
The role of sound offsets in

auditory temporal processing

and perception

Fatima Ali

Ear Institute, Faculty of Brain Sciences

University College London, UK

A thesis submitted for the partial fulfillment of the degree of

Doctor of Philosophy (PhD)

April 2021



Declaration

I, Fatima Ali, confirm that the work presented in this thesis is my own.

Where information has been derived from other sources, I confirm that this

has been indicated in the thesis.

The thesis work was conducted at the Ear Institute, University College

London, under the supervision of Professor Jennifer F Linden and Professor

Doris E Bamiou.

Fatima Ali

April 2021



Abstract

Sound-offset responses are distinct to sound onsets in their underlying neu-

ral mechanisms, temporal processing pathways and roles in auditory per-

ception following recent neurobiological studies. In this work, I investi-

gate the role of sound offsets and the effect of reduced sensitivity to off-

sets on auditory perception in humans. The implications of a sound-offset

deficit for speech-in-noise perception are investigated, based on a math-

ematical model with biological significance and independent channels for

onset and offset detection. Sound offsets are important in recognising, dis-

tinguishing and grouping sounds. They are also likely to play a role in

perceiving consonants that lie in the troughs of amplitude fluctuations in

speech. The offset influence on the discriminability of model outputs for

48 non-sense vowel-consonant-vowel (VCV) speech stimuli in varying levels

of multi-talker babble noise (-12, -6, 0, 6, 12 dB SNR) was assessed, and

led to predictions that correspond to known phonetic categories. This work

therefore suggests that variability in the offset salience alone can explain

the rank order of consonants most affected in noisy situations. A novel

psychophysical test battery for offset sensitivity was devised and assessed,

followed by a study to find an electrophysiological correlate. The findings

suggest that individual differences in sound-offset sensitivity may be a fac-

tor contributing to inter-subject variation in speech-in-noise discrimination

ability. The promising measures from these results can be used to test

between-population differences in offset sensitivity, with more support for

objective than psychophysical measures. In the electrophysiological study,

offset responses in a duration discrimination paradigm were found to be

modulated by attention compared to onset responses. Overall, this thesis

shows for the first time that the onset-offset dichotomy in the auditory sys-

tem, previously explored in physiological studies, is also evident in human

studies for both simple and complex speech sounds.



IMPACT STATEMENT

The work in this thesis found that sound offset sensitivity is a relevant measure that is

related both to perception of endings of simple sounds and discrimination of consonants

in noisy situations. Although the offset cue is as salient with precise timings as the

onset, audiometric patients are only tested on their ability to detect onsets. Offset

sensitivity can be a more ecologically valid and better representation of hearing ability

in both normal-hearing population and people with excessive difficulties perceiving

speech in noisy situations, such as the elderly and individuals with auditory processing

problems. If they have normal peripheral hearing, these difficulties cannot be measured

using the pure-tone audiometry thresholds that are dependent on onsets alone. The

measures of offset sensitivity attempted in this study can be improved in light of the

findings, and tested in the clinical setting as they are short and relatively simple tasks.

This project, exploratory in many ways, has high implications for the field of au-

ditory neuroscience that has often neglected the salience and role of offset detection.

Results from the mathematical model of independent onset- and offset-sensitive chan-

nels was likely successful because it accounted for both the perception of fine-structure

and envelope cues. The study found that while onset detection is important for vowel

detection in lower-frequency bands of a filterbank simulating the cochlea, offset detec-

tion is vital for consonant categorisation in the higher frequency passbands. Combining

their distinct roles in parallel pathways allows for perceptual constancy in the face of

concurrent and highly variable combinations of phonetic speech sounds. This study

paves the way for future studies to use this model to explore a variety of auditory

phenomena. The results therefore have implications not only for the neuroscience of

speech processing but hearing sciences in general, from phonology to speech recognition

software.

This work has illustrated the importance of interdisciplinary sciences in combining

the findings of physiology and psychophysics to further the field. Evidence of the

dichotomy of onsets and offsets from this work in human studies can also be used to

improve signal processing of devices such as hearing aids and cochlear implants, or

implement training strategies related to offset-specific tasks.
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1

Introduction

This chapter lays the context of this project in past literature - from the possible

origin and pathway of sound offsets in the auditory system, to the influence of

offsets on language and behaviour. This sets the relevance of this body of work

and the choice of experimental approaches in order to understand the role of sound

endings in auditory perception. At the end of this chapter, I detail an overview of

this project and outline its aims.

Having a conversation on a busy street, in a café or at a party can be a challenge,

even with normal hearing. How the auditory brain achieves this feat at all is quite

remarkable and a motivated focus for many fields: computer science, psychology, au-

diology, cognitive neuroscience, signal processing, phonetics, artificial intelligence. The

flexibility of the auditory system from the periphery to the higher cortical areas of

the brain allows us to decode sound pressure variations into meaningful language and

maintain communication, a defining human specialty, in a myriad of situations. It is

therefore no surprise that we require the auditory system to be the fastest sensory sys-

tem. In a world of competing sounds, accuracy in detecting temporal envelope cues is

paramount.

The amplitude envelope of rapidly fluctuating speech is central to understanding

spoken language (Drullman et al., 1994). The ubiquitous question ‘What is the neural

computation behind speech perception?’ could be answered by pursuing the following:

‘What are the mechanisms behind the instantaneous detection and processing of am-

plitude modulation?’ A complex acoustic scene contains multiple sound sources each

1



1. INTRODUCTION

having a signal that varies in amplitude and frequency with time. Bregman proposed

that decoding this, what he termed as ‘auditory scene analysis’, involved focusing

on acoustic events such as onsets, offsets and formant transitions (Bregman, 1990).

Gestalt grouping principles - such as the proximity principle where sounds are grouped

if they are closer together than others, the good continuation principle where sounds

are linked if they continue each other or the symmetry principle where sounds are re-

lated if they show symmetrical auditory properties - would allow us to make sense of

complex scenes with sounds from multiple sources. The most apparent landmarks of

an envelope are sound onsets, the beginning of a sound signified by a rapid rise in the

amplitude. They evoke strong neuronal responses and are behaviourally relevant, so

the evidently vast literature utilising onsets has had an instrumental role in helping

us understand how the brain encodes sound (Phillips et al., 2002). Comparably little

has been documented about the equally salient feature of sound offsets that signify the

end of a distinct auditory event. Although the two appear symmetrical in many ways,

growing interest in recent years has highlighted an independent mechanism, response

and pathway that plays an understated but equally significant role in sound perception.

The detection of sound offsets plays an important role in temporal information process-

ing, the perceptual grouping of sounds, and the recognition and distinction of complex

sounds (Kopp-Scheinpflug et al., 2018). Perhaps most importantly, it is in the dips

of the amplitude-modulated envelope that we perceive consonants: the low-intensity

utterances in our conversation produced in a variety of manners of articulation to give

vastly different resultant sounds (Ladefoged and Disner, 2012). How is offset detection

involved in the perception of simple and complex sounds?

Auditory offsets have been poorly studied physiologically but there is also a gap in

the psychophysics literature that relates the physiological studies of offset responses to

speech perception. The goal of this project is to use computational modelling meth-

ods, human psychophysics and non-invasive brain imaging experiments to characterise

offset responses in the normal-hearing population, and to explore whether a reduced

sensitivity to sound offsets adversely affects speech sound perception.

2



1.1 Temporal processing in auditory perception

1.1 Temporal processing in auditory perception

In the auditory system, the dimension of time has a dominating role as pressure waves

in the air enter our ears and are instantaneously encoded by our brain. The accu-

rate encoding of temporal information begins at the periphery - the pressure changes

or amplitude of the waveform causes vibrations at the tympanic membrane that are

transmitted and amplified through the intricate ossicles of the middle ear, into the

inner ear. Here, the basilar membrane in the fluid-filled cochlea spectrally decomposes

the waveform by frequency to be transmitted via auditory nerve fibres. The timing of

the neural firing is preserved and transmitted along the cochlear nucleus, the superior

olive where information from both ears converges, the brainstem auditory nuclei and

ultimately to the primary auditory cortex, the adjacent belt and the parabelt areas for

processing of more complex features of sounds.

Temporal coding, patterns of relative spike timings of neuronal responses, can con-

vey more information than rate coding, the firing rate of neurons (Rieke et al., 1997).

Temporal coding is dominant in the early stages of the auditory pathway and is trans-

formed to rate coding by the time the information reaches the cortex, suggesting that

temporal coding is most useful at encoding low-level features of sound. Natural sounds

such as speech fluctuate in both frequency and amplitude with time. To encode these

modulations, spectral analysis alone is not sufficient to guarantee speech intelligibility

(Smith et al., 2002; Gilbert and Lorenzi, 2010; King et al., 2019), although it has been

a strong focus of auditory research.

Although temporal modulation rates are much higher for auditory than other sen-

sory modalities, the rates of synchronised firing of neuronal populations are similar

across the sensory cortices so that information from multiple modalities is integrated for

fluid perception of external stimuli. It has been shown that naturalistic stimuli are ac-

tually more efficiently coded than non-naturalistic stimuli (Attias and Schreiner, 1998;

Rieke et al., 1995), indicating that auditory processing is tuned to the complexity of

the acoustics in our range. In complex auditory environments, we can imagine the over-

flow of information. If we were overly sensitive to the smallest changes, we would be

constantly overwhelmed. The biophysical limits of temporal acuity in various contexts

can be seen as an optimisation to a range of sound properties. At the same time, a

3



1. INTRODUCTION

minimum precision in the timing is necessary for the auditory system to accurately and

‘effortlessly’ process the ebbs and flows so that we can attach meaning to the sounds.

Temporal processing of human speech can be divided into its components (enve-

lope, periodicity and fine-structure) according to the frequency range (Rosen, 1992).

Arguably, the most important information transfer occurs at the scale of the sound

envelope, i.e. changes in the amplitude over time at low frequencies. The most impor-

tant frequencies for speech perception have been found to be 4 to 8 or 16Hz in studies

of varying modulation frequencies (Drullman et al., 1994; van der Horst et al., 1999;

Liégeois-Chauvel et al., 2004; Elliott and Theunissen, 2009). There are two main

theories of envelope encoding - analog where the cortex is entrained to the envelope

point-by-point (Liégeois-Chauvel et al., 2004; Peelle and Davis, 2012), or discrete where

cues are specific landmarks such as onsets (Oganian and Chang, 2019). But like the

visual cortex, sensory representation in the auditory domain is more ‘sparse’ than is

accounted for in models (Willmore and King, 2009; Wang, 2007). Models involving

modulation filterbanks and phase-locking to low frequencies are widely accepted in

their success, although in neurophysiology phase-locking is rare in the auditory cortex.

The two aforementioned theories are not mutually exclusive however - strong onsets

and offsets can be related to the phase coherence across channels.

Together, onsets and offsets form the peaks and troughs in the amplitude envelope

that for speech, occur at a rate of approximately 4-5 syllables (of average duration

200ms in the English language) per second, framing the relevance of the 4 Hz modu-

lation frequency. This suggests segmentation of speech sounds in the auditory brain is

based on syllables (Greenberg et al., 2003) not vowels/consonants. This is supported by

syllable-rate studies showing high intelligibility even when speech is reversed in short

segments (Saberi and Perrott, 1999; Kiss et al., 2008), as long as they are small rela-

tive to the syllable length (Stilp et al., 2010). This indicates that the preservation of

the detection of the transients between syllables is crucial to speech perception. Past

speech vocoding and stimulus-response modelling studies have not generally included

realistic offset responses that require the past integration of sound that is at least a few

tens of milliseconds, so the contribution of the troughs has been undervalued.

4



1.1 Temporal processing in auditory perception

1.1.1 The onset/offset dichotomy in sensory systems

The processing of an increase and decrease in signals in two segregated channels is

common in the neural circuitry of sensory modalities. The most well-studied is in

visual system where the ON and OFF channels (detecting stimuli lighter and darker

than the background) run parallel and anatomically separately from the retina to re-

lay and converge till the visual cortex (Schiller, 1992). These channels are not equal

and opposite but their response properties have functional asymmetry (such as in the

size of the receptive fields and speed of response kinetics) as shown by many studies

such as by Chichilnisky (Chichilnisky and Kalmar, 2002). This asymmetry can be use-

ful in enabling higher spatial acuity in the OFF pathway and can strengthen feature

selectivity.

The separation of pathways for positive and negative changes in sensory signals is

also found in the insect motion detection in the visual system (Leonhardt et al., 2016;

Eichner et al., 2011), hot and cold temperature-sensing neurons in insects (Gallio et

al., 2011), the detection of odour presentation and removal in the olfactory circuit in

C. elegans (Chalasani et al., 2007) and the detection of electric signals in fish (Bennett,

1971). This would be more advantageous than processing the positive and negative

changes in a single channel, that would require a high spike rate over a wide range of

increments and decrements (Westheimer, 2007).

Model simulations by Gjorgjieva et al (Gjorgjieva et al., 2014) investigated this

natural dichotomy and showed the benefits included increased efficiency of segregated

pathways in sensory coding for on- and off-type neurons. The ability to sense the

smallest changes in these magnitudes in our sensory world, but also the importance

of being selective to the stimuli around us that are actually relevant, highlight the

need for lowering the average metabolic cost and ‘saving spikes’ in our neural circuitry.

Redundancy is therefore reduced in sparse coding strategies. In the auditory system,

onset and offset responses may have a a greater role in temporal coding as they are

more transient and responsive to changes between sounds and silence, than sustained

responses in the visual system to increments and decrements (Kopp-Scheinpflug et al.,

2018).

A two-photon imaging study of neuronal populations in the auditory cortex showed

that neurons encoding the same feature combinations are spatially grouped (Deneux et
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1. INTRODUCTION

al., 2016). The authors also showed that some combinations are favoured, especially the

quiet onset and loud offset present in up-ramps. They suggested from these preferential

differences in the onset and offset responses that these symmetry-breaking principles

are vital for perception. Functional asymmetry in frequency tuning of auditory onset

and offset neurons has also been suggested to be useful in determining the direction of

frequency-modulated sweeps (Sollini et al., 2018). The asymmetry of cochlear filters

could determine the pattern of activation depending on up- or down-sweeps. A combi-

nation of onset and offset responses could then encode the direction of the frequency

sweep.

In a perceptual-learning paradigm in humans to gauge the underlying neural cir-

cuitry, asymmetry was observed for learning patterns in asynchrony and order tasks

depending on whether they were conducted at sound onsets or offsets (Mossbridge et

al., 2008). Thus, there may be specific mechanisms underlying relative-timing tasks

to process independent judgements made at sound onsets and offsets. Another earlier

study that had investigated the ability to hear asynchrony (vital for sound segregation)

in either the onset or offset of complex sounds, found much higher (ten-fold) temporal

asynchrony thresholds at offsets than onsets (Zera and Green, 1993). This difference

in difficulty suggests a different role for onset and offset-detection - onset asynchrony

could be utilised more by listeners to separate than bind auditory objects, whereas

offset synchrony/asynchrony that is susceptible to reverberant environments requires

much higher thresholds to be detected and hence ‘bypasses’ echoes. In recent mod-

elling work, it has also been suggested that cortical offset responses are influenced by

recurrent network interactions (Bondanelli et al., 2021).

1.1.2 What are auditory offsets and why have they been ignored?

A sound offset is the end of a distinct auditory event, signified by the rapid decline in

the amplitude envelope of the sound. It is a low-level feature present in both simple

and complex sounds, which makes it an important perceptual cue of the temporal

envelope. The silences, however brief, following sound offsets are important markers in

a signal and set the rhythm (sonority) of natural speech. Precise timing of the offset-

related spikes provides two key information about the ending of a sound of significant

amplitude: (a) the duration of the preceding sound and (b) the start of the following

silence. Noise to silence often occurs as fast transients. Studies have shown that ramps
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1.1 Temporal processing in auditory perception

are not wholly important for gap detection and the auditory system is very flexible in

that regard (Allen et al., 2002). The auditory brain is also very flexible over a range

of speaker rates - we can still understand speech for very fast modulations even if the

rate is doubled (Ahissar et al., 2001). Encoding precise timing of these cues is therefore

required to be adaptable.

There are a number of reasons why auditory offsets have been poorly studied in

the past. The paucity of offset neurons in the auditory compared to the visual system

means it is difficult to observe from more than a small number of offset neurons, see

review (Kopp-Scheinpflug et al., 2018). Offset-sensitive neurons have been found to be

site-specific (Lesser et al., 1990; He, 2002) so they may be difficult to pinpoint. One

study showed that neurons in the guinea pig medial geniculate body can respond to

onset or offset depending on the stimulus (He, 2003). While the onset-offset pathways

are more distinct in vision, neurons in the auditory system can respond to onsets, offsets

or both onsets and offsets (Anderson and Linden, 2016; Scholl et al., 2010).

An inconsistency in past reports may also be due to interspecies differences or differ-

ences in the methods used. Experiments by groups using barbiturate anaesthesia that

did not detect robust offsets concluded that offset responses are relatively uncommon

in the central auditory system. It is now known that offset responses can be success-

fully recorded from experiments in unanaesthetised animals (Qin et al., 2007) and that

data using ketamine and pentobarbital anaesthesia cannot be compared (Zurita et al.,

1994). This was in fact recorded in the earliest studies on offsets, that found that

they are more sensitive than onsets to anaesthesia and wakefulness for both animals

(Kiang and Sandel, 1961) and humans (Davis et al., 1939). Offsets could also explain

the sparsely-responding ‘attention’ cells, that did not respond to tones or clicks but at

the end of complex sounds, recorded by Hubel and colleagues in awake cats before his

well-known work in vision (Hubel et al., 1959).

The lack of insight into the underlying mechanisms has only recently been elucidated

in recent years. Offset responses were thought to be modelled by adaptation (Smith

and Brachman, 1982; Schwid and Geisler, 1982) or suppression recovery (Kiang et

al., 1965) in the low levels of the auditory system. These models however do not

involve excitatory mechanisms and are not offset-specific (Zilany et al., 2009). Although

visual neuroscience has a clearly defined and well-studied off-response, in the auditory

literature, offsets may also have been studied under various other terminology such
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1. INTRODUCTION

as edge or change detection, amplitude modulation changes or general transients. The

lack of common theory and hence terminology has led to it being confounded with other

concepts in the auditory domain. For example, unanticipated deviance in an auditory

stimulus or sequence caused by absence has been examined in studies of mismatch

negativity, so the response to silences are studied as traces of echoic memory (Mustovic

et al., 2003).

In human studies, offsets are generally less observed because of the common use

of short auditory stimuli in the domain so that it cannot be isolated. For certain

durations and tasks, the sustained response is observed as the salient response. Event-

related potential (ERP) studies usually only consider offset responses when selecting

the duration of the stimuli to be either short enough to ensure that the offset influence is

minimal, or long enough so that it does not overlap with the event-related components

(Luck, 2005).

The perceptual relevance of sound offsets has also been questioned because rever-

beration effects in our environment add exponentially decaying tails to the end of a

sound and thus modify the temporal envelope (Naylor and Gaubitch, 2013). Damping

is common at the end of natural sounds, obscuring offset detection. Reverberation is

largely seen as a factor to eliminate in the study of non-naturalistic controlled stimuli

in the laboratory, although our auditory system may be specialised for the challenge of

extracting an accurate representation of the cessation of sounds.

1.2 Physiology of offset neurons: origin, pathway and

properties

Offset responses in the auditory system were first recorded using electrophysiology in

the cochlear nucleus and inferior colliculus of the bat (Suga, 1964). They were then

also observed in the cat auditory nerve (Kiang, 1965), cochlear nucleus (Young and

Brownell, 1976), medial geniculate body (Aitkin and Prain, 1974) and auditory cortex

(He et al., 1997). Offset responses have also been found in the frog auditory nerve fibres

(Feng et al., 1994), rabbit superior olivary complex (Kuwada and Batra, 1999) and the

mouse brainstem (Hillyard and Picton, 1978; Henry, 1985).

Offset-sensitive neurons have been reported to be 30-60% of the auditory cortical

population (Recanzone, 2000; Volkov and Galazjuk, 1991; Moshitch et al., 2006; Qin
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1.2 Physiology of offset neurons: origin, pathway and properties

et al., 2007) and form segregated pathways in the thalamus (He, 2001). In a study

using widefield imaging of GCaMP6s in awake mice, the auditory cortex was shown to

be spatially organised distinctly by onset, offset and also their tonotopy features (Liu

et al., 2017), but the off-response regions were less spatially localised than on-response

regions.

In a comparison between offset and onset responses in primary auditory cortex of

awake cats, Qin observed that they were as precise and salient as each other in encoding

sound edges. Offset responses could be generated as active spike responses to sound

offsets, and did not depend on previous spike suppression or rebound facilitation (Qin

et al., 2007). It has also been shown that offset responses are selective to long duration

and high intensity (Takahashi et al., 2004; Xu et al., 2014; He, 2002).

Rodent studies have elucidated properties of sound offsets compared to onset re-

sponses. Henry showed that onset and offset ABRs of the mouse auditory brainstem do

not have the same frequency- and intensity-related properties (Henry, 1985). Wehr and

colleagues also compared on with off response properties in in vivo whole-cell record-

ings in the rat primary auditory cortex. They reported that off responses had different

frequency tuning (1-2 octaves higher), smaller magnitudes and longer duration than

on responses (Scholl et al., 2010) - in agreement with results from Fishman and Stein-

schneider’s study (Fishman and Steinschneider, 2009). Wehr’s group further found that

forward suppression did not transfer between on and off responses and hence, they were

driven by non-overlapping sets of synapses. More recently, tone offsets have been found

to be stronger and more duration-dependent in the anterior auditory field than in the

primary auditory cortex (So lyga and Barkat, 2019).

The rat SPON was found to be a site of strong offset responses (Kadner et al.,

2006). Regarding the underlying cellular mechanism of offset responses, recent studies

in the mouse SPN have provided evidence for the involvement of neural inhibition and

the intrinsic conductance properties of offset neuron membranes (Kasai et al., 2012;

Kopp-Scheinpflug et al., 2011). Figure 1.1, from (Kopp-Scheinpflug et al., 2011), illus-

trates the proposed generation of precisely-timed action potentials at sound offsets, that

involves post-inhibitory rebound dependent on both excitatory and inhibitory synaptic

inputs (Kopp-Scheinpflug et al., 2018). These mechanisms allow rapid temporal preci-

sion that cannot occur at the end of an excitatory response. It is not known whether
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offset responses elsewhere are inherited from the SPN or generated de novo. A delay

of 10ms was found between MNTB and SPON neurons (Kadner and Berrebi, 2008).

