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Abstract 
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Doctor of Philosophy 
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January 2015 

 Small timing differences occur when sounds reach one ear before the other, 

creating interaural phase differences (IPDs). The phase-locked activity in the auditory 

nerve can, at low frequencies, preserve IPDs. IPDs are used for localising and 

separating sounds from different directions. Chapters 3, 5, and 6 report three studies of 

the independent effects of age and sensorineural hearing loss on the temporal 

processing of sound that aids spatial hearing. Chapters 2 and 4 describe two supporting 

methodological studies. Chapter 2 compared the duration of training required for stable 

IPD-discrimination thresholds for two stimulus presentation procedures. The procedure 

requiring the least training was adopted for subsequent studies. Age and hearing loss 

are related and both may affect sensitivity to IPDs. Chapter 3 demonstrated that hearing 

loss, regardless of listener age, is related to poorer sensitivity to IPDs in the temporal 

fine structure (TFS), but not in the temporal envelope. Chapter 3 also showed that age, 

independent of hearing loss, is related to poorer envelope-IPD sensitivity at low 

modulation rates, and somewhat poorer TFS-IPD sensitivity. In Chapter 5, listener age 

and IPD sensitivity were both compared to subcortical neural phase locking measured 

through the frequency-following response (FFR). Phase coherence in the envelope-FFR 

at 145 Hz modulation and in the TFS-FFR deteriorated with age, suggesting less 

precise phase locking in old age. However, age-related changes to IPD sensitivity were 

not strongly related to age-related changes in FFR phase coherence. IPD sensitivity 

declines may be predominantly caused by deterioration of binaural processing 

independent of subcortical phase locking.  Chapter 4 showed that electrodes at the 

mastoids recorded TFS-FFR generated earlier in the auditory pathway than electrodes 

from the nape of the neck to forehead, which recorded FFR generated later in the 

brainstem. However, these electrode montages did not reveal different age- or hearing-

loss-related FFR deficits in Chapter 5. Chapter 6 determined whether hearing loss 

affected the ability to use TFS IPDs to achieve better speech perception. On average, 

old hearing-impaired listeners gained a small, but significant, benefit from a lateral 

separation of the speech sources. Replacing the TFS with binaurally in-phase sine 

waves (removing the TFS IPDs) significantly reduced the benefit of lateral separation. 

How much a listener benefitted from intact TFS IPDs in speech perception was 

strongly related to the extent of their hearing loss at low frequencies and their monaural 

processing of TFS, but not to their ability to discriminate IPDs. In general, this thesis 

shows that low-frequency hearing loss is associated with poor sensitivity to TFS IPDs 

and the ability to benefit from them when sounds are laterally separated. The thesis also 

shows that old age can reduce sensitivity to IPDs and weaken subcortical temporal 

coding. Although only partly related, these effects are likely to cause problems for old 

individuals in challenging listening environments. 
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Chapter 1. Introduction, literature review and thesis 

research overview 

This chapter was written about the published research available to the author at 

the beginning of the studentship (articles published before and in early 2012). This is 

to demonstrate how the research available at the time informed and directed the 

research reported in subsequent chapters of this thesis. The subsequent chapters make 

reference to more recent studies. 
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 Introduction  1.1

Beyond the age of 40, humans can experience a range of hearing difficulties. This 

includes:  

i. diminished audibility of quiet sounds (Davis, 1989; Gordon-Salant et al., 2010),  

ii. diminished processing of the sounds that remain audible (e.g., Grose et al., 2006), 

iii. development of poorer speech understanding in noisy environments (Working 

Group on Speech Understanding and Aging, 1988).  

These problems accelerate after the age of 50 (Plomp and Mimpen, 1979; 

Patterson et al., 1982) and prevalence increases. Age-related hearing loss (ARHL) is 

at least the third most common long-term health problem affecting people aged 65 

years and older (Gordon-Salant et al., 2010). As average life expectancy is increasing 

in many developed regions (DESA, 2007), ARHL is an important area of research.  

In noisy environments, sounds arrive at a listener from multiple directions. 

Listeners use binaural cues to help locate the sound sources relative to the listener’s 

position (Darwin, 2006). Young, normal-hearing (NH) listeners can use this to 

improve understanding of speech when there are competing sounds from other angles 

(e.g., Bronkhorst and Plomp, 1988; Bronkhorst, 2000; Behrens et al., 2008; Marrone 

et al., 2008b). This predominantly relies on precise temporal processing at each ear 

and binaural integration of the neural signals (e.g., Wightman and Kistler, 1992). Old 

and some hearing impaired (HI) people benefit less from spatial cues when separating 

out sounds, and are also poorer at localising sounds (Noble et al., 1994; Abel et al., 

2000; Marrone et al., 2008a; Neher et al., 2009). This may be a result of impaired 

temporal processing.  

The main aim of this thesis is to test whether age and hearing loss independently 

impair the temporal processing needed to localise and spatially separate sounds. This 

is important because age and hearing impairment are closely related. It is unclear 

whether the age-related hearing impairments are mainly due to cochlear hearing loss 

(CHL) accumulated over time (e.g. due to noise exposure) or declines of higher 

auditory processes in the brain. 

The first section of this review describes the temporal coding of sounds through 

the neural-firing patterns and how this can be measured. The second section describes 

how this temporal code aids the binaural abilities of the auditory system, and why 
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these are important for locating the lateral position of sounds and for identifying 

speech in noisy environments. The third section discusses the relationship between 

threshold elevation (due to cochlear pathology) and the processing of audible sounds, 

focusing on temporal and spatial processing. The fourth section considers how much 

temporal processing and spatial hearing deteriorate with age, what the causes may be 

and how these relate to threshold elevation. The final section details how this thesis 

addresses some of these questions. 

 Temporal processing 1.2

 Encoding sound into neural firing patterns 1.2.1

Once a sound wave has been passed through the external and middle ear to the 

inner ear, the movement of fluid inside the cochlea generates a travelling wave along 

the basilar membrane (BM). The BM behaves like a series of overlapping band-pass 

filters (von Békésy, 1960; Moore, 2007) as the wave travels from the base to the apex 

of the cochlea (resolving the high and low ends of the audible frequency range, 

respectively) . This begins the tonotopic analysis of sound in auditory perception. 

There are two types of hair cells arranged in rows along the BM: inner hair cells 

(IHCs) and outer hair cells (OHCs). Each IHC is innervated by approximately 20 to 

25 nerve fibres that send signals up the afferent pathway towards the auditory central 

nervous system (CNS) (Spoendlin, 1970; Liberman, 1982). The OHCs are mostly 

innervated by a small proportion of afferent fibres, but also by efferent nerve fibres 

that receive signals from the CNS which control the OHCs (Guinan, 2006). OHCs do 

not encode sound, but actively change the response of the BM.  The OHCs sharpen 

the filter bandwidth and provide amplification at low to moderate sound levels—this 

gives the auditory system the non-linear, compressive input-output function (Robles 

and Ruggero, 2001). This provides NH listeners with audibility across a large dynamic 

range. 

Movement of the BM makes stereocilia on the hair cells move in the endolymph 

(the fluid surrounding the hair cells), initiating a change in membrane potential in the 

nerve fibres stemming from the hair cell terminals (Spoendlin and Schrott, 1989). The 

firing of neurons connected to each IHC can encode the frequency spectrum of sounds 

in two ways: tonotopically and temporally. In the first case, neurons fire most for 

travelling waves that peak at the place on the BM where the neuron synapses with the 
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IHC, giving the neuron a characteristic frequency (CF) (Liberman, 1978; Sachs and 

Young, 1979). The rate of firing (above their spontaneous rate) as a function of nerve 

fibre CF provides a “rate-place” code. The temporal pattern of neural firing also 

encodes the frequency spectrum. In response to low-frequency stimuli, auditory nerve 

(AN) fibres fire most around the peak depolarisation of the inner hair cell (Davis et 

al., 1950; Rose et al., 1967; Brugge et al., 1969; Palmer and Russell, 1986), and thus 

at a particular phase of the stimulus periodicity (Rose et al., 1971). The stimulus 

frequency limit, above which phase locking does not occur, varies dramatically with 

species (see Palmer and Russell, 1986). By locking to a specific phase, the firing 

pattern represents temporal information in the stimulus with great accuracy (Young 

and Sachs, 1979). This phase locking provides a temporal code. Individual fibres do 

not always fire every cycle of the stimulus, but the responses from the collective fibres 

synapsing an IHC combine with great temporal precision into a very accurate code of 

the stimulus frequency in the cochlear nucleus (Joris et al., 1994a; Joris et al., 1994b).  

A rate-place code would be dependent on the sharpness of the filter tuning on the 

BM. This filtering broadens with increasing input level and reduces tonotopic 

resolution or frequency selectivity of the filtering (e.g., Moore and Glasberg, 1987b; 

Baker and Rosen, 2006). Sachs and Young (1979) showed that the rate-place coding 

of vowel formants in cat AN fibres lost spectral definition at high sound levels. Phase 

locking, on the other hand, is robust from moderate to high levels above threshold, 

providing consistent frequency information despite changes in BM filtering with level 

(Young and Sachs, 1979). However, phase locking appears to break down above a 

certain high-frequency limit which varies between animals (Tasaki, 1954; Kiang et al., 

1965). This limit appears to be set by the low-pass-filtering characteristics of the IHC 

membrane potential (Palmer and Russell, 1986), but possibly also by time limits in 

signal transmission at synapses (Anderson et al., 1971). However, behavioural tests 

(Moore and Sek, 2009b) and comparisons of performance modelled with rate-place 

and temporal encoding (Heinz et al., 2001) suggest humans may be able to encode the 

temporal properties of sounds up to 10 kHz. 

In response to complex sounds, the band-limited filtering on the BM produces 

narrowband signals with two types of temporal information. For stimulation at a given 

place on the BM, the temporal fine structure (TFS) is the oscillation close to the 

auditory filter-band centre frequency (fc). Slower fluctuations in amplitude are 

superimposed on the TFS. This modulation is called the temporal envelope. A rate-
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place code can represent temporal changes in sound by changes in firing rate over 

time. This could communicate the envelope of the output of each filter-band, but the 

TFS would be lost. Phase locking however, can preserve both TFS and envelope 

information in the timing of the neural firing. When a target sound has a different TFS 

to masker sounds, changes in the TFS as the masker fluctuates may help the auditory 

system detect the target (e.g., Moore and Glasberg, 1987a; Füllgrabe et al., 2006; 

Lorenzi et al., 2006). Moore and Glasberg (1987a) found detection thresholds for a 

pure tone were lower in a fluctuating masker than a non-fluctuating masker, but this 

masking release disappeared above 5 kHz (as does phase locking). If the change in 

place of peak excitation (from masker fc to target fc) in the masker dips was the cue 

used for masking release then masking release should not diminish above 4-5 kHz 

(Moore and Glasberg, 1987a). Moore and Glasberg (1987a) argued that TFS 

information is used for identifying a target sinusoid in a fluctuating masking sound of 

a different fc by 'listening in the dips' of the masker. Differences in envelope 

modulation depth may also cue the presence of the target signal, but masking release 

occurs independently of modulation depth and modulation depth discrimination 

thresholds are not acute enough to explain masking release (Moore and Glasberg, 

1987a). This suggests it is unlikely envelope cues are used for masking release with 

fluctuating maskers. 

Temporal coding is thought to have benefits for supra-threshold auditory 

perception in noisy environments (Sachs et al., 1983). The ability of listeners to 

identify target speech in a fluctuating background noise also depends on their access 

to TFS cues. When the TFS is replaced with noise (whilst the envelope cues are left 

relatively unchanged) performance is worse than when the speech is unprocessed 

(Hopkins and Moore, 2009). Lorenzi et al. (2006) found that young HI listeners 

understood syllables less well in steady noise than in 100% amplitude modulated (8 

Hz) noise. They showed that this difference correlated with the ability to identify the 

same syllables without noise when they were processed to preserve TFS cues and 

disrupt envelope cues.  This suggests that although envelope information is sufficient 

to understand speech in quiet (Shannon et al., 1995), TFS information is required in 

the presence of modulated maskers (Hopkins and Moore, 2009). However, the 

assumption that use of TFS and envelope information can be measured in isolation 

through extraction, manipulation and recombination is debated (Kates, 2011; Shamma 
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and Lorenzi, 2013). It is possible that TFS and envelope information can be 

reconstructed from each other in the auditory system.   

From the research detailed above, it is clear that the temporal code provided by 

phase locking is useful for identifying and separating sounds in noisy and fluctuating 

backgrounds, particularly at high sound levels. 

 Measuring phase locking in humans 1.2.2

One non-invasive method of measuring neural phase locking in humans is through 

electroencephalography (EEG). EEG measures the electrical potentials at the scalp 

created across a large number of neurons as they fire (Burkard et al., 2007). It can be 

used to physiologically measure a listener’s neural response to sounds (or auditory-

evoked potentials). Evoked responses are usually determined from a large sample of 

repeated stimulus presentations by averaging. With increasing repetitions of the 

stimulus, the responses to the stimulus add constructively whereas the noise in the 

response cancels out. At the scalp, auditory brainstem responses are very weak, but 

the collective phase-locked neural response to a periodic stimulus can be observed in 

the average EEG after thousands of presentations (Moushegian et al., 1973). By 

taking the Fourier transform of one such average waveform, a peak in the magnitude 

spectrum can be observed at the frequency of the acoustic signal (e.g., Worden and 

Marsh, 1968; Galbraith et al., 2000). This shows that there is periodicity in the neural 

firing that follows the frequency of the stimuli; hence this response is known as the 

frequency following response (FFR). With complex stimuli, peaks in the spectrum can 

be found at the component frequencies (which constitute the TFS), at envelope 

periodicities (such as the frequency difference in a tone pair) and at harmonics related 

to the stimulus (Krishnan, 2007). A procedure developed by Goblick and Pfeiffer 

(1969) can be used to emphasise the FFR reflecting phase locking to either the 

envelope or the TFS (Huis in't Veld et al., 1977). On each trial, the complex stimulus 

is sequentially presented twice, the second time with opposite polarity to the first. 

Summation of the two presentations emphasises the response following the envelope 

whilst the response to the TFS mostly cancels out; subtraction of the two presentations 

emphasises the response following the TFS, whilst response to the envelope mostly 

cancels out (Aiken and Picton, 2008; Gockel et al., 2011). This procedure allows the 

researcher to differentially study the neural representation of these two temporal 

aspects of sound from the same data. 
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FFR measured at the scalp appears to be generated at multiple sources. FFR is 

often measured in a vertical electrode montage orientation: from the midline of the 

forehead at the hairline, or from the vertex of the head, to the midline of the back of 

the neck, either at the hairline or at the seventh cervical vertebra. FFR recorded this 

way is assumed to originate in the rostral brainstem (either inferior colliculus or lateral 

lemniscus) (e.g., Gerken et al., 1975; see Krishnan, 2007). However, Batra et al. 

(1986) found the FFR oscillated in magnitude as a function of stimulus frequency. 

They inferred this was a result of at least two sources that were a fixed distance apart. 

This distance leads to responses cancelling out or constructively summing, depending 

on response frequency. Furthermore, the phase spectrum broadly resembled two linear 

functions of frequency: one at low frequencies with a steep function slope and the 

other at higher frequencies with a shallow function slope (Batra et al., 1986). Steep-

sloped functions suggest a later latency of response than shallow-sloped functions (see 

chapter 4).  

The nature of the FFR is dependent on the orientation of the recording electrodes. 

Stillman et al. (1978) found two peaks per cycle in FFRs to pure-tone stimuli. The 

second peak lagged behind the first by 1.3 ms, regardless of frequency (and cycle 

periodicity). The leading peaks were more prominent than the lagging peaks when 

FFR was recorded horizontally (from mastoid to vertex), but less prominent than the 

lagging peaks when FFR was recorded vertically. Stillman et al. (1978) took this as 

evidence that an earlier FFR generator (creating the leading peaks in the waveform) 

was better measured horizontally and a later FFR generator (creating the lagging 

peaks) was better measured vertically. Galbraith et al. (2000) found that measuring the 

FFR from the ear canal provided positive signal-to-noise ratios (SNRs) for the FFR up 

to 950 Hz, whereas the FFR measured from the top of the head only had positive 

SNRs below 536 Hz. Galbraith et al. (2000) suggest that the FFR measured at the ear 

canal originated in the AN, whilst the FFR from the top of the head originated from 

the brain stem, because the AN can phase lock to higher frequencies than later 

brainstem structures. 

FFR is a useful measure of neural phase locking to sounds. It may be possible to 

measure FFR from different subcortical structures using different electrode montages. 

It is worth keeping in mind that because EEG measures the extracellular activity from 

large numbers of neurons, a lack of FFR may be caused by a destructive phase 
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relationship between the phase-locked firing of adjacent neurons rather than a lack of 

phase locking per se. 

 Binaural processing, localisation and spatial separation 1.3

When a sound source lies off the sagittal plane, the sound is greater in level at the 

nearer ear than the further ear (i.e. an interaural level difference, or ILD), and it 

reaches the nearer ear earlier than the farther ear (i.e. an interaural time difference, or 

ITD). Below about 1600 Hz, half the wavelength of a sine wave (in air) is larger than 

the distance between the ears, so the sound arrives at the further ear with a phase delay 

between 0 and 180°. For higher frequencies, the phase delay could be greater than 

180°, and from the interaural phase difference (IPD) alone, it would be unclear which 

ear received the sound first. Above 1600 Hz, the head casts an acoustic shadow, 

creating a strong ILD cue. The duplex theory (Rayleigh, 1907) purports that IPDs are 

used below 1600 Hz frequency, and ILDs are used for sounds above this frequency. 

Henning (1974) revised the duplex theory slightly, showing that an IPD in a 3900 Hz 

tone modulated at 300 Hz rate was as easy to detect as an IPD in a 300-Hz pure tone. 

Furthermore, if the 3900 Hz tone carrier was changed to a different frequency in one 

ear, but the modulation remained 300 Hz, the envelope-IPD threshold did not change 

substantially (Henning, 1974). IPD cues dictate perceived sound source localisation 

when the sound contains envelope or TFS information below 1300 Hz, and ILDs 

direct localisation only when the sound does not contain such information (Wightman 

and Kistler, 1992; Macpherson and Middlebrooks, 2002). This shows that for complex 

stimuli, time-based cues for localisation can still be used as long as some periodicity is 

in the unambiguous frequency range, whether it is TFS or envelope. 

Discrimination of azimuth between two sound sources is more acute towards the 

midline (0°azimuth; e.g. directly ahead) than when the sources are 90° to the left or 

right (Mills, 1958). Likewise, as the starting phase of binaural sinusoids is increased 

(up to 180°), the threshold discrimination of an IPD increases (Yost, 1974). 

Middlebrooks and Green (1990) showed that envelope ITDs increase monotonically 

with increasing azimuth of a sound source, at a rate of roughly 7 to 8 μs per angle 

degree, although it is questionable how salient envelope-ITDs in high-frequency 

sounds are for localisation (Musicant and Butler, 1985). 
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Colburn and Esquissaud (1976) suggested that the same binaural neural 

mechanism processes interaural TFS differences and interaural envelope differences. 

Bernstein and Trahiotis (2002) tested this by comparing envelope-IPD thresholds for 

high-frequency carriers with low frequency, half-wave rectified envelopes to IPD 

thresholds for low-frequency pure tones. Unlike sinusoidal amplitude modulation, 

which would produce different outputs from the auditory nerve for envelope and TFS, 

half-wave rectified envelopes should produce envelope responses similar to the TFS 

responses to pure tones (Van de Par and Kohlrausch, 1997). Bernstein and Trahiotis 

(2002) found that IPD thresholds for half-wave rectified envelopes and low-frequency 

pure tones were comparable, supporting Colburn and Esquissaud’s (1976) hypothesis. 

Interaural cues are also thought to be used to aid perception (such as following a 

conversation) in challenging listening environments where the competing sounds are 

arriving from different spatial locations and can therefore be distinguished by their 

ITDs and ILDs. This phenomenon is often measured by spatial release from masking 

(SRM). SRM is defined as the improvement in detection threshold or intelligibility 

when the signal and masker noise come from separate positions around listener, 

compared to when they come from the same spatial position.. Using headphones, 

many early studies of binaural hearing showed the contribution of IPDs to simulated 

SRM by simply inverting the polarity of the target signal in one ear (so it has a π 

radian IPD), in the presence of diotic noise. Detectability is poor if both noise and 

target signal are both presented diotically, but detectability improves substantially if 

the signal is inverted at one ear (Hirsh, 1948; Licklider, 1948; Schubert and Schultz, 

1962 ; Levitt and Rabiner, 1967). The reduction (improvement) in the masked 

threshold is called the binaural masking level difference (BMLD). Young NH listeners 

can achieve a BMLD of 15 dB (Hirsh, 1948). This demonstrates that the binaural 

processing of phase information is very advantageous to unmasking sounds, even 

without ILDs. 

To determine the benefits of spatial hearing most commonly occurring in day-to-

day life, many researchers have studied the benefit of SRM to speech intelligibility in 

noise (Hirsh, 1950; Bronkhorst and Plomp, 1988) and in competing talkers (e.g., 

Bronkhorst, 2000; Freyman et al., 2001). Young, NH listeners can achieve around 14 

dB SRM, but it is dependent on the type of stimuli (e.g. predictability of target speech, 

type of masker). It is also dependent on how large is the azimuth of separation 

between the target and masker. 
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When sound sources are spatially separated, it is possible for listeners to take 

advantage of the higher SNR at the ear nearer the target source (the better-ear effect). 

However, there is an additional speech intelligibility benefit of listening with both ears 

that implicates the use of interaural differences (Hawley et al., 1999; Hawley et al., 

2004). Culling et al. (2004) used head-related transfer functions to simulate sound 

sources at different angles around the listener. Using headphones allowed the 

researchers to present either the ITD or ILD individually, or together. They found that 

when only ILDs were available for spatially-separated speech, SRM only occurred 

when the better-ear effect was possible (i.e. when the maskers were not evenly 

distributed around the listener). The ITD-only and combined-cues conditions 

produced similar patterns of results; SRM occurred for all conditions with the maskers 

spatially separated from the target, regardless of the potential for the better-ear effect. 

Interestingly, although localisation and SRM appear to benefit greatly from ITDs or 

IPDs, the binaural unmasking in SRM does not appear to be driven by localisation 

(Culling et al., 2004). For example, speech SRM was good regardless of whether the 

ITDs were consistent across high- and low-frequency bands or not, as long as the 

ITDs were opposite for the target and masker in each frequency band (Edmonds and 

Culling, 2005).  

Whilst the better ear effect may help listening in noisy environments, the 

interaural cues give an advantage in certain conditions. The evidence suggests IPDs in 

particular are useful for this, as well as for locating sound sources. 

 Hearing loss  1.4

Hearing loss is usually considered as the extent to which the absolute threshold of 

a sound (the quietest level at which it can be detected by the listener) is elevated. 

Cochlear hearing loss (CHL) is usually attributed to damage to the hair cells and the 

connected nerve fibres in the cochlea (Gleeson and Felix, 1987). The effects of 

damage to the different types of hair cells have been studied in the responses of cats’ 

auditory nerves (Liberman et al., 1986). Liberman et al. (1986) measured neural 

responses after acoustic trauma and ototoxic drug exposure and traced the fibres to the 

IHCs onto which they synapsed. The condition of the IHCs and neighbouring OHCs 

differed with neural response. Where the IHCs had been damaged, but the OHCs less 

so, a 40 dB loss in sensitivity was observed, but neural responses were still tuned 

finely to the CF. Damage to the OHCs produced much broader filtering; the lower 
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frequency shoulder was as sensitive as normal, but the lack of a sharp peak to the filter 

corresponded to a 40 to 50 dB loss (Liberman et al., 1986). 

Schrott et al. (1989) showed that a loss of 70% of IHCs in mice led to only 

moderate threshold elevation, as long as the loss was evenly spread and the OHCs 

were not damaged. However, a lack of substantial threshold elevation does not 

preclude impairments to supra-threshold hearing. Kujawa and Liberman (2009) found 

that after 1 hour of high-level noise exposure, thresholds were elevated in mice, but 

returned to normal after 8 weeks. However, approximately 50% of the afferent nerve 

fibres no longer innervated the IHCs in the basal turn of the cochlea. This 

deafferentation has been suggested as a reason why some people cannot detect signals 

in noise (Kujawa and Liberman, 2009), or why they perform poorly at tasks requiring 

sensitivity to TFS (Hopkins and Moore, 2011). A lack of afferent nerve fibres 

connecting to the IHCs (Kujawa and Liberman, 2009) or number of IHCs themselves 

(Buss et al., 2004) could limit the clarity of phase locking and therefore of accurate 

TFS representation. 

 Supra-threshold changes 1.4.1

A great amount of research has explored the difference between NH listeners and 

HI listeners in discriminating between audible sounds (see, for example, Moore, 

2007). Two aspects of supra-threshold processing have received particular attention: 

frequency selectivity and temporal processing. Frequency selectivity refers to the 

bandwidths of the overlapping cochlear filters and how well the ear can resolve 

complex sounds. Temporal processing involves the ability to sense changes in sounds 

over time, including gaps and fluctuations. Such features may be conveyed by phase 

locking, but also by changes in rate-place neural firing over time.  

Studies have investigated how frequency selectivity and temporal processing 

relate to speech perception (Dreschler and Plomp, 1980; Tyler et al., 1982; Dreschler, 

1983; Dreschler and Plomp, 1985). Reduced frequency selectivity and temporal 

processing may explain why HI listeners struggle to perceive audible sounds 

accurately, such as comprehending speech in noisy backgrounds (Plomp, 1978). 

Whilst threshold elevation renders the quiet parts of speech inaudible and thus reduces 

the articulation the listener perceives (Zurek and Delhorne, 1987), at least 

amplification by hearing aids may restore received articulation (Moore, 2007). Supra-
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threshold deficits, on the other hand, cannot be corrected for by amplification (Plomp, 

1978). 

In CHL, OHCs are usually more damaged than IHCs, leading to notable 

frequency selectivity reductions. The active mechanism provided by the OHCs is lost, 

producing broader auditory filters. Auditory filter bandwidth can be estimated by 

determining pure-tone thresholds in noise with band-stop notches either symmetrically 

or asymmetrically centred at the pure tone frequency (e.g., Patterson, 1976; Moore 

and Glasberg, 1983; 1987b; Glasberg and Moore, 1990). As the notch bandwidth 

increases from zero, the threshold decreases (improves), but above a certain 

bandwidth the threshold ceases to decrease. This bandwidth is taken as the auditory 

filter bandwidth. There is consistent evidence that reduced frequency selectivity is 

related to poorer speech perception (Patterson et al., 1982; Strelcyk and Dau, 2009; 

Hopkins and Moore, 2011). 

Irwin et al. (1981) studied the minimum detectable gap in broadband noise by NH 

and HI listeners. Thresholds for NH listeners varied widely (7 to 35 ms) at 30 dB 

sound pressure level (SPL), but converged, after decreasing rapidly as noise level 

increased, on an asymptote of approximately 4 ms by 50 dB SPL. Listeners with 

conductive hearing losses showed a similar steep decrease in threshold with increasing 

level, but displaced to approximately 40 to 50 dB higher levels (converging at 4 ms by 

100 dB SPL). Listeners with CHL showed much shallower gap-detection-threshold 

functions of noise level, decreasing gradually from around 14 to 21 ms at 30 dB SPL 

to around 10 ms on average by 90 dB, never reaching the acuity of the NH listeners’ 

thresholds. These data suggest that whilst conductive hearing loss may not affect 

temporal resolution (normal gap-detection thresholds can be attained by simple 

audibility compensation), sensorineural hearing loss appears to fundamentally change 

(for the most part, deteriorate) temporal resolution. Whilst temporal resolution may be 

important for perceiving gaps and stops in sounds (such as between syllables and 

words in speech), it is not necessarily related to the phase locking (or TFS processing) 

capabilities of the auditory system. 

 Changes to phase locking and TFS processing 1.4.2

It is not clear whether listeners with CHL lack fidelity in phase locking (Harrison 

and Evans, 1979; Woolf et al., 1981; Miller et al., 1997). It is possible that nerve 
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fibres do not lose their phase locking accuracy with CHL, but the loss in number of 

nerve fibres (Spoendlin, 1970; Felder and Schrott-Fischer, 1995) may reduce the 

strength of the phase locked response in the neural population, as phase locking 

depends on multiple fibres (Joris and Smith, 2008). Alternatively, the TFS at the 

output of the BM may be disrupted by the abnormal phase response of the BM due to 

the loss of the active mechanism provided by the OHCs (Carney et al., 2002).  

Thirdly, Hopkins and Moore (2011) suggested poor frequency selectivity would result 

in more complex TFS in each auditory filter channel because it would encompass 

more components. The information in adjacent channels would correlate more (Heinz, 

2010), which could make differentiating between the components of two simultaneous 

sounds more difficult. It is not clear from these studies whether the decline in phase 

locking is due to peripheral damage such as CHL or due to changes to the central 

auditory system.  

Old HI listeners are less able than young NH listeners to discriminate between 

sounds that only differ in TFS, even when they have normal thresholds in the 

frequency region encompassing the stimuli (Hopkins and Moore, 2011). HI listeners 

also appear to benefit less from TFS in speech (Hopkins et al., 2008), even when the 

manipulation of TFS is restricted to frequency regions where they have normal 

thresholds (Lorenzi et al., 2006; Lorenzi et al., 2009). Lorenzi et al. (2006) processed 

consonant sounds using the Hilbert transform to separate the TFS and envelope. The 

performance of NH listeners and HI listeners with flat, moderate hearing loss in 

identifying these consonants was examined when only the TFS or only the envelope 

information was presented. NH listeners performed well at the task in both these 

conditions, but the HI listeners only performed well when the envelope was available, 

not when only the TFS was available. Lorenzi et al. (2009) used similar processing, 

but with nonsense syllables that were low-pass filtered (at 1.5 kHz), restricting the 

TFS and envelope information to low-frequencies.  Lorenzi et al. (2009) found that HI 

listeners with mid- or high-frequency hearing loss, but normal low-frequency hearing, 

performed much worse than NH listeners when only the TFS cues were available. The 

HI and NH listeners performed similarly when only envelope cues were available. 

These results suggest that, as well as elevated thresholds at (usually) high frequencies, 

hearing loss may impede the listener’s ability to benefit from the TFS of sounds at low 

frequencies. The majority of the HI listeners in the studies described above were over 
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50, whilst the NH listeners were usually younger than 30, so there is a possible 

confound of age.  

Damage to the hair cells and nerve fibres in the cochlear may result in substantial 

deficits to processing clearly audible sounds, through reduced frequency selectivity 

and temporal processing. These deficits may not be related to the extent of threshold 

elevation, but often occur in people with hearing loss. 

 Spatial problems 1.4.3

Spatial hearing and localisation of sound is an important aspect of the disability 

felt by hearing impaired listeners (Kramer et al., 1998; Gatehouse and Noble, 2004) 

and is worth consideration in audiological rehabilitation (Byrne and Noble, 1998). 

Noble et al. (1994) found that HI listeners made more localisation errors than NH 

listeners. Lorenzi et al. (1999a) found that HI listeners were poorer than NH listeners 

at localisation of clicks in noise, particularly when the noise source was 90° left or 

right of the listener. The deficits of some HI listeners could be modelled in NH 

listeners by low-pass filtering, suppressing ILDs cues for localisation (Lorenzi et al., 

1999b), but the deficits of other HI listeners could not be modelled this way (Lorenzi 

et al., 1999a). It is possible the latter HI listeners have ITD processing deficits.  

Smoski and Trahiotis (1986) and Hawkins and Wightman (1980) found that HI 

listeners performed more poorly at ITD discrimination than NH listeners at moderate-

to-high SPLs. When the stimuli were presented at equal sensation levels (SLs) for NH 

and HI listeners, Smoski and Trahiotis (1986) found the listener groups performed 

similarly. Hawkins and Wightman (1980), on the other hand, found HI listeners still 

performed worse than NH listeners. Both these studies tested HI listeners and NH 

listeners that were comparable in age, so it is unlikely any age-related temporal 

processing deficits confounded the results. However, both studies only tested a few 

listeners, so it is unclear how broadly the results can be generalised to the 

heterogeneous HI population. The ITDs were present in both TFS and envelope, so it 

was unclear whether the deficits were specific to TFS processing or not. Lacher-

Fougère and Demany (2005) measured TFS-IPD and envelope-IPD thresholds 

separately using amplitude-modulated (AM) stimuli. They found that TFS-IPD 

thresholds were poorer for HI listeners compared to NH listeners, but the difference 

was less marked for the envelope-IPD thresholds. This suggests HI listeners may have 
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a deficit in temporal processing of TFS separate to envelope processing at some stage, 

but it is not conclusive because the HI listeners’ age ranged between 42 and 68 years, 

whilst the NH listeners’ age ranged between 24 and 45 years. 

HI listeners achieve less SRM than NH listeners (Duquesnoy, 1983; Marrone et 

al., 2008a). Whilst the HI listeners reported by Duquesnoy (1983) were substantially 

older than the NH listeners, Marrone et al. (2008a) tested SRM for young NH, young 

HI, old NH and old HI listeners. In non-reverberant conditions, Marrone et al. (2008a) 

found young NH listeners received the greatest SRM (11 dB), followed by old NH 

listeners (8 dB), then young HI listeners (5dB), and old HI listeners had the worst 

SRM (3 dB). SRM was worse for all groups in reverberant conditions, but this 

affected NH listeners more than HI listeners. Gelfand et al. (1988) tested SRTs and 

SRM for young and old NH listeners and old HI listeners. Whilst the older NH 

listeners had higher (worse) SRTs than the younger NH listeners, they achieved 

similar SRM. However, the old HI listeners had higher SRTs than any NH group and 

achieved less SRM.  

