing thresholds.  This 

highlights that the latency difference between the exposure groups is unrelated to 

differences in high frequency hearing thresholds in the two groups. This supports the 

notion that noise exposure may have a separate mechanisms of damage compared to 

reduced hearing thresholds and is evident in latency of wave V.  
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Table 3.13 Statistical results for LMM analysis of wave I & V chirp latency for both PTA 

groups 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wave I & V latency PTA 
group LMM 

Num DF Den DF F p 

Wave Number 1 234 14628 <0.0001*** 

Hearing Group 1 26 0.50 0.47 

HP cut-off frequency 4 234 131.27 <0.0001*** 

Gender 1 26 0.20 0.65 

Wave Number * Hearing 
Group 

1 234 0.04 0.83 

Wave Number * HP cut 
off frequency 

4 234 0.30 0.87 

Hearing Group * HP cut 
off frequency 

4 234 0.63 0.64 

Wave Number * Gender 1 234 0 0.98 

Hearing Group * Gender 1 26 0.98 0.33 

HP cut off * Gender 4 234 3.82 0.004 ** 

Wave number * hearing 
group * HP cut off 

4 234 0.67 0.61 

Wave number * hearing 
group * Gender 

1 234 0.00 0.98 

Wave number * HP cut 
off * Gender 

4 234 0.37 0.82 

Hearing group * HP cut 
off * Gender 

4 234 0.68 0.60 

Wave number * Hearing 
group * HP cut off * 

Gender 

4 234 0.20 0.93 
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Finally, the wave V latency data was correlated to clinical PTA average score and 

high frequency PTA score (Figure 3.17). For the clinical PTA range, there appears to 

be an increase in latency with decreasing threshold for males but not females. 

However there appears to be an outlier that is influencing the pattern so it was 

removed and a second fit line added. This line follows the female more closely now. 

For the high frequency PTA there is a small increase in latency with decreasing 

thresholds, and the outlier had very minimal impact as seen by the second fit line for 

the males. When tested with a partial Pearson correlation with gender partialed out, 

the clinical PTA score was significant (r = 0.50, p = 0.01) but high frequency was not 

significant (r = 0.08, p = 0.69). The correlation was re-run with the outlier subject 

removed for latency and clinical PTA scores and the result became non-significant (r 

= -0.08, p = 0.70). The outlier also did not have any effect on high frequency PTA 

correlation (r = -.003, p = 0.98).   

 

 

 

 

 

 

 

 

 

 

Figure 3.17 – Scatter plot showing latency as a function of hearing thresholds. An 

outlier can be seen in both clinical and high frequency PTA scores. Regression 

lines fitted for both genders, and an extra line is shown for when the outlier is 

removed.  
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3.5 Discussion 

The present experiment aimed to investigate if it was possible to detect hidden 

hearing loss in noise-exposed subjects by measuring wave I and V of the ABR. We 

used frequency specific ABRs to allow us to detect the frequency profile of hidden 

hearing loss. We expected to find a reduced wave I amplitude but a maintained wave 

V which would lead to a reduced wave I/V ratio. In fact we found the opposite, with 

a reduction of wave V but not of wave I. Wave V was so drastically reduced, that a 

wave I/V ratio would have shown the opposite to what previous studies have shown 

(Schaette & McAlpine, 2011a).  Our results seem to indicate that either 

synaptopathy is not occurring or that it cannot be measured with wave I of the 

ABR. The data also does not seem to support that central gain mechanisms are taking 

place and increasing wave V amplitude. The reason for our results showing the 

opposite to what has been found previously is not fully understood but we offer some 

possible reasons.   

First, it is known that gender plays a role in ABR amplitudes and latencies and that 

our groups are not gender balanced. Differences in ABRs due to gender has been 

reported by Aoyagi et al. (1990) and Trune, Mitchell, & Phillips (1988). They 

propose that head size (males generally have larger heads) lead to the differences in 

ABR amplitude and latency that is seen in our results. Along with this, sex hormones 

have also been implicated in altering latency of ABR (Elkind-Hirsch, Wallace, 

Malinak, & Jerger, 1994). However, we do attempt to control for gender in our 

statistical analysis. We find that gender does have a main effect on wave V ABR 

amplitude, but this is separate to the significant interaction between exposure group 

and HP cut off frequency. This seems to indicate that gender reduces wave V 
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amplitude evenly for all HP cut off frequencies but exposure has a different pattern, 

in that it decreases amplitude more at high HP cut off frequencies than at low 

frequencies. Therefore we conclude that exposed subjects do show a reduction in 

wave V amplitude for high frequency highpass cut off frequencies and that this is not 

due to a gender effect.  

It may be that the difference in wave V amplitude that we found between the noise-

exposed and non-exposed is a result of poorer hearing threshold in the noise-exposed 

group. It has been reported in the literature that subjects with hearing loss do show a 

reduced wave V amplitude compared to normal hearing subjects (Reddy, Reddy, & 

Suresh, 2018). To find out if hearing loss was driving the effect of noise exposure, we 

decided to regroup the subjects according to their high frequency hearing thresholds. 

The poorer hearing group was found to have reduced wave V, but not wave I 

amplitude which is similar what was found in noise-exposed subjects. However, the 

amount of noise exposure was balanced between the groups, suggesting that the 

difference between hearing groups was not the same as that found between the 

exposure groups. The effects could be produced by two different mechanisms. The 

poorer hearing group could have an OHC loss (as they have elevated thresholds 

which indicates OHC damage), whereas the noise-exposed group could have a type 

of hidden hearing loss. What is interesting is that there is no change in wave I for 

either the noise-exposed or poorer hearing groups. This could just be that the wave I 

has proven to be insensitive to changes in both groups.  

The hidden hearing loss that may be occurring in the noise-exposed group could be 

occurring at a location other than wave I, which results in no change of wave I 

amplitude but does affect wave V. Pushpalatha & Konadath (2016) also demonstrated 
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a significant reduction of wave V amplitude, without a change in wave I, in noise-

exposed subjects compared to non-exposed subjects.  

Unfortunately we cannot ignore that our ABRs may not have sufficiently good SNR 

for recording wave I, which may have led us to miss possible reductions of wave I in 

noise-exposed subjects.   

Latency is generally regarded as a more reliable measure compared to amplitude. Our 

findings show significant differences for latency of wave V between the non-exposed 

and exposed groups. Noise exposure caused the slope of the latency versus frequency 

function to become shallower. Interestingly, these changes in latency are not apparent 

when we re-group based on high frequency hearing thresholds or gender. This shows 

that exposure seems to be the dominant driving factor for the increase in latency. This 

latency increase was also found by Pushpalatha & Konadath (2016). The decrease in 

latency at low frequencies in noise-exposed subjects could be caused by broadening 

of auditory filter times as demonstrated by Don, Ponton, Eggermont, & Kwong 

(1998). The increase in latency at high frequencies is likely due to lessened cochlear 

output at higher frequencies, due to either synaptic damage between IHC and ANF 

(synaptopathy),  deafferentation of the ANF, or demyelination of ANFs which lead to 

reduced neural transmission speed (Wan & Corfas, 2017). We do not see this latency 

difference between better and poorer hearing PTA groups, which means it is less 

likely to be OHC loss. This suggest it could be hidden hearing loss mechanisms.  

We also investigated the differences in audiometry, speech in noise perception and 

questionnaire results between the exposed and non-exposed groups. In the 

audiometry data we did find a difference between the two groups, with the non-

exposed group generally showing better thresholds. This is to be expected as we 
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recruited a wide range of subjects with varying amounts of noise exposure, and did 

not restrict ourselves to only recruiting subjects with normal 

thresholds. However there were subjects who had above average hearing thresholds 

in the noise-exposed group which seems to show that noise exposure does not 

necessarily guarantee that hearing thresholds will be elevated.    

In the questionnaire data we found no difference between the two groups for self-

reported measure of finding sounds too loud and hearing quality in different 

situations even though the noise-exposed group had poorer hearing 

thresholds and had three subjects with tinnitus. There was a tendency for scores for 

‘loudness of sounds’ and ‘finding sounds annoying’ to be higher in the noise-exposed 

group although this was not significant. The lack of difference between groups 

may be due to the fact that the noise-exposed groups were typically musicians or 

military/factory workers, who have become accustomed to listening in loud 

environments. From this they may have ears that are more trained to listening to 

speech in challenging situations which may be reflected in their listening in difficult 

situation scores. The finding sounds annoying and sounds being too 

loud scores being slightly higher in the exposed group may be signs of sensitivity to 

sounds starting to occur, but it has not progressed to a point where it 

is significantly different from the non-exposed group.   

In the speech in noise behavioural data, we expected that the noise-exposed subjects 

would score poorer than the non-exposed subjects, given their elevated audiometric 

thresholds and exposure to noise. However we found no difference between the 

groups and in fact the best scoring subject was in the noise-exposed group. It appears 

that noise exposure does not lead to poorer speech in noise scores.  This may be 

because the noise-exposed group contained a lot of musicians. Bidelman, Schneider, 
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Heitzmann, & Bhagat (2017) show that there may be people with ‘tough’ and ‘tender’ 

ears. They hypothesize that increased musical training, may have pervasive 

neuroplastic benefits which might act to fortify hearing resulting in those with 

‘tough’ ears. They demonstrate that musicians have an enhancement of cochlear gain 

control, and that this can protect the inner ear making them more resistant (but not 

immune) to hearing loss. Because our exposed group is made up mostly of 

musicians, we may have inadvertently recruited subjects with ‘tough’ ears who are 

more resistant to the ill effects of noise exposure and therefore score well in the 

speech in noise tests. This may also be due to genetic factors. It has been shown that 

there are certain genetic factors that may make some people more vulnerable to noise 

induced hearing loss (Bovo, Ciorba, & Martini, 2007). As our noise-exposed subjects 

have many years of musical training (average 10 years) we can assume that they may 

have some genetic or neuroplastic resilience as they do not show clear signs of noise 

induced hearing loss. There have also been studies showing differences between 

ABRs of musicians and non-musicians, with musicians having larger ABRs 

(Musacchia, Sams, Skoe, & Kraus, 2007) and speech evoked ABRS suggesting 

improved neural coding (Kraus et al., 2014), this in turn is believed to result in the 

enhancement of speech in noise perception for musicians (Coffey, Mogilever, & 

Zatorre, 2017).  

Prendergast et al. (2017) reported similar findings to our results, in that they found no 

correlation between speech in noise tests (and other behavioral measures) and noise 

exposure.  On the other hand,  Liberman, Epstein, Cleveland, Wang, & Maison 

(2016) did find a difference between exposed and non-exposed groups on SIN 

measures, with the exposed subjects performing more poorly and also being 

musicians. This agrees with some studies that show that there is no difference 
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between musicians and non-musicians when it comes to speech in noise perception 

(Boebinger et al., 2015; Ruggles, Freyman, & Oxenham, 2014). However the 

musicians in Liberman’s study had poorer high frequency hearing thresholds than the 

musicians in our study which may be the reason for the poorer performance on the 

SIN tasks. Overall it is not clear whether being a musician improves SIN 

performance or if other factors such as audiometric thresholds and non-verbal IQ are 

more important. Our results show that noise exposure did not impair SIN 

performance in our subjects and that this may be due to them being musically trained 

or it may be due to other factors that we did not account for (non-verbal IQ).  

From our findings we can cautiously conclude that latency measures of wave V may 

be a more effective measure of hidden hearing loss compared to ABR amplitudes, and 

that it may be useful at detecting early neural changes in the auditory system in subjects 

who are noise-exposed. 
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Chapter 4. Adaptation of the ABR in Noise  

4.1 Introduction 

Synaptopathy has been suggested to mainly affect auditory nerve fibres that encode 

high level sound (low SR). These fibres are thought to show different adaptation 

properties to fibres that encode low level sounds (high SR).  Here we investigate a 

novel method that aims to isolate contributions from high and low SR fibres to the 

ABR based on their different adaptation properties. This method will then be applied 

in noise-exposed subjects to evaluate whether it can be used to detect differences that 

could be attributed to synaptopathy. Our first aim was to compare different types of 

stimulus sequences that can be used to measure ABR adaptation. 

Typically in an ABR adaptation experiment, one of two types of isochronous 

sequences are used. The first is a train, which consists of a short sequence of stimuli 

presented at fixed time intervals, with long intervals between trains. The purpose is to 

measure changes in ABR amplitude and latency in response to successive stimuli in 

the sequence, in order to evaluate how adaptation accumulates over the course of the 

train.  Figure 4.1 shows an example train paradigm. Typical manipulations are the 

inter stimulus interval (ISI), inter train interval (ITI) and length of train.  

 

Figure 4.1 - An example of a short train paradigm that has 5 stimuli per train.  

 

 

Time  
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The second type is the continuous isochronous sequence (CIS). This is a constant 

sequence of stimuli presented at fixed time intervals. The idea here is to present CISs 

with a different ISIs, and then compare the average ABR amplitude over all stimuli in 

the sequence, expecting the ABR to be more adapted at shorter ISIs. Figure 4.2 

shows two CIS, each with a different ISI.   

