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General abstract 

 

Hearing in noise is facilitated by the auditory system’s ability to separate sound into small 

auditory segments. Separation of sound is achieved using an auditory mechanism called temporal 

resolution that codes for small silent gaps in an acoustic stimulus. This thesis proposes a new method 

for measuring temporal resolution and applied it to a small pilot group of individuals with tinnitus.  

Previous studies have postulated that tinnitus can “fill” in silent gaps thereby making gap 

detection more difficult. This was shown in studies using the gap prepulse inhibition acoustic startle 

where the amplitude of a startle response indicates the subject’s ability to detect a small silent gap. 

However studies using behavioural gap detection do not show significant differences in people with 

reported tinnitus. Thus the behavioural evidence does not appear to support the hypothesis that 

tinnitus can “fill” in silent gaps.  

In this thesis a new method was proposed for measuring neural gap detection: the mismatch 

negativity response (MMN). The mismatch negativity responses were compared to behavioural 

measures of gap detection in thirty-five normal hearing adults: five with reported tinnitus and thirty 

without tinnitus. They underwent recordings to gapped stimuli ranging from 2- to 40-ms gap 

durations. The stimuli were either a broadband or narrowband noise presented in the absence or 

presence of a filler noise.  

Results of these experiments found the broadband and narrowband noises elicited MMNs to 

silent gaps. The amplitude of the MMN increased with larger gap durations. When filled, the 

amplitude of the entire waveform was proportionally reduced for all gap durations. However, for the 

tinnitus group the filler reduced the largest gap durations elicited MMNs amplitudes 

disproportionately more than for the smaller gap durations. The high and low filler noise reduced the 
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amplitude of the 40-ms gap MMNs. This was not reflective in the behavioural performance of gap 

detection as there were no significant group differences.  

These studies show that neural gap detection can be measured using mismatch negativities. 

Reduced behavioural gap detection performance is reflected by a smaller amplitude of the MMN for 

suprathrehold gaps. This was shown in both normal hearing participants with elevated behavioural 

gap detection thresholds and participants with tinnitus. Therefore, electrophysiological recordings to 

gaps may provide further information on the underlying mechanisms involved in impaired gap 

detection that may not be captured by behavioural measures alone.  

Keywords : Oddball, mismatch negativity, optimised, gap detection, temporal resolution, tinnitus, 

electrophysiology. 
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1 CHAPTER 1: Introduction  

 

1.1 Clinical Problematic 

Tinnitus is known as a phantom noise that is perceived in the absence of acoustic 

stimulation (Jastreboff, 1990). It is described by patients in a variety of ways that can be as 

simple as a single pure tone and as complex as a physical sensation accompanied by a 

combination of different sounds (Pan et al., 2009). It can also be perceived differently in each ear 

and can be variegated by movements of the jaw, dietary habits, stress level, anxiety, and level of 

attention (Vielsmeier et al., 2012).  

Current understanding of tinnitus pathophysiology has been historically based on animal 

research. Animals models of tinnitus have allowed for controlled manipulations that are far too 

invasive to perform in humans. Animals can be subjected to noise trauma and ototoxic 

medications to induce tinnitus and subsequently mesure directly the areas along auditory 

pathways that are of interest. The problem with these animal models is that they are based on the 

assumption that tinnitus is present when there is cochlear damage. In reality, this is not always 

the case as tinnitus can also persist when input from the ear is removed by severing the auditory 

nerve (House and Brackman, 1981). It is thus presumptive to suggest that subjective tinnitus 

would be perceived in all cases of cochlear damage.  

In humans, tinnitus can be reported in the presence or absence of detectable hearing loss.  

Tinnitus presence is confirmed through self-reported questionnaires, and psychoacoustic 

measurements of tinnitus loudness and intensity. Obviously, such verbal confirmations are not 

possible with animals. Despite this limitation, developments of neuroimaging techniques over 

the last two decades, have opened the possibility of developing an indicator of tinnitus common 
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to both humans and animals –potentially bridging the findings between both populations. 

Neuroimaging can thus potentially clarify the role of hearing loss in tinnitus generation and lead 

to the development of tinnitus biomarkers along the auditory pathway. However, before this can 

be accomplished, basic studies using electrophysiological techniques are necessary to establish 

normative data to which tinnitus samples can be compared.  

 Gap detection (the detection of a silent interval in an auditory stream) has been suggested 

as a possible indicator/biomarker of tinnitus. This method was originally introduced using mouse 

models measuring the amplitude of the startle reflex (Turner et al., 2006) and later an early 

electrophysiological response called the auditory brainstem response (Lowe & Walton, 2015). It 

is based on the “fill-in” hypothesis which states that tinnitus can “fill-in” silent gaps, thus making 

gap detection more difficult. Both the startle reflex and auditory brainstem responses showed 

significantly different amplitudes in the tinnitus mice compared to controls. In humans reporting 

tinnitus, the replication of these findings, using behavioural and objective measures of gap 

detection, have been contradictory (Campolo, Lobarinas, & Salvi, 2013; Fournier & Hébert, 

2013).  

Some of the issues with the behavioural measurements have been the effects of attention 

and responsiveness on gap detection (Cromwell et al. 2008). For example, if a patient is too tired 

or distracted they may perform worse than when they are alert and calm. Electrophysiological 

recordings such as the ABR or the startle reflex probe pre-attentive mechanisms (Davis et al. 

1982, Lee et al. 1996) therefore they may not be sensitive to changes in alertness or attention, 

however they use few electrodes and can pick up unrelated potentials that are unrelated to the 

auditory response. The mismatch negativity has the advantage of not being affected by attention 
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(Campbell & Macdonald, 2011), and displaying less noise because it is based on a difference 

wave that subtracts all exogenous variables that are unrelated to the auditory event. 

1.2 Objectives of the thesis 

The main research goal of the thesis is to determine the feasibility of using the MMN as 

an objective clinical tool for measuring neural gap detection in human populations with tinnitus. 

The main hypotheses of the thesis are that MMN amplitudes can be used as a clinical measure of 

neural gap detection and it can be applied to a tinnitus sample to support the “fill-in” model. In 

order to test the first hypothesis, the MMN amplitude must change in relation to gap duration 

using a paradigm that is more time-efficient. To test the second hypothesis, the MMN must be 

measured on stimuli of a specific frequency range and intensity that are “filled” with a second 

stimulus. This can be summarized into three specific objectives:  

Objective 1: To demonstrate that a time-efficient MMN paradigm can be applied to a range 

of gap durations  

Objective 2: To test confounding variables of the “fill-in” model (i.e. intensity and 

frequency) on the MMN amplitude 

Objective 3: To compare the MMN amplitude of noise-filled gaps to tinnitus-filled gaps 

1.3 Overview of the thesis 

The thesis begins by providing a review of the literature in chapter 2. This review discusses 

the previous published works on the pathophysiology of tinnitus, the clinical measurements of 

tinnitus, the disadvantages of current measurement tools and the advantages of objective 

markers. It also discusses the use of neural gap detection as a biomarker of tinnitus, the 

conflicting evidence of the “fill-in” hypothesis and the suspected confounds. Finally it gives 
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background knowledge on electrophysiological measures and how the MMN is used to resolve 

the confounding factors of previous studies testing the “fill-in” hypothesis.  

Chapter 3 includes all the journal articles written to answer the research question. The first 

article entitled “A time-efficient multi-deviant optimised paradigm to determine the effects of 

gap duration on the Mismatch Negativity” decribes a study that replicates the use of a traditional 

oddball paradigm for eliciting MMNs to various gap durations and compares it to a new time-

efficient optimised paradigm. This article answers the first objective of making the MMN gap 

detection method more time-efficient. The results from this study showed evidence that the 

optimised paradigm provides similar responses to gaps as the traditional method. Thus the 

optimised paradigm was used to evaluate objectives 2 and 3.  

The second article entitled “Optimising the Mismatch Negativity for neural gap detection: 

determining the effects of intensity on gaps in noise” was the second study conducted based on 

the first article. This study changed the stimulus of the first study in two ways: it filtered the 

stimulus to a narrow bandwidth centered on a high frequency and it presented the filtered 

stimulus in two intensity conditions. This responds to the second objective of demonstrating that 

neural gap detection using the MMN can be applied to stimuli of various frequencies and 

intensities. This is an important consideration as clinical populations with tinnitus must have the 

tinnitus pitch matched to the gapped stimulus to test the “fill-in” hypothesis, and the intensity of 

the stimulus can have an effect on the perception of the gap (see literature review for more 

details). This study validates the use of a filtered high-frequency gapped stimulus at a high 

intensity for the third and fourth articles.  

The third and fourth articles entitled “The Mismatch Negativity used to determine the 

effects of background filler noise on neural gap detection” and “The effects of tinnitus on 
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mismatch negativity responses to gaps in noise” describe a two-phase study that responds to the 

third objective. The “fill-in” model states that tinnitus “fills” the silent gaps of an acoustic 

stimulus. This hypothesis was tested using behavioural and MMN gap measurements in the 

presence of a second continuous filler stimulus in order to “fill” in the silent gaps. The purpose 

of the “filler” stimulus in the third article was to simulate the perception of a tinnitus percep in 

normal hearing non-tinnitus participants. This was replicated in the fourth article on a small pilot 

group of patients reporting high-frequency tinnitus. The “filler” stimulus in this fourth article 

acted as a “masking” stimulus that could inhibit the perception of tinnitus, a phenomenon known 

as residual inhibition.   
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2 CHAPTER 2: Literature review 

2.1 Tinnitus 

Tinnitus is a perception of sound that occurs in the absence of an external acoustic stimulus 

(Jastreboff, 1990). Its prevalence and incidence is difficult to capture as it does not have a 

defined population and the tinnitus sample is highly heterogeneous (Landgrebe, 2010). Tinnitus 

has been classified as either objective or subjective (Lockwood, Salvi & Burkard 2002). 

Objective tinnitus refers to a noise that can be heard using a stethoscope. This includes 

spontaneous sounds emitted by the outer hair cells (Penner, 1992), pulsatile sounds from the 

turbulent flow of blood vessels that surround the cochlea (Remely et al., 1990), or clicking from 

muscle contractions of the tensor tympani, stapedius or mandibular joint (Fox and Baer, 1991; 

Chole and Parker, 1992; Chan and Raede, 1994). Subjective tinnitus is the perception of a 

phantom sound in the absence of an external acoustic stimulation with possible origins linked to 

psychological disorders (Crönlein, Langguth, Geisler, Hajak, 2007; Langguth et al., 2007), 

infections (Shulman and Goldstein B, 1997) and ototoxicity (Mulheran, 1999). In addition to 

these possible origins, noise-induced hearing loss has been well documented as a correlate of 

subjective tinnitus (Emmerich et al., 2002; Attias et al., 1993; Hébert and Lupien 2009; Heffer 

and Koay, 2005; Kreuzer et al., 2012; Noreña and Eggermont, 2003; Rüttiger et al., 2013). 