Hall et al. (1984) suggested that poor BMLD performance for HI listeners may be 

due to poor coding of the TFS. Monaural measures of intensity, frequency and 

temporal resolution did not relate well to BMLDs at 500 Hz, but 500 Hz pure-tone 

ITD discrimination did. The fact that HI listeners’ BMLDs were poorer in wide-band 

noise than narrow-band noise suggests problems in across-frequency temporal 

processing may exist for these listeners (Hall et al., 1984). Goverts and Houtgast 

(2010) showed that SRTs in speech-shaped noise were higher for HI listeners than NH 

listeners, but binaural unmasking due to inverting the speech signal in one ear (like 

BMLDs) was normal for 17 out of 25 HI listeners. Goverts and Houtgast (2010) tried 

to determine in which domains—phase, frequency, time, or intensity—the HI listeners 

had processing deficits. This was done by measuring sensitivity of SRTs and binaural 

unmasking to distortions of the stimuli in each domain. The 8 HI listeners with 

poorer-than-normal binaural unmasking improvements were least sensitive to phase 

and time distortions, which implies the coding of these domains is deficient in these 

HI listeners. This supports the idea that binaural unmasking takes advantage of IPD 

information.   Without binaural information, NH and HI listeners’ SRTs were 

sensitive to time distortions, but HI listeners’ SRTs were less sensitive than normal to 

phase, intensity, and especially frequency distortions (Goverts and Houtgast, 2010). 

However, the distortion–sensitivity approach is limited by the interdependency of 
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distortions in the frequency, phase and time domains, so concluding only one domain 

is affected by hearing loss would be presumptuous. Monaural and binaural processing 

appear to be affected by hearing loss differently, with binaural unmasking depending 

on the nature of the loss (Goverts and Houtgast, 2010). Binaural unmasking appears to 

be mostly affected by temporal deficits, presumably deficits in processing ITDs or 

IPDs (Hall et al., 1984; Goverts and Houtgast, 2010). 

Hearing loss appears to affect the ability to use spatial auditory cues in some 

cases, but not all. It may be in part due to asymmetrical thresholds and monaural 

damage that affects ILDs, but some HI listeners clearly have an extra, and possibly 

independent, binaural temporal processing deficit. Together, the monaural and 

binaural deficits have a detrimental impact on perceptually separating out different 

talkers in noisy, reverberant conditions.  

 Age 1.5

The association between aging and particular forms of hearing loss (particularly 

high-frequency sensorineural hearing loss) has been known for many decades 

(Schuknecht, 1955; Hinchcliffe, 1959; Schuknecht, 1964). In a population survey, 

Davis (1989) found that the prevalence of self-reported hearing difficulty, both in 

noise and in quiet, increases monotonically with age. Additionally, the prevalence of 

threshold elevation approximately doubled with each increasing ten-year age band. 

Above 2 kHz, threshold elevation becomes progressively more pronounced with 

increasing age and low frequency thresholds also increase beyond the age of about 60 

(Morrell et al., 1996). A longitudinal study of pure-tone thresholds showed how the 

change in threshold per year increases with increasing frequency, and also with 

increasing age at baseline (Lee et al., 2005). Importantly, the rate of change in 

threshold did not significantly differ between those with a self-reported history of 

noise exposure and those without. Therefore, Lee et al. (2005) could not conclude that 

ARHL results from noise-induced damage. However, noise-induced damage 

accumulated throughout life may cause supra-threshold deficits in old age (Kujawa 

and Liberman, 2006). 
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 Supra-threshold changes to hearing related to age 1.5.1

Sommers et al. (2011) studied how comprehension of passages of speech changes 

across lifespan. The passages ranged from 2 to 10 minutes long, presented at 62 dB 

SPL in quiet. They tested 433 listeners from 20 to 89 years old with hearing thresholds 

within the range for which no impairments are reported by that age group (Morrell et 

al., 1996). Audiometric sensitivity diminished progressively across the age groups, but 

speech comprehension did not follow the same progression. Instead, comprehension 

accuracy remained stable across listener age until 65 years, then performance dropped 

markedly. Sommers et al. (2011) argue this may be because hearing loss at low 

frequencies only becomes prominent in the 70-79 and 80-89 age groups, or possibly 

because middle-aged listeners can compensate for sensitivity loss with semantic 

context (e.g, Pichora-Fuller et al., 1995). Comprehension required understanding the 

passages holistically and remembering details in order to answer questions regarding 

the content, rather than the ability to simply recall the words. It is possible cognitive 

factors impaired the oldest listeners ability to retain and use semantic context, as the 

ability to remember spoken sentences decreases as human age (Gilchrist et al., 2008). 

As the passages were presented in quiet, it is unlikely that performance related 

specifically to the ability to use the TFS, which is more useful for unmasking speech 

from modulating sounds (e.g., Moore and Glasberg, 1987a; Lorenzi et al., 2006; 

Hopkins and Moore, 2009). 

Understanding speech in noisy environments becomes more difficult with age. 

This difficulty is related to threshold elevation in ARHL (see review by Turner et al., 

1996), but is unlikely to be solely due to threshold elevation (Frisina and Frisina, 

1997; Souza et al., 2007). Even with similar audiometric thresholds, large individual 

differences are observed in listeners' abilities to comprehending speech in noisy 

backgrounds (Plomp and Mimpen, 1979). Age-related difficulties in hearing may be 

reflected in performance on various psychoacoustic tasks that measure dimensions of 

hearing such as temporal resolution (Grose et al., 2006), frequency selectivity 

(Patterson et al., 1982) and localisation of sounds (Eddins and Hall, 2010).   

As well as threshold elevation, damage to the OHCs with age leads to reduced 

frequency selectivity (Patterson et al., 1982; Sommers and Humes, 1993; Hopkins and 

Moore, 2011). Patterson et al. (1982) found the derived filters broadened 

progressively with age, which Sommers and Humes (1993) suggested was likely 
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related to the listeners’ hearing loss. Increased prevalence of damaged OHCs with age 

is consistent with these data. Age and frequency selectivity were not significantly 

correlated for old NH listeners (Sommers and Humes, 1993). However, Patterson et 

al. (1982) found that filter bandwidths broadened as a linear function of age, whereas 

audiometric thresholds remained relatively stable until 55 years, then increased 

rapidly with age. 

Ageing also leads to changes in the temporal processing resolution of the auditory 

system. Older listeners have larger gap-detection thresholds than young listeners, 

despite closely matched audiometric thresholds within the frequency region 

encompassing low-pass noise stimuli (Snell, 1997). Using pure-tone bursts, Moore et 

al. (1992) also found some, but not all, older listeners had large gap-detection 

thresholds. Strouse et al. (1998) studied both monaural and binaural temporal 

processing in young and elderly listeners that were closely matched on audiometric 

thresholds. Monaural processing acuity was determined using gap-detection 

thresholds. The acuity of binaural temporal processing was assessed through 

discrimination thresholds of ITDs in click trains. Elderly listeners performed worse on 

both measures, particularly when the SL was low. Whilst gap detection and ITD 

discrimination were correlated in young listeners, they were not in old listeners, 

suggesting that age affects temporal resolution differently in monaural and binaural 

processing. Neither measure correlated with performance on the task of discriminating 

consonant-vowel syllables (e.g. /ba/ from /pa/), despite older listeners also performing 

worse on speech perception tasks overall. Strouse et al. (1998) argue that their 

findings suggest temporal processing deficits of elderly listeners cannot be wholly 

attributed to peripheral hearing loss. 

Peripheral damage (such as to OHCs) may distort sounds for old people, making 

speech perception more difficult. However, other complications, such as temporal 

processing and cognitive capacity deficits, that are not necessarily a consequence of 

peripheral damage, may also cause problems for old people, particularly in noisy 

backgrounds. 

 Localisation and age 1.5.2

Localisation appears to decline with age from 40 years old, even when hearing 

thresholds are taken into account (Abel et al., 2000). Abel et al. (2000) found 
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localisation accuracy deteriorated most with age for noise bands centred at 500 Hz, 

and noted this is within the frequency range where the ITD cues are considered most 

useful. Age has not been associated with deterioration in ILD sensitivity (Eddins and 

Hall, 2010). For example, Herman et al. (1977) found that old listeners required 

greater ITDs than young listeners to correctly lateralise a click to the left or right. 

Similar ILDs were needed for the two age groups to correctly lateralise clicks. 

Furthermore, Babkoff et al. (2002) found that pure-tone and click lateralisation as a 

function of ILD did not change significantly with age. Equivalent lateralisation 

functions of ITDs became shallower with age; changes in ITD produced 1.3 times 

smaller changes in perceived lateralisation at 71 years than at 25 years old. 

People can suppress perception of acoustic reflections, which may otherwise 

mislead localisation, in favour of localisation cues in the direct wave-front. This is the 

precedence effect (Wallach et al., 1949). Cranford et al. (1993) studied the ability of 

young-NH, young-HI, old-NH and old-HI listeners to localise clicks from 

loudspeakers equidistant from each ear. The clicks came in pairs—one from each 

loudspeaker—with inter-speaker delays between 0.1 and 8 ms. For delays below 0.7 

ms, age and hearing loss both impaired correct identification of the leading speaker, 

although age had the greater effect. For longer delays, there was little difference in 

performance of the four groups, suggesting age and hearing loss did not affect the 

precedence effect. At 0.3 to 0.5 ms delays, the young HI listeners performed better 

than the elderly NH listeners, despite having hearing losses of 30 dB. This may be 

because the clicks were presented at fixed SLs. Presentation stimuli in SL reduces 

differences between NH and HI listeners in ITD discrimination compared to fixed 

SPL presentation (Smoski and Trahiotis, 1986). Cranford et al. (1993) claimed the 

systematic pattern of localisation errors in all four groups suggested a sensory problem 

rather than a cognitive problem (which could produce a more random pattern of 

errors). Also, if the age-related deficits had cognitive causes, they may be expected to 

also impair the precedence effect (Cranford et al., 1993). 

Ross et al. (2007) studied the threshold of detecting a 180° change in IPD in the 

TFS of an AM tone as a function of the carrier frequency and listener age. Young 

adults could detect the IPD switch up to around 1.2 kHz, middle aged and elderly 

listeners could do so only up to around 700 Hz and 600 Hz respectively. The middle 

aged and elderly listeners’ thresholds were much more variable, some performing no 

better than chance. Ross et al. (2007) also found that the cortical EEG response to the 
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IPD switch diminished at similar carrier frequencies with age as the behavioural 

thresholds. Grose & Mamo (2010) repeated the behavioural paradigm used by Ross et 

al. (2007) and found similar frequency-limit thresholds. Grose and Mamo (2010) also 

measured TFS-IPD discrimination thresholds at fixed frequencies from the same 

sample of NH listeners. Young listeners were most sensitive to IPDs at 750 Hz and 

became progressively less sensitive above this frequency. Middle-aged and older 

listeners performed best at 500 Hz, also performing progressively worse at frequencies 

above and below this. These results show age-related declines in TFS-IPD sensitivity 

depend on carrier frequency. 

In old age auditory localisation becomes more difficult. This appears to be 

predominantly due to temporal processing deficits, particularly TFS processing, rather 

than binaural level processing deficits. The precedence effect does not seem to be as 

affected by age as the sub-millisecond processing required for using ITDs or IPDs. 

The interaction between age and carrier frequency suggests age affects processing as a 

time constraint rather than a phase constraint. 

 Aetiologies of age-related auditory deficits 1.5.3

Cochlear and neural causes of hearing loss are arguably the most common causes 

associated with age (Schneider, 1997). High-frequency ARHL has been attributed 

mainly to OHC stereocilia damage, particularly at the basal end (Wright et al., 1987; 

Soucek and Michaels, 1990). Wright et al. (1987) showed that normal IHCs also 

decline in number with age, at a shallower rate than OHCs. The number of nerve 

fibres in human temporal bones declines steadily with increasing age of the person at 

death (Makary et al., 2011). A decline in the number of functional IHCs or afferent 

AN fibres could deteriorate temporal coding. 

The lateral wall of the cochlea, the stria vascularis, deteriorates with age. Less 

potassium is 'pumped' into the endolymph (Schmiedt, 1996). This results in a 

relatively flat loss across frequency (Schmiedt, 2010). Potassium is required to 

depolarize the hair cells when the tip-links on the stereocilia open. The stria vascularis 

can be thought of as the power supply of the cochlea. Schmeidt (1996) showed that 

increasing age was correlated with decreasing electric potential in the endolymph in 

gerbils raised in a quiet environment. Schmeidt (2010) argued that this change can 

explain hearing loss where OHC loss is minimal. A weaker electric potential may 
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affect the processing of sounds above threshold. Schmiedt (2010) reviewed evidence 

showing that frequency selectivity is not affected by a weaker endolymph potential, 

but it is possible that temporal processing is affected. Less strong depolarisation of 

IHCs may reduce the chance of AN fibres firing. 

A third possible cause of age-related temporal deficits is a change to the 

transmission speeds of potentials along the neurons, which would desynchronise 

signals in different neurons (Pichora-Fuller et al., 2007). Fast transmission of an 

action potential along axons is possible because supporting cells wrap sections of the 

axons in myelin sheaths (Peters, 2002). Ageing changes myelin in several ways 

including ballooning and hardening, and splitting and enclosing other bodies. Such 

changes reduce conduction velocity to varying degrees in different neurons, 

desynchronising potentials that were supposed to terminate synchronously (Peters, 

2002). Phase locking and the binaural processes that rely on precise timing 

information may be hindered as a result. Peters and Sethares (2003) showed that re-

myelination occurs in primates, but because these new sections of myelin are shorter 

than original sections it is unlikely the original conduction speeds are restored. 

Pichora-Fuller et al. (2007) found that distortion of speech via temporal jitter of 

the low-frequency part of the signal reduced word identification for young NH 

listeners. Jittering distorts the TFS, in a manner representative of neural de-

synchronisation, with negligible alteration of the temporal envelope or long-term 

spectrum (Pichora-Fuller et al., 2007). Crucially, when the low-frequency part of the 

signal was spectrally-distorted (instead of temporally), the same deficits in 

identification were not observed. This suggests that word identification was not 

reduced due to any un-intended spectral distortion arising from temporal jitter. Word 

identification was reduced to similar accuracy to that shown by old, NH listeners 

(Pichora-Fuller et al., 1995). Anderson et al. (2012) found physiological results that 

supported the de-synchronisation hypothesis for difficulties understanding speech in 

noise in old age. 

Cranford et al. (1990) found Multiple Sclerosis (MS) patients were poorer than 

normal at identifying the leading loudspeaker for inter-speaker delays in clicks below 

0.7 ms. MS is a degenerative disease where small regions of neurons, at multiple sites 

in the nervous system, are demyelinated, and as a result, nerve conduction velocities 

are reduced (Bear et al., 2007). Most of the MS group reported by Cranford et al. 
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(1990) had normal audiograms and were broadly age-matched to the control group. 

Performance on the task was negatively correlated with the length of time since the 

patient had been diagnosed. This suggests that demyelination may deteriorate the 

neural synchronisation required for localisation and lateralisation. 

A fourth possible cause of poor temporal processing in old age is a decline in 

neural inhibition. The main neurotransmitter responsible for signalling inhibitory 

responses in neurons is GABA. GABA appears to become depleted in old age 

(Caspary et al., 1995), which may be the cause of imbalanced excitation and inhibition 

of envelope coding in the inferior colliculus (Walton et al., 2002). Also, older neurons 

fire with less accuracy cycle-by-cycle; rapid-onset type neurons have greater latency 

and a longer recovery period in old age (see Frisina and Walton, 2006). Depleted 

GABA quantities, or reduced GABA receptor binding, is likely to be responsible for 

age-related changes in neural temporal acuity (Milbrandt et al., 1994); blocking 

GABA receptors by an agonist shows similar effects to ageing on phase locking 

(Koch and Grothe, 1998; Klug et al., 2002). Schatteman et al. (2008) suggested that 

the poorer temporal resolution exhibited behaviourally by older listeners (e.g., Strouse 

et al., 1998) may be partially due to weaker inhibition in the neural coding of 

amplitude modulations. It is plausible that this would also affect the ability to take 

advantage of the sub-millisecond ITDs when localising sound. Neural inhibition is 

necessary to maintain the precise phase locking in the signals from each ear required 

for localisation (Brand et al., 2002). 

There are multiple potential neurological causes of temporal processing deficits 

that occur after middle age. It is likely that these are not mutually exclusive. Whether 

the deficit is due to a weaker endolymph potential, fewer IHCs or AN fibres to encode 

the signal, jitter introduced into the signal by myelin degradation, poorer inhibitory 

control of temporal acuity, or a combination of these factors, it is likely to impact 

negatively on the fine temporal precision required for IPD or ITD sensitivity. 

 Conclusion 1.6

In conclusion, there is evidence that ageing affects not only absolute thresholds, 

but also temporal processing of supra-threshold sounds including the binaural 

temporal processing used in spatial hearing. Hearing loss (i.e. elevated absolute 

thresholds) also affects supra-threshold processing, including frequency selectivity 
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and TFS processing. Both the elderly and the hearing impaired perform worse than 

young NH listeners on a variety of tasks, particularly ones that rely on the ability to 

use TFS information. The worst performance is often seen in listeners who are both 

elderly and hearing impaired. However, few studies have shown the effects of hearing 

loss on TFS processing are independent of effects of ageing. Furthermore, whilst some 

HI listeners have poorer spatial hearing than normal, this may be due to asymmetrical 

hearing loss, rather than temporal processing (Bronkhorst and Plomp, 1989). The 

extent to which deficits in temporal processing, specifically of TFS, may be 

responsible for impaired spatial hearing is uncertain, but likely to be significant (e.g., 

Neher et al., 2011). 

The cause of insensitivity to TFS is still not clear. The causes may be one, or a 

combination, of the following: 

i. The phase-locked representation of TFS may be impaired by insufficient 

functional IHCs or afferent nerve fibres to provide an accurate temporal code.  

ii. Age-related neurological changes (such as demyelination) might disrupt the 

transmission or processing of TFS information. 

iii. Changes in neurotransmitters or neural networking may affect the integration of 

signals that allows the auditory system to take advantage of TFS information. 

iv. A change in the tuning of the BM and the phase response due to losing the active 

response of the OHCs could affect the TFS (although this seems unlikely 

considering recent evidence, see Strelcyk and Dau, 2009; Hopkins and Moore, 

2011).  

It is important to determine the extent of TFS deficits in people with CHL, and the 

implications it has for everyday listening demands, because this will help audiologists 

to manage patient expectations and guide hearing-aid designers in prioritising the 

deficits for which devices should compensate.  

 Thesis Research Overview 1.7

In the following chapters the experiments that were designed to meet the aims of 

this thesis are described in the format of scientific journal articles. Each chapter 

contains a single paper. Because of this chapter format, some concepts and literature 

reviews are repeated in sections (such as the introductions at the start of each chapter). 
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The papers themselves (published, submitted, or intended for submission) have 

multiple authors; the first author is always the author of this thesis and the 

contributions to the research by each author are detailed in the following paragraphs.  

 The first study (chapter 2) was designed to determine the usefulness of a two-

alternative, forced-choice discrimination task to test IPD discrimination thresholds 

quickly and reliably. This was to test an appropriate task for measuring the IPD 

thresholds of a large number of listeners. This was expected to be necessary for the 

second study (chapter 3) where the effects of age and of hearing loss on IPD 

discrimination were assessed independently via partial correlation. A large sample 

was needed to adequately represent a large age-range of listeners with a range of 

hearing loss severities. The third study (chapter 4) tested whether vertically- and 

horizontally-oriented EEG electrode montages measured FFR with different latencies, 

in order to make inferences about phase-locking at earlier and later neural stages of 

the sub-cortical auditory pathway without invasive methods. In the fourth study 

(chapter 5) vertically- and horizontally-oriented EEG electrode -montages were used 

to measure later- and earlier-generated FFR in a group of listeners similar to that in 

the second study. IPD discrimination was also measured. The FFR was used to 

determine whether the age- and hearing-loss-related effects on IPD discrimination 

were explained by differences in phase-locking fidelity earlier and later in the auditory 

system. 

In the four studies reported in chapters 2 to 5, the primary author (King) 

conducted the experiments, analysed the results and drafted the manuscripts. Authors 

Hopkins and Plack supervised King, advised on study design, analysis and 

interpretation of the results, and edited the manuscripts. 

Chapter 6 explores the use of behind-the-ear hearing aids to process sounds from 

an acoustic free-field to experimentally manipulate interaural differences, in speech 

stimuli, in as close to real time as possible. This was expected to reveal how IPDs are 

used in everyday spatial hearing better than psychoacoustic tests with simple stimuli. 

This research was conducted at the Eriksholm Research Centre, with the primary 

author (King) being responsible for the study design, carrying out the psychoacoustic 

discrimination tests, data analysis and writing the manuscript. King contributed to 

some of the programmatic setup. Hopkins also contributed to the study design and 

Plack advised on analysis and manuscript edits. Pontoppidan supervised King as well 
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as overseeing the calibration and verification of the experimental setups. Bramsløw 

programmed the speech test and advised on the setup of the discrimination tests. Vatti 

set up and calibrated the master hearing aid system. Heitkamp and Hafez collected the 

speech test data (in Danish) and performed audiological screening of participants. 

Heitkamp also contributed to study design. 
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 Abstract 2.1

Improvement in interaural phase difference (IPD) discrimination over two to three 

hours was compared for two two-alternative forced-choice paradigms: a three-interval 

paradigm, in which the IPD was in interval two or three, and a paradigm with two 

intervals of four stimuli in which the IPD was in the second and fourth stimuli of one 

interval (AAAA vs. ABAB). The difference in performance between the beginning 

and end of the testing period was smaller for the two-interval paradigm, supporting the 

use of this paradigm for fast measurement of discrimination thresholds without the 

need for a long period of training.  
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 Introduction 2.2

Performance on psychophysical discrimination tasks often improves with 

increasing number of trials (Wright and Fitzgerald, 2001; Hawkey et al., 2004; 

Amitay et al., 2006), due to learning attributes of the stimuli (perceptual learning) 

and/or procedural learning. Learning may reduce the accuracy of estimates from 

repeated measurements, and different learning rates for different conditions, listeners, 

or tasks can introduce bias. Training participants until performance reaches asymptote 

can minimize these problems, but this can take thousands of trials (Hafter and Carrier, 

1970). Long training periods are not an option if the available time to test each listener 

is short, for example, in clinical assessment. Hence, it is important to find a procedure 

that minimizes the change in performance over time. 

Hopkins and Moore (2010b) and Moore and Sęk (2009a) described a two-interval 

discrimination paradigm (8S2A) for which they reported minimal training effects. One 

interval (chosen at random) contained four non-target stimuli (AAAA).  The other 

interval contained alternating non-target and target stimuli (ABAB). Hopkins and 

Moore (2010b) found no significant improvement in pure-tone, interaural phase 

difference (IPD) discrimination over the 16 adaptive tracks for each of the three 

frequencies that were tested. Moore and Sęk (2009a) found no significant difference 

in discrimination of harmonic and frequency-shifted band-pass filtered complex tones 

over two, two-hour training sessions for 10 trained and 10 untrained listeners. 

However, neither study compared the 8S2A paradigm with any other presentation 

paradigm, so it is not clear whether the paradigm, or some other aspect of the 

experimental procedure, produces stable performance. 

Here the effect of training on IPD discrimination performance for the 8S2A 

paradigm was compared to that for the three-interval, two-alternative (3I2A) paradigm 

described by Lacher-Fougère and Demany (2005). 

 Method 2.3

 Stimuli 2.3.1

Three types of stimuli were used: pure tones (PT IPD), amplitude modulated 

(AM) tones with the IPD in the temporal fine structure (TFS IPD), and AM tones with 
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an IPD in the temporal envelope (Envelope IPD). The AM tones were specified by 

equation 2.1: 

𝑠(𝑡) =  sin(2𝜋𝑓𝑐 𝑡 + 𝜑𝑐) ∙  [1 + sin(2𝜋𝑓𝑚𝑡 + 𝜑𝑚)], (2.1) 

where fc is the carrier frequency, fm is the modulation frequency, φc is the carrier 

phase, φm is the modulation phase and t is the sample index. Differences in φc and φm 

between ears (referred to here as δ) produced IPDs in the TFS (TFS IPD) and 

envelope (Envelope IPD), respectively. IPDs were created by introducing a positive 

starting phase in one ear and zero starting phase in the other. The frequency of the 

pure tones and fc for the AM tones was 500 Hz.  For the AM tones fm was 20 Hz. 

Stimuli were presented at a level of 80 dB sound pressure level (SPL), to allow for 

comparison with previous studies conducted in the laboratory using the same test. The 

stimulus duration was 500 ms, including 50-ms raised-cosine onset and offset ramps, 

which were synchronous across ears. The inter-stimulus silent interval was 500 ms for 

both paradigms. For the 8S2A paradigm the four stimuli in each interval were 

separated by 50 ms of silence. Stimuli were created in MATLAB (Mathworks) at a 

sample rate of 48 kHz and output via a Creative E-MU 0202 USB 24-bit soundcard 

and Sennheiser HD 650 circum-aural headphones within a double-walled listening 

booth. 

 Procedure 2.3.2

For the 3I2A paradigm, listeners indicated whether the second or third interval 

differed from the first interval (a diotic reference stimulus) by pressing ‘2’ or ‘3’ on a 

computer keyboard. One of the last two intervals (chosen at random) had an IPD of δ; 

the other was identical to the diotic reference. For the 8S2A paradigm, each interval 

contained four stimuli. In one interval (chosen at random) the stimuli were all diotic 

(AAAA). In the other interval, the first and third stimuli in the sequence were also 

diotic, but the second and fourth contained an IPD of δ (ABAB).  Listeners indicated 

whether the ABAB interval was first or second by pressing ‘1’ or ‘2’ on the keyboard. 

An onscreen light indicated each interval and other lights provided feedback. At the 

beginning of each run, δ was set to 180°. A two-down, one-up adaptive method was 

used to track 70.7% correct on the psychometric function. The initial step size was a 

factor of 1.25
2
. After four reversals, the step size was reduced to 1.25 for a further 10 
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reversals. The geometric mean of the values of δ at the last 10 reversals was taken as 

the threshold δ.  

Thirty-six normal-hearing listeners (18-35 years, mean=23) were tested 

(audiometric thresholds <=20 dB HL between 0.25 and 8 kHz, and <10 dB difference 

in thresholds between ears at 500 Hz). Listeners were randomly allocated into six 

groups of six, with each group allocated a different combination of paradigm and 

stimulus. Twenty-two runs were completed over a total period of approximately two 

hours with the 3I2A paradigm and three hours with the 8S2A paradigm. The majority 

of listeners tested with the 8S2A paradigm completed the experiment over two 

sessions whilst the listeners tested with the 3I2A paradigm were more likely to 

complete the experiment in one session. 

 Results 2.4

Figure 2.1 shows the geometric mean IPD discrimination thresholds for each 

group as a function of run number. For analysis, the geometric mean of the first four 

values (pre training) was compared with the geometric mean of the last four values 

(post training) for each listener. The listener-group geometric means for these 

measures are shown in Figure 2.2. All analyses were performed on the log-

transformed data values to satisfy the assumption of normality.  A mixed model 

ANOVA was performed with training (pre and post) as the within-subjects factor, and 

paradigm (3I2A and 8S2A) and training stimulus (envelope IPD, TFS-IPD and PT-

IPD) as between-subjects factors. Thresholds were lower following training 

[F(1,30)=10.0, p=0.004], and listeners tested using the 8S2A paradigm had lower 

mean thresholds than listeners tested using the 3I2A paradigm [F(1,30)=5.3, p=0.03]. 

There was no significant effect of stimulus. 
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Figure 2.2: The geometric mean IPD discrimination thresholds obtained from the first 

four adaptive runs and the last four adaptive runs completed in each training 

condition, averaged across listeners. Data are offset on the abscissa for visual clarity. 

Error bars show 95% confidence intervals. 

The interaction between training and paradigm was significant [F(1,30)=5.6, 

p=0.02]. To examine the effect of training for the two paradigms separately, 

thresholds were collapsed across stimuli and paired t-tests were performed for each 

paradigm. Thresholds for the two paradigms are shown in the left panel of Figure 2.3 

by symbols joined by solid lines. Listeners in the 8S2A paradigm groups improved 

only slightly (pre=12.3°, SD=1.9°; post=11.6°, SD=1.9°) and the improvement was 

not significant. Listeners in the 3I2A paradigm groups showed a greater improvement 

(pre=23.2°, SD=2.0°; post=16.0°, SD=2.0°), which was significant [t(34)=3.7, 

p=0.002].  None of the other interactions in the ANOVA were significant (p>0.05). 

  



47 

 

Figure 2.3: In the left panel the symbols joined by solid lines show the geometric 

means of the first four runs and the last four runs in the two paradigm conditions, 

averaged across stimuli and listeners. The symbols joined by the dashed line show 

transformed 8S2A data. The right panel shows the geometric means of the four runs 

up to and including the run that exceeded 589 and 3303 stimulus presentations, 

averaged across stimuli and listeners. Data are offset on the abscissa for clarity. Error 

bars show 95% confidence intervals. 

In the first ANOVA, thresholds for the 8S2A paradigm were significantly lower 

than for the 3I2A paradigm. Both paradigms were two alternative forced-choice tasks, 

but the 8S2A paradigm had twice as many observations as the 3I2A paradigm that 

contributed to the discrimination decision (i.e. with a priori probabilities of being 

either reference or target). d-prime (d´) increases by the square root of the number of 

times a trial is repeated before a forced-choice decision is made (Swets et al., 1959) , 

and this might explain why lower thresholds were observed for the 8S2A paradigm. 

Assuming independent internal noise and equal variance in the distributions of 

reference and target stimuli (Green and Swets, 1974), d´ would be expected to be √2 

times greater for the 8S2A paradigm than for the 3I2A paradigm. d´ increases linearly 

with IPD (Hafter and Carrier, 1972). Hence, to compensate for this effect, the 8S2A 

IPD thresholds (calculated over four runs) were multiplied by √2 before being log-

transformed. The dashed line in Figure 2.3 shows the mean transformed δ. Notice that 

pre-training performance for the 8S2A paradigm was similar to post-training 

performance for the 3I2A paradigm. The mixed model ANOVA was repeated using 

these transformed 8S2A thresholds.  The main effect of paradigm was not significant. 

The main effects of training and stimulus, and the interaction effects were unchanged. 
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The 3I2A paradigm had only three stimuli per trial and the 8S2A paradigm had 

eight. To take account of this difference, non-transformed mean thresholds were 

compared after approximately equal numbers of stimulus presentations. Pre training 

was defined as the runs up to and including the run in which listeners had heard 589 

stimulus presentations (the mean number presented in the first four runs of the 8S2A 

paradigm) and post training was defined as the four runs up to and including 3303 

stimulus presentations (the smallest total number of stimuli heard by all listeners). The 

right panel of Figure 2.3 shows these data for the two paradigms. The first mixed-

model ANOVA was repeated using these threshold estimates. The main effect of 

training was significant [F(1,30)=11.06, p=0.002]. However, there were no significant 

main effects of paradigm or of stimulus. The interaction between training and 

paradigm was significant [F(1,30)=5.09, p=0.032]. All other interactions were non-

significant. 

The difference between thresholds at the end of session one and at the start of 

session two (Mean=−1.0°, SD=1.9°), for those who completed the study in two 

sessions, was not significantly greater than the difference between the 11
th

 and 12
th

 

runs (Mean=−0.8°, SD=2.0°) for those who completed the study in one session 

(t=−0.76, p=0.45). 

Observed power was calculated, in G-Power 3.1.3 (Kiel, Germany), to be 0.98, 

based on the mean partial η
2
 of all the effects tested with the first ANOVA as an effect 

size, 36 listeners and an α of 0.05.   

 Discussion 2.5

The PT-IPD thresholds collected using the 8S2A paradigm were 25% lower than 

the thresholds collected by Hopkins and Moore (2010b) at 50 dB SL (the most similar 

condition to the PT-IPD condition tested here). The higher SLs in the current study 

may explain the lower IPD thresholds, but Hopkins and Moore (2010b) report no 

evidence of a stimulus level effect between 30 and 50 dB SL. The Envelope- and TFS-

IPD thresholds collected using the 3I2A paradigm were approximately 50% and 470% 

higher, respectively, than the thresholds reported by Lacher-Fougère and Demany 

(2005) using similar stimuli. The current study and Hopkins and Moore (2010b) used 

inexperienced listeners, but Lacher-Fougère and Demany (2005) do not report listener 

experience. Therefore, previous experience may have been a contributing factor to the 
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differences in IPD thresholds. Lacher-Fougère and Demany (2005) tested listeners 

over four, 1 h sessions, whereas the current study and Hopkins and Moore (2010b) 

only used two sessions. This may affect training, but in the current study there were 

no significant differences in thresholds between listeners who completed the study in 

two sessions and those who completed it in one session. 