 

Figure 4.2 – Shows two CIS with different rates. The top CIS has a rate twice that of the 

bottom CIS.  

 

These conventional acquisition methods require linear averaging for each stimuli and 

are typically presented with ISIs of 10 ms or more, to allow most the of waves in the 

ABR to be fully defined. With decreasing ISI, the responses to successive stimuli 

start to overlap, and this causes distortion (Lavoie, Mehta, & Thornton, 2008). To 

investigate the effect of higher stimulus rates, while still retaining a defined ABR 

with no overlap, a different type of averaging is required.  

Time 
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The maximum length sequence (MLS) technique is a mathematical method that 

allows the extraction of responses that would typically be overlapping by 

deconvolution and was first described for use with ABRs by Burkard (1994). This 

ability to recover overlapping responses allows the MLS method to use ISIs below 10 

ms.  The MLS is a quasi-random series of stimuli (chirps in our case) and silences. 

Figure 4.3 (adapted from (Robert Burkard, 1994; Dzulkarnain, Wilson, Bradley, & 

Petoe, 2008; Picton, Champagne, & Kellett, 1992)) demonstrates how a standard 

averaged ABR can be recovered from an MLS. The MLS in this example had 4 clicks 

and 3 silences over a duration of 15 ms (panel A). Panel B shows what a typical ABR 

elicited conventionally would look like. Panel C shows the individual responses from 

each MLS click (dashed lines) and the average of all four responses (solid line). To 

reconstruct the averaged MLS (panel C solid line) is cross correlated with the 

original MLS response (Panel A). This is then repeated for each pseudo random 

sequence in the MLS (shown in Figure 4.3 Table) which generates a new plot each 

C 

B 

A 

Figure 4.3 - Example of MLS and 

the ABR that results from using 

an MLS. The Table is the actual 

sequence that is rotated. Adapted 

and used without permission from 

adapted from (Robert Burkard, 

1994; Dzulkarnain, Wilson, 

Bradley, & Petoe, 2008; Picton, 

Champagne, & Kellett, 1992) 
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time the sequence is rotated. This is repeated until the whole MLS has been 

completely rotated  

(each row of the Table). This results in the reconstructed waveform shown in Figure 

4.4 along with a conventional ABR.  

 

 

 

 

 

 

 

 

The MLS sequence is designed to avoid overlap of ABR waveforms, which will 

allow accurate measurement of both wave I as well as wave V at short ISIs. However 

MLS has not often been used in previous literature on ABR adaptation, so we first 

aimed to evaluate ABR adaptation paradigms using MLS, which was then compared 

to conventional train and CIS sequences.  This was performed in the first experiment 

on non-exposed subjects, using only wave V, as wave I cannot be measured using the 

conventional methods at short ISIs. Finally we compared adaptation measured using 

the MLS method between noise-exposed and non-exposed subjects.  

To elicit an ABR driven solely by high SR fibres, the stimulus will be presented at a 

moderate level in low level background noise. To elicit an ABR driven by low SR 

fibres, a high stimulus level will be used in a moderate background noise. The 

Figure 4.4 - Reconstructed 

ABR waveform created with 

a MLS method and the 

‘ideal’ ABR elicited with 

from a conventional method. 

Adapted and used without 

permission from (Robert 

Burkard, 1994; 

Dzulkarnain, Wilson, 

Bradley, & Petoe, 2008) 
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background noises are used to equalise the sensation levels between the two 

presentation levels. This should ensure that the different fiber populations are 

stimulated to the same amount relative to their rate/level functions.   

4.2 Methods 

4.2.1 Subjects 

Two groups of subjects took part in this study. The first group was made up of twelve 

subjects with low levels of noise exposure aged between 20 and 29 (mean age of 

25.58, 3 male). They had pure tone hearing thresholds at or below 25 dB HL for a 

frequency range of 0.125 to 8 kHz. The second group was made up of fourteen 

subjects with history of noise exposure aged between 23 and 40 (mean age 28.3 

years, 4 female). Twelve subjects of these subjects had pure tone hearing thresholds 

at or below 25 dB HL for a frequency range of 0.125 to 8 kHz, and two subjects had 

elevated thresholds but less than 45 dB HL. Subjects gave their informed consent in 

accordance with University of Nottingham's school of psychology ethics regulations.  

4.2.2 ABR recording  

BioSemi (BiosSemi B.V, Amsterdam, Netherlands) active electrodes were attached in 

a vertical montage (Ground on forehead, reference at vertex, and active at ipsilateral 

and contralateral mastoids) and were applied to the skin with conductive gel, after the 

skin had been prepared with NuPrep abrasive gel. The electrodes were connected to a 

Bio-Semi ActiveTwo analogue to digital convertor and their output was recorded at a 

sampling rate of 16384/s using Biosemi Actiview software and saved digitally. 

Testing time took on average three hours including set up and screening. Subjects did 

not report any discomfort from the stimuli. Stimuli were presented to the ear with the 

lowest PTA thresholds for that subject. Data triggers were relayed through a Tucker 
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Davis Technologies (TDT) RP2 real time processor (Tucker Davies Technologies, 

Alachua, FL, USA). Stimuli were presented via Etymotic ER2 insert ear phones. 

4.2.3 Stimuli  

A chirp stimulus similar to that used in the previous Chapter was used, but it was 

modified to make it more suitable for fast repetition rates. This was achieved by 

restricting the frequency range of the chirp from 2.9 kHz to 8 kHz, thus making it 

shorter. The chirp had a standard white frequency spectrum and was accompanied by 

continuous broadband background noise (BBN). There were two level conditions 

used in this experiment. The higher level condition presented the chirp at 90 dB p.e 

SPL and the BBN at 60 dB SPL; the lower level condition presented the chirp at 50 

dB p.e SPL and the BBN at 20 dB SPL, so that the two level conditions presented the 

chirp at the same sensation level (SNR) of 30 dB.   

Three different types of stimulus sequences were used, which were all recorded in 

both level conditions.  

1) Chirp train: This featured a train of 5 chirps. The ISI was set at 4 ms and 

the ITI was set at 200 ms.  Responses were averaged for each chirp 

number in the train, i.e. all the 1st chirps for each train were averaged 

together and so on for the 2nd, 3rd, 4th and 5th chirp. There were a total of 

2000 trains.  

2) Continuous isochronous sequence (CIS): This was a continuous sequence 

of chirps presented with an ISI of 16 ms. The total number of repetitions 

was 5000.  

 



145 

 

3) Maximum length sequence (MLS): This sequence used chirps presented 

with cycle lengths of 1, 2, 4 and 8 ms, which were equivalent to ISIs of 2, 

4, 8 and 16 ms. The MLS sequence was presented for five minutes per 

cycle, resulting in a total recording time of 40 minutes.  

Non-exposed subjects completed all three experiments, whereas the noise exposed 

subjects only partook in the MLS experiment. Participants were asked to relax in a 

chair and keep movement to a minimum while recordings took place. Total test time 

was approximately 1.2 hours.  

4.2.4 Analysis 

All offline data processing and analysis were performed in MATLAB. The responses 

were first bandpass filtered (100Hz to 2000Hz). No weighted averaging was 

performed on this data.  

The same automatic peak picking methods discussed in Chapter 2 was used here. For 

an overview please refer to Chapter 2.  

Statistical analysis was performed in R (R Core Team, Vienna, Austria).  Linear 

mixed effect modelling was performed using the R based LME4 package, version 

1.1-14 (Bates, Maechler, Bolker, & Walker, 2014) and the LMERtest package 

(Kuznetsova, Brockhoff & Christensen, 2017). P-values were calculated from F 

statistics (type III, Satterthwaite approximation) (Kuznetsova, Brockhoff, & 

Christensen, 2017) using the lmertest package. 

The imbalance in gender between the noise-exposed and non-exposed groups poses a 

problem in ABR analysis due to differences in ABRs between males and females. To 

account for this, gender was included in all linear mixed effect models, and type 3 

(marginal) effects were evaluated.  
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4.3 Results 

4.3.1 Chirp Train and CIS responses in Non-Exposed Subjects 

Figure 4.5 shows the grand average (in dark) and standard error (in light) ABR 

waveforms recorded using the CIS (left panels) and the chirp trains (right panels) at 

both levels. Clear wave V peaks can be seen for each chirp.    

 

Figure 4.6 shows MLS waveforms for each cycle for non-exposed. Waveforms have 

clear wave I and wave V peaks.  

 

 

 

 

 

 

 

Figure 4.5 - Waveforms from the CIS (cont) (left panels) and 5 chirp trains (right 

panels). 20 dB levels are panel A and 60 dB panel B. 

Figure 4.6 – MLS 

waveforms for 20 dB 

(left) and 60 dB (right).  
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Figure 4.7 shows the mean wave V peak amplitudes and latencies as a function of 

chirp number in the train. For the amplitude data (A), we can see that the wave V 

amplitude shows a nonlinear pattern as a function of chirp number. The first chirp 

response amplitude is largest, presumably because it has recovered from adaptation 

after the long inter train interval (200 ms).The second chirp elicits a smaller 

amplitude than the first. This is presumably because it is adapted by the large 

preceding response. The 3rd chirp shows an increase in amplitude again, compared to 

the 2nd. This may be because the strength of adaptation is lessened, as the response to 

the previous chirp was smaller. This wave pattern continues for chirp numbers 4 and 

5 and can be seen at both levels (20 and 60 dB). It appears to reflect a non-linear 

effect of adaptation.  

For the latency data (B) we would expect adaptation to cause an increase in latency 

with chirp number. This appears to be the case at the 60 dB level, which shows a 

gradual increase in latency with each successive chirp, similar to what Burkard and 

Hecox (1983) found.  However, at 20 dB, chirp number 1 shows an unexpectedly 

long latency when it should have the shortest latency, being the most recovered from 

adaptation. This may be a measurement issue as there is a large error bar.  
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To test these observations statistically, the amplitude and latency data were separately 

submitted to an LMM with chirp number (1, 2, 3, 4, 5) and level (20 dB and 60 dB) 

as fixed effects, and subject as a random effect.  

For the amplitude data, chirp number was initially fitted to the model as a continuous 

covariate, as we would have expected amount of adaptation to increase with chirp 

repetition number in a linear fashion.  However, this resulted in no significant effects 

for chirp number (p= 0.10), level (p = 0.71), or interaction between level and chirp 

number (p = 0.86). This was presumably because the adaptation pattern was not 

linear. As there was a clear reduction in amplitude for certain chirps in the train, we 

instead set chirp train number as a factor in the model. This resulted in a significant 

main effect of chirp number [F (4, 98.18) = 2.80, p = 0.02] but no significant effect of 

level (p = 0.61), or interaction between level and chirp number (p = 0.20). This 

confirms that chirp number does have an effect on the amplitude, according to a 

nonlinear pattern that occurs similarly at 20 dB and 60 dB.    

Figure 4.7– Mean amplitude and latency data as 

a boxplot for chirp train data. Panel A is 

amplitude and panel B is latency data.  Box and 

whisker plot shows the median as a line, box 

denotes 1st and 3rd quartiles and whiskers 

denote 1.5 * IQR. The mean has been added as a 

black circle. Datum points outside the whiskers 

are labelled as an outlier 
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The latency data did show a significant effect of chirp number when this was set as a 

continuous covariate [F (1, 99) = 9.46, p = 0.002], as well as a significant interaction 

between chirp number and level [F (1, 99) = 6.85, p = 0.01]. Post hoc LMMs were 

performed on the 20 and 60 dB data separately. Chirp number only showed a 

significant effect at 60 dB [(F (1, 55) = 40.90, p < 0.0001)], but not at 20 dB (p = 

0.31), showing that there was a linear increase in latency at 60, but not at 20 dB. 

When the LMMs was repeated, but now with chirp number set as a factor in the 

model,  chirp number showed a significant main effect at 20 dB (F (4, 55) = 12.34, p 

= < 0.0001) , suggesting that the 20 dB latency data shows a similar non-linear 

adaptation pattern as the amplitude data.  

Next, we wanted to evaluate the longer term adaptation effects. For this, we 

compared the first chirp in the train sequence, which  was preceded by 200 ms of 

silence,  and thus would be presumed to be  fully recovered from adaptation (‘non-

adapted’) , to the CIS response which had been recorded with an ISI of 16 ms and 

was expected to show longer term adaptation effects (‘adapted’)  (Figure 4.8). There 

was no difference in amplitude or latency between for the adapted and non-adapted 

Figure 4.8 –Boxplot comparing a 

recovered response (un-adapted) to an 

adapted response at levels 20 and 60 dB. 

Panel A is amplitude data, panel B is 

latency data.   