Figure 1.1: Physiological interactions in the generation of offset firing - Figure

from Kopp-Scheinpflug et al 2011, depicting how inhibitory input is converted to excita-

tion. Glycinergic inhibition in the SPN is activated by a sound. Extreme negative chloride

reversal potentials drive the integration of large IPSPs, that activate an inward cation cur-

rent IH , removing the steady-state inactivation of NaV and a T-type calcium conductance

CaV . IH accelerates the membrane time constant so that when the sound ends, a rapid

depolarisation triggers offset action potentials that match the accuracy of onset action

potentials. Figure reprinted from (Kopp-Scheinpflug et al., 2011), Copyright 2011, with

permission from Elsevier.

1.3 The functional role of sound offsets

Data from presentation of simple stimuli such as pure tones and random noise have

not always been successfully correlated to effects using natural speech-like stimuli that

form the basis of theories of speech processing in the auditory brain. Sound offsets,

like onsets, are an inherent feature of both simple and complex stimuli. However, while

they are both edge detectors, onsets have an additional confound in the novelty of the

physical input whereas offsets are a temporal cue of only the end of the sound (Herdener

et al., 2007). Therefore there seems to also be a functional asymmetry in the roles of

onsets and offsets in the central auditory system, as was briefly mentioned in 1.1.1.

Detection of an auditory object (Griffiths and Warren, 2004) involves recognising its

features. Offsets are important for judging simple or complex sounds that are defined

by their temporal fluctuations, specific durations or gap locations. Discrimination
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1.3 The functional role of sound offsets

of sounds can be based on the relative durations of the intensity- or frequency-specific

components, and can therefore facilitate the segregation of simultaneous sound sources.

When the stimulus set is much larger, identification entails a decision about the

stimulus, such as a speech sound in a continuum of multiple factors that affect its

dynamics. The flexibility of the auditory system requires cues such as offsets to provide

information on time-locked events in such stimulus sets in order to reduce uncertainty

on a decision. In a study by Macmillan, the dependence of duration for discrimination

but not detection of increments and decrements gave evidence of a change-detector

rather than an energy-detector mechanism (Macmillan, 1971). Although the stimuli

differed from onsets and offsets relative to silence, it showed a non-integrative part of

detection.

Offset detection can impact auditory phenomena such as forward and backward

masking, i.e. poor offset response of the target sound would likely increase the effect

of backward masking and poor offset response of the masker sound would reduce the

effect of forward masking on the target sound. It has been shown that forward masking

has an important role in echo suppression (Kaltenbach et al., 1993), as well as audi-

tory stream segregation (Fishman et al., 2004) and enhancing sensitivity to speech-like

stimuli (Brosch and Schreiner, 1997). It has been proposed that the neural mechanism

underlying forward masking is centrally located and is based largely on level and delay-

dependent, frequency-tuned offset suppression (Nelson et al., 2009). Work by Plack

et al. suggests that multiple maskers, including subthreshold stimuli, combine linearly

(Plack et al., 2006). Responses to offsets are also correlated with the acoustic startle

reflex (Ison and Allen, 2003) and duration tuning (Wang et al., 2006).

While reverberation blurs temporal cues, humans are extremely adapt at under-

standing reverberant speech in real world situations. Reverberation occurs within hun-

dreds of milliseconds in backgrounds such as an average living room, and it is a natural

ramp that allows the sound to propagate through a room and be heard before it dissi-

pates. High reverberation however has adverse effects on speech perception, suggesting

the greater importance of offset sensitivity in noisy and reverberant situations.

Similar to reflections in small enclosures is fusion (two events are perceived as one)

that occurs in at minimum delays of 5-10ms between the sounds. In the Fransen illusion,

two tones in distinct locations with one having a gradual offset leads to a diffuse room-

filled perception as the two sounds cannot be discriminated without offset detection.
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This demonstrates the precedence effect (Litovsky et al., 1999) where the initial sound

dominates and echoes are suppressed. Echo suppression in IC neurons found that

it increases for longer duration, for noise bursts than clicks, and with higher leading

sound level (Litovsky and Yin, 1998), and is likely due to synaptic inhibition (Yin, 1994)

implicating a principal role of offset responses and relevance of its delay compared to

onset responses. Offsets are also relevant for duration tuning and behavioural echo

thresholds (Schubert and Wernick, 1969). The breakdown of the offset response is

also central to the continuity illusion (Petkov et al., 2007). Offsets also play a role

in binaural sensitivity (Hartley et al., 2011), as the timing between interaural cues is

important in sound localisation.

Temporal acuity, measured by the smallest gap that we can detect in a noise, is

also dependent on the offset of the initial noise (see next section for details). If the

sounds around the gap are in different spectral bands, the thresholds increase from 2-

8ms to 30ms (Phillips, 1999), suggesting a different mechanism combining the spectral

offset cues. The temporal resolution in bats and dolphins, that use broadband sonar

signalling to discriminate sound locations of targets from the precise arrival times,

are much smaller than humans that suggests variable offset sensitivity across species

depending on their calls.

In all these examples of common concepts in audition, it is likely that offset precision

is a strong determinant of the thresholds. Therefore, offset detection is an important

temporal cue for auditory streaming of multiple sounds allowing the fast identifica-

tion and categorisation of sounds, relevant across auditory phenomena that have been

historically studied and remain unresolved.

1.3.1 Gap detection and speech perception

Sound offsets also play a key (yet previously unrecognised) role in phonology and the

dynamics of speech production and perception. Humans are distinct in the animal

kingdom because of their language capabilities (Hauser et al., 2002). In a particu-

lar language, words can be broken down into phonetic units called phonemes each

with their own distinct spectral signature. These representational units distinguish the

meanings of the words so that the contrast boundaries between phonemes are defined

and interpreted differently in various languages. What is the smallest temporal change

that can be detected between sounds?
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1.3 The functional role of sound offsets

The gap detection threshold is the smallest gap detectable within a sound and

is used as a measure of temporal acuity (Plomp, 1964; Musiek et al., 2005; Phillips,

1999). It is a routine clinical test - a deficit (abnormally heightened threshold) is often

taken as an indicator of abnormal central auditory processing. White noise is ideally

used as it masks spectral splatter at rapid transitions. Behavioural gap detection

thresholds are similar to those measured in both the auditory nerve fibers and cortical

neurons (Eggermont, 2015). In the mouse inferior colliculus, Barsz et al showed that

gap thresholds are sensitive to small envelope changes (Barsz et al., 1998). The neural

basis of detecting gaps is still not clear although much of the literature shows that

sensitivity to very brief gaps is driven by offset-sensitive neurons. As SPON neurons are

known to respond with brief spiking activity to tone offsets, there has been extensive

work showing that the rat MNTB/SPON circuit in the auditory brainstem encodes

gap detection in tones, with high sensitivity (Kadner and Berrebi, 2008). The evidence

for gap detection in these studies has been presumed to be the presence of the offset

response to the sound before the gap, although other possibilities have been suggested

to play the causal role - such as a comparison between on-response units, in a previous

study of gap detection correlates measured in the mouse IC (Walton et al., 1997), or a

comparison between pre- and post-gap neuronal activity (Weible et al., 2014).

When competing sounds activate numerous perceptual channels, thresholds for be-

havioural gap detection increase (Phillips, 1999). As between-channel gap detection is

more closer to real-life speech, enhancing gaps via increased offset salience may improve

speech perception in noisy environments.

Detecting gaps between sounds is vital for speech perception (Glasberg and Moore,

1989; Snell and Frisina, 2000). It is well-known that consonants by their acoustic na-

ture (rapid formant transitions, lower intensities and much shorter durations than vow-

els) are more susceptible to increasing noise. Background noise will mask consonants

more than vowels, so that consonant-to-vowel transitions become difficult to perceive.

Eggermont has shown that behavioural discrimination between consonant-vowel pairs

depends on the timing between the consonant release and the onset of voicing (Eg-

germont, 1995). A voice-onset time (VOT) less than 30ms will be perceived as /ba/

whereas a longer gap duration will be perceived as /pa/. Accurate discrimination of

the gaps has long been believed to underlie the neural correlates of these perceptions.

An excerpt from an earlier study on stop consonants, ‘Some experiments on the sound
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of silence in phonetic perception’ (Dorman et al., 1979), summarises the influence of

the silence duration on the manner, voicing and place features:

That silence is important for the perception of stops has been established by

several studies. Indeed, silence has been found to play a role in perceiving

each of the three features–manner, voicing, and place–that a stop consonant

comprises. Consider manner. By cutting and splicing magnetic tapes, Bas-

tian, Eimas, and Liberman (1961) showed that the syllable “slit” is heard

as “split” when a short interval of silence (about 40 ms) is introduced be-

tween the noise at the beginning of the syllable and the vocalic portion. As

for voicing, Lisker (1957a) early found that intervocalic stops in trochees

were perceived as voiced or voiceless (e.g., “rabid” or “rapid”), depending

on the duration of silence between the syllables. Turning finally to place,

we take account of the finding by Port (1976) that “rabid” is perceived

as “ratted” when the duration of silence between the syllables is reduced.

[Reprinted with permission from (Dorman et al., 1979). Copyright 1979,

Acoustic Society of America.]

Consonants, produced by a constriction of the vocal tract, vary by different places

and manners of articulation. Plosives, or stop consonants, are produced when there

is a complete constriction of airflow. The release of the built up air pressure causes a

release burst at a frequency dependent on the length of the vocal tract in front of the

constriction, and the following movement of the articulators causes a formant transition.

These two changes are cues to the place of articulation, bilabials (/b/ and /p/), alveolar

(/d/ and /t/) or velar (/g/ and /k/). The amount of vocal fold vibrations is determined

by the timings of these movements. The VOT is the time from oral release of the stop to

the voice onset (Lisker and Abramson, 1964) and appears most evident when preceding

a vowel. Vibrations throughout the plosive release are the voiced plosives (zero VOT),

whereas for voiceless plosives (positive VOT), there is no voicing during the period of

a closure before the release. Voiceless plosives can be aspirated or unaspirated (Reetz

and Jongman, 2009).

Temporal information is vital in the perception of stop consonants where rapid

temporal changes help distinguish between phonemes. There is however no simple one-

to-one mapping from the acoustic signal to the individual phonemes. There may be an
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overlap between the articulation of neighbouring phonemes, and variability across dif-

ferent speakers and various instances. Contrast cues such as VOT help define phonemic

boundaries to guide categorical perception of speech sounds (Liberman et al., 1957).

Experiments from Dorman among others demonstrated why gaps in speech are

not only relevant to avoid masking but because they provide necessary information

for consonant identification (Dorman et al., 1979; Repp et al., 1978b; Elangovan and

Stuart, 2008). Figure 1.2 shows examples of consonant pairs that can potentially be

confused preceding a vowel /a/ (i.e. a CV speech sound) based on impaired gap timing

(Allen and Li, 2009).

Figure 1.2: Time-frequency structure of plosive and fricative consonants -

Schematic plot from Allen & Li, 2009 ©2009 IEEE. Stop consonants (caused by a sud-

den release of pressure in the oral cavity) differ mainly in the duration of the transition.

Fricatives (caused by turbulent airflow through the lips and teeth) differ in duration and

frequency range. Although parameters such as timing may change within the range, the

events of the consonants are consistent across talkers (Allen and Li, 2009).

In addition, accurate detection of the duration of a sound has been shown to be

critical in speech perception (Repp et al., 1978a). Earlier work in the speech sciences

literature had shown that the duration of the preceding vowel was a valuable cue to

word-final consonants (Raphael, 1972). It is this perceived vowel duration by accurate

offset detection that can ultimately affect the perceived gap and hence the consonant

discrimination. Therefore detecting the timing of onsets and offsets, already present at

birth (Háden et al., 2015), is vital in the recognition of speech sounds.
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Background noise has inherent random fluctuations. We do not know enough about

the mechanisms underlying speech-in-noise perception to fully understand why some

people may have more difficulties than others and predict how well people will hear in

different settings. It is known how ‘listening in the dips’ effectively aids speech-in-noise

perception in fluctuating background noise, due to masking release in gaps (Peters et

al., 1998; Lorenzi et al., 2006; Füllgrabe et al., 2006).

While onsets and offsets both contribute to speech perception, Baltzell and Billings

demonstrated significant differences in a CAEP (cortical auditory evoked potential)

study of young adults presented with 1000-Hz tones in quiet and a continuous white

noise background, at various signal levels and signal-to-noise-ratios (SNR). The offset

response of CAEP recordings were shown to not only be sensitive (by delayed latencies

to lower levels) to signal-to-noise ratio, but also the absolute signal level in background

noise. This is opposed to results from onsets that are strongly sensitive only to the

SNR and not the signal level, and suggests that offset responses encode behaviourally

relevant signal level to facilitate noise rejection (Baltzell and Billings, 2014).

1.4 Auditory processing deficits

Difficulty understanding speech in noisy conditions is a common symptom auditory

processing abnormalities, such as central auditory processing disorder (CAPD), also

associated with developmental or language disorders (Dawes and Bishop, 2010; Fergu-

son et al., 2011). It is thought to be caused by abnormalities in the pathway beyond

the cochlea to the brain, however the specific nature of these proposed deficits has

remained controversial.

Reduced capabilities in temporal processing are a typical feature of auditory neu-

ropathy, and a potential etiological factor in developmental dyslexia and central audi-

tory processing disorders (Eggermont, 2015; Zeng et al., 2005). There is considerable

overlap in diagnosis between dyslexia, SLI (specific language impairment considered

as an extreme form of dyslexia) and central auditory processing disorders (Dawes and

Bishop, 2010; Ferguson et al., 2011). The argument for the causes underlying dyslexia

and central auditory processing disorder is still largely debatable as there have been

many inconsistent findings in the field (Rosen, 2003; Moore, 2006).
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Dyslexia is characteristed by poor reading performance and one argument for its

cause is a deficit in phonological awareness (Cole and Scott, 1973; Snowling, 2000). An

impaired neural response to rapidly changing auditory information has been proposed

to lead to such a phonological deficit (Tallal, 1980; McArthur and Bishop, 2001; Van

Ingelghem et al., 2001). An inability to map sounds onto letters could affect the

ability to learn how to read (Tallal, 2004; Tallal and Gaab, 2006). Reading impaired

individuals performed more poorly than normal participants in auditory repetition

tasks (ART) when interstimulus intervals (ISI) to brief gaps were decreased (Tallal,

1980). Gap detection studies found that dyslexics performed poorly requiring higher

thresholds for duration of the gap (Zaidan and Baran, 2013; Farmer and Klein, 1995;

Rousseau et al., 2001; Hautus et al., 2003).

Tests of backward masking tasks with SLI children (Wright et al., 1997) and dyslex-

ics (Rosen and Manganari, 2001) showed higher thresholds for the probe tone, but not

during simultaneous and forward masking tasks. However, backward masking tasks

are inherently more difficult and known to be strongly affected by attentional con-

trol and top-down influences. Measuring the MMN (mismatch negativity) response

has also shown temporal processing tasks can highlight language based learning prob-

lems as dyslexics show reduced response to sequential tone pairs (Kujala et al., 2003).

Children with learning impairments who had the longest offset response timing to the

speech sound were found to perform the worst in a backward-masking task (Johnson

et al., 2007). Children with SLI were also found to have particular reduced sensitivity

to durational and envelope cues (Corriveau et al., 2007).

Disorders of temporal processing are also thought to be associated with hearing

problems in the elderly. Despite hearing what is said, they often cannot understand

the meaning especially in noise. Werff and Burns evaluated whether neural encoding of

speech features at the brainstem level is changed by aging (Werff et al., 2010). Speech-

evoked ABRs were recorded using the 40ms /da/ stimulus in normal-hearing younger

and older adults. They found that older adults had significantly smaller onset and

offset response amplitudes, with significantly delayed offset (and not onset) latencies.

Impaired timing at the offset of this speech sound appears likely to impact the duration

of the silence and hence the perception of the following consonant transition. It is

also likely that vowel-consonant-vowel (VCV) speech sounds are even more relevant in
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conditions with competing talkers than consonant-vowel (CV) speech sounds used in

this study.

1.4.1 Animal Models of Temporal Deficits

Animal models can be used to identify the neural mechanisms underlying auditory

temporal processing deficits (Kopp-Scheinpflug and Tempel, 2015). Mice with induced

focal cortical abnormalities (a model for developmental disorder) have been shown to

perform more poorly than normal mice on tasks requiring rapid auditory processing

(Fitch et al., 1994; Clark et al., 2000; Peiffer et al., 2004).

Focal cortical malformations, including neocortical ectopias, have been found post-

mortem in brains from individuals with dyslexia (Galaburda et al., 1985). In BXSB/MpJ-

Yaa mice, neocortical ectopias occur in 40-60% of the mice. A study by Clark et al in

2000 (Clark et al., 2000) first confirmed the association of these ectopias with impaired

processing of rapid elements in sounds. He found that ectopic mice performed signif-

icantly more poorly than non-ectopic mice on tasks involving detection of very brief

gaps in noise (5 ms).

A recent study of the BXSB/MpJ-Yaa mouse model found a reduction in the pop-

ulation response to offsets and gaps in noise, in ectopic compared to non-ectopic mice,

but no change in onset responses to tones, click trains and noise (Anderson and Lin-

den, 2016) [detailed in Section 2.1]. Computational modelling revealed that the general

temporal processing deficit affecting gap-in-noise thresholds could be specific to the pro-

cessing of sound offsets. What would be the implications of an offset-response deficit

in humans?

1.5 Overview

The two previous sections have described sound offset responses in physiological studies

of animals, and the cue of sound offsets in the speech profile. Recent literature and

interest have highlighted the salience of offset responses to the end of sounds and spec-

ulated on the possible implications of its own pathway separate to the onset pathway.

This thesis aims to bridge the gap between these studies and psychoacoustics. By re-

lating the psychophysical offset response to both well-known auditory phenomena and

speech sciences, it offers a new consolidating perspective that could better inform future
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1.5 Overview

directions of research. This work also attempts to identify a psychophysical measure

of offset response in order to better understand its role in signal acoustics.

This thesis is an investigation of the role of sound offsets in the auditory system.

We begin in Chapter 2 by examining the onset-offset model and adapt it to simulate

speech processing in the auditory brain. By decreasing the model weight of offset

sensitivity, the impact of reduced offset sensitivity on temporal processing and speech

perception is explored. The model is then used to predict consonant confusions that

may arise as a consequence of abnormal offset sensitivity.

In Chapter 3, measuring offset sensitivity by psychophysical means is explored in a

set of experiments of normal-hearing participants. This chapter evaluates the potential

measures and the variability of offset sensitivity in the healthy population. Testing

of association between these measures, gap detection and performance in a consonant

discrimination task is described.

In Chapter 4, the promising measures in Chapter 3 are tested in a group of partici-

pants with specific difficulties understanding speech in noisy situations. The variability

of potential offset sensitivity measures and the impact on consonant discrimination is

studied. Model predictions of consonants that are susceptible to reduced offset sensi-

tivity are also tested in this study.

In the next study in Chapter 5, an electrophysiological study of the offset response

is conducted in order to validate the behavioural measures, find an objective correlate

and explore onset-offset differences.

Chapter 6 discusses the combined results in the context of the role of offset re-

sponses in duration discrimination, a simple perceptual task, and speech perception, a

complex task.

The main findings and contributions of this work are summarised in Chapter 7,

with suggestions for future studies leading on from this project.

1.5.1 Objectives

The main aims of this body of work are:

• to predict, using a computational model of distinct onset-sensitive and offset-

sensitive channels, the effect of reduced offset sensitivity on discriminability of
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1. INTRODUCTION

various speech sounds in noise.

• to devise and evaluate a robust psychophysical measure of offset sensitivity and

test the predictions of consonants affected in worsening background noise

• to compare the variability of offset sensitivities in people with normal hearing

and people with increased difficulty understanding speech in noisy situations, to

test the role of offsets in speech perception

• to explore the properties of the offset response using EEG and find an objective

correlate of offset sensitivity
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2

Computational modelling of

offset sensitivity

I consider first a mathematical model of central auditory processing from Anderson

& Linden, 2016, and describe its parameters that define temporal mechanisms of

onset- and offset-related detection in two distinct pathways. I then model variable

offset sensitivity by changing the magnitude (by the weighting parameter) or the

latency (delay parameter) of the response in the offset-sensitive channel. The ef-

fect of reduced sensitivity to offsets in speech sounds are investigated. This leads

to model predictions of certain consonants that are expected to be more difficult

to discriminate in worsening background noise conditions, if an individual has hy-

pothesised reduced offset sensitivity.

2.1 Introduction

The hypothesis of a human deficit in sensitivity to the rapid transients at the end of

sounds is a novel one. In a study of a developmental mouse model BXSB/MpJ-Yaa,

Anderson and Linden showed that the mice with ectopias have a specific and subtle

neural gap detection deficit in noise at the level of the auditory thalamus (Anderson

and Linden, 2016). Through computational modelling of two independent channels

processing sound onsets and offsets in parallel, the deficit could be explained by a

weaker neuronal population response to sound offsets compared to non-ectopic mice.
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2. COMPUTATIONAL MODELLING OF OFFSET SENSITIVITY

Figure 2.1 shows the mouse data with the model predictions; ectopic mice had normal

responses related to peripheral hearing such as onset detection via clicks, but responses

to gap-in-noise stimuli were abnormally reduced. The parameters of the computational

model that fit the thalamic population responses to sound onsets and offsets were the

same with the exception of the weighting of the offset-sensitive channel - 0.25 for the

ectopic and 0.50 for the non-ectopic mice.

Figure 2.1: Model outputs comparable with ventral MGB population PSTHs

- Reduced weighting of the offset-sensitive channel in an abstract model is sufficient to

simulate correct predictions of thalamic responses to noise features, in rows from top to

bottom: onset of a 200 ms noise, offset of a 200 ms noise, short gap (4 ms) in noise, long

gap (20 ms) in noise. Figure from (Anderson and Linden, 2016).