The smaller effect of training for the 8S2A paradigm than the 3I2A paradigm 

supports the use of the 8S2A paradigm for testing IPD discrimination thresholds (and 

potentially thresholds for other discrimination tasks) if stable performance is desired 

over a two- or three-hour time frame. Stable performance in the 8S2A paradigm may 

have occurred for two reasons. One explanation is that the task was very easy to learn, 

so either no training was needed to reach asymptote, or performance reached its 

asymptote within the first four runs. The alternative explanation is that insufficient 

training was provided for substantial improvement to occur during the course of the 

experiment. When adjusted for the greater total target duration, the 8S2A thresholds 

pre training were similar to the 3I2A thresholds post training. This suggests that 

performance asymptotes quickly for the 8S2A paradigm. The lack of training effect 

for the 8S2A paradigm is consistent with Moore and Sęk (2009a) and Hopkins and 

Moore (2010b).  

In conclusion, IPD thresholds may not be comparable across the two paradigms 

without accounting for the different numbers of stimulus presentations per trial. 

However, the 8S2A paradigm appears better than the 3I2A paradigm for avoiding 

training effects and the potential variability and bias they may produce over the course 

of several hours of testing. Hence, the 8S2A paradigm may be more appropriate for 

fast assessment of discrimination abilities.  
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 Abstract  3.1

The discrimination of interaural phase differences (IPDs) requires accurate 

binaural temporal processing, and has been used as a measure of sensitivity to 

temporal envelope and temporal fine structure (TFS). Previous studies found that 

TFS-IPD discrimination declined with age and with sensorineural hearing loss 

(SNHL), but age and SNHL have often been confounded. The aim of this study was to 

determine the independent contributions of age and SNHL to TFS and envelope IPD 

discrimination by using a sample of adults with a wide range of ages and SNHL. A 

two-interval, two-alternative forced-choice procedure was used to measure IPD 

discrimination thresholds for 20-Hz amplitude-modulated tones with carrier 

frequencies of 250 or 500 Hz when the IPD was in either the stimulus envelope or 

TFS. There were positive correlations between absolute thresholds and TFS-IPD 

thresholds, but not envelope-IPD thresholds, when age was accounted for. This 

supports the idea that SNHL affects TFS processing independently to age. Age was 

positively correlated with envelope-IPD thresholds at both carrier frequencies and 

TFS-IPD thresholds at 500 Hz, when absolute thresholds were accounted for. These 

results suggest that age negatively affects the binaural processing of envelope and TFS 

at some frequencies independently of SNHL.  
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 Introduction 3.2

The auditory system can discriminate interaural time differences (ITDs) in the 

arrival of sounds (Klump and Eady, 1956) or interaural phase differences (IPDs) if the 

sounds are periodic and on-going (Zwislocki and Feldman, 1956). These cues are used 

for lateralisation and localisation (Wightman and Kistler, 1992). Discrimination of 

ITDs or IPDs has been used as a way of measuring temporal coding ability, because 

the coding of these cues relies on the accurate synchronisation of neural activity to the 

stimulus waveform (Jeffress, 1948). For low frequency sounds, auditory nerve fibres 

are most likely to fire at a particular phase of basilar membrane (BM) motion (Tasaki, 

1954; Palmer and Russell, 1986), a phenomenon known as phase locking (Rose et al., 

1967).  Phase locking codes time intervals between corresponding peaks in the pass-

band filtered output from the BM, which represent the temporal fine structure (TFS) 

of the sound. TFS coding is thought to contribute to accurate pitch discrimination 

(Moore et al., 2006a), speech perception (Young and Sachs, 1979) and perceptual 

segregation of target sounds, such as speech, from complex background sounds 

(Hopkins and Moore, 2009; Moore, 2012). 

Sensorineural hearing loss (SNHL) is associated with poorer performance on tasks 

that are thought to provide behavioural measures of TFS coding (e.g., Buss et al., 

2004; Lacher-Fougère and Demany, 2005; Hopkins and Moore, 2007; Strelcyk and 

Dau, 2009; Hopkins and Moore, 2011). Early studies (Hawkins and Wightman, 1980; 

Buus et al., 1984; Smoski and Trahiotis, 1986) found that listeners with SNHL were 

poorer at lateralisation based on ITDs than listeners with normal hearing (NH). 

However, these ITDs were implemented by delaying the whole waveform to one ear, 

so deficits may have arisen due to impaired coding of either TFS or slower 

fluctuations in amplitude caused by the interaction of TFS components (commonly 

referred to as the envelope) or both. Later research investigated sensitivity to envelope 

and TFS IPDs separately using amplitude modulated (AM) tones (Lacher-Fougère and 

Demany, 2005) and sensitivity to TFS-IPDs exclusively using pure tones (Hopkins 

and Moore, 2011).  

Both Lacher-Fougère and Demany (2005) and Hopkins and Moore (2011) 

reported better TFS-IPD sensitivity for NH listeners than for those with SNHL. 

Hopkins and Moore (2011) found that the TFS-IPD thresholds of SNHL listeners were 

between 1.5 and two times those of NH listeners, whilst Lacher-Fougère and Demany 
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(2005) found a 6.5- to 19.7-fold deficit for SNHL listeners. Lacher-Fougère and 

Demany (2005) found that envelope-IPD thresholds were also greater for SNHL 

listeners than for NH listeners, but only by 2.9 to 4-fold. Lacher-Fougère and Demany 

(2005) interpreted the larger deficit in TFS-IPD thresholds than envelope-IPD 

thresholds as evidence that SNHL specifically affects TFS processing. Lacher-

Fougère and Demany (2005) used the same sound pressure level (SPL) for all 

listeners, so the sensation levels (SL) of the stimuli would be lower for the SNHL 

listeners than the NH listeners. Buus et al. (1984) and Smoski and Trahiotis (1986) 

showed envelope ITD discrimination was affected by SL whilst pure-tone ITD 

discrimination was not, so Lacher-Fougère and Demany (2005) suggested the 

differing SL may have affected the SNHL listeners’ envelope-IPD thresholds more 

than their TFS-IPD thresholds. 

The deficit in TFS-IPD sensitivity for SNHL listeners reported by Lacher-Fougère 

and Demany (2005) and Hopkins and Moore (2011) may be partly explained by the 

higher mean ages in the SNHL listener groups than the NH listener groups. The age 

ranges were 24 to 45 years for NH listeners and 42 to 68 years for SNHL listeners in 

the study of Lacher-Fougère and Demany (2005), and 20 to 35 years for NH listeners 

and 29 to 82 (mean=62.8) for SNHL listeners in the study of Hopkins and Moore 

(2011). Age is associated with a decrease in the highest carrier-tone frequency (fc) at 

which a 180° IPD in the TFS of binaurally presented AM tones is detectable by 

listeners with minimal hearing loss (Ross et al., 2007; Grose and Mamo, 2010). Ross 

et al. (2007) suggested that their results were due to a loss of neural synchrony with 

age, which would degrade the precision of temporal coding. Consistent with this idea, 

low-frequency pure-tone IPD thresholds increase with age (Grose and Mamo, 2010; 

Moore et al., 2012a; Moore et al., 2012b) and performance on other measures of 

temporal coding also declines with age (e.g. Strouse et al., 1998; Purcell et al., 2004). 

In order to assess the effect of age on temporal coding, Hopkins and Moore (2011) 

included a second sample of NH listeners, with a similar mean age to the SNHL 

listeners. The age-matched NH group did not perform significantly differently to the 

SNHL listeners. Whilst this showed that age can affect TFS IPD discrimination, it was 

not possible to assess the independent effects of age and hearing loss on IPD 

discrimination as age and hearing loss were highly correlated. 

Hawkins and Wightman (1980) and Smoski and Trahiotis (1986) found poorer 

ITD sensitivity for SNHL and NH listener groups that were comparable in age. 
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Hawkins and Wightman (1980) used NH and SNHL listeners with mean ages of 25 

and 27 years, respectively, and Smoski and Trahiotis (1986) used NH and SNHL 

listeners with mean ages of 24 and 36 years respectively. However, Hawkins and 

Wightman (1980) only used three NH listeners and eight SNHL listeners and Smoski 

and Trahiotis (1986) only used two NH listeners and four SNHL listeners. There 

appears to be at least some non-age-related effect of SNHL on binaural TFS 

processing. 

This paper reports the TFS- and envelope-IPD thresholds for listeners across a 

wide age range with normal hearing up to moderate SNHL. Partial correlations were 

used to assess the effects of age and SNHL independently by removing the variability 

associated with one variable when assessing the other. AM tones were used, like 

Lacher-Fougère and Demany (2005), to measure TFS and envelope IPD thresholds 

separately. However, equal SL across listeners was used rather than a fixed SPL to 

avoid level affecting IPD thresholds (Buus et al., 1984; Smoski and Trahiotis, 1986). 

 Methodology 3.3

 Listeners 3.3.1

Forty-six listeners were tested. Their ages ranged from 18 to 83 years and they 

had either normal hearing or SNHL as confirmed by air- and bone-conduction pure-

tone audiometry (AC- and BC-PTA respectively), tested in accordance with the 

British Society of Audiology (2011) recommended procedure. Listeners with 

suspected conductive hearing loss, or asymmetry between ears greater than 15 dB 

below 1 kHz, were excluded. Table 3.1 lists the listeners by ascending age, with each 

listener’s AC-PTA averaged from 2 to 8 kHz in dB hearing level (HL) (PTAHF) given 

also. PTAHF was used to estimate the influence of high-frequency hearing loss on IPD 

sensitivity. There was a significant positive correlation between age and PTAHF 

(r=0.439, p=0.002). 
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Table 3.1: The 46 listeners listed by their age. Absolute thresholds at 250 and 500 Hz 

(AT250 and AT500, respectively) and mean audiometric threshold between 2 and 8 

kHz (PTAHF) are given for left (L) and right (R) ears. Preference for equal SL or equal 

SPL across ears in IPD stimulus presentation and which ear contained the positive 

starting phase in IPD discrimination are given for fc=250 Hz and fc=500 Hz. 

Listener 
Age 

(years) 

AT250 

(dB SPL) 

AT500 

(dB SPL) 

PTAHF 

(dB HL) 

IPD stimulus  

presentation 
Leading Ear 

L R L R L R 250 Hz 500 Hz 250 Hz 500 Hz 

1 18 44.0 41.8 41.1 35.1 46.7 43.3 SPL SPL R R 

2 20 15.9 13.3 6.1 10.9 6.7 8.8 SL SPL R R 

3 21 29.3 31.8 36.4 39.0 65.0 73.3 SL SL L L 

4 21 21.0 32.0 15.6 23.4 8.3 11.7 SL SPL L L 

5 21 20.0 17.5 10.4 12.1 -1.7 3.3 SL SPL R R 

6 22 19.6 14.6 16.6 9.1 5.0 5.0 SL SL R R 

7 23 10.0 14.1 5.8 1.0 8.3 6.7 SPL SPL L R 

8 23 16.6 9.9 5.4 3.5 10.0 5.0 SPL SPL R R 

9 25 25.4 25.5 28.0 28.6 30.0 23.3 SL SL L L 

10 25 14.9 13.5 12.1 10.8 0.0 1.7 SL SPL R R 

11 26 5.4 5.8 -1.3 2.6 6.7 5.0 SL SL L L 

12 27 6.8 9.6 0.4 3.3 20.0 10.0 SPL SL L L 

13 27 45.0 43.1 41.1 36.1 53.3 48.3 SPL SPL R R 

14 28 3.6 7.8 -1.4 3.1 3.3 41.3 SL SL L L 

15 28 18.6 18.4 14.0 6.9 16.7 5.0 SL SL R R 

16 31 36.4 39.4 55.4 55.4 63.3 65.0 SPL SPL R R 

17 31 7.1 9.0 6.3 5.3 3.3 1.7 SPL SPL L L 

18 38 73.0 71.1 68.3 63.9 46.7 45.0 SL SPL R R 

19 40 16.8 24.0 15.4 19.8 15.0 23.3 SPL SPL L L 

20 43 36.6 38.6 45.4 47.6 78.3 73.3 SPL SL L L 

21 45 13.4 11.9 1.9 1.8 -3.3 5.0 SL SL R R 

22 46 40.3 39.4 44.1 41.6 60.0 56.7 SL SPL R R 

23 48 39.4 41.5 40.3 37.3 65.0 66.7 SPL SL R R 

24 48 12.9 8.6 8.3 1.8 18.3 10.0 SL SL R R 

25 52 12.6 24.8 12.6 17.1 33.8 35.0 SL SL L L 



56 

Listener 
Age 

(years) 

AT250 

(dB SPL) 

AT500 

(dB SPL) 

PTAHF 

(dB HL) 

IPD stimulus  

presentation 
Leading Ear 

L R L R L R 250 Hz 500 Hz 250 Hz 500 Hz 

26 52 17.9 16.1 13.6 13.4 5.0 8.3 SPL SL R R 

27 56 21.6 21.4 13.8 17.9 33.8 28.3 SPL SL L L 

28 65 21.5 27.0 19.8 20.8 40.0 18.3 SPL SPL L L 

29 65 17.4 18.4 4.5 5.9 57.5 57.5 SL SL L L 

30 66 20.1 23.0 20.6 29.9 23.3 31.7 SL SL L L 

31 66 20.5 29.8 20.6 22.1 27.5 26.7 SPL SL L L 

32 67 12.6 15.3 15.1 14.6 45.0 25.0 SPL SL L R 

33 67 63.0 52.4 59.4 51.1 66.7 71.7 SL SL R R 

34 68 13.4 12.4 11.4 18.9 45.0 38.3 SL SPL R R 

35 69 21.4 21.1 11.6 11.9 36.7 21.7 SL SL R L 

36 69 16.0 12.1 12.9 8.3 53.8 27.5 SL SL R R 

37 71 7.0 10.3 -0.6 8.4 36.7 31.7 SPL SPL L L 

38 72 20.1 21.5 24.0 29.4 47.5 50.0 SPL SPL L R 

39 73 27.3 23.6 22.9 18.0 36.3 36.7 SPL SL R R 

40 74 14.6 17.1 15.6 17.8 36.7 38.3 SPL SPL L L 

41 76 20.4 22.9 20.5 22.9 13.3 16.7 SL SL L L 

42 80 14.8 16.5 10.8 10.1 35.0 28.8 SL SL L R 

43 81 35.5 36.8 35.8 33.6 61.7 66.7 SL SL L R 

44 82 18.5 23.6 8.9 14.6 56.7 53.3 SL SL L L 

45 82 62.5 62.0 56.6 56.3 71.7 75.0 SPL SPL L L 

46 83 20.1 17.5 19.5 10.4 58.8 55.0 SPL SPL R R 

 Absolute thresholds  3.3.2

Absolute thresholds (ATs) in dB SPL were measured in order to set the level for 

the IPD discrimination task at 30 dB SL for each listener. 

3.3.2.1 Stimuli 

The stimuli were pure tones with a 200-ms steady state duration and 20-ms raised-

cosine onset and offset ramps. Frequencies of 250 and 500 Hz were used, which 



57 

corresponded to the fc of the stimuli used in the IPD sensitivity test (see section 3.3.4). 

ATs were determined separately for each ear. 

3.3.2.2 Procedure 

A three-interval, three-alternative forced-choice task was used with a two-down, 

one-up adaptive procedure. The step size was 4 dB until three turn points occurred and 

decreased to 2 dB for a subsequent eight turn points. The threshold corresponding to 

71% correct (Levitt, 1971) was estimated as the arithmetic mean of the stimulus level 

at the last eight turn points. Two runs were completed for each ear at each frequency 

and the final threshold was taken to be the mean of the thresholds from these two runs. 

These mean thresholds are given in Table 3.1. Listener’s age and average AT over 

both fc 250 and 500 Hz were not significantly correlated (r=0.076, p=0.615). The 

average AT is plotted against age in Figure 3.1. 

 

Figure 3.1: Listeners’ ATs (averaged across 250 and 500 Hz and ears) as a function of 

their age. 

 Setting AM tone presentation level 3.3.3

Hopkins and Moore (2010b) showed that pure-tone IPD discrimination was 

independent of level for levels of 30 dB SL or greater. However, for some listeners, 

presenting the AM tones at 30 dB SL in each ear resulted in a strongly left or right 

lateralized sound image. To obtain a stimulus level that resulted in a sound image 

positioned roughly in the centre of the listener’s head, participants were asked to 

compare AM tones at 30 dB SL at each ear (Equal SL) and at 30 dB above the average 
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of the left and right AT at the fc (Equal SPL). Whichever version of the stimulus the 

listener reported as sounding more centred between the ears was used for the IPD 

sensitivity test described in section 3.3.4. The AM tones were played for 4 s to the 

listener for both level settings in a random order. Table 3.1 lists, at each fc, whether 

Equal SL or Equal SPL was used for each listener. 

 IPD sensitivity test 3.3.4

3.3.4.1 Stimuli 

Sensitivity to IPDs was measured using AM tones. Carrier tones of fc=250 Hz and 

500 Hz were amplitude modulated at 20 Hz. The IPD was created in either the TFS or 

the envelope by introducing a positive starting phase (δ°) in the signal to one ear and a 

zero starting phase to the other ear. TFS and envelope IPDs are shown schematically 

in panels A and B of Figure 3.2, respectively. Thus, there were four conditions: non-

zero IPDs in the TFS at fc=250 Hz (TFS250), in the TFS at fc=500 Hz (TFS500), in 

the envelope at fc=250 Hz (ENV250) and in the envelope at fc=500 Hz (ENV500).  

3.3.4.2 Procedure 

IPD discrimination thresholds were measured four times for each condition using 

a procedure based on that described by Hopkins and Moore (2010b). A two-interval, 

two-alternative forced-choice task was used, with each interval comprising four 500-

ms tone bursts (which included 50-ms raised-cosine onset and offset ramps that were 

synchronous across ears). The tone bursts were separated by 20-ms of silence within 

each interval and 500-ms of silence between the two intervals. In one interval the four 

tones all had a zero IPD (AAAA), whilst in the other interval the second and fourth 

tones had a non-zero IPD (ABAB). The two intervals were randomly ordered, and 

listeners were instructed to pick the alternating interval. Panel C of Figure 3.2 shows a 

schematic example of this when the ABAB interval is second. Listeners were advised 

to focus on lateral position alternation, but that they were free to use any perceptual 

cue to perform the task. Feedback was given by lights on a screen. 
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Figure 3.2: A schematic diagram of the stimuli and the presentation paradigm. Panels 

A and B are magnified from Panel C to give an indication of relative time scales. 

Panel A shows the AM tones for each ear; one (in grey) had a starting phase of 90° in 

the TFS whilst the other started at 0°. Presented binaurally, these tones resulted in an 

IPD in the TFS only—note the synchronous envelopes. Panel B shows the reverse: the 

grey tone had a starting phase of 90° in the envelope only—note the synchronous zero 

crossings of the TFS. Panel C shows the presentation paradigm with the target interval 

(ABAB) second. The grey tone bursts contained the IPD whilst black tone bursts were 

diotic. 

The target IPD (δ°) was initially set to 180° and could not exceed this value. A 

geometric adaptive two-down, one-up procedure was used. The step size factor was 

1.25
2
 until three turn points occurred and 1.25 for eight subsequent turn points. The 

geometric mean of δ at the last eight turn points was taken as the IPD discrimination 

threshold. As δ was restricted to 180°, this algorithm would estimate a threshold even 

when performance was purely driven by chance. Therefore, if a listener failed to 

detect a δ of 180° at any point after the initial three turn points, the adaptive track 
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stopped and 40 further trials with a fixed δ of 180° were presented. This happened 51 

times out of 736 runs in total (15 out of 46 listeners). In these cases, a value of d´ was 

calculated from the percent correct score (Hacker and Ratcliff, 1979). The relation 

between IPD threshold in degrees and d´ has been shown to be linear (Hafter and 

Carrier, 1972), so an extrapolated threshold δ° was derived from the measured d´ and 

the d´ for 71% correct (0.78) by Eq. 3.1:  

𝛿(𝑒𝑥𝑡𝑟𝑎𝑝𝑜𝑙𝑎𝑡𝑒𝑑) =
(0.78 × 180°)

𝑑´(40 𝑡𝑟𝑖𝑎𝑙𝑠 𝑤𝑖𝑡ℎ 𝛿 = 180°)
 

(3.1) 

All audio stimuli for absolute and IPD threshold measurement were created in 

MATLAB 7.6 (The MathWorks, 2008). Sounds were converted from digital to analog 

at a sample rate of 48 kHz and a 24-bit depth and amplified using a Creative E-MU 

0202 USB soundcard. Sounds were played over Sennheiser HD 650 circum-aural 

headphones. Listeners sat in a double-walled listening booth, and made responses via 

a computer keyboard. Audiometric thresholds were measured using VIASYS GSI-

Arrow and Kamplex AC30 audiometers coupled to TDH39P supra-aural headphones 

and Radioear B-71 bone vibrators.  

 Results 3.4

The geometric mean of the four repeated measurements of threshold 

discrimination was taken as the listener’s threshold in each of the four IPD conditions. 

IPD thresholds are plotted as a function of AT in Figure 3.3 and as a function of age in 

Figure 3.4. Some thresholds are plotted as upwards pointing arrows at 312°. These 

reflect performance below 62.5% correct in the constant stimuli method, which cannot 

be assumed (with 95% confidence) to be above chance. Although d´ would not, in 

reality, continue to increase for δ>180°, extrapolated thresholds below 312° probably 

indicate some ability to detect IPDs. Extrapolated thresholds were limited to 312° for 

analysis, but cases where extrapolated thresholds exceeded this value should be 

interpreted as indicating an inability to discriminate the IPDs in those conditions. 
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Figure 3.3: IPD thresholds as a function of AT averaged across ears (dB SPL). 

Clinically normal hearing listeners’ thresholds are plotted with filled symbols and 

clinically hearing impaired listeners’ thresholds (at any audiometric frequency tested) 

with open symbols. Upward pointing arrow symbols indicate a case where no IPD 

threshold could be measured. The top two panels show envelope IPD thresholds and 

the bottom two show TFS IPD thresholds. Left and right panels show thresholds for 

fc=250-Hz and fc =500-Hz, respectively. Correlation coefficients with age partialled 

out are given in each panel. Correlations significant (α=0.05) after Holm-Bonferroni 

correction are shown by asterisks. 
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Figure 3.4: IPD thresholds as a function of age. Clinically normal-hearing listeners’ 

thresholds are plotted with filled symbols and clinically hearing impaired listeners’ 

thresholds with open symbols. Upward pointing arrow symbols indicate a case where 

no IPD threshold could be measured. Panels are in the same order as in Fig. 3. 

Correlation coefficients with AT partialled out are given in each panel. Correlations 

significant (α= 0.05) after Holm-Bonferroni correction are shown by asterisks. 

IPD thresholds were log-transformed before statistical analysis as this resulted in 

thresholds that were more normally distributed. Pearson’s product–moment 

correlations (r) were calculated between the IPD thresholds and the listeners’ ages 

with ATs at fc partialled out, and between the IPD thresholds and the ATs at fc with 

age partialled out. Finally, correlations were calculated between IPD thresholds and 

PTAHF. These correlations and partial correlations are given in Table 3.2. A 

sequentially rejective Bonferroni correction (Holm, 1979) was applied to the alpha 

criterion for each correlation to account for the increased familywise error rate due to 

testing the significance of 14 correlations (the twelve correlations described above and 

the correlations between age and PTAHF and between age and AT). The Holm–
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Bonferroni correction involves comparing the p values, from least to most likely given 

the null hypothesis, to α/(n+1−k) where n equals the number of familywise tests and k 

equals the index of the tests from least to most likely given the null hypothesis. Only 

one hypothesis test was affected by this correction. The correlation between ENV500 

and AT was significant (p=0.035) before correction, but not after correction of α to 

0.0063. 

Table 3.2: The Pearson product–moment correlation coefficients (r) and the 

probability values (p) for the correlation or partial correlation between listeners’ age, 

ATs and PTAHF and each of the four IPD conditions. Asterisks indicate significant 

correlations after Holm-Bonferroni correction. 

IPD 
Age 

(AT partialled out) 

AT at fc 

(age partialled out) 
PTAHF 

 r p r p r p 

TFS250 0.183 0.228 0.448 0.002* 0.102 0.500 

TFS500 0.452 0.002* 0.415 0.005* 0.221 0.141 

ENV250 0.613 <0.001* 0.063 0.679 0.202 0.179 

ENV500 0.608 <0.001* −0.315 0.035 0.039 0.796 

 

With AT partialled out, age was significantly positively correlated with TFS500, 

ENV250 and ENV500, but not with TFS250. With age partialled out, AT was 

significantly positively correlated with TFS250 and TFS500. In contrast, the partial 

correlations between envelope-IPD thresholds and ATs (controlling for age) were 

weak and not significant after correction for multiple comparisons. No significant 

correlations were found between thresholds for the four IPD conditions and PTAHF. 

In order to determine whether TFS and envelope processing were affected 

differently by either age or AT, some of the partial correlations were compared to see 

whether they were significantly different from each other using Fisher’s r to z-score 

transform. The difference between the z scores was divided by the standard error of 

the difference between the two z scores and evaluated against the t distribution with 

n1+n2−4 degrees of freedom (where n1 and n2 equal the sample sizes in the two 
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correlations). The significance of the difference between the age and TFS250 

correlation and the age and TFS500 correlation was also tested using this technique. 

These comparisons were calculated in the software package Statistica 10 (StatSoft 

Inc., 2011). Again, a sequentially rejective Bonferroni correction (Holm, 1979) was 

applied to account for the five comparisons made. The results of these comparisons 

are given in Table 3.3. 

Table 3.3 The probability values (p) for the tests of the difference between pairs of 

partial correlations (after Fisher’s z transformation). Each p value refers to the 

comparison between the correlation on the same line and the correlation on the line 

above. Asterisks indicate significant correlations after Holm-Bonferroni correction. 

Partial Correlation r p 

Age–TFS250 (controlled for AT) 0.183  

Age–ENV250 (controlled for AT) 0.613 0.016 

Age–TFS500 (controlled for AT) 0.452  

Age–ENV500 (controlled for AT) 0.608 0.314 

AT–TFS250 (controlled for Age) 0.448  

AT– ENV250 (controlled for Age) 0.063 0.055 

AT–TFS500 (controlled for Age) 0.415  

AT– ENV500 (controlled for Age) −0.315 0.001* 

Age–TFS500 (controlled for AT) 0.452  

Age– TFS250 (controlled for AT) 0.183 0.165 

 

The difference between the partial correlation between AT and TFS500 and the 

partial correlation between AT and ENV500 was significant (p<0.001), but the 

difference between the partial correlations between TFS250 and ENV250 and AT was 

not significant. The partial correlations between age and TFS500 and between age and 

ENV500 were not significantly different from each other. The partial correlations 

between age and TFS250 and between age and ENV250 were significantly different 

from each other before correction for multiple comparisons, but not after. The 

difference between the correlation between TFS500 and age and the correlation 

between TFS250 and age was also not significant. 

Observed power for the correlations was 0.92, based on the mean coefficient of 

determination (r
2
) of the partial correlations as the effect size, 46 listeners and an α of 



65 

0.05. The tests of differences between z-transformed correlation coefficients were 

calculated to have a mean power of 0.67, based on Cohen’s q (difference between z-

transformed correlation coefficients; Cohen, 1992), 46 listeners and an α of 0.05.  

Calculations were performed with GPower 3.1.3 (Kiel, Germany). 

 

 Discussion 3.5

The results suggest that age and SNHL have negative, but independent, effects on 

TFS-IPD discrimination. Age was also associated with poorer envelope-IPD 

discrimination; in contrast, poorer envelope-IPD discrimination was not associated 

with increasing AT; instead, ENV500 performance may have improved very slightly 

with increasing AT, although this may be a type I error, as the correlation was not 

significant following correction for multiple comparisons. 

 SNHL and IPD sensitivity 3.5.1

The significant positive correlation between AT and TFS-IPD thresholds supports 

the idea that SNHL involves a reduction in the quality of, or ability to use, phase-

locked information related to TFS (Lacher-Fougère and Demany, 2005; Hopkins and 

Moore, 2011). The present findings suggest deficits in TFS processing with elevated 

ATs are independent of age-related changes in TFS processing. There are numerous 

reasons why this relationship may occur (Moore, 2008; Hopkins and Moore, 2011):  

(1) A reduction in the number of auditory nerve fibres can occur after damage to 

innervating the cochlea (Schuknecht and Woellner, 1955; Spoendlin, 1970), 

which may lead to reduced phase-locked information and consequently a 

degraded neural signal (Lopez-Poveda and Barrios, 2013).  

(2) An abnormal phase response of the BM (Ruggero, 1994). An abnormal phase 

response may occur with loss of the nonlinear gain mechanism brought about by 

damage to the outer hair cells. This could affect comparisons of phase 

information across adjacent points along the BM that may be used to encode TFS 

information (Carney et al., 2002).  

(3) Changes to the central auditory system, such as a loss of inhibition, might disrupt 

the decoding of TFS (Moore, 2008). 
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It has also been suggested that the apparent TFS coding deficit for listeners with 

SNHL may arise because of the poorer frequency selectivity often associated with 

cochlear hearing loss. However the current study used stimuli containing only 

components that would fall within the equivalent rectangular bandwidth of a single 

normal auditory filter (Glasberg and Moore, 1990). Therefore, it seems unlikely that 

the relation between raised ATs and poor TFS-IPD thresholds can be explained by 

poor frequency selectivity.  

Whilst Hopkins and Moore (2011), Lacher-Fougère and Demany (2005) and 

Moore et al. (2012a) found listeners with SNHL were poorer than NH listeners at 

TFS-IPD discrimination, they found no strong evidence of correlation between AT 

and TFS-IPD threshold at test frequencies of 500 Hz and lower. Hopkins and Moore 

(2011) and Moore et al. (2012a) used pure tones, which, unlike the AM tones used in 

the current study, would not provide conflicting interaural envelope and TFS cues of a 

zero and non-zero IPD respectively. The conflicting cues may impede TFS-IPD 

discrimination by those with elevated ATs as envelope cues may become dominant 

over TFS cues with noise-induced hearing loss (Kale and Heinz, 2010). However, 

Lacher-Fougère and Demany (2005) also did not find a correlation between AT and 

TFS500 thresholds with stimuli that were similar to those used in the current study 

(except in level). Rather than due to stimuli, the inconsistency in observed relationship 

between AT and TFS-IPD thresholds may be due to differences in the nature of the 

SNHL of the listeners, the extent to which age and AT were correlated or the sample 

sizes in the different studies.  

Reduced sensitivity to TFS IPDs may have important consequences for people 

with SNHL when they are listening in noisy backgrounds. Firstly, Moore and 

Glasberg (1987a) showed that TFS information is useful for separating target sounds 

from fluctuating background noises. This appears to extend to more complex hearing 

abilities such as the intelligibility of speech in background noise (e.g., Füllgrabe et al., 

2006; Lorenzi et al., 2006; Hopkins and Moore, 2009; Moore, 2012). Secondly, the 

TFS insensitivity observed with SNHL in the current study was demonstrated with 

IPDs, which are thought to be important for separating sounds from different azimuths 

(Bronkhorst and Plomp, 1988). Consistent with this, the benefit to speech 

intelligibility of separating target and masker sentences in azimuth declines with 

SNHL (Neher et al., 2009) and with TFS-IPD thresholds (Neher et al., 2011). 

However, Neher et al. (2012) found that this correlation was no longer significant 
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when age was accounted for, suggesting that the benefit of  azimuthal speech 

separation and TFS-IPD sensitivity may be affected by a common, age-related cause 

(Neher et al., 2012).  

Lacher-Fougère and Demany (2005) found a deficit in envelope-IPD thresholds 

for SNHL listeners and a positive correlation between AT and envelope-IPD 

thresholds. The current study found no deficit in envelope-IPD thresholds associated 

with ATs. Whilst no significant correlation was found between AT and ENV250, the 

negative correlation between AT and ENV500 suggests a trend towards better 

ENV500 performance with increasing hearing loss. SNHL listeners may perform 

better than NH listeners at equal SL because of loudness recruitment, which would 

effectively magnify perceived envelope fluctuations making them more salient 

(Moore et al., 1996). However, the negative correlation was not significant when 

corrected for multiple comparisons. The deficit found by Lacher-Fougère and Demany 

(2005) may be due to the confounding of SNHL and age within the listener groups. 

The listeners with SNHL in the study of Lacher-Fougère and Demany (2005) might 

have had poorer envelope IPD thresholds than the NH group because they had a 

higher mean age. The current study found positive correlations between envelope-IPD 

thresholds and age, but because listeners with a range of ages and ATs were tested, it 

was possible to assess the effect of AT at the fc on envelope-IPD thresholds 

independently of the effect of age, avoiding this confound. 

Lacher-Fougère and Demany (2005) did not view the deficit in envelope IPD 

thresholds with SNHL as a deficit in envelope processing per se, but as a result of NH 

listeners experiencing a higher SL than the SNHL listeners because stimuli were 

played at a fixed level (75 dB SPL) for both groups. Lacher-Fougère and Demany 

(2005) included a control experiment which supported this idea: with 35 dB SPL 

stimuli, or reduced SL due to the presence of white noise low-pass filtered at 1250 Hz, 

NH listeners performed worse at envelope-IPD discrimination, but not at TFS-IPD 

discrimination. 

The different relationships of TFS500 and ENV500 sensitivity with AT may be 

explained by a shift in the balance of TFS and envelope coding in ears with SNHL. 

Kale and Heinz (2010) provided physiological evidence that, rather than showing an 

absolute reduction in the precision of phase locking, individual nerve fibres phase lock 

more to stimulus envelope than to stimulus TFS after mild-to-moderate noise-induced 
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hearing loss. The behavioural results in the present study may reflect a change in 

nerve fibres’ phase locking from predominately following the TFS to predominantly 

following the envelope. Kale and Heinz (2010) suggested that improved envelope 

coding may not necessarily benefit SNHL listeners in fluctuating background noise as 

it may magnify the fluctuations perceptually. Increased fluctuation makes gaps in 

narrow-band noise more difficult to detect (Glasberg and Moore, 1992) and reduces 

speech intelligibility in fluctuating noise background noise (Moore and Glasberg, 

1993). 