Box and whisker plot shows the median 

as a line, box denotes 1st and 3rd 

quartiles and whiskers denote 1.5 * 

(IQR). The mean has been added as a 

black circle. Datum points outside the 

whiskers are labelled as an outlier 
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responses, except for a larger amplitude for the un-adapted response at 20 dB.  To test 

if this difference was significant, an LMM was performed on the amplitude with 

condition (un-adapted and adapted) and level (20 and 60 dB) as fixed factors. There 

was an outlier with a negative value for the un-adapted wave V amplitude at 20 dB, 

so it was decided that statistical analysis would be performed both with and without 

this datum point. When retaining the outlier, there was no significant effect of level 

(p = 0.37), and only a marginal significance for condition (p = 0.08) and for the 

interaction between condition and level (p = 0.09). However, with the outlier 

removed, condition became significant (F (1, 43) = 5.87, p = 0.01) and so did the 

interaction between condition and level (F (1, 43) = 5.69, p = 0.02).  This suggests 

that there was a significant effect of adaptation on the amplitude at 20 dB, but not at 

60 dB which is in line with our prediction (low threshold fibres rapidly adapt 

whereas high threshold fibres are more resistant to adapting).  

Next, the latency data was submitted to LMM with condition (un-adapted and 

adapted) and level (20 and 60 dB) as fixed factors.  There was no significant effect of 

condition (p = 0.17) or interaction between condition and level (p = 0.32).  Level 

showed a significant main effect, as expected (p < 0.0001), with shorter latencies at 

the higher level. Removal of outlier had no effect on latency data.  

4.3.2 Comparison between CIS and MLS responses in Non-Exposed Subjects 

Next, we wanted to compare the adaptation measured using the CIS to that measured 

using the MLS paradigm. We compared the CIS responses to the MLS responses 

recorded with the same (average) ISI of 16 ms. The mean amplitudes and latencies 

obtained with both sequences are shown in Figure 4.9. We can see that there is little 

difference in amplitude between the CIS and MLS recorded responses (A). This 

observation was confirmed statistically using an LMM with sequence type (CIS or 
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MLS) and level (20 or 60 dB) as fixed factors.  There was no significant effect of 

sequence type   (p = 0.39), and no interaction between method with level (p = 0.67).  

On the other hand, the latency data (B) does appear to show a difference at 60 dB, 

with the MLS responses showing longer latencies than the CIS responses. This 

difference between the sequence type was significant when tested with the same 

LMM (F (1, 46) = 5.56, p = 0.02).  

  

 

 

 

 

 

 

 

 

 

4.3.3 Effect of level on Adaptation in Non-Exposed Subjects  

Finally, we wanted to see if there were differences in the adaptation of the responses 

elicited at the 20 and 60 dB when using the MLS method, as would be expected if 

these different levels activated ANFs with different adaptation properties. The mean 

amplitudes for both wave I and V are compared between the two levels as a function 

of MLS cycle number in Figure 4.10.   We can see that the adaptation curves look 

similar for wave V between the two levels, but for wave I the curves appear different. 

Figure 4.9 – Tukey boxplot 

comparing equivalent CIS 

and MLS responses. For 20 

and 60 dB levels. Panel A is 

amplitude data, panel B is 

latency data.  

Box and whisker plot shows 

the median as a line, box 

denotes 1st and 3rd 

quartiles and whiskers 

denote 1.5 * (IQR). The 

mean has been added as a 

black circle. Datum points 

outside the whiskers are 

labelled as an outlier 
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An LMM was performed on the wave I and V amplitudes separately, with level (20 

or 60 dB), as a fixed factor and MLS cycle number as a covariate.  

 

  

The statistics confirm that there is no difference in wave V amplitude adaptation 

curves for the different levels ,  as the interaction between level and MLS cycle was 

not significant (F (1, 84) = 1.79, p = 0.18). However, this interaction was significant 

for wave I (F (1, 84) = 4.59, p = 0.03). This seems to indicate that there is a 

difference in the slope of the adaptation curve between the two levels, but only for 

wave I.  From Figure 10, it appears that this is because wave I amplitude shows a 

steeper slope in the release from adaptation with increasing MLS cycle at 60 dB than 

at 20 dB.  

Next we wanted to see if there were differences in latency that could be attributed to 

adaptation of the responses elicited at the 20 and 60 dB when using the MLS method. 

The mean latencies for both wave I and V are compared between the two levels as a 

Figure 4.10 – Tukey boxplot 

Comparing MLS amplitude data at 

two levels (20 & 60 dB) for wave I 

and V. Box and whisker plot shows 

the median as a line, box denotes 

1st and 3rd quartiles and whiskers 

denote 1.5 * (IQR). The mean has 

been added as a black circle. 

Datum points outside the whiskers 

are labelled as an outlier 
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function of MLS cycle number in Figure 4.11.   We can see that they do not change 

much as a function of cycle and remain flat in profile. An LMM was performed on 

the wave I and V latencies separately, with level (20 or 60 dB), as a fixed factor and 

MLS cycle number as a covariate. The stats confirm that there was no main effect of 

MLS cycle for wave I (p = 0.96) and wave V (p = 0.07). This was also true for all 

effects and interactions except level which was significant (wave I p = 0.02. wave V 

p <0.0001).  

4.3.4 Exposed vs Non-exposed: amplitudes 

Next, level-dependent adaptation was compared between the non-exposed and 

exposed subjects using the MLS method. The cohort was also grouped on gender and 

high frequency hearing thresholds (as was done in Chapter 3). Figure 4.12 shows the 

mean amplitudes of wave I and V as a function of MLS cycle compared between 

each of these groupings at both levels  It can be seen that, as in Chapter 3, the males 

show smaller wave V responses at both levels (panel A).  Exposed subjects show 

smaller amplitudes both for wave I and V compared to non-exposed subjects (panel 

B).     

Figure 4.11- Tukey boxplot Comparing 

MLS latency data at two levels (20 & 60 

dB) for wave I and V. Box and whisker 

plot shows the median as a line, box 

denotes 1st and 3rd quartiles and 

whiskers denote 1.5 * (IQR). The mean 

has been added as a black circle. Datum 

points outside the whiskers are labelled 

as an outlier 
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 LMMs were performed on the wave I and V amplitudes separately with exposure 

group (non-exposed and exposed) level (20 and 60 dB) and gender (male and female) 

as fixed factors, and MLS cycle (1, 2, 4, 8), as a continuous covariate.  Full results 

shown in Tables 4.1 & 4.2.  

 

 

Figure 4.12- Tukey style box plot 

that shows MLS responses for wave 

I and V for male and female (A), 

exposed and non-exposed (B) and 

for PTA group (C). Box and whisker 

plot shows the median as a line, box 

denotes 1st and 3rd quartiles and 

whiskers denote 1.5 * IQR. The 

mean has been added as a black 

circle. Datum points outside the 

whiskers are labelled as an outlier 
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Table 4.1 Statistical analysis for LMM of wave I MLS amplitude data for both exposure 

groups and genders Num = numerator, Den = denominator 

Wave I LMM Num DF Den DF F Value p 

Cycle 1 195.12 57.89 < 0.0001 *** 

Level 1 195.12 0.12 0.72 

Exposure Group 1 206.68 0.03 0.85 

Gender 1 153.74 0.93 0.33 

Cycle * Level 1 195.12 5.66 0.01 * 

Cycle * Exposure 
Group 

1 195.12 8.87 0.003 ** 

Level * Exposure 1 195.12 0.12 0.71 

Cycle * Gender 1 195.12 8.37 0.004 ** 

Level * Gender 1 195.12 0.50 0.47 

Exposure  group * 
Gender 

1 195.12 0.88 0.34 

Cycle * Level * 
Exposure Group 

1 195.08 1.58 0.20 

Cycle * level * 
gender 

1 195.12 1.94 0.16 

Cycle * Exposure 
Group * gender 

1 195.12 0.02 0.87 

Level * Exposure 
Group * Gender 

1 195.12 3.17 0.07 

Cycle * Level * 
Exposure Group * 

gender 

1 195.12 5.54 0.01 * 
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Table 4.2 Statistical analysis for LMM of MLS wave V amplitude data for both exposure 

groups and genders 

 Num = numerator, Den = denominator 

Wave V LMM Num DF Den DF F Value p 

Cycle 1 192.58 147.00 < 0.0001 *** 

Level 1 192.58 7.48 0.006 ** 

Exposure Group 1 206.68 0.02 0.87 

Gender 1 153.74 7.73 0.006 ** 

Cycle * Level 1 192.58 2.29 0.13 

Cycle * Exposure 
Group 

1 192.58 0.20 0.64 

Level * Exposure 1 192.58 0.00 0.96 

Cycle * Gender 1 192.58 0.60 0.43 

Level * Gender 1 192.58 0.34 0.55 

History * Gender 1 200.29 0.56 0.45 

Cycle * Level * 
Exposure Group 

1 192.58 0.24 0.62 

Cycle * level * 
gender 

1 192.58 0.001 0.97 

Cycle * Exposure 
Group * gender 

1 192.58 1.12 0.28 

Level * Exposure 
Group * Gender 

1 192.58 0.50 0.47 

Cycle * Level * 
Exposure Group * 

gender 

1 192.58 2.51 0.11 
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Wave V amplitude showed no main effect of or interaction with exposure group, but 

it did show a strong main effect of gender (p = 0.0006).  There was also no 

significant main effect of exposure group on wave I (p = 0.85), but there was a 

significant interaction between exposure group and MLS cycle (p = 0.003).  This 

appeared to be because the wave I amplitude was larger in the non-exposed group at 

the highest MLS cycle, but was no different at the lowest MLS cycle. This caused the 

slope of the adaptation function as a function of MLS cycle to be steeper in the non-

exposed compared to the noise-exposed subjects.  There was no significant 

interaction between MLS cycle, exposure group and level (p = 0.2) for the wave I 

amplitude. This suggests that the difference in adaptation slope between the exposure 

groups was the same at both levels. Overall, these results suggest that there is a 

genuine difference between the exposure groups in the adaptation slope of wave I, 

which is the same at both levels,  whereas  the amplitude differences seen between 

exposure groups in wave V are purely an effect of  gender.  

4.4 Poorer vs Better hearing: Amplitudes 

Next, we evaluated whether high frequency PTA scores had an effect on amplitude 

that was different to the effect of exposure. The data was regrouped on high 

frequency PTA score (subjects with mean thresholds above 25 dB in the 12.5 to 16 

kHz range were grouped as poorer hearing, as performed in Chapter 3), as shown in 

Figure 4.12 panel C. A LMM was performed on the wave I and V amplitudes 

separately, with gender (male and female) and high frequency PTA group (poorer and 

better) as fixed factors, and MLS cycle (1, 2, 4, 8) as a covariate (full results in Table 

4.3 and 4.4). There was no significant main effect of, or interaction with, PTA group 

on the wave V amplitude. There was also no significant main effect of PTA group on 
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wave I amplitude,  but there was a significant 3-way interaction between MLS cycle, 

level and PTA group for wave I (F (1, 185.12) = 5.58, p = 0.01). This suggests that 

the wave I responses are more affected by poor hearing thresholds at 20 dB than at 60 

dB responses.  

Table 4.3 Statistical analysis for LMM of MLS wave I amplitude data grouped on PTA. Num 

= numerator, Den = denominator 

Wave I PTA LMM Num DF Den DF F Value p 

Cycle 1 185.12 46.56 < 0.0001 *** 

Level 1 185.12 3.67 0.056 

PTA Group 1 109.31 2.05 0.15 

Gender 1 96.51 5.77 0.01 * 

Cycle * Level 1 185.12 0.44 0.50 

Cycle * PTA Group 1 185.12 0.63 0.42 

Level * PTA group 1 185.12 2.44 0.11 

Cycle * Gender 1 185.12 4.20 0.04 * 

Level * Gender 1 185.12 0.02 0.87 

PTA Group * Gender 1 152.92 1.06 0.30 

Cycle * Level * PTA 
Group 

1 185.12 5.58 0.01 * 

Cycle * level * 
gender 

1 185.12 0.19 0.66 

Cycle * PTA Group * 
gender 

1 185.12 0.85 0.35 

Level * PTA Group * 
Gender 

1 185.12 0.11 0.73 

Cycle * Level * PTA 
Group * gender 

1 185.12 0.31 0.57 
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Table 4.4 Statistical analysis for LMM of MLS wave V amplitude data grouped on PTA. Num 

= numerator, Den = denominator 

Wave V PTA LMM Num DF Den DF F Value p 

Cycle 1 189.70 110.12 < 0.0001 *** 

Level 1 189.70 5.56 0.01 * 

PTA Group 1 125.01 0.76 0.38 

Gender 1 114.51 5.13 0.02 * 

Cycle * Level 1 189.70 0.65 0.42 

Cycle * PTA Group 1 189.70 0.77 0.37 

Level * PTA group 1 189.70 0.06 0.80 

Cycle * Gender 1 189.70 2.00 0.15 

Level * Gender 1 189.70 0.92 0.33 

PTA Group * Gender 1 152.92 0.07 0.78 

Cycle * Level * PTA 
Group 

1 189.70 0.20 0.65 

Cycle * level * 
gender 

1 189.70 0.25 0.61 

Cycle * PTA Group * 
gender 

1 189.70 1.18 0.27 

Level * PTA Group * 
Gender 

1 189.70 0.48 0.48 

Cycle * Level * PTA 
Group * gender 

1 189.70 0.29 0.59 
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4.4.1 Wave I to V ratio 

When comparing amplitudes between the exposure groups and between genders, it 

appears that wave I is reduced in amplitude more than wave V in the noise exposed 

group, but not in males. This seems to indicate a change in the wave I/ V ratio. Figure 

4.13 compares the wave I/ V ratios at both levels between the exposure groups. It 

appears that the I/ V ratio is generally reduced in the exposed group. This is strongest 

for the 60 dB level. This was confirmed statistically using an LMM on the wave I/ V 

ratio, with level, exposure group and gender as fixed factors, and MLS cycle as a 

continuous covariate. Exposure group was the only effect to reach significance (F (1, 

206.99) = 6.57, p = 0.01). Gender did not reach significance (p = 0.15).  