Incidence rates of tinnitus do not distinguish between objective or subjective tinnitus and 

they have been inconsistently reported as occurring in 30% (Heller, 2003), 15-18% (Coles, 1984) 

and 10% (Davis and El Rafaie, 2000) of the general population. Of those that report tinnitus, 0.5 

to 1% (Erlandsson and Hallberg, 2000) or 6% (Heller, 2003) report symptoms that are 

debilitating and life-altering. Age is an important bias in these statistics as 30% of adults above 

the age of 50 report tinnitus (Davis & El Rafaie, 2000). Studies on children with tinnitus have 

reported an incidence of between 1.6 to 6.5% (Coelho et al. 2007; Mills et al 1986; Nodar and 
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Lezak 1984; Savastano 2007) however this is likely an inaccurate estimation. Children are 

known to rarely report the presence of tinnitus unless asked directly and questions on tinnitus are 

not a routine part of practice in pediatric otolaryngology offices (Møller, 2001).  

There is no consensus on the origin of tinnitus due to the heterogeneity of the population, 

however there exist some working models on particular subpopulations. One of these models, 

called the Central Gain Theory, describes the potential mechanism underlying the relationship 

between noise-induced hearing loss and tinnitus (Noreña and Farley, 2013). This model proposes 

that auditory deprivation, or a diminished output from noise-induced cochlear damage, leads to 

compensatory hyperactivity at various levels of the central auditory nervous system. This 

hyperactivity has been studied in animals trained to signal the presence of tinnitus and has been 

related to the increased spontaneous firing rate of auditory fibers at the peripheral levels of the 

auditory nervous system such as the dorsal cochlear nucleus (Dehmel et al., 2012; Kaltenbach et 

al., 2002; Melamed et al., 2000; Middleton et al., 2011), and the central levels such as the 

primary auditory cortex (Salvi et al. 1990 and 2000; Noreña, Tomita and Eggermont, 2003). The 

central gain theory suggests that through homeostatic regulation, measured increases in 

spontaneous activity are biomarkers of tinnitus.  

Clinical measurement of tinnitus is currently done through self-reported questionnaires 

such as the Tinnitus Functional Index (Meilkle et al., 2012), the Tinnitus Handicap Inventory 

(Newman, Jacobson and Spitzer, 1996), the Tinnitus Handicap Questionnaire (Kuk et al., 1990) 

and the Tinnitus Reaction Questionnaire (Wilson et al., 1991). These questionnaires all use 

scoring systems for the participant to rate the degree they agree with the question. Although 

these questionnaires are easy to administer, they exclude populations that cannot complete self-

reports due to language barriers or communication limitations. Populations of particular concern 
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would be children or people with developmental disabilities. Another form of measurement that 

is performed clinically are psychoacoustic measures of tinnitus intensity and pitch. These are 

measures that require the participant to match the perception of their tinnitus to a presented tone. 

These measures provide the benefit of determining a quantitative value associated with the 

perception of the tinnitus, however, similar to questionnaires, they exclude populations with 

communication or linguistic limitations. Tinnitus measured using these subjective techniques can 

also be easily feigned.  

Objective measures using neuroimaging for tinnitus have not gained widespread 

acceptance into clinical practice due to the variability of results and the time-consuming nature 

of the methodologies used. One of these measures is the auditory brainstem response (ABR) 

which is reviewed in a published article titled “Auditory brainstem responses in tinnitus: a 

review of Who, How and What?” found in Appendix 1. A review of the literature on auditory 

brainstem responses used on tinnitus sample found inconsistencies in the amplitude data 

reported. This may have been due to high levels of noise which are inherent of ABRs that are 

recorded from only 3 to 4 electrodes. The ABR can be sensitive to capturing noise unrelated to 

the acoustic stimulus that make the signal less distinct and change the amplitude recorded. For 

example a negative-going noise can reduce the amplitude of a positive-going component. The 

advantage of using electrophysiological recordings based on difference waves is that the noise 

for the conditions are subtracted, leaving only the deviations that are specific to the change in the 

stimulus.  

Electrophysiological recordings using alternative stimuli have also been explored in the 

literature. The gap-in-noise ABR (or GIN-ABR) has been used in animal participants with 

different background noise frequencies before and after tinnitus induction by salicylate (Lowe 
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and Walton, 2015). Using this method, they found a significant reduction in gap detection after 

salicylate treatment for only the 16 kHz background noise condition. The authors concluded that 

since salicylate is known to produce a 16 kHz tinnitus percept that appears to fill the gap, the 

GIN-ABR may be effective for objectifying the presence of tinnitus in animals. Using this gap 

detection model may thus be a promising new method that can be applied using other techniques.  

2.2 Gap detection and the “fill-in” hypothesis 

Gap detection has been proposed as a potential objective measure of tinnitus. In animal 

research, the gap pre-pulse inhibition startle reflex (GPIAS), which uses gap detection, has been 

the gold standard to detect the presence of tinnitus in animals (Dehmel et al., 2012; Koehler & 

Shore, 2013; Kraus et al., 2010; Ralli et al., 2010). In this method, the animal reflexively 

responds to very loud stimuli with a primitive muscular contraction known as the acoustic startle 

reflex (Basavarah and Yan, 2012). In order to inhibit this reflexive response, a gap is introduced 

in the signal as a prepulse indicator of the incoming startling sound (Hoffman and Searle, 1965). 

Since animals are unable to report the presence of tinnitus verbally, the GPIAS test can be 

applied before and after tinnitus-inducing methods such as injections of known ototoxic agents 

(ex. salicylate or cisplatin), or exposure to loud sounds. In Turner et al. (2006), the first 

publication on GPIAS and tinnitus, the acoustic startle reflex was measured using a piezo 

transducer attached to the floor of the cage within which the animal is contained. To measure the 

detection of gaps, the animal is presented with a 60 dB SPL broadband noise or a 10 or 16 kHz 

bandpass filtered noise typically matched to the known frequency perception of tinnitus followed 

by a loud 115 dB SPL startling noise burst. The authors found when the animal heard a 50 ms 

silent gap, inserted within the background noise, prior to the loud noise burst, the amplitude of 

the startle response was reduced. However when the background noise was bandpass filtered to 
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match the frequency perception of the tinnitus, the startle response was less inhibited. Thus it 

was determined the impaired gap detection was a consequence of tinnitus perception “filling in” 

the gap when the background noise was qualitatively similar to the tinnitus percept. In other 

words, since tinnitus is believed to make the perception of gaps less noticeable, thereby reducing 

the inhibition of the startle reflex, the “fill-in” hypothesis suggests that gap detection can be used 

as an objective measure of the presence of tinnitus.  

The “fill-in” hypothesis was tested in humans with a modified version of the GPIAS 

method using an eye-blink reflex. Fournier and Hébert (2013) tested participants with high 

frequency tinnitus and near-normal hearing thresholds compared to non-tinnitus normal hearing 

controls. They attached electrodes below the subject’s eye and measured the amplitude of the 

ocular muscle contraction in response to loud sounds, a known startle reflex in humans 

(Blumenthal et al., 2005). They presented a 50 ms silent gap within a 65 dB SPL narrowband 

noise centered at either 500 or 4000 Hz, followed by a broadband startle noise at 105 dB SPL. 

Although the magnitude of the startle reflex was reduced using the 4000 Hz noise, closer to the 

tinnitus frequency perception, unexpectedly it was also reduced using the 500 Hz narrowband 

noise, a frequency much lower than the tinnitus. This finding contradicted the animal data which 

consistently showed the startle reflex was reduced only for frequencies matching the tinnitus 

percept. Behavioural pitch-matching revealed the dominant tinnitus percept was mostly in the 

high frequencies (11 and 16kHz), therefore it is unclear why the low-frequency stimulus also 

elicited a reduced startle. One possible explanation for the low frequency response is the tinnitus 

frequency perceptions were not precisely controlled to match the narrowband noise center 

frequencies, thus the patients may have had some of the tinnitus perceived at lower frequencies 

in addition to higher ones. Another explanation is the GPIAS method is less sensitive in the high 
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frequencies and produces a weaker startle response than in the low frequencies. In fact, a follow-

up study demonstrated that normal hearing non-tinnitus sample showed greater startle reflex 

inhibition at the lower frequencies than at the higher frequencies (Fournier & Hébert, 2016). 

Although the human adaptation of the GPIAS method partially supported the “fill-in” theory, 

tinnitus participants had greater startle inhibition than controls, it did not appear to be specific to 

the frequency of the tinnitus percept.    

The “fill-in” hypothesis was tested again on humans using psychophysical/behavioural 

adaptations of the GPIAS method. To evaluate whether gap detection is dependent on matching 

the frequency of the stimulus to tinnitus, one study asked hearing loss participants with and 

without tinnitus to press a button when they detected a gap in a 90 second narrowband noise 

(Campolo, Lobarinas, & Salvi, 2013). The narrowband noise had eighteen randomly-inserted 50-

ms gaps and its centre frequency was either matched, 1 octave above, or 1 octave below the 

tinnitus percept. The intensity of the noise was mostly set to 15 dB above hearing thresholds. 

They found there was no difference between the ability for the tinnitus and non-tinnitus 

participants to detect the gaps even when the center frequency was altered, thus disproving the 

tinnitus “fill-in” hypothesis altogether and contradicting the eye-blink GPIAS data.  

A more recent study evaluated the psychophysical GPIAS method on tinnitus and non-

tinnitus participants matched by age, gender and hearing loss, using 3 intensity levels and 4 

frequency ranges of gap-embedded noises (Boyen, Baskent, & van Dijk, 2015). The presented 

noises were bandpass filtered at 4-8, 4-5, 5-6.3 and 6.3-8 kHz presented at 5, 10 and 25 dB 

sensation level (SL). Within each noise a gap of varying durations was presented, and the gap 

detection threshold was determined based on the subject’s ability to respond to the gap by 

pressing a button. The authors found the gap detection thresholds were all less than 15 ms and 
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did not differ significantly neither between any of the tinnitus participants (stratified into four 

tinnitus frequency groups) nor between the tinnitus and non-tinnitus groups. Thus, like Campolo, 

Lobarinas, & Salvi (2013), their findings also disprove the “fill-in” hypothesis and contradicted 

the eye-blink GPIAS results.  