 Age and IPD sensitivity 3.5.2

Moderate positive correlations with AT partialled out were found between age 

and ENV250, ENV500 and TFS500, but TFS250 was not significantly correlated with 

age. The correlations of ENV250, ENV500 and TFS500 with age suggest that aging 

leads to a more general loss of temporal acuity than SNHL, whereas SNHL appears to 

result in loss of TFS sensitivity specifically. This general loss of temporal acuity with 

age may stem from changes in processing speed or accuracy in more central parts of 

the auditory system; parts where the coding of both the envelope and TFS coded 

signals are vulnerable. This is consistent with the suggestion by He et al. (2008) of a 

general age-related decline in synchronisation of neural responses to both TFS and 

envelope. He et al. (2008) based this suggestion on age-related changes in AM 

detection as a function of modulation frequency and carrier frequency. Using 

electrophysiological measures, Ruggles et al. (2012) found that the strength of phase-

locking to the envelope of the /dah/ syllable was poorer for middle-aged listeners 

compared to young adults, providing further evidence that age is associated with a 

decline in the fidelity of temporal coding. Previous research shows that an age-related 

decrease in the highest modulation rate to which a listener is sensitive (Purcell et al., 

2004), and age-related changes in AM detection, and auditory steady-state responses 

of the brainstem phase-locking to the envelope, are typically less pronounced at 

modulation rates below 40 Hz (Leigh-Paffenroth and Fowler, 2006; Grose et al., 

2009b). However, the current study found age-related changes in envelope-IPD 

thresholds at 20 Hz, suggesting envelope coding can be affected by age even at low 

modulation rates. 

Aging has been associated with reduced temporal resolution as measured by gap 

detection (Schneider et al., 1994; Strouse et al., 1998) and modulation detection (He 
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et al., 2008), as well as interaural phase discrimination (Grose and Mamo, 2010) and 

lateralisation (Strouse et al., 1998). Aging causes a complex collection of changes in 

the physiology of mammals, changes that are likely to result in a wide range of 

deficits in hearing. There are several likely age-related causes of degraded acuity of 

TFS and envelope coding:  

(1) Degeneration of cochlear synapses and peripheral axons of spiral ganglion cells 

(Makary et al., 2011; Sergeyenko et al., 2013), which would lead to less phase-

locked information over which to aggregate a temporal code. 

(2) Imbalances in excitatory and inhibitory neural mechanisms may change envelope 

coding in the inferior colliculus (Walton et al., 2002). 

(3) Reduced synchrony in the transmission of phase-locked signals, which could 

weaken the strength of the phase locking (Clinard et al., 2010; Marmel et al., 

2013).  

However, other age-related changes, such as the functioning of neurotransmitter 

GABA in the inferior colliculus (Caspary et al., 1995), could affect the auditory 

system in a variety of ways and interact with the other physiological phenomena listed 

above.  

 Age-related high-frequency SNHL and TFS processing  3.5.3

Age-related hearing loss is characterized by high-frequency rather than low-

frequency hearing loss (Morrell et al., 1996; Dubno et al., 2013). Whilst PTAHF was 

significantly positively correlated with age, it was not correlated significantly with any 

of the IPD thresholds. This is consistent with the findings of Moore et al. (2012a), 

who studied pure-tone IPD discrimination by elderly listeners with minimal hearing 

loss at low frequencies, but a range of hearing loss severities at higher frequencies. 

They found that high-frequency loss was only weakly correlated with pure-tone IPD 

discrimination and this correlation was not significant once the effect of age (which 

was strongly correlated with pure-tone IPD discrimination) was partialled out. This 

result contrasts with the results of Smoski and Trahiotis (1986) showing above-normal 

IPD discrimination thresholds for 500 Hz pure tones for listeners with moderate to 

severe high frequency hearing loss, but thresholds below 20 dB HL at 500 Hz. 

However, Smoski and Trahiotis (1986) only tested four listeners with this profile of 

hearing loss. 
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 Conclusions 3.5.4

The results suggest both SNHL and age have independent relationships with IPD 

discrimination:  

(1) The sensitivity to IPDs in the TFS of AM tones deteriorated with increasing low 

frequency SNHL.  

(2) The correlations between envelope-IPD thresholds and SNHL were weak and 

non-significant. 

(3) Both TFS- and envelope-IPD thresholds increased with age. Temporal processing 

may deteriorate in the auditory system such that both TFS and envelope 

processing are affected. 
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 Abstract 4.1

The frequency following response (FFR) arises from the sustained neural activity 

of a population of neurons that are phase locked to periodic acoustic stimuli. 

Determining the generating source of the FFR non-invasively may be useful for 

understanding the nature and function of phase locking in the auditory pathway. The 

current study compared the FFR recorded with a horizontally aligned (mastoid-to-

mastoid) electrode montage and a vertically aligned (forehead-to-neck) electrode 

montage. Stimuli were five amplitude-modulated tones centred at 576 Hz, each with a 

different modulation rate, resulting in different side-band frequencies across stimulus 

conditions. Changes in response phase across stimulating frequency (group delay) 

were used to determine the latency of the FFR measured by the two montages. For 

FFR reflecting phase locking to the side-band frequencies, the horizontal montage had 

a shorter group delay than the vertical montage, suggesting that it measured an earlier 

generation source within the auditory pathway than the vertical montage. For FFR 

reflecting phase locking to the modulation rates, no significant difference in group 

delay was found between montages. However, it is possible that multiple sources of 

FFR (and the cochlear microphonic) were recorded by each montage, causing 

interactions across frequency that complicate interpretations of the group delay.   
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 Introduction 4.2

The frequency following response (FFR) reflects the electrical neural response to 

periodic acoustic stimuli. Its name derives from the synchronized nature of the 

response to the periodicities in the stimulus (Worden and Marsh, 1968; Moushegian et 

al., 1973; Glaser et al., 1976; Stillman et al., 1976). FFR relies upon consistent phase 

locking of neural firing to the filtered output of the basilar membrane (Tasaki, 1954; 

Rose et al., 1967; Smith et al., 1975; Palmer and Russell, 1986). Phase locking is 

important for a precise temporal code integral to pitch perception (e.g., Cariani and 

Delgutte, 1996; Krishnan and Plack, 2011), localisation (Rose et al., 1966), and 

speech perception (Møller, 1999; Krishnan et al., 2004; 2005) particularly in noisy 

environments and adverse listening conditions (Sachs et al., 1983).   

In animal models, phase locking has been measured directly in neurons 

throughout the subcortical afferent auditory pathway, from the auditory nerve (Tasaki, 

1954) and cochlear nucleus (Galambos and Davis, 1943) up to at least the inferior 

colliculus (e.g., Rose et al., 1966; Smith et al., 1975). In humans, phase locking can be 

measured indirectly, through the FFR. The combined extracellular far-field electric 

field potential created by the responses of many neurons can be measured at the scalp 

using electroencephalography (Jewett and Williston, 1971). As the FFR is measured 

remotely, it is difficult to determine which structure in the auditory pathway is 

generating the response. Early reports assumed the FFR emanates from a single source 

(Gerken et al., 1975; Smith et al., 1975). However, later studies showed that multiple 

sources are measurable under certain recording conditions (Stillman et al., 1978; 

Gardi et al., 1979; Galbraith, 1994; Galbraith et al., 2000; Galbraith et al., 2001). 

Identifying FFR generation sites could help explain changes in phase locking at 

different stages of the auditory pathway. This could help explain individual 

differences in hearing ability or help with diagnosis and treatment of sensorineural 

hearing impairments. One way of determining generation site is by pairing the latency 

of FFR with the latency of compound action potentials measured intra-cranially on 

various structures in the auditory pathway. This has been done during surgical 

operations for determining which structures contribute to the peaks in the first 10 ms 

of the auditory brainstem responses (ABRs) to transient (e.g. click) stimuli. Waves I 

and II are associated with the auditory nerve and later waves are associated with 

various nuclei in the brainstem (Møller, 2007). However, the parallel and crossing 
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connections between nuclei make simple, one-to-one relations between waves and 

anatomical structures difficult beyond the cochlear nucleus. Unlike the ABR, the FFR 

is sustained, so the number of waves is not related to the generation sites, but to the 

number of periods in the stimulus. The FFR onset latency may reveal the first 

generation site, but measuring the latency of the onset amplitude of the FFR to 

ongoing tone bursts is difficult to define precisely because the onset is gradual 

(Krishnan, 2007). 

One method of differentiating FFR sources is to use differently oriented electrode 

montages (Stillman et al., 1978; Galbraith, 1994; Galbraith et al., 2000; Galbraith et 

al., 2001). Vertical and horizontal montage orientations have been shown to 

differentially emphasize later and earlier waves of the click ABR respectively (Picton 

et al., 1974; Scherg and Von Cramon, 1985). It has been hypothesized that the same 

differentiation can be made for FFR. Stillman et al. (1978) attempted to determine 

FFR latency for pure tone stimuli (167 to 500 Hz) by visually comparing FFR 

waveforms recorded from electrode montages in vertical and horizontal orientations 

(vertex to earlobe and earlobe to earlobe, respectively). Below 500 Hz, both 

orientations recorded complex waveforms with two peaks per stimulus period. The 

second peak (smaller in the horizontal montage, but larger in the vertical montage) 

trailed the first peak by 1.7 ms, regardless of frequency or level. The time between the 

second peak and the first peak of the next period was dependent on frequency (e.g. 3.3 

ms for 200 Hz, 1.8 ms for 286 Hz). The earlier peaks were greater in amplitude than 

the later peaks in the horizontal orientation and vice versa in the vertical orientation. 

Scherg and Brinkmann (1979) found similar latencies to Stillman et al. (1978) with 

similar electrode montages. Furthermore, they found the earlier FFR was only 

recorded at the ipsilateral earlobe, not the contralateral earlobe, demonstrating that the 

generator of the early FFR is before the level of binaural integration (Krishnan, 2007). 

Whilst Stillman et al. (1978) showed that the shorter latency FFR was not the cochlear 

microphonic (CM)—the non-neural electrical activity that matches the input generated 

by the cochlear hair cells (Terkildsen et al., 1974)—other studies (Sohmer and Pratt, 

1977; Davis and Britt, 1984) have suggested that very short latency (around 1 ms) 

FFR-like responses are most likely to be the CM. One limitation of these studies is 

that subjective judgment was used to determine onset latency; this method is not 

easily defined or repeated.  
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Galbraith and colleagues have tried other, more objective methods to determine 

generation sites of the FFR with horizontal and vertical electrode montages. Galbraith 

(1994) used the latency at which the cross-correlation between stimulus and response 

was maximal to determine response latency. He found that the horizontally recorded 

FFR had a cross-correlation latency equivalent to the latency from the auditory nerve, 

but only with pure-tone stimuli; FFRs to the missing fundamentals of complex stimuli 

were not present in the horizontal record. The vertical record had a latency equivalent 

to that for the lateral lemniscus, and both missing fundamental and pure tones were 

represented in the FFR. Galbraith  et al. (2000) examined FFR amplitude across 

frequency for pure tone stimuli. The horizontal montage between external auditory 

canals picked up FFR tuned to higher frequencies than the vertical channel between 

inion and vertex. Galbraith et al. (2000) inferred from the differences in spectra that 

the horizontal montage favoured a peripheral generation site and the vertical favoured 

a central generation site, because the auditory nerve can phase lock to higher 

frequencies than the rostral brainstem and midbrain (e.g., Palmer and Russell, 1986; 

Winter and Palmer, 1990; Liu et al., 2006). However, spectral content is not a direct 

measure of generation site, and cross-correlation may be strongly determined by onset 

characteristics of the response. Cross-correlation is also limited to latencies less than 

the stimulus periodicity (restricting it to low-frequency stimuli). 

Arguably a more reliable measure of the latency of FFR generation is through the 

use of group delay. Group delay is the change in the unwrapped phase angle of the 

response to continuous tones as a function of frequency. For a given delay, higher 

frequency sinusoids will have a larger unwrapped phase angle than lower frequency 

sinusoids. Provided the elapsed time is less than the reciprocal of the difference in 

frequency between consecutive sinusoids, their phases will be less than one cycle 

apart, and so the phase response can be unambiguously unwrapped to determine the 

elapsed time. 

Batra et al. (1986) measured the FFR to pure tones across a range of audio 

frequencies. They plotted the phase of the Fourier transform of each pure tone FFR 

against its frequency to determine the group delay. At low frequencies, there appeared 

to be a steeper change in phase with frequency (larger group delay) than at higher 

frequencies; for tones below about 300 Hz, group delay was about 8 ms. Batra et al. 

(1986) contended that the response at about 1000 Hz—with a group delay of less than 

1 ms—was the CM. Batra et al. (1986) suggested that the change in group delay from 
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low to high frequency was descriptive of different generation sites. Batra et al. (1986) 

also found oscillations in spectral magnitude across frequency, which may be 

evidence of multiple FFR sources interacting destructively or constructively in the 

recorded response, and is dependent on stimulation frequency and latency between the 

sources. 

The current study aimed to determine if an FFR generated at a peripheral site 

(auditory nerve, either at the cochlear or the cochlear nucleus) could be measured 

distinctly from an FFR generated in the brainstem at a more central site (e.g. lateral 

lemniscus or inferior colliculus). Specifically, can a horizontally-aligned electrode 

montage record earlier generated FFR (latencies around 2-3 ms) than a vertically 

aligned electrode montage (latencies around 5-6 ms)? Amplitude-modulated tones 

were used so that group delay over the modulation rates could determine the latency 

of the responses to the envelope, and group delay over the tone components could 

determine the latency of the responses to the fine structure. 

 Materials and methods 4.3

 Listeners 4.3.1

Twelve male and eleven female adult listeners (18 to 31 years, mean = 23years) 

with audiometric thresholds below 25 dB hearing level at 0.25, 0.5, 1 2 4 and 8 kHz 

were recruited. All procedures of the study were approved by the Research Ethics 

Committee at the University of Manchester. 

 Stimuli 4.3.2

Stimuli consisted of three, equal-amplitude pure tones summed together. The 

highest and lowest tone frequencies were equidistant from the centre tone frequency, 

thus creating an amplitude-modulated tone with a modulation rate (fm) equal to the 

frequency spacing. Five frequency spacings were used, all with the same centre tone 

frequency (see Table 4.1). All stimuli were presented at a root mean square average of 

85 dB SPL. This sound level was used because at low sound levels the FFR is difficult 

to record and FFR amplitude increases monotonically with stimulus level until about 

65 dB above threshold (Marsh et al., 1975; Krishnan, 2002). In the current study, 85 

dB SPL was expected to be about 65 to 75 dB above threshold for most listeners. For 

each trial, the modulated tones were presented for 140 ms in the positive starting 
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polarity, then after a 120 ms silent interval, presented again in the negative starting 

polarity, followed by another silent interval of 170 ms before the next presentation 

pair. Each 140 ms tone included 20 ms raised-cosine onset and offset ramps. When the 

response to the negative polarity stimulus is subtracted from the response to the 

positive polarity stimulus the response following the fine structure adds constructively 

and the response following the envelope mostly cancels out (Goblick and Pfeiffer, 

1969). This was used to quantify the TFS FFR. On the other hand, when the responses 

to the two stimuli of opposing polarities are summed the response following the fine 

structure mostly cancels out, whereas the response following the envelope adds 

constructively (see Aiken and Picton, 2008). This was used to quantify the envelope 

FFR. These two manipulations are shown in Figure 4.1 for one listener in the 

condition with fm=115 Hz. 

Table 4.1: The frequency components (in Hz) of the five stimuli over which group 

delay was calculated. Each row corresponds to one stimulus. 

 

The five stimuli were tested separately in blocks of 1600 trials. Responses were 

stored for analysis as 16 sub-averages (each an average of 100 trials). Only sub-

averages were stored for analysis. The stimuli were created in MATLAB (The 

Mathworks, 2011) and presented using Tucker Davis Technologies (TDT) SigGen and 

BioSigRP software. Stimuli were converted to analogue signals by a TDT RP2.1 

processor and transduced to acoustic waves outside the listening booth by ER30 

earphones (Etymotic Research, Illinois) to minimize stimulus artefact. The transducers 

were connected to the listener by 6 m of tubing terminating in the listener’s right 

external auditory canal through a foam earplug.  The listener’s left ear was plugged 

with a foam plug. Pilot tests showed that no stimulus artefact was recorded when the 

Modulation Lower side-tone 
Centre 

Frequency 
Upper side-tone 

85 491 576 661 

100 476 576 676 

115 461 576 691 

130 446 576 706 

145 431 576 721 
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stimulus was presented with the tubing detached from the earplug and sealed with 

tape.  

 

Figure 4.1: An example of a listener’s FFR to the alternating polarity stimuli for one 

condition (fm=115 Hz). A) The mean FFR waveform for both polarities in sequence. 

B) Addition of the responses to the two polarities. C) Subtraction of the second 

response from the first. D) The fast Fourier transform power spectrum of the addition 

waveform with a downward arrow denoting fm. E) The power spectrum of the 

subtraction waveform with downward arrows denoting the three component 

frequencies. 

The electrical field potential was recorded by two montages of gold-plated passive 

electrodes. The horizontal montage recorded at the ipsilateral mastoid (referenced to 

the contralateral mastoid) and the vertical montage recorded at the seventh cervical 

vertebra (referenced to the forehead hairline on the sagittal line). Both montages 
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shared a common ground electrode on the listener’s brow. The electrodes were wired 

into a TDT RA16LI-D head-stage linked to a TDT RA4PA pre-amplifier and 

analogue-to-digital convertor. The digital signal was sent via fibre optics to a TDT 

RA16 Medusa Base Station for processing. The base station and RP2.1 processor were 

linked for clock synchronisation and both communicated with the BioSigRP software 

via optical fibres. No filtering was applied to the recordings. Individual trials with a 

peak amplitude exceeding ±60 μV were rejected from the sub-averages. Listeners lay 

in a reclining chair and were asked to relax as much as possible and try to sleep during 

the recordings. Listener wakefulness was not recorded. 

 Analysis 4.3.3

Recordings were exported to text files, read and analysed by MATLAB scripts. 

Records were divided into the horizontal and vertical montages. For the envelope 

FFR, the magnitude of the discrete Fourier transform (DFT) at the modulation rate 

was calculated from the mean added responses for each stimulus condition. For the 

TFS FFR, magnitude of the DFT at the lower side-tone and upper side-tone 

frequencies was calculated from the mean from the subtraction waveform. 

A statistical criterion based on the signal-to-noise ratio (SNR) was used to 

determine the presence or absence of a response to the stimulus. FFR was accepted as 

present if the magnitude for the DFT at the signal frequency was greater than the 

mean magnitude at frequencies surrounding it (noise frequencies) by a factor of 2.57 

standard deviations (SDs) of the magnitude at the noise frequencies. A factor of 2.57 

SDs means a 0.01 probability of a fluctuation in the noise being accepted as a 

response to the signal. Noise frequencies were selected at a resolution of 4 Hz, from 9 

to 37 Hz above and below the signal frequency. The listeners’ mean strength of FFR 

magnitude at each frequency, above the noise floor, is shown in Figure 4.2. The 

deviation in FFR magnitude shows that it was not always sufficiently above the noise 

floor to pass the SNR criterion. The phase of the DFT was used only when the FFR 

magnitude passed this criterion. The phase of the FFR was unwrapped for each 

frequency region (modulation rates, lower side-tones, upper side-tones). Group delay 

for a frequency region was taken only if FFR at three or more frequencies in that 

frequency region passed the SNR criterion. 
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Figure 4.2: FFR magnitude at each modulation rate (left panel), lower side-tone 

(middle panel) and higher side-tone (right panel) above the mean magnitude of the 

noise floor as a ratio of the SD of the magnitude of the noise floor. The columns 

represent the mean across listeners and the error bars indicate the SD across listeners. 

Blue columns indicate the vertical montage and red columns and bars indicate the 

horizontal montage. 2.57 SDs from the noise floor (the SNR criterion) is given by the 

black dashed lines. 

 Phase unwrapping 4.3.4

Because a group delay fit could be made with phase values at a minimum of three 

out of five frequency points in any given frequency region meeting the SNR criterion, 

gaps of 30 or 45 Hz between consecutive data points occasionally existed. Without 

any gaps (a frequency spacing of 15 Hz), sequential unwrapping was unambiguous for 

group delays under 33.3 ms, but if phase values were missing at one or two 

consecutive frequency points (frequency spacing of 30 and 45 Hz respectively), the 

maximum group delay for which unambiguous unwrapping is possible dropped to 

16.7 and 11.1 ms, respectively.  As such group delays were within the test range, 

sequential unwrapping was not used. Instead, all possible unwrapping possibilities that 

could produce group delays between 0 ms and 20 ms were calculated. The 

unwrapping that had the best linear fit was selected and the slope of that fit was taken 

as the group delay only if the fit was good (the sum and squared residual error was 

less than 0.05). Figure 4.3 shows an example of this method with model data. This 

method was employed because sequentially unwrapping the phase within tolerances of 
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±π sometimes led to poor linear fits or linear-fit slopes suggesting physiologically 

unreasonable latencies. 

 

Figure 4.3: A model example of phase values of the DFT at each of the modulation 

frequencies (filled black circles). The grey area indicates the limits of the unwrapping 

(only phase values within the non-grey area were considered by the unwrapping 

algorithm). The open circles indicate unwrapping possibilities considered by the 

unwrapping algorithm in this example. The green circles indicate the unwrapping 

option that provides the best linear fit (green dashed line) within the boundaries of the 

fits allowed by the algorithm (black dashed lines).  

 Results 4.4

For each listener, up to six group delays were calculated. In each of three 

frequency regions, two group delays were calculated; one for the horizontal montage 

and one for the vertical montage. The three frequency regions were the Modulation 

frequency region (far-left column of Table 4.1 and left panel of Figure 4.2), the Lower 

Side-Tone frequency region (middle-left column of Table 4.1 and middle panel of 

Figure 4.2), and the Higher Side-Tone frequency region (far-right column of Table 4.1 

and right panel of Figure 4.2). Due to the imposition of an FFR SNR criterion and 

group delay slope and fit criteria, not all listeners’ data provided the full six group 

delay values.  
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Table 4.2 shows the number of listeners for whom FFR passed the SNR criterion 

at each frequency point and the number of listeners for whom group delay passed the 

slope and fit criteria for each frequency region and montage. Twenty-five percent of 

the group delay data were missing, with little difference in the amount of missing data 

between frequency regions, but more missing group delays from the horizontal 

montage (33%) than from the vertical montage (16%). Analysis of missing data was 

not pursued further. Of the group delays that were passed the criteria, the mean group 

delay for each montage in each frequency region is plotted in Figure 4.4. Figure 4.4 

shows that the horizontal montage generally measured shorter group delays in the FFR 

than the vertical montage, most notably for the Lower Side-Tone frequency region 

(and to a lesser extent the Higher Side-Tone frequency region). However, the 

difference in group delay between the montages was only slight in the Modulation 

frequency region. 

To avoid excluding the 17 listeners with missing group delay data from further 

analysis, a linear mixed-effects model was used (‘xtmixed’ in STATA 13; StataCorp 

LP, Texas). This model allows unbalanced amounts of data across factor levels, but 

assumes that the data are missing independent of the observed or missing data values. 

The effects of montage and frequency region, and the interaction between them, on 

group delay were analysed as fixed-effects factors. A random-effect term was 

included to account for possible within-subject clustering effects (i.e. intrinsic listener 

effects). An adjusted degrees-of-freedom likelihood-ratio test indicated no statistical 

difference between the mixed-effects model with and without the random-effects term 

[
2
(1) =1.7e

-13
, p=1.00].  There was a statistically significant interaction between the 

effects of montage and frequency region on group delay [
2
(2)=6.17, p<0.05]. In the 

presence of interaction terms, there was also a highly statistically significant effect of 

montage on group delay [
2
 (1)=18.81, p<0.001]; on average, it is estimated that 

group delay was 2.13 ms shorter with the horizontal montage than the vertical 

montage. 
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Table 4.2: The number of FFR, recorded by each montage, that passed the criterion for 

on-frequency magnitude being sufficiently above noise floor; and the number of 

calculable group delays in each frequency region that passed the criterion for 

acceptable group delay. 

Frequency 

region 
Modulation  Lower side-tone  Upper side-tone 

Frequency (Hz) 85 100 115 130 145  431 446 461 476 491  661 676 691 706 721 

Vertical 

Montage 
18 17 19 21 21  17 21 19 21 20  16 19 18 20 17 

Group Delay 20  20  18 

Horizontal 

Montage 
15 15 18 15 18  13 16 19 15 19  17 21 20 22 21 

Group Delay 14  15  17 

The difference in group delay between the montages at each frequency region 

showed that modulation FFR was not significantly different across montages (0.84 

ms, p>0.05), but the horizontal montage measured FFR with a significantly shorter 

group delay than the vertical montage for the lower (3.77 ms, p<0.001) and higher 

(1.75 ms, p<0.05) side-tones. This can be seen in Figure 4.4. 

Comparing the modulation-FFR group delay with the side-tone TFS-FFR group 

delay indicated modulation-FFR group delay was significantly longer than the higher 

side-tone FFR group delay in both montages (3.16 and 4.08 ms longer in vertical and 

horizontal montage respectively, p<0.001). However, modulation-FFR group delay 

was only significantly longer than lower-side-tone FFR group delay in the horizontal 

montage (4.25 ms, p<0.001), not the vertical montage (1.31 ms, p>0.05), whilst the 

lower and higher side-tone FFR group delay only differed significantly in the vertical 

montage (1.85 ms, p<0.05), not the horizontal montage (0.17 ms, p>0.05).  
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Figure 4.4: The mean group delays (across listeners) for FFR to the modulation rates 

(Mod), lower side-tones (LST), and higher side-tones (HST) for the vertical (blue) and 

horizontal (red) montages. Error bars indicate confidence intervals of 95%. 

 Discussion 4.5

For most listeners, group delays for the lower and higher side-tones of the TFS 

FFR recorded with the horizontal montage were around 4 ms for the horizontal 

montage. Group delays of about 3 to 4 ms are consistent with latencies of waves II or 

III in click-ABR literature (Møller and Jannetta, 1981; 1983), which are suggested to 

originate from the rostral end of the auditory nerve or the cochlear nucleus. On the 

other hand, the vertical montage recorded significantly longer higher side-tone group 

delays of around 6 ms, and lower side-tone group delays of about 8 ms. These delays 

are broadly consistent with the latency of waves V or later, originating from the 

inferior colliculus (Møller and Jannetta, 1982; Møller et al., 1994). Both montages 

recorded modulation (envelope) FFR with group delays around 8 to 9 ms suggesting 

sources in the more rostral brainstem, or midbrain. The difference between montages 

in side-tone TFS-FFR group delay supports previous claims that horizontal and 

vertical montages can record FFR from distinct earlier and later sources respectively 

(Stillman et al., 1978; Galbraith, 1994).  
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 It is possible that the envelope-FFR group delays did not differ significantly 

between montages because there is only a single source (or one that dominates others). 

The mean FFR magnitude above the noise floor plotted in Figure 4.2 for the 

modulation rates are greater in the vertical montage than the horizontal montage, 

which may suggest sources of envelope FFR were closer to the vertical montage than 

the horizontal montage. A more rostral source of envelope FFR was suggested by 

Galbraith (1994) based on a lack of, or inconsistent, FFR to the missing fundamental 

of a complex tone on horizontal montage recording. Whilst the current study found 

evidence of envelope following with a horizontal montage, it is possible that the 

envelope is not well represented in the FFR until later in the brainstem and that the 

horizontal montage picked this up remotely. Likewise, it is possible that the vertical 

montage group delay at the upper side-tone frequencies was more influenced by 

phase-locked activity from the auditory nerve or cochlear nucleus, because the FFR 

magnitude was greater in the horizontal montage than the vertical montage. Galbraith 

et al. (2000) also found FFR was not very strong in the upper brainstem and midbrain 

at higher frequencies. 

 Multiple neural, and microphonic, sources per montage 4.5.1

A linear fit was used to determine the group delay in the current study; this 

assumes that a single latency value can be ascribed to the FFR recorded at each 

montage. This is problematic because multiple sources with different latencies may 

confound the group delay estimate as they are combined into the response recorded at 

the scalp. The group delays calculated by the method described in the current study 

would not be able to disentangle multiple group delays within a single montage. As 

Scherg and Von Cramon (1985) demonstrate, potentials recorded at the scalp are a 

composite of dipole sources within the brain. A dipole model of click ABR associated 

wave I with the auditory nerve, but suggested later waves were a more complex 

combination of dipoles from multiple structures including the lateral lemniscus, 

trapezoid body and inferior colliculus (Scherg and Von Cramon, 1985). The dipole 

model, as used by Scherg and Von Cramon (1985), could not be used to determine 

latencies of FFR generators, because it uses tri-phasic transient waves to model the 

click ABR, whereas FFR is cyclic. 

If two sources of FFR with differing latencies contributed equally (in amplitude) 

to the response, it would have a phase corresponding to the difference of the phases of 
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the source FFRs. For example, the addition of a sine wave with phase 45° and a sine 

wave with phase 135° results in a sine wave with phase 90° and a √2 times larger 

amplitude. However, this only holds for equal amplitude waves and a 90° phase 

difference. For differing amplitudes the resultant wave’s phase is weighted towards 

the phase of the wave with the larger amplitude. Increasing the phase difference 

decreases the resultant wave’s amplitude until the two waves cancel completely at a 

phase difference of 180°.  

In terms of the current study, the extent to which multiple sources confound the 

group delay estimate is dependent on whether the addition or subtraction waveform is 

used, and possibly on which montage is considered. For example, the CM may have 

considerable influence on the group delay derived from the subtraction waveforms, 

but not the addition waveforms. Because the CM is not half-wave rectified like the 

neural response is, addition will cancel out the CM and subtraction will enhance the 

CM (Picton et al., 1974; Sohmer and Pratt, 1977). Therefore, whilst one can assume 

the addition waveforms contain little influence of the CM on the envelope FFR group 

delay, the CM may have had substantial influence on the group delays derived from 

the subtraction waveforms (the TFS FFR). Very short group delays may indicate the 

data represent the CM rather than a neural response. Stillman et al. (1978), Sohmer 

and Pratt  (1977) and Davis and Britt (1984) found evidence of the CM with latencies 

around 1 ms. In the current study, group delay from the subtraction waveforms was 

generally longer than 3 ms, but there were two cases that may strongly represent CM 

(1.4 and 0.6 ms). The extent to which CM influenced each listener’s subtraction 

waveform FFR is unclear. It would depend on the relative strength and latency of the 

CM and the FFR. 

 Implications for clinical diagnostics 4.5.2

Group delay may be a useful method of determining response latency of FFR in 

situations where FFR onset is gradual or unclear, or where stimulus–response cross-

correlation is not appropriate. However, the need for a high signal to noise ratio in the 

FFR, and FFR to multiple stimuli (in separate test blocks), means that group delay 

may prove impractical and costly in diagnostic or clinical use due to long data 

acquisition times. ABR latencies have been used to provide insight into hearing 

difficulties related to age, hearing loss and retro-cochlear disorders (Rowe III, 1978; 

Elberling and Parbo, 1987; Jerger and Johnson, 1988). FFR strength and group delay 
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change with age (Clinard et al., 2010; Ruggles et al., 2012; Marmel et al., 2013), and 

group delay may be a useful tool for determining changes in FFR latency with age and 

hearing loss, but decreases in FFR strength mean extra time and care may be needed 

to ensure a sufficient SNR in the FFR to accurately determine group delay in older 

and hearing impaired listeners. For example, it is likely that older adults will require a 

larger number of trials per condition than young adults to achieve satisfactory FFR 

strength to meet SNR criteria. 

The individual differences in group delay were large (ranging about 12 ms for 

modulation rates and about 7 ms for side-tones). It is unlikely this was due to 

anatomical differences in the auditory pathway structure alone. The differences in 

group delay were likely to be due a complex interaction between position and 

orientation of FFR generators, electrode positions and the strength of FFR from 

multiple generators. Based on group delay, it would be difficult to confidently say 

where, anatomically, the FFR is generated. It may be useful, in future studies, to 

correlate individual differences in FFR group delay with individual differences in the 

latencies of wave peaks of the click-evoked ABR. 