If this subtle abnormality in central auditory processing affects speech-in-noise pro-

cessing - as would be predicted by this study and the literature reflecting the importance

of brief gaps in speech - then it might explain poorly understood deficits in speech-in-

noise processing in patients with developmental disorders.
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2.1 Introduction

Figure 2.2: Concept of computational model describing two independently

weighted onset-sensitive and offset-sensitive channels - Figure from Anderson &

Linden, 2016. The model is an abstract depiction of auditory processing up to and in-

cluding the thalamus, with the minimum necessary biologically plausible computations -

integration, adaptation, delay, thresholding and weighted summation. The model rests

on two assumptions illustrated here of (a) the implementation of intensity gain control in

auditory processing (b) the modelling of auditory forebrain activity as a weighted sum of

outputs from two dissociable auditory channels sensitive to sound onsets and offsets sep-

arately. The model parameters, optimised to fit the mouse data, were: integration time

constant τI = 6ms, adaptation time constant τA = 10ms, onset-sensitive channel delay

= 5 ms, offset-sensitive channel delay = 13 ms, onset-sensitive channel weighting = 1.0,

offset-sensitive channel weighting = 0.50; 0.25.
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2. COMPUTATIONAL MODELLING OF OFFSET SENSITIVITY

2.1.1 Biophysical parameters of model

The model simulates temporal processing in the auditory brain up to and including

the thalamus. This extracts fundamental envelope cues relating to rapid fluctuations

- namely onsets and offsets of the model input by key temporal processes likely to

govern auditory perception from the periphery to the brainstem. Figure 2.2 shows

the schematic of the abstract model, involving only six parameters: an integration

time constant, an adaptation time constant, latencies of the onset- and offset-sensitive

channels and weights of the onset- and offset-sensitive channels.

Temporal integration occurs as a ‘leaky integrator’ with an exponential decay, to

summate the energy of a sound across a period of time in order to preserve contextual

effects of the past, weighted temporally by closeness to the timepoint. There is ample

evidence from auditory neuroscience and psychophysical studies for temporal integra-

tion in the auditory system, such as the dependence of psychophysical thresholds on the

duration of sounds (Hughes, 1946; Plomp and Bouman, 1959; Florentine et al., 1988;

Viemeister and Wakefield, 1991; Dau et al., 1997).

Adaptation, the decrease in firing rate following a sustained stimulus, and gain con-

trol are also central biophysical processes in our hearing brain and common throughout

sensory systems (Adrian, 1928). It enables the auditory system to operate dynami-

cally over a wide range of sound levels while discriminating between level differences

of approximately 1 dB. Adaptation is widespread in the auditory brain (Willmore et

al., 2016), and adaptation normalization considered a ‘canonical neural computation’

(Carandini and Heeger, 2012). Over short timescales, it also likely adjusts contrast

gain control to the context of the stimulus (Dean et al., 2005; Rabinowitz et al., 2011).

Latencies or delays in neuronal responses varies between brain regions, and can also

differ between onset and offset responses due to being driven by different underlying

mechanisms as recently shown (Rajaram et al., 2019).

Weighted summation is also ubiquitous in neural systems. Anderson and Linden

modelled dissociated onset- and offset-sensitive channels and found that only changing

the offset weight replicated the findings of the ectopic mice.

These processes are not only biologically plausible but ubiquitous in nervous sys-

tems. They determine sensitivity to specific stimuli and prevent overload. They are

the minimum computations that would be expected in any complex model of auditory
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2.1 Introduction

temporal processing and occur at several levels from the periphery in the ascending

pathway of the auditory system.

2.1.2 Phonetic categories of consonants

Timing is relevant in all languages although it can differ because of variation in speech

production. For example, in Japanese, the vowel lengths are equal in ‘mora-beats’ while

English, Thai and Dutch have a greater variety of short and long vowels. In VOTs,

the VOT of aspirated stops is much longer in Navajo than for Mandarin (Ladefoged

and Johnson, 2011). Timing cues in language can also be affected by various dynamic

factors such as stress that increases a syllable length. Vowel environment also influence

the consonant timing - voiced consonants such as (/bad/) are preceded by longer vowels

compared to voiceless consonants (/bat/), and ‘open syllables’ such as /bee/ are also

lengthened compared to /beat/ (Reetz and Jongman, 2009).

Implementation rules specific to the languages, such as changes because of the

rate of speech, can explain the lack of phonetic invariance. However, there are large

individual differences even in the same language - this can be due to motor control

of anatomical differences, experience and environment. Despite the lack of one-to-

one mapping in speech perception because of the variations in context and identity,

languages have sufficient perceptual separation, such as the difference between voiced

and unvoiced stop consonants. VOT is a good example of the psychometric transition

between pairs of words (see Section 1.3.1), although there is a sharp transition for good

categorical perception, there are still cases where a sensitive distinction lies between the

two possibilities, e.g. the VOT in /spy/ is between that of /p/ and /b/ but closer to

/b/ in /buy/. Our auditory system must be sharply tuned in order for us to recognises

these differences and able to process any input in this way (Reetz and Jongman, 2009).

Traditionally, consonant confusion matrices (Miller and Nicely, 1955) have been

used extensively to investigate these phonetic categories in various background noise.

Modulation spectra models (Gallun and Souza, 2008) can also show which information

is relevant for particular features. Consonants with similar modulation spectra are more

likely to be confused with each other according to a study in listeners with hearing loss

by (Souza and Gallun, 2010). Current trends are to tune these models to predict speech

intelligibility and develop speech recognition software (Messing et al., 2009).
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2. COMPUTATIONAL MODELLING OF OFFSET SENSITIVITY

Background noise has the potential to affect timing cues in various ways. Compres-

sion makes it difficult to distinguish target from background (Stone and Moore, 2007;

Stone and Moore, 2008). However, altering the temporal envelope by increasing rever-

beration and reducing modulation is more disruptive than compressing the magnitude

of the peaks (Reinhart et al., 2016; Noordhoek and Drullman, 1997), indicating a dom-

inant role of precise timings of cues in speech perception.

2.2 Methods

2.2.1 A two-channel model with biophysical variables

All modelling and data analysis was performed in MATLAB (Mathworks). As described

previously, the central auditory processing model with two dissociable channels of onset

and offset-sensitivity was implemented, with the model parameters as defined in the

paper (Anderson and Linden, 2016). The pre- and post-processing steps described

below are an extension to the model to adapt it for speech sounds.

2.2.2 Speech stimuli for model inputs

All speech stimuli were provided by Stuart Rosen. Speech sounds were 48 non-sense

vowel-consonant-vowel (VCV) combinations using the 3 phonetic vowels æ, υ and i: and

the 16 consonants b, d, f, g, k, l, m, n, p, s,
∫

, t, v, w, j and z1. These combination VCVs

cover the range of the most frequent sounds in the English language (Denes, 1963).

There were two tokens of each VCV, spoken by a female speaker, so the total 96 VCV’s

were divided into two sample sets. The background noise used was an eight-talker (four

males, four females) babble noise that is a good representation of an everyday ‘busy’

situation. The VCV stimulus was kept constant and the noise (randomly sampled

excerpts) added at varying scaled powers to achieve five noise levels: -12, -6, 0, +6 and

+12 dB SNR (signal-to-noise ratio). These levels are a well-studied range used to study

the human auditory system and depict easy to difficult listening situations. There was

thus one noiseless and five noisy conditions for each speech sound token.

Each stimulus, noiseless or noisy, was normalised and then filtered into ten frequency

bands; Malcolm Slaney’s Auditory Toolbox for MATLAB was used to decompose the

1The IPA phonetic transcription used here refers to the English language long vowels ‘a’, ‘i’ and

‘u’.
∫

refers to the consonant sound ‘sh’ and j here represents the ‘vowel-like’ consonant ‘y’.
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signal into a 10-channel ERB Gammatone filterbank (Slaney, 1998), in the range 100-

10,000 Hz. This is a set of linear filters to approximate the frequency response of the

human cochlea. Zero padding of the stimuli allowed the initial vowel onset to also be

detected, and a 0.5 ms half-raised cosine wave was used to filter the initial and final

sample points. The root-mean-square amplitude envelope in dB SPL of each stimulus

(1 ms resolution) was extracted from each passband, to be used as the input of the

model.

2.2.3 Model simulations of speech sound identification

To investigate the effects of reduced offset sensitivity on VCV speech perception, the

model outputs were computed for normal (0.50) and reduced (0.25) weightings of the

offset-sensitive channel while the weighting parameter for the onset-sensitive channel

was fixed (1.00).

Figure 2.3: Processing of VCV stimuli through the two-channel model - A noisy

VCV speech sounds is decomposed into 10 passbands, each of which is a model input. For

each spectral band, the model output is compared to all the noiseless VCVs in the sample

set via a RMSD calculation. The minimum RMSD is taken as the model prediction of the

VCV. For illustration purposes the number of dimensions in the Euclidean space is shown

to be 3.

In each sample set of 48 VCV’s, the root mean square distance (RMSD) was cal-

culated by pair-wise comparison between the model outputs of each of the noisy VCV
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2. COMPUTATIONAL MODELLING OF OFFSET SENSITIVITY

stimulus and all the noiseless VCVs in that set (depicted in Figure 2.3). Other signal

similarity measures tested for comparison (results not shown) were signal power (Sa-

hani and Linden, 2003), mutual information (Shannon, 1948) and correlation index.

Minimising the MSD error was selected as the optimal measure because of ease of its

interpretation.

To combat the variation in articulation such as vowel lengths and onset times, the

maximum peak in the second half of the speech signal was identified as the second

vowel onset time. The distance measure was then calculated for a fixed-width window

(approximately 320 ms) around that peak, to focus on the consonants in this study but

also include the end of the first vowel and start of the second vowel.

From the resultant distance matrices of 30 noisy tokens (random instances from

the original noise sample), a confusion matrix was produced after summation and nor-

malisation. This showed the frequency of only the minima of the distance matrices.

Pooling the sample sets gave the confusion matrix for all the samples, and collating

across vowel environments gave a consonant confusion matrix that would then be able

to be compared to results from human studies. Differences between confusion matrices

obtained using high and low offset-channel weightings (0.50 and 0.25) were calculated

to show the effect of reducing offset sensitivity on consonant perception.

2.2.4 Generalised linear model

To rank the consonants in terms of offset influence, a generalised linear model (GLM)

was fit to the data to avoid three essential pitfalls:

1) While consonant confusion matrices are useful to predict the confusions between

consonants, they impose a categorisation here on the RMSD measure by recording

only the minima while there may be some close possibilities. The continuous range of

RMSD might give us a better insight into which consonants are most affected and the

errors associated with those predictions.

2) It is not known how spectral information across bands are integrated in the brain.

The model takes into account the frequency bands without assuming neural circuitry

mechanisms for aggregation.

3) For the mouse model, abnormal offset responses were modelled as 0.25 whereas we

do not know the human ranges of normal and abnormal offset sensitivity. The GLM
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model avoids this assumption by implementing a range of offset sensitivities for the

simulations.

For this approach, the RMSD were calculated only for each consonant matching

with itself, between noisy VCVs and their noiseless counterparts in four weightings of

the offset-channel (0.25, 0.50, 0.75 and 1.00), and in each passband of the filterbank

and each signal-to-noise ratio condition. This was conducted for the two sample sets of

the female speaker (i.e. n = 96) that were the tokens to be used for the psychophysics

experiments.

A GLM has three properties (a probability distribution function, a linear predictor

and a link function) by which it extends the multiple linear regression framework so

that while the latter is restricted to only normally distributed variables, the GLM allows

variables that have either normal or non-normal distributions. (Dobson, 1990).

In the most simple case of a linear model:

y = Bx+ C

whereas in a generalised linear model, a link function A is used to relate the in-

dependent variables x to the response variable y. The link function can be poisson,

logistic, gamma, etc. as long as it belongs to the exponential family of functions. To

estimate residuals after the fitting of the model, we use the Pearson residual based on

the difference from the mean divided by the standard deviation. These residuals should

be minimised for good fitting of the model where

y = β0 + β1x1 + ...+ βpxp

The linear predictor y is expressed as combinations of the β parameter estimates

and the input variables x.

Here we assume that consonant perception is quantified by the degree of signal

identification by a similarity measure (or dissimilarity measure, as RMSD is minimised

for correct identification). Discrimination of each consonant was modelled (from the

RMSD between the VCV in noise and their noiseless counterparts, e.g. between /ata/

in -6dB SNR babble noise and /ata/ with no added noise) as a function of the offset

sensitivity (0.25, 0.50, 0.75, 1.00), background noise level (-12, -6, 0, 6, 12 dB SNR),
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frequency band (10 erb-spaced channels between 100-10,000 Hz) and vowel environment

(a, i or u) using a normal distribution with an identity link function. The spectral band

and vowel environments were classified as categorical variables for this analysis.

The coefficients of the covariate offset sensitivity were ranked in descending order,

to predict the consonants for which changing offset-channel weighting had the greatest

effect taking into account different frequency bands and noise conditions. To assess the

error that was not accounted for by the distribution, statistical tests were carried out

and the residual errors were plotted.

Reduced offset sensitivity can be modelled as (a) magnitude reduction and (b) la-

tency delay in the population response. Although the BXSB/MpJ-Yaa mice data fitted

the original model by reducing the weighting of the offset-sensitive channel, increased

latencies are also a possible offset-related deficit. The GLM model was fit in a similar

way to additional delays of 10, 20, 30 and 40 ms to the offset-sensitive channel, with the

RMSD compared to the original delay. For this analysis, the magnitude of the offset

response was fixed at 0.50.

2.3 Results

2.3.1 Can we use this model for speech sounds?

The frequency response of the ERB-spaced 10-channel filterbank is shown in Figure

2.4. An example of results from processing a single VCV in a noiseless condition is

shown in Figure 2.5. The 10 spectral band components of the original stimulus, and

the corresponding outputs of the model for each spectral band are shown. The benefit

of the spectral analysis in the model can be seen as the proportion of onsets and offsets

vary as the frequency content shifts to the lower frequency bands, responses to the

transients are diminished within the speech sound /ana/. The outputs are shown for a

range of offset-channel weightings from 25% to 100%, while all the remaining param-

eters were unchanged. The gradual reduction of the magnitude of the offset response

can be seen.

Performance of the model simulations for ‘normal’ offset sensitivity with the param-

eters unchanged in the model are shown in Figure 2.6, for the easiest noise condition,

12dB SNR. Results here show that bilabial and low-frequency consonants are more
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Figure 2.4: Frequency response of the filters - The stimuli for the model input were

first decomposed into 10 ERB-spaced frequency passbands from 100Hz to 1 kHz.

readily identified in the lower frequency bands, while consonants with high frequency

components such as fricatives, /s/, /sh/, /f/ and /z/ are correctly categorised by the

model in the higher frequency bands. This nicely replicates the ‘speech banana’ for

the English language (see Appendix A for reference), a banana-shaped plot that rep-

resents the speech energy across frequency and intensity for various phonetic sounds.

Performance at the two highest bands are have 0% error rate, that only worsens for

a few consonants in the worst noise condition (-12 dB SNR) by a maximum of 13.3%

for the consonant B. The highest band is least affected by worsening noise because the

spectrum of the babble noise used (shown in Figure 2.7) is less than the 10kHz.

The spectral analysis showed that the model covered the full range of poor to perfect

performance across the frequency filters and the noise conditions (see Figure 2.8). It

ranged from 100% correct identification to less than 10% (3.4 - 8.2%)for the eight

lowest passbands in the most noisy condition, -12dB SNR. The two highest-frequency

passbands in the most difficult condition performed at approximately 97% (cf = 7025

Hz) and 72% (cf = 4915 Hz).

2.3.2 Which consonants are affected by reduced offset sensitivity in

different frequency bands and noise conditions?

The two sample sets were collated and the change in percentage correct of the model

performances between high and low offset sensitivity (0.50 and 0.25 offset channel
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Figure 2.5: Model inputs and outputs for an example VCV - /ana/
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Figure 2.6: Consonant confusion matrices for normal offset sensitivity in 12

dB SNR babble noise - Percentage correct of consonants identified by the model are

selective across frequency bands, reflecting specific spectral components in consonants

Figure 2.7: Spectrogram of the 8-talker (4 males, 4 females) babble noise

used in the background of the VCV targets - The maximum frequency component

falls below 10 kHz, providing a biased advantage to the highest passband used here with

bandwidth up to 10 kHz.
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Figure 2.8: Model identification averaged across consonants varies widely

across frequency bands and noise conditions - Percentage correct in the consonant

confusion matrices are shown to be dependent on the frequency band such that higher

frequency bands provide greater contribution to consonant perception, and on noise, so

that the error rate increases as the background noise increases. Error bars are standard

errors of the mean across all 16 consonants.
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weightings) consonant confusion matrices for each VCV across the 10 frequency pass-

bands and 5 noise conditions was calculated. The average percentage difference in

correct model predictions across consonants, between 0.50 and 0.25 offset-weighting,

was the largest in the 6 dB SNR and 0 dB SNR condition both at 3.2%, in the third

highest frequency passband (cf = 3418 Hz) followed by 2.6% and 2.3% in the seventh

passband (cf = 693 Hz) for 0 dB and 6 dB SNR respectively. The changes for indi-

vidual consonants varied largely across bands and noise conditions, the largest was for

consonant /n/ at 14.4% reduction in percentage correct in 6dB SNR. An example of a

difference confusion matrix, between high and low offset sensitivity, is shown in Figure

2.9 at 0dB SNR in the seventh passband. If the percentage changes were thresholded

at 5%, all the VCVs were represented in at least one frequency band at 0 dB SNR

excluding the highest frequency band in which the model performed 100% in both low

and high offset sensitivity. /n/, /sh/ and /t/ showed high percentage differences at this

noise level.

Figure 2.9: Percentage difference between high and low offset sensitivity -

Consonants that varied the most between high and low offset sensitivity differed across

frequency bands. In this example plot at 0 dB SNR in the passband corresponding to

a cf of 693 Hz, the reduction in percentage correct was greatest for particular VCV’s

containing the consonants /n/,/sh/ and /t/. The positive (yellow) changes on the diagonal

are predictions of differences in true positives of the consonants, while negative changes

off the diagonal predictions of confusions more likely in low offset sensitivity. There were

also some consonants predicted to be identified more in the reduced offset sensitivity than

normal offset sensitivity in noisy conditions, such as /g/ shown in this example.
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Table 2.1: Rank order of GLM coefficients by dependence on offset magnitude

Consonant Coefficient estimate Standard error t-statistic p-value

t 2.158 0.115 18.771 <0.001

d 1.859 0.111 16.789 <0.001

k 1.835 0.106 17.372 <0.001

p 1.753 0.103 17.066 <0.001

b 1.638 0.100 16.459 <0.001

g 1.624 0.104 15.573 <0.001

s 0.819 0.061 13.471 <0.001

sh 0.700 0.063 11.180 <0.001

f 0.677 0.077 8.816 <0.001

v 0.650 0.058 11.264 <0.001

z 0.642 0.065 9.924 <0.001

m 0.633 0.061 10.432 <0.001

n 0.616 0.060 10.238 <0.001

w 0.533 0.049 10.950 <0.001

y 0.434 0.046 9.341 <0.001

l 0.415 0.045 9.212 <0.001

2.3.3 GLM ranking of consonants predicted to be strongly dependent

on offset sensitivity

The effect of reduced magnitude or increased delays of the population offset response on

consonant perception was quantified by a rank order of β coefficients resulting from the

GLM model. The highest frequency band was omitted in this analysis. The consonants

with the highest parameter estimate are therefore predicted to have strong susceptibility

of offset sensitivity in babble noise relative to the other consonants.

The descending ranking of consonants dependent on offsets and SNR according to

GLM coefficients (p<0.001) is shown in table 2.1 and 2.2. Residual plots are shown in

Appendix B.

For offset magnitude reduction, the consonants most predicted to be affected are

/t/ and /d/. Examining the order reveals automatic categorisation of the plosives,

followed by fricatives, and lastly the vowel-like consonants being affected by reduced

offset sensitivity. Model outputs for the noiseless /ata/ and /ada/ are shown in Figure

2.10. The offset responses for this pair of VCVs appear after the consonantal release
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Table 2.2: Rank order of GLM coefficients by dependence on offset delay

Consonant Coefficient estimate Standard error t-statistic p-value

t 47.732 2.039 23.407 <0.001

p 37.145 1.804 20.586 <0.001

g 37.098 1.849 20.068 <0.001

b 35.230 1.772 19.879 <0.001

k 34.519 1.867 18.487 <0.001

d 34.318 1.950 17.600 <0.001

s 23.037 1.137 20.265 <0.001

sh 17.509 1.082 16.189 <0.001

f 15.926 1.364 11.674 <0.001

z 15.847 1.153 13.739 <0.001

v 13.177 1.043 12.636 <0.001

m 12.333 1.059 11.649 <0.001

w 11.302 0.867 13.028 <0.001

n 10.795 1.046 10.325 <0.001

y 7.946 0.829 9.588 <0.001

l 7.329 0.794 9.226 <0.001
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Figure 2.10: Model outputs for VCV’s predicted to be strongly dependent on

offset detection - /ada/ and /ata/
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in the higher frequency bands,. As they diminish in the lower frequency bands, they

are replaced by the peaking of secondary onset responses. While the offsets signal the

end of the plosive burst, the onsets signal the start of the vowel. They appear almost

aligned because of the greater delay in the offset-sensitive channel. These dynamics were

not seen in the pair /apa/ and /aba/ although they also displayed strong onset/offset

responses.

2.4 Discussion

Consonant confusions have been investigated in depth in the field of speech sciences,

although we still do not know what cue the auditory brain uses to detect and discrim-

inate consonants in difficult conditions such as loud noise or reverberance. It does this

in a highly flexible manner that suggests more than simple categorisation or spectral

analysis by the ear. Here, for the first time, the contribution of the offset response

to the perception of noisy speech was studied using mathematical modelling methods.

VCV speech sounds in varying levels of background noise were decomposed into 10

ERB-spaced frequency bands in the range 100-10,000 Hz, and were used as inputs in a

model of independent parallel onset-sensitive and offset-sensitive channels in order to

simulate deficits in the offset pathway.

These results show the implication of reduced offset sensitivity on humans. Firstly,

I showed that the model could be successfully used to predict template-matching of

consonants based on the signal similarity of model outputs. Consonants had high rates

of identification in bands that were selective to frequency components of the sounds.

As expected, overall consonant identification was highest in higher-frequency bands.

A GLM was fit in order to quantify the effect of reducing offset sensitivity in diffi-

cult noise conditions, assuming that the auditory brain tries to match the population

response in specific timing and magnitude of the response. It was expected that con-

sonants with similar offset salience in the stimulus speech profile would have similar

predictive qualities, but it was unknown how well the matching would be in different

noise conditions and taking into account the envelope in different frequency bands.

This analysis therefore aimed to take into account the nature of background babble

noise and assess how offset responses interact with it. It appeared that as consonants
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similar in manner were grouped together, the results predict greater within-group con-

fusion than between-group confusions (for both magnitude- or delay-based deficits).