Although both psychoacoustical/behavioural adaptations of the GPIAS showed null 

results, a potential limitation of behavioural gap detection is the possibility of teaching tinnitus 

participants to discriminate their tinnitus from the task stimuli. If this is the case, the participant 

may learn to detect the gaps by placing greater attention on the stimulus and less attention on the 

tinnitus. This would potentially eliminate any behavioural differences between the tinnitus and 

control groups. Furthermore, a closer look at the data shows the tinnitus participants may have 

attended to the stimulus differently from the controls. Indeed, Boyen, Baskent, & van Dijk 

(2015) demonstrated that increasing stimulus loudness up to 20 dB SL improved the average gap 

detection threshold by 5 ms for all groups, however at 5 dB SL the tinnitus group appeared to 

have slightly poorer, but not significant, average gap detection thresholds. One possible 

explanation of the null results is the effect of an abnormal loudness growth curve, called 

hyperacusis, known to co-exist in tinnitus participants (Hébert, Fournier, & Noreña, 2013). It is 

possible the 5 dB SL stimulus was perceived louder in the tinnitus participants than the controls 

making the gap relatively easier to detect than if loudness was equal in both groups. Increasing 

stimulus loudness from 5 to 25 dB SL decreased the gap detection threshold for both groups, but 

at 5 dB SL the tinnitus group tended to have lower thresholds than the no tinnitus and control 

groups. Is it possible that hyperacusis may skew the gap detection thresholds at higher 

intensities? A recent study on the confounding effects of hyperacusis showed both an 

enhancement to the acoustic startle stimulus and an increase in the suppression of the startle 
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responses in noise-exposed mice (Salloum et al., 2016). Another possible explanation for the 

conflicting results with the startle GPIAS method is that not all the participants responded to the 

startle stimulus. A study evaluating the startling acoustic stimulus in patients with Parkinson’s 

disease showed a range of responses (Carlsen, Almeida, & Franks, 2013). This suggests the 

startle method may not be a sensitive measure of the changes in gap detection. Another 

consideration for the startle method compared to the psychophysical approach are the different 

circuitries involved: the startle reflex uses subcortical, pre-attentive pathways (Davis et al., 1982; 

Lee et al. 1996) versus the psychophysical task which uses presumably the auditory and motor 

corticies (Zscholich and Köhling, 2013). The pre-attentive subcortical methods of gap detection 

(i.e. the startle reflex) possibly support the “fill-in” hypothesis but cortical compensation 

mechanisms involved in the psychophysical methods may not.  

Another important consideration between all the studies is the level of hearing loss. The 

Boyen, Baskent, & van Dijk (2015) and Campolo, Lobarinas, & Salvi (2013) studies used 

tinnitus populations with various types and degrees of hearing loss. Since gap detection capacity 

can change as a function of hearing loss (Moore, 1995; Sturm et al., 2017), it is possible that 

even if the gap detection was “filled” in by the perception of the tinnitus, that the various degrees 

of hearing loss also increased gap detection. Even the normal hearing populations with and 

without tinnitus compared in Fournier and Hébert (2013) may have had hidden hearing loss (i.e. 

damage to low spontaneous rate auditory nerve fibers) affecting gap detection in addition to the 

tinnitus. Thus it is possible that hearing loss was not precisely controlled making the gap 

detection method less sensitive for detecting tinnitus alone. 

2.3 Electrophysiological measures 
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This thesis proposes testing the “fill-in” hypothesis by measuring neural gap detection in 

tinnitus and non-tinnitus participants using event-related potentials (ERPs). ERPs are small 

changes of electrical activity, measured non-invasively from the scalp of the head using 

electrodes. These electrical changes measured from various places on the scalp can be related to 

the time of a specific event such as an external sound stimulus. The measured changes appear as 

a waveform with various positive and negative deflections described by polarity, latency and 

amplitude (Näätänen & Picton, 1987). The latency and amplitude of these waveforms are highly 

dependent on the integrity and maturation of the nervous system when factors related to the 

stimulus and subject are well controlled (Näätänen, Kujala and Winkler, 2011). There are many 

types of auditory evoked potentials, but the long latency potentials are particularly interesting to 

measure auditory processing at the cortical level. In essence, the generators of these long latency 

potentials are the temporal and frontal lobe (Picton et al., 1999).  

In clinical and applied studies, auditory ERPs are usually recorded in a “passive” 

paradigm in which the individual attends to a non-auditory “task” (e.g., watching a video or 

reading a book) and does not actively attend to the auditory stimuli. The ERP to the auditory 

stimulus can usually be elicited reliably even though attention is not directed to the auditory 

channel. If non-sensory factors such as attention and motivation do affect the gap-elicited ERP, 

whatever differences are found across conditions or groups might not necessarily be a result of 

the perceptual ability to detect the gap. 

The N1 deflection, an auditory ERP maximum over fronto-central areas of the scalp 

peaking at about 100 ms, elicited by either the onset or offset of the stimulus (see Näätänen and 

Picton, 1987 for a classic review), has been used for the study of neural gap detection. The 

amplitude of N1 following the presentation of a gap increases in amplitude as the duration of the 
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gap lengthens (Lister, Maxfield, & Pitt, 2007; Atcherson et al., 2009; Palmer & Musiek, 2014) 

and can still be observed for near-threshold gaps (Pratt et al., 2005; Palmer & Musiek, 2013).  

The gap-elicited N1 is present from children to the elderly depending on the duration of the gap 

and the time of occurrence of the gap (Harris et al., 2012; He et al., 2013; Ross et al., 2010). 

Attention may however act as a confounding factor. Harris et al. (2012) noted that attention 

fluctuation can predict gap ERPs in the elderly. On the other hand, the manipulation of attention 

appears to have minimal effect on the gap-elicited N1 in young adults (Campbell & Macdonald, 

2011). Importantly, factors such as fatigue and sleepiness may result in a large decrease in the 

amplitude of N1 (see Campbell & Colrain, 2002 for a review). Thus the use of N1 to estimate 

gap duration threshold in subjects who are either very fatigued or sleepy may seriously 

misrepresent the actual threshold.  

Another derived waveform related to changes in auditory events is the mismatch 

negativity response (MMN) which was first described by Näätänen et al. (1978). It is maximum 

over frontocentral areas of the scalp and inverts in polarity at the mastoids (Näätänen, 1990). 

This waveform is predominantly generated when the subject is not paying attention to the 

stimulus. Accordingly, while the N1 reflects a change in the auditory stimulus, the MMN is the 

automatic detection of changes to features of the auditory stimulus (Näätänen, 1990). The MMN 

is derived using the oddball paradigm where a sequence of auditory stimuli is presented with a 

high or low probability. The low probability stimulus may differ from the high probability 

stimulus by intensity, frequency, and duration (Näätänen, 1990). The evoked potential wave 

from the low probability stimulus has a higher negative amplitude from the high probability 

stimulus. The subtraction of these two waves result in a MMN wave. The MMN wave 
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corresponds to the activity of the cerebral cortex or sensory auditory memory (Näätänen, 1990) 

and occurs approximately 50-150 ms after the onset of the stimulus (Näätänen & Picton, 1987). 

The classical method of acquiring the MMN is to use an oddball paradigm which tests 

one deviant for every separate stimulus block. An alternative, more efficient method, called the 

optimised paradigm, alternates the standard stimulus with all deviants thus reducing testing time 

significantly (Näätänen et al., 2004). One of the aims of this thesis was to explore to use of the 

optimised paradigm for the purpose of eliciting MMNs to various gap durations. This will be 

further discussed in the following section and in Milloy et al. (submitted).  

Many studies on tinnitus populations have found abnormalities in the MMN wave. 

Tinnitus participants showed significantly different amplitudes for deviants altered by frequency 

such as comparing 500 and 1000 Hz (Jacobson et al., 1996), or 1000 and 1100 Hz stimuli 

(Holdefer, Oliveira, & Ramos, 2013). Other studies showing significant MMN changes 

compared deviants altered by frequencies 1, 2 and 4% higher (Weisz et al., 2004) or 10% higher 

and lower (Mahmoudian, al., 2013, 2015) than the standard frequency. In addition to frequency, 

Mahmoudian et al. (2013) also showed significantly reduced MMNs for deviants altered by a 

silent 7-ms gap. Indeed, based on the studies of the GPIAS, it is expected that tinnitus may 

reduce the perception of the gap if attentional mechanisms are controlled. Testing a tinnitus 

group using more than one gap duration to our knowledge has not yet been done. For this reason 

we propose testing a range of gap durations, including gaps smaller than 7 ms, to compare the 

perception of tinnitus and control populations.  

2.4 Gap detection and the MMN 

Gap detection using the MMN has been performed on young normal hearing participants. 

Bertoli, Smurzynski & Probst (2002) showed that short gaps in noise (3, 6, 9 or 15 ms) can elicit 
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MMN responses using an oddball paradigm. They found using a psychoacoustic method that the 

gap detection threshold was 6.4 ms. The MMN was detectable at 6 ms (1 subject) and 9 ms (5 

participants) and not detectable at 3 ms by any of the participants. Other studies that have used 

MMN to study neural gap detection using tone pairs (Heinrich, Alain, & Schneider, 2004), 

nonsense words (Pihko et al., 1997) and short tone pips (Desjardins et al., 1999) all showed the 

MMN can be elicited by gaps. Significant MMNs were found for gaps as low as 5 and 1.13 ms 

(Desjardins et al., 1999 and Heinrich Alain, & Schneider, 2004 respectively). 

A number of other oddball studies have demonstrated that rarely occurring deviant 

stimuli containing a supra-threshold gap will elicit a robust MMN (Bertoli et al., 2001; Todd et 

al., 2011; Yabe et al., 2005). The MMN will vary depending when the gap is placed in the 

standard stimulus (Yabe et al., 2005) or if the gap is partially filled (Tamakoshi et al., 2016). The 

amplitude of the MMN also varies with the duration of the gap being visible for gap durations 

that exceed the behavioural threshold for its detection (Alain et al., 2004; Bertoli et al., 2001). 

With very long gap durations, the MMN may reach a ceiling level. Larger increases in gap 

duration will then not be associated with a concomitant increase in the MMN (Torppa et al., 

2014). The gap MMN appears to be mature within 6 months of birth (Trainor et al., 2001).  

Tinnitus groups have not yet been explored using the MMN to a various gap durations. 