4.4.2 Latency  

 

 

 

 

 

 

 

Figure 4.13 Wave I to V ratios for both non-

exposed and exposed groups. Panel A is for 

level 20 dB. Panel B is for level 60 dB. Box and 

whisker plot shows the median as a line, box 

denotes 1st and 3rd quartiles and whiskers 

denote 1.5 * IQR. The mean has been added as 

a black circle. Datum points outside the 

whiskers are labelled as an outlier 
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Figures 4.14 show the mean latencies as a function of MLS cycle and level, 

compared between the different groupings (exposed vs non-exposed, male vs female, 

poorer vs better hearing).  These seem to show that the latency remains stable across 

MLS cycles, and show no difference between exposure groups, genders or PTA 

groups. This was evaluated statistically using an LMM with MLS cycle  (1, 2, 4, 8) 

as a continuous covariate, and level (20 and 60 dB), wave number (I and V), 

exposure group (exposed and non-exposed) and gender (male and female) as fixed 

factors (full results in Table 4.5). As expected, there were significant main effects of 

level (F (1, 401.41) = 55.09, p < 0.0001) and wave number (F (1, 401.41) = 2724.59, 

p < 0.0001), and a significant interaction between wave number and level (F (1, 

401.41) = 8.55, p = 0.003). There were no significant main effects of exposure group, 

gender, or MLS cycle, nor any significant interaction with MLS cycle when the 

statistical analysis was repeated, but now regrouping on high frequency PTA scores, 

instead of exposure. 
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Wave I & V Lat LMM Num DF Den DF F Value p 

Cycle 1 401.4 2.54 0.11 

Level 1 401.4 55.09 < 0.0001 *** 

Wave 1 401.4 2724.59 < 0.0001 *** 

Exposure * Group 1 391.75 0.39 0.52 

Gender 1 197.37 2.82 0.09 

Cycle * Level 1 401.4 1.18 0.27 

Cycle * wave 1 401.4 0.15 0.69 

Level * wave 1 401.4 8.55 0.003 ** 

Cycle * Exposure 1 401.4 0 0.97 

Level * Exposure 1 401.4 1.61 0.2 

Wave * Exposure 1 401.4 1.61 0.2 

Cycle * gender 1 401.4 0.75 0.38 

Level * gender 1 401.4 1.9 0.16 

Wave * gender 1 401.4 1.71 0.19 

PTA * gender 1 297.85 0.37 0.54 

Cycle * level * wave 1 401.4 0.41 0.51 

Cycle * level * Exposure 1 401.4 3.61 0.057 

Cycle * wave * Exposure 1 401.4 1.6 0.2 

Level * wave * Exposure 1 401.4 0.13 0.71 

Cycle * level * gender 1 401.4 0.03 0.84 

Cycle * wave * gender 1 401.4 1.52 0.21 

Level * wave * gender 1 401.4 2.17 0.14 

Cycle * Exposure * gender 1 401.4 1.31 0.25 

Level * Exposure * gender 1 401.4 1.38 0.24 

Wave * Exposure * gender 1 401.4 0.06 0.8 

Cycle * level * wave * Exposure 1 401.4 0.35 0.54 

Cycle * level * wave * gender 1 401.4 0.11 0.73 

Cycle * level * gender * Exposure 1 401.4 0.9 0.34 

Cycle * wave * gender * Exposure 1 401.4 0.43 0.51 

Gender * level * wave * Exposure 1 401.4 1.44 0.23 

Table.4. 5 Statistical analysis for 

LMM of MLS wave I and V 

latency data grouped on 

exposure. 
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Figure 4.14 – Latency data in a 

boxplot. There is minimal 

difference between genders. 

There is no change in latency for 

wave I, although wave V has a 

shorter latency at the higher 

levels. Box and whisker plot 

shows the median as a line, box 

denotes 1st and 3rd quartiles 

and whiskers denote 1.5 * IQR. 

The mean has been added as a 

black circle. Datum points 

outside the whiskers are labelled 

as an outlier 
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4.5 Discussion  

The present study aimed to investigate whether the adaptation properties of ABRs 

could be used to detect hidden hearing loss in noise exposed subjects.  We first 

compared three different paradigms to measure adaptation in non-exposed subjects: 

chirp trains, continuous isochronous sequences, and maximum length sequences.  

We found that both the CIS and MLS can be used to measure adaptation effects that 

depend linearly on stimulus rates, whereas the chirp train shows non-linear 

adaptation effects that depend on the previous responses amplitude.  The MLS 

sequence improves over the CIS, as it allows us to record wave I, which is not 

identifiable in CIS as it overlaps with the previous stimuli. We found that both CIS 

and chirp trains showed latency effects of adaptation. This agrees with some previous 

literature that stated that latency is a more robust measure to identify adaptation 

changes (Manuel Don et al., 1977). However, the MLS data only showed amplitude 

effects, with no change in latency as a function of inter stimulus interval (ISI). This is 

surprising, as based on previous literature we would expect the latency to increase 

with decreasing ISI, as  has been shown in both CIS and MLS paradigms (Burkard & 

Sims, 2002). The reason for the difference between our results and previous literature 

is that we used a continuous masking noise while presenting the chirp stimuli. 

Burkard & Hecox (1983) demonstrated that continuous masking noise eliminates the 

changes in latency observed when decreasing the ISI in quiet.  

Based on previous physiology data, we expected to see a difference in adaptation 

behavior between the 20 and 60 dB presentation levels, which had been designed to 

elicit activity from high and low SR ANFs, respectively. We did find that adaptation 

slopes differed between levels, but this was only the case for wave I, whereas wave V 
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adaptation slopes appeared to show little difference between the 20 and 60 dB levels. 

However, the results show a steeper adaptation slope at 60 than at 20 dB,  which is 

the opposite to what would be expected based on the reported adaptation properties 

of the high and low SR ANFs. Moreover, the difference in the wave I slope appeared 

to result from the fact that the wave I amplitude was larger at 60 dB than at 20 dB at 

the longest MLS cycle, where the responses were largest, but not at the shortest MLS 

cycle, where the responses were smallest. This means that this slope difference may 

have resulted from a floor effect, which would have made it more difficult to detect 

differences in responses that were already very small.  This would be expected to 

particularly affect wave I, compared to wave V.  

We found an effect of noise exposure on the adaptation slope of wave I, which was 

not apparent in wave V.  This is consistent with Burkard & Sims (2001), who 

measured unmasked MLS as a function of ISI in aged and young subjects (aged 

subjects split into two groups, better group had thresholds better than 20 dB HL, 

poorer group had thresholds better than 45 dB HL). They found a difference between 

the aged and younger subjects in the slope of the wave I amplitude versus ISI as, but 

not in the slope of wave V.  This matches our results for the comparison between 

noise exposed and non-exposed groups.  

There appears to be a difference in wave I between exposed and non-exposed 

subjects, which suggests it occurs at the level of the ANFs, which is no longer 

evident at the level of the brainstem (wave V).  The reason that this difference is no 

longer evident  in  wave V may be that there are mechanisms in the neural pathway 

up the brainstem, that compensate for these differences. It is important to note that 

this effect did not differ between the different presentation levels. This is contrary to 

our expectation for synaptopathy, which should have affected only the ABR 
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adaptation at the highest level. Our data shows that wave I amplitude was affected as 

a result of noise exposure, but wave V remained unchanged. Consequently, we found 

that noise exposure had a significant effect on the wave I to V ratio. However, this 

effect did not depend on MLS cycle number, unlike wave I itself. It is possible that 

the difference observed between exposure groups in wave I was not genuinely 

dependent on MLS cycle, i.e. not an effect on slope, but may be a general difference 

in wave I effect, which is easier to detect at the higher MLS cycle, where the 

response is less adapted, than at the lower MLS cycle. While these results on the 

wave I to V ratio seem promising, in that they show a reduced wave I to V ratio in the 

noise exposed group, it should be noted that the chirps used here are not frequency 

specific, and our groups were not matched for PTA. 

Across all experiments, gender has been a major confounding effect and this was true 

in this experiment. Females showed larger amplitudes for wave V, but not wave I. 

However the gender difference did not vary with MLS cycle number, which indicates 

that adaptation slopes could be a useful relative measure as they will be unaffected by 

gender. In our statistical analysis, we included gender and exposure group together in 

the LMM, and used type III tests. This means that any differences reported in the 

adaptation patterns between exposure groups will have taken gender into account  

Finally, the effect of poorer high frequency PTA thresholds on the adaptation 

measures was mainly observed in the 20 dB responses. As high frequency PTA 

thresholds generally reflect outer hair cell integrity, the reduction of ABR amplitudes 

at low levels is to be expected, as these responses will be more dependent on the 

integrity of OHCs. These results support the notion that noise exposure causes a type 

of damage that is not detected by PTA and that the two types of damage are different. 
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Chapter 5. General Discussion  

In this thesis we set out to investigate novel methods to record ABR measures to be 

used in detecting hidden hearing loss. The specific aim was to investigate relative 

ABR measures that remove sources of inter-subject variability that are unrelated to 

synaptopathy.  In Chapter 2, we optimized our ABR recordings to measure the wave 

I/V ratio frequency-specifically.  In Chapter 3, we applied this method to test if we 

could detect synaptopathy in noise-exposed subjects. Based on previous findings by 

Schaette & McAlpine (2011) and Gu et al. (2012), we were expecting to see a change 

in the wave I/V ratio, due to a reduction in wave I but not wave V, in the noise-

exposed  subjects. Our results, however, did not support this. In Chapter 4, we 

developed a relative ABR measure based on adaptation. We expected to find more 

adaptation at lower than at higher levels, based on previous findings in animal and 

ABR research (Relkin & Doucet, 1991; Relkin, Doucet, & Sterns, 1995; Rhode & 

Smith, 1985; Thornton & Coleman, 1975). Again, our results did not support this 

expectation.  

Although neither of our two predictions were born out, our data nevertheless showed 

several interesting and significant effects of noise exposure. In Chapter 3, the noise-

exposed subjects exhibited a reduced wave V amplitude, and an increased wave V 

latency, at the higher highpass masking cut-off frequencies. In Chapter 4, we found a 

significant change in the wave I amplitude. In this case, the changes in wave V were 

non-significant.  

The reason why we were able to observe noise-exposure effects on wave V in 

Chapter 3 may be that, in this case, the effects could be distinguished from the effects 

of gender, because the ABR recordings were frequency-specific and the gender and 
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noise-exposure effects on wave V had different frequency profiles. This was not 

possible in Chapter 4, where the ABR recordings were not frequency-specific and the 

gender and noise-exposure effects on wave V were similar to each other. Thus, it is 

possible that a genuine noise-exposure effect on wave V was also present in Chapter 

4, but was masked by the strong gender effect on this wave.  

Conversely, in Chapter 4 we could detect an effect of noise- exposure on wave I. This 

may be, because Chapter 4 used less intense noise masking and better averaging 

techniques, leading to a better-defined wave I. Moreover, gender did not seem to 

affect wave I as much as it affected wave V. This was evident across both chapters.  

When we regrouped subjects based on their high-frequency hearing thresholds (better 

and poorer PTA scores), we found a pattern of results that seemed to be consistent 

with reduced cochlear output at higher frequencies in the poorer-hearing group. 

Interestingly, there were specific differences between effects of noise-exposure and 

PTA score. In Chapter 3, noise exposure seemed to have an effect on the response 

latencies, which was not seen in the poorer-hearing group. This could have been 

caused by degradation in the ANFs, which was present in the noise-exposed, but not 

the poorer-hearing group, this could be due to demyelination of the ANF increasing 

neural transmission time (Wan & Corfas, 2017). In Chapter 4, the reduction in wave I 

amplitude was seen in the noise-exposed group at both the 20- and 60-dB levels, 

whereas it was only seen at 20 dB in the poorer-hearing group. This may be 

indicative of poor OHC function in the poorer hearing subjects, as the OHC 

amplification effect is only active at low sound levels. 
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In our experience, the two manipulations that seemed most promising in controlling 

for unrelated variability, and thus improving the effectiveness of ABR recordings for 

detecting hidden hearing loss were: 

1. The frequency-specific measurement of ABRs used in Chapter 3: this enabled 

us to partial out the gender effect. 

2. The level-specific measurement of ABRs used in Chapter 4: using the lower 

(20 dB) and higher (60 dB) stimulus levels seemed to enable us to partial out the 

effects of poorer hearing thresholds from the effects of noise exposure. This suggests 

that using different levels may help to partial out OHC damage from synaptopathy.  