 Summary 4.6

In summary, the results presented here support the assertion that a horizontal 

electrode montage records FFR from an earlier stage of the auditory pathway than a 

vertical electrode montage. However, this was the case for TFS-FFR, but not 

envelope-FFR; there was no evidence that envelope-FFR recorded by the two 

montages represents activity at different stages of the pathway. The results are 

consistent with previous reports of vertical and horizontal montages recording activity 

from different generators, and suggest that group delay can provide a measure of 

latency for these generators.  
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 Abstract 5.1

Hearing difficulties occurring in middle-age and later may be partly due to 

reduced neural synchrony to the temporal characteristics of sounds. Poor neural 

synchrony may affect sensitivity to interaural phase differences (IPDs), which are 

used to locate and separate sounds from different azimuths. This study aimed to 

determine whether changes in IPD sensitivity associated with hearing loss and aging 

are related to neural synchrony as recorded in the electrophysiological frequency-

following response (FFR). Human listeners (N=37) varied in age (18-83 yr) and 

absolute threshold (−1 to 59 dB SPL at 250 and 500 Hz). They discriminated IPDs in 

either the temporal fine structure (TFS) or envelope of 250 or 500 Hz pure tones 

amplitude modulated at 20 Hz. In a second session the FFRs to four different 

modulated tones were measured simultaneously (tones presented dichotically, two to 

each ear). Pure tones of 307, 537, 357 and 578 Hz were amplitude modulated at 16, 

27, 115 and 145 Hz, respectively. With absolute threshold partialled out, age 

correlated with poorer envelope-IPD discrimination and TFS-IPD discrimination at 

500 Hz. FFR phase coherence to the TFS components, and to the 145 Hz modulation, 

deteriorated with increasing age irrespective of absolute threshold. Correlations 

between TFS-IPD thresholds and TFS-FFR, and between envelope-IPD thresholds 

and 145 Hz envelope-FFR, did not remain significant after age was partialled out. On 

the other hand, IPD thresholds still correlated with age when FFR phase coherence 

was partialled out. Absolute threshold was not correlated with either IPD 

discrimination or FFR phase coherence. Overall, the results suggest that, while the 

FFR may measure aspects of neural coding relevant to IPD sensitivity, other age-

related factors contribute to the performance deficits. 
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 Introduction 5.2

 Phase locking and binaural hearing 5.2.1

One of the most remarkable properties of the auditory system is that neural 

activity follows periodicities in sound with firing intervals tightly distributed around 

multiple integers of the period (e.g., Galambos and Davis, 1943; Tasaki, 1954). In 

other words, the neural response is “phase locked” to the stimulus (Rose et al., 1967). 

Phase locking provides a code of temporal fine structure (TFS) in each cochlear filter-

band (Cariani and Delgutte, 1996). Phase locking may also represent the envelope—

the slower amplitude modulations superimposed upon the TFS by multiple 

components interacting within the filter band—at least at early stages of the auditory 

neural pathway (for review, see Joris et al., 2004).  

Phase locking at low frequencies in each ear provides essential input for binaural 

stages of the auditory system that are sensitive to interaural time differences in sounds. 

When a sound arrives at one ear tens to hundreds of microseconds before the other ear 

there will be an interaural phase difference (IPD) that is retained in the phase-locked 

responses from each cochlea (Jeffress, 1948; Rose et al., 1966). IPDs are one of the 

most important cues for the perception of auditory space on the horizontal plane, for 

example, in localisation (Wightman and Kistler, 1992), separation of sounds from 

different directions (Bronkhorst, 2000; Behrens et al., 2008; Marrone et al., 2008b), or 

the detection of tones or speech in noise with different IPDs (Hirsh, 1948; Licklider, 

1948; Webster, 1951; Hafter and Carrier, 1970). 

 Deficits due to aging 5.2.2

Compared to young adults, older humans are less accurate at localising sounds 

(Abel et al., 2000; Dobreva et al., 2011), discriminating between sounds from 

different angles (Briley and Summerfield, 2014; Freigang et al., 2014), and detection 

of signals with IPDs in noise without IPDs (Pichora-Fuller and Schneider, 1992; 

Grose et al., 1994). Old age is also associated with poor speech perception in noisy 

backgrounds where spatial cues can be used to benefit speech perception (Duquesnoy, 

1983; Gelfand et al., 1988; Gatehouse and Noble, 2004; Helfer and Freyman, 2008; 

Marrone et al., 2008a; Marrone et al., 2008c). Age-related declines in sensitivity to 

IPDs in the TFS of tones emerge as early as middle age (40 to 60 years), both in terms 



91 

of smallest IPD discriminable from zero (Grose and Mamo, 2010; Hopkins and 

Moore, 2011; Moore et al., 2012a; Moore et al., 2012b; Neher et al., 2012; Füllgrabe, 

2013) and highest carrier frequency in which an IPD can be detected (Ross et al., 

2007; Grose and Mamo, 2010; Neher et al., 2011). Deficits in IPD sensitivity have 

been correlated with deficits in speech reception with speech maskers laterally 

separated from the target speech (Neher et al., 2011); both these deficits may be due 

to aging effects on the auditory system (Neher et al., 2012). 

One hypothesis is that IPD sensitivity declines with age because the phase locking 

that encodes TFS (and possibly envelope) is unreliable or poorly transmitted to the 

binaural processor of the auditory system. This ‘input-deficit’ hypothesis is indirectly 

supported by evidence of degraded TFS and envelope sensitivity after middle age. For 

example, there are age-related declines in discrimination of harmonic and inharmonic 

complexes that differ primarily in TFS (often referred to as the TFS1 task; Hopkins 

and Moore, 2011; Moore et al., 2012b; Füllgrabe, 2013), and detection of amplitude 

modulation as a function of modulation frequency (Purcell et al., 2004; Leigh-

Paffenroth and Fowler, 2006; He et al., 2008; Grose et al., 2009b). However, Hopkins 

and Moore (2011) and Moore et al. (2012b) found that TFS1 scores and IPD 

discrimination were only moderately correlated and had different relations to hearing 

loss; TFS1 score correlated with absolute threshold whereas IPD discrimination did 

not. From this, Moore et al. (2012b) suggested that age-related declines in IPD 

discrimination do not reflect peripheral processing.  

Nevertheless, age-related declines in IPD discrimination may be caused by supra-

threshold changes in peripheral processing (unrelated to absolute threshold) before 

binaural processing. Strelcyk and Dau (2009) found a strong relation between 

monaural low-rate frequency modulation detection (a behavioural measure thought to 

reflect TFS processing; e.g., Moore and Sek, 1995; 1996) and IPD-based lateralisation 

measured at the same carrier frequency, even after audiometric thresholds were 

partialled out. From this, Strelcyk and Dau (2009) inferred that IPD discrimination is 

limited by the same peripheral TFS sensitivity as low-rate frequency modulation 

detection. Furthermore, there is evidence that auditory nerve fibres lose their 

connections to the inner hair cells with age and noise trauma (Kujawa and Liberman, 

2009; Lin et al., 2011; Makary et al., 2011; Sergeyenko et al., 2013). This 

deafferentation is selective to fibres effective at moderate to high sound levels, not 

fibres effective around threshold levels (Schmiedt et al., 1996; Furman et al., 2013). 
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This may explain why considerable damage to the auditory nerve may not affect 

absolute thresholds greatly (e.g., Schuknecht and Woellner, 1955), but fewer 

connected fibres may reduce the fidelity of the phase locking required for IPD 

discrimination, particularly at high sound levels.  

 Phase locking measured through the FFR and the effects of age 5.2.3

The link between performance on a behavioural task and phase locking in the 

auditory system is indirect, and based on assumptions. However, it is also possible to 

measure neural synchrony, at least on a neural group population level, through the 

scalp-recorded frequency-following response (FFR). The FFR is an auditory evoked 

potential generated by many neurons firing in synchrony with a stimulus (Worden and 

Marsh, 1968). This objective measurement of phase locking may be helpful in 

identifying the underlying mechanisms of behavioural performance (Du et al., 2011; 

Bharadwaj et al., 2014). Changes in the FFR have been associated with age (Clinard 

et al., 2010; Vander Werff and Burns, 2011; Marmel et al., 2013) and with hearing 

loss (Plyler and Ananthanarayan, 2001).  

Clinard et al. (2010) found age-related declines in FFR amplitude and phase 

coherence to pure tones around 1 kHz, and in behavioural pure-tone frequency 

discrimination at 1 kHz. At and around 500 Hz however, only frequency 

discrimination deteriorated with age. Neither FFR amplitude, nor phase coherence, 

predicted the age-related changes in frequency discrimination. Marmel et al. (2013) 

found that age was related both to pure-tone frequency discrimination at 600 Hz and 

to FFR strength, and that FFR strength accounted for the age-related changes in 

frequency discrimination. They found that absolute threshold was also related to 

frequency discrimination, and that this relation was independent of FFR strength.  

Purcell et al. (2004) tested envelope-FFR magnitude to white noise with 

sinusoidal 25% amplitude modulation across a range of modulation rates from 20 to 

600 Hz in sleeping young and old listeners. Between 45 and 60 Hz, and above 100 Hz, 

Purcell et al. (2004) found that the younger group had higher envelope-FFR 

magnitude than the older group. They suggested that this may be due to reduced 

temporal acuity in the aging nervous system.  
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 Phase locking and hearing loss 5.2.4

As well as age, sensorineural hearing loss is associated with poorer than normal 

processing of TFS, including the discrimination of IPDs (Lacher-Fougère and 

Demany, 2005; Strelcyk and Dau, 2009; Hopkins and Moore, 2011; King et al., 

2014). Whether this is due to poorer phase locking is not clear yet. Marmel et al. 

(2013) did not find a relation between FFR to pure tones and absolute threshold, but 

Plyler and Krishnan (2001) found that listeners with elevated thresholds had poorer 

FFR phase locking to the second formant of a speech sound. Miller et al. (1997) 

showed diminished phase locking to the second and third formants of the /ϵ/ vowel in 

cats’ auditory-nerve fibres after acoustic trauma, but normal or better phase locking at 

the fibre’s most sensitive frequency. There is evidence for (Woolf et al., 1981) and 

against (Harrison and Evans, 1979) impaired phase locking in the auditory nerve of 

animals after drug-induced damage to outer hair cells. Kale and Heinz (2010) found 

noise-induced hearing loss in chinchillas did not reduce phase locking to the TFS, but 

rather increased the envelope phase locking in the cells recorded. 

The present study aimed to determine whether changes in TFS- and envelope-IPD 

discrimination thresholds seen with increasing age and absolute threshold could be 

explained by changes in FFR that reflect neural coding of TFS and envelope 

respectively. Furthermore, this study also aimed to determine whether age-related and 

hearing-loss-related changes in FFR occur in FFR generated earlier or later in the 

auditory pathway. This was done by measuring the FFR simultaneously with two 

montages, one oriented vertically and one oriented horizontally as in Chapter 4. The 

results of Chapter 4 suggest that the horizontal montage records earlier-generated TFS 

FFR than the vertical montage. If age-related or hearing-loss-related deficits in FFR 

are only seen in the FFR recorded with the vertical montage, this may indicate that 

deficits in phase locking occur in central processing. On the other hand, if age or 

hearing loss is only associated with deficits in the FFR recorded with the horizontal 

montage, this may because age or hearing loss affects phase locking on the auditory 

nerve. 
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 Methods 5.3

 Listeners 5.3.1

Thirty-seven listeners completed both the behavioural session (IPD 

discrimination) and the electrophysiological session (FFR recording). They ranged 

from 18 to 83 years old. The mean age was 50.3 years, but the sample distribution was 

bimodal, with one mode around 20 to 30 years and another around 60 to 70 years. Air- 

and bone-conduction pure-tone audiometry was performed on all listeners in 

accordance with the British Society of Audiology (2011) recommended procedure. 

Mean audiometric thresholds across 0.25, 0.5, 0.75, 1 and 1.5 kHz were 7 dB HL for 

the listeners below 40 years old and 16 dB HL for the listeners 40 years old and 

above. Mean audiometric thresholds across 2, 3, 4, 6 and 8 kHz were 13 dB HL for 

the listeners below 40 years old and 39 dB HL for the listeners 40 years old and 

above. Listeners with suspected conductive hearing loss, or asymmetry between ears 

greater than 15 dB below 1 kHz, were excluded. Listeners with suspected mild or 

moderate sensorineural hearing loss were included. However, only 10 listeners had 

low-frequency (250 and 500 Hz average) absolute thresholds equal to, or greater than, 

20 dB SPL. Pure-tone absolute thresholds were determined monaurally by a three-

interval, three-alternative forced-choice task with a two-down, one-up adaptive 

tracking method (71% correct; Levitt, 1971). See Chapter 3 or King et al. (2014) for 

more details. Listeners’ absolute thresholds (averaged across 250 and 500 Hz and 

across left and right ears) and audiometric thresholds at high frequencies are plotted as 

a function of listener age in Figure 5.1 with open symbols indicating the listeners who 

also volunteered for King et al. (2014). 
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Figure 5.1: Listeners’ low-frequency absolute thresholds (250 and 500 Hz average; 

bottom panel) and high-frequency audiometric thresholds (2 kHz to 8 kHz average; 

top panel) are plotted as a function of listener age. In both panels, thresholds are an 

average of left and right ears for each listener. Pearson’s r is inset for each panel. Open 

symbols indicate listeners whose data were also presented in King et al. [2014; JASA 

135(1), 342–351]. Filled symbols indicate additional listeners who were recruited for 

the current study specifically. 

 IPD discrimination 5.3.2

Thresholds for discriminating an IPD in an amplitude-modulated (AM) tone were 

measured using the stimuli and procedure described in King et al. (2014).  

5.3.2.1 Stimuli 

Pure tones of 250 or 500 Hz were sinusoidally amplitude modulated at 20 Hz. The 

tones were 500 ms long with 50 ms onset and offset ramps. The ramps were 

synchronous across ears. For the target stimuli, an IPD was generated in either the 
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TFS or the envelope by adding a positive starting phase to the carrier or modulation, 

respectively, in the signal played to the ear with the lower absolute threshold at the 

carrier frequency. In the reference stimuli, both TFS and envelope started in sine (0°) 

phase in both ears. The binaural, AM tones used for IPD discrimination were played at 

either 30 dB above the absolute threshold in each ear, or 30 dB above the mean 

absolute threshold across ears, whichever was reported by the listener as sounding the 

least lateralized when presented without an IPD. 

5.3.2.2 Procedure 

IPD discrimination thresholds were determined using a two-interval, two-

alternative forced-choice task with a two-down, one-up adaptive tracking method. The 

reference interval consisted of four bursts of the reference stimulus (RRRR), whilst 

the target interval had an IPD in the second and fourth bursts, creating an alternating 

pattern (RTRT). Each burst lasted 500 ms and bursts were separated by 20 ms; the two 

intervals were separated by 500 ms. The adaptive tracks started with an IPD of 180° 

and stepped by a factor of 1.25
2

 until the third reversal, then by a factor of 1.25 for a 

further eight reversals. The adaptive track threshold was calculated as the geometric 

mean of the IPDs at the last eight reversals. The maximum IPD was limited to 180°, 

above which an IPD does not become easier to detect. If a listener failed to detect an 

IPD of 180° in any trial after the initial three reversals, the adaptive track stopped and 

40 trials with an IPD of 180° were presented. From the percent correct in these 40 

trials, an estimate of IPD threshold at 71% correct was extrapolated (see the procedure 

in King et al., 2014).  

Four adaptive tracks of IPD discrimination were conducted for each of the four 

conditions: a carrier frequency (fc) of 250 Hz and a modulation frequency (fm) of 20 

Hz, with IPDs in the carrier (TFS250) or in the modulation (ENV250), and an fc of 

500 Hz and a fm of 20 Hz, with IPDs in the carrier (TFS500) or the modulation 

(ENV500). For each condition, the listener’s threshold was taken as the geometric 

mean of the four adaptively tracked, or extrapolated, threshold estimates. 

5.3.2.3 Apparatus 

All audio stimuli for absolute and IPD threshold measurement were created in 

MATLAB 7.6 (The MathWorks, 2008). Sounds were converted from digital to analog 

at a sample rate of 48 kHz and a 24-bit depth and amplified using a Creative E-MU 
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0202 USB soundcard. Sounds were played over Sennheiser HD 650 circumaural 

headphones. Listeners sat in a double-walled listening booth and made responses via a 

computer keyboard. Audiometric thresholds were measured using VIASYS GSI-

Arrow and Kamplex AC30 audiometers coupled to TDH39P supra-aural headphones 

and Radioear B-71 bone vibrators. 

 FFR recording 5.3.3

FFRs to AM tones were used to examine the representation of both envelope and 

TFS. AM tones without binaural information were used to test the extent to which 

neural synchrony to signals at each ear might determine IPD sensitivity. 

5.3.3.1 Stimuli 

Four AM tones were played to the listeners simultaneously. Each AM tone was 

created in MATLAB 7.12 (The MathWorks, 2011) by summing three equal-amplitude 

pure tones, one at fc, one at fc−fm, and one at fc+fm (see Table 5.1). Using equal-

amplitude components for each AM tone resulted in non-sinusoidal modulation with 

smaller peaks half-way between the main peaks at the fm
1
. The tones were presented 

dichotically, with two tones to each ear. 

The left ear received the following: 

 A tone with an fc of 307 Hz and an fm of 16 Hz (Figure 5.2, top left), 

 A tone with an fc of 578 Hz and an fm of 145 Hz (Figure 5.2, middle left). 

The right ear received the following: 

 A tone with an fc of 357 Hz and an fm of 115 Hz (Figure 5.2, top right), 

 A tone with an fc of 537 Hz and an fm of 27 Hz (Figure 5.2, middle right). 

                                                           
1 The use of equal-amplitude components in the AM tones used for measuring FFR resulted in 

over-modulation, that is, modulation over 100% sinusoidal modulation. This means that 

instead of one peak and trough every cycle, there was a main peak, then a second peak ‘filling 

in’ the trough. This may have resulted in a peak in the FFR at the second harmonic (2fm). 

However, as the peripheral auditory filters are not truly rectangular in the frequency domain, 

the filter centred on fc will attenuate the sidebands, potentially reducing the "over-

modulation". Auditory filters centred near the fc may only pass two of the three components. 

More basally centred filters may pick up the over-modulation, but it is likely that the larger 

temporal envelope peaks at intervals corresponding to fm will dominate the FFR response over 

the smaller peaks in-between. 
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This way, each ear received a tone with a ‘high’ fc roughly corresponding to 

TFS500 and a tone with a ‘low’ fc roughly corresponding to TFS250. Each ear 

received a ‘low’ fm roughly corresponding to the 20 Hz fm used for the ENV250 and 

ENV500 conditions. However, envelope FFR at such low fm frequencies is likely to 

contain strong contributions from cortical activity (Herdman et al., 2002; Kuwada et 

al., 2002). The ‘high’ fm rates of 115 and 145 Hz were included in order to measure 

envelope FFR that would likely be generated in the subcortical auditory pathway. 

Frequencies were selected to limit the possibility of shared components or harmonics. 

Presenting multiple complex tones simultaneously and measuring the envelope 

FFR to various modulation rates simultaneously has precedent (Dolphin, 1996; 

Dolphin, 1997), and is used in the measurement of brainstem auditory steady-state 

responses as an objective measure of audiometric threshold (e.g., Lins et al., 1996). 

Lins et al. (1994; 1996) found no significant changes in envelope FFR at any of their 

combinations of AM tones. Dolphin (1997) found envelope FFR to a probe tone pair 

could be slightly reduced (by up to 3 dB) by adding higher frequency tone pairs (with 

higher envelope rates), but could be slightly enhanced when the added tone pair (and 

envelope rate) were lower in frequency than the probe. Both enhancement and 

reduction were less marked at higher stimulus levels (Dolphin, 1997). 

Table 5.1: The modulation and spectral components of the AM tones presented to the 

listener during the FFR recording. 

fm region Low High 

fc region Low High Low High 

fm 16 27 115 145 

fc−fm 291 510 242 433 

fc 307 537 357 578 

fc+fm 323 564 472 723 

Ear Left Right Right Left 

 



99 

 

Figure 5.2: The four separate AM tones shown in the time domain with fc and fm inset 

(top and middle panels) and the combined pairs used for each channel (for each ear, 

given at the top of the figure) shown in the frequency domain (bottom two panels). 

Simultaneous presentation of stimuli allows the number of responses collected to 

be increased by a factor equal to the number of stimuli. Another benefit to 

simultaneous presentation is that all stimulus conditions share the same noise in the 

response. As wakefulness and myogenic noise can vary over the course of a recording 

session, this is an important advantage over consecutive presentation blocks for each 

stimulus condition. Figure 5.3 shows a comparison of the response to a single AM 

tone (fm=16 Hz; fc=307 Hz) played to the left ear, the response to both this tone and 

the tone with an fm of 145 Hz (fc=578 Hz) played to the left ear simultaneously, and 

the response to all four tones in the experimental setup (both ears). The envelope-FFR 

(addition of FFR0 and FFR180; see Procedure section 5.3.3.3) appears enhanced at the 
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16 Hz when multiple AM tones are played simultaneously (Figure 5.3, panels A and 

C). Panels B and D in Figure 5.3 show TFS FFR (subtraction of FFR0 and FFR180) at 

the shared components is similar when either one or two AM tones are played 

monaurally. When all four tones are played, TFS FFR at these components is slightly 

reduced, but peaks in the spectrum are still evident. These preliminary recordings 

suggest that presenting four tones simultaneously allowed good phase-locked 

responses to most of the tone components and modulation rates, without much 

detriment compared to separate presentation. 

AM tones were created at a sample rate of 24414 Hz and a bit depth of 2
16

. The 

tones were summed into the left and right ear channels (see Figure 5.2, bottom left and 

right panels) and the stimuli in each channel were presented at an overall level of 80 

dB SPL. This reasonably high level was used to ensure that all participants could hear 

the stimuli, including those with low-frequency hearing loss. Furthermore, as FFR 

amplitude increases with stimulus intensity (Marsh et al., 1975; Krishnan, 2002), a 

high sound level should improve the signal-to-noise ratio of the recorded responses.  

5.3.3.2 Apparatus 

Stimuli were presented using Tucker Davis Technologies (TDT) SigGen and 

BioSigRP software. Stimuli were converted to analogue signals by a TDT RP2.1 

processor and transduced to acoustic waves outside the listening booth by ER30 

earphones (Etymotic Research, Illinois) to minimize stimulus artefact. The transducers 

were connected to the listener inside the listening booth by 6 m of tubing terminating 

in the listener’s external auditory canals through foam earplugs. Pilot tests showed 

that no stimulus artefact was recorded when the stimulus was presented with the 

tubing detached from the earplugs and sealed with tape.  

The electrical field potential was recorded by two montages of gold-plated passive 

electrodes. The horizontal montage recorded at the ipsilateral mastoid (referenced to 

the contralateral mastoid) and the vertical montage recorded at the seventh cervical 

vertebra (referenced to the hairline the forehead on the sagittal line). Both montages 

shared a common ground electrode on the listener’s brow. Based on the results of 

Chapter 4, the horizontal montage was expected to mostly record TFS FFR from an 

earlier source in the auditory pathway than the vertical montage. Therefore, 

comparing FFR measured by the horizontal and vertical montages may be able to 

distinguish whether age or hearing loss affected phase locking to the TFS of stimuli 
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differently in the earlier and later stages of the subcortical auditory pathway. This was 

done by testing the interactions between the effects of age and montage and between 

the effects of hearing loss and montage on the phase coherence of the TFS FFR. 

The electrodes were wired into a TDT RA16LI-D head-stage pre-amplifier linked 

to a TDT RA4PA preamplifier which digitized the analogue signal at 24414 Hz and 

sent this to a TDT RA16 Medusa Base Station for processing. The base station and 

RP2.1 processor were synchronized and both communicated with the BioSigRP 

software. The BioSigRP software filtered the recordings online with a 10 Hz high-

pass filter, a 3 kHz low-pass filter and a 50 Hz notch filter. 
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5.3.3.3 Procedure  

AM tones were presented in alternating starting polarity, so each recording had a 

response to the stimulus with all components starting in 0° phase (FFR0) followed by 

a response to the stimulus with all components starting in 180° phase (FFR180). By 

adding FFR0 and FFR180, the phase-locked responses reflecting the envelope interfere 

constructively, whilst the responses reflecting the TFS interfere destructively. On the 

other hand, subtracting FFR180 from FFR0 results in constructive interference of the 

responses reflecting the TFS and destructive interference of the responses reflecting 

the envelope (Aiken and Picton, 2008). These methods of addition and subtraction 

were used to quantify the envelope-FFR and TFS-FFR respectively.  

Individual trials with peak amplitudes exceeding ±100 μV in the vertical montage, 

and ±80 μV in the horizontal montage, were rejected from the sub-averages. Sub-

averages consisted of 50 accepted trials. One hundred sub-averages in total were 

collected from each listener, taking approximately 80 minutes. Listeners sat in an arm-

chair and were asked to relax as much as possible and try to let their head be 

supported by the chair headrest. This was done to reduce the myogenic noise in the 

recordings. The listeners watched a film of their choice, with the audio disabled and 

sub-titles enabled, on a portable digital-versatile-disc (DVD) player sat upon a desk in 

front of the listener. This was done to try to keep the listener awake, as at low 

modulation rates, wakefulness affects envelope FFR strength (e.g., Purcell et al., 

2004). However, wakefulness was not recorded. To test for DVD-player artefacts in 

either amplitude or phase coherence spectrum, two sessions of 100 sub-averages, 

without stimuli, were run in a pilot test. One session included the DVD player in the 

booth playing a film; the other session did not. Comparison of spectra with and 

without the DVD player did not reveal any artefact. 

Phase coherence was calculated to quantify the quality of phase locking in the 

FFR. Phase coherence is the vector average (see equation 5.1) of the phase angle (θ) at 

a given frequency of the Fourier transform across n (sub-averages in the current 

study). Equation 5.1 was taken from Dobie and Wilson (1989):  

𝑃𝐶 =  √(
1

𝑛
∑ cos 𝜃𝑖

𝑛

𝑖=1

)

2

+ (
1

𝑛
∑ sin 𝜃𝑖

𝑛

𝑖=1

)

2

 (5.1) 
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 where i is the index of sub-averages. 

 Results 5.4

 IPD discrimination 5.4.1

Figure 5.4 shows the envelope- and TFS-IPD thresholds as a function of age (top-

left and top-right panels, respectively) and as a function of absolute threshold (bottom-

left and bottom-right panels, respectively). The absolute thresholds used in all 

analyses were the average across 250 and 500 Hz and across ears for each listener. 

IPD thresholds were log-transformed for correlation (and partial correlation) with age 

and absolute threshold, because this transform provided normally distributed IPD 

thresholds. Correlation coefficients are given in Table 5.2. There were moderate, 

positive correlations between age and ENV250 and between age and ENV500. These 

correlations remained significant after absolute threshold was partialled out, 

suggesting that old age is related to poorer envelope-IPD sensitivity, regardless of 

absolute threshold. There was a moderate, positive correlation between TFS500 and 

age  that remained significant after absolute threshold was partialled out. On the other 

hand, the weak positive correlation between TFS250 and age did not survive after 

absolute threshold was partialled out. TFS-IPD thresholds also became more varied 

with age. The difference in threshold variation in the listener group under 60 years old 

was found to be significantly smaller (X
2
=4.39, p<0.05) than the variation in the over 

60 years old listener group by Bartlett’s test of population variances (Bartlett, 1937). 

Table 5.2: The Pearson’s r correlation and partial correlation coefficients between 

thresholds in each IPD condition (columns) and age and absolute threshold. One, two 

and three asterisks denote significant correlations for alphas of 0.05, 0.01 and 0.001, 

respectively. 

 IPD condition 

ENV250 ENV500 TFS250 TFS500 

Age 0.55*** 0.53*** 0.33* 0.46** 

(absolute threshold partialled out) 0.56*** 0.59*** 0.30 0.43** 

Absolute threshold 0.01 −0.16 0.20 0.20 

 (age partialled out) −0.17 −0.34* 0.11 0.11 
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There were no significant correlations between absolute threshold and IPD 

threshold. ENV500 was weakly correlated with absolute threshold when age was 

partialled out (r=−0.34, p=0.04), but this was not significant after correction for 

multiple comparisons. Observed power for the correlations was 0.75, based on the 

mean coefficient of determination (r
2
) of the partial correlations as the effect size, 37 

listeners and an α of 0.05. Calculations were performed with GPower 3.1.3 (Kiel, 

Germany). 

 

Figure 5.4: Envelope-IPD and TFS-IPD thresholds (left and right panels, respectively) 

are plotted as a function of listener age in the top two panels and as a function of 

absolute threshold (250 and 500 Hz average) in the bottom two panels. Open symbols 

show the IPD thresholds with the 250 Hz carrier (ENV250 and TFS250) and filled 

symbols show the IPD thresholds with the 500 Hz carrier (ENV500 and TFS500). 
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 FFR 5.4.2

5.4.2.1 Envelope FFR 

Mean phase-coherence spectra are plotted for listeners grouped by age in Figure 

5.5 (top four panels). Herein, the labels EFFR16, EFFR27, EFFR115 and EFFR145 

are used to refer to the phase coherence in the envelope FFR (addition waveforms) at 

an fm of 16, 27, 115 and 145 Hz respectively. The vertical montage spectrum from the 

addition waveforms (enhancing the FFR that reflects phase locking to the envelope) 

indicated slightly stronger EFFR16 for the older listeners than younger listeners, but 

slightly weaker EFFR145 for older listeners than younger listeners. Weaker EFFR145 

was also seen for older listeners in the horizontal montage, but no other differences 

between age groups are clear in this montage. When listeners were grouped by 

absolute threshold (averaged across 250 and 500 Hz and across ears) into those above 

the median (15 dB) and those below the median (bottom four panels of Figure 5.5), 

mean EFFR145 in both montages was only slightly stronger for those with absolute 

thresholds below the median compared to those with thresholds above it. Otherwise, 

mean envelope-FFR phase coherence spectra did not notably differ between absolute 

threshold groups in either vertical or horizontal montage.  

Effects of age and absolute threshold (averaged across 250 and 500 Hz and across 

ears for each listener, as in IPD discrimination analysis) were tested as mean-centred 

covariates in a repeated-measures analysis-of-covariance (ANCOVA) with montage 

and fm as within-subjects factors. There was no significant overall effect of age on 

envelope-FFR phase coherence [F(1,34)=1.9, p>0.05], and no significant overall 

effect of absolute threshold on envelope-FFR phase coherence [F(1,34)=1.1, p>0.05]. 

The ANCOVA showed a significant effect of montage, the vertical montage recorded 

stronger phase coherence than the horizontal montage [F(1,34)=23.4, p<0.001]. There 

was also an effect of fm [F(2.7,90.2)=21.8, p<0.001]; a degrees of freedom correction 

was applied due to unequal variances in the data across conditions (Huynh and Feldt, 

1976); pairwise comparisons showed that EFFR115 was significantly lower than 

EFFR16, EFFR27 and EFFR145, and that EFFR145 was significantly higher than 

EFFR16. 

The interaction between the effects of montage and age was not significant 

[F(1,34)=0.4, p>0.05]. The effect of age interacted with the effect of fm 

[F(2.7,90.2)=7.0, p<0.001]. As suggested above, EFFR16 increased with age and 
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EFFR145 decreased with age; correlation analysis supports this: phase coherence was 

averaged across the two montages for EFFR16, EFFR27, EFFR115 and EFFR145 and 

each of these variables was correlated against age. Table 5.3 gives the correlation 

coefficients and significance p values. The correlations between EFFR16 and age and 

between EFFR145 and age were still significant when absolute threshold was 

accounted for. 

Table 5.3 Pearson's r correlation coefficients and significance values for mean FFR 

across both montages at the four envelope rates (fm) correlated against age and against 

age with absolute threshold partialled out. 

 EFFR16 EFFR27 EFFR115 EFFR145 

Age 0.38 −0.07 −0.28 −0.49 

Significance value (p) 0.021 0.691 0.090 0.002 

Age (absolute threshold 

partialled out) 
0.34 −0.05 −0.22 −0.46 

Significance value (p) 0.041 0.781 0.198 0.005 

 

Figure 5.6 shows the envelope FFR at the four fm’s as a function of listener age in 

the vertical montage (top row of panels) and horizontal montage (bottom row) 

separately. Pearson’s r between the envelope-FFR phase coherence at each fm and age 

is inset for each panel. Because the phase coherence at other frequencies than those 

stimulated at or modulated at was not uniform across listeners or frequency, the phase 

coherence noise floor in the frequency regions around the FFR of interest is also 

plotted for each listener in Figure 5.6 as black dots. This was the average phase 

coherence, excluding FFR at and around every fm (i.e. fm−4 to fm+4). Specifically, this 

was between 10 and 49 Hz for EFFR16 and EFFR27, and between 90 and 170 Hz for 

EFFR115 and EFFR145. 

The phase coherence noise floor was designed to show, for each listener, the 

extent to which phase coherence in response to the stimulus exceeded the ambient 

phase coherence unrelated to the stimulus. It should be noted that harmonics and 

distortion products in the FFR may have contributed to the phase coherence noise 

floor, despite being related to the stimulus. 
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There was no significant interaction between the effects of absolute threshold and 

montage [F(1,34)=0.04, p>0.05], between the effects of absolute threshold and fm 

[F(2.7,90.2)=1.4, p>0.05], or between the effects of absolute threshold, montage and 

fm [F(2.9,99.5)=0.2, p>0.05]. Because of the lack of a significant main effect of 

absolute threshold on envelope FFR, or any significant interaction, no correlational 

analyses or plots of envelope FFR as a function of absolute threshold are given. 

There was a significant interaction between montage and fm 

[F(2.9,99.5)=4.1,p<0.05](degrees of freedom adjusted with the Huynh–Feldt 

correction, Huynh and Feldt, 1976); the difference in phase coherence between 

montages was greater for EFFR16 and EFFR145 (0.14 for both) than EFFR27 and 

EFFR115 (0.07 and 0.02, respectively). 

Lastly, there was a significant interaction between montage, fm, and age 

[F(2.9,99.5)=5.4, p<0.01]. We interpret this as the interaction between age and fm 

being greater for the vertical montage than for the horizontal montage.  