This supports results obtained in the landmark study by Drullman (Drullman et al.,

1994), where temporal smearing affected stops the most, followed by fricatives and

then vowel-like consonants that have large amplitudes, low-frequency components and

less temporal fluctuations. Temporal envelope smearing would reduce offset salience,

suggesting offsets are a major feature cue in their identification.

Results here shed light on past studies of speech perception that have previously

eluded explanation. Offset cues are more susceptible to disruption than onsets; tempo-

ral smearing, reducing temporal modulations, reverberation and increased background

noise degrade offset salience and hence speech intelligibility, especially consonants. How

are consonants and vowels detected simultaneously? The model demonstrates that the

dichotomy of onset and offset responses is necessary to detect concurrent vowel and con-

sonants, such as /b/ that has a negative VOT. In fact, the greater delay in the offset

channel (13 ms) compared to the onset channel (5 ms) as modelled by the BXSB/MpJ-

Yaa mouse model makes the population responses to the two types of transients appear

synchronised across different frequency passbands. These results highlight the impor-

tance of contributions from both spectral and envelope cues.

In the different conditions, the model captured the variabilty of consonant discrim-

ination from perfect performance (in the highest frequency range) to poorest perfor-

mance (in the lowest SNR). The consonant confusion matrices revealed these differences.

The resultant distance matrices highlight differences between what would be ex-

pected for normal and impaired offset sensitivities. If there is a very little effect of

changing the offset sensitivity, the consonants should match each other in the two sim-

ulations along the diagonal of the distance matrices as the minima of the distance

measure. Any confusions away from the diagonal are directional - for a particular

consonant, it can either be a false positive or a false negative - and attributed to the

difference in the offset response between the two signals. The onset peak of the fol-

lowing vowel is part of the window used to define the signal similarity measure - so

it is possible that the contribution of the onset response in higher frequency bands as

vowels are high frequency, played a part in good model performance in those bands.

This is realistic as we often use information from the following vowel in our speech

understanding. The aim was to explore what is the effect of reduced offset sensitivity
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on listening to spectrally-robust speech with frequency cues and other transient cues

present.

The signal root mean square should be still identifiable in noise such as babble noise

if the features are salient enough, as multitalker babble has sporadic dips in the noise.

The spectra of the noise was less than 10 kHz with the largest components being in the

low frequency range 0-2000 Hz.

Looking at just true positives for each consonant without considering the confusions,

it was seen that the RMSD between the noisy signal and its noiseless equivalent varied

over SNR, across the bands and with offset sensitivity. GLM was used to rank the

coefficients of these effects in order to establish which consonants were more affected

by reduced offset sensitivity either in magnitude or latency. The consistency across

sample sets, and when the sample sets were pooled, enabled two model predictions,

(a) that the consonants /t/ and /d/ would be most affected by poor offset sensitivity

and for /l/ and /y/ there would be less difference in performance between normal

and reduced sensitivity to offset responses in the auditory brain. /y/ is considered a

semivowel with low-frequency components so it is on the border of consonant and vowel

indicating offsets are relevant for consonants in particular. Similar to /ana/, they have

no transients at the consonant but only at the start and end of the speech sounds.

Therefore, reducing offset sensitivity has minimal effect on the consonant perception.

The results imply the order of consonant perception is stop consonants /p,t,k,b,d,g/,

fricatives /s,sh,f,v,z/ and nasal consonants /m,n/ and semivowels or semiconsonants

/l,w,y/ in order for decreasing performance for people with reduced offset sensitivity.

This robust categorisation of consonants by manner is perhaps not surprising consid-

ering within-category spectral onset-offset profiles are similar because of how they are

pronounced. Stop consonants have the most salient onset and offset combinations, fol-

lowed by fricatives especially the sibilants (voiceless /s,sh/ and voiced /z/) where the

acoustic energy is the highest. The sonorants consisting of nasal /m,n/, liquid /l/ and

glide /w,y/ are voiced and have the least modulations, if any.

Results for the offset delay were very similar to the reduced magnitude, although it

was not expected that the RMSD as the signal similarity measure based on a temporal

template-matching assumption, would be a good choice over a correlation-based mea-

sure that can take into account lags. The neuronal population of the BXSB/MpJ-Yaa

mice showed no delay and only a drop in magnitude that could be caused by lower
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numbers of offset-sensitive neurons in the ectopic mice (Anderson and Linden, 2016).

The results could suggest that both timing and delay are important cues to distin-

guish consonants by manner, that are salient most for stop consonants and least for the

semivowels. The coefficient estimates were an order of magnitude higher for the delay

conditions than the reduced weighting conditions. This indicates that the delays chosen

had a much larger effect than the range of weightings of the magnitude. However, the

rank order remained almost the same. The ordering within the stop consonants was

different - /t/ and /p/ were the most susceptible to a change in delay. They both have

a positive VOT, but /k/ that has a similar VOT was not higher than its zero-VOT

counterpart /g/. This could be because /g/ has stronger voicing because they are velar

consonants.

For voiced-stop plosives, /d/ and /g/ have been found in previous studies to be

confused with one another much more than /b/ in the classical study by Miller &

Nicely (Miller and Nicely, 1955) and also in studies of the overshoot effect (Cervera and

Gonzalez-Alvarez, 2007). In the latter study the authors concluded the confusions were

due to similar spectral peaks. The modelling predicts that based on reduced magnitude

of offset response, /d/ confusions but not /g/ confusions will be greater than /b/ due

to a contribution from reduced offset sensitivity. Taking the separate frequency bands

into account in the GLM, /d/ and /t/ are consistently the consonants that are the most

affected by change in offset sensitivity. According to modelling increased delays of offset

sensitivity, the proposed spectral cues could have a much larger impact than the offset

response on /d/ as it is less confused than /g/ and /b/ based on offset sensitivity alone.

The GLM estimates reflect the high relevance of the post-vowel offset cues in plosives

/t/ and /d/. This pair of consonants have been studied as exemplars of VOT but this

study offers an explanation as to why the categorical perception of these sounds is more

strong.

The work here presents a novel onset-offset hypothesis for the processing of VOT,

and speech in general. Onsets and slightly delayed offsets are represented as synchro-

nised boundaries of the consonant and vowel in different spectral bands, with offsets

representing the consonant-vowel boundary in higher frequency passbands and onsets

representing them in lower frequency passbands. Higher auditory cortical areas, which

combine high temporal synchrony with sensitivity to multiple frequency bands, could
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utilise this cross-band temporal information to support recognition and discrimination

of speech sounds.

It is currently unknown how the information across frequency passbands are aggre-

gated in the auditory brain, so the GLM model allowed to estimate which consonants

might be at a loss due an offset deficit without making assumptions in this regard. The

simple biophysical parameters in the model were sufficient, and it is thought that the

simplicity of the approach has greater benefits to model a complex processes, than to

build a model that would take into account various speaker variations, effect of vowel

and consonant on each other, etc. In this case, keeping the factors that might have a

top-down approach constant and building a model for the bottom-up processing until

the auditory midbrain was satisfactory.

This model supports the common hypothesis that neurons extract patterns or fea-

tures in order to classify the speech sounds into specific categories, but other models

exist that espouse the aspect of continuous discrimination of speech perception. An

attempt to unite the two by using a Bayesian model of inference to perceive phonemes

fit the data for particular phonemes well (Kronrod et al., 2016) but it is difficult to

see how such a model is implemented. The problem still remains how individuals gain

their prior knowledge of the categories and acoustics.

This model is not specific to vowels or consonants, and only consists of relevant bio-

physical computations. Perhaps part of its success is its simplicity (‘Occam’s razor’).

Parallel processing mechanisms increase the redundancy of spectral and temporal cues,

that are evidenced by our abilities to resolve speech in difficult listening conditions. It

is unknown whether speech activation regions in the brain represent sounds in a cate-

gorical or distributed manner (Hickok and Poeppel, 2007). In a small-voxel fMRI study,

it was found that vowels and stop consonants occupy segregated patches distributed

hierarchally across the auditory cortex (Obleser et al., 2010). Overlap between voxels

correctly classifying both vowels and categories was sparse. A study of deficits selec-

tive in vowel or consonant processing (Caramazza et al., 2000) also suggests segregated

mechanisms. Might these regions be frequency-tuned? The theory that vowels and con-

sonants are distinct objects exploited by the brain is contentious. In the onset-offset

model, it is both individual vowels and consonants, the combination of vowels and con-

sonants, as well as combinations from different sound sources that can be represented.

Therefore, this model bridges the discrepancy between theories of the ‘units’ of speech
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perception. Recall also that most offset neurons are also onset-sensitive, while some

are only sensitive to offsets or onsets alone - so according to this model, it is possible

to capture segregated populations specialised for particular sound categories.

In natural speech, coarticulated vowels are identified more accurately than isolated

vowels, despite similar formant frequencies (Verbrugge et al., 1976; Strange et al., 1976;

Strange et al., 1979; Gottfried and Strange, 1980). What is the acoustic cue if not

frequency? This model suggests an explanation for perceiving speech variability from

the context of surrounding phonemes, as overlapping vowels with consonants can be

detected efficiently and providing more onset/offset cues facilitates identification.

The results also provide an explanation as to why offset neurons have a higher

frequency tuning than onset neurons. Results here indicate that offsets are relevant for

consonants while onsets for vowels, which is expected from speech waveforms, but has

not been explicitly shown in this way.

Although the consonant is in the valley of the speech signal, consonant perception

is also affected by the environment such as preceding and following speech sounds.

Therefore, the window for the RMSD was made a sufficient width to incorporate the

following onset peak of the vowel after the offset. By studying combinations of onset

and offset sensitivities, the model can be used to study the effect of certain vowels

following consonants. For this, a much larger corpus of speech sounds would be needed

in a ‘Big Data’-style study. It would then be necessary to implement normalisation

algorithms such as dynamic time warping. This was not done in this particular study

as the aim was not to tune the model to all the complexities of natural speech, but

only to see the influence of variable offset detection. The model performed poorly

when the two sample sets were cross-matched in the RMSD analysis, i.e. a particular

VCV was compared to a different token of the same VCV (but the same speaker) to

obtain the confusion matrices (results not shown). Additional computations to make it

more generalisable will allow the warrant of the model to be expanded, although at the

expense of more nonlinearities, for what has been designed by Anderson and Linden as

an abstract model (Anderson and Linden, 2016).

The parameters used in this model were based on a mouse model, but it is unknown

how well we can extrapolate these to human studies. This model could be used in fur-

ther studies to explore our hearing abilities in reverberant environments with multiple

offsets that obscure the ending of sounds. This may help us to identify the relevant
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timescales and optimisation of offset detection in human studies. Hearing devices such

as hearing aids and cochlear implants perform poorly in two situations: background

noise and reverberation. Both of these effects can be linked to offsets being degraded,

so understanding the role of offsets has the potential to redefine the engineering of these

devices by preserving offset cues at parameters optimised for the most difficult condi-

tions. By manipulating the onset channel weighting in addition to the offset channel

weighting in various combinations, the relative contributions of the two cues to speech

perception could also be modelled. Furthermore, simulating sensorineural hearing loss

in the frequency analysis would also ascertain whether the model performance for dif-

ferent types of consonants is distinct or similar across a condition not related to the

offset cue.

This modelling study of variable sensitivity to offsets in multitalker background

noise categorised consonants according to their manner, and the results across spectral

bands naturally demarcated the frequency components for high consonant identifica-

tion in its relevant passband. Most importantly, this work offers an explanation for

perceptual constancy in speech perception that allows us to make sense of and navigate

complex auditory scenes.

45



2. COMPUTATIONAL MODELLING OF OFFSET SENSITIVITY

46



3

Psychophysical Measures of

Offset Sensitivity

The next goal in this body of work was to find a behavioural correlate of offset

response that could potentially be measured in a clinical setting. Here, I describe

and test hypotheses of various paradigms that may directly relate to offset sen-

sitivity or indirectly depend on it. The variation of these possible measures and

their reliability in the healthy population is investigated.

3.1 Introduction

Psychoacoustics aims to find the functional relationships between physical attributes

of sound and the behaviours of detection, discrimination, recognition, etc. In order

to investigate the role of offsets in consonant discrimination, I set out to find a reli-

able and robust measure of offset sensitivity. The initial idea of an ideal measure for

sound offset sensitivity was that it would be based on a psychophysical task that is

easily incorporated into the current clinical protocol that tests for auditory processing

problems associated with speech-in-noise difficulties. The task would ideally be short

so it would not greatly lengthen the current testing time. It should be robust, repeat-

able and consistent within subjects with a low test-retest variability and not subject

to cognitive factors such as attention. It should also have a good range with signif-

icant variability between subjects, and an association with gap-in-noise detection. It

must be easily applicable in a wide range of ages, without the confound of age-related
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changes, from children to the elderly as they are often the clinical population at risk

for speech-in-noise problems.

The simplest detection task is a reaction-time task, where the participant uses a

motor response as fast as possible whenever the target occurs. Past studies in re-

action times reported slower reaction times for sound offsets than onsets (Emmerich

et al., 1976; Kemp, 1973; Efron, 1970), that were suggested to be attributed to the

difference in offset judgement criteria for individuals (Penner, 1978; Allan, 1979). In

the paradigm used here, a greater sensitivity to offsets might decrease the behavioural

response latency to abrupt offsets of white noises.

Auditory phenomena thought to depend on offsets include forward masking. Here,

a target click is preceded by a masker noise. The amount of masking is hypothesised

to depend on the strength of the offset response at the end of the masker. In the

BXSB-Yaa mice, a reduced population response to click following noise was shown in

ectopic relative to non-ectopic mice (Anderson and Linden, 2016), indicating that click

thresholds are required to be higher for ectopic mice. Approximately 90% of offset

neurons in the SPN are driven by inhibitory rebound (Kopp-Scheinpflug et al., 2011).

Therefore, lower thresholds for clicks are expected for better offset sensitivity while

higher thresholds are expected for a population with reduced offset sensitivity.

Duration discrimination depends on accurate timing of both onsets and offsets of

the sound. A paradigm involving filled and empty intervals was used in this study.

This task has been validated previously showing that discrimination is the range of

milliseconds can be measured reliably (Rammsayer and Lima, 1991). It is hypothesised

that while filled intervals, i.e. noises, elicit both onsets and offsets, the timing cues of

both are used. However, in empty intervals bounded by clicks that would elicit only

transient onsets, information from onset timings alone is used. Thresholds are therefore

expected to be better for filled relative to empty thresholds, that would employ timings

from both onset and offset-sensitive channels in parallel. Better offset sensitivity would

mean a greater difference in performance between the two stimuli compared to poor

offset sensitivity. Results from past studies comparing filled and empty thresholds are

inconsistent, although the studies claiming better or no change in discrimination at

empty thresholds compared to filled thresholds (Grondin, 1993; Grondin et al., 1998;

Rammsayer, 2014) use standard durations greater than those used in this work.
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Gap-detection thresholds and consonant identification tasks were also piloted to test

if the potential measures of offset sensitivity were related to speech perception. In this

chapter, results for validation and selection of the tasks for test battery are shown in

these pilot experiments in normal-hearing participants, while results of the consonant

discrimination tasks (included in the resulting test battery for two group populations)

are expounded on in Chapter 4 in order to avoid repetition.

3.2 Methods: Psychophysical Testing of Normal-Hearing

Participants

3.2.1 Experimental setup

Normal healthy participants aged 18-60 were seated in a soundproof booth. They all

reported they had not been exposed to any prolonged loud noise in the previous 24

hours. The stimuli were presented using Psychtoolbox in MATLAB on a standalone

laptop (Dell XPS 13), running a low-latency kernel on an Ubuntu Linux system for

more accurate reaction-time measurements. The participants were wearing circumaural

Sennheiser HDA200 headphones and responded by key press or mouse click according

to the task. The headphones were calibrated using a Brüel & Kjær artificial ear and

amplifier, and had been chosen specifically for their widespread use in the clinic and

the available standard in the literature for converting dB SPL to dB HL. All subjects

were paid for their participation. The experimental procedures were approved by the

UCL Research Ethics Committee (10433/001).

Practice trials were allowed for each of the following tasks to allow the participant

to become accustomed to the experimental setup and the stimuli. Breaks were offered

between blocks to ensure their comfort and concentration throughout. The whole

experimental session, including breaks, lasted up to an hour. For a group of participants

who were available to come to two sessions one week apart, test-retest reliability was

measured by repeats of the offset-sensitivity measures.

Note that the subject numbers vary for the tasks as they were tested at different

timepoints in the course of this project. Results were analysed using statistical tests

and tools in MATLAB.
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3.2.2 Acoustic stimuli and protocol

3.2.2.1 Pure-tone audiometry

A pure-tone audiometry (PTA) test was first carried out, in which the participant was

required to press a key on the laptop whenever they heard a tone. I adapted this test in

MATLAB using the current guidelines for the clinical protocol according to the British

Society of Audiology (BSA, 2011). Subjects were tested at sound frequencies in the

range 250-8000 Hz (threshold of 20 dB HL for inclusion in the study); the tones were

a random duration of 1-3 seconds long and the intervals between the tones for each

frequency were also 1-3 seconds. Following a key press on hearing a tone, the tone level

was reduced by 10 dB in a descending approach until no further response was obtained,

and then increased by 5 dB until the subject responded with a key press again. The

level was then decreased by 10dB and an ascending approach in 5dB steps was used

until they responded again. This ascending approach was repeated until the subject

responded on the same level at least 50% (two out of two/three/four times). The next

frequency was presented at 30dB above the adjacent threshold. This test provides a

threshold for detectability for tones of varying frequencies, that can be used to ensure

normal hearing. On the instantly viewable audiogram following the test, if there was a

frequency at which the threshold was more than 20dB HL, the frequency was repeated

with a clinical audiometer.

3.2.2.2 Gap-in-noise detection

The next psychoacoustical task was the gap-in-noise detection task (65 participants

aged 18-60) - again analogous to the clinical version and adapted in MATLAB. The

gaps are 2-20 milliseconds long randomly interspersed in 6-second long white noise

sounds (incorporating either 1, 2 or 3 gaps). There are no gaps within the first 500

ms or last 500 ms of the noise, and the minimum interval between gaps is also 0.5 s.

There are 32 trials of which 2 are catch trials with no gaps, and a cue beep (440 Hz

for 0.1s) between each trial after a ISI of 1s. The noise starts 2 seconds after the cue

beep. The participant was asked to respond by pressing a key to the gaps in the white

noise that may sound like ‘glitches’ or ‘hiccups’ and were given a short practice block

for familiarisation. They were told there might not be any gap in the noise, or there

may be up to 3, and to press a key once whenever they heard the gap. The threshold
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is calculated through interpolation by finding the gap size at which 66.67% of the gaps

are correctly detected. This task was placed after the speech-in-noise task as it was

initially found that after the reaction-time onset/offset task, it was difficult for many

to not mistakenly press a key at the beginning or end of the noise.

3.2.2.3 Reaction times

In a reaction time task, the participant was instructed to respond by pressing a key

at the beginning and end of a 60 dB Gaussian white noise (with 5 ms raised cosine

squared ramps at either end). Participants (65 in total, in the age range 18-60) were

asked to concentrate and to respond as fast as possible, avoiding anticipatory moves

and keeping the hand and arm in a fixed and comfortable position. The white noise

was of random duration between 1 to 4 seconds, following a silence of random duration

within the same range of 1 to 4 seconds. The mimumum of 1 second duration was

required as a duration effect was observed for smaller durations, because of the limits

of behaviour reaction times. A cue tone beep (440 Hz for 0.1 s) was used to indicate a

new trial after a ISI of 1 second. There were initially three blocks of 30 trials each, with

some participants in the last group of experiments tested one block each when it was

found to be more than sufficient and reliable. For the later analysis, only the first block

was used for all the participants. Trials with RTs less than 100 ms and greater than

600 ms were removed, and the standard errors of the mean RT for each participant was

calculated.

An additional task (21 participants aged 18-40) used a 2000 Hz tone instead of a

noise. As described before, the participant was required to press a key at the beginning

and end of the tone, except the start-of-trial cue was a 0.5 ms click instead of a tone.

In order to probe level-dependence, there were three blocks presented of 30 trials each,

at ‘loud’ and ‘quiet’ tone sound levels: 60dB and 20dB SPL.

3.2.2.4 Click-following-noise detection

A click-following-noise task (15 participants aged 18-32) followed an adaptive procedure

of 4-down 2-up to find the threshold level in dB for detecting a 0.05 ms click presented

at the end of a 60 dB noise (of duration 0.5 s with added jitter to avoid entraining)

after gaps of 0, 1, 2, 4, 8, 16, 32, 64 and 128 ms. The noise was again ramped at

the beginning and end with 5 ms cosine squared ramps. The participants were asked
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to press a key when they heard a click following the noise. The maximum click level

presented was at 100 dB. The threshold that was the same level for 50% of more than

one ascending approach was recorded for each delay. The results were adjusted to

sensation level using the individual participants’ BEA (better-ear average) from their

audiometric data.

3.2.2.5 Duration discrimination

Four blocks of filled intervals were presented and four blocks of empty intervals. In

each block there were 50 trials for four standard durations in this order: 200, 50, 100

and 25 ms. Each trial consisted of two sounds presented with an ISI of 1 s - one of

the sounds was always the fixed standard duration while the other varied from the

standard duration by an additional varied duration (the minimum difference was 1

ms and the starting estimate was 50 ms). The participant had to press one of two

keys to indicate which they thought was longer, the first or the second. The sounds

were in a randomised and counterbalanced order. The minimum difference threshold

required to discriminate which sound is longer for both filled intervals (white noises)

and empty intervals (0.1 ms clicks at the beginning and end of the interval) was found

by an adaptive procedure (QUEST algorithm in Psychtoolbox that uses a maximum

likelihood procedure to estimate the threshold - Watson & Pelli 1983) aimed at 70%

correct discrimination.