Given the startle reflex gap detection data explained above, it may be relevant to study this 

population using stimuli similar to the tinnitus percept. Although the effects of tinnitus on neural 

gap detection have not been elucidated, GIN-ABR has been used in animal participants with 

different background noise frequencies before and after tinnitus induction by salicylate (Lowe & 

Walton, 2015). Using this method, they found a significant reduction in neural and behavioural 

gap detection after salicylate treatment for only the 16 kHz background noise condition. As 
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salicylate is known to produce a 16 kHz tinnitus percept, the authors concluded that tinnitus fills 

in the gap at 16 kHz which was demonstrated by a reduction in the amplitude of specific 

components of the ABR waveform. If this phenomenon exists using the ABR amplitude as a 

marker of neural gap detection, then it would be interesting to see if the same frequency-specific 

effect can be found in populations with tinnitus using a different electrophysiological marker, the 

MMN. Accordingly, this thesis focuses on the application a frequency specific gap-in-noise 

stimulus to elicit an MMN in a tinnitus pilot group.  

2.5 Hearing loss and the MMN 

As mentioned above, Mahmoudian et al. (2013) suggest that the MMN may show 

different pre-attentive processing of silent gaps in normal hearing than in tinnitus groups; the 

MMN being more reduced in amplitude in tinnitus groups than normal hearing group. However 

given that tinnitus typically present with hearing loss, hearing loss is a covariable that may also 

reduce the MMN amplitude and not the tinnitus. Indeed ERP amplitudes  are reduced and larger 

psychoacoustic gap detection thresholds are found in patients with auditory neuropathy 

(Michalewski et al., 2005). Interestingly there was no difference in the gap detection threshold 

between the passive and active conditions: passive being the condition where the subject was 

presented with gaps but did not actively attend to them, and active conditions being when the 

patient pressed a button in response to the presented gaps. This suggests that attention does not 

change the gap detection threshold in either those with or without hearing loss. Therefore it does 

not appear that hearing loss changes gap detection thresholds whether tested using behavioural 

(active) or electrophysiological (passive) measures. However, this is not the case in populations 

with tinnitus. Recall studies on GPIAS using the startle reflex showed tinnitus impairs gap 

detection using the passive startle method, but not when gaps are detected with active 
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behavioural methods. Thus this effect cannot be explained by hearing loss. The studies presented 

in this thesis will compare electrophysiological and behavioural measures of gap detection in 

tinnitus to determine if gap detection differs between both methods.   

2.6 Forward filler and residual inhibition 

Residual inhibition is the temporary cessation of tinnitus perception following the 

presentation of a “filler” noise that matches its intensity and frequency (Roberts et al., 2008). The 

degree of change to the tinnitus loudness following the noise is called residual inhibition depth 

(Roberts et al., 2008; Roberts, 2010). There is evidence that filler noise can also alter the pattern 

of electrophysiological responses in tinnitus differently than controls. Roberts et al. (2015) found 

filler noises that were narrowband filtered at 5 kHz reduced the off-frequency probed ERP 

amplitude in normal hearing groups but increased the on-frequency probed ERPs for tinnitus 

groups. The authors believe these differences were due to the effects of the probe frequency (i.e. 

the frequency of the stimulus used to elicit the ERPs) and the large individual variability. Indeed, 

Milloy et al. (2017) showed that literature on ERP measures with contributions from the 

brainstem used on tinnitus groups can be sensitive to noise artifacts. This can make measured 

ERP amplitudes very unstable. There was comparatively less variability for the N1 measure and 

the authors found the filler effects for the high frequency probes were larger N1 amplitude 

decreases for greater residual inhibition depth. Since filler noise appears to have an effect on the 

N1 amplitude, there is a possibility it can also alter the MMN amplitude. Our study will thus 

observe the effects of filler on the behavioural and MMN responses to gaps in noise. 
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3 CHAPTER 3: Journal articles  

 

This chapter contains the following four articles: 

 

Article 1:  A time-efficient multi-deviant optimised paradigm to determine the effects of 

gap duration on the Mismatch Negativity (resubmitted to Hearing Research, 

April 2018, under second review) 

 

Article 2:  Optimizing the Mismatch Negativity for neural gap detection: determining 

the effects of intensity on gaps in noise 

 

Article 3: The Mismatch Negativity used to determine the effects of background filler 

noise on neural gap detection 

 

Article 4:  The effects of tinnitus on mismatch negativity responses to gaps in noise 
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Article 1: A time-efficient multi-deviant optimised paradigm to determine the effects of gap 

duration on the Mismatch Negativity 

This section describes the first article in this thesis on the study of MMNs for neural gap 

detection. It describes the use of two techniques, the oddball and the optimal, used to elicit 

Mismatch Negativity (MMN) responses for stimuli with various gap durations. The gaps with 

increasing duration elicited MMNs of increasing amplitude for both techniques. This was an 

important step as the oddball paradigm has been used in the past to demonstrate the MMN 

elicited by gaps however, by testing only one deviant (i.e. a single gap width) at a time. The 

optimal paradigm allows for multiple deviants to be tested within the same sequence, thus 

making it possible to test multiple gap widths at once. Demostrating the effect of gap duration on 

the MMN using the optimal allows for the subsequent studies to use this more time effective 

technique in place of the oddball.  
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3.1 Article 1: A time-efficient multi-deviant optimised paradigm to determine the effects of 

gap duration on the Mismatch Negativity 

(Article accepted with revisions, Feb 2018. Second Revised manuscript resubmitted to Hearing 

Research, September 2018) 

 

Author(s): 
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3.1.1 Abstract 

The insertion of a silent period (or gap) in a frequently occurring standard stimulus elicits 

a negative-going event-related potential (ERP), called the Mismatch Negativity (MMN). This is 

often studied using a so-called oddball paradigm. To study the effects of gaps having a different 

duration, a different oddball sequence would be required for each gap. A more time-efficient 

multi-deviant optimised paradigm has been developed in which various gapped stimuli are 

included in a single sequence.  In the present study, 14 young adults watched a silent video while 

ignoring an auditory sequence. A single run of a multi-deviant optimised sequence was presented 

in which 6 different rare deviants alternated with a standard stimulus. The standard was a 200-ms 

white noise burst. The deviant was constructed by inserting a gap in the standard. The duration of 

the 6 deviants ranged from 2 to 40 ms. Participants were also presented with multiple runs of 

single-deviant oddball sequences. Each of the 3 deviants was run in a separate sequence. The 

amplitude of the MMN elicited by the deviant increased as the duration became longer, although 

it did plateau for the longer duration gaps. Importantly, the amplitude of the MMNs did not differ 

between the multi-deviant optimised and single-deviant oddball paradigms. Behavioural data 

showed an average gap detection threshold of 5 ms with a detection rate of approximately .5. 

None of the participants were able to detect the 2-ms gap as the mean detection rate was only 

.01. Supra-threshold gaps representing a change in a frequently occurring standard stimulus 

elicited robust MMNs. The multi-deviant optimised paradigm provides a time-efficient and 

reliable alternative to the frequently-used but time-demanding oddball paradigm for the study of 

neural gap detection.  

Key words: Mismatch Negativity, Optimised, Oddball, Temporal Processing, Gap Detection, 

Event-related potentials.   
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Highlights:  

o A multi-deviant optimised paradigm was used to determine the effects of gap 

duration on the MMN   

o MMN amplitude was similar for both multi-deviant optimised and single-deviant 

oddball paradigms.  

o MMN amplitude increased with gap duration but plateaued for longer gaps. 

3.1.2 Introduction 

Temporal resolution (or acuity) is the ability to make discriminations of a changing 

sound, an ability thought to be critical for the perception of speech and sound localisation since 

most acoustic signals vary over time (Moore, 2008). Temporal resolution is often studied using 

gap detection. A participant might, for example, be asked to judge whether a silent period (or 

“gap”) had occurred within a continuous or long duration auditory stimulus.   

A restriction for the use of such behavioural measures of gap detection is that they 

require active participation and the maintenance of attention for relatively long periods of time. 

This may not be possible in certain populations such as infants and young children or 

neurological and psychiatric patients. Importantly, behavioural methods require a perceptual 

decision, which is affected by cognitive processes such as memory, motivation and attention. 

Some authors hypothesize that, for example, older adults may compensate for hearing loss by 

exerting additional attentional effort during behavioural testing (Bertoli et al., 2001; Alain et al., 

2004; Harris et al., 2012). Normal hearing young adults can detect gaps as short as 3 to 5 ms 

when presented in moderate intensity white noise (Musiek et al., 2005; Samelli and Schochat, 

2008). Longer duration gaps are also clinically relevant; commercially distributed tests for 

temporal resolution such as the Random Gap Detection Test (RGDT) (Keith, 2002) and the Gaps 



 25 

in Noise test (GIN) (Musiek et al., 2005) include gap durations up to 40 and 20 ms, respectively. 

Nevertheless, some individuals having high gap thresholds may still readily detect the longer 20- 

to 40-ms duration gaps. This does not imply, however, that theses individuals perceive or process 

the supra-threshold gaps “normally”, in the same manner as those with low gap thresholds.   

Event-related potentials (ERPs) provide an exquisite means to monitor the extent of 

processing of a gap stimulus or intensity change occurring within a long duration stimulus. ERPs 

are the minute changes in the electrical activity of the brain that are elicited by an external 

stimulus or internal psychological event. ERPs consist of a series of negative- and positive-going 

components thought to reflect different aspects of information processing. The amplitudes of 

these different components are usually much smaller than that of the ongoing random “noise” of 

the EEG in which they are embedded. The background noise can be reduced through averaging 

procedures. With repetition of the stimulus, the average of the random background activity of the 

background EEG (the noise) will gradually reduce allowing the “signal” (the ERP) to emerge. 

Small amplitude ERPs will however require a large number of stimulus repetitions. Thus, a 

disadvantage to the use of ERP methods is that a long period of time may be required for the 

collection of the data. 