In Chapter 3, we found no effects of noise exposure on the wave I amplitude. This is 

in disagreement with some previous findings (Bramhall et al. 2016), but is consistent 

with the findings of Fulbright, Le Prell, Griffiths, & Lobarinas (2017) and 

Prendergast et al. (2017), who both also found no effects of noise exposure on the 

wave I amplitude. There are a few possible explanations for these null findings put 

forward by these studies. For instance, it may be that synaptopathy is simply not 

present in young participants with normal hearing thresholds, no matter how much 

noise they were exposed to. Alternatively, the initial loss of low-SR ANFs may tend 

to be followed quickly by loss of high-SR fibres and OHCs, which may make it 

difficult to find subjects with synaptopathy, but without elevated hearing thresholds. 

It could also be the case that synaptopathy is similarly prevalent in non-exposed and 

exposed subjects. Finally, it could be that the ABR is too insensitive to consistently 

detect small changes in wave I amplitude.  

It still remains unclear whether synaptopathy auditory-nerve degeneration even 

occurs to large degrees in humans. The research on hidden hearing loss is mostly 
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based on animal models. The animals used in these studies were noise-exposed in a 

very different way to how a typical human would become noise-exposed. Animals 

are typically anesthetized and exposed to very loud noise or blast exposure for a 

relatively short period of time, whereas humans tend to accumulate exposure in 

smaller doses over a longer time frame, unless they are military personnel,  in whom  

a reduction in wave I amplitude has in fact been reported (Bramhall, Konrad-martin, 

et al., 2017). The animals will also be genetically more similar to each other. In 

humans there is a large amount of genetic variation, and some humans do appear to 

be more genetically resistant to hearing damage than others (some of the noise-

exposed subjects in our study had the lowest hearing thresholds). Another point is 

that humans may be different to animals in that they may develop synaptopathy only 

alongside OHC loss. This would mean that only selecting participants with normal 

hearing thresholds would exclude subjects with synaptopathy. Recordings ABRs in 

animals is also vastly different to humans, with in vivo recordings having a far 

greater sensitivity, which may be what is required to pick up the small changes in 

wave I. Finally, it has been shown that there are differences between different animal 

species with regard to synaptopathy; mice appear to lose synapses permanently,  but 

guinea pigs may be able to regenerate them (Shi et al., 2013). If there is a marked 

difference in synaptopathy between mice and guinea pigs, it is possible that 

synaptopathy may also present itself differently in humans.  

The age of the subjects is another possible reason why some ABR studies of human 

synaptopathy found null results. There are differences in the age of subjects between 

studies that do seem to find a reduced wave I and those that do not.  Gu et al. (2012), 

Schaette et al. (2011) and Bramhall et al. (2017) , who all found positive results, 

tested subjects with a mean age of 42, 36 and 28 years, respectively, compared to the 
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studies that reported null findings (Guest et al. 2017; Prendergast et al. 2017), who 

used subjects with mean ages of 25 and 23 years, respectively. It may thus be the 

case that ABR correlates of synaptopathy do not manifest until an older age.  

An important question is how synaptopathy and tinnitus are related. Our hypothesis 

was that noise exposure causes synaptopathy, which in turn causes an increase in 

central gain, as a result of homeostatic mechanisms that compensate for the reduced 

input from the periphery. This hypothesis is supported by a number of animal studies 

(Eggermont 2015, Noreña and Eggermont 2003, Hickox and Liberman 2014).  An 

increase in central gain is also the primary hypothesis for the onset of tinnitus put 

forward by Schaette & Kempter (2006) (discussed in appendix 6.1). Given that 

excess noise exposure can cause synaptopathy (Kujawa & Liberman, 2015; Sharon G 

Kujawa & Liberman, 2009), and tinnitus sufferers have been reported to be more 

likely to be noise-exposed than non-tinnitus sufferers (Guest et al., 2017b, Davis et al 

1998),  a link between the two might be expected.  However, it is important to note 

that no direct evidence of a link between tinnitus and synaptopathy has been reported 

so far, and the occurrence of one does not guarantee the occurrence of the other 

(Möhrle et al, 2018). 

In this thesis only 3 of the 13 noise exposed subjects had tinnitus, making it 

impossible to compare subjects with tinnitus to those without. In future we would 

like to compare noise exposed subjects without tinnitus to noise exposed subjects 

with tinnitus. If wave I to V ratio decreases are only observed in tinnitus subjects, 

that might mean that when synaptopathy is caused by noise exposure, this does not 

necessarily cause central gain changes, and that another factor interacting with the 

noise exposure must be causing central gain changes that can lead to tinnitus. 
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In other future experiments, we would use MLS along with conventional sequences 

to obtain longer cycle lengths. This should increase the SNR of the ABR and make 

further comparisons in wave I and V easier. We would also measure at a wider range 

of levels, to potentially find larger differences relating to OHC damage. Finally, we 

would implement the use of frequency-specific recording with our MLS method. The 

experiment could then be performed on a larger group of subjects. Based on the 

current results, this protocol would be expected to enable us to control for hearing 

threshold- and gender-related confounds. This would obviate the need to use young 

and normal-hearing subjects, and thus increase the likelihood of selecting subjects 

that exhibit synaptopathy. Our method would allow us to use subjects with a mixed 

range of hearing profiles and ages.  

Finally, we would perform a meta-analysis based on all current studies, taking into 

account the age, gender and degree of noise exposure of the subjects used in each 

study. There appears to be equal part positive and null results in the literature and the 

overview supplied by the meta-analysis would be fundamental in finding out why 

different research groups find such drastically different results.  
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Chapter 6. Appendix 

 

6.1 Central Gain and the Link to Tinnitus  

Tinnitus, the perception of a phantom sound when no external sound is present, is a 

common phenomenon that many people have temporarily experienced. This often 

occurs after exposure to loud environments, for example during music concerts. The 

duration of this temporary tinnitus may reflect the temporary threshold shifts that are 

induced due to this noise exposure. However, in an estimated 10-15% of the 

population (Snow, 2004), this phenomenon is permanent. It is important to bear in 

mind that the neural mechanism for temporary and chronic tinnitus may not be the 

same. Tinnitus is more prevalent in older adults (60 years and above) than in young, 

but age is not the sole factor for the onset of tinnitus and it can occur at any age. In 1-

3% of the population, the tinnitus percept is so distressing that it affects the quality of 

life (Eggermont & Roberts, 2004).  

Chronic tinnitus is often accompanied by hearing loss that has been induced by 

ageing or loud noise exposure. Due to an increase in life span and the advent of 

portable music players, more of the general population will likely develop tinnitus.  

The perception of tinnitus does not conform to established psychoacoustic principles, 

therefore it is likely that tinnitus related physiological activity is unrelated to acoustic 

stimulus driven activity (Arnaud Jean Noreña, 2011). It is possible however, to mask 

the tinnitus percept with acoustic stimuli but the masker level must be increased over 

time, an effect that is not found with an acoustic stimuli (Penner, Brauth, & Hood, 

1981). Along with masking, it is also possible to suppress the tinnitus percept for 

short periods of time (seconds to minutes) after the offset of a masker. This 
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phenomenon is known as residual inhibition (RI) and occurs in 60 to 80% of 

individuals with tinnitus (Koizumi et al., 2014).  

Much of tinnitus research relies on animal models but one of the most important 

confounds is that animals may not even be conscious of their tinnitus as a human 

would. Even if they are, can they indicate this behaviorally? Currently, the gap-startle 

reflex is commonly used to indicate whether animals have tinnitus, currently being 

translated to human studies but still an ongoing area of research (Jos J. Eggermont, 

2015). Fournier and Hébert (2013) have shown a reproducible deficit in gap 

processing in tinnitus patients, showing that the method has promise. However, 

Boyen, Başkent, & van Dijk (2015) found the testing procedure to be completely 

unsuitable as a tool for clinical detection of tinnitus in humans.   

6.1.1 Causes of Tinnitus   

The exact causes of tinnitus are currently unknown. We do know that exposure to 

loud noise is the most common trigger, and the intake of ototoxic drugs (such as 

salicylate used in animal studies), but non-auditory triggers such as head or neck 

trauma can also cause tinnitus (Folmer & Griest, 2003). This likely infers that 

tinnitus will have multiple etiologies and raises the question - why is it that some 

sufferers can develop tinnitus without hearing loss and conversely, why do those who 

have hearing loss not always develop tinnitus? Sometimes hearing loss alone may not 

be enough to trigger tinnitus, but if there is a change in higher up processes, this may 

allow tinnitus to become perceivable. For example, Rauschecker, Leaver, & Mühlau 

(2010) describe a top down process that states that if limbic regions become 

compromised, a ‘noise cancellation’ mechanism breaks down, allowing tinnitus 

activity caused by lesion induced plasticity to reach the cortex and be perceived. This 

highlights that tinnitus may have multiple etiologies and not one specific cause. This 
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shows the importance of measuring auditory profiles as a PTA test is incapable of 

giving detailed information about what damage a tinnitus sufferer has.  

The classical theory for the origin of tinnitus was that it was within the inner ear  

(Jastreboff, 1990) however, this contradicts the fact that when the cochlear or 

auditory nerve are surgically removed, the tinnitus percept remained. Therefore, it is 

now thought that the abnormal neural activity must be at a later stage than that of the 

auditory nerve and that this abnormal activity may be caused by diminished output 

from periphery. It has been shown that there is increased hyperactivity at multiple 

stages throughout the central auditory system, as demonstrated by an increase in 

spontaneous firing rates (SFR) at inferior colliculus, dorsal cochlear nucleus and the 

auditory cortex (Chen & Jastreboff, 1995; Kaltenbach et al., 2002; Ochi & 

Eggermont, 1996). Therefore any of these areas could be possible contributors to the 

tinnitus percept but changes at the periphery may be the trigger. 

6.1.2 Hyperacusis  

Hyperacusis is commonly defined as a health condition in which there is an increase 

in sensitivity to certain frequency or volume ranges; a state of hypersensitivity to 

sound. Hyperacusis and tinnitus have often been found to be co-morbid and are 

thought to affect 17% of the general population (Jastreboff, 2007). The result of 

hyperacusis is that the sufferer finds ordinary environmental sounds bothersome and 

distressing. The severity of the condition can vary hugely between individuals. 

Hyperacusis etiologies can include disease and conditions that affect the peripheral 

auditory system, however in the majority of cases the cause is not known (Fackrell, 

Fearnley, Hoare, & Sereda, 2015).  
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Hypersensitivity to sound often occurs before the onset of tinnitus and may be a pre-

tinnitus state. Jastreboff and Hazell (1993) speculate that this state of sound 

hypersensitivity could be due to an increase in gain in the brainstem which is also 

thought to be a possible tinnitus generation mechanism. Participants who are affected 

by hyperacusis may have issues when being participants in tests that present loud 

stimuli. 

6.1.3 Treatment of Tinnitus  

As of present there is no cure for tinnitus, however, there are a number of 

interventions that can be carried out. The NHS currently offers sound therapy, 

counselling, and cognitive behavioral therapy (CBT) and also recommend self-help 

techniques such as relaxation and joining support groups (NHS Choices, 2016). 

These techniques focus on manipulating the auditory, limbic and autonomic systems 

to decrease the sensation and emotional response to the tinnitus percept or alter the 

patient’s attitude to their tinnitus to reduce symptom severity (Grewal, Spielmann, 

Jones, & Hussain, 2014).  Some experimental treatments have showed promise, in 

particular neuromodulation such as tACS and tDCS. While these methods are not 

fully understood, they have showed promise and may one day be utilised as part of a 

tinnitus treatment regime (De Ridder et al., 2011). 

Because of the complexity of tinnitus and the many possible etiologies, it would be 

sensible to assume that there should also be different treatments that are suited for 

each ‘type’ of tinnitus. Unfortunately, tinnitus is often classed as a single condition 

which confounds the reported success rates of each treatment as some treatments will 

only be effective for certain types of tinnitus. However there is currently no method 

to distinguish each type of tinnitus and therefore the success of the interventions 

offered is only partly successful (Møller, 2016). However, as of present, there is no 
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cure and even the actual cause for tinnitus is not currently known (Eggermont & 

Roberts, 2004).     

6.2 Central Gain theory (Homeostatic plasticity)  

The gain theory proposes that there are changes within the brainstem due to damage 

at the periphery. It has been observed in animal studies that the earliest stage in the 

auditory pathway that experiences spontaneous firing rate changes due to periphery 

damage is the cochlear nucleus which receives input from the auditory nerve (AN) 

(Hickox & Liberman, 2014). Changes to spontaneous firing rates (SFR) have also 

been observed at later stages such as the inferior colliculus (Eggermont, 2015) and 

auditory cortex (Noreña & Eggermont, 2003). Trauma from noise exposure leads to 

an increase in SFR at the cochlear nucleus but conversely, a decrease in AN activity. 