3.2.2.6 Consonant discrimination

The next task was a consonant discrimination task (17 participants, under the age of 30

and native English speakers). A graphical user interface (GUI) was presented with the

range of 16 consonants shown in alphabetical order so it could be found easily. Using

the female speaker tokens that had been used in the computational model, each vowel-

consonant-vowel sound (two samples each of three vowel environments) was presented

in a random order in each of 5 levels of multitalker (4 male, 4 female) babble noise. The

first block was the easiest level at 12 dB, followed by -6 dB, 6 dB, -12 dB and lastly

0 dB SNR. This order ensured the participant remained motivated throughout. They

were instructed to click using the mouse on the consonant they thought the female

speaker spoke, while ignoring the background chatter and the vowels. The complete

five blocks took 20-30 minutes.
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Figure 3.1: Schematic of single trial for tasks - A. Gap-in-noise detection B. On-

set/offset response time for noise C. Click-following-noise D. Duration discrimination
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3.3 Results

3.3.1 Simple reaction-time measure

In pilot testing, a duration effect on reaction times of a Gaussian white noise was tested

on durations between 200 and 4500 ms, in which there was no duration effect observed

at durations greater than approximately 800 ms (see Appendix C for the duration effect

on shorter durations). Therefore the durations tested were in the range 1-4 seconds,

also to allow sufficient unpredictability of the preceding noise or silence. Trials with

reaction times less than 100 ms and greater than 600 ms were removed.

Figure 3.2 shows the mean offset and onset reaction times to the white noise (n

= 65). There was no significant difference between participant mean onset and offset

reaction times (t(64)=1.60, p=0.11). Data from 3 blocks of 30 trials was taken for 44

participants, after which 1 block was tested for the remaining participants. The ratio

of offset/onset RT was consistent for individual participants (90.91% of 1-block means

were within 2 standard errors of the 3-block means, n = 44).

Gap detection thresholds (GDTs) increased with age of participants, although the

effect was not strong (Pearson’s r = 0.32, p<0.01). For subjects under 30 (n=50), there

was no significant correlation between reaction time and GDT for onsets (r = 0.25, p

= 0.08) or offsets (r = 0.21, p = 0.15). Still on a logarithmic scale as shown in Figure

3.3, offset reaction time did not have a strong relationship with GDT (r = 0.25, p =

0.09).

As a potential measure, the range of the difference between offset and onset reaction

time, i.e. a normalisation of the offset reaction time, was studied as shown in Figure

3.4. There was no significant correlation of this measure with GDT (r = -0.12, p =

0.39).

In the tone reaction-time task at high (60 dB) and low (20 dB) tone levels, the

mean difference between onset reaction times at the two levels was approximately 0,

while offset reaction times were greater at quieter tone levels (n = 21). Figure 3.5

shows that reaction times were smaller overall for tone offsets than onsets. There is no

significant difference within groups or at across groups at 20 dB tone level (Wilcoxon

rank-sum test, p>0.05) but there is a significant difference between onset and offset

reaction times at 60 dB (p=0.0052).
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Figure 3.2: Mean offset and onset reactions times (ms) - The average ratio of mean

offset and onset reaction times is approximately 1 for participants. Error bars are standard

errors on the means.
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Figure 3.3: Reaction times and gap detection thresholds - On a logarithmic scale,

the variation of reaction time with GDT was not significant (p>0.05) for both onsets (red)

or offsets (blue).
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Figure 3.4: Normalised reaction time measure and gap detection thresholds -

The difference between offset and onset reaction times was tested as a normalised measure

that would account for individual variation that might be additive such as influence of

attention on the task. The measure did not vary strongly with GDTs. Error bars are

standard errors on the means.
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Figure 3.5: Reaction time measures at loud and quiet tone levels - Reaction time

medians are lower overall for tone offsets than onsets. While onsets are not modulated by

intensity, there is a trending increase in offset reaction times for quieter tones although it

is not significant (p>0.05).

3.3.2 Click-following-noise thresholds

I tested a forward masking task that would be a sensitive measure of the minimum click

threshold that could be detected at various gaps following a white noise. This threshold

was hypothesised to be directly dependent on the offset response of the noise. Figure

3.6 shows that the greatest variation for click threshold was at 4 ms, where a group

required the maximum dB SPL to be presented. The GDTs of the group with maximum

thresholds was 4.68 ± 0.28 ms whereas for low thresholds it was 4.81 ± 0.65 ms. For

evaluation of the test-retest reliability where participants underwent the same task in

two separate sessions, the delay at which 50% click threshold was reached was used as

a measure of the slope. There was no significant difference between the two timepoints

(Kendall’s tau = 0.81, p<0.001).

3.3.3 Duration discrimination JNDs

Figure 3.7 shows the mean JND’s for filled and empty intervals for T = 25, 50, 100 and

200 ms. Results for participants in this pilot study (n = 13) were significantly different

between the two interval types at all standard durations except at 25 ms (p<0.05).
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Figure 3.6: Click-following-noise thresholds - As a measure of offset sensitivity, a task

measuring the amount of forward masking at various delays involved adaptive adjustment

of the level of a click following noise to find the threshold level for detection. The click

threshold varied the most at 4 ms delay between the noise and click, see inset histogram

(n=13).
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Figure 3.7: Duration discrimination thresholds for filled and empty intervals -

For various T values, the JNDs between filled and empty intervals were compared in this

pilot (n=13). Error bars represent the standard deviation across participants.

Figure 3.8: Weber fractions for filled and empty intervals - The ratio of mean JND

with the standard duration varied across brief durations between 25-200 ms, with higher

shifted fractions for empty (blue) than filled (red) thresholds.
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Mean filled JNDs decreased with greater standard durations although the trend was

not significant (Pearson’s r = -0.85, p = 0.15), whereas mean empty JNDs increased

with standard duration (r = 0.88, p = 0.12). Test-test reliability results showed a

significant difference could not be ruled out between the filled JNDs at 100ms for

repeat measurements (Kendall’s tau = 0.47, p = 0.07), although the mean variability

between paired measurements was 4.04 ms. For empty thresholds the mean difference

between paired measurements was 14.77 ms.

The Weber fraction (JND/standard duration) being a constant did not stand for

this experiment, and the fractions were higher for empty than filled thresholds (see

Figure 3.8). The Weber fraction is approximately doubled at 50 and 100 ms for empty

than filled thresholds (at 100 ms the mean filled and empty thresholds were 30.28 ms

and 67.07 ms respectively).

3.4 Discussion

In normal-hearing listeners across a wide range of ages from 18 to 60 years, potential

measures of sensitivity to sound offsets were tested. Although age and speech perception

can be a contentious issue (Schoof and Rosen, 2014), the participants had no peripheral

hearing problems and the age range was required in order to explore the measures of

offset sensitivity with a range of gap detection thresholds. One possible measure was

offset reaction times normalised by onset reaction times. There was little association of

reaction times with the participants gap-in-noise thresholds, and observed outliers in the

measures tested were older adults. Reaction time is complex measure that is an indirect

measure of the speed of central processing (Woods et al., 2015). The observation that

there was no difference between onset and offset reaction times at salient noise and tone

sound levels, but a greater difference at quieter tones, indicated that reaction time can

measure a delay in processing due to integration, that is not necessarily offset-related.

Processes such as internal decision criteria can cause variability in the reaction time

responses originating from outside the auditory pathway. Furthermore, the timings

and their precision were two orders of magnitude larger than that of the gap detection

thresholds that were less than 10ms. It is likely that while the latter is a measure

of whether an offset or an onset (or combination) is detected at temporal limits of

precision, the reaction time of a salient offset is a measure of how fast the participant
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can respond cognitively to the detection rather than whether it was detected or not. It is

also highly dependent on additional intervening motor processing. Behaviour reaction

latency was thus not sufficiently sensitive enough for perception of offset detection

whose effectiveness impinges on precise timing.

The forward masking task revealed a grouping of thresholds at a 4 ms delay between

the noise and the click. The 4 ms delay is just below the typical mean gap-detection

threshold, so the high variance between subjects at this noise-click interval is to be

expected. However, there was no significant association between the GDTs of the

groups with low and high click thresholds at this delay. It is possible to use higher

maximum thresholds for clicks than 100 dB within safe levels. As 120 dB SPL for

auditory clicks is acceptable for routine clinical testing of Vestibular Evoked Myogenic

Potential (VEMP), a maximum of 120 dB was selected following this pilot study in

order to test potential group or individual differences.

The filled and empty JNDs showed a range of sensitivities at various standard

duration, with an increase of mean empty JNDs relative to filled at 200 ms duration.

This could be because the empty interval became more difficult at greater durations.

Whereas noises are dependent on the energy integration with duration, empty intervals

require comparing the timing cues of two sets of clicks. It is possible that working

memory was a greater influence on the empty threshold task. I therefore decided that

100 ms would be the optimum standard duration at which to test the ratio between

filled and empty intervals, where the tasks seemed more comparable yet there was also

a greater range of filled intervals JNDs that would make it more sensitive to subtle

changes in offset sensitivity. Past studies have proposed two timing mechanisms, one

that is perceptual based on the subcortical level while the other is cognitively controlled

relating to working memory processes, with the transition occuring between 200-800 ms

(Rammsayer and Lima, 1991; Karmarkar and Buonomano, 2007). To avoid possible

confounds and keep the task purely perceptual, 100 ms was chosen as the standard

duration to test.

Weber’s law did not stand in this study at such short durations (it is commonly

thought to be valid for durations between 200 ms and 2 s (Getty, 1975)), although the

difference between Weber fractions across interval types was approximately uniform. A

generalisation of Weber’s Law, the theory of Scalar Timing of temporal intervals posits

an internal clock that records durations linearly (Gibbon, 1977). This would predict
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that JNDs increase with duration, which was seen a possibility but not significant for

empty intervals in this study. Here, the results imply that the mechanisms underlying

both filled and empty duration discrimination are not linear with duration but on a log-

log transform, the Weber fractions would appear to be governed by similar dependence

on duration - even for intervals without ‘power’, i.e. noise. At this timescale, the

similarly trending but shifted Weber fraction plots indicate a common internal timing

mechanism between the two for discriminating between intervals, with a change in

difficulty that one can postulate is due to the involvement of offset cues in easier

judgements for noise durations. From the Weber plot, a possible measure of offset

sensitivity should be a ratio of the filled and empty JNDs. Poor offset timings would

increase the filled interval JND relative to the empty interval JND, hence increasing

the ratio measure.

Conflicting results for the empty and filled thresholds in the past psychophysical

literature on this theme may be due to the variation in task design and base durations

used. At shorter durations, the reason why Weber’s Law doesn’t hold could be related

to the minimum limits of temporal integration, which is inextricably linked to how well

the offset is perceived. Sounds less than tens of milliseconds are unlikely to produce a

strong offset response, which makes duration discrimination worse. If that is the case,

why are empty thresholds worse? Onset transients are also subject to these limits, and

approximately-twice-better JNDs in the filled thresholds seen here could be because

duration discrimination is facilitated in parallel processing of onsets and offsets. Notions

opposed to the ‘internal clock’ theory of time perception propose mechanisms dependent

on neural dynamics such as layers of leaky integrators with different time constants

(Shankar and Howard, 2012). The onset-offset model that incorporates an integration

time constant under ten milliseconds, achieves extraction of onsets and offsets from

different spectral bands that would allow both the envelope and fine-structure cues to

be extracted. Temporal integrators of hundreds of milliseconds are used in models but

their physiological correlates in the auditory system are unclear. They are thought

to be necessary as sound detection thresholds decrease with duration. The estimated

duration of 200 ms for temporal integration coincides with the limit at which Weber

fractions begin to asymptote in past literature and as indicated in results here.

The inherent variability nature of reaction time means it is perhaps a better group

measure between conditions rather than an individual measure. Forward masking and
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discrimination thresholds are more promising measures of offset sensitivity than reac-

tion time as they are more sensitive to rapid temporal changes and occur at timescales

closer to temporal acuity of the auditory system. It is also unclear whether changes in

magnitude or delays in offset channels are responsible for the variation of sensitivity.

Discrimination thresholds are therefore a more valid task as there is no evidence to

suggest that delays in behavioural responses would be manifestations of reduced offset

sensitivity. It is less difficult to differentiate between a peripheral or central deficit for

the duration discrimination task, than for a ‘quiet’ reaction-time task, even if there

are mean group differences. A past study also showed greater latencies for quieter

amplitudes (Baltzell and Billings, 2014).

In summary, psychophysical results did not show clear evidence whether offset sensi-

tivity is a factor contributing to inter-subject variation in speech-in-noise discrimination

ability and is able to capture individual psychophysics (results shown in Chapter 4).

However, there could be group differences observable between populations.
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4

Offset sensitivity in individuals

with speech-in-noise difficulties

In this chapter, I describe a novel battery of psychophysical tests of offset sen-

sitivity, following on from results in Chapter 3 where I tested the detection and

discrimination of offset-responses. The next step was to test these measures in two

populations, with and without speech-in-noise difficulties, in order to investigate

if the proposed psychophysical offset responses are a correlate of speech perception.

4.1 Introduction

Speech-in-noise difficulties are a common complaint of many disorders, even with good

peripheral hearing. The mechanisms underlying this is poorly understood though there

is literature that temporal deficits might play a role (see Section 1.4). Because we do not

fully understand the underlying cause, there is no gold standard to diagnose disorders

such as APD and the literature is controversial on the nature and labelling of these

problems - see (Moore, 2018).

Pure-tone audiometry is insufficient to predict and characterise speech-in-noise per-

ception. In order to ascertain the role of offset responses in speech-in-noise perception,

the measures previously described were tested here in two populations without periph-

eral hearing loss, with and without difficulties understanding speech in noisy situations.
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4.2 Methods

4.2.1 Participants

Normal-hearing participants (n = 32, in the age range 18-57, 22 female) were recruited

from the UCL SONA Psychology Subject Pool. Participants were healthy with no

history of developmental, cognitive or hearing problems.

The group with self-reported speech-in-noise difficulties were recruited on an online

support forum for auditory processing problems. Interested participants filled out an

online questionnaire on UCL REDCap based on the SSQ questionnaire (Gatehouse

and Noble, 2004) that assesses ‘speech, spatial and quality’ listening abilities, with

the speech-related questions most relevant for this work. Participants were eligible if

they had no known hearing loss/peripheral hearing problem. All participants (n = 14,

aged 23-49, 10 female) had minimum degree or degree-equivalent as the highest level of

education, and none had received any form of speech, language or APD-related therapy.

4.2.2 Novel test battery of offset sensitivity

The test battery for offset sensitivity was designed to be as follows:

1. PTA, to test for peripheral hearing loss

2. Gap-in-noise task, to test for thresholds of temporal resolution

3. Click-following-noise task, to test for minimum click thresholds at various delays in

a forward masking paradigm

4. Duration discrimination task, to test for difference thresholds for filled and empty

intervals of standard duration T = 100 ms.

5. Consonant identification, to test speech perception in easy to difficult noise condi-

tions

6. Cognitive tasks: MoCA, TMT A&B

Although tested up to 8 kHz, the inclusion criteria of normal hearing was defined as

PTA thresholds less than 25 dB HL at frequencies 250-4000 Hz because of the age range

of the participants. BEA (better ear averages) however were calculated for 250-8000

Hz. Cognitive function was assessed by the Montreal Cognitive Assessment (MoCA)

with scores in the normal range above 26 out of 30 (Nasreddine et al., 2005). There was

an additional cognitive task, the Trail-Making Test (TMT) A & B, measuring working
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4.2 Methods

Figure 4.1: Hypothesis for offset sensitivity measure correlates - A. Click-

following-noise thresholds, as a measure of offset sensitivity, are predicted to increase with

worse (large) gap detection thresholds, and decrease with consonant identification scores.

B. Ratios of filled and empty interval difference thresholds are predicted to increase with

large gap-detection thresholds and low consonant identification accuracy for poor offset

sensitivity. C. Cross-wise predictions: Gap detection thresholds are expected to be smaller

with better consonant identification, and the two measures of CFN threshold and ratio of

filled/empty difference thresholds are predicted to be positively correlated as they measure

offset sensitivity in the same direction.
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memory and executive function (Kortte et al., 2002). In TMT-A, the participant is

asked to tap on numbers in order, i.e. 1,2,3, etc. until the end, while in TMT-B, they

are asked to tap on alternating numbers and letters i.e. 1, A, 2, B, 3, C, 4, D and

so on. They are asked to perform the task as fast as possible, and the time taken

for each task is recorded as the measure. This digital task was conducted on an iPad

app ‘Trails’ developed by NeuRA (Neuroscience Research Australia). The remaining

tasks above were as previously described and tested in Chapter 3, with the following

technical revisions: the maximum click presentation of 120 dB for Task (3), and the

specific selection of standard duration T = 100 ms only for Task (4). Figure 4.1 displays

the predictions of these tasks as a summary of the hypotheses basis of this test battery.

4.3 Results

4.3.1 Speech perception profiles and tests of model predictions

Figure 4.2 of the performance of consonant identification in the two groups of par-

ticipants shows the largest differences both between- and within-groups occur at the

transition between 0 and -6 dB SNR noise conditions. The total percentage correct was

higher for the controls across all noise conditions - see Figure 4.3. The percentage cor-

rect across all consonants for the groups with and without SIN difficulties respectively

was 87.79 ± 4.63 % and 89.81 ± 0.74 % at 12 dB SNR, and 81.86 ± 7.20 % and 85.63

± 5.70 % at 6 dB SNR. There was no significant difference between the two groups at

these two noise conditions (Welch’s t-test, p = 0.17 at 12 dB and p = 0.098 at 6 dB).

At 0 dB SNR, the average percentage correct was 67.00 ± 10.95 % and 74.44 ± 9.60 %

for individuals with and without SIN difficulties, respectively. This reduced at -6 dB

SNR to 26.14 ± 11.14 % and 43.72 ± 12.56 % and at -12 dB SNR to 11.14 ± 6.14 %

and 19.25 ± 8.07 % average percentage correct for the groups of with and without SIN

difficulties respectively. These means were significantly different at 0, -6 and -12 dB

SNR (p = 0.039, 0.000058, 0.00074 respectively). The standard errors on the means

are shown in Figure 4.3; they are slightly larger for the smaller sample size of the SIN

difficulty group.

At -6 dB SNR, consonant identification scores for three categories as predicted by

the onset-offset model in Chapter 2 are shown for the two groups in Figure 4.4. Results

agree with the model predictions that the difference between the two groups would be
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Figure 4.2: Consonant confusion matrices vary most across groups at -6 and

-12 dB SNR - Aggregate confusion matrices for participants with (top row) and with-

out (bottom row) SIN difficulties are shown. Consonants are arranged in alphabetical

order, with consonants presented along the abscissa and the participant response out of

the full range on the ordinate axis. Correct consonants are found along the trace of the

matrix. Consonant confusions increase across worsening noise conditions, the effect is more

pronounced for the group with self-reported SIN difficulties.

Figure 4.3: Percentage correct across noise conditions - Differences of mean per-

centage correct consonant identification between groups with and without SIN difficulties

are shown in red and blue respectively. The error bars are standard errors on the means.

69



4. OFFSET SENSITIVITY IN INDIVIDUALS WITH
SPEECH-IN-NOISE DIFFICULTIES

greatest for the stops (percentage difference of medians is 25.00%, Wilcoxon rank-sum

p<<0.001) followed by fricatives (20.00%, p = 0.0015) and then the sonorants 11.67%,

p = 0.0021). Results are significantly different between participant groups for each

consonant type (Welch’s t-test, p<0.001 for stops, fricatives and sonorants). Within

groups, there is no significant difference between stops and fricatives (p = 0.38, 0.56 for

groups with and without SIN difficulties respectively) but there is between sonorants

and stops or fricatives (p<0.001).

Figure 4.4: Percentage correct consonant identification varies across consonant

type at -6 dB SNR - For individuals with and without self-reported SIN difficulties

(red and blue respectively), the percentage correct vary across three categories of manner:

stops (b,d,g,k,p,t), fricatives (f,s,sh,v,z) and sonorants (l,m,n,w,y). The solid and dotted

black lines are the mean and median respectively, the black box indicating 95% confidence

intervals and the grey box indicating the standard deviation of the means.

A similar plot was obtained for model predictions of consonants /d/ and /t/ that

were predicted to be strongly offset-dependent, versus /l/ and /y/ that were predicted

to not be affected by reduced offset sensitivity (Figure 4.5). The difference between

percentage means of groups with and without SIN difficulties was greater for /d/ and

/t/ (28.68%) than /l/ and /y/ (20.09%) although there was noticeable grouping in

participants with SIN difficulties. There were significant differences between the means

for /d/ and /t/ between the participant groups (Welch’s t = 3.20, p = 0.005), as well

as for /l/ and /y/ (t = 4.57, p<0.001). The six individuals with poor /d/ and /t/

recognition scores in the group of SIN difficulties also performed poorly at /l/ and /y/,

five of which had 0% correct and one 25% correct.
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Figure 4.5: Percentage correct consonant identification for consonants at -6

dB SNR - For individuals with and without self-reported SIN difficulties (red and blue

respectively), the percentage correct vary for consonants predicted to be most strongly

affected by offset sensitivity (/d/ and /t/) and consonants predicted to be least affected by

offset sensitivity (/l/ and /y/). The solid and dotted black lines are the mean and median

respectively, the black box indicating 95% confidence intervals and the grey box indicating

the standard deviation of the means.

Figure 4.6 shows GDTs increased with age for both groups. GDTs was positively

correlated with age across groups (Spearman’s r = 0.67, p<<0.001) and within the

group without SIN difficulties (r = 0.65,p<<0.001) but not within the group with SIN

difficulties (p>0.05). The majority of participants in the group with self-reported SIN

problems were in the older range (mean 41.14 ± 7.70y), so individuals (n = 11) between

36 and 50 with SIN problems (mean 44.36 ± 4.08y) were age-matched within 3 years

to individuals in the control group (mean 44.64 ± 3.98y) for particular analyses. There

was no significant difference in GDTs between age-matched groups.

4.3.2 Hypothesis testing

Based on predictions from Figure 4.1, figure 4.7 displays the variation of offset sensi-

tivity measures with GDTs and consonant identification at -6 dB SNR. As a measure

corresponding to the slope of the click-following-noise response curve, the delay at 50%

(60 dB SPL) of the maximum click threshold was used for the individual measures.

Data that was above two standard deviations from the mean of the click-following-
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Figure 4.6: Gap detection thresholds increase with age - Gap detection thresholds

across ages of participants in both groups. The thick dotted line is the linear fit for all

participants, and the grey regions define 95% confidence intervals of the positive slope,

bootstrapped by sampling with replacement (n=10,000).

noise delay measure was removed leaving n = 29 in the group without SIN difficulties

and n = 13 with difficulties. Data that was above two standard deviations from the

mean of the filled/empty JNDs were removed, leaving n = 29 in the group without SIN

difficulties. Bootstrapping was used (n = 10,000) to estimate 95% confidence intervals

on the slopes of the linear fits.