In clinical and applied studies, auditory ERPs are usually recorded in a “passive” 

paradigm in which the individual attends to a non-auditory “task” (e.g., watching a video or 

reading a book) and does not actively attend to the auditory stimuli. The ERP component of 

interest to the auditory stimulus should therefore be elicited reliably even though attention is not 

directed to the auditory channel. If non-sensory factors such as attention and motivation do affect 

the gap-elicited ERP, whatever differences are found across conditions or groups might not 

necessarily be a result of the perceptual ability to detect the gap.  
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An auditory ERP that has been employed in the study of neural gap detection is the 

mismatch negativity (MMN).  The MMN is often recorded using the so-called auditory oddball 

paradigm. The participant is presented with a frequently occurring homogenous “standard” 

stimulus. At rare (or odd) and unpredictable times, a feature of the standard is changed to form a 

“deviant”. Both the standard and the deviant elicit a N1 occurring around 100 ms, and a later P2, 

occurring around 180-200 ms after the onset of the stimulus. The deviant, in addition, elicits the 

MMN. The MMN can be elicited by a change in almost any feature of the standard, such as its 

frequency, intensity, location or duration. It peaks from 100-200 ms following presentation of the 

deviant and is maximum over fronto-central areas of the scalp, inverting in polarity at the 

mastoids (i.e., becomes a positive potential). In the classic Näätänen model (1990; 1992), the 

MMN is claimed to be associated with a pre-conscious memory-based comparison system in 

which features of the incoming stimulus are compared against features of the preceding stimuli 

(the standard) stored in sensory memory. When a deviant is presented, one of its features fails to 

match those stored in sensory memory and a change is detected. A more recent model maintains 

that the MMN is elicited by a mismatch between the current auditory input and predictions 

formed on the basis of rule-based acoustic patterns that are automatically detected in recent 

auditory stimulation (Näätänen, Kujala & Winkler, 2011; Paavilainen, 2013; Winkler, 2007; 

Winkler, Denham, & Nelken, 2009). As such, the repeating, homogenous standard used in the 

oddball sequence is a special case of an acoustic pattern, the occurrence of the deviant violating 

this pattern. The output of the change detection system varies directly with the extent of stimulus 

change, the amplitude of the MMN reflecting this output. Importantly, the MMN is still robust in 

the absence of attention (Muller-Gass et al., 2006; Sussman, 2007). The MMN is also unaffected 

by factors such as drowsiness and fatigue. Four hours of sleep loss at the beginning of the night 
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and even total sleep deprivation have a minimal effect on the MMN (Zerouli et al., 2010; 

Bortoletto et al., 2011).  

 Gap stimuli have been presented in oddball paradigms to elicit the MMN. The frequently 

occurring, relatively long duration standard stimulus (100 to 300 ms in different studies) does not 

contain a gap. A deviant is created by inserting a silent period (or gap) in the standard.   A 

number of oddball studies have demonstrated that rarely occurring deviant stimuli containing a 

supra-threshold gap elicit a large MMN (Bertoli et al., 2001; Tamakoshi et al., 2016; Todd et al., 

2011; Yabe et al., 2005). The MMN varies depending on when the gap is placed in the standard 

stimulus (Yabe et al., 2005) or whether the gap is partially filled (Tamakoshi et al., 2016). The 

amplitude of the MMN also varies with the duration of the gap being measurable for gaps that 

exceed the behavioural detection threshold (Alain et al., 2004; Bertoli et al., 2001). With very 

long duration gaps, the MMN may reach a ceiling (Torppa et al., 2014). The gap MMN appears 

to be mature within 6 months of birth (Trainor et al., 2001).  

While almost all studies label the negativity that is elicited by the rarely occurring gap as 

an MMN, this may not be a “true” MMN. The onset of the gap will also elicit another negativity, 

the N1. N1 overlaps temporally and spatially (occurring at about the same time and sharing a 

similar scalp distribution) with the MMN. The occurrence of the gap does signal change from the 

acoustic past, the frequent occurrence of the standard not containing a gap. The gap deviant will 

thus also elicit an MMN. The negativity that is observed following presentation of the gap is thus 

probably a composite N1+MMN. 

In most studies, a single deviant is presented within the oddball sequence.  This can be 

problematic when the effects of several different types of deviants are to be examined.  For 

example, to determine the effects of different gap durations, several different gaps need to be 
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presented. This would require a different oddball sequence for each gap, thus requiring long 

testing times. The amplitude of the MMN can be very small (less than 1 µV). Because the 

deviant is rarely presented, about 20-30 minutes of testing may be required for the MMN to be 

clearly observed. If the MMN is recorded to different deviants in separate single deviant oddball 

sequences, total testing times may exceed 2 hours. This may not be practical in many applied and 

clinical settings. 

An alternative time efficient multi-feature “optimised” paradigm was developed by 

Näätänen et al. (2004). The optimised paradigm is time efficient because it allows several 

deviants to be presented in a single sequence. The sequence consists of an alternating pattern of 

standards and deviants. Five or more different deviants are often presented within the sequence. 

Thus, while the overall probability of standard and deviant occurrence is 0.5, the probability of 

any specific type of deviant is lower. If five deviants are presented, the probability of occurrence 

of each is 0.1. As the multi-feature label implies, each deviant is created by changing a different 

feature of the standard (e.g., its frequency, intensity, duration, location or the insertion of a silent 

period). Thus, one deviant might represent a change in frequency, another deviant a change in 

duration, and so forth. Näätänen et al. (2004) compared the MMNs elicited by the different 

deviants in a multiple-feature optimised paradigm and those elicited by the same deviants but 

presented in multiple runs of a single-deviant oddball paradigm (i.e. a single different deviant 

being presented in each oddball sequence). The MMN was essentially identical for the different 

deviants in the single multi-deviant optimised paradigm and multiple runs of the single-feature 

oddball paradigm.  

As already mentioned, the classic model of the MMN maintains that acoustic change is 

detected when the extracted features of the deviant fail to match to those of the well-established 
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sensory memory for the standard. In the multi-feature optimised paradigm, because the standard 

is presented on 50% of trials, the memory for its features will also be well-established, although 

weaker than in the oddball paradigm when the standard is presented much more frequently. In 

the multi-feature optimised paradigm, all deviants, however, share all features of the standard 

except for the single feature that changes. Thus, even though the deviants are also presented on 

50% of trials, the memory for the common features shared with the standard is also strengthened. 

When a specific deviant is presented, one of its features fails to match that of the standard but 

also fails to match that of all other deviants. Thus, while a deviant is presented on 50% of trials, 

the occurrence of a change in one specific feature is rare.  

The multi-feature optimised paradigm provides a means of testing those individuals 

unable or unwilling to participate for the very long testing times required by multiple runs of the 

traditional single-deviant oddball paradigm. The optimised paradigm was nevertheless originally 

designed for the use of “multi-feature” deviants. Each deviant thus represents a change of a 

different feature of the standard, but each deviant also represents the same change from all other 

deviants. In the present study, each deviant was created by inserting a gap in the standard 

stimulus, the different deviants having a different gap duration. Note that the same feature, the 

introduction of a gap, is common to all deviants. This is unlike the original multi-feature design, 

in which each deviant represents a different change from the standard and from all other 

deviants. In the present gap study, what does change among the deviants is a single feature, the 

duration of the gap. The concern is that in the original multi-deviant optimised paradigm, the 

probability of occurrence of a change to a specific feature is low, while in the present study, the 

probability of change of a single feature (the occurrence of a gap) is very high, occurring on 50% 

of stimulus presentations. Will this multi-deviant optimised paradigm be successful in eliciting 
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an MMN when the probability of occurrence of standards (no gap) and deviants (gap) is the 

same? 

The amplitude of MMN elicited by multiple runs of a single deviant oddball paradigm 

varies directly with the duration of the gap deviant. The question the present study asks is 

whether the amplitude of the MMN will also vary directly with gap duration when these different 

gap deviants are presented in a single run of a multi-deviant optimised paradigm. Because the 

processing of long duration gaps is also of interest, the duration of the gap varied from sub-

threshold (2 ms) to supra-threshold (40 ms). These MMNs were then compared to those elicited 

when multiple single feature oddball sequences were employed, one for each gap duration.  

3.1.3 Methods 

3.1.3.1 Participants 

Fifteen adults (10 females, 5 males) between the ages of 20 and 40 years (mean=30, 

SD=6 years) volunteered to participate in this study. None reported a history of neurological or 

psychiatric disorders. Hearing thresholds were measured using an audiometer (Madsen) from 

250 to 8000 Hz using TDH 50 (Telephonics) headphones. All participants had thresholds below 

15 dB HL. This study was approved by the University of Ottawa Research Ethics Board in 

accordance with the Canadian Tri-Council (Natural, Health and Social Sciences) guidelines on 

ethical conduct involving human participants. These guidelines are similar to those used by the 

Declaration of Helsinki. In accordance with these guidelines, all participants gave written 

consent and the nature of the experiment was explained to them. All participants received an 

honorarium for their participation.  

3.1.3.2 Procedure and stimuli  

Auditory stimuli were presented monaurally to the right ear through EAR3A insert 

earphones. Ear of presentation has little effect on the MMN (Grimm et al., 2008). Participants sat 
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in a sound-attenuated room watching a silent, sub-titled video. They were asked to minimize 

movement and eye-blinking.  

The multi-deviant optimised sequence consisted of the presentation of a standard 

alternating with deviants, as shown in Figure 1-1A. The standard was an 80 dB SPL broadband 

Gaussian white noise burst (created in Audacity® recording and editing software version 2.1.0), 

200 ms in duration with an instantaneous rise and fall time. The stimulus was calibrated using a 

sound level meter and a type 2 coupler (RK0045, GRAS). The timing and presentation of all 

stimuli were controlled by a computer running E-Prime ® (Psychology Software Tools, version 

2.0) software. Six deviants were created by including a silent interval (a “gap”) in the standard. 

The duration of the gap was 2, 5, 10, 20, 30 or 40 ms, each having an instantaneous onset and 

offset. The gap was placed in the centre of the noise burst. The use of broadband noise 

minimized spectral splatter produced by the gap (Trainor et al. 2001). While the overall 

probability of occurrence of a deviant was 0.50, the probability of occurrence of any one of the 

six deviants was 0.083. The offset-to-onset inter-stimulus interval (ISI) was 400 ms (see Figure 

1-1B). The order of occurrence of deviants was pseudorandomized, such that in a group of six 

deviants, the same deviant was not presented consecutively and the order of deviants within the 

array was never the same throughout the sequence. Each sequence began with the presentation of 

10 standards in order to establish a representation of it in sensory memory. The multi-deviant 

optimised sequence was repeated 3 times. Each sequence lasted about 10 minutes with 472 

standards (including 10 standards presented before the alternating sequence) and 77 of each 

deviant being presented. A brief rest period was provided between sequences in which 

movement was encouraged.  
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The single-deviant oddball sequence consisted of the same standard stimulus presented 

on 91.7% of the trials (see Figure 1-1A). A single deviant was presented on the remaining 8.3% 

of trials. In different conditions, the duration of the deviant gap was either 5, 20, or 40 ms.  These 

gap sizes were chosen to reflect a wide range of gap durations, from near-threshold to supra-

threshold and those used in commercial equipment in clinical settings (see Introduction). The 

order of the stimuli was pseudo-randomized such that at least 3 standards were presented 

between the deviants. Each single-deviant oddball sequence also began with the presentation of 

10 standards. Each sequence again lasted about 10 minutes, a total of 857 standards and 77 

deviants thus being presented. A single-deviant oddball condition was presented three times for 

each gap duration (i.e., a total of 9 oddball sequences was run). Again, a brief break was 

provided between sequences.  The total time to complete the single-deviant oddball sequences, 

including breaks, was about 2 hours. The multi-deviant optimised conditions were presented in 

alternating order with the single-deviant oddball conditions for the first half of the presentations 

followed by the single-deviant oddball conditions for the remainder of the presentations. Single-

deviant oddball sequences with the same gap duration were not presented consecutively.  