Observed power for the correlations between envelope-FFR phase coherence and 

age was 0.68, based on the mean coefficient of determination (r
2
) of the correlations 

as the effect size, 37 listeners and an α of 0.05. Calculations were performed with 

GPower 3.1.3 (Kiel, Germany). 
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Figure 5.5: Mean phase-coherence spectra in the envelope (left panels) and TFS (right 

panels) FFR recorded with the vertical and horizontal montages. The top four panels 

show the mean spectra for listeners grouped by age: under 35 years old (red; N=15) 

and over 40 years old (blue; N=22). The bottom four panels show the mean spectra for 

the same listeners grouped by absolute threshold (250 and 500 Hz average):  below 

the median absolute threshold (15 dB SPL) in red (N=18), and above the median in 

blue (N=19). Pale red and blue boundaries around the mean lines denote the 95% 

confidence intervals. Filled circles in each panel denote where on the frequency axis 

FFR should be seen (with each AM tone represented by a colour). 
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5.4.2.2 TFS FFR 

In the phase-coherence spectra from the subtraction waveforms (right panels of 

Figure 5.5) differences between the two age groups and between the two absolute-

threshold groups can be seen in the FFR reflecting phase locking to the TFS. Younger 

listeners had stronger phase coherence than older listeners at most AM-tone 

component frequencies. Listeners with lower absolute thresholds had slightly stronger 

phase coherence than listeners with higher absolute thresholds. Again, effects of age 

and absolute threshold (averaged across ears and 250 and 500 Hz for each listener) 

were tested as covariates in a repeated-measures ANCOVA with montage and 

component frequency region as within-subjects factors. Rather than test each 

component frequency as an individual factor level, the phase coherences were grouped 

into two groups of components, a lower region (242, 291, 307, 323 and 357 Hz; 

TFSFFRLOW) and a higher region (433, 472, 510, 537, 564, 578 and 723 Hz; 

TFSFFRHIGH). This was based on the observation that the phase coherences at the 

AM-tone component frequencies in the lower region were consistently weaker than at 

the AM-tone component frequencies in the higher region. 

There was a significant main effect of age [F(1,34)=34.6, p<0.001]; older listeners 

had weaker phase coherence than younger listeners. There was a significant main 

effect of frequency region [F(1,34)= 238.8,p<0.001]; phase coherence in TFSFFRLOW 

was weaker (mean=0.19) than in TFSFFRHIGH (mean=0.49). There was no significant 

main effect of montage [F(1,34)=0.03, p>0.05]. However, the interaction between 

montage and frequency region was significant [F(1,34)=6.9, p<0.05]; the difference in 

phase coherence between TFSFFRLOW and TFSFFRHIGH was greater in the horizontal 

montage (0.33) than in the vertical montage (0.27). 

There was a significant interaction between frequency region and age 

[F(1,34)=26.9,p<0.001]. Figure 5.5 shows that there was a greater difference between 

young and older listeners’ phase coherence in TFSFFRHIGH than in TFSFFRLOW in 

both the vertical and horizontal montages. 

This interaction is also shown in the top and bottom panels of Figure 5.7 (for 

vertical and horizontal montages respectively) as a function of listeners’ age with 

Pearson’s r inset. The phase coherence noise floor for the TFS FFR is plotted also. 

Similar to the noise floor for the envelope FFR in Figure 5.6, it was calculated as the 

average phase coherence, excluding FFR at and around the component frequencies 
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(i.e. f−4 to f+4 for every component) between 200 and 400 Hz for TFSFFRLOW and 

between 410 and 740 Hz for TFSFFRHIGH. 

 

Figure 5.7 The TFS-FFR phase coherence from the subtraction waveforms 

recorded with the vertical (top panels) and horizontal (bottom panels) is plotted as a 

function of listener age (unfilled circles). The left panels show TFS-FFR phase 

coherence averaged across the stimulus components in the lower frequency region 

(242 to 357 Hz; TFSFFRLOW). The right panels show TFS-FFR phase coherence 

averaged across the stimulus components in the higher frequency region (433 to 723 

Hz; TFSFFRHIGH). The black dots show the phase coherence noise floor in the 

subtraction waveform for each listener (see main text for details of noise floor 

calculation). The grey lines show the linear fits between FFR and age in a least 

squares sense with correlations (Pearson’s r) inset. 

 

Age was still negatively correlated with phase coherence in TFS FFR from the 

vertical montage when absolute threshold was partialled out (TFSFFRHIGH: r=−0.69, 
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p<0.001; TFSFFRLOW: r=−0.58, p<0.001). This was also true for TFS FFR from the 

horizontal montage (TFSFFRHIGH: r=−0.71, p<0.001; TFSFFRLOW: r=−0.45, p<0.01). 

There was no significant interaction between the effects of age and montage 

[F(1,34)=0.001, p>0.05], or between the effects of age, montage and frequency region 

[F(1,34)=2.8, p>0.05]. 

There was no significant main effect of absolute threshold [F(1,34)=1.1, p>0.05], 

interaction between the effects of absolute threshold and frequency region 

[F(1,34)=1.4, p>0.05], interaction between the effects of absolute threshold and 

montage [F(1,34)=0.7, p>0.05], or between the effects of absolute threshold, 

frequency region and montage [F(1,34)=1.2, p>0.05]. Therefore, no correlational 

analyses or plots of TFS FFR as a function of absolute threshold are given. 

Observed power for the correlations between TFS-FFR phase coherence and age 

was 0.997, based on the mean coefficient of determination (r
2
) of the correlations as 

the effect size, 37 listeners and an α of 0.05. Calculations were performed with 

GPower 3.1.3 (Kiel, Germany). 

 Relations between FFR strength and IPD discrimination 5.4.3

For comparisons between envelope-IPD thresholds and envelope FFR the vertical 

montage was used as phase coherence was stronger than in the horizontal montage, 

and thus a better representation of the FFR above the noise floor. 

EFFR16 and EFFR115 had lower fc’s (307 and 357 Hz respectively) than the fc’s 

for EFFR27 and EFFR145 (537 and 578 Hz respectively). Therefore, EFFR16 and 

EFFR115 were compared to ENV250 thresholds and EFFR27 and EFFR145 were 

compared to ENV500 thresholds. Correlations between envelope-FFR phase 

coherence and envelope-IPD discrimination thresholds are given in Table 5.4. 

EFFR16 and EFFR115 did not correlate significantly with ENV250. EFFR27 did not 

correlate significantly with ENV500, but there was a weak, negative correlation 

between EFFR145 and ENV500. This correlation is shown in the left panel of Figure 

5.8. However, this correlation was not significant after correcting α for multiple 

comparisons or after partialing out age (r=−0.05, p>0.05). The effect of age can be 

seen in the left panel of Figure 5.8 as the progression from older listeners (pink) 

mostly at the top of the graph (poor IPD discrimination) and younger listeners (blue) 

mostly at the bottom (good IPD discrimination). 
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Table 5.4 Pearson’s r correlation coefficients for correlations between envelope-FFR 

phase coherence (columns) and envelope-IPD discrimination thresholds (rows). The 

em dashes indicate variable pairs not tested for correlation. Asterisk denotes a 

significant correlation for an α of 0.05. 

 EFFR16 EFFR27 EFFR115 EFFR145 

ENV250 0.02 — −0.03 — 

ENV500 — 0.15 — −0.34* 

 

TFS500 thresholds were compared to TFSFFRHIGH; in the vertical montage there 

was a trend for a weak negative correlation, but this was not significant (r=−0.30, 

p>0.05). In the horizontal montage there was a moderate negative correlation between 

TFS500 and TFSFFRHIGH (r=−.40, p<0.05; see right panel of Figure 5.8), but this was 

abolished when age was partialled out (r=−0.11, p>0.05). TFS250 thresholds were not 

correlated with TFSFFRLOW (vertical montage: r=−0.15, p>0.05; horizontal montage: 

r=−0.11, p>0.05).  

To quantify the extent to which phase locking to the envelope and TFS of AM 

tones accounted for the age-related deficits in envelope- and TFS-IPD discrimination, 

partial correlations between age and IPD threshold were calculated with phase 

coherence partialled out. In Figure 5.9 the ENV500 and TFS500 thresholds are again 

plotted as a function of age (as in Figure 5.4), but this time with each listener’s phase 

coherence (EFFR145 from the vertical montage in the left panel and TFSFFRHIGH 

from the horizontal montage in the right panel) indicated by the colour of the datum 

marker. The correlation reported earlier between age and ENV500 (r=0.53), was still 

significant after vertical-montage EFFR145 was partialled out (r=0.44, p<0.01). The 

correlation between age and TFS500 (r=0.46) was weak, but still significant, after 

vertical-montage TFSFFRHIGH was partialled out (r=0.36, p<0.05). However, when 

horizontal-montage TFSFFRHIGH was partialled out, the correlation between age and 

TFS500 was not significant (r=0.26, p>0.05). 

 Observed power for the correlations between FFR phase coherence and IPD 

discrimination thresholds was 0.38, based on the mean coefficient of determination 

(r
2
) of the correlations as the effect size, 37 listeners and an α of 0.05. Calculations 

were performed with GPower 3.1.3 (Kiel, Germany). 
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Figure 5.8: ENV500 (right panel) and TFS500 (left panel) thresholds as a function of 

EFFR145 from the vertical montage and TFSFFRHIGH from the horizontal montage 

respectively. Pearson’s r is inset in each panel. Listener age is depicted by the colour 

of the symbol, from young (blue) to old (pink). 

 

Figure 5.9: ENV500 (right panel) and TFS500 (left panel) thresholds as a function of 

age (as in the top two  panels of Figure 5.4), but with EFFR145 from the vertical 

montage (right panel) and TFSFFRHIGH from the horizontal montage (left panel) 

depicted by the colour scale, from poor (pink) to good (blue). Pearson’s r between age 

and IPD threshold, with FFR phase coherence (PC) partialled out, is inset in each 

panel. 
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 Discussion 5.5

 Hearing-loss-related effects 5.5.1

Neither envelope-IPD, nor TFS-IPD, thresholds correlated with absolute 

threshold. Previous reports of absolute threshold and TFS-IPD thresholds are 

consistent with this finding (Strelcyk and Dau, 2009; Hopkins and Moore, 2011; 

Moore et al., 2012a). However, King et al. (2014) found a significant correlation 

between TFS-IPD thresholds and absolute thresholds, with mostly overlapping data to 

those reported here. Despite a large proportion of the listeners reported by King et al 

(2014) also taking part in the current study, the sample in the current study had fewer 

listeners with moderate-to-severe hearing loss. Strelcyk and Dau (2009) and Moore et 

al. (2012a) also had a majority of listeners with normal absolute or audiometric 

thresholds below 1 kHz. Strelcyk and Dau (2009) noted that, with a limited number of 

hearing-impaired listeners with homogeneous audiograms, absence of a significant 

correlation does not necessarily imply an absence of a relation. It is possible that there 

was not enough variation in hearing loss in the current sample to reveal an effect of 

absolute threshold on IPD thresholds or FFR phase coherence. However, Hopkins and 

Moore (2011) included a large number of listeners with elevated audiometric 

thresholds even at low frequencies, but only found a weak correlation between TFS-

IPD threshold and absolute threshold at 750 Hz, and no correlation at 250 or 500 Hz. 

Although TFS FFR was slightly weaker with increased absolute threshold at high 

component frequencies, there was no significant effect of absolute threshold on either 

TFS FFR or envelope FFR. Marmel et al. (2013) also did not find a significant 

relation between absolute threshold and FFR strength. Instead, they found that FFR 

and absolute threshold contributed independently to a linear model of frequency 

discrimination performance, with FFR strength accounting for most of the effect of 

age. 

 Age-related effects 5.5.2

5.5.2.1 IPD results 

IPD discrimination thresholds increased (worsened) with increasing age. This may 

underlie a decrease in ability to use IPDs to localize and laterally separate sounds in 

old age. There was wider variation in TFS-IPD thresholds for listeners above 60 years 
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than those below. Identifying causes of the spread in TFS IPD sensitivity in old age 

may be useful for understanding why some old people struggle to localize sounds and 

comprehend speech in noisy environments.  

Previous studies have shown age-related increases in TFS-IPD thresholds (Grose 

and Mamo, 2010; Hopkins and Moore, 2011; Moore et al., 2012a; Moore et al., 

2012b; Füllgrabe, 2013), but the current authors are unaware of any previous studies 

of age-related changes in envelope-IPD thresholds. Changes in envelope processing 

with age have been studied monaurally with temporal modulation transfer functions 

(TMTFs), which describe changes in modulation detection thresholds across 

modulation rates (Purcell et al., 2004; He et al., 2008). With broadband Gaussian 

noise carriers, old listeners have worse (elevated) modulation detection thresholds 

than younger listeners at modulation rates above 90 Hz, but not at lower rates (Purcell 

et al., 2004). He et al. (2008) found age-related modulation detection deficits with 

modulation rates from 20 to 200 Hz and a 4 kHz pure-tone carrier (implicating 

envelope processing deficits).  With a 500 Hz pure-tone carrier, deficits occurred at 

high modulation rates (i.e., when the partials were resolved, implicating TFS 

processing deficits; He et al., 2008). The current results suggest that age-related 

deficits in binaural processing of modulation are not limited to high modulation rates, 

even with low-frequency carriers. 

5.5.2.2 FFR results 

FFRs from the subtraction waveforms, which the authors assume reflect phase 

locking to the TFS of the AM tones, were generally weaker in TFSFFRLOW than in 

TFSFFRHIGH. In both regions the average phase coherence at the tone frequencies 

declined with increasing listener age; the correlations between phase coherence and 

age were similar. This age-related decline is similar to that found by Marmel et al. 

(2013), but also suggests that age-related declines in FFR phase coherence can occur 

at lower frequencies than previously reported by Clinard et al. (2010). This could be 

due to calculating FFR phase coherence over 10000 responses in the current study, 

whereas Clinard et al. (2010) only used 1000 responses. This larger recording number 

may have revealed age effects that were obscured in the data of Clinard et al. (2010).  

As no exclusion criteria was used to limit absolute thresholds to normal-hearing 

thresholds, it is possible that slight differences in absolute threshold between young 

and old listeners confounded the results. However, low-frequency absolute thresholds 
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(250 and 500 Hz average) and age were not significantly correlated and the negative 

correlations between age and FFR phase coherence remained when absolute 

thresholds were partialled out. 

Poorer envelope FFR with increasing listener age was seen in EFFR145, but not 

in EFFR16—an fm similar to the 20 Hz rate used to test envelope-IPD discrimination. 

This is consistent with previous envelope-FFR results suggesting that aging affects 

phase locking predominantly at higher modulation frequencies (Purcell et al., 2004; 

Leigh-Paffenroth and Fowler, 2006; Grose et al., 2009a; Parthasarathy and Bartlett, 

2012; Parthasarathy et al., 2014). This common finding matches the changes in 

TMTFs with age discussed above (Purcell et al., 2004; He et al., 2008). Purcell et al. 

(2004) found a strong correlation between the maximum frequency at which 

envelope-FFR was measurable and at which 25% modulation could be detected 

behaviourally. This suggests that perception of modulation may be limited by a 

maximum frequency limit of envelope phase locking that reduces with age. Whether 

or not IPD discrimination is also limited by envelope phase locking is discussed 

below. 

5.5.2.3 Peripheral vs central age-related changes 

The current results did not find an interaction between age and montage for the 

TFS FFR. This suggests that either:  

a) Vertical montages and horizontal montages did not selectively measure age-

related changes to central (possibly brainstem) and auditory nerve phase locking 

respectively, or  

b) Ageing does not differently affect phase locking in the brainstem and auditory 

nerve. 

Envelope FFR was generally better represented in the vertical montage than in the 

horizontal montage. Possibly as a result of this, age-related changes in envelope-FFR 

phase coherence showed up better in the vertical montage also. Previous research has 

suggested that horizontal montages do not pick up envelope-FFRs well (Galbraith, 

1994).  
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 Relation between aging, the FFR, and IPD discrimination 5.5.3

Envelope-IPD discrimination was not well related to envelope-FFRs to the lower 

modulation rates. Age-related changes in envelope-IPD thresholds and EFFR16 were 

in opposing directions. Thresholds elevated (worsened) with age, but phase coherence 

strengthened (improved) with age. EFFR145 was related to envelope-IPD thresholds, 

but this weak relation could be accounted for by the deleterious effect of age on both 

EFFR145 and envelope-IPD thresholds. However, when EFFR145 was partialled out, 

increasing age was still related to worse envelope-IPD thresholds. A similar pattern 

was seen between TFS-IPD thresholds and TFS-FFR in the horizontal montage. Only 

in TFSFFRHIGH did FFR relate to TFS-IPD thresholds. Again, although age accounted 

for this relation, TFS-FFR could not account for the effect of age on TFS-IPD 

thresholds. This suggests that either phase locking to the envelope or the TFS of AM 

tones at each ear may not be a major determinant of IPD discrimination thresholds for 

binaural AM tones, or that the measurement of phase locking via the FFR is 

influenced by other variables, such as variation in FFR source or number of sources. 

The bottom-up input from the cochlea may be necessary, but other factors, such as 

binaural integration of the signals from each ear, may have more influence on IPD 

discrimination thresholds, as suggested by Moore et al. (2012b). Strelcyk and Dau 

(2009) took the strong correlation between frequency modulation detection and IPD-

based lateralisation as evidence that lateralisation is also limited by peripheral TFS 

sensitivity. However, the current results do not provide support for this argument. 

IPD discrimination may not be strongly related to the phase coherence of FFR in 

the current study because the AM-tone FFR stimuli contained no interaural 

information at any given fc or fm. Other studies have considered changes in FFR when 

interaural time or level differences are included in the stimuli (Clark et al., 1997; 

Krishnan and McDaniel, 1998; Ballachanda and Moushegian, 2000), but these studies 

did not compare FFR to behavioural measures such as IPD discrimination. FFR 

amplitude to tone bursts is greatest with diotic stimuli, and decreases with increasing 

IPD (Clark et al., 1997; Ballachanda and Moushegian, 2000). The interaction between 

neural outputs from both ears converging at the brainstem level may be observed in 

the binaural interaction component (BIC; Krishnan, 2007). The BIC is the residual 

potential after subtracting the sum of left- and right-ear monaural auditory brainstem 

responses (ABR) from the binaural ABR. With a click stimulus, the BIC 

systematically changes with IPDs and ILDs, but requires a fused audio percept (Furst 
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et al., 1985). Krishnan and McDaniel (1998) showed that 500 Hz FFR BIC decreased 

with increasing ILD, disappearing at 20 dB ILD, but Krishnan and McDaniel did not 

test the effects of IPDs in the BIC. Ballachanda and Moushegian (2000) found that the 

FFR BIC was not affected by IPD. Whilst the BIC is evidence that binaural processing 

is more than simply a linear sum of monaural inputs, it is not clear what binaural 

processing it actually involves. Further study may look at the relation between IPD 

sensitivity and FFRs to AM tones with binaural information that reveals the binaural 

integration of phase-locked responses. 

 Conclusions 5.6

Both FFR phase coherence and IPD discrimination deteriorate with age, but the 

age-related deterioration in IPD sensitivity is not strongly related to neural synchrony 

as measured by the FFR. It is possible that the FFR recorded in the current study 

reflects phase-locking in the auditory system that is independent of the binaural 

processing of phase-locked signals that encodes IPDs. Age-related deterioration in 

IPD sensitivity may be due to other processing changes, such as binaural integration.  
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 Abstract 6.1

Old, hearing-impaired listeners benefit little from lateral separation of multiple 

talkers when listening to one of them. Sensitivity to temporal fine structure (TFS) may 

mediate spatial hearing. This study aimed to determine how spatial release from 

masking (SRM) in such listeners is affected when the interaural time differences 

(ITDs) in the TFS are removed by tone-vocoding (TVC) at the ears by a master 

hearing aid system. Word recall was compared, with and without TVC, when target 

and maskers sentences were played simultaneously from the front loudspeaker (co-

located) and when the maskers were played 45° to the left and right of the listener 

(separated). SRM was significantly smaller with TVC than without TVC. Old, 

hearing-impaired listeners, on average, gained a 3.7 dB benefit from TFS-ITDs to 

their SRM. SRM correlated with monaural TFS sensitivity (discrimination of 

frequency-shifts in identically filtered complexes), but not when mean audiometric 

threshold below 1.5 kHz was partialled out. SRM correlated with audiometric 

thresholds below 1.5 kHz when TFS sensitivity was partialled out, suggesting that 

low-frequency audiometric thresholds may be a good indicator of candidacy for 

hearing aids that preserve ITDs. SRM was not correlated with age, pure-tone ITD 

thresholds, or fundamental frequency difference limens. 
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 Introduction 6.2

Old, hearing-impaired (HI) people struggle to understand speech when they are in 

a noisy environment (Duquesnoy, 1983; Gatehouse and Noble, 2004; Helfer and 

Freyman, 2008). This may be due, in part, to a degraded ability to separate sounds that 

come from different directions. Interaural time differences (ITDs) and interaural level 

differences (ILDs) occur when a sound source is located outside the median plane 

(Rayleigh, 1907; Kuhn, 1977). The wave front reaches one ear before the other ear 

(causing an ITD), and is also acoustically shadowed by the head for wavelengths 

below the head size (causing an ILD). It is possible to use these differences to separate 

sounds that arrive from different directions (Middlebrooks and Green, 1991; Best et 

al., 2004; Bremen and Middlebrooks, 2013). In noisy environments, speech 

intelligibility can be improved dramatically by presenting the masker sounds to the 

left and right of the target speech, rather than all from the same location (Bronkhorst, 

2000). When the maskers are speech signals, the spatial release from masking (SRM) 

is typically 10 to 15 dB for normal-hearing (NH) listeners (Behrens et al., 2008; 

Marrone et al., 2008b). HI people (particularly if they are elderly) vary widely in the 

SRM they gain, from close-to-normal to none at all (Marrone et al., 2008a), even with 

compensation for reduced audibility (Marrone et al., 2008c; Neher et al., 2009). This 

suggests that supra-threshold deficits in spatial separation of sounds may occur with 

some forms of hearing impairment. A better understanding of why some people 

benefit from spatial cues, and others do not, would help development and prescription 

of hearing aids that preserve or sacrifice spatial cues depending on a listener’s ability 

to use these cues. 

Precise temporal coding is needed to use ITDs to separate sounds arriving from 

different angles, as the maximum ITDs for a human head are less than 1 ms (Kuhn, 

1977). Auditory nerve fibres synchronize their firing to the phase of basilar membrane 

displacement in each ear (Rose et al., 1967), from which the brain can determine the 

interaural difference. By coding time intervals between corresponding peaks in the 

band-pass filtered output from the basilar membrane, phase locking can also represent 

the temporal fine structure (TFS) of sounds that would not be available from the place 

of excitation on the basilar membrane alone (Cariani and Delgutte, 1996). TFS may 

benefit pitch perception, lateralisation and speech perception in noise (Moore, 2008).  
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The benefit of TFS to speech perception can be demonstrated by comparing 

speech intelligibility with the TFS intact and with the TFS altered by a process such as 

vocoding (Dudley, 1939). Vocoding involves filtering the original waveform into a 

series of band-limited frequency channels. The envelopes are extracted from each 

band and then multiplied by synthesized carrier signals. In the case of tone-vocoding 

(TVC), the carrier is a sinusoid at the centre frequency of the pass-band. Finally, the 

synthesized channels are summed. In quiet, vocoded speech can be understood even 

with the use of a few frequency channels (Shannon et al., 1995; Loizou et al., 1999; 

Baskent, 2006; Lorenzi et al., 2006). However, in the presence of noise, vocoded 

speech requires higher signal-to-noise ratios than non-vocoded speech to be 

intelligible (Qin and Oxenham, 2003; Stone and Moore, 2003). 

It is worth noting that, for band-limited signals, vocoding may not manipulate the 

TFS completely independently from the envelope. Modelled neural representations of 

the TFS and envelope are comparably degraded by vocoding with noise carriers 

(Shamma and Lorenzi, 2013). Therefore, it may be incorrect to assume that envelope 

information is faithfully preserved, after vocoding, at a neural level. Instead, it may be 

more appropriate to think of vocoding as disrupting the neural representation of 

temporal information generally. Shamma and Lorenzi (2013) demonstrate the need to 

use caution when inferring distinct contributions of TFS and envelope to hearing 

abilities from manipulations of stimuli via vocoding. However, a narrow-band noise 

has more inherent fluctuations than a tone, so noise carriers may affect the envelope 

more than tone carriers (Kates, 2011). 

It is possible that ITDs carried in the TFS are used to improve separation and 

intelligibility of speech streams. Presuming that vocoding primarily affects TFS-ITDs, 

this can be tested by comparing the amount of SRM achieved with preserved TFS to 

the SRM achieved with the TFS altered by TVC. Andersen et al. (2010) did this over 

headphones using head-related impulse responses (HRIRs) from a head and torso 

simulator (Algazi et al., 2001) to simulate lateral separation of speech signals, and 

TVC to alter the TFS. Andersen et al. (2010) showed that young, NH listeners’ speech 

reception thresholds (SRTs) were lowest (best) when no TVC was applied; SRTs were 

elevated by 5.9 dB (a deficit) when the TVC was applied to the signals before the 

HRIRs (preserving the ITDs but not the original TFS). This shows that vocoding 

decreases performance even if spatial cues are preserved. Importantly, however, SRTs 

elevated a further 2.4 dB when the TVC (which was in phase between the ears) was 
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applied after the HRIRs, effectively removing the ITDs. This difference in 

performance between vocoding before and after the application of spatial cues 

suggests that temporal binaural cues, even carried by TVC signals, help speech 

intelligibility. 

Using model HRIRs (i.e., from a head and torso simulator, rather than a listener’s 

own HRIRs) provides a reasonable facsimile of auditory space for NH listeners, but 

this is not how hearing aid users perceive auditory space. Firstly, model HRIRs 

commonly include pinna cues, whilst behind-the-ear hearing aids remove pinna cues. 

Secondly, using headphones and HRIRs results in the auditory scene artificially 

moving with the listener’s head, whereas using hearing aids and a loudspeaker setup 

would allow head movements without moving the auditory scene. This may lead to 

SRM that is more ecologically valid for hearing aid users, but it is unclear whether 

this will improve SRM or not. 

 Hearing loss appears to reduce the ability to use TFS, as demonstrated by poorer 

performance at low-rate frequency modulation (FM) detection and discrimination 

(Lacher-Fougère and Demany, 1998; Moore and Skrodzka, 2002; Buss et al., 2004), 

discrimination of frequency shifts in harmonic complex tones (Moore et al., 2006b; 

Hopkins and Moore, 2007), pure-tone ITD discrimination and ITD-based 

lateralisation (Hawkins and Wightman, 1980; Smoski and Trahiotis, 1986; Lacher-

Fougère and Demany, 2005; Strelcyk and Dau, 2009; King et al., 2014), and speech 

perception (Lorenzi et al., 2006; Hopkins et al., 2008; Lorenzi et al., 2009; Hopkins 

and Moore, 2010c; 2011). For example, Hopkins et al. (2008) studied the effect of 

vocoding speech on intelligibility in the presence of a continuous competing talker. 

They compared the performance of NH listeners with HI listeners. NH listeners 

performed much worse with TVC speech than with the original speech. HI listeners 

however, regardless of the speech processing, performed about the same as the NH 

listeners did with the TVC speech. This suggested that HI listeners do not benefit from 

the TFS in the original speech as much as NH listeners. 

Increasing age is also associated with poorer TFS sensitivity, even in the absence 

of substantial hearing loss below 2 kHz (Ross et al., 2007; Grose and Mamo, 2010; 

Hopkins and Moore, 2011; Moore et al., 2012b), or with hearing loss statistically 

controlled for (Hopkins and Moore, 2011; Marmel et al., 2013; King et al., 2014). 

Age also reduces the advantage of binaural hearing (Warren et al., 1978; Pichora-
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Fuller and Schneider, 1992). This may underlie poor speech perception in noisy 

environments (Working Group on Speech Understanding and Aging, 1988; Divenyi et 

al., 2005; Helfer and Freyman, 2008) and less SRM (Gelfand et al., 1988; Marrone et 

al., 2008a; Marrone et al., 2008c). It is possible that age exacerbates the effect of 

hearing loss on the ability to use TFS to benefit speech perception. 

The first aim of the current study was to determine whether or not older, HI 

listeners are able to use TFS to achieve SRM. This may help determine whether or not 

older HI listeners benefit more from hearing devices that preserve TFS ITDs or from 

devices that sacrifice these cues in favour of increasing the target-to-masker ratio 

(TMR) through existing or future processing strategies (such as directional 

microphone sensitivity; Van de Bogaert et al., 2005). If TFS is used to separate the 

speech stimuli, then speech understanding should be diminished by TVC if it disrupts 

the TFS (and possibly other temporal cues). An interaction between SRM and the 

effect of TVC would suggest the ITDs in the TFS were being used to separate the 

masker speech from the target speech. The second aim was to identify a good measure 

to predict who can benefit from TFS in separating speech (see section 6.4); a measure 

that might be applicable in clinics for hearing aid prescription and fitting. 

Previous studies have compared individual differences in speech intelligibility to 

psychoacoustic discrimination or detection performance that reflects basic auditory 

acuity such as temporal resolution or frequency selectivity (e.g., Tyler et al., 1982; 

Schneider et al., 1994; Strouse et al., 1998; Strelcyk and Dau, 2009; Hopkins and 

Moore, 2011). For example, Hopkins and Moore (2011) measured SRTs for short 

sentences in notionally steady and modulated speech-shaped noise and compared them 

with psychoacoustic measures of frequency selectivity (threshold tone detection in 

notched-noise) and TFS sensitivity. 

Hopkins and Moore (2011) measured TFS sensitivity binaurally with pure-tone 

ITD discrimination thresholds. They also measured TFS monaurally via 

discrimination of harmonic from inharmonic complexes filtered with identical pass-

bands (the TFS1 task). As the components in the inharmonic complex are shifted in 

frequency equally, the modulation rate (envelope) is the same for both harmonic and 

inharmonic complexes. This task is thought to rely exclusively on TFS sensitivity if 

the components of the complex within the pass-band are of sufficiently high harmonic 

number to remain unresolved by the cochlea. Component magnitudes in both 
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harmonic and inharmonic complexes are shaped by the same band-pass filter (Moore 

et al., 2006a). However, small excitation pattern differences might still allow 

discrimination (Micheyl et al., 2010). 

Pitch discrimination has been used previously as a predictor of temporal coding 

acuity even when excitation pattern differences exist; for example, frequency 

discrimination of pure tones (e.g., Turner et al., 1983; Freyman and Nelson, 1991). 

Performance is thought to reflect the advantage of coding frequency via phase locking 

(Rose et al., 1967) when it is better than that expected from the frequency tuning of 

the basilar membrane (Moore, 1973a; b; Srulovicz and Goldstein, 1983; Sek and 

Moore, 1995; Micheyl et al., 1998). 

Strouse et al. (1998), Strelcyk and Dau (2009), and Neher et al. (2011; 2012) 

considered the relation between binaural advantages to SRTs and ITD sensitivity. 

Strouse et al. (1998) found no correlation between ITD sensitivity and the binaural 

masking level difference (BMLD) in speech for young and old NH listeners. The 

BMLD is the difference between the SRT with a diotic target and the SRT with a 

target in anti-phase across ears, when the masker is diotic in both cases. Strouse et al. 

(1998) used click trains for ITD discrimination, which do not test TFS-ITD sensitivity 

exclusively. Detection of ITDs in pure tones (with synchronous onsets and offsets) 

does require TFS sensitivity however. Strelcyk and Dau (2009) measured ITD-based 

lateralisation of tones in noise, and BMLDs for tones in noise, and found both to be 

correlated with SRTs in laterally separated, speech-shaped noise.  

Lower SRTs in laterally separated speech maskers (similar to the Separated 

condition without TVC in the current study) have been correlated with a higher 

maximum frequency of a tone in which an ITD could be discriminated (Neher et al., 

2011) and a lower ITD discrimination threshold at a fixed frequency (Neher et al., 

2012). These results suggest that sensitivity to TFS ITDs might contribute to an 

individual’s ability to isolate and understand one talker in a background of speech 

from other azimuths. The current study aimed to determine if pure-tone ITD 

discrimination predicted not just SRM, but specifically the effect of TVC on SRM. 
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 Speech test 6.3

 Listeners 6.3.1

Twenty listeners ranged from 64 to 86 years old (mean=72 years old) and all had 

bilateral, gently-sloping sensorineural hearing loss (see Figure 6.1). Mean audiometric 

pure-tone thresholds across listeners and frequencies (0.125, 0.25, 0.5, 0.75, 1, 1.5, 2, 

3, 4, 6, and 8 kHz) were 47 dB HL for the right ears and 46 dB HL for the left ears. 

Listeners mean audiometric thresholds from 0.125 to 1.5 kHz (PTALF) were not 

correlated with their age (r=0.01). Listeners mean audiometric thresholds from 2 to 8 

kHz were also not correlated with their age (r=0.19). Listeners were screened for 

conductive or mixed hearing losses. Asymmetry across ears was < 10 dB for the 

frequency-average (125 to 8000 Hz) audiogram. Three listeners had a 20 dB 

asymmetry at a single frequency. All listeners spoke Danish as their first language. 

 

Figure 6.1: The mean audiograms of the 20 listeners (± 1 Standard Deviation) for left 

(grey crosses) and right (black circles) ears separately. 

Based on the effect size of vocoding on speech-in-noise perception for HI listeners 

from Hopkins et al. (2008) and the effect size of SRM for HI listeners from Neher et 
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al. (2009), 16 listeners were needed to achieve statistical power of 0.8 and 20 listeners 

provided a statistical power of 0.9. 