Within the two groups, the 95% confidence intervals for the slopes in Figure 4.7

included the zero slope (null hypothesis) except for plots E (for both groups with

and without SIN difficulties) and F (for the group without SIN difficulties). There

was therefore no significant correlation between offset measures of CFN and ratio of

filled/empty JNDs with gap detection or consonant discrimination within the groups.

There was a significant negative correlation between gap detection threshold and con-

sonant discrimination (plot E, Figure 4.7). Between the two offset measures, there

was only a significant non-zero slope for the group without SIN difficulties, although

in a direction opposite to that predicted in Figure 4.1. Across the combined groups

(all individuals), conducting the bootstrap analysis yielded similar results: there was

no significant variation except for E that had a negative non-zero slope. Conducting

the same analyses for age-matched participants (n = 11 in each group), there was no

significant correlation for any of the relations shown here either within and across the
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Figure 4.7: Offset sensitivity measures - Red refers to the group with SIN problems,

blue without SIN difficulties. The thick line is the linear fit, and the coloured regions define

95% confidence intervals of the slope, via bootstrapping. Sample sizes for groups (with SIN

problems, without SIN problems) are: A. (13, 29) B. (13, 29) C. (14, 29) D. (14, 29) E.

(14, 32) F. (13, 27.)
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groups (95% confidence intervals).

The mean GDTs of individuals with and without SIN difficulties was 6.03 ± 0.99 ms

and 5.37 ± 1.38 ms respectively, but the former group appeared to form a subsection

of the latter group as they did not have greater thresholds than age-matched individ-

uals with no listening problems. For median GDTs, there was a significant difference

between the two groups (Wilcoxon rank-sum test, p = 0.037).

There was no significant difference between the two groups for ratios of filled and

empty interval JNDs (Welch’s p>0.1), for both age-matched and non-age-matched

groupings. There was also no significant difference between the groups for CFN thresh-

olds at 4 ms, or CFN delays at 50% of the psychometric curve (p>0.1).

4.3.3 Audiometric and cognitive measures

The individual better ear average (BEA) hearing threshold level of participants self-

reporting SIN difficulties did not have any relation to the filled/empty JND-related or

CFN-related measures, or GDTs. However, for consonant discrimination, there was

a significant correlation with performance at -6 dB SNR (Spearman’s r = -0.55, p

= 0.04) and trending effect at -12 dB SNR (p = 0.08), but little association for the

easier listening conditions. This was examined more closely using the bootstrapping

technique in Figure 4.8. For -6 dB SNR, the zero slope is included in the confidence

intervals (-3.85, 0.02) but not for -12 dB SNR (-2.73, -0.03). BEA was also related to

age although it was not significant (bootstrapped ci: (-0.001, 0.381), Spearman’s r =

0.46, p = 0.097) - see Figure 4.9.

Scores from the Speech section of the SSQ questionnaire scores were analysed for

the individuals with SIN difficulties. In particular, questions 6 and 11 were looked at

as a subjective measure of their perception in noisy backgrounds that was of relevant

interest in this work. Q6 of the Speech section of the SSQ questionnaire asks: ‘You are

in a group of about five people in a busy restaurant. You CANNOT see everyone else

in the group. Can you follow the conversation?’ to which respondents answered on a

scale of 0 (Not at all) to 100 (Perfectly). Q11 asks: ‘You are in conversation with one

person in a room where there are many other people talking. Can you follow what the

person you are talking to is saying?’

For scores of Q6, Q11 or the total of the Speech section, there was no significant

relation with filled or empty JNDs, ratio of the JNDs, click-following-delay thresholds
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Figure 4.8: BEA varies with speech perception at low SNRs - Better ear averages

of individuals increase with poorer speech perception performance at A. -6 dB SNR and

B. -12 dB SNR.

Figure 4.9: BEA varies with age - The thick red line is the linear fit, and the shaded

red regions show 95% confidence intervals of the slope, that is almost outside of the region.
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at 50% maximum click sound level, click thresholds at delay of 4 ms, gap detection

thresholds and total percentage correct consonant discrimination at any noise condition

(Spearman’s tests, p>0.05).

Figure 4.10: Cognitive abilities varies with speech perception at -12 dB SNR -

TMT-B measure of cognitive processing is significantly correlated with consonant percep-

tion at -12 dB SNR, the most difficult noise condition. The shaded confidence intervals

obtained by bootstrapping does not include the zero slope (null hypothesis).

Attention and working memory were measured using the TMT task. There was no

correlation of TMT scores with age, GDTs or consonant discrimination performance

(total percentage correct) at -6 dB SNR for individuals with SIN difficulties, or for

TMT scores with CFN delays at 50% maximum clicks or ratios of filled/empty JNDs

(Spearman’s test, p>0.05). The relations that had p-values less than 0.1 were studied

using the bootstrapping technique because of the limited sample size of 14. They are

shown in Figures 4.10 and 4.11. In Figure 4.10, there is a significant correlation between

TMT-B scores and consonant discrimination in the worst noise condition, -12 dB SNR.

There was no relation with consonant perception in the other noise conditions (p>0.05).

It can be seen in Figure 4.11 that although not significant, TMT-A scores vary with

the ratio of filled and empty interval JNDs, due to a positive correlation with empty

intervals, not filled intervals.

The difference between TMT-B and TMT-A is considered a measure of cognitive

function without the perceptual effects. This was also studied for the same correlative

effects and it was found that only consonant discrimination at -12 dB SNR had a

significant correlation with the TMT difference measure (Spearman’s r = -0.58, p =

0.029). At -6 dB SNR there was no significant effect of the TMT measure (r = -0.35,
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Figure 4.11: Cognitive abilities confound the ratio of filled and empty interval

JNDs - TMT-A measure of working memory and attention is associated with empty

interval JNDs (C) and not filled interval JNDs (B), although the statistical tests did not

reveal significance. The ratio of the two thresholds (A) is therefore not a good measure

of offset sensitivity as estimating duration for open intervals defined by clicks involves

cognitive processes.

p = 0.22). Figure 4.12 shows the variation of this measure at -12 dB SNR using the

bootstrapping technique, that confirms a significant correlation.

4.3.4 Filled thresholds not ratio as potential measure

As empty thresholds appeared likely to be confounded by working memory, filled thresh-

old JNDs alone could be a more promising measure of offset sensitivity. Filled thresholds

were significantly different between the two groups (Welch’s t = -2.30, p = 0.026) but

not for the age-matched participants (p>0.01). Empty thresholds on the other hand

were not significantly different between the two groups (p>0.05). Figure 4.13 shows the

variation of filled JNDs with GDTs and consonant discrimination. As would be pre-

dicted (poor duration discrimination with poor gap detection thresholds), filled JNDs

have a significant positive correlation with increasing GDTs - as the zero slope is not

included in the confidence intervals - but only for the group with SIN difficulties not

normal listeners. It is not significant for the age-controlled group, but the range of gap-

detection thresholds are narrow as a result of age groupings. Consonant discrimination

for both groupings include the zero slope within the confidence interval limits, so the

null hypothesis cannot be rejected. However, a stronger relation is seen for the non-age

matched groups (with greater range of abilities), in the direction as would be predicted

- greater filled intervals are associated with poorer performance in speech perception.
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Figure 4.12: Cognitive abilities increase with speech perception at the most

difficult noise condition - The difference measure TMT-B - TMT-A is significantly

correlated to performance in the speech perception task at extreme noise conditions, -12

dB SNR.

4.4 Discussion

A test battery of offset sensitivity measures was assessed in individuals with and with-

out self-reported difficulties in speech perception in noisy backgrounds. There was

a large range of ages, gap detection thresholds and consonant discrimination perfor-

mances across the groups. The offset sensitivity measures originally tested did not

give strong correlations to either gap detection or consonant discrimination in noisy

backgrounds; although all the trends were as predicted only for the group with speech-

in-noise difficulties, the effects were not significant. The stronger effects in individuals

with speech-in-noise difficulties suggests that there is little range in normal offset sen-

sitivity. It is not known what the range of offset sensitivities might be and whether it

is even behaviourally measurable (a task would have to be sensitive enough to measure

what may be subtle differences) - this was nevertheless a novel study that attempted

to devise a specific psychophysical measure.

Results of the model predictions in the psychophysical study were promising al-

though there was a significant difference between perception of fricatives, not only

stops, between the groups. This indicates the importance of spectral cues. In the

onset-offset model, higher-frequency bands performed better at consonant discrimina-
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Figure 4.13: Filled intervals vary with gap detection but not consonant discrim-

ination - A. All individuals B. Age-matched groups. Filled interval JNDs have stronger

association with gap detection threshold and consonant discrimination for individuals with

SIN difficulties (red) than those without (blue), but not for age-matched individuals (bot-

tom row).
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tion. There are larger differences in temporal envelopes at higher frequency bands, as

well as more spectral cues, so these bands may have greater perceptual weights in the

auditory brain. Further human studies based on this works’ findings of the measures of

offset sensitivity could be conducted to tune the parameters of the onset-offset model

for speech perception and optimise the model for human studies.

As an alternative to the ratio that normalised the filled interval JNDs relative

to the onset-related empty interval JNDs but was confounded by cognitive processes,

could the filled interval JNDs alone represent offset sensitivity? The data showed

that empty thresholds did not vary between the groups corresponding to normal onset

sensitivity hypothesised based on normal PTA results. There was a significant difference

between the groups with and without self-reported SIN difficulties for filled interval

JNDs indicating a deficit in duration discrimination related to precise offset detection.

There was a significant correlation between filled interval thresholds in the SIN difficulty

group and their corresponding GDTs, and a trending relation with percentage correct in

the speech perception task but this was not significant. Although there were significant

group differences using this measure, the non-significance of correlation within the

group with speech perception performance may be a result of low statistical power in

the group.

Numbers for participants with SIN difficulty were relatively low, limiting statistical

power to detect differences from controls. One reason for the difficulty in recruit-

ing participants with self-reported speech-in-noise difficulties was that often, people

who expressed interest in taking part in the study had co-morbidities such as autism,

dyslexia, and learning difficulties. Of the participants recruited, some of them have

been previously diagnosed with auditory processing disorder, which is a heterogeneous

disorder with possible multiple underlying causes (Moore, 2006). Most people with

auditory difficulties have concomitant difficulties such as attention deficits, although

the only significant correlation found here was at -12 dB SNR, at which consonant

discrimination is poor even for normal-hearing listeners. Peripheral hearing loss also

exacerbates the problems of individuals with SIN difficulties. Some individuals did not

pass the hearing screening for these experiments. In this study focusing on listening

deficits of central origin, only participants with normal peripheral hearing were included

to control for peripheral hearing loss, but the audiometry is a test of only detection of
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sinusoidal tones at different frequencies, which is limited in its scope to capture diffi-

culties in hearing naturalistic stimuli even in the outer and middle ear. Despite these

difficulties, a sample of the public were recruited who had a wide range of consonant

perception in the babble noise (6-59% at -6 dB SNR) and hence potentially a wide

range of offset sensitivities. The age-matched groups showed weaker relations as the

gap-detection thresholds were of a limited range, and hence consonant discrimination

and hypothesised offset sensitivities did not show much variation.

Anomalous results of a few participants who performed poorly in certain tasks were

removed by imposing the limit of 2 standard deviations because it was ascertained

that either they had difficulties comprehending the task, or the adaptive design of

the task overestimated thresholds due to inconsistent responses (such as empty JND

thresholds of over hundreds of milliseconds, while the filled task did not give such

anomalies and was relatively simple to comprehend). A lack of motivation or attention

could have caused these few results as the practice tasks were passed successfully by

all participants.

Although working memory might not be highly relevant for the large changes that

are observed in speech-in-noise processing among individuals (Füllgrabe and Rosen,

2016), the effect of it might impact the psychophysical measures. TMT-A is considered

a measure of attention and working memory while TMT-B is additionally a measure

of executive control (Bowie and Harvey, 2006). The difference between the two can be

taken as a measure of cognitive flexibility and processing speed without perceptual and

visuomotor effects. TMT-A did not vary with speech perception in the noise conditions,

but TMT-B and hence the difference measure did have a significant correlation for

only the most difficult condition -12 dB SNR. This indicates that a measure based on

performance at -6 dB SNR was optimal to give a range of percentage correct among

a population sample and at extreme noise conditions, executive functions and speed

of processing dominate the facilitation of understanding sounds in complex scenes,

and not working memory, attention or sensitivities to perceptual cues that may be

at ceiling effect and redundant. At -12 dB SNR, the fricatives with high frequency

components (/s/ and /sh/) and the stop consonant /t/ are the only consonants that are

being identified correctly. This indicates a higher-level central contribution to spectral

analysis aside from the peripheral auditory system.
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That there was no relation of the SSQ questionnaire scores with any of the speech

measures even though there was a range of consonant discrimination performance points

to the need and importance of an objective test to identify and diagnose disorders such

as auditory processing disorder. Although informative in the clinic, the scores are

not sufficient in themselves. Although the SSQ questionnaire has been well-validated

(Gatehouse and Noble, 2004), it is unclear why there was no strong relation with per-

formance in the speech perception task. As speech perception involves both bottom-up

and top-down processing strategies, a consonant identification task in noisy situations

in a controlled soundbooth might not be sufficiently realistic to simulate speech per-

ception difficulties. It is possible that some of the participants face linguistic-related

problems that were not tested as the VCVs were non-sense and context-free. Existing

clinical tests of sentence comprehension should be incorporated in future studies of this

nature.

The better ear average (BEA) is a predictor of hearing impairment and was tested

to get an estimate of peripheral hearing ability although all participants had ‘normal’

hearing according to standard PTA. It was found to be related to performance in the

consonant discrimination task, suggesting there is a contribution from the peripheral

ear and that the deficits studied here are not entirely of central origin. It has been

shown in a recent study that audiometric thresholds are predictive of self-reported SIN

difficulties (Holmes and Griffiths, 2019). There was no relationship between BEA and

any of the potential offset sensitivity measures. These effects are unlikely to confound

the results of testing the psychophysical measures of offset sensitivity in this work as the

results were adjusted by the BEA for the CFN task and the duration discrimination of

filled and empty intervals was presented at a comfortably loud sound level. The effects

of BEA are likely because the individuals who were recruited with SIN problems were

mostly in the age range 40-50.

Despite these confounds, the difference threshold of filled intervals in a duration dis-

crimination task emerged as the most promising correlate of gap detection and speech-

in-noise perception, and a psychophysical measure of the preciseness of offset timings.

It also has a sufficient range in order to detect possible individual differences in the

offset response.
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5

Electrophysiological study of

offset responses

Following potential behavioural correlates, I consider here neural correlates of off-

set sensitivity that may provide a more direct and objective measure. In this

chapter, I describe results from past studies of the offset response using EEG, be-

fore explaining the design of my experiment employing the duration discrimination

paradigm to extract individual offset ERPs. Results from this study will have two

specific aims: firstly to find the best quantitative measure of offset response from

the data, and secondly, to use that individual measure to evaluate the psychophys-

ical measures described in Chapters 3 and 4. The larger aim is to compare the

onset and offset responses on a group level to improve understanding of the role

of offsets in auditory perception and how they differ from the vastly studied onset

response. Acknowledgments are due to Gabriela Bury (RA), with whom all the

EEG experiments in this chapter were conducted.

5.1 Introduction

5.1.1 A quantitative measure of human auditory processing

Electroencephalography (EEG) monitors the electrical activity of the brain by recording

fluctuations in voltage from electrodes placed non-invasively over the scalp. The main

contribution of the measured aggregate signal are extracellular postsynaptic potentials
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in large pyramidal cells that traverse in parallel in deep cortical layers III, IV and V.

Cortical folding determines if the generated dipoles are oriented tangential or radial

to the scalp (Burkard et al., 2007). These potentials (excitatory or inhibitory) create

volume currents that spread from the dipoles in the surrounding tissue and conduct

through the brain tissue, skull and skin to reach the surface of the scalp. Although

spatial resolution (approximately 1 cm) is not optimum for precise localisation, high

temporal resolution on the order of milliseconds makes this an important tool to probe

the auditory system that processes fast temporal fluctuations.

The earliest study of auditory-evoked potentials in humans was carried out by Davis

in 1939. She found that onset- and offset-related potentials elicited by tones 250-

2000 Hz had similar characteristics, although offset responses were less frequent and

prominent. They were also elicited as anticipatory responses, if the tone was prolonged

or shortened (Davis, 1939).

When evoked potentials are time-locked to a stimulus, event-related potentials

(ERPs) can be derived by signal averaging to attenuate random noise, leaving con-

sistent features of the measured potential. After digital averaging was introduced in

the 1960’s following the computing revolution, subsequent studies showed that the

offset ERP is similar in waveform to the onset response (Rose and Malone, 1965;

Davis and Zerlin, 1966; Onishi and Davis, 1968) but with an amplitude no more than

half of the onset amplitude (Onishi and Davis, 1968; Spychala et al., 1969) even with

equal preceding intervals (Onishi and Davis, 1968). The latency of the response was

found to be similar except in two studies that showed a reduced N1 peak latency for

offsets compared to onsets, most evident at high intensities (Onishi and Davis, 1968;

Johannsen et al., 1972).

5.1.2 Stimulus-response properties

An increase in stimulus intensity increases the amplitude of the response (Davis, 1939).

A past study also showed that this intensity function had different slopes for onsets

and offsets, suggesting independent physiological mechanisms (Schweitzer and Tepas,

1974).

Rose and Malone found that for 200-8000 Hz tones, the duration of the stimulus

required to elicit an offset response was in the range 0.8 to 1.5 s (Rose and Malone,

1965). For durations large enough, a change in frequency or duration did not have an
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effect on the amplitude of the offset response. Hillyard and Picton tested much longer

durations and showed increased amplitude for offsets as the tone duration increased

(Hillyard and Picton, 1978) from 1 to 9 seconds, with marked attenuation for both

onset and offset when they were within 5 seconds of each other. There were no changes

to the response when the fall-time was increased up to 100 ms (Davis and Zerlin, 1966).

For brief sounds, both onsets and offset responses increased with increasing duration

up to 30 ms.

5.1.3 Neural correlates

ERP components are arbitrarily defined from the consistent waveform. The main audi-

tory early components consist of a triphasic P1-N1-P2 waveform, with a small positive

deflection P50 or P1 (50-60 ms after the event), followed by a large negative compo-

nent N1 (100-120 ms) and then a positive shift P2 (150-200 ms). These components

are related to the exogenous sensory responses, while components following it are at-

tributed to be involved in decision-making and cognitive control. The P1-N1-P2 is

recorded from fronto-central regions of the cortex (hence historically also called the

‘vertex potential’) where the signal is largest after being dispersed by the head tissues.

Hillyard et al showed that N1 was enhanced due to selective attention to the auditory

stimulus (Hillyard et al., 1973). The N1 component is not closely related’ to the pitch

or the loudness of the stimulus but to transient detection (Davis and Zerlin, 1966;

Näätänen and Picton, 1987). It is distributed mainly over the fronto-central region,

with evidence of its generators from primary sensory cortices according to the sensory

stimulus. N1 and P2 in evoked AEPs have neural generators in the auditory cortex

(Ross et al., 2009), with P2 generator being more anterior.

Using EEG, an objective measure of temporal processing using GDTs has been

demonstrated in patients with auditory neuropathy (Michalewski et al., 2005). In a

group of studies by Michalewski, Pratt et al, no effect of attention was found except

for the P3 following the early components (Pratt et al., 2005; Pratt et al., 2007). A

double-peaked N1 for offsets (at a gap start) was investigated and found to have distinct

source localisations and be affected by the duration and intensity of the preceding sound.

They concluded that the first peak was similar to the change-detection evoked on the

N1 onset, while the second was specific to the ending of a sound.
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Magnetoencephalography (MEG) methods with greater spatial resolution than EEG

have shown that though offset and onset responses have many similarities including

scalp distributions yet there is no P50 for the offset waveform (suggesting P50 is not

causal to N1 and reflects integration of a new sound) (Hari et al., 1987; Pantev et al.,

1996; Yamashiro et al., 2009; Pratt et al., 2008; Zhang et al., 2016).

Horvath suggested short-long tone differences are offset-related and attention -

dependent, with a decrease in amplitude for passive compared to active (Horváth, 2014;

Horváth, 2016). However this overlapped with the sustained potential and peaks had

different latencies to those reported previously on the direct P1-N1 offset-locked wave-

form. Right dominance of the P1-N1 waveform at temporal electrodes (T7, T8) sug-

gested that the T-complex contributes to the waveform. Horvath’s work also suggested

there are two contributions to the N1 peak for the offset, one related to the change-

detection and a delayed N2 due to the task. This N2 was more dominant for older

adults in a duration-discrimination task that suggested more cognitive influence in the

strategy employed by the older adults compared to younger adults who were focused

on detecting the offset as a temporal change (Horváth et al., 2017).

A recent study (Volosin and Horváth, 2020a) studied the effect of attention and dis-

traction and found delayed N1 latencies for offsets in the difficult condition. However,

the durations used were 200-400 ms so the onset and offset profiles overlapped. This led

to past studies either using difference waveforms to extract the response to the offset

alone, or interpret the overlap as an interaction between onset and offset (Hillyard and

Picton, 1978). Moreover, it is possible in these studies that the participants were not

attending to the onsets or offsets. By providing a larger range of randomised dura-

tions rather than a short versus long-duration sound, there is no contingent negative

variation (CNV) prior to the event or sustained potential response that overlaps with

the transient response. Here, a duration discrimination paradigm is used in this way,

where greater precision and hence specific attention to onsets and offsets is required,

to extract the brain activity due to the noise offset alone.

5.1.4 Paradigm design

Because of task complexities, and variable results owing to these differences between

studies, there is no definitive consistent offset-locked waveform as with the onset re-

sponse that has been characterised well. This study aims to define a characteristic
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waveform that is specific to the offset alone. A measure can then be derived from

the waveform to quantify the offset response, and tested as an individual measure.

Correlations with the individual’s psychophysical measure will be tested.

By using a duration discrimination paradigm that enables us to find a reliable mea-

sure of the offset-related potential, a possible correlate of offset responses is investigated

and its relationship with the behaviour measures will be tested. Furthermore, the role

of offsets in auditory perception will be investigated using white noise stimuli that is

broadband like speech, instead of the commonly used tonal stimuli.