3.1.3.3 EEG/ERP recording 

The EEG was recorded from 28 active silver/silver chloride electrodes attached to an 

electrode cap (Brain Products GmbH, Munich, Germany). The electrodes were placed over 

frontal, central, parietal, temporal, and occipital areas of the scalp. Two additional electrodes 

were placed on the left and right mastoids (TP9 and TP10). Vertical eye movements and blink 

artifacts were recorded from an electrode placed on the infra-orbital ridge of the left eye. The tip 

of the nose served as a reference for all channels, including the electro-oculogram (EOG). Inter-

electrode impedances were kept between 25 and 50 kΩ. The physiological data were digitized 
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continuously at a 500-Hz sampling rate and stored on hard disk for later analyses. The amplifier 

hardware low pass filter was set at 250 Hz and high pass filter at 0.08 Hz (a time constant of 2 s).  

The data were analysed using Brain Products’ Analyzer2 software. The EEG and EOG 

data were digitally filtered using a low-pass filter set at 20 Hz (24 dB roll-off). The EEG was 

visually inspected for channels containing high levels of noise. These channels were replaced by 

interpolating the data from the surrounding electrode sites (Perrin et al., 1989). When more than 

4 channels contained high levels of noise, the data were rejected. This was the case for one 

participant.  

Independent Component Analysis (Chaumon et al., 2015; Makeig et al., 1996) was 

subsequently used to identify eye movement and blink artefacts that were statistically 

independent of the EEG activity. To correct for eye movement and blink artefact occurring 

within the EEG signals, vertical and horizontal EOG activity needed to be computed.  A vertical 

EOG channel was computed by subtracting activity recorded at FP1 from that of the EOG 

located on the infra-orbital ridge. A horizontal EOG channel was computed by subtracting FT9 

activity from that of FT10.  The ICA model is based on the assumption that the observed 

electrophysiological signals represent a linear mix of neural sources and artefact. The mixture 

and sources are however unknown but are mutually statistically independent. Thus, the algorithm 

relies on what is called blind source separation (BSS) to estimate the statistically independent 

sources. This algorithm was trained to recognize each participant’s ocular artefact signature, and 

this component was then partitioned out of the EEG traces.  

The continuous EEG data were partitioned into single-trial 700-ms segments, beginning 

100 ms before stimulus onset. In many ERP studies, the average of all activity in the pre-

stimulus period (-100 to 0 ms in this study) serves as a zero-voltage pre-stimulus baseline. 
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Because the stimulus has yet to be presented, it is assumed that this pre-stimulus interval would 

be the same for all stimuli. This was, in fact not the case. The pre-stimulus baseline was not 

stable across the various stimuli. This might reflect a psychological expectation for a stimulus 

(the participant could predict whether the next stimulus would be a standard or a deviant and 

could also predict its time of onset, because stimuli were presented at a constant ISI). It might 

also reflect random fluctuations. The standards and deviants were physically identical for at least 

the first 80 ms after stimulus onset. Processing of these stimuli in this initial period should thus 

also have been the same. For this reason, a para-stimulus (i.e. beside the stimulus) baseline was 

computed as the average of all activity from -50 to +50 ms.     

Drifts in voltage from the baseline were then corrected for each single segment.  The 

mean amplitude of all data points within the baseline period were subtracted from all subsequent 

data points in the post-stimulus period. Segments in which EEG activity exceeded +/- 100 µV 

were excluded from further analyses. The single segments were then sorted and averaged on the 

basis of stimulus type (standard, different types of deviants) and electrode site.  

3.1.3.4 Behavioural measures 

 

Behavioural measures of gap detection were conducted following the 

electrophysiological procedure. This was done to avoid the risk of the participant paying 

attention to the gaps during the electrophysiological task. In the behavioural task, the participant 

was asked to press one of two buttons when they heard a gap. The second button was to be 

pressed when no gap were detected. The system recorded any non-responses to the stimulus, 

after 600 ms, as “incorrect”. The stimulus was identical to the one used for the passive condition. 

The gapped deviants were presented in random order with the standard stimuli. A total of 40 

standard stimuli were presented with 20 stimuli of each deviant, thus a total of 120 deviants.  
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3.1.3.5 Quantification and statistical analyses 

Both the standard and the deviant elicited ERPs such as the N1 and P2. The deviants 

elicited a series of additional deflections, such as the MMN and at times the P3a. These 

additional deflections are best observed in a difference wave computed by subtracting point-by-

point the average response to the standard from that to the deviant. The subtraction process 

removes responses that are common to both the standard and the deviant.   

For individual participants, the MMN was initially identified as the mean of all data 

points within +/- 25 ms of the peak amplitude identified in the grand average (average of all 

participants’ averages). Another commonly used method to measure the MMN is to identify its 

minimum peak amplitude within a latency range. However, the minimum peak measure is biased 

by noise. The peak that is identified is a summation of the actual signal (the MMN) and noise. 

The minimum peak measurement technique is especially problematic when the amplitude of the 

signal (the MMN) is small, which would be expected when the gap is brief. The mean amplitude 

measure, in contrast, is not biased by overlapping noise because negative- and positive-going 

drifts would tend to cancel within the time interval (Luck, 2014).  The disadvantage of the mean 

amplitude measure is that a peak latency cannot easily be determined.  

It was first necessary to assess whether a significant MMN was elicited by each deviant. 

Confidence intervals were therefore computed around the group mean of the MMN in the 

difference wave for each deviant. When the upper limit of a confidence interval was significantly 

less than 0 µV, the interval was considered to contain a significant negativity. This procedure is 

equivalent to computing a t-test between the standard and deviant waveforms (Winer et al., 

1971). The tests were run on the Fz data, where the MMN tends to be maximum in amplitude. 

Because a negative directionality was predicted, a one-tailed test of significance (p<.05) was 

used.  
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A series of ANOVAs were run to determine the effect of gap duration on the amplitude 

of the MMN. A separate one-way ANOVA was run for the multi-deviant optimised and single-

deviant oddball data with repeated measures on gap duration because the number of deviants was 

different in condition (2-, 5-, 10-,  20-, 30, 40-ms gaps for the multi-deviant optimised condition 

and  5-, 20-, 40-ms gaps for the single-deviant oddball conditions). These ANOVAs were run 

separately for the Fz and Cz sites where the MMN is maximum. The same analyses were also 

run on the mastoid (TP9, TP10) data where the MMN inverts in polarity.  Hemisphere 

differences were compared at F3 and F4 and also at C3 and C4 using a 2-way ANOVA with 

repeated measures on gap duration and electrode site (left, right).  In all cases, when significant 

differences were found, a Fisher’s Least Significant Difference (LSD) post-hoc test was 

employed as a follow-up procedure. Greenhouse-Geisser corrections were applied to all 

ANOVAs to correct for any possible sphericity violations.     

The MMNs elicited in the multi-deviant and single-deviant oddball paradigms were 

compared using separate t-tests for the 2-, 20- and 40-ms duration gaps. Separate t-tests were run 

at Fz and Cz. The use of multiple t-tests does, of course, increase the risk of finding significance 

by chance alone (increases the likelihood of type I error). Such a liberal statistical procedure was 

used to ensure that any differences between the multi-deviant optimised and the single-deviant 

oddball paradigms would be identified, even if these differences might reflect chance findings. 

For this reason, no corrections were made for the use of multiple t-tests.   

3.1.4 Results 

3.1.4.1 Physiological data 

3.1.4.1.1 Standard ERP 

The MMN was measured in a standard-deviant difference wave. The use of the difference 

wave assumes that the MMN was elicited by the deviant stimulus and that differences in the 
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MMN between the multi-deviant optimised and single-deviant oddball conditions was a result of 

differential processing of the deviant.  This assumption is valid only if processing of the standard 

did not vary between the two conditions. This may not have been the case.  In the single-deviant 

oddball conditions, the standard was presented much more frequently than in the multi-deviant 

optimised condition. The ERPs evoked by the standard stimulus in the multi-deviant optimised 

and single-deviant oddball conditions were therefore compared (Figure 1-2). In this Figure a 

negative-going deflection is apparent at about 100 ms and followed by a positive-going 

deflection at about 180 ms. These are the N1 and P2 deflections that were elicited by the onset of 

the standard. The standard waveforms within the three single-deviant oddball conditions were 

very similar and were therefore collapsed for the purpose of comparison with the multi-deviant 

optimised data. A t-test at Cz revealed that neither the amplitude of the standard N1 nor that of 

P2 significantly differed between the multi-deviant optimised and single-deviant oddball 

conditions (t < 1 in both cases). Thus, it would appear that the processing of the standard was 

indeed very similar between the two conditions. The duration of the standard was 200 ms. At the 

offset of the stimulus, an N1-P2 was again elicited. At Cz, the small P2 response occurring at 

about 360 ms after the onset of the stimulus was significantly larger in the multi-deviant 

optimised condition, t(13)=3.49, p< .01. Because this response occurs after the MMN, it would 

not have contributed to its morphology.  

3.1.4.2 Difference waves 

3.1.4.2.1 Multi-deviant optimised paradigm  

Figure 1-3 illustrates the grand-average deviant-standard difference waveforms for the 6 

deviants in the multi-deviant optimised paradigm. Table 1-1 presents the mean amplitude of the 

MMN in the multi-deviant optimised and single-deviant oddball paradigms as a function of gap 
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duration. A fronto-central maximum MMN at about 100 ms following the onset of the gap was 

elicited, inverting in polarity at the mastoids.  Confidence intervals revealed a significant MMN 

for all deviants with the exception of the 2- and 10-ms deviants at Fz and Cz. The ANOVA 

revealed that the main effect of gap duration was significant at both Fz and Cz, F(5,65)=8.60, 

p=.0001, 𝜂𝑝
2=.41 and F(5,65)=5.52, p=.0001, 𝜂𝑝

2=.30, respectively. The amplitude of the MMN 

increased varied with increasing duration of the gap. At Fz and Cz, post-hoc tests revealed no 

significant MMN differences among the 2-, 5- and 10- ms gaps. The MMN amplitudes 

significantly increased for the 20-, 30- and 40-ms gaps compared to that for the 10-ms gap. 

While the amplitude of the 40-ms gap did increase slightly compared to that for the 20-and 30-

ms gaps, the differences were not significant. The MMN recorded at the mastoids was also 

significantly affected by gap duration, at both TP9, F(5,65)=3.55, p=.007, 𝜂𝑝
2=.21, and TP10, 

F(5,65)=3.85, p=.004, 𝜂𝑝
2=.23. Post-hoc comparisons revealed significant differences between 

the 2-ms and the 30- and 40-ms gaps. The amplitude of MMNs elicited by 5- and 10-ms gaps 

were not significantly different from that elicited by the 2-ms gap. MMN amplitude differences 

between the left and right hemispheres were not significant, F<1. The deviant x hemisphere 

interaction was also not significant, F<1. 