This hyperactivity begins to develop within days of hearing loss occurring. If the 

cochlear becomes damaged from noise exposure, the rest of the auditory system 

becomes deprived of input as the cochlea will no longer be outputting at certain 

frequencies. This in turn causes a reduction in synaptic drive from the AN (Roland 

Schaette & Kempter, 2006), in particular the moderate to high threshold ANF that 

may no longer be able to achieve their pre-deprivation maximum firing rates (Noreña 

& Farley, 2013). The homeostatic plasticity mechanism attempts to compensate for 

this reduction in AN firing rate.  

Homeostatic plasticity mechanisms can be split into two functions (Figure 6.1): 

homeostasis of synaptic efficacy and homeostasis of intrinsic excitability. Synaptic 

scaling is part of the first function and is a mechanism that controls and regulates the 

global synaptic efficacy. When there is a reduction in cortical firing for a prolonged 

period of time there is an increase in miniature excitatory postsynaptic currents 
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(mEPSC). The inverse also occurs during an increase in firing. There is also an effect 

on miniature inhibitory post synaptic currents (mIPSP) in that they are reduced 

during a period of neural activity deprivation. These changes are not only limited to 

post synaptic but may include presynaptic changes. It has been shown that a 

deprivation in neural activity leads to an increase in the amount of docked vesicles 

and total amount of vesicle in a synapse (Murthy, Schikorski, Stevens, & Zhu, 2001). 

These changes in synaptic strength have the effect of increasing the probability of 

action potential propagation and have been observed at cochlear nucleus, inferior 

colliculus and auditory cortex (Noreña & Farley, 2013).  

 Homeostasis of intrinsic excitability is also a function of homeostatic mechanisms. 

This is where the intrinsic excitability is controlled by changes in ionic expression 

and the ion channels, for example, a neuron deprived of input will alter its membrane 

potential (increased sodium current, decreased potassium current). This results in a 

state where action potentials have a higher probability of firing, thus firing rate will 

increase.  
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6.3 Homeostatic Plasticity and Tinnitus 

In humans, evidence has been shown that also supports homeostatic plastic changes 

may be the cause of tinnitus. Schaette & McAlpine (2011) measured auditory 

brainstem response (ABR) in tinnitus patients and in a control group (hearing 

matched non-tinnitus subjects). The ABR is an AEP that elicits responses from 

various neural centers throughout the brainstem. The wave I is the response from the 

AN while the wave V is the response from the upper brainstem. They demonstrated 

that wave I of the ABR was reduced in tinnitus patients compared to the controls but 

conversely, wave V measured at the same amplitude which resulted in an increase in 

Figure 6.1 - Basic scheme of homeostatic plasticity following deprivation of input. As 

can be seen in the reduced synaptic input case there is an increase in pre-synapse 

AMPA expression but a decrease in post synaptic GABA expression. Intrinsic 

plasticity is shown by the increase in voltage dependent sodium channels but a 

decreases in potassium channels. Far left represents the distribution of synaptic 

inputs whereas the far right represents the input-output function of post synaptic 

neurons. All these changes result in an increase in firing rate and a possible increase 

in spontaneous noise. (Adapted and used without permission from Noreña & Farley, 

2013)   
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the wave I to wave V ratio. They argue that this increase in ratio is due to central gain 

compensating for the reduction of input from the periphery due to cochlear 

synaptopathy and that this could be a cause for the tinnitus percept. These results 

were also found by Gu, Herrmann, Levine, & Melcher (2012) who also found an 

increase in gain for wave I to V ratios and indicated that the increase in neural 

activity was at the ventral cochlear nucleus.  

Therefore cochlear synaptopathy leads to a reduction in input from the periphery 

which causes an increase in gain due to homeostatic mechanisms and this leads to the 

tinnitus percept while having a normal audiogram.  

6.4 Cortical Reorganisation  

Another model that may explain tinnitus is cortical reorginisation in the auditory 

cortex (AC). Cortical reorganisation is a type of neuroplasticity that occurs after 

injury to the periphery (Shih & Cohen, 2004). It is a process that attempts to adapt 

the brain to compensate for the aforementioned injury, for example, it is often seen in 

limb amputees. This has been shown in adult monkeys, who, following limb 

amputation had reorganisation in the somatosensory cortex, in which the mouth and 

chin take over the now defunct cortices that correspond to the amputated arm and 

digits (Nikolajsen, 2001). This reorganisation can prove to be maladaptive as nearly 

all amputees report having phantom sensations, of which some can be painful. 

Hearing insults are proposed to result in a similar type of reorganisation of the 

tonotopic maps in the auditory cortex, where neurons with a characteristic frequency 

that resides within the hearing loss range begin to respond to the frequency tuning of 

their intact neighboring neurons as opposed to their original frequency tuning  (figure 

6.2) (Eggermont & Roberts, 2004).  
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The actual process that causes the reorganisation is an imbalance between inhibition 

and excitation triggered by hearing loss. For example, a neuron which can receive 

input over a wide range of frequencies can still have a narrow tuning curve by 

inhibiting frequencies above and below its CF, but if the neuron is derived of input 

near its CF it will no longer inhibit frequencies around the CF. This means that lower 

frequencies will now be able to activate the neuron, thus the neurons CF is shifted 

lower. This CF shift over time can lead to changes in the tonotopic map (Eggermont, 

2006). It is currently unknown if changes to the tonotopic mapping could be a cause 

of tinnitus. One possibility is that the over representation of frequencies due to 

reorganised neurons shifting their CF leads to over excitability at the edge of hearing, 

which could lead to tinnitus. Evidence for plasticity causing an overrepresentation 

comes from psychophysical experiments that showed that subjects with steeply 

sloping hearing loss had improved loudness perception and frequency discrimination 

at the edge of their hearing compared to normal hearing subjects. This indicates that 

Figure 6.2 – Normal vs reorganized tonotopic maps of the cat AC. Each CF is color 

coded, as can be seen there is a reduction of high CF neurons in the reorganised 

map due to hearing loss, but a substantial increase of neighboring mid CF neurons. 

This has led to an overrepresentation of these frequencies. Adapted and used 

without permission from Eggermont & Roberts (2004) 

 



202 

 

an area of the AC had become reorganised and was increasing the spatial 

representation of the edge frequencies (McDermott, Lech, Kornblum, & Irvine, 

1998) (Thai-Van, Micheyl, Norena, & Collet, 2002). However these experiments may 

have been confounded by the subjects using loudness cues to help detect tones 

(sudden changes in loudness of tones due to steeply sloping hearing loss).  

This model does not explain that if reorganisation always occurs after hearing loss 

and is important in the onset of tinnitus, why is it that not everyone with hearing loss 

develops tinnitus? Support for this has been shown by Langers, de Kleine & van Dijk 

(2012) who used high resolution 7 tesla fMRI to map the AC in tinnitus and non-

tinnitus subjects. They found no significant differences in the tonotopic arrangement 

or any evidence for an overrepresentation of frequencies which matched the tinnitus 

pitch. It would also be expected that the tinnitus pitch would correspond to the over 

represented edge frequencies but this is not always the case with many subjects 

reporting that the tinnitus pitch falls within the hearing loss range (Norena, Micheyl, 

Chéry-Croze, & Collet, 2002; Roberts et al., 2010).  It does also not account for the 

fact that the previously discussed changes in the CNS (Neural synchrony and 

hyperactivity) could be the trigger for tinnitus and that reorganisation is just a result 

of hearing loss.   

Currently it appears that cortical reorganisation may only occur with severe hearing 

loss. Therefore it could be that hidden hearing loss and central gain changes may be 

the driving factor for the changes reported in the auditory pathway and the onset of 

tinnitus with normal audiograms. For this reason priority should be given to the 

homeostatic plasticity model.   
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6.5 Filter setting Analysis 

In this thesis we used a 150 Hz filter for wave I and 100 Hz filter for wave V. The 

reasoning for this was based on this piece of analysis.  

The high pass cut off filter is where most variation is seen in the literature. To 

compare different high pass filters the ABR signals were high passed at 100Hz, 

150Hz and 225Hz. The low pass was fixed at 2000Hz. The filter was a Butterworth 

with a 4th order roll off.  

The conditions that were manually peak picked for all subjects were the white click 

and chirp with no high pass noise (noHP) and restricted frequency bands 4 kHz to 12 

kHz (DB4) and 8 kHz to 12 kHz (DB8).  

Statistical analysis was performed in SPSS (IBM, New York, USA, version 23) and a 

paired samples T test was used to directly compare the 100Hz filter to the 225Hz for 

each condition (Figure 6.3). There appears to be a trend that the 225Hz filter 

increases wave I amplitude and this becomes significant for the noHP chirp condition 

(p = 0.033). However this increase in wave I amplitude is at the detriment of wave V 

amplitude which is significantly reduced in amplitude for all conditions (p < 0.045) 

except for the DB 8 kHz chirp. 
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With there being a potential benefit with using a higher frequency high pass filter, a 

150Hz high pass was then compared to see if this could improve wave I while having 

minimal effect on wave V (figure 6.4). 150 Hz filter significantly improved wave I 

for noHP click (p = 0.032) noHP chirp (p = 0.03) and DB4 click (p = 0.36), there was 

a significant decrease for DB4 chirp when using the 150 Hz though (p = 0.008).   

 

 

 

 

 

 

 

Figure 6.3 - Amplitudes for wave I and V 

for all conditions at 100Hz and 225 Hz. 

Error bars denote standard error.  

Arrows show if one filter significantly 

increased or decreased amplitude as 

determined by a paired T test.  

The 225Hz high pass filter reduces wave V 

amplitude significantly, it does increase 

wave I amplitude and this reaches 

significance for the white chirp with no high 

pass noise. 



205 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

The 150 Hz filter appears to improve wave I amplitude and is superior to the original 

100 Hz filter and the 225 Hz filter. Therefore for wave I the 150 Hz filter will be used 

for future experiments.   

 

 

 

 

 

 

 

Figure 6.4 - Amplitudes for wave I and V for 

all conditions at 150 Hz and 225 Hz.. Error 

bars denote standard error.  

Arrows show if one filter significantly 

increased or decreased amplitude as 

determined by a paired T test. 
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6.6 Pilot study  

6.6.1 Effective Masking level  

While ABR are an often used electrophysiological measure, the literature reports 

various stimulus intensity levels with no standardised level. Stimulus intensity has a 

major effect on response amplitude, with higher intensity levels giving a larger 

response up to a certain point, after which there is no more improvement (neural 

saturation) and/or the intensity becomes unbearable to the subject. The literature 

seems to suggest an intensity that ranges from 80db SPL to 110dB SPL peak 

equivalent (p.e) (Gu, Herrmann, Levine, & Melcher, 2012; Maloff & Hood, 2014; 

Prendergast et al., 2016; Schaette & McAlpine, 2011).  

To create a derived band response, a masking noise is required. This becomes an 

issue as the clicks used in ABR experiments, while of a high intensity, are short 

enough in duration and that when presented do not cause discomfort to the subject. 

The high pass masking noise that is used in derived band ABR must be set so that it 

stops any response from neural components from within the masked frequency range. 

This is reportedly set to a similar intensity to that of the click stimulus (Don, Ponton, 

Eggermont, & Masuda, 1994; Oates & Stapells, 1997). This masking noise is 

constant and broadband in nature and can cause discomfort over prolonged durations. 

Due to the large amount of conditions and the sensitive hearing of future noise 

exposed/tinnitus subjects, it was decided that it was of paramount importance that a 

suitable masking noise level was found that could mask the click response but not 

cause discomfort from prolonged exposure. Therefore the first step was to conduct a 

small pilot study to find the lowest effective masker noise level.  
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The click level was set to 90 dB SPL p.e after reviewing the literature. However, 

simply matching the masking noise to 90dB SPL was deemed to be too high and in 

fact exceeds the first action level for UK noise at work regulations and would require 

subjects to wear hearing protection (85dBA). With the finalised experiments having 

the potential to have durations of 2 hours or more and potential subjects with hearing 

sensitivities it was decided to find the lowest masking level that would stop any 

neural contribution. Peaks were visually picked by a single individual.  

6.6.2 Methods 

6.6.2.1.1 Subjects Recruitment and Screening Protocol  

Nine subjects who were between the ages of 18 and 29 (mean age 23.25, SD+- 3.05 

years, N = 9) were recruited from the University of Nottingham student population. 

This was done via recruitment posters and emails. All subjects were screened prior to 

the experiment taking place. This included a PTA hearing test to evaluate hearing 

thresholds and check that they had clinical normal hearing. This was performed at 

0.25, 0.5, 1, 2, 4, 8 kHz in both ears using an Interacoustics impedance audiometer.  