5.2 Methods

5.2.1 Participants

The experimental procedures were approved by the UCL Research Ethics Committee

(10433/001). All participants in this study were healthy with no history of developmen-

tal, cognitive or hearing problems. They were recruited from the group of participants

who had taken part in the psychophysics experiments and who had expressed interest

in future studies. They all reported that they had not been exposed to any prolonged

loud noise in the previous 24 hours. They had pure-tone thresholds ≤ 20 dB HL across

the BSA norm testing range of 250 - 8,000 Hz. All subjects were paid for their partic-

ipation. There were 12 participants (8 female, 4 male) in the age range 18-44 (mean

28.8 + 8.1 y).

5.2.2 Stimuli and Procedure

The noise stimuli were 60 dB Gaussian white noise, with 5 ms raised cosine squared

ramps at both ends. The duration of the stimuli were at least 1 second long to allow

complete recovery from stimulus onset and be able to distinguish the two types of

responses. Experience-led decrease in N1 due to habituation is well-known so to avoid

that, trial times were on the longer side. The pauses between the two sounds were

randomised in the same range to be able to compare the onset with the offset.

Each trial consisted of a first noise of random duration between 1 to 2 seconds, a

central gap of randomised duration (1-2 s), a second noise of randomised duration in

the same range (1-2 s) and a variable additional interval to make each trial 10 seconds

long. Trials were separated by 5 second inter-trial intervals. This was intended to
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reduce repetition suppression and enhancement, that can affect individuals to differing

degrees (Chandrasekaran et al., 2012).

Each block consisted of 30 trials and was therefore 7.5 minutes long. Each partic-

ipant had a single session of four blocks: two pairs of passive and active blocks. The

durations in each trial was matched within the pair of passive and active blocks. The

order of presentation was alternated in each pair, so for the first pair of blocks, the

passive block preceded the active block, and for the second pair, the passive block fol-

lowed the active block. This also enabled the participant to become comfortable with

the stimulus before responding in the active blocks, and the tasks were tiring due to

the mental effort exerted for long trials so it was deemed better not to have the last

block as active.

The participant was seated in a soundproof booth in a comfortable chair with a

keyboard support, and screen in front of them. Short breaks were provided to alleviate

fatigue. A slightly more extended break was provided after the first pair of blocks.

In the passive block, the participant was instructed to focus on a cross stimulus at

the centre of the screen in front of them while the sounds were presented. In the active

block, the participant was asked to fixate at the cross while responding by key press for

each trial in a duration discrimination task as to whether the first or the second sound

was longer. They were to respond in a few seconds following the sounds but they were

not required to respond quickly as it was more important that they were accurate.

5.2.3 EEG data acquisition and processing

Figure 5.2 illustrates the setup for this study. The auditory stimuli were presented

binaurally through EarTone in-ear earphones from a stimulus computer using Psy-

chophysics Toolbox (Kleiner, Brainard, Pelli, & Ingling, 2007) extension in Matlab. A

64-electrode Biosemi system (Biosemi Active Two AD-box ADC-17, Biosemi, Nether-

lands) was used to acquire the EEG data. The amplifier sampling rate was 2048 Hz

with a 0.1-100 Hz band pass filter. The data during the experiment was visualised and

stored using ActiView software. Voltage offsets from the reference electrode CMS were

kept within +/- 20 mV at each electrode.

The data was pre-processed and analysed using EEGLab and LIMO EEG toolboxes

(Delorme and Makeig, 2004; Pernet et al., 2011) for MATLAB (The MathWorks, Inc.).
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Figure 5.1: Channel locations of 64 electrodes: axial view -
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Figure 5.2: EEG data acquisition during a 2AFC duration discrimination task

- Brain activity during a 2AFC duration discrimination task was recorded using the EEG

setup simplified here for illustration. Each trial in the auditory stimulus consisted of two

sounds, and the participant was asked to respond by key press to indicate which sound was

longer, the first or the second. The visual stimulus was a fixed central cross throughout the

blocks that the participant was asked to focus on. By averaging epochs around the noise

onset and offset events in the EEG recordings, the event-related potential was computed.

The data was re-referenced to the mastoids, and downsampled to 256 Hz. It was high-

pass (1 Hz) and low-pass (20 Hz) filtered using zero-phase Hamming-windowed sinc

FIR filters (-6 dB cutoff frequency of 0.5 Hz for high-pass and 22.5 Hz for low-pass).

Abnormally distributed data was detected based on kurtosis values (5 standard

deviations from the average kurtosis), and any rejected electrode channels were inter-

polated. Independent component analysis (ICA) was used to manually identify and

remove the component containing the blink artefact from the complete data. Following

these steps, epochs were extracted for sound onset and sound offset events (from 0.5 s

prior to 1 s after the event), for both passive and active blocks. This yielded 60 onset-

related and 60 offset-related epochs for each block, and a total of 120 epochs each for

onset/offset events per active or passive block for each subject. Baselines were removed

for the epochs using the 0.5 s period before the event.

Event-related potentials (ERP) were investigated by averaging the epochs across

the blocks and the participants (grand-average). A Bayesian bootstrap estimation of

the 20% trimmed means with 95% HDI (highest density intervals) was used to generate

difference plots between ERPs. The HDI is the confidence interval of the mean, and

in the case that the HDI overlaps with the x-axis, the null hypothesis can be accepted
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instead of failing to reject it.

For individual participants, ERP data analysis allowed the mean and peak ampli-

tudes and peak latencies of the response to be determined. Using robust statistical

testing methods, the contrast between onset and offset responses, and active and pas-

sive blocks was examined.

5.3 Results

The number of ‘bad’ channels rejected for each block was 0 to 5. No sustained response

was observed so the epochs extracted were for transients only, the plots show that the

ERP fall back to baseline by the end of the 1.5 second epoch.

5.3.1 Grand-average ERPs across the auditory brain: Offsets and

onsets in active/passive conditions

The response is largest in the central electrodes - FC1, FCz, FC2, C1, Cz, C2, CP1,

CPz and CP2 - and hence these electrodes have the best signal-to-noise ratio. As a

response of the auditory area, the temporal electrodes FT7, T7, TP7, FT8, T8 and

TP8 were also considered. Figures 5.3 and 5.4 shows the grand-average onset and offset

responses in the active and passive blocks for these two groups of electrodes. Although

the peak amplitudes are much reduced overall in the temporal electrodes than at the

vertex potential where the ERP is usually measured, there is less difference between

the offset and onset potentials at these sites. The more anterior temporal electrodes

show a tri-phasic waveform, with a delayed P1 and N1 followed by a P2. The first

two shifts dissipate to a bump at FT7 and at the central electrodes, where there is

no distinguishable P1 and N1. While these components are enhanced in the onset

potential, it appears there is a positive shift in the offset potentials prior to P2 at the

fronto-central electrodes. Furthermore, the growth of a P3 and P5 following the P2

the more posterior for both central and temporal electrodes, and a right lateralisation

of these components in the temporal electrodes signify the endogenous processing of

offsets may be biased to the posterior right hemisphere.

The waveform returns to the baseline by the end of the epoch, 1 second after the

transient event. There was no sustained response for the stimuli in this experiment

which allowed the transient responses to be distinguished.
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Figure 5.3: Temporal electrodes
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Figure 5.4: Central electrodes
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Figure 5.5 shows that the maximal of the central electrodes is FCz at approximately

200 ms (P200) for both onset and offset epochs. Because of the large variation across

electrodes for the epochs, for the amplitude differences and individual measures, the

FCz electrode was selected for all participants to investigate the ERP. The difference

amplitudes for the four conditions (onset, offset, active, passive) are shown in Figure

5.6 for visualisation of the 95% HDI. It can be seen that that there is little difference

between active and passive for onset potentials, but there is a significant difference of

1.90 ± 0.95 µV between active and passive conditions at the 200 ms positive peak (P2)

for the offset ERPs. There is a delayed P1 for active but not passive offset ERPs, with

a significant difference of 1.79 ± 0.97 µV. This is aligned with the N1 of onset ERPs in

the active condition. The difference at P2 in the active conditions between onset and

offset ERPs is 5.91 ± 1.00 µV, and greater in the passive condition at 7.55 ± 1.00 µV.

In the active condition, the post-P2 peaks are greater following the offset events than

the onset events.

To determine if there was a significant difference between the first and second sound

onsets (ON1 and ON2) and offsets (OFF1 and OFF2) in the trials, the HDI were

calculated in a similar way for four epochs. Figure 5.7 shows ON2 has decreased N1

and P2 amplitudes than ON1, and OFF2 has higher post-P2 activity. Because of these

differences, ON2 and OFF1 was used for any individual analysis comparing onsets and

offsets, but both OFF1 and OFF2 can be used to look at any offset-locked activity upto

the P2 component as there is no significant difference between the two ERPs until 200

ms. In the bottom row, the difference between ON and OFF has decreased (see Figure

5.4 where offset is approximately half of the onset response for FCz) and is now more

reflective of differences between the two transients. The latency of the grand-average

peaks of ON2 and OFF1 are 195.3 ms, and the amplitudes are 8.95 ± 0.97 µV and 4.80

± 1.01 µV respectively with a significant difference of 4.44 ± 1.36 µV.

5.3.2 Effects of stimulus duration, task difficulty and order of blocks

The effect of duration of noises for offset responses and silences for onset responses was

checked. ‘Short’ sounds/silences were defined as those that were between 1 to 1.335

seconds long, and ‘long’ sounds/silences were those in the range 1.665 to 2 seconds.

ON2, the response to the second onset in each trial, was related to the preceding

silence and OFF1, the response to the first offset, was related to the preceding sound,
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Figure 5.5: Topoplots for onset and offset epochs across 64 electrodes at various latencies.

ERPs for 64 electrodes are shown for grand-average (a) onset and (b) offset epochs in the

active condition. The topoplot of the exact peak value is displayed larger for (c) onset and

(d) offset epochs, for which it occurs at approximately 200ms after both transients.
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Figure 5.6: Difference amplitudes between active and passive conditions at central elec-

trode FCz. The differences between the active and passive blocks for the onset and offset

ERPs across all participants are shown, in the 1.5 second epochs. The onset and offset

event is at 0 ms. The confidence intervals displayed are HDIs obtained from Bayesian

bootstrapping analysis.

i.e. the first noise in each trial. There was no significant change to either onset or offset

responses relative to the preceding silences or sounds in both Fcz and TP8 (a temporal

electrode).

Correct and incorrect trials were also looked at for OFF1 and ON2. It was expected

that the responses may be of larger amplitude for correct trials. On a group and

an individual level, there were no significant differences between grand-average ERP

waveforms for correct and incorrect trials until 200 ms, and changes after 200 ms were

variable but not consistent.

The offset responses post-200 ms may be maximal for the correct trials in the most

difficult trials, i.e. those with 100 ms difference or less. For difficulty level, ‘easy’ trials

were defined as those in which there was a longer difference (0.665-1 s) in duration

between the two sounds and ‘difficult’ trials were defined as a short difference (0-

0.335 s) between the two sounds. The stimuli were skewed towards smaller differences

between the two sounds of randomised duration, as shown in Figure 5.8. This was

effective in giving an average performance of 81.23% percentage correct across the

participants. There were no significant differences between difficult and easy trials.

Individual performance across blocks (Active 1 vs Active 2) was also similar (p>0.05)
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Figure 5.7: Difference amplitudes between grand-average onset and offset responses are

shown with 95% CIs at central electrode FCz (left column) and temporal electrode TP8

(right column) in the active condition. ON1 and OFF1 refer to the first sound and ON2

and OFF2 to the second sound in the trials.
97



5. ELECTROPHYSIOLOGICAL STUDY OF OFFSET RESPONSES

indicating that although the trials were longer than a usual task of this kind, the fatigue

did not affect their motivation to complete the task and the difficulty level was sufficient

to get a range of 66.67-96.67% percentage correct in blocks across participants.

Figure 5.8: Numbers of correct and incorrect trials for differences between first

and second sounds - The duration differences ranging from 0 to 1s are shown in this

histogram. This indicates that the participants were focused and motivated on the task

despite long trial lengths, and that the main contribution to the graded performance was

the difference of the durations and not a random effect. The distribution (although shown

here unstacked) is what is expected for the difference between two uniform distributions

of randomised durations.

5.3.3 Individual differences: correlations with psychophysical mea-

sures

Because of the variation across electrodes for offset responses, for the individual mea-

sures - a single electrode was selected from the peak of the signal. This was the same

across all participants. This electrode (FCz) was not any of the few electrodes that had

been interpolated, for any of the participants.

The two measures derived from the electrophysiological data was ratio of offset

P200 and onset P200 in the active blocks, and ratio of offset passive and active P200.

Figure 5.9 shows the variation of these two measures with percentage correct duration

discrimination from the EEG task and filled JNDs as the psychophysical measure of

offset sensitivity. Statistical tests reveal a stronger correlation effect of the percentage
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correct with the ratio of offset passive versus active P200 (Spearman’s r = 0.67, 0.052)

rather than the ratio of active offset versus onset P200 (r = -0.35, p = 0.27). The former

relation was also as would be predicted: a greater percentage correct for higher offset-

related ratios (strong offset sensitivity). There was also a stronger relation with filled

JNDs of this ratio of passive and active offset P200 (r = -0.52, p = 0.089) than ratio of

offset and onset active P200 (r = 0.29, p = 0.36), although this was not significant. In

this relation, larger ratios corresponded to smaller (i.e. better) thresholds of duration

discrimination from the psychophysical task.

5.3.4 Working memory and attention

Longer durations could mean more cognitively influenced responses. There was no

significant relation between TMT-A, TMT-B or the difference TMT measure with

percentage correct duration discrimination in the EEG task or the two potential ratio

measures of offset sensitivity (p>>0.05).

5.4 Discussion

Most past auditory EEG studies feature very short tones or noises of the order of tens of

milliseconds. Even in duration discrimination tasks, the durations presented are usually

around 100 ms long. We wanted to separate fully the onset and offset response so we

used longer durations, 1-2 s. Because most offset responses have been characterised by

difference signals between short and long duration tones, there has not been a great

effort to find a specific correlate that is a measure of offset detection. This experiment

aimed to find such a measure, offer improved interpretation of the peaks/troughs of

the ERP waveform elicited by sound endings, and compare these characteristics to the

onset response.

An electrophysiological study was designed to elicit responses time-locked to the

offset of sounds specifically, without involving temporal interactions of onsets (sum re-

sponse) or being task-specific to the duration (difference response) as in previous stud-

ies. For this, a duration discrimination task with durations of 1-2 second noises/silences

and with large inter-trial intervals was conducted. Although tones could elicit stronger

offset responses, they are not realistically found in the usual everyday acoustic scenes.
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Figure 5.9: Correlates of EEG offset sensitivity measures - EEG-derived measures

vary with mean percentage correct across active blocks more strongly for the ratio in B than

A. This ratio of passive and active offset P200 is also more closely related to performance

in the psychophysical duration discrimination task (D compared to C). The zero slopes

are included in the confidence intervals (dotted lines) of all the plots here, obtained by

previously described bootstrapping technique. The null hypothesis cannot be rejected.
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Broadband noises were preferred to be more comparable to speech sounds and the gap-

in-noise paradigm used clinically to measure temporal acuity. A further study using

tones could be conducted to investigate any differences in the characteristics of the

offset response.

Results showed that the amplitude of the offset response was approximately half

of the onset response at the maximum. The maximum ERP response was the vertex

potential, while the response at the temporal electrodes showed comparable amplitudes

of the onset and offset responses although it was more noisy so individual measures

could not be extracted. There was a significant difference between active and passive

conditions for the offset response, but not the onset response. Because the analysis

is Bayesian, the null hypothesis can be accepted (not just fail to reject) that there

is no difference between onset responses in the active and passive blocks. Results

indicate that offsets are affected by behavioural context and can be modulated by

attention. It was found that the optimal representative measure of the offset response

from electrophysiology is the ratio of passive and active conditions. This indicates

the ability to be more attentive to offsets is the variable in duration discrimination

paradigms, as onset responses are not affected by reduced attention.

The high salience of the acoustic onset was not modulated by attention, so its

response appeared to be dominated by an automatic sensory process defined by a

bottom-up mechanism. On the other hand, the offset response was reduced from the

active to passive conditions, implying it is attention-dependent and the generator of its

response at the vertex potential has components from both bottom-up and top-down

mechanisms. In more recent studies of the effect of attention on the offset response

(Volosin and Horváth, 2020b), there is no temporal separation of the onset- and offset-

related potential, while the study conducted here quantifies the independent offset

response.

While the effect on the offset response was not mentioned, the first EEG study

on auditory responses described how increased drowsiness actually enhanced the onset

response (Davis, 1939). The author mentioned that this concurred with the automacy of

the onset response. This has ecological validity in allowing us to awake from slumber on

hearing a new sign of ‘danger’. The amplitude of the onset response may vary according

to stimulus parameters, but it cannot be used to investigate the effects of changes

in naturalistic environments that require mechanisms such as selective attention. As
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offset responses have been salient only in awake animal studies and not using certain

anaesthetics, it implies that relative to the onset response, the offset response has a

greater top-down component that requires full consciousness.

Following my results, I speculate that it could be that selective attention to a sound

binds the offset of the sound to its original onset. If all onsets are detected bottom-

up then detecting the offset responses can be used to predict which sound is being

attended to in a noisy situation. This can be used in a speech processing algorithm. It

can also be used in hearing aid/cochlear implant by enhancing the offsets of a particular

track/voice in a busy environment.

Offset responses have successfully been made comparable in size to onset responses

by using long tones compared to short gaps to increase the novelty of the end of the tone

relative to its beginning (Pfefferbaum et al., 1971). The authors of this study reported

offset and onset responses increased in amplitude on increasing the randomness of the

stimulus, decreasing the amount of stimuli in a fixed time period and increasing the

duration of the previous interval. Preliminary results from a follow-up EEG experiment

using gaps-in-noise rather than noise-in-silence, to increase the novelty of the offset,

seem to support this study but further investigation is required.

It has been noted that the N1-P1-N2 effect are not specific responses to auditory

stimuli only - these responses are very similar to the characteristic waveform resulting

from other sensory stimuli such as visual or tactile stimuli. The diffuseness over the

cortex is also similar, and it has greater voltage in the central and precentral regions

than in the areas specific to that sensory domain (Davis et al., 1939). It also cannot

be claimed that CNV (contingent negative variation) is specific to auditory offsets as

it has been observed in visual delays of written sentences, whereas in the same study

an auditory delay within spoken sentences resulted in an emitted potential (Besson et

al., 1997).

There was a positive double-peak for the offset which appeared likely to be a shifted

N1 and P2. The T complex indicated a positive shift; this could also be the source of

the double peak of the offset response observed in the gap-in-noise study conducted by

Michalewski (Pratt et al., 2007).

Animal studies have shown that offset and sustained responses underlie duration

discrimination (Qin et al., 2009). It has been shown that the sustained response is

associated with predictability (Barascud et al., 2016), which can explain why there was
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no sustained response observed in this study. The stimuli used were more unpredictable

in both the start of the durations and the range of the durations, rather than a 2AFC

study of a short and long duration.

Offset responses in the active condition appeared dominant in the right hemisphere.

This could be pursued further using MEG as source localisation is much more accurate

than EEG. It has been shown that cortical responses for speech envelope processing

are dominant in the right-hemisphere (Abrams et al., 2008; Abrams et al., 2009).

Reports on responses of the end of click trains (Nishihara et al., 2014; Motomura

et al., 2018) and tone sequences (Chait et al., 2008; Andreou et al., 2015) using MEG

are not the same as the response can be attributed to an anticipatory response of

the continuation of the sequence. Further investigation is necessary to prove if the

offset responses for an individual sound or grouped sounds are elicited by the same

population.

For the individual measures, peak and latencies of the N1-P2 waveform were selected

specifically at a single fronto-central electrode where the signal-to-noise ratio was also

the lowest. As there was no P50 and minimal N1 observed in this offset study, the

P2 amplitude from the baseline was taken as potentially the most reliable and robust

measure. Indeed, it was consistent within individuals across blocks and the interindi-

vidual variance was a range of 0.27- 0.74 for the ratio of offset to onset P2 magnitudes

in the active condition, and 0.12-1.12 for the ratio of passive to active condition offset

P2 magnitudes. For the latter, there was only one participant who had a ratio greater

than 1, the remaining ratios for this measure covered the range 0.12-0.99. It also varied

with a range of performance in the duration discrimination task (p = 0.052). This ratio

is therefore a good candidate for an electrophysiological correlate of offset sensitivity.

The EEG correlate of offset sensitivity was found to vary in the predicted trends

with the psychophysical measure of filled thresholds, so the filled interval paradigm is a

promising psychophysical task to test in the clinic. It results in a wide range of values

that vary with speech perception abilities, and has the additional advantage of being a

simple task to test, taking under five minutes.

Aging does not affect sound duration (Ross et al., 2009), yet poor duration discrim-

ination are related to temporal processing deficits in schizophrenia (Todd et al., 2003)

and ADHD (Himpel et al., 2009). Duration mismatch negativity studies (Okazaki et

al., 2010) cannot elucidate the specific role of offsets, but they have shown that is is
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related to temporal processing deficits in schizophrenia (Todd et al., 2003). Better

understanding of offsets using temporally precise tools such as EEG will help us find

tools to investigate pathway specific disorders in the clinic.
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6

General Discussion

This chapter will discuss the role and mechanisms of offsets in auditory perception

and factors that impact its response, in view of all the results previously described

and with methodological considerations for future studies. The implications of the

results will be examined from various perspectives in auditory neuroscience, that I

hope will enable the reader to grasp the relevance of offset response across the field

and usefulness of further studies in offsets that I have just scratched the surface of.

6.1 The role of sound offsets in gap detection

Gap detection in white noises can be thought of as being analogous to consonants

in speech profiles. For broadband onsets and offsets, the magnitude spectrum is not

affected by abrupt gaps in the noise so we know that spectral cues are not being used

to detect the gap. Tones or bandpass sounds elicit spectral cues at the gaps and it is

difficult to mask the splatter without interfering with the gap detection (Yost et al.,

1993). Using broadband noise is also more realistic and relevant for speech than tonal

gaps.

The integration model following a bandpassed and rectified signal means that the

modulation depth at the output is less than that of the stimulus input, so that large

fluctuations are reduced. Gap detection thresholds are also dependent on the intensity

change as the smaller the offset depth, the larger the gap detection threshold (Buunen

and van Valkenburg, 1979). Detection of the gap therefore depends both on temporal
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and intensity resolution (Plack and Moore, 1990; Plack and Moore, 1991) as both

shorter gaps and smaller intensity dips or longer ramps cause a smaller output in

this model and determine whether the gap will be detected or not. This limit of gap

detection could be why offsets have been shown to be intensity-dependent only up to

20 dB above threshold (Kadner and Berrebi, 2008) and why results in the quiet-tone

task at 20 dB conducted in this work showed greater reaction times.