3.1.4.2.2 Single deviant Oddball paradigm  

The difference waves for the single-deviant oddball paradigm are shown in Figure 1-4. 

Again, the gap stimuli elicited a negativity (the MMN) occurring from 100 to 150 ms following 

the onset of the gap in the deviant. It also was maximum over fronto-central areas of the scalp 

and inverted in polarity at the mastoids.  

Confidence interval testing revealed that all deviants elicited a significant (p<.05) MMN 

at the Fz and Cz electrode sites for the 5-, 20- and 40-ms deviants. The effect of gap duration 
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was significant at both Fz, F(2,26) = 27.53, p = .0001, 𝜂𝑝
2=.68.  and Cz, F(2,26) = 11.56, p = 

.0001, 𝜂𝑝
2=.47. Post-hoc testing revealed that at Fz, MMN amplitude was significantly larger for 

the 20- and 40-ms gaps than for the 5-ms gaps. However the MMN amplitude for the 40-ms gap 

was not significantly larger than for the 20-ms gap. At the mastoids, the effect of gap duration 

was also significant at both TP9, F(2,26) = 9.15, p = .001, 𝜂𝑝
2= .41, and at TP10, F(2,26) = 11.11, 

p = .0001, 𝜂𝑝
2=.46. Post hoc comparisons showed significant differences between all gap 

durations for both mastoids (p<.05). Differences between the MMN amplitudes of the right and 

left hemispheres were not significant. Similarly, the hemisphere x gap interaction was not 

significant, F<1. 

3.1.4.2.3 Multi-deviant optimised compared to single-deviant oddball paradigms 

In both paradigms, the amplitude of the MMN became larger as gap duration increased. 

Differences between the two paradigms were compared using separate t-tests for the 5-, 20- and 

40-ms duration gaps at both Fz and Cz.  In spite of the use of multiple t-tests, the amplitude of 

the MMN did not significantly differ between the multi-deviant optimised and the single-deviant 

oddball paradigms, regardless of gap duration (p˃.05 in all cases), at either Fz or Cz.    

Some studies employ a mastoid rather than a nose reference. The MMN is recorded as a 

positivity at the mastoids. For this reason, the use of a mastoid reference will increase the overall 

amplitude of the MMN at the fronto-central sites. The data were thus re-referenced to the 

mastoids to increase the signal-to-noise, particularly in the case of the smaller MMNs.  While the 

overall amplitude of the MMN did increase, the effects of gap duration were very similar to 

those found when the nose reference was employed. Some laboratories use peak-to-peak (MMN 

to following positive peak) rather than baseline-to-peak measurements. The data were thus 
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rescored using the peak-to-peak measurement. These results were, however, also very similar to 

those obtained when baseline-to-peak measurement was used.   

3.1.4.2.4 Scalp distribution maps. 

Spline scalp distribution maps (Perrin et al., 1989) of the MMN were computed for the 

three gap durations in both the multi-deviant optimised and single-deviant oddball conditions 

(Figure 1-5). The scalp distribution maps were very similar regardless of gap duration and 

condition; the MMN was maximum over fronto-central areas of the scalp, with a polarity 

inversion at inferior sites. There were slight differences in the distribution for the 5-ms gap but 

this might be because the MMN amplitude was quite small and thus more susceptible to 

measurement of residual background noise.  

3.1.4.3 Behavioural data  

Performance was measured in terms of accuracy. Accuracy is defined as the proportion of 

correct detections of deviants containing a gap (a “hit”), and also of standards not containing a 

gap (a “correct rejection”). The mean proportion of correct detections of the standard was .98 

(SD= .03). The mean proportion of erroneous false positives for the standard was .02.  Mean 

accuracy of detection was very high for the largest gaps, .87, .97, .96 and .98 (SDs = .26, .04, 

.07, .02) for gap durations of 10, 20 30 and 40 ms, respectively.  The 5-ms gap had a mean hit 

rate of .53 (SD= .41) while the 2-ms had a mean hit rate of only .01 (SD=.02) .  A one-way 

ANOVA was used to determine the effect of gap duration on the accuracy of detection of the six 

deviants. The main effect of gap duration was significant, F(5,78) = 48.31, p<.001. Post hoc 

testing revealed that accuracy was significantly different for all gap sizes at and below 10 ms, but 

not for gap durations 20 ms and higher.  
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3.1.4.3.1 ERPs Sorted on the Basis of Gap Threshold 

All participants were able to detect 10-ms duration gaps. Half of the participants were 

able to detect the 5 ms with a hit rate above .50 while the other half did not. These were thus 

sorted into low (5-ms) and high (10-ms) threshold groups. ERPs were compared for the two 

groups. The Fz data are presented in Figure 1-6. A liberal one-tailed t-test was used to compare 

the mean MMN amplitudes with the expectation that the low threshold group would have had a 

larger MMN for the different gap duration deviants. There was a weak trend for the low 

threshold participants to have a slightly larger MMN amplitude than for the high threshold 

participants for 20-, 30- and 40-ms gaps. However, differences between the groups were not 

significant for any of the gap durations, t<1 in all cases.  

3.1.5 Discussion 

The purpose of this study was to examine the effects of gap duration on the MMN using a 

time efficient multi-deviant optimised paradigm. Previous studies have typically used a single-

deviant oddball paradigm and have found that the MMN can be elicited by supra-threshold gap 

deviants (Bertoli et al., 2001; Bertoli, Smurzynski & Probst 2002; Alain et al., 2004). 

A multi-feature optimised paradigm was originally developed for the study of several 

deviants in which each deviant was created by changing a different feature of the standard 

(Näätänen et al., 2004).  In the present study the deviant was created by changing the same 

feature of the standard, the insertion of a silent period, or gap. Multiple deviants were created by 

varying the duration of the gap. In spite of the change to the multi-feature optimised paradigm, 

the results demonstrate that the different gaps can successfully elicit an MMN. The amplitude of 

the MMN generally increased as gap duration became longer. When oddball sequences have 

been used, a similar trend has also been reported (Bertoli et al., 2001; Bertoli, Smurzynski & 
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Probst 2002; Alain et al., 2004) although their maximum gap durations were 15 and 13 ms, 

respectively. Torppa et al (2014) presented 40- and 100-ms gaps but reported no concomitant 

increase in the amplitude of the MMN. In the present study, the amplitude of the MMN reached 

a plateau at 20 ms and did not significantly increase for the 30- or 40-ms gaps.  

Single-deviant oddball sequences were also run for the 5-, 10- and 20-ms duration gaps. 

Importantly, the amplitudes of the MMNs for each of these gaps did not significantly differ 

between the single-deviant oddball and multi-deviant optimised paradigms, even when very 

liberal statistical procedures were applied. In brief, results were very similar whether very time-

consuming multiple single-deviant oddball sequences were run or a time efficient single multi-

deviant optimised sequence was run. Time permitted the inclusion of only 3 deviants in the 

single-deviant oddball sequences. Had the entire 6 deviants been presented in multiple runs of 

the single deviant oddball paradigm, testing time would have approached 4 hours, including brief 

breaks between sequences. By comparison, testing time was reduced to about 30 minutes with 

the multi-deviant optimised paradigm.  

In the present study, the duration of each of the single-deviant sequences was the same. 

This need not be necessary. The single-deviant oddball paradigm could be made more efficient. 

The amplitude of the MMN was much larger for the longer duration gap deviants. As such, the 

number of stimulus repetitions could be reduced. There is however a trade-off. The residual 

noise will then be higher.  Background noise in the ongoing EEG is not reduced in a linear 

manner with the number of stimulus presentations but rather by a factor of 1/√ N (inverse of 

square root of the number of stimulus repetitions). Knowing how many stimulus repetitions are 

required to achieve a satisfactory signal-to-noise ratio will require a judicious weighing of these 

factors. Moreover, a reduction in the number of trials also assumes a priori knowledge of the 
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expected amplitude of the ERP, and this may not be possible, particularly for clinical 

populations. There are also other limitations to the use of the multi-deviant optimised paradigm. 

The MMN following presentation of the short duration gaps was small relative to the residual 

background noise. Improving the signal-to-noise ratio would require many more stimulus 

presentations. The multi-deviant optimised sequence is however unusual as the standards and 

deviants alternate. Each of the deviants need to be presented an equal number of times. Thus if 

the number of short duration deviants is increased, the number of all other deviants will also 

need to be increased accordingly. Testing time would therefore be long. It might be feasible to 

alter the multi-deviant optimal paradigm by increasing the number of short duration deviants but 

reducing the number of repetitions of long duration gap stimuli. This would however require a 

significant change to the alternating standard-deviant sequence. The multi-deviant optimised 

sequence is a recent development and as such, the effects of varying the typical alternating 

standard-deviant sequence have not been extensively studied. 

There were some problems with the data. Although a clear MMN was observed in the 

grand average for the 10-ms gap, its amplitude was not statistically different from the zero- 

voltage baseline. This finding is difficult to explain, especially considering that a significant 

MMN was observed for the shorter 5-ms and longer 20-ms gaps.  A significant MMN was also 

elicited by the 2-ms duration gap. Many studies have now indicated that a MMN will not be 

elicited if a deviant cannot be perceived as being different from the standard. Behavioural testing 

indicated that the 2-ms was detected on fewer than 2% of trials. In other words, participants 

could not perceive the difference between the standard and the 2-ms duration gap deviant.  It is 

possible that participants might have employed a very conservative strategy, only signalling their 

detection of a gap when they were certain of its occurrence. Since the concern of the present 
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study was not the establishment of the gap threshold, an alternative forced-choice testing 

procedure can be used to resolve this issue. In this procedure, the participant must decide which 

of two stimuli contain a gap.  The proportion of correct detections of very short duration gaps, 

such as a 2-ms gap, might then be above chance level.  A more likely explanation of the MMN to 

the 2-ms duration gap was the use of the alternating standard-deviant pattern within the multi-

deviant optimised paradigm. Current models indicate that the MMN is elicited by a violation of 

such rule-based patterns. (Näätänen, Kujala, & Winkler, 2011; Winkler, 2007; Winkler, Denham, 

& Nelken, 2009). When a simple rule-based alternating tone pattern (e.g. ABABAB) is violated 

by repetition of either the A or B tone (Alain et al., 1994; Sculthorpe et al., 2008; Campbell & 

Macdonald, 2011), a large MMN is elicited. In the present study, participants were presented 

with an alternating standard-deviant (SDSDSDSD) pattern.  Because the 2-ms gap deviant may 

have been perceived as a standard, its occurrence essentially violated the alternating standard-

deviant pattern and the standard was perceived to repeat (SDSDSSSD). In this explanation, the 

occurrence of the MMN is not a result of the perception of a very short duration 2-ms gap, but 

rather a result of a failure to perceive it. The MMN was elicited by the perception of a change to 

the alternating pattern.   