 Speech stimuli 6.3.2

A special version of the Danish Dantale II corpus (Wagener et al., 2003) designed 

for spatial speech-on-speech testing was used (Behrens et al., 2008). Recorded words 

were spoken by three Danish females. Words were selected from a closed set. 

Sentences were five words long and always followed the same structure and order: a 

person’s name, verb, number, adjective, and object. For example, “Henning købte tre 

smukke ringe” (“Henning bought three beautiful rings”). The listener was scored on 

how many words in the target sentence they correctly recalled, in each trial. The target 

sentence was always played from the front loudspeaker (0° relative to the listener) in 

an anechoic room. Two masker sentences (M1 and M2) were played at the same time 

as the target, at various TMRs. The three sentences—each spoken by a different 

female talker—began with a “Ready” prompt. The first word (the person’s name) in 

the target sentence was displayed to the listener via a computer screen hanging above 

the front loudspeaker to cue which sentence to listen to and recall. Two spatial 

configurations were used (see Figure 6.2). For the Co-located configuration, M1 and 

M2 were played from the same front loudspeaker as the target sentence. For the 

Separated configuration, M1 and M2 were played from loudspeakers −45° and  +45° 

azimuth relative to the listener, respectively. Symmetrically separated maskers were 

used to minimize the benefits of increased TMR at one ear that occur with 

asymmetrical maskers (Marrone et al., 2008a). The maximum root mean square 

(RMS) sound pressure level at the centre of the listener’s head position was 70 dB 

sound pressure level (SPL). For positive TMRs, M1 and M2 were attenuated whilst the 

target level remained fixed. For negative TMRs, the target was attenuated whilst M1 

and M2 remained fixed in level. 
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Figure 6.2: A plan of the loudspeaker positions around the listener and which 

loudspeakers played the target speech-signals (T) and the two masker speech-signals 

(M1 and M2) in the Co-located (black) and Separated (grey) configurations. 

 Master Hearing Aid signal processing 6.3.3

Listeners wore behind-the-ear hearing aid microphones which recorded the 

sounds at the listener's ears. The signals were sent to a control computer running the 

Master Hearing Aid system (MHA; HörTech, 2008; described in Grimm et al., 2006) 

which split the signals into 512 linear sub-bands using a fast Fourier transform. These 

sub-bands were summed into 32 logarithmically spaced sub-bands the equivalent 

rectangular bandwidths of NH listeners’ auditory bandwidths at moderate sound levels 

(ERBN, Glasberg and Moore, 1990). The 32 non-linear sub-bands had a combined 

pass-band from 100 to 10,000 Hz. Since the complex value in each sub-band had an 

imaginary part that was a 90 phase-shifted version of the real part of any given time 

sample, the envelopes were extracted as the absolute value of each sub-band complex 

value (equivalent to the Hilbert envelope). For each sub-band, the cut-off frequency of 

the extracted envelope was equal to half the sub-band bandwidth. Two MHA 

conditions were used, one with TVC and one without TVC. In the TVC condition the 

envelopes were multiplied by a pure tone, in phase across ears, at the band centre 

frequency, thus removing the ITD in the TFS. The modulated tones were combined 

and amplified with linear gain following CAMEQ specifications (Moore and 

Glasberg, 1998) to correct for hearing loss and also for outer-ear gain and the hearing 

aid receiver (output) frequency response. In the condition without TVC, the 
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processing followed the same procedure, except that each extracted envelope was 

multiplied by the phase angle of the complex signal of the corresponding sub-band, 

rather than pure tones, to restore the original TFS. The MHA signal processing (either 

with, or without, TVC) was performed in almost real time, producing a delay of 

approximately 40 ms. Figure 6.3 describes the stages of processing performed by the 

MHA platform. The output was presented to the listener from the hearing aid receiver 

via highly-damping Etymotic Research foam plugs for each listener. 

Figure 6.4 shows the effects of TVC on the ITD of a speech signal from 45° left 

of a head and torso simulator wearing the MHA devices. The ITD is clear in both the 

broadband signal and envelope without TVC (top row), but with TVC (bottom row) 

the ITD (in the interaural cross-correlation) is removed from the broad-band signal 

whilst the ITD is partially preserved in the envelope. The envelope ITD and the ILD 

are reduced, but remain to some extent, whereas the TFS-ITD is entirely removed. 

The very broad peak in the envelope cross-correlation suggests that the envelope ITD 

may not be a precise cue for lateralising or localising sounds, if the auditory system 

extracts comparable information to this analysis. 
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Figure 6.3: A flowchart of the processing stages involved in the Master Hearing Aid 

system. 
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 Training 6.3.4

To minimize the confounding effect of learning the task or the nature of the 

stimuli, listeners were familiarized with the stimuli in a training session at least one 

week prior to the test session. The training session consisted of four pairs of blocks of 

trials with the first block of each pair (odd-numbered steps) without TVC, and the 

second (even-numbered steps) with TVC. Blocks one and two each consisted of 12 

trials of a target sentence from 0° in quiet. Blocks three and four each consisted of 12 

trials of a target sentence from 0° and one masker sentence from either +45° or −45° 

(TMR=5 dB). The last four blocks each consisted of 12 trials at each of two TMRs 

(see Table 6.1) and had two maskers. The maskers were in the Separated (±45°) 

configuration for blocks five and six, and in the Co-located configuration for block 

seven and eight. Listeners had to recall as many words from the target sentence as 

possible. Sentences were not repeated.  

Table 6.1: The TMRs, the percent correct of word recall the TMR was expected to 

produce, and the mean (across listeners) percent correct that was observed for the final 

four training blocks. 

 TMR (dB) 
Estimated 

percent correct 

Observed 

percent correct 

Separated 

without TVC 

8 70% 74% 

2 40% 41% 

Separated 

with TVC 

9 70% 76% 

3 40% 45% 

Co-located 

without TVC 

10 80% 87% 

4 40% 49% 

Co-located 

with TVC 

11.5 80% 90% 

6 40% 56% 

 

 Procedure 6.3.5

The test session began with a ‘warm-up’ block of 12 trials in the Separated 

condition without TVC, then 12 with TVC (TMR=8.7 dB for both). After this, four 

test blocks of 50 trials were performed with short breaks in between. Test-condition 

order was pseudo-randomized with spatial configuration nested inside MHA 
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condition, so both spatial configurations were completed for one MHA condition 

before beginning the second MHA condition. Randomisation resulted in eight 

participants completing the conditions with TVC before the conditions without TVC, 

and 12 completing the conditions without TVC before the conditions with TVC. 

Although a counter-balanced ordering would have been more appropriate, Student’s t-

tests between those who completed conditions with TVC first and those who 

completed conditions without TVC first found no significant differences in 

performance in the four test conditions. 

For each test condition, a listener’s psychometric function was estimated from the 

proportion of correctly recalled words in the 50 trials using a logistic function of TMR 

(Green and Swets, 1974):  

Ψ = {1 + 𝑒4𝑠50(𝐿50−𝑇𝑀𝑅)}
−1

 (6.1) 

where s50  and L50 denote the slope and TMR (respectively) at 50% correct word 

recall fitted using a negated logarithmic maximum-likelihood estimation procedure. 

Using the mean group performance in the training session as L50 and a shallow 

function slope to minimize floor and ceiling effects (s50=0.02), a wide range of TMRs 

estimated to produce 30, 40, 50, 60, 70, 80, and 90% correct word recall were 

calculated for the first 24 trials (pre-defined TMRs). The pre-defined TMRs are given 

in Table 6.2. The discrepancy between the TMRs in the last four blocks of training 

(Table 6.1) and the pre-defined TMRs in the test sessions (Table 6.2) occurred 

because of the shallow function slope to calculate the pre-defined TMRs. Three trials 

were presented at each TMR after an initial three at the TMR expected to produce 

80% correct.  

Table 6.2: A table of the pre-defined TMRs (dB) used for the first 24 trials of each 

block by spatial configuration (rows) and by the percent correct word recall the TMR 

was estimated to produce (columns). 

 Estimated percent correct word recall 

Configuration 30% 40% 50% 60% 70% 80% 90% 

Co-located, test  −1.3 1.9 5.1 8.3 11.5 14.7 17.9 

Separated, test  −7.3 −4.1 −0.9 2.3 5.5 8.7 11.9 
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Further trials were presented at TMRs that were estimated to be focused around 

each listener’s psychometric function. To do this, an interim psychometric function 

was estimated from the listener’s performance on the pre-defined trials, and a further 

26 trials were presented at TMRs from the interim function estimating 40, 60, 70, and 

90% correct. Six trials were presented at each personalised TMR after two trials at the 

TMR expected to produce 70% correct. A final psychometric function was calculated 

from the results of both the pre-defined and personalised TMR trials (excluding the 

initial three pre-defined and two personalised). Inclusion of responses to both pre-

defined and personalised TMR trials allowed as many data points as possible to be 

used in calculating the final psychometric function. The TMR that would give 50% 

correct was taken as threshold (TMR50%) for analysis.   

 SRM was defined as the TMR50% in the Separated condition subtracted from the 

TMR50% in the Co-located condition. 

 Results and discussion 6.3.6

The TMR50% mean and individual values are plotted in Figure 6.5. With TVC, 

TMR50% was similar in the Co-located (mean=3.7 dB) and Separated configurations 

(mean=3.4 dB); individual SRM ranged between −1.8 and 2.7 dB. In the Co-located 

condition, TMR50% without TVC (mean=2.8 dB) was similar to TMR50% with TVC. 

However, TMR50% in the Separated condition without TVC was lower (mean=−1.2 

dB), indicating better performance, but also more varied across listeners (−6.5 to 5.5 

dB), leading to SRM ranging from −0.9 to 8.4 dB. 
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Figure 6.5: Estimated TMRs for 50% correct word recall (TMR50%), plotted by speech 

test condition. Black circles indicate TMR50% for individuals, grey diamonds indicate 

mean ± 1 SD. 

Performance was analysed with a repeated-measures ANOVA with two within-

subjects factors: spatial configuration (Co-located vs. Separated) and processing 

(without TVC vs. with TVC). Both factors produced significant main effects. TMR50% 

was lower in the Separated conditions than the Co-located conditions [F(1,19)=37.8, 

p<0.001] and TMR50% was lower without TVC than with TVC [F(1,19)=87.0, 

p<0.001]. The interaction was also significant [F(1,19)=38.6, p<0.001], confirming 

that the SRM without TVC was greater than SRM with TVC. This suggests that the 

limited SRM available to old HI listeners can be disrupted by TVC. Because the TVC 

removed the ITDs in the TFS in each sub-band by generating the sine carriers in phase 

across the ears, it appears that old HI listeners gained significantly by using ITDs in 

the TFS of sounds from different azimuths. However, as TVC may also affect the 

spectro-temporal envelope (Kates, 2011; Shamma and Lorenzi, 2013), the interaural 

envelope cues may not have been entirely preserved in the TVC conditions. Therefore, 

the effect of changes to the envelope cues on SRM cannot be discounted, although 

contribution of ITDs cues in the envelope to SRM is unknown. 
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Without TVC, the mean SRM and the variation in SRM was very similar to that 

found for HI listeners by Marrone et al. (2008a) and Neher et al. (2009; 2011). 

Behrens et al. (2008), Marrone et al. (2008a), and Neher et al. (2009) found HI 

listeners’ mean SRM was approximately 8-14 dB less than NH listeners’ SRM and HI 

listeners had larger individual differences in SRM than NH listeners. In the present 

study, the difference between TMR50% in the Separated configuration with TVC and 

without TVC was 4.6 dB, which is roughly half that found for young NH listeners in a 

simulated spatial setup using headphones and HRIRs (8.3 dB; Andersen et al., 2010). 

Whilst old HI listeners are less sensitive to TFS-ITDs than young NH listeners 

(Hawkins and Wightman, 1980; Smoski and Trahiotis, 1986; Lacher-Fougère and 

Demany, 2005; Ross et al., 2007; Grose and Mamo, 2010; Hopkins and Moore, 2011; 

King et al., 2014), it should not be assumed that they are unable to use ITDs in the 

TFS of speech. Differences in the nature and severity of hearing loss may explain the 

variation in old HI listeners’ ability to use TFS-ITDs in SRM.  

To determine whether individual differences in the effects and interaction of TVC 

and spatial configuration were driven by age or hearing loss, each listener’s age and 

PTALF were used as covariates in an extension of the ANOVA model described 

above. Higher (worse) PTALF was related to a higher (worse) TMR50%, across all 

conditions [F(1,17)=8.8, p<0.01], but age was not related to a change in TMR50% over 

all conditions [F(1,17)=0.7, p>0.05]. Age did not interact with the effects of MHA 

processing [F(1,17)=0.1, p>0.05] or spatial configuration [F(1,17)=1.2, p>0.05]. 

Higher PTALF interacted was associated with a smaller difference in performance 

between the vocoded and non-vocoded conditions [F(1,17)=17.3, p<0.01]. PTALF did 

not make a significant difference to the effect of spatial configuration on TMR50% 

[F(1,17)=3.6, p>0.05]. PTALF also had an influence on the interaction between MHA 

processing and spatial configuration [F(1,17)=23.2, p<0.001]; the increase in SRM 

with non-vocoded speech, compared to vocoded speech, was smaller with increasing 

PTALF. This is shown in Figure 6.6, where TMR50% is plotted as a function of PTALF 

with least-squares linear fits for each test condition separately. The larger spread of 

performance variance in the Separated condition without TVC can be partially 

explained by an increase in TMR50% with increasing PTALF. This suggests that low-

frequency audiometric hearing loss is related to how well a listener can understand 

speech from a conversational partner when others are talking around them. 
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If performance in the Separated condition without TVC is dictated by sensitivity 

to TFS IPDs in the maskers, then increasing TMR50% with increasing PTALF is 

consistent with evidence of poorer TFS-IPD discrimination with increasing absolute 

threshold at the carrier frequency (e.g., King et al., 2014). Low-frequency audiometric 

thresholds may be a convenient way to determine which type of hearing aid 

processing may be best for an individual with hearing loss. If an individual’s PTALF is 

low, they may benefit from hearing aids that preserve the binaural cues in the TFS. If 

their PTALF is high, they may benefit from other processing strategies that focus the 

microphones in a specific direction even at the expense of binaural TFS cues. 

 

Figure 6.6: TMR50% plotted for each test condition as a function of the listeners’ low-

frequency-average audiometric threshold (PTALF). Lines indicate least-squares best 

linear fit for each condition. 

The similarity between TMR50% in both spatial configurations with TVC suggests 

the envelope ITDs and ILDs are not sufficient for speech unmasking, assuming that 

TVC does not disrupt these cues substantially. This may be because old listeners have 

poorer sensitivity than younger listeners to ITDs in the envelope of amplitude-

modulated tones (King et al., 2014). Comparing performance in the Separated 

condition with TVC in the current study and in Andersen et al. (2010) suggests that 
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TMR50% is about 12 dB lower for young NH listeners than for old HI listeners when 

only envelope ITDs and ILDs are available for SRM. Envelope ITDs may be a poor 

cue for separating speech streams that overlap temporally. Monaurally, speech signals 

are not well unmasked by modulated noise or speech maskers compared to steady 

noise maskers when only envelope information is available (Lorenzi et al., 2006; 

Hopkins and Moore, 2009). Old listeners may have to rely almost exclusively on 

whatever TFS-ITD cues they retain, but when these are disrupted the listeners receive 

very little benefit from the remaining spatial cues.  

There was a small, but significant, difference in TMR50% between the Co-located 

conditions with TVC and without TVC [mean=0.9 dB, t(19)=4.8, p<0.001]. Better 

performance without TVC suggests that the listeners were also able to use information 

that was disrupted in the conditions with TVC to help separate the speech signals, 

even when no ITD information existed. The effect of TVC in the Co-located 

conditions was smaller than the monaural effect of TVC on speech intelligibility 

found by Hopkins et al. (2008); Hopkins et al. (2008) found that old, HI listeners had 

SRTs of 7 dB with TVC and 2 dB without TVC. This may possibly be due to 

differences in the speech corpora. In a similar study to Hopkins et al. (2008), Lunner 

et al. (2012) compared speech intelligibility in competing speech with three different 

speech corpora:  

1) The Dantale II closed-set corpus (Wagener et al., 2003), 

2) The Danish version of the open-set Hearing In Noise Test (Nielsen and Dau, 2009), 

3) The open-set adaptive sentence list (MacLeod and Summerfield, 1990) used by 

Hopkins et al. (2008). 

Lunner et al. (2012) found that there was a larger effect of TVC in the open-set 

corpora than the closed-set corpus. However, this was only evident with young NH 

listeners, and not old HI listeners. 

 Discrimination tests 6.4

The individual differences in speech recall performance were compared to 

performance on various psychoacoustic discrimination tasks. It was hypothesized that 

performance on these tasks would correlate with individual differences in SRM, and 

the effect of TVC on SRM, for older HI listeners. 
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Hopkins and Moore (2011) found that, after controlling for audiometric threshold, 

frequency selectivity was still correlated with SRTs in steady noise and TFS 

sensitivity was still correlated with SRTs in modulated noise. As the maskers in the 

current study were not steady noise, and the speech test was designed to reveal the 

benefits of TFS to SRM, frequency selectivity was not measured and instead the 

experiment focused on measures of TFS sensitivity.  

In addition to the TFS1task and pure-tone ITD discrimination, fundamental 

frequency difference limens (F0DLs) were measured in the current study. An F0DL is 

a listener’s threshold for discriminating two harmonic complexes with different 

modulation rates (which corresponds to the frequency spacing of the components). 

Therefore F0DLs may reflect a listener’s ability to use both the envelope and TFS 

cues to discriminate complexes if the harmonics are unresolved, although the use of 

TFS cues may be limited (Oxenham et al., 2009). If the harmonics are resolved, 

envelope cues may be weak. Comparisons of TFS1 scores and F0DLs may reveal the 

extent to which older HI listeners use envelope cues to discriminate sounds. 

Hopkins and Moore (2011) measured SRTs in modulated maskers monaurally. 

Therefore, SRTs may have been more related to monaural, than to binaural, measures 

of TFS. SRTs were correlated with both TFS1 and ITD discrimination, but only with 

TFS1 if audiometric threshold was controlled for. In the current study however, the 

speech test was assumed to test binaural processing abilities that use interaural cues to 

improve speech separation. Binaural TFS sensitivity may play a greater role in SRM 

than monaural TFS sensitivity, and ITD discrimination may reflect this better than 

TFS1 score. Comparison of TFS1, ITD discrimination, and the effect of TVC on SRM 

may indicate whether SRM is degraded by an overall lack of sensitivity to TFS or by 

binaural processing specifically. 

Neher et al. (2012) suggested that all the measures they tested may be affected by 

a common, age-related mechanism. Therefore, age was included as a regressor in the 

current study.  

 Stimuli 6.4.1

6.4.1.1 Fine structure based pitch discrimination  

Reference stimuli were harmonic complexes with components spaced by a 

modulation rate (fm). Each component began in a random phase. They were band-pass 
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filtered around a centre frequency (fc) of 1.2 kHz. The bandwidth was dictated by fm, 

passing five components with a 30 dB/octave roll off. Two different fm’s were tested: 

100 and 200 Hz, giving two different ranges of harmonics. When fm=100 Hz, the 10
th

 

to 14
th

 harmonics were passed by the filter, with the twelfth harmonic at fc (TFS1H12, 

middle panel of Figure 6.7). When fm=200 Hz, the fourth to eighth harmonics were 

passed by the filter, with the sixth harmonic at fc (TFS1H6, top panel of Figure 6.7). 

Listeners discriminated between these harmonic complexes and inharmonic versions 

where all frequency components were shifted by a δ Hz. Both shifted and reference 

stimuli were identically band-pass filtered based on the reference fc and fm. δ started at 

50 Hz for both TFS1H12 and TFS1H6 and was limited to a maximum of half fm . Above 

fm /2 the shifted stimulus becomes increasingly similar to the reference stimulus as δ 

approaches fm. If a listener cannot discriminate an fm /2 shift, it is impossible to 

measure a threshold TFS1 score. Thresholds can be obtained consistently from NH 

listeners up to harmonic number 14 (Moore and Sek, 2009b), but HI listeners appear 

to have a much lower harmonic number above which thresholds cannot be measured 

(Hopkins and Moore, 2007). TFS1H6 was included in case TFS1H12 thresholds could 

not be obtained. However, TFS1H6 thresholds may be partly based on discrimination 

of resolved harmonics (reflecting tonotopic, as well as temporal, encoding), rather 

than purely TFS from unresolved harmonics. 
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Figure 6.7: Schematic diagrams of the frequency spectra of the pitch discrimination 

stimuli on a linear frequency scale. The panels show, from top to bottom, TFS1H6, 

TFS1H12 and F0DL. Black lines show the reference stimuli and the grey lines show the 

shifted stimuli. The top two panels show a shift in all components of +40 Hz, and the 

bottom panel shows the shift in components due to a modulation rate shift of +5 Hz. 

6.4.1.2 Envelope and fine structure based pitch discrimination 

For the measurement of F0DLs, both reference and shifted stimuli were harmonic; 

δ was multiplied by the harmonic number of each component (f / fm) to produce the 

shifted stimulus. Like TFS1H12, the F0DL reference fc was 1.2 kHz, and fm was 100 

Hz. Again, both reference and shifted stimuli were band-pass filtered with a 30 

dB/octave roll off, passing five components. However, for F0DLs the filter shifted 

with the stimulus; so whilst the reference filter pass-band fc was 1.2 kHz, the shifted 

filter pass-band moved with δ. The shifted filter pass-band was centred at fc + δ(fc / fm), 

or 1.2+ δ (1.2/0.1) kHz. The F0DL stimuli are given in the bottom panel of Figure 

6.7). The starting δ was 5 Hz and no maximum limit was imposed. 
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6.4.1.3 ITD discrimination 

ITDs were presented using 500 Hz pure tones (ITD500). Onset and offset ramps 

were synchronous across ears so there was no ITD in the envelope. The left ear 

stimulus was sin(2π∙500t) where t is the sampling time-vector, the right ear stimulus 

was sin(2π∙500t +Δ). The starting δ was π radians (1 ms) and this also the maximum δ 

limit. 

The stimuli in the monaural tests (TFS1 and F0DL) were presented to the left ear. 

All stimuli were presented in the presence of a threshold-equalizing noise (TEN; 

Moore et al., 2000) to mask combination tones and components of the complex tones 

falling outside of the pass-band of the filter. The TEN level at 1 kHz was 15 dB/ERBN 

RMS below the overall RMS level of the test stimulus. This corresponded to an 

effective signal-to-noise ratio of 25 dB. In the monaural conditions, the TEN was 

played in the same ear as the test stimulus. For ITD500, uncorrelated samples of TEN 

were played to each ear. Uncorrelated noise was chosen to avoid any competing 

spatial cues in the noise, as an interaural correlation could produce an ITD coherent 

across frequency.  

Listeners were tested in a sound insulating listening booth. All stimuli were 

created via MATLAB (MathWorks, 2012), an RME Hammerfall II digital-to-analog 

converter, and a custom-made amplifier. Stimuli were presented over a pair of 

Sennheiser HD200 circumaural headphones at 30 dB sensation level (SL) based on the 

listener’s pure-tone audiogram. 

  Procedure  6.4.2

A two-interval, two-alternative, forced-choice task was used where one interval 

contained four 200 ms bursts of the reference stimuli (RRRR) and the other interval 

contained four 200 ms bursts, alternating between reference and shifted stimuli 

(RSRS). Each burst was separated by 100 ms, and ramped on and off by the rising and 

falling halves (respectively) of a 20 ms Hanning window. The two intervals were 

separated by 400 ms of silence. This paradigm is described further elsewhere (Moore 

and Sek, 2009a; Hopkins and Moore, 2010a). For all four discrimination tasks, a 

geometric, two-down, one-up adaptive procedure tracked 71% correct (Levitt, 1971) 

over eight reversals. Step sizes were a factor of 1.5
3
 until the first reversal, 1.5

2
 until 

the second reversal and 1.5 thereafter. The geometric mean of the last six reversals 
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was used as the threshold estimate from a given track. For each test, up to three tracks 

were performed by each listener and their threshold was taken as the geometric mean 

of the thresholds from the completed adaptive tracks. If the listener failed to 

discriminate the maximally shifted stimulus from the reference stimulus three times 

within a track, 40 extra trials were presented with the maximum shift. In these cases, 

percent correct was calculated for all the trials in which the maximum shift was 

presented. If the listener scored better than 63% correct (above which performance 

can be assumed not to be due to chance with greater than 95% confidence) the 

adaptive track was run again. Otherwise, another 40 trials at maximum shift were 

presented and percent correct was recalculated from these trials. If the listener still 

scored worse than 63% correct, testing for that condition stopped and no threshold 

was obtained; otherwise, a final adaptive track was run. 

Before beginning the experiment, the listeners were given a brief training period. 

In this period they heard example trials with the maximum shift in the shifted stimuli 

for TFS1H12, TFS1H6 and ITD500, and a 10 Hz shift for F0DL. They heard eight trials 

without TEN and eight with TEN per condition. 

 Results and discussion 6.4.3

For each listener, the effect of TVC on SRM was calculated as the SRM without TVC minus 

TVC minus the SRM with TVC. These scores were then correlated against various variables 

variables including the discrimination task scores (see  

Table 6.3). Before Pearson’s product–moment correlations (r) were carried out, 

TFS1H6 and ITD500 thresholds were logarithmically transformed to normally 

distribute these data. As the F0DLs had a bimodal distribution (see right panel of 

Figure 6.8), they were correlated against other variables using Spearman’s ranked 

correlation (ρ). A sequentially-rejective Bonferroni correction (Holm, 1979) was 

applied to compensate for multiple comparisons. TFS1H12 thresholds could only be 

measured for two listeners, so this condition was discarded from analysis. Observed 

power for the correlations, based on the mean coefficient of determination (r
2
) of the 

correlations as the effect size and an α of 0.05, was 0.55 for 18 listeners and 0.59 for 

20 listeners. Calculations were performed with GPower 3.1.3 (Kiel, Germany). 
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Table 6.3: A correlation matrix between listeners’ age, PTALF, ITD500, TFS1H6 score, 

F0DL and TVC effect on SRM. Pearson’s product–moment and Spearman’s rank 

correlations are denoted by r and ρ respectively; N and p denote listener number and 

significance value, respectively. Asterisks denote correlations significant (α < 0.05) 

after Holm–Bonferroni correction. Daggers denote correlations not included in the 

Holm-Bonferroni correction as their significance was not tested. 

 

TVC effect 

on SRM 
PTALF Age TFS1H6 F0DL ITD500 

TVC 

effect on 

SRM  

r 

1 
     N 

p 

PTALF  

r −0.757 

1 
    

N 20 

p < 0.001* 

Age r −0.098 0.011† 

1 
   

 N 20 20 

 p 0.680  

TFS1H6 r −0.636 0.642 0.677 

1 
  

 N 18 18 18 

 p 0.005* 0.004* 0.002* 

F0DL  ρ −0.402 0.419† 0.179† 0.352 

1 
 

 N 20 20 20 18 

 p 0.079   0.152 

ITD500 r −0.166 0.020† 0.176 0.138 

— 1  N 18 18 18 16 

 p 0.511  0.485 0.609 

 

The effect of TVC on SRM was strongly correlated with PTALF. This can be seen 

in the left panel of Figure 6.9, where the effect of TVC on SRM decreases as PTALF 

increases. PTALF also correlated with SRM without TVC (r=−0.63, p=0.003; still 

significant after Bonferroni correction of α to 0.006). These results are consistent with 

the ANOVA with PTALF included as a covariate in section 6.3.6. Peissig and 

Kollmeier (1997) found that audiometric threshold was a poor predictor of SRM, 

whereas Neher et al. (2011) found that low frequency audiometric threshold was 

moderately correlated with SRM. The conditions for SRM without TVC in the current 

study were similar to the conditions tested by Neher et al. (2011). 
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Figure 6.8: Individual listeners’ SRM without TVC plotted as a function of F0DL 

(left) and the distribution of F0DLs (right). 

 

Figure 6.9: Individual listeners’ effect of TVC on SRM plotted as a function of PTALF 

(left), TFS1H6 score (middle), and ITD500 (right). 

Higher PTALF thresholds may have been associated with less SRM due to 

insufficient audibility. However, foam plugs provide a closed seal which minimizes 

leakage, and the CAMEQ prescription to compensate for hearing loss has been 

verified to restore audibility of the whole dynamic range of speech stimuli (between 

0.5 and 5 kHz) for listeners with audiometric thresholds greater than those in the 

current study (Hopkins et al., 2008; Hopkins and Moore, 2011). Furthermore, in the 

current study SRM and the effect of TVC on SRM were analysed as difference 
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measures; poor audibility of the speech would be expected to affect the four speech 

test conditions similarly.  

It is possible that PTALF was related to the effect of TVC on SRM because 

sensorineural hearing loss affected SRM (in part) through TFS-ITD processing. 

Previous research shows relations between sensorineural hearing loss and poorer TFS-

ITD processing (Hawkins and Wightman, 1980; Smoski and Trahiotis, 1986; Lacher-

Fougère and Demany, 2005; Strelcyk and Dau, 2009; King et al., 2014), and between 

TFS-ITD processing and SRM (Hopkins and Moore, 2011; Neher et al., 2011; Neher 

et al., 2012). However, in the current study ITD500 did not correlate with the effect of 

TVC on SRM (Figure 6.9, right panel), despite the ITD500 task relying on TFS-ITD 

processing. Additionally, ITD500 did not correlate with PTALF or with audiometric 

threshold at 500 Hz (r=−0.12, p=0.628). 

Whereas Neher et al. (2011; 2012) and Hopkins and Moore (2011) tested ITD 

discrimination in quiet, the current study tested ITD discrimination in noise. It is 

possible that the noise confounded the mechanism that links ITD discrimination to 

SRM. The current study included binaurally uncorrelated TEN at 15 dB below target 

stimuli for two reasons. First, ITD500 was compared to speech reception in a 

competing-talker background rather than speech reception in quiet. Second, Henry and 

Heinz (2012) showed that the temporal representation of pure tones was more 

degraded as noise-masker level increased in auditory nerve fibres of chinchillas with 

noise-induced hearing loss. The current authors reasoned that presenting ITD500 with 

TEN may help reveal individual differences in TFS processing related to the listeners’ 

hearing loss. However, this was not the case.  

Strelcyk and Dau (2009) found a correlation between SRT in lateralized noise and 

ITD discrimination in noise 10 dB below masked threshold. However, Strelcyk and 

Dau (2009) only found this for diotic noise and at a high level above absolute 

threshold, not for uncorrelated noise and a lower SL similar to the ITD500 stimuli in 

the current study. Whilst dichotic maskers aided masking release in speech reception, 

they presented an additional challenge in lateralisation (footnote 7 in Strelcyk and 

Dau, 2009). Also, Strelcyk and Dau (2009) found that the differences in ITD 

discrimination between NH and HI listeners were most pronounced with a high level 

tone in quiet. Therefore, ITD discrimination of low-SL pure tones in the presence of 
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uncorrelated TEN might use different mechanisms than using ITDs in SRM, which 

may be more closely related to ITD discrimination at high SLs. 

It is possible that PTALF was correlated with the effect of TVC on SRM because 

both variables were dependent on a third, common variable, rather than threshold 

elevation directly affecting the effect of TVC on SRM. Age has been associated with 

poor TFS sensitivity (e.g., Ross et al., 2007; Grose and Mamo, 2010; Hopkins and 

Moore, 2011; Moore et al., 2012b) and reduced SRM (Gelfand et al., 1988; Marrone 

et al., 2008a; Marrone et al., 2008c; Neher et al., 2009; Neher et al., 2012), so it may 

be a good candidate for the common cause of increased PTALF and decreased effect of 

TVC on SRM. However, in the current study age was not correlated with the effect of 

TVC on SRM or ITD500, and the correlation between the effect of TVC on SRM and 

PTALF remained after age was partialled out (see Table 6.4). Neher et al. (2011) 

argued that a narrow age range (60–78 years) limited the effect size of cognitive 

measures previously found to relate to age and SRTs with spatially separated speech 

(Neher et al., 2009). The narrow age range (22 years) in the current study also may 

have limited the effects of age. However, TFS1H6 score increased (poorer 

performance) as listener age increased (Figure 6.10, left panel), leading to a moderate-

to-strong positive correlation. This indicates some age-related deficit in monaural TFS 

processing. 

TFS1H6 scores also correlated with the effect of TVC on SRM (r=−0.64, p<0.006; 

Figure 6.9, middle panel) and with PTALF (r=0.64, p<0.005; Figure 6.10, right panel). 

These correlations remained significant once age was partialed out (see Table 6.4). A 

partial correlation was tested to see if TFS1H6 score correlated with the TVC effect on 

SRM after the variance due to PTALF was accounted for. This was not the case 

(r=−0.34, p=0.18). Conversely, the partial correlation between PTALF and the TVC 

effect on SRM, with the variance due to TFS1H6 score accounted for, was significant 

(r=−0.50, p=0.04) before correction for multiple comparisons. This suggests that 

PTALF may have measured some individual differences in the TVC effect on SRM 

that was independent from the individual differences explained by TFS1H6 score.  

The difference in speech understanding (specifically, TMR50%) in the Co-located 

spatial configuration with TVC and without TVC was expected to be due to the ability 

to use TFS cues when the speech was not vocoded, but not when vocoding disrupted 

the TFS. However, TFS1H6 score was not significantly correlated with the difference 
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in TMR50% between the Co-located conditions with TVC and without TVC (r=0.187, 

p=0.458). This may be because either TFS1H6 did not measure TFS sensitivity 

exclusively and accurately, or TVC did not exclusively disrupt TFS cues (as asserted 

by others; e.g., Shamma and Lorenzi), or for both reasons. 