Results of varying ramps around a gap have indicated that cues for gap detection

are not abrupt changes in envelope but of change in sound level, in accordance with

loudness perception model (Allen et al., 2002).

It has been suggested that between-channel GDTs are more relevant for speech

perception than within-channel thresholds because they are more analogous to vowel

and consonant transitions (Phillips, 1999). In a study conducted by Elangovan and

Stuart, GDTs increased with the centre frequency of the trailing sound (Elangovan

and Stuart, 2008). Moreover, between-channel thresholds were correlated to the /ba/

and /pa/ categorical perception based on VOT, whereas within-channel GDTs were

not. The onset-offset model applied to distinct frequency channels could be consistent

with a difference between these thresholds based on parallel processing. This suggests

that vowel-consonant-vowel sounds might be more strongly related to gap detection

in different spectral bands. Between-channel GDTs were larger than within-channel

GDTs and these durations correspond more to VOT-related changes. It could be that

better within-channel GDTs improve temporal precision and are therefore more resis-

tant to fluctuating noise, but between-channel GDTs are better predictors of consonant

recognition.

Could gap detection itself ultimately be the best measure of offset sensitivity? Un-

fortunately, behavioural studies cannot answer this. The physiological studies are con-

tentious on the key role of offset responses (see Section 1.3.1). Detecting a gap could be

related to the spontaneous rate and the interaction between onset and offset responses

at short timescales. Using the onset-offset model alongside in-vivo physiology could

provide a valuable insight.
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6.2 The role of sound offsets in duration discrimination

Duration discrimination is analogous to vowel perception that can be impacted by small

differences, as elucidated in Section 1.3.1.

EEG studies showed transient not sustained responses to long noises with prominent

offset as well as onset responses especially during duration discrimination, suggesting

the importance of offset transients to duration discrimination. Could the same be true

for the shorter durations used in the psychophysical filled/empty interval discrimina-

tion tasks? Possibly, given that shorter durations are very relevant to speech. Filled

interval discrimination was best around 200 ms which is a speech-relevant duration,

while empty interval discrimination (onset-related only) was worse, supporting a role

for offset responses also in duration discrimination at short durations.

It has been reported that duration discrimination is worse in older population for

both filled and empty intervals (Fitzgibbons and Gordon-Salant, 1994). As a common

complaint of the elderly is an inability to comprehend conversations in noisy back-

grounds, despite normal peripheral hearing, this suggests it is a useful paradigm to

probe using filled JNDs the characteristics of the behavioural offset response in a larger

population.

6.3 The role of sound offsets in forward masking

Forward masking could be limited by temporal resolution, but it has also been suggested

to largely involve adaptation that suppresses the following sound, as a greater delay

improves the minimum threshold level of the signal up to 200 ms, which is the time taken

for neurons to recover (Jesteadt et al., 1982; Smith et al., 1983). These differences in the

range over which forward masking and gap detection occur could be why there was no

correlation between forward masking responses and GDTs in the psychophysical study.

However, it was also shown that the greatest change for forward masking is at 4 ms

delay between the click and noise that is similar to gap detection thresholds, implying

temporal smearing is limited to that window. The involvement of offset responses in

forward masking could be studied further in animal studies to ascertain the adaptation

theory.
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6.4 The role of sound offsets in consonant discrimination

The onset-offset model correctly predicted based on varying offset detection abilities,

that the stop consonants are the most likely to be affected in worsening noise. This

was in line with the predictions based on VOT literature. There are multiple factors

that can affect the syllable energy arc in speech perception such as the place-order of

the consonant (VCV or CVC), and while this was a simple study, it sets the ground to

pursue other investigations of the flexibility of our natural speech processing system.

On the other hand, VCV’s are common units in certain languages such as Japanese, in

which words rarely end in a consonant. Immediate succession of consonants are also

rare, unlike in the English language. VCVs are therefore relevant to the auditory brain,

of which studies should consider multiple languages, and are useful tools as they do not

have such confounds of linguistic meaning.

Drullman et al showed in his landmark study that temporal smearing of the envelope

affected consonants the most, followed by short vowels. Stop consonants dependent on

the ‘stop gap’ size have been linked to speech-in-noise perception in (Hornickel et al.,

2009). The loss in precision of timing of the cues for stop consonants and duration of

vowels both suggest the precision of offset detection being distorted, yet offsets have

not been an ideal candidate of study for reasons explained in Section 1.1.2. This study

showed that offsets are highly relevant cues for perceiving the manner of consonants.

It has been reported that older normal-hearing participants are less able than

younger counterparts to differentiate ‘dish’ from ‘ditch’ based on silence durations,

and the word-pair ‘wheat’ and ‘weed’, that differ in the vowel durations only (Roque et

al., 2019b; Roque et al., 2019a). Measures of offset responses in elderly subjects would

be an interesting study considering these difficulties.

The modelling and psychophysical study in this work found that among the stop

consonants, identifying /t/ and /d/ in babble noise were potential predictors of reduced

offset sensitivity. Fricatives also differed between the groups of individuals with and

without SIN difficulties, alluding to the contribution of potentially both temporal and

spectral cue detection deficits.
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6.5 Speech-in-noise perception difficulties

There was a substantial group of individuals from the public who reported SIN dif-

ficulties without a clinical diagnosis specific to these problems. Many of them were

not eligible for this study because of co-occurences of other disorders (such as dyslexia

or autism) or hearing loss, or could not attend because of distance. It was observed

through informal discussions with the participants that some had not pursued a clinical

diagnosis, because of perceived difficulties with doing so (at the time of the study, there

was one APD clinic in the UK). Most participants expressed how interesting they found

the SSQ questionanaire as it articulated for them the issues they had faced for years.

Joining the support group meant they had a heightened awareness of auditory disor-

ders prior to joining the group. Many were dissatisfied with the handling of their issues

with their local General Practitioners. These problems can be alleviated by increased

funding for research on disorders relating to temporal processing deficits, so that the

nature of these deficits can be elucidated and clinicians can be more informed on these

issues. It is likely that there is a much larger population from the public who face

similar difficulties but lack awareness on who to approach. A structured survey would

be useful in gauging how prevalent these problems are amongst the general population.

There could be a multiple of underlying reasons that cause a continuum of speech-

in-noise perception difficulties across different groups. Some of these could be related

to low-level feature detection that was examined here, while others might be related

to top-down processing cognitive factors. For this, a study conducted with a much

larger sample size would allow a large-scale analysis of these factors in association with

a hospital setting.

6.6 Magnitude, task-relevance and attention: variables of

sound offsets

This work found key control variables of sound-offset responses in various tasks. For

simple sounds, magnitude affected the latency of the behavioural offset response mea-

sured by reaction time, not the onset response. In an EEG duration discrimination

paradigm, attention and task-relevance affected offsets more than onsets.
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This may imply that the auditory pathway of offsets involving a top-down feedback

could be vital in selective attention of relevant sounds while suppressing equally intense

competing talkers and background noise. Attention can be thought of as a ‘glue’ that

binds the offset to the corresponding onset from the same source. This can be considered

a parallel process to allow one to automatically track many sounds in the same scene,

such as in the ‘cocktail party effect’. To understand requires conscious effort of focusing

on one track, but the ability to understand it also requires the continuous subconscious

tracking of the background noises, and it is probable that this ability can vary among

individuals. Attention is vital for auditory-object processing (Bizley and Cohen, 2013).

Are offsets the missing link between objects and streams?

6.7 Auditory objects

Auditory streams (Bregman, 1990) or auditory objects can be opposed concepts (Grif-

fiths and Warren, 2004). What defines an auditory object and how to relate events

with the object is a matter of debate (Griffiths and Warren, 2004; Bizley and Cohen,

2013). Onset responses have a large amplitude because they alert us to a new source

in the complex scene, as an early-warning system (Hughes and Jones, 2003). Offsets

are events that are ‘attached’ to an object having already been attended to as its onset

has been realised. It is possible that sound offset cues could be predictors in the de-

tection of a target auditory object among distractors, and assigning it priority in the

acoustic scene. Figure-ground perception plays a role in recognition and detection and

discrimination of sounds. As it would be overwhelming and computationally inefficient

if we were attentive to every transient occuring in out auditory space, offset responses

are filtered for relevant sounds only. This would explain why they are more likely to be

detected in awake than anaesthetised animals, and are more infrequent because they

need to be computationally efficient, not because of reduced significance relative to on-

sets. We may find it difficult to listen in noisy and revereberant environments because

they both obscure and smear offset cues that would assist in the segregation of auditory

objects by figure-ground perception.
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6.8 Onsets versus offsets

Segregation of onsets and offsets have been shown to yield successful modelling of

frequency modulated sweeps (Sollini et al., 2018). This is the first study, as far as I

am aware, of an on-off model of the human auditory system applied to speech sounds.

Results in this thesis support distinct mechanisms and pathway of onsets and offsets

in the auditory system because it accounts for consonant perception.

The benefits of the onset-offset model explored here is that it incorporates the

auditory system’s ability to extract both envelope and fine-structure cues from the

incoming sound. Neurons at higher-levels of the sensory system are sensitive to both

specific spectral and temporal combinations (Suga, 1989). Although auditory models

use linear models with some success, they are inherently limited to test responses to

complex stimuli. Incorporating the non-linearity of combination sensitivity is essential

to understanding why sounds are represented sparsely rather than sustained firing

responses (Willmore and King, 2009).

In physiology studies of thalamic population response (Anderson and Linden, 2016)

and the EEG study conducted here, the offset response had approximately half the

magnitude of the onset response, likely because of the reduced number of offset neurons

compared to onsets. However, the responses are just as salient, as behavioural reaction

times were similar, and the offset ERPs reached similar magnitudes in particular brain

regions as indicated in the EEG study.

In an fMRI study, Harms and his colleagues found that the grouping of elements

in a sound train as shown in the waveshape of cortical fMRI responses, was strongly

dependent on temporal envelope properties rather than the sound level or bandwidth

(Harms et al., 2005). They claimed the results of neuronal populations suggest a

multistage model in which onsets/offsets of distinct auditory events grow stronger (and

more ‘meaningful’) through the auditory pathway, from being minimal in the midbrain,

emerging in the thalamus and strong in the cortex. From the consonant discrimination

task in this work, it appears possible that the tiny discrepancies in the speech signal

between various sounds could be driven by small changes in offset response.

In vision, work by Hubel and Weisel laid down the framework of a processing hierar-

chy where simpler representations lead to the next stage where more complex pattern

recognition takes place. Such feedforward networks are more simple than recurrent
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neural networks, but we know that behavioural context affects how the sensory infor-

mation is represented. The EEG data showed that offset responses are more dependent

on the behavioural state. If this is the case, then the offset pathway has more top-down

influences. The offset-sensitive channel can be modified in the model to allow for this

effect.

Although decrement detection is not the same as transient detection, it is important

to note that asymmetry is also seen here as decrements over very brief time periods

have higher signal level thresholds than increments, and yet lower thresholds over longer

time periods (Oxenham, 1997). Oxenham suggested this means that onsets are more

sensitive than offsets as overall thresholds were lower in the range and initial ramps of

sound are less important to the detection. It does also imply though that offsets are

more sensitive to the ramps and therefore may convey more information about the en-

vironment (reverberance). Although intensity discrimination has different mechanisms

underlying it, this could indicate that in the pathways of onset and offset detection

there are different intensity integration parameters. Baltzell & Billings showed offset

responses vary with signal level as well as SNR, but onsets only vary with SNR (Baltzell

and Billings, 2014). This suggests offsets play an important role in filtering out noise

from our perception.

Offsets have higher frequency tuning than onset neurons (Scholl et al., 2010), which

could help us to tune reverberation effects on damping. The modelling study conducted

here has explicitly shown that offsets are more relevant than onsets for consonants.

The EEG data showed indications of the right temporal cortex being relevant for

offset processing. This supports past studies on the role of the planum temporale as a

hub of auditory central processing (Griffiths and Warren, 2002) and offset responses in

particular (So lyga and Barkat, 2019; Mustovic et al., 2003).

6.9 A sound offset measure: EEG or psychophysics?

It is not known if the psychophysical tasks tested have the same underlying perceptual

timing mechanisms; this can be more informed by physiological studies on duration

tuning for example. A measure of offsets is more difficult to achieve behaviourally as

psychophysics seeks to find an indirect manifestation of neuronal responses. The phe-

nomena used here, whether gap-detection or duration discrimination, are phenomena
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thought to depend on offsets. It may be ambitious to find a measure of ‘offset sensitiv-

ity’ with subtle individual differences as the range might be narrow and the task has

to be sufficiently sensitive. Although results for the potential measures did not give

strong correlations, there are other potential tasks that could be attempted. Neverthe-

less, the most promising psychophysical measure was based on JNDs of intervals filled

with broadband noise.

Electrophysiological methods provided an additional measure of offset sensitivity

that may be more reliable until the association between offset responses and auditory

phenomena are elucidated from animal studies. An objective measure was determined

using the ratio of P200 for offset responses in passive and active conditions. Although

EEG is relatively more difficult to test in a clinical setting than a psychophysical task,

technological advances such as mobile EEG are enabling its use with more ease. The

single electrode selected in this study was sufficiently sensitive to quantify the ratio

measure, and this can quickly and easily be applied in the clinic or research to test

correlates with a wide range of speech-in-noise abilities. For this measure, temporal

precision would be derived from the EEG response. Alternatively, for investigating

other aspects such as the source and pathway of the offset response in humans, a

method with more reliable source localisation such as MEG might be preferred.

6.10 Time perception

The finding that temporal sensitivity of filled intervals can be a good psychophysical

measure of offset sensitivity raises the relevance of offsets in time perception in gen-

eral, considering the previous use of the duration discrimination paradigm to evaluate

theories of time perception, and that the auditory system is the fastest sensory pathway.

It has been suggested that duration discrimination of longer intervals in the range

of seconds is cognitively controlled as opposed to automatic sensory discrimination of

intervals in the range of milliseconds (Himpel et al., 2009), and that the transition

between this proposed two timing mechanisms between 200 and 800 ms. Even if this is

the case, duration discrimination of long intervals will still be useful for probing offset

responses that are required for the computation.

The Weber fraction (ratio of the difference threshold to the standard duration)

results here corroborate with past studies that showed the Weber fraction increase for
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short durations, and plateau at durations greater than measured here (Getty, 1975). In

time perception studies, the generalised Weber fraction is thought to assume a constant

sensory noise that is excessive only at short durations where it interferes with the timing

mechanism (Rammsayer, 2014). The threshold of this interference can be studied in

brain imaging studies, using the base duration 100 ms similar to that used in this work.

In the internal clock hypothesis, any misassignment of pulses generated at the onset or

offset of the noise would increase timing variability.

6.11 Temporal resolution-temporal integration paradox

Temporal resolution is the smallest change that can be detected, whereas temporal

integration refers to the summation across a longer period of time that is efficient for

the auditory system. The idea that the two are on two different timescales, the first one

less than 10 ms whereas the latter 200 ms, is known as the ‘temporal resolution-temporal

integration’ paradox (de Boer, 1985). It is known that intensity and frequency detection

and discrimination improves with duration, although the JND for discrimination is less

than the detection threshold. A multiple-look model (Viemeister and Wakefield, 1991)

is an alternative that incorporates more central processing but it is unknown how

information is weighted from the sampling.

In this study, GDTs were approximately 3-7 ms, click-following-noise thresholds var-

ied the most at 4 ms delays, mean filled discrimination thresholds were approximately

20 ms, and VOTs in consonant pairs were 30-40 ms in approximately 200 ms-long syl-

lables. The onset-offset model incorporates both theories and timescales, by extracting

both envelope and fine-structure temporal cues.

There is no consistent literature on whether hearing-impaired listeners have poorer

temporal resolution that could indictate auditory filters playing a large role. A study on

decrement detection by Plack and Moore showed that only one out of three unilaterally

hearing-impaired subjects exhibited poorer performance in larger temporal windows for

impaired versus normal ear (Plack and Moore, 1991).
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6.12 Clinical outlook

A representative population sample of SIN problems is difficult. Central auditory pro-

cessing disorders such as APD often occur with other deficits, and it is unclear what

the underlying causes are, which is why it is hard to diagnose in the first place. If there

are a multitude of causes and a large scale, it might be difficult to see a psychophysical

manifestation of a particular subtype with strong statistical power. Mouse models such

as the BXSB/MpJ-Yaa could help to further elucidate the underlying mechanisms. It

was hoped that the results of this would be eventually useful in the clinic to test for

an offset deficit but this would need to be tested on a much larger scale in conjunction

with a hospital or clinic.

A much stronger clinical test that is direct would be an electrophysiological correlate

for which technological advances enable a few electrodes to be tested using a mobile

EEG setting. In cochlear implants, onsets/offsets have sharp cutoffs so they are less

sensitive to subtle fluctuations in SIN perception. This could contribute to the limited

ability of SIN for hearing impaired users of these devices.

Considering the finding that attention is an important factor, a training programme

to improve active detection of offset-related cues in noisy and reverberant backgrounds

might improve speech perception for populations such as auditory processing deficits.

Busy spaces such as restaurants tend to have more reverberation, with a greater effect

for low frequencies. This could be focused on the consonants that are often confused

in such environments, as a clinical rehabilitation tool. One of the complaints that

hearing aid/cochlear implant users is how draining it is to listen using the devices.

This indicates that the cues in the signal processing are not yet focused on the vital

acoustic features of speech that our brains are organised to naturally process. Cochlear

implant designs do not focus on precise temporal stimulation patterns so important

cues are lost. The results of this work can help guide the design and signal processing

of such devices.

As alluded earlier, between-channel GDTs might be a better clinical evaluation mea-

sure than the current GDT test. ABR measurements of the perceptual offset response

might also reveal discrepancies between normal and abnormal SIN perception, without

cognitive confounds, and elucidate the pathway if a possible offset deficit occurs at a

low-level of the auditory system.
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A recent study showed that children with Auditory Neuropathy Spectrum Disor-

der showed poor performance of VOT-dependent categorical perception of phonemes

(McFayden et al., 2020). This work offers a potential explanation for the vast litera-

ture of such studies in which a deficit in the processing of cues to recognise VOT and

consonants is predicted to cause speech recognition problems.
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Conclusions

At the end, I offer a summary of the main results of this project and consider the

future challenges and unsolved questions that can follow on from this body of work.

A greater focus on sound offsets is long overdue in auditory neuroscience. Sound

offsets do not entail the complex processing of novelty of a sound that the onset response

does. Offsets therefore appear to have a special status that can unify various theories in

auditory neuroscience from the loudness perception model to speech intelligibility and

can connect basic science to behaviour, and lower-level to higher-level brain functions.

What are the implications of an onset-offset model? Implementing the onset-offset

model for various paradigms and describing them in terms of the offset framework can

help integrate our knowledge of how the sensitive and dynamic auditory brain performs

temporal processing of various stimuli in different conditions.

In the previous chapter, I attempted in a brief manner to frame the offset response

in the context of many historical phenomena that have yet to be fully understood

in auditory neuroscience. It is hoped that combined efforts in both psychophysical

and physiological experiments will enable a better understanding of the mechanisms of

sound offsets and that models incorporating the offset-response are more effective, in

light of the findings from this thesis.
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7.1 Summary of contributions

• Computational modelling elucidated the neural dynamics of onset and offset de-

tection in speech sounds, providing evidence why stop consonants are most af-

fected in noisy backgrounds. Functional asymmetry allows offset cues to dominate

consonant perception at higher spectral bands and onset cues for vowel perception

at lower frequencies. It was shown that the two aspects (a) the combination of

envelope and spectral cues and (b) parallel onset and offset processing are crucial

to perceive continuous speech.

• Offset responses, but not onset responses, are modulated by intensity, task-

relevance and attention. There was no significant effect of duration dependency

for both psychophysical and EEG results at the durations used.

• A prospective psychophysical offset sensitivity measure for the clinic is based

on a duration discrimination paradigm of white noises, to find the threshold of

the minimum duration difference one can detect between noises of base duration

100 ms. The measure has a significant positive correlation with gap detection

thresholds, and a trending relation with consonant discrimination.

• EEG is a better tool to probe offset responses while underlying mechanisms are

unknown, because of its temporal resolution that is of key importance for offsets.

The optimal EEG correlate of offset sensitivity found was the ratio of the P200

magnitude of the offset response in passive versus active listening conditions. This

ratio was significantly correlated with performance on the duration discrimination

task.

118



7.2 Future work

7.2 Future work

• The filled interval threshold in duration discrimination can be extensively tested

with batteries of speech perception tasks that are currently used in the clinic.

• Other psychophysical tasks for offset sensitivity can also be attempted such as

the auditory overshoot (Carlyon and Sloan, 1987), the continuity illusion using

tone glides or complex speech (Bashford and Warren, 1987; Ciocca and Bregman,

1987) or a task based on varying ramps and reverberation. This work has shown

that cognitive and audiometric abilities should also be thoroughly tested.

• A follow-up EEG study has been initiated by reversing the duration discrimi-

nation detection paradigm so that the stimuli to estimate are gap durations in

background noise. This can test figure-ground perception and assess if attention

modulation is robust if the offset is the initial cue of the duration, not the final.

This could affect expectation and hence attention to the cue. The original EEG

task can also be repeated using tones instead of noise to establish differences in

the offset response profile, as suggested by the reaction-time study.

• Using the onset-offset model to manipulate the offsets in stimuli by enhancing

or suppressing the offsets, may be effective in illuminating the role of offsets in

auditory perception for various tasks.

• Finally, the onset-offset model can be adjusted for various paradigms, and used to

predict responses to behaviourally relevant stimuli for both humans and animal

models.
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Appendix A

Figure A.1: Speech banana - The ‘speech banana’ represents the frequency information

in various consonants and is superimposed on an audiogram to show how phonemes in a

frequency-intensity map are affected in varying degrees of hearing loss. Voiceless fricatives

such as /s/ (the most used phoneme in English) and /f/ have stronger high-frequency

components, which means their discrimination is more difficult in presbycusis, age-related

hearing loss.
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Appendix B

Figure B.1: GLM residuals - Pearson residuals were plotted in probability plots to

check that the normal distributions fit the data
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Appendix C

Figure C.1: Duration effect on reaction times for two example individuals

- Increased reaction times were observed for durations between 0.2 and 1s of preceding

noises for offset responses and preceding silences for onset responses
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