Criteria for exclusion are hearing thresholds exceeding 20 dB HL at any of the tested 

frequencies in either ear, suffering from audiological or neurological conditions, use 

of neuro-active medication, known allergy to the conductive gel used with the 

electrodes or a history of epileptic seizures. If a participant failed the screening they 

were informed that they were not suitable for continuing the experiment and paid an 

inconvenience fee of £5.00. Written consent was given by all subjects and they were 

given an inconvenience allowance of £7.50 per hour. The study was approved by the 

University of Nottingham Psychology ethics committee. 
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6.6.3 Procedure  

All experiments were conducted in a sound-attenuating booth at the Institute of 

Hearing Research. Subjects were seated in a comfortable chair and were able to 

communicate via intercom, and, in the case of an emergency were able to use a panic 

button. Subjects were able to watch a subtitled film.  All sound stimuli were 

presented via Etymotic ER-1 insert earphones (Etymotic Research Inc, Elk Grove 

Village, IL, USA). The earphones were connected to a TDT RP2 (Tucker Davis 

Technologies, Alachua, FL, USA) digital to analogue converter and headphone 

amplifier. The click stimuli were calibrated and measured with an artificial ear (Bruel 

and Kjaer, type 4153).   

6.6.4 Perceptual Thresholds 

For nine subjects, perceptual thresholds were acquired for clicks and the level which 

the noise masked the click stimuli. This would allow the dB SPL of the click to be 

converted to nHL which is often used in ABR studies and allows comparison 

between different methodologies. The perceptual noise level thresholds were tested 

to find the maximum noise level to be used to mask the ABRs. The subjects were 

instructed to press a button when they could detect the click stimulus and to do 

nothing when they could not. The level was altered in 5dB SPL steps in a 2 down 1 

up forced choice paradigm. Click level started at 80dB SPL and was decreased. In the 

masking condition the click was set at 90dB SPL and masking noise increased from 

50dB SPL until masking occurred. The noise was broadband white noise and clicks 

were presented at 11 clicks per second. All stimuli were created using Matlab (2008b, 

The Mathworks Inc, Natick Massachusetts, United States). All subjects were asked if 

any of the sounds had become uncomfortably loud during the experiment.    
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6.6.4.1.1 Recording Auditory Brainstem Responses  

Following the perceptual thresholds test, eight subjects then participated in the ABR 

experiment to find the lowest noise intensity that would obliterate wave I and wave 

V. Participants had the skin prepared with NuPrep abrasive gel. BioSemi (BiosSemi 

B.V, Amsterdam, Netherlands) ABR type active electrodes are attached in a vertical 

montage (Ground on forehead, reference at vertex, ipsilateral and contralateral 

mastoids), and were applied to the skin with conductive gel. The electrodes were 

attached to a Bio-Semi ActiveTwo analogue to digital convertor and recorded via 

Biosemi Actiview software and saved digitally. For each run, 2500 trials were 

recorded with two runs for each condition, totaling 5000 repetitions for each 

condition (this was set so exactly 5000 conditions were saved for all subjects). Clicks 

were presented at 11 per second at 90dB SPL p.e (with a 1 kHz tone as a reference) 

and had a 50μs duration. The white noise was presented at either 70 dB SPL, 75 dB 

SPL, 77.5 dB SPL, 80 dB SPL or with no noise. These levels were chosen due to the 

results in the perceptual test. The order of condition presentation was randomised 

between subjects. The ABR data was filtered between 100 Hz to 3000 Hz with a 2nd 

order Butterworth filter and all repetitions averaged for each condition. Testing time 

for both perceptual and ABR tests took approximately two hours. ABR amplitudes of 

wave I and V were measured from peak to following trough. Subjects were informed 

to report any discomfort from the volume of the stimuli immediately.   

  

Table 6.1- Masking noise levels and number of repetitions for experiment.  

 Condition 1 Condition 2 Condition 3 Condition 4 Condition 5 

Level 70dB SPL 75dB SPL 77.5dB SPL 80dB SPL No Noise 

Repetitions  5000 5000 5000 5000 5000 
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Statistical analysis was performed using IBM SPSS V22. A repeated 3 way ANOVA 

was used to find if the noise significantly reduced wave I and V amplitude. Next, a 

Helmert contrast was done to see if there was significant reduction between noise 

levels. A p value of less than 0.05 would be considered significant.   

6.6.4.1.2 Results 

Nine subjects (five female) participated in the perceptual threshold test and the mean 

threshold level for the click was 39.8dB SPL pe (SD+-4.2). This also results in a 

90dB SPL pe click being 50.2dB nHL. The mean level that a 90dB SPL pe click is 

masked at was 80.4dB SPL (SD+-4.9). This results in a SNR of 9.6dB. For the ABR 

measurements, 8 subjects (4 female) took part. The noise reduced wave I and wave V 

amplitudes and this reduction was significant (Greenhouse-Geiser F = 5.71 & P = 

0.04).  The contrasts show that the no noise condition to 70dB SPL noise condition 

was significantly different (F16.04 and P 0.007) but 70 dB SPL to 75 dB SPL, 75 dB 

SPL to 77.5 dB SPL and 77.5 dB SPL to 80 dB SPL noise conditions were not 

significantly different (F = 0.247 & p = 0.637, F = 3.371 & p = 0.116, F = 0.029 & p 

= 0.870 respectively). 

6.6.5 Discussion  

This pilot study has shown that a masking level of at least 70dB SPL needs to be 

used to statistically reduce wave V amplitude. Statistically all high pass noises 

significantly reduce response amplitude compared to the no noise condition, however 

there is no significant difference between 70, 75, 77.5 and 80 dB SPL. Upon visually 

examining the data there appears to be some basis to using an 80dB SPL masking 

noise level. The wave V appears to be obliterated while there still appears to be a 
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small wave V peak in lower level noise condition and this also agrees with the 

perceptual data (which also found a masking level of 80 dB effective for perceptually 

masking the 90 dB SPL click). This pilot would advocate the use of 80 dB SPL for 

the most effective masking level when used with a 90 dB SPL click (perceptual and 

electrophysiological). This results in a SNR of 10 dB. This level will be used in all 

future experiments.  
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6.7 Chapter Two Supplemental Material  

Supplemental material for this chapter. Audiograms for each subject for both the 

mastoid and tiptrode electrode groups. Audiograms for the tested ear only.  

Figure 6.5 – Individual PTA scores for chapter 2’s main group of twenty four subjects (mean age 25.4 

years, 14 female) 
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Figure 6.6 – Individual PTA scores for the 12 subjects who took part in chapter 2’s tiptrode 

experiment. Aged 23 to 31 years old with a mean age of 26.5 years old 
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6.8 Chapter Three Supplemental Material  

Supplemental material for this chapter.  

Audiograms for individual subjects for the normal hearing and noise exposed group. 

Audiograms for the tested ear and non-tested ear. 
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Figure 6.6 – Audiograms for individual subjects for the non-exposed group. Upper panel 

shows the tested ear and the lower panel shows the un-used ear (which had poorer 

thresholds).  
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Figure 6.7 - Audiograms for individual subjects for the noise exposed group. Upper panel 

shows the tested ear and the lower panel shows the un-used ear (which had poorer 

thresholds). 
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6.9 Noise exposure Questionnaire 
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6.10 Liberman Questionnaire 

Questionnaire 1 

The following questions ask about your ability and experience hearing and listening 

in different situations. 

For each question, put a mark, such as a cross (X), anywhere on the scale that runs 

from 0 through 10, below each question. Putting a mark at 10 means you would be 

perfectly able to do or experience what is described in the question. Putting a mark at 

0 means you would be unable to do or experience what is described. 

We expect that all the questions are relevant to your everyday experience, but if a 

question describes a situation that does not apply to you, put a cross in the ñnot 

applicableò box. 

1) You are in a group of about five people, sitting round a table. It is an otherwise 

quiet place. You can see everyone else in the group. Can you follow the 

conversation? 

Not at all    0---1---2---3---4---5---6---7---8---9---10    Perfectly  Nδot Applicable 

2) You are talking with one other person. There is continuous background noise, such 

as a fan or running water close by. Can you follow what the person says? 

Not at all    0---1---2---3---4---5---6---7---8---9---10    Perfectly  ☐Not Applicable 

3) You are in a group of about five people in a busy restaurant. You CANNOT see 

everyone else in the group. Can you follow the conversation? 

Not at all    0---1---2---3---4---5---6---7---8---9---10    Perfectly  ☐Not Applicable 
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4) You are talking to someone in a place where there are a lot of echoes, such as a 

church or railway station. Can you follow what the other person says? 

Not at all    0---1---2---3---4---5---6---7---8---9---10    Perfectly  ☐Not Applicable 

5) You are having a conversation with one person in a room where there are many 

other people talking. Can you follow what the person you are talking to is saying? 

Not at all    0---1---2---3---4---5---6---7---8---9---10    Perfectly  ☐Not Applicable 

6) You are sitting around a table or at a meeting with several people. You can’t see 

everyone. Can you tell where any person is as soon as they start speaking? 

Not at all    0---1---2---3---4---5---6---7---8---9---10    Perfectly  ☐Not Applicable 

7) You are sitting in between two people. One of them starts to speak. Can you tell 

right away whether it is the person on your left or your right, without having to look? 

Not at all    0---1---2---3---4---5---6---7---8---9---10    Perfectly  ☐Not Applicable 

8) You are in an unfamiliar house. It is quiet. You hear a door slam. Can you tell right 

away where that sound came from? 

Not at all    0---1---2---3---4---5---6---7---8---9---10    Perfectly  ☐Not Applicable 
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Questionnaire 2 

Part 1 

Some everyday sounds are loud and some are soft. Some everyday sounds are 

annoying and some are not. Please rate the loudness and the annoyance of the 

following sounds. 

Do not consider the annoyance when rating the loudness and do not consider the 

loudness when rating the annoyance. For example, a sound may be very loud, but not 

annoy you. Likewise, a sound may be very soft, yet be very annoying. Rate the sounds 

using a scale from 0 (not loud/annoying) to 100 (unbearable loud/annoying). 

Sound         Loudness       

Annoyance 

        (0 – 100)  (0 – 100) 

1. Barking dog next to you.   

2. Dishes clanking together in the same room   

3. Music on the radio in a car when the volume is 

adjusted for normal-hearing listeners 

  

4. Music on the radio in a quiet room when the volume is 

adjusted for normal-hearing listeners 

  

5. Telephone ringing in the same room   

6. Television in the same room when the volume is   
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adjusted for normal-hearing listeners 

7. Lawn mower running next to you   

8. Car door closing next to you   

9. Someone talking to you in a noisy restaurant   

10. Baby crying in the same room   

11. Someone chewing food or gum   

12. Someone sniffing or clearing their throat   
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Part 2 

The following questions relate to hearing loss, tinnitus and hyperacusis. Hyperacusis 

is when sounds that are moderately loud for other people are too loud for you. 

Please rate your agreement/disagreement with the following statements, using a 

scale from 0 (completely disagree) to 100 (completely agree): 

 

Because sounds are too loud   (0-100) 

1. You avoid shopping  

2. You do not go out with your friends  

3. You have given up some hobbies  

4. You do not go to restaurants  

5. You avoid being in crowds  

6. You feel depressed  

7. You feel anxious  

8. You are not able to concentrate  

9. Your quality of life is poor  

10. You are not able to perform tasks 

or jobs as well 
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6.11 Tinnitus Questionaires 

 

 

 

 
 
 
 

 

Project title: 
 

Neurophysiological and behavioural measures of hearing 
lossïrelated           plasticity in the human central auditory 
system 

 
Investigators: 

 

            Dr Jessica de Boer, Dr Katrin Krumbholz, Mr Alexander 
Hardy  
 

 
 
 
 
 

 

Tinnitus Case History Questionnaire 
 

 
 

PURPOSE: These questions evaluate the quality of 

your tinnitus so we can have an idea of what it sounds 

like to you. 
 

INSTRUCTIONS: Please select relevant answer 

and/or add your comments in the spaces provided. 
 

CONFIDENTIALITY: The information you provide in this 

questionnaire will be treated with utmost confidentiality. 
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1.      Age:     

 

2.     Gender:                                    Male                     Female 

 

3.     Handedness:                           Right                    Left                      Both 

 

4.     Family history of tinnitus complaints? 

YES       if YES:                 parents                siblings                children                     NO 

 

5.      Initial onset: When did you first experience your tinnitus?     

 

6.     How did you perceive the beginning?                  Gradual                Abrupt 

 

7.     Was the initial onset of your tinnitus related to: 

change in hearing              whiplash              stress                   head trauma            loud sound 

donôt know                         other cause    

 

8.     Does your tinnitus seem to PULSATE? 

YES, with heart beat          YES, different from heart beat          NO 

 

9.     Where do you perceive your tinnitus? 

right ear               left ear                 both ears, worse in left                     both ears, worse in right 

both ears, equally                             inside the head                                 elsewhere 

 

10.   How does your tinnitus manifest itself over time? 

Intermittent                         constant 

 

11.   Does the LOUDNESS of the tinnitus vary from day to day? 

YES                                    NO 

 

12.         Please describe in your own words what your tinnitus usually sounds like: 
 

 
The following list gives examples of some possible sensations.  Feel free to use other terms as well: 
hissing, ringing, pulsing, buzzing, clicking, cracking, tonal (like a dial tone or other kinds of tones), humming, 
popping, roaring, rushing, typewriter, whistling, whooshing 

 

13.   What percent of total time awake time, over the last month, have you been annoyed, distressed, or 
irritated by your tinnitus? 