Table 6.4: A matrix of partial-correlation coefficients (r) between PTALF, and TFS1H6 

score with listener age partialled out. N denotes listener number in correlation; p 

denotes significance value. 

Controlled for age 
TVC effect 

on SRM 
PTALF TFS1H6 

 TVC 

effect on 

SRM  

r 

1 
  

 N 

 p 

 

PTALF  

r −0.760 

1 
 

 N 20 

 p < 0.001 

 TFS1H6 r −0.696 0.739 

1   N 18 18 

  p 0.002 0.001 

There was a trend for F0DLs to decrease with increasing SRM without TVC 

(ρ=−0.57, p=0.009; Figure 6.8, left panel), but this was not significant after Bonferroni 

correction of α to 0.006. This moderate correlation suggests that the ability to 

discriminate pitch shifts may help using spatial cues to listen to speech in noisy 

backgrounds. However, F0DLs were not related to the effect of TVC on SRM or to 

TFS1H6 scores, suggesting that F0DLs do not relate well to TFS processing that 

contributes to spatial unmasking. A lack of a relationship to TFS processing is perhaps 

not surprising if F0DLs are driven by spectral analysis, or envelope or distortion 

product analysis of unresolved components (Oxenham et al., 2009). 
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Figure 6.10: Individual listeners’ TFS1H6 thresholds plotted as a function of age (left), 

and PTALF (right). 

 Conclusions 6.5

The current study aimed to determine the contribution of TFS ITDs to SRM by 

manipulation of TFS IPDs via vocoding, and to find a good predictor of individual 

differences in benefit from TFS ITDs to SRM. Older, HI listeners benefited from 

spatial separation, although more variably and on average not as much as younger, 

NH listeners in previous studies (Marrone et al., 2008a; Marrone et al., 2008c; Neher 

et al., 2011). Removing the ITDs in the TFS of the signals as recorded at the ears, by 

applying TVC in phase across ears, significantly reduced the benefit of spatial 

separation. This suggests that some older HI listeners are capable of using fine-tuned, 

binaural temporal cues to aid speech perception in multi-talker environments. This has 

implications for the potential trade-offs, or sacrifices, of disrupting binaural temporal 

acoustic information with signal processing strategies employed in modern, digital 

hearing aids. 

The current study assessed the predictive power of several measures that are 

thought to rely on auditory temporal processing in a manner similar to previous 

studies (e.g., Neher et al., 2009; Strelcyk and Dau, 2009; Hopkins and Moore, 2011; 

Neher et al., 2011; Neher et al., 2012). The audiogram below 1.5 kHz and monaural 

TFS sensitivity were both well correlated with the effect of TVC on SRM, whilst 

pure-tone ITD discrimination was not. This is surprising, as both pure-tone ITD 

discrimination and SRM rely on binaural processing of TFS information. Low-
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frequency audiometric thresholds may be a convenient metric to determine who may 

benefit from hearing aids that preserve binaural cues in the TFS. 
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Chapter 7. General Discussion 

 Thesis objectives 7.1

This thesis aimed to determine how hearing loss and age affect the use of 

interaural time cues for binaural hearing. Specifically, this thesis tested how interaural 

phase difference (IPD) sensitivity, which requires precise temporal processing of 

binaural signals, changes with age and hearing loss. These relations were also tested 

with respect to understanding speech in a background of competing talkers from 

different directions.  

The first phase of the thesis involved repeating a study of how cochlear hearing 

loss affects temporal fine structure (TFS) in IPD discrimination by Lacher-Fougère 

and Demany (2005), but without confounding the effects of old age and hearing loss. 

TFS- and envelope-IPD discrimination thresholds were separately tested in both 

young and old normal-hearing (NH) and hearing-impaired (HI) listeners. The second 

phase aimed to establish whether TFS- and envelope-IPD processing is affected by 

age and hearing loss due to poor phase locking in the auditory nerve or brainstem. To 

test this, the frequency following response (FFR) to sustained amplitude-modulated 

(AM) tones was measured and compared to age, hearing loss and IPD thresholds. The 

third phase determined how TFS IPDs in speech may help speech perception in 

competing-speech backgrounds, and whether the effects of age and hearing loss on 

IPD discrimination translate to the ability to take advantage of IPDs in day-to-day life.  

 Methodological issues 7.2

 Minimising the need for training in IPD discrimination 7.2.1

IPD discrimination performance varies widely, even for young, NH listeners, with 

some listeners performing well without practice, some performing poorly even after 

lengthy practice, and others improving to varying degrees over time (Wright and 

Fitzgerald, 2001; Rowan and Lutman, 2006). Wright and Fitzgerald (2001) suggested 

that a substantial amount of training is required to obtain asymptotic discrimination 

thresholds. However, Hopkins and Moore (2010b) found that little training was 

needed for stable performance in their IPD discrimination protocol. In order to repeat 

the Lacher-Fougère and Demany (2005) study with both young and old, normal-
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hearing (NH) and hearing-impaired (HI) listeners, a large sample of listeners was 

required. With a large sample size, minimal training could dramatically expedite 

testing. In chapter 2, a systematic comparison of training with the presentation 

paradigms used by Lacher-Fougère and Demany (2005) and by Hopkins and Moore 

(2010b) showed that the latter paradigm (AAAA vs. ABAB) could produce thresholds 

as low as those produced after two hours of training within the first few estimates. 

This result was capitalised upon in chapter 3 by using the Hopkins and Moore (2010b) 

presentation paradigm to test TFS- and envelope-IPD discrimination, instead of the 

paradigm used by Lacher-Fougère and Demany (2005). 

 Continuous, rather than categorical, treatment of age and hearing-7.2.2

loss effects 

Another modification to the protocol for repetition of the Lacher-Fougère and 

Demany (2005) study was to assess the effects of age and hearing loss as continuous 

variables, allowing them to vary across as broad a range as possible, rather than 

matching listener groups on age or hearing loss and comparing performance between 

discrete categories (young NH, young HI, old NH and old HI). In this way age was 

statistically controlled for when assessing the effect of absolute threshold, and vice 

versa, revealing the independent effects of hearing loss and age on TFS- and 

envelope-IPD discrimination. 

The study of how age and hearing loss affect the use of TFS IPDs in speech 

perception, in competing speech backgrounds, did not include a comparison to young 

or NH listeners (chapter 6). Young and NH listeners were not tested due to constraints 

on the availability of participants and use of facilities. Only old HI listeners were 

tested, because the research was most relevant to this demographic. The effects of age 

and hearing loss within this single group were tested as covariates nonetheless. The 

use of TFS IPDs in speech perception in young NH listeners was tested previously at 

the Eriksholm Research Centre using headphones and a simulation of spatial cues 

using digital head-related transfer functions (Andersen et al., 2010). To the author’s 

knowledge, the contribution of TFS IPDs to the speech perception of young HI and 

old NH listeners has not been tested by tone-vocoding previously. 
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 Determining the sources of far-field recording of phase locking 7.2.3

In order to determine whether IPD sensitivity is affected by changes in phase 

locking with hearing loss or age, FFR was measured with electro-encephalography 

(EEG) in two different electrode montage orientations. The vertically-oriented 

montage (from seventh cervical vertebra to forehead) was expected to emphasise a 

dipole of neural activity in the rostral brainstem. The horizontally-oriented montage 

(from right mastoid to left) was expected to emphasise a dipole in the neural pathway 

closer to the cochlea (Stillman et al., 1978; Scherg and Brinkmann, 1979; Scherg and 

Von Cramon, 1985; Galbraith, 1994; Galbraith et al., 2000; Galbraith et al., 2001). 

The assumption that horizontal and vertical electrode montage orientations would 

record, respectively, more peripheral and more central sources of FFR was tested in 

young, NH listeners via the latency of the FFR in both montages using group delay 

(chapter 4). It was assumed that more peripheral sources should have shorter latencies 

than more central sources. If the two montages could measure distinct sources of FFR, 

then they could be used to determine whether more peripherally-sourced FFR or more 

centrally-sourced FFR exhibited age-related declines or related to IPD sensitivity. 

In Chapter 4, both montages appeared to measure sources of envelope-FFR in the 

rostral brainstem, around the level of the inferior colliculus, lateral lemniscus, or later 

(based on the group delay). However, for TFS-FFR, the group delay was shorter for 

the horizontal montage than for the vertical montage. This validated the use of 

horizontal and vertical montages to measure phase locking at more peripheral and 

more central sites in the sub-cortical auditory system. However, it is possible that the 

TFS-FFR (particularly in the horizontal montage) was contaminated by the cochlear 

microphonic, which is generated by the hair cells and is not neurogenic.  

In chapter 5, age- and hearing-loss-related changes in FFR were measured with 

both vertical and horizontal montages. However, latency of the response in each 

montage was not measured by group delay in chapter 5, because in chapter 4 there 

were 25% missing data (17 out of 23 listeners had missing data), and such large 

amounts of missing data would be an obstacle to obtaining enough power for 

statistical analysis in chapter 5. If age- or hearing-loss-related deficits occurred 

peripherally, then they should be observable in the horizontal FFR; if such deficits 

occur more centrally, they should only appear in the vertical FFR.  
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The reason for the large amount of missing data in chapter 4 is that criteria for 

FFR strength and group delay limits were imposed. As old listeners have weaker FFR 

than young listeners (Clinard et al., 2010; Marmel et al., 2013), it is likely that the 

older listeners’ FFRs in chapter 5 would be less likely to pass the FFR strength 

criterion, and therefore increase the amount of missing data. Whilst Marmel et al. 

(2013) measured group delay in 25 out of 27 listeners of varying age and hearing loss 

severity, they did not impose any criteria on FFR strength or group delay limits. For a 

vertical montage, Marmel et al. (2013) found group delay increased with age, but was 

highly variable also. 

 Hearing loss and temporal spatial hearing 7.3

 IPD discrimination 7.3.1

In chapter 3, increasing absolute threshold (250 and 500 Hz average) was 

correlated with decreasing TFS-IPD sensitivity independent of the listener’s age. 

However, no such decrease in envelope-IPD sensitivity was seen with hearing loss. 

Together these findings supported the assertions by Lacher-Fougère and Demany 

(2005) that cochlear damage leads to a specific deficit in TFS processing.  

Monaural measures of TFS processing are associated with cochlear damage (e.g., 

Strelcyk and Dau, 2009; Hopkins and Moore, 2011) and correlate with absolute 

threshold (even in the NH threshold range, Moore et al., 2012a). However, binaural 

TFS processing, such as pure-tone IPD discrimination, does not always correlate well 

with hearing loss (e.g., Hopkins and Moore, 2011; Moore et al., 2012a; Moore et al., 

2012b). Differing stimulus levels may have been responsible for the different relations 

between hearing loss and IPD discrimination between Lacher-Fougère and Demany 

(2005) and Moore and colleagues (Hopkins and Moore, 2011; Moore et al., 2012a; 

Moore et al., 2012b). Whereas Lacher-Fougère and Demany (2005) used a 

presentation level of 75 dB SPL, Moore and colleagues used a sensation level of 30 

dB relative to each listener’s absolute threshold. However, in chapter 3 the sensation 

levels were similar to those used by Moore and colleagues, but the results were similar 

to those of Lacher-Fougère and Demany (2005). It seems unlikely, therefore, that 

level differences are responsible for the discrepancies in previous findings.  

The use of AM tones by Lacher-Fougère and Demany (2005) and in the study in 

chapter 3, compared to the use of pure tones by Moore and colleagues, may underlie 
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the discrepant results. In the AM tones the envelope provided conflicting IPD 

information to the TFS (IPD in one, but not the other). For pure tones there is no 

envelope information to carry an IPD. Envelope coding is enhanced in auditory nerve 

fibres from chinchilla ears with noise-induced hearing loss, possibly due to damaged 

inner hair cell stereocilia (Liberman and Kiang, 1984; Kale and Heinz, 2010), and 

modulation-depth perception is enhanced in the impaired ears of unilaterally-impaired 

listeners (presumably due to reduced cochlear compression, Moore et al., 1996). If 

envelope encoding dominates TFS encoding in HI listeners, but the envelope contains 

no IPD (as in the TFS-IPD discrimination conditions with AM tones), then this may 

obscure perception of TFS IPDs more than when no envelope exists (i.e. for pure 

tones).  

Envelope-IPD discrimination did not deteriorate with hearing loss, so HI 

individuals may be able to use envelope IPDs to compensate for poor TFS IPD 

sensitivity. However, there are reasons to believe that envelope IPDs do not provide as 

useful information as TFS IPDs. First, because distinguishing the envelope of the 

target sound from the envelope of any competing sounds may be difficult unless the 

envelopes are sufficiently different that they would be processed separately (Dau et 

al., 1997). Second, the human head will only create small IPDs at low modulation 

rates; in chapter 3 envelope-IPD discrimination thresholds were rarely as low as the 

maximum IPD that would occur in the free-field (about 7° for 20 Hz modulation rate). 

Although, Henning (1974) found listeners could discriminate envelope IPDs below 7° 

for 50, 125 and 300 Hz modulation rates with a 3900 Hz carrier. Third, envelope-IPD 

sensitivity is more impaired by reverberation than TFS-IPD sensitivity (Devore and 

Delgutte, 2010), particularly with high-frequency carriers (Rakerd and Hartmann, 

2010; Monaghan et al., 2013). When this happens, it is likely interaural level 

differences (ILDs) are relied upon instead (Devore and Delgutte, 2010; Rakerd and 

Hartmann, 2010). To compound matters, more salient envelope information may 

obscure temporal gaps in masking noises (Glasberg and Moore, 1992) and impair 

speech intelligibility in fluctuating background noise (Moore and Glasberg, 1993). 

In chapter 5, there was no evidence of phase locking to AM tones decreasing with 

increasing absolute threshold, and the correlations between absolute threshold and 

TFS-IPD discrimination found in chapter 3 were not subsequently found in chapter 5. 

This may be because fewer listeners with greater-than-mild hearing loss were tested in 

chapter 5 than chapter 3. This may have limited the statistical power to measure 
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effects of elevated thresholds on binaural TFS processing. For the narrow range of 

absolute thresholds considered as normal, Moore et al. (2012b) found monaural TFS 

processing correlated with absolute threshold, but binaural TFS processing did not. It 

would be premature, however, to claim that cochlear hearing loss does not affect 

phase locking or the representation of TFS IPDs. 

 The benefit of TFS to spatial release from masking 7.3.2

In chapter 6, speech reception thresholds (SRTs) were measured in competing 

speech maskers that were located either directly in front of the listener (co-located 

with the target speech) or 45° to the left and right of the listener (separated from the 

target speech). Comparison of these SRTs revealed 4 dB of spatial release from 

masking (SRM), on average, for old HI listeners with symmetric sensorineural hearing 

loss. However, when the speech signals were tone vocoded synchronously at the ears 

(thus removing the IPDs from the TFS in each processed frequency-band) the same 

listeners achieved negligible SRM (0.3 dB). The listeners generally required target-to-

masker ratios above zero in both spatial configurations with vocoding, and in co-

located speech without vocoding. This implies that old, HI people will struggle to 

understand speech in competing speech backgrounds, but some may still be able to 

use TFS-IPD cues to gain a small, but potentially significant, advantage. However, the 

advantage is much less than that gained by young, NH listeners (Andersen et al., 

2010). 

Low frequency (250 to 1500 Hz average) audiometric thresholds (PTALF) were 

strongly correlated with the difference between SRM with vocoding and without 

vocoding. The higher a listener’s PTALF, the less benefit from TFS-IPDs to SRM they 

received. It was surprising that pure-tone IPD discrimination by these listeners did not 

relate well to either PTALF or to the effect of TVC on SRM. Neher et al. (2012) found 

that pure-tone IPD discrimination in quiet related to SRTs in laterally-separated 

speech maskers. In chapter 6 it was SRTs in separated speech maskers that contributed 

the majority of the variation in individuals’ difference in SRM with and without TVC. 

Neher et al. (2011; 2012) studied IPD discrimination in quiet, whereas in chapter 6 the 

tones were presented in threshold equalising noise at 15 dB signal-to-noise ratio 

(SNR). It is possible that this confounded the relationship between IPD discrimination 

and the effect of TVC on SRM. Strelcyk and Dau (2009) tested IPD-based 

lateralisation at different levels and in various noises; they came to the conclusion that 
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background noise is a hindrance to IPD discrimination. Only lateralisation of a high-

level pure-tone in a high-level diotic masker related to SRTs in laterally-separated 

maskers (Strelcyk and Dau, 2009). This may implicate cochlear neuropathy of high-

threshold afferent nerve fibres (see section 7.4.4). 

The conflicting reports of relations between IPD discrimination and hearing loss, 

and of relations between IPD discrimination and SRM, perhaps demonstrate that IPD 

discrimination can be affected by differences in the stimuli. This needs to be taken 

into account when considering how IPD discrimination ability may relate to an 

individual’s ability to use IPDs to separate sounds from different azimuths 

beneficially in day-to-day life.  

 Ageing and temporal spatial hearing 7.4

 IPDs 7.4.1

In a sample of listeners ranging from 18 to 83 years old, TFS-IPD discrimination 

thresholds increased with increasing age (chapters 3 and 5). This suggests that older 

listeners are less sensitive than younger listeners to IPDs in the TFS of sounds. Many 

studies show poorer TFS-IPD discrimination by NH listeners in middle and old age 

(e.g., Grose and Mamo, 2010; Moore et al., 2012b; Füllgrabe, 2013); this thesis shows 

that this remains the case even when variations in absolute thresholds (including NH 

and HI listeners) are accounted for. There also appears to be a larger variation in TFS-

IPD discrimination performance in older listeners than in young listeners. Poorer TFS-

IPD sensitivity is likely to impair older listeners’ perception of auditory space.  

In a group of hearing aid users between 64 and 86 years old, all with gently 

sloping, bilateral hearing losses, pure-tone IPD discrimination ability did not vary 

systematically with age (chapter 6). Pure-tone IPD discrimination for this group of 

listeners was generally poorer than for the young NH listeners tested in chapters 2, 3 

and 5. It is possible that pure-tone IPD discrimination did not correlate with age in 

chapter 6 because the age range was too narrow (Neher et al., 2011). The benefit of 

TFS IPDs to SRM also did not correlate with age, despite the benefit being much 

smaller for this group of old HI listeners than for the younger NH listeners reported by 

Andersen et al. (2010). Comparing the benefit of TFS IPDs to SRM for young and old 

listeners, whilst controlling for the effects of their absolute thresholds, may be 

worthwhile.  
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 FFR 7.4.2

In chapter 5, the phase coherence of FFR reflecting phase locking to the TFS of 

AM tones was weaker in older listeners than in young listeners. This is consistent with 

studies of the effect of age on the strength of FFR to pure tones (Clinard et al., 2010; 

Marmel et al., 2013) and to speech stimuli (Anderson et al., 2012). The results in 

chapter 5 demonstrate an age-related phase locking deficit to TFS at lower frequencies 

than reported by Clinard et al. (2010). Clinard et al. (2010) found FFR magnitude 

decreased with age around 1 kHz but not around 500 Hz, whereas in chapter 5 FFR 

phase coherence decreased with age at frequencies from 242 to 723 Hz. This suggests 

that age-related declines in phase locking may not be limited to a decline at higher 

frequencies. 

Chapter 4 suggested that a horizontal electrode montage may measure TFS-FFR 

from an earlier source than a vertical montage. However, chapter 5 did not show any 

significant differences between horizontally- and vertically-recorded TFS-FFR that 

interacted with listener age. 

Age was also related to a decrease in the ability to discriminate envelope IPDs. 

The author is unaware of any other study of age-related declines in envelope-IPD 

discrimination. Age-related changes in temporal-envelope processing have been 

studied in other ways, such as with temporal modulation transfer functions (TMTFs; 

e.g., Purcell et al., 2004; He et al., 2008). TMTFs typically show a decrease in 

sensitivity to high modulation rates with age, but not to low rates, such as 20 Hz. 

Indeed, the age-related declines in FFR to the envelopes of the AM tones followed a 

similar pattern to the TMTFs: no age-related decline in phase coherence was seen at 

lower modulation rates (16 and 27 Hz), only at a relatively high rate (145 Hz). 

Similarly, others have found that the amplitude of envelope FFR decreases with age 

primarily at high modulation rates, rather than low rates (Purcell et al., 2004; 

Parthasarathy and Bartlett, 2012; Parthasarathy et al., 2014). Also, the upper 

frequency limit of envelope FFR correlates strongly with the highest modulation 

frequency at which modulation can be behaviourally detected (Purcell et al., 2004). 

Phase coherence to the TFS of AM tones, and to the 145 Hz modulation-rate 

envelope, declined with age, even when absolute threshold (250 and 500 Hz average) 

was partialled out. Clinard et al. (2010) restricted the selection of listeners to those 

that had normal hearing up to 4 kHz and only mild hearing loss between 4 and 8 kHz. 
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Chapter 5 showed that even when hearing loss severity (particularly at high 

frequencies) ranged more considerably, it did not contribute to the age-related 

deterioration in phase locking at low frequencies, despite high-frequency hearing loss 

correlating with age. 

Performance deficits in old age are widely reported and some studies have 

reported a link between phase locking precision and understanding speech in noise 

(e.g., Anderson et al., 2012). In chapter 5 we attempted to link phase locking precision 

to spatial hearing through correlating FFR phase coherence with IPD discrimination. 

 Lack of relation between FFR and IPDs 7.4.3

The ability to perform spatial listening tasks, such as localisation or detecting 

speech in noise, may be impaired in old age because of less consistent phase locking 

at each ear. In chapter 5, we found that, whilst both FFR strength and IPD 

discrimination thresholds worsened with age, FFR phase coherence and IPD 

discrimination only correlated weakly. When age was partialled out, the Pearson’s r 

for correlations between FFR and IPD discrimination were reduced almost to zero. 

This suggests that any variability in phase locking that influences IPD discrimination 

are due to the effects of ageing. On the other hand, other processes involved in IPD 

discrimination, unrelated to FFR, also appear to deteriorate with age. The correlations 

between age and IPD thresholds changed little when FFR was partialled out, and 

remained significant. Further study would be useful to determine what these 

mechanisms are. A possible candidate is binaural integration occurring in the olivary 

complex of the brainstem, but higher-level processing such as auditory object 

classification or even cognitive capacity (such as attention or working memory) may 

also contribute.  

A binaural listening task, which is thought to demonstrate a listener’s ability to 

use interaural cues and selective attention (Bharadwaj et al., 2014), has been found to 

relate to age-related differences in FFR to speech. Ruggles et al. (2012) compared the 

FFR to the /dah/ syllable with recall of digits spoken from in front of the listener 

whilst competing digits were spoken 15° to the left and right. The spatial 

characteristics of the speech, and three levels of reverberation, were simulated and 

presented over headphones. Reverberation distorts the TFS at each ear and reduces the 

interaural correlation (Ruggles and Shinn-Cunningham, 2011). Ruggles et al. (2012) 
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found that, for young listeners, FFR to the envelope, but not to the TFS, related to 

SRM in moderate reverberation. For older listeners, FFR to the TFS, but not the 

envelope, related to SRM. The results of Ruggles et al. (2012) are useful because they 

show a link between neural phase locking and a form of spatial hearing that is very 

similar to everyday listening situations (e.g. listening to one person talk whilst others 

talk in a reverberant environment). However, the study did not test whether the quality 

of phase locking affected SRM through the accuracy of IPD representation in the 

different speech streams. 

Understanding how the auditory brain extracts and uses IPDs to facilitate spatial 

hearing in noisy and reverberant backgrounds may help explain why age affects IPD 

sensitivity and spatial hearing. Such conditions are very difficult to listen in, because 

the IPDs in target sounds may be easily confused with IPDs from reflections and 

competing sounds. Dietz et al. (2013) tested how IPDs might be used in such 

conditions using amplitude-modulated binaural beats (AMBBs). When two pure tones 

with a slight frequency mismatch are presented, one to each ear, a beating sound is 

produced at the difference in tone frequency. By amplitude-modulating these tones, 

synchronously across ears at the beat frequency, a full cycle of IPDs (e.g. −180° to 

+180°) is produced per modulation cycle. The phase relation between the AM and 

binaural beat dictates where in the modulation cycle a given IPD occurs. Dietz et al. 

(2013) argued that AMBBs contain similar spatial cues and acoustic properties to 

natural environments where reverberant energy reflects back to the listener with 

conflicting IPDs—environments to which the binaural system is likely well adapted.  

Young listeners could match AMBBs to AM tones with constant TFS-IPDs (Dietz 

et al., 2013), which typically produce a lateral percept. Dietz et al. (2013) found that 

young, NH listeners matched AMBBs to TFS-IPDs that occurred in the rising portion 

of the AM. Dietz et al. (2013) also reported magneto-encephalography (MEG) data 

that supported the behavioural data; MEG responses to AMBBs adapted more from 

(and were thus more related to) static IPDs below 180° than static IPDs above 180°. 

Dietz et al. (2013) reasoned that these rising portions would be less contaminated by 

conflicting IPDs in sound reflections. Consistent data were found from neurons in the 

medial superior olivary nuclei of gerbils and inferior colliculi of guinea pigs (Dietz et 

al., 2014). Neurones typically responded most when the IPD dominated the total 

neural response in the rising portion of the modulation. It may be worth determining 
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whether it is IPDs in the rising portion of modulations that older, and HI, listeners are 

less sensitive to than young NH listeners. 

FFRs to monaural stimuli appear to relate well to monaural frequency 

discrimination thresholds (Marmel et al., 2013). It is possible that the TFS-FFR to the 

AM tones that differed in each ear (chapter 5) would have related better to a 

behavioural test of monaural TFS sensitivity than to a binaural TFS processing task 

such as IPD discrimination. FFR to binaural stimuli may have related better to IPD 

discrimination. FFR can be measured to binaural stimuli and is greatest in magnitude 

when the signal is diotic. When IPDs are imposed on these binaural stimuli, 

systematic reductions in FFR amplitude are seen with increasing IPD (Clark et al., 

1997; Ballachanda and Moushegian, 2000). Binaural interaction is also seen when the 

sum of the left- and right-monaural auditory brainstem responses (ABRs) is subtracted 

from the binaural ABR, leaving a residual waveform. This binaural interaction 

component (BIC) changes systematically with IPDs and ILDs in click stimuli (Furst et 

al., 1985). In FFR however, the BIC appears to be unaffected by IPDs (Ballachanda 

and Moushegian, 2000), but may be affected by ILDs (Krishnan and McDaniel, 1998). 

Studies have shown how cortical responses to binaural stimuli with interaural 

information change with age, and have related these responses to behavioural 

measures of IPD sensitivity or localisation precision (Ross et al., 2007; Briley and 

Summerfield, 2014). Using MEG, Ross et al. (2007; 2008) measured the cortical 

potential and the temporary lag in the steady-state response’s phase (relative to 

stimulus phase) after the carrier of a binaural AM tone is switched from in phase 

across ears to an IPD of 180° in a modulation trough. They found the cortical potential 

and steady-state phase deviation decreased with increasing carrier frequency. The 

highest carrier frequencies at which these physiological responses were observed (i.e. 

the threshold frequency) were similar to behavioural thresholds of detecting the IPD 

switch. Behavioural and physiological thresholds decreased with age; even by middle 

age (40 to 60 years) threshold frequencies were lower (poorer) than they were for 

young adults (Ross et al., 2007; Ross, 2008). These measures show an early onset of 

binaural TFS processing deficits with age and may work well as early warning 

indicators of problems localising sounds in later life. 

Briley and Summerfield (2014) found decreases localisation and associated 

physiological responses in later old age (after 73 years). These listeners were less able 
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to behaviourally detect changes in sound azimuth at wide lateral angles than younger 

listeners. Briley and Summerfield (2014) also measured cortical EEG activity to 

changes in sound azimuth from these listeners and passed it through an opponent-

channel model of azimuthal location coding (van Bergeijk, 1962; Magezi and 

Krumbholz, 2010). Poorer localisation in older-old age could be relatively well 

explained by shallower slopes for the two channels in the model. Briley and 

Summerfield (2014) note it may be useful to determine how temporal processing 

(particularly TFS) may contribute to differences between age groups in the cortical 

representation of a sound’s angle. 

Despite FFR and IPD discrimination both deteriorating with age, only a weak 

relation was found in chapter 5. This may be due to a lack of useful interaural 

information in the stimuli for FFR measurement. An inclusion of such information 

may reveal changes in temporal processing that influence localisation. However, the 

processing of IPDs may convert phase-locked information to rate-based information 

better measured through analysis of other electrophysiological responses than FFR.   

 Cochlear neuropathy 7.4.4

Cochlear neuropathy has been shown to occur with ageing and noise exposure 

even when absolute thresholds return to normal (Kujawa and Liberman, 2009; Lin et 

al., 2011; Makary et al., 2011; Sergeyenko et al., 2013). This has been implicated in 

temporal processing of sounds at moderate-to-high levels, as there are fewer low-

spontaneous-rate fibres to encode the sound (Furman et al., 2013). However, this 

should not affect the phase locking of the remaining fibres. Instead, it should decrease 

the fidelity of the encoding relative to any noise within the auditory filter channel once 

the fibre firings are combined in the cochlear nucleus (Joris and Smith, 2008). IPD 

discrimination at moderate-to-high stimulus levels may be affected by cochlear 

neuropathy whilst absolute thresholds are not. It was expected that FFRs to high-level 

stimuli may reveal any effects of cochlear neuropathy (unrelated to absolute 

threshold) that may impair IPD discrimination. In chapter 5, the evidence for this is 

weak. 
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 Combatting auditory ageing through training 7.4.5

Neural phase locking appears to be very plastic. Even after only one month of 

training in discriminating harmonic complexes, young adults show improved 

synchronisation in FFRs to these stimuli (Carcagno and Plack, 2011). Speech-based 

training also appears to show benefits for hearing in old age. Anderson et al. (2013) 

put 55 to 70 year-old participants through an eight-week training program that focused 

on formant transitions in speech, from syllables to whole stories (thus requiring 

attention and working memory too). Trainees showed improved formant transition 

representation in the FFR and better vowel representation in the FFR to syllables in 

noise than an age-matched control group who followed a programme of careful, 

attentive listening without a speech cue focus. Behaviourally, speech-in-noise 

perception, short-term memory and processing speed also improved through training 

(Anderson et al., 2013). 

Playing music requires players to parse melodies from each other and from 

background noise, and has been suggested to require similar auditory processes to 

speech perception, particularly in competing speech and noise (Parbery-Clark et al., 

2009). In old age, life-long musicians exhibit less delayed neural phase locking to the 

speech formant transitions than non-musicians (Parbery-Clark et al., 2012). This 

suggests that regular music practice may be a useful tool to protect against age-related 

declines in speech encoding in later life (as well as a rewarding pastime).  Encoding of 

speech formant transitions is poorer than normal in the hearing impaired (Plyler and 

Ananthanarayan, 2001), so musicianship may also help HI individuals as well as the 

elderly. 

Auditory training regimes are yet to be tested for improving or preserving spatial 

hearing abilities. Do the training regimes described above have the capacity to 

generalise to spatial hearing benefits? Can spatial hearing be improved through other 

training regimes? One possible method could be to engage in a demanding spatially 

selective attention task (e.g., Shinn-Cunningham and Best, 2008; Ruggles et al., 2012; 

Bharadwaj et al., 2014), which requires trainees to follow competing speech in 

reverberant conditions, using cognitive functions as well as binaural processing. 

Musicianship appears to limit the distortion of neural representations of formants and 

fundamental frequencies by reverberation for young NH adults (Bidelman and 

Krishnan, 2010). It be may be useful to see if training in reverberant conditions with 
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spatially separated competing sounds protects against the effects of ageing and 

hearing loss. This could improve the trainee’s confidence in the difficult listening 

conditions they may usually avoid or feel isolated in (Strawbridge et al., 2000). 

 Summary 7.5

The results reported in this thesis can be summarised as follows: 

i. By testing IPD discrimination with a forced-choice task with an alternating 

pattern in the target interval (AAAA vs. ABAB), little training is needed for 

listeners to perform as well as they can after hours of practice. 

ii. Absolute thresholds are related to a diminished sensitivity to TFS IPDs in AM 

tones, irrespective of the individual’s age. 

iii. Low-frequency absolute thresholds relate to how much old HI listeners benefit in 

speech perception when competing speech is laterally separated. This benefit 

seems to come mostly from TFS-IPD cues in the competing speech. However, 

pure-tone IPD discrimination in noise does not predict this benefit. 

iv. With increasing age, people become less sensitive to both TFS and envelope 

IPDs, irrespective of absolute threshold.  

v. Measuring FFR to the TFS of AM tones with a horizontal electrode montage 

appears to emphasise an earlier FFR source than a vertical electrode montage. 

vi. With increasing age, the phase-locked neural representation of the TFS of AM 

tones deteriorates, as does that of the envelope of AM tones with high modulation 

rates (but not AM tones with low rates). 

vii. Although both neural phase locking and IPD discrimination deteriorate with age, 

the latter is only partly explained by the former. This suggests that other factors, 

presumably higher-level processing, such as binaural integration, may play a part 

in age-related difficulties in IPD discrimination. 

Both old and HI individuals have deficits in processing IPDs, struggling most 

with envelope and TFS IPDs respectively. Old individuals also exhibit concurrent 

declines in neural phase-locking to sounds, and hearing loss also relates to declines in 

the ability to use temporal spatial cues to improve speech understanding. However, the 

associations between these deficits and deficits in processing IPDs remain unclear. 
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