             % (Please write in a single number between 1 and 100.) 

 

14.   Are you currently receiving treatment from a clinical professional? 

YES                           NO 

 

15.   How many different treatments have you undergone because of your tinnitus? 

none                                   one                      several                 many 
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16. What treatments/interventions are you currently using for your tinnitus? 
 

 
 
 

The following list gives examples of some possible treatments/interventions. Feel free to list any other 
you are using: drug therapy, Tinnitus Retraining Therapy, masker, external sound generator, 
relaxation CDs, pillow speakers, sound ball. 

 

17.    Is your tinnitus reduced by music or by certain types of environmental sounds such as the noise 
of a waterfall or the noise of running water when you are standing in the shower? 

 

YES                           NO                            I donôt know 

 

18.    Does the presence of loud noise make your tinnitus worse? 
 

YES                           NO                            I donôt know 

 

19.    Does any head and neck movement (e.g., moving the jaw forward or clenching the teeth), or 
having your arms/hands or head touched, affect your tinnitus? 

 

YES                           NO                            I donôt know 

 

20.   Is there any relationship between sleep at night and your tinnitus during the day? 
 

YES                           NO                            I donôt know 

 

21.   Does stress influence your tinnitus? 
 

worsens my tinnitus                            reduces my tinnitus                              has no effect 

 

22.   What medication are you currently taking at the moment (if any), and how does it affect your tinnitus? 

 
 

Medication 
 

Effect/Details 
 

  

  

  

 

23.   Do you think you have a hearing problem? 
 

YES                           NO 

 

24.   Do you ever experience fluctuations in your ability to hear?  YES      

NO If yes, please give details: 

 

25.   Has there been any sudden change in your hearing in the last 3 months?   Yes         No 

If yes, please give details: 
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26.   Do you wear hearing aids/combination devices? 
 

Right                         Left                           Both                               None 

 

27. What type of combination device are you currently using? 

 

27.   Do you suffer from headache? 
 

YES                         NO 

 

28.   Do you suffer from vertigo or dizziness? 
 

YES                           NO 

 

29.   Do you suffer from temporomandibular disorder? 
 

YES                           NO 

 

30.   Do you suffer from any physical pain? 
 

YES                           NO 
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Project Title: 

Neurophysiological and behavioural measures of hearing 
lossïrelated plasticity in the human central auditory system 

 
 

Investigators: 
Dr Jessica de Boer, Dr Katrin Krumbholz, Mr Alexander Hardy  
 
 
Date: 
 
 
 
 
 
 
Tinnitus Functional Index 

 

PURPOSE: This questionnaire will determine the severity of your tinnitus. 

 

INSTRUCTIONS: Please read each question below carefully. To answer a question, select 

ONE of the numbers that is listed for that question, and draw a CIRCLE around it. 

 

CONFIDENTIALITY: The information you provide in this questionnaire will be treated 

Confidentially.  
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TINNITUS FUNCTIONAL INDEX 
 

 
Todayᾷs Date                                                                    Your Name      
  

Month  / Day   / Year                                                                                       Please 
Print 

 

Please read each question below carefully. To answer a question, select ONE  of 

the numbers that is listed for that question, and draw a CIRCLE  around it like this:  

10%  or   1 . I Over the PAST WEEK... 

1. What percentage of your time awake were you consciously AWARE OF your tinnitus? 
 

Never aware      0%  10%     20%     30%    40%    50%    60%    70%    80%    90%    100%      
Always aware 

 

2. How STRONG or LOUD was your tinnitus? 
 

Not at all strong or loud      0        1        2        3        4        5        6        7        8        9       10      Extremely 
strong or loud 

 
3. What percentage of your time awake were you ANNOYED by your tinnitus? 

 

None of the time       0%   10%    20%    30%    40%    50%    60%    70%    80%     90%     100%     All of the 
time 

SC Over the PAST WEEK... 

4. Did you feel IN CONTROL in regard to your tinnitus? 
 

Very much in control       0        1        2        3        4        5        6        7        8        9       10      Never in 
control 

 

5. How easy was it for you to COPE with your tinnitus? 
 

Very easy to cope        0        1        2        3        4        5        6        7        8        9       10       
Impossible to cope 

 
6. How easy was it for you to IGNORE your tinnitus? 

 

Very easy to ignore        0        1        2        3        4        5        6        7        8        9       10       Impossible to 
ignore 

C Over the PAST WEEK how much did your tinnitus interfere with... 
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7. Your ability to CONCENTRATE? 
 

Did not interfere        0        1        2        3        4        5        6        7        8        9       10       Completely 
interfered 

 

8. Your ability to THINK CLEARLY? 
 

Did not interfere        0        1        2        3        4        5        6        7        8        9       10       Completely 
interfered 

 

9.  Your ability to FOCUS ATTENTION on other things besides your tinnitus? 
 

Did not interfere        0        1        2        3        4        5        6        7        8        9       10       Completely 
interfered 

SL Over the PAST WEEK... 

10. How often did your tinnitus make it difficult to FALL ASLEEP or STAY ASLEEP? 
 

Never had difficulty         0        1        2        3        4        5        6        7        8        9       10       Always had 
difficulty 

 

11. How often did your tinnitus cause you difficulty in getting AS MUCH SLEEP as you 
needed? 

 

Never had difficulty         0        1        2        3        4        5        6        7        8        9       10       Always had 
difficulty 

 

12. How much of the time did your tinnitus keep you from SLEEPING as DEEPLY or as 

PEACEFULLY as you would have liked? 

None of the time         0        1        2        3        4        5        6        7        8        9       10       All 
of the time 
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TINNITUS FUNCTIONAL INDEX                                                                                                                                         

 

Please read each question below carefully. To answer a question, select ONE  of the 

numbers that is listed for that question, and draw a CIRCLE  around it like this:  10%  or   1   . 
 

A 
 

Over the PAST WEEK, how much has           Did not                                                  Completely 

your tinnitus interfered with...                         interfere                                                   interfered 
 

13. Your ability to HEAR CLEARLY?                        0       1       2       3       4       5       6       7       8       9       10 

 
14. Your ability to UNDERSTAND PEOPLE who      0       1       2       3       4       5       6       7       8       9       10 

are talking? 
 

15. Your ability to FOLLOW CONVERSATIONS      0       1       2       3       4       5       6       7       8       9       10 

in a group or at meetings?  

R 
 

Over the PAST WEEK, how much has           Did not                                                  Completely 

your tinnitus interfered with...                         interfere                                                   interfered 
 

16. Your QUIET RESTING ACTIVITIES?                 0       1       2       3       4       5       6       7       8       9       10 

 

17. Your ability to RELAX?                                        0       1       2       3       4       5       6       7       8       9       10 

 

18. Your ability to enjoy ñPEACE AND QUIET?ò      0       1       2       3       4       5       6       7       8       9       10 
 

Q 
 

Over the PAST WEEK, how much has your   Did not                                                  Completely 

tinnitus interfered with...                                  interfere                                                   interfered 
 

19. Your enjoyment of SOCIAL ACTIVITIES?          0       1       2       3       4       5       6       7       8       9       10 

 
20. Your ENJOYMENT OF LIFE?                             0       1       2       3       4       5       6       7       8       9       10 

 
21. Your RELATIONSHIPS with family, friends        0       1       2       3       4       5       6       7       8       9       10 

and other people? 
 

22. How often did your tinnitus cause you to have difficulty performing your WORK OR OTHER 

TASKS, such as home maintenance, school work, or caring for children or others? 
 

Never had difficulty           0        1        2        3        4        5        6        7        8        9       10        Always had 
difficulty 

 

E 
 

Over the PAST WEEK.... 

23. How ANXIOUS or WORRIED has your tinnitus made you feel? 

Not at all anxious or        0        1        2        3        4        5        6        7        8        9       10        Extremely 

anxious worried                                                                                                                           or 

worried 

24. How BOTHERED or UPSET have you been because of your tinnitus?  
 

Not at all bothered or        0        1        2        3        4        5        6        7        8        9       10        Extremely 

bothered upset                                                                                                                            or 

upset 

25. How DEPRESSED were you because of your tinnitus? 
 

ot at all depressed         0        1        2        3        4        5        6        7        8        9       10       Extremely depressed 
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INSTRUCTIONS FOR SCORING THE TINNITUS FUNCTIONAL INDEX 

(TFI) 

 
1. PREPARATION FOR SCORING: 

 
A. Two items to be transformed: Items #1 and #3 require a simple transformation 

from a percentage scale to a 0-10 scale, achieved by dividing the values circled by the 

respondent by 10. The examiner should write the transformed value in the margin 

beside the relevant item, preferably using ink of a different color than that used by the 

respondent. 

 
B. Ambiguous items: Because respondents differ in regard to how clearly they 

circle or mark their answers on the 0-10 scale for each item, the examiner should 

review every item to resolve any ambiguities. It is helpful if examiners note their 

decision about each answer in the margin beside the given item, using the 

differently-colored ink. Some commonly-occurring ambiguities and how to handle 

them are as follows: 
 

(1) More than one value marked on the 0-10 scale for a given item—

Typically done by respondents whose tinnitus undergoes large variations over time. 

The clinic or the examiner should settle on a consistent procedure for all such 

responses, such as (a) averaging the multiple values indicated for a given item, or (b) 

marking the item "cannot code", thus removing that item from consideration in the 

overall TFI score. (The latter choice reduces the information available for calculating 

the respondent's overall score, and may be desirable only in extremely variable cases 

where the respondent's reliability is questionable.) 
 

(2) Respondent marks a value between the 0-10 values on the item scale— 

Again, the clinic or the examiner should settle on a consistent procedure for handling 

all such ambiguous responses in the same way, such as (a) noting a value of 3.5 in the 

margin, for a respondent who marked the scale between 3 and 4, or (b) collapsing the 

intermediate value either to the right (to 
4) or to the left (to 3). 

 

(3) Respondent does not make any response to a given item—The clinic or 

examiner should decide beforehand how they will indicate missing values, and that 

notation (e.g. "NA" for "No Answer") should be entered in the margin. If the data will 

be entered into a computer database, a standard missing value such as"99" can be 

entered in the margin beside the relevant item. Of course, care must be taken to 

exclude "99" values if the examiner performs a manual calculation of the overall TFI 

score. 
 

C. Unambiguous items: To facilitate rapid scanning and summing of all valid 

answers to obtain the respondent's overall TFI score, all of the unambiguous values 

indicated by the respondent should also be noted in the margin, each such value 

beside its corresponding item. The examiner can then quickly generate a valid score 

for the overall TFI. 
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2. CALCULATION OF OVERALL TFI SCORE: 
 

1) Sum all valid answers from both TFI pages (maximum possible score = 

250 if the respondent were to rate all 25 TFI items at the maximum 

value of 10). 
 

2) Divide by the number of questions for which that respondent provided valid 

answers 
(yields the respondent's mean item score for all items having valid answers). 

 

3) Multiply by 10 (provides that respondent's overall TFI score within 0-100 

range). 

 
CAUTION—Overall TFI score is not valid if respondent omits more than 7 

answers. To be valid as a measure of tinnitus severity, the respondent must 

answer at least 18 items (72% of items).



0 

 

3. CALCULATION OF SUBSCALE SCORES 

 
The 8 subscales address 8 important domains of negative tinnitus impact as 

indicated below. Each subscale has a brief title (in capital letters) and a 1- or 2-

letter abbreviation (e.g. I for Intrusive , SC for Sense of Control): 

 
SUBSCALE NAME (and conceptual content)                            ITEMS IN 

SUBSCALE 
 

I: INTRUSIVE (unpleasantness, 

intrusiveness, persistence) 

 

 

#1, #2, #3 

SC: SENSE OF CONTROL 
(reduced sense of control) 

 

 

#4, #5, #6 

C: COGNITIVE  

 Cognitive interference #7, #8, #9 

SL: SLEEP  

 Sleep disturbance #10, #11, #12 

A: AUDITORY  

 Auditory difficulties attributed to tinnitus #13, #14, #15 

R: RELAXATION  

 Interference with relaxation #16, #17, #18 

Q: QUALITY OF LIFE  (QOL)  

 Quality of life reduced #19, #20, #21, #22 

E: EMOTIONAL  

 Emotional distress #23, #24, #25 

 
 

Each of the 8 subscales consists of 3 items except for the Quality of life 

subscale, which consists of 4 items (SEE ITEMS LIST ABOVE). For valid 

subscale scores, no more than 1 item should be omitted from the 3-item 

subscales, and no more than 2 items omitted from the QOL scale. Computation of 

subscale scores is as follows: 

 
1) Sum all of that respondent's valid answers for a given subscale. 

 
2) Divide by the number of valid answers that were provided by that 

respondent for that subscale. 

 
3) Multiply by 10. For the respondent in question, this procedure generates a 

subscale score in the range 0-100 for each valid subscale. 

 
CAUTION—Do not attempt to compute a respondent's overall TFI score 

by combining that respondent's valid subscale scores, as the valid 

subscales may encompass a total number of items that is different from 

the number of items accepted as valid for the overall TFI score. 
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