Although the purpose of this study was not to examine how individual differences in gap 

threshold (a much larger sample size is required to do so) affect the MMN, some intriguing 

results did emerge.  About half the subjects could detect the 5-ms gap on more than 50% of the 

trials. This gap would thus have been expected to elicit an MMN in this group. On the other 

hand, because half of the participants could not detect the 5-ms gap, an MMN would not thus 

have been expected to be elicited in this group.  An MMN was observed following the 

presentation of the 5-ms gap in the high threshold group, even though they could not apparently 
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perceive a gap of this duration. Group differences for the 5-ms MMN were not statistically 

significant. It is possible that the high threshold group adopted a much more conservative 

criterion for responding, but again future studies might explore this issue further. The amplitude 

of the MMNs to the longer supra-threshold duration gaps also did not significantly differ 

between the two groups; however, the low threshold group showed a trend towards larger MMN 

amplitudes for 20-, 30- and 40-ms gaps.  This may be suggestive of temporal discrimination 

deficits similar to those reported in other literature. For example, Todd et al. (2011) noted that 

normal-hearing participants having “good” temporal discrimination had larger MMN amplitudes 

than those with “poor” discrimination following presentation of long-duration 40-ms and 60-ms 

gap deviants.   

A second negative peak occurring at about 300 to 350 ms, after the onset of the stimulus, 

was also apparent in the grand averages, especially for the longer duration gaps. This might 

reflect an N1-off response (Näätänen & Picton, 1987) occurring about 100 ms after the offset of 

the 200-ms deviant stimulus. However, a similar N1 should have occurred for the same duration 

standard. Such a common N1-off response should thus have been removed in the difference 

wave. It is also possible that this may reflect an N1 occurring to the offset of the long duration 

gap (or the onset of the stimulus after the silent period). The latency of this negativity, about 200 

ms after the offset of the gap would however be unusually long for an N1. It is possible that this 

negativity might also reflect a second MMN. The MMN can peak quite late when a deviant is 

difficult to perceive.   

3.1.6 Conclusion 

The purpose of this study was to determine if a time-efficient multi-deviant optimised 

paradigm could be used to study the effects of varying gap durations. Six different gap durations 
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varying from sub- to supra-threshold served as deviants.  When the 6 deviants were included in 

the multi-deviant optimised paradigm, the amplitude of the MMN was observed to vary as a 

function of gap duration. Its amplitude did tend to plateau for the longer gaps. These results were 

compared to those obtained when the gaps were used in multiple runs of single-deviant oddball 

paradigms. A different gap duration was used as a deviant within each of these oddball 

paradigms. The amplitude of the MMN again varied as a function of gap duration.  Critically, the 

MMNs that were elicited in the multiple single-deviant oddball sequences did not differ 

significantly from those elicited in a single multi-deviant optimised sequence.  The present study 

thus demonstrates that when multiple gap deviants are presented in a single highly time-efficient 

optimised paradigm, MMN results will be very similar to those obtained when time-demanding 

multiple runs are used in a single-deviant oddball paradigm. The multi-deviant optimised 

paradigm can be used in many applied and clinical settings in which short testing times are 

essential.   

   

3.1.7 Tables 

Table 1-1: MMN amplitude, in µV, in the single-deviant oddball and multi-deviant optimised 

paradigms as a function of gap duration. (SD in parentheses) 

Gap duration 

(ms) 
Electrode 

Paradigm 

Multi-deviant 

Optimised 

Single deviant 

Oddball 

2 Fz -.29 (.95)  
 Cz -.30 (1.11)  

5 Fz -.80 (.76) -1.03 (.83) 
 Cz -.71 (1.00) -1.04 (.91) 

10 Fz -.66 (1.57)  
 Cz -.54 (1.61)  
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20 Fz -1.81 (1.35) -2.49 (1.05) 
 Cz -1.65 (1.18) -2.06 (1.31) 

30 Fz -1.77 (1.15)  
 Cz -1.46 (1.01)  

40 Fz -2.25 (1.16) -2.76 (.88) 
 Cz -1.98 (1.13) -2.35(1.00) 

 

Table 1-1: Mean accuracy and RT as a function of gap duration (SD in parentheses). 

Gap duration (ms) Accuracy RT (ms) 

0 (Standard) .98 (.03) 533 (66) 

2  .01 (.02) 541(61) 

5 .53 (.41) 627 (103) 

10 .87 (.26) 595 (101) 

20 .97 (.04) 536 (54) 

30 .96 (.07) 541 (62) 

40 .98 (.02) 543 (64) 

3.1.8 Figures 

Figure 1-1: Multi-deviant optimised and single-deviant oddball sequences. A: In the multi-

deviant optimised sequence, standard and deviant stimuli alternate. The probability of occurrence 

of the standards and deviants was thus .50. The standard stimulus was a white noise burst. The 

deviant was created by inserting a silent period (a “gap”) in the center of the standard. Six gap 

durations served as deviants. In the Figure, three of these gaps durations are illustrated (note that 

gap duration is not to scale). The probability of occurrence of a specific deviant was .083. In the 

oddball sequence, a single deviant was presented. The probability of occurrence of the standard 

was .917 and the deviant, .083. In separate single-deviant oddball sequences, different deviants, 

varying in gap duration were presented. B: Timing of stimulus presentation. A zoom of the 

presentation of deviant and standard stimulus presentations is illustrated. In both the multi-
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deviant optimised and single-deviant oddball sequences, the duration of the standard and deviant 

stimuli was 200 ms followed by an ISI of 400 ms. The different deviants were created by varying 

gap duration.  In the figure, a representative gap of 40 ms is illustrated.  
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Figure 1-2: Standard ERPs. The grand averaged ERP waveforms following the standard stimulus 

in the multi-deviant optimised and single-deviant oddball paradigms. Positivity in this and all 

other figures is indicated by an upward deflection. A small negative-going deflection at about 

100 ms is followed by a positivity at about 150 ms. This is the N1-P2 waveform. The N1 and P2 

are also visible at the offset of the 200 ms duration standard. 
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Figure 1-3: Multi-deviant optimised deviant-standard difference wave. An MMN is visible at 

about 100 to 150 ms following the onset of the gap. (Note that time 0 in the Figure represents the 

onset of the deviant stimulus with the offset occurring 80 to 99 ms later).  The MMN is 

maximum over fronto-central areas of the scalp and inverts in polarity at the mastoids.  
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Figure 1-4: Single-deviant oddball deviant-standard difference wave. A MMN is apparent 100-

150 after onset of the gap (again 200 to 250 ms after the onset of the deviant). It is also 

maximum in amplitude over fronto-central scalp sites and inverts in amplitude at the mastoids.  
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Figure 1-5: Spherical spline scalp distribution maps as a function of paradigm and gap duration. 

The maps were calculated by interpolating the amplitude of the surface scalp potentials of 

surrounding electrode sites (Perrin et al., 1989).  A top linear perspective of a “flattened” head, 

with electrodes equally spaced, is illustrated. The view of the projection extends 20° below the 

Fp1-T7-Oz-T8-Fp2 circumference to show the inferior electrodes. Note that maximum and 

minimum amplitudes vary across conditions, because the MMN was very small for the smallest 

gap duration.  
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Figure 1-6: ERPs elicited for various gap durations as a function of individual differences in gap 

duration threshold. ERPs were recorded at the Fz electrode. Panel A illustrates the standard 

deviations (blue) of the group mean ERP (black) elicited by the 10- and 40-ms gaps. The low-

threshold participants (solid) were able to detect the 5-ms gap with an accuracy >.50. The high-

threshold participants (dotted) were only able to detect the 10-ms gap with an accuracy >.50. 

Panel B shows the low threshold group had a trend towards larger MMN amplitudes compared to 

the high threshold group for 20-, 30-, and 40-ms gaps, however this was not significant.    

 

 

  



 54 

3.1.9 Conflicts of interest 

The authors do not have any known conflicts of interest associated with the publication of 

this article. 

3.1.10 Acknowledgements 

Financial support for this research was provided by an operating grant to AK by the 

Faculty of Health Sciences, University of Ottawa and an operating grant (8242) to KC by the 

Natural Sciences and Engineering Research Council of Canada (NSERC). VM was supported by 

the University of Ottawa Excellence Scholarship. 

3.1.11  References 

Alain, C., McDonald, K. L., Ostroff, J. M., & Schneider, B. (2004). Aging: a switch from 

automatic to controlled processing of sounds? Psychology and Aging, 19(1): 125-133.  

Alain, C., & Woods, D. L. (1994). Signal clustering modulates auditory cortical activity in 

humans. Perception & Psychophysics, 56(5), 501-516. 

Bertoli, S., Heimberg, S., Smurzynski, J., & Probst, R. (2001). Mismatch negativity and 

psychoacoustic measures of gap detection in normally hearing subjects. Psychophysiology, 

38(2): 334-342.  

Bertoli, S., Smurzynski, J., & Probst, R. (2002). Temporal resolution in young and elderly 

subjects as measured by mismatch negativity and a psychoacoustic gap detection task. 

Clinical Neurophysiology, 113, 396–406. 

Bortoletto, M., Tona, G. D. M., Scozzari, S., Sarasso, S., & Stegagno, L. (2011). Effects of sleep 

deprivation on auditory change detection: a N1-Mismatch Negativity study. International 

Journal of Psychophysiology, 81(3), 312-316.  



 55 

Campbell, K., & Macdonald, M. (2011). The effects of attention and conscious state on the 

detection of gaps in long duration auditory stimuli. Clinical Neurophysiology, 122(4), 738-

747. 

Chaumon, M., Bishop, D. V., & Busch, N. A. (2015). A practical guide to the selection of 

independent components of the electroencephalogram for artifact correction. Journal of 

Neuroscience Methods, 250, 47-63. 

Grimm, S., Schröger, E., Bendixen, A., Bäß, P., Roye, A., & Deouell, L. Y. (2008). Optimizing 

the auditory distraction paradigm: Behavioral and event-related potential effects in a 

lateralized multi-deviant approach. Clinical Neurophysiology, 119, 934–947. 

Harris, K. C., Wilson, S., Eckert, M. A., & Dubno, J. R. (2012). Human evoked cortical activity 

to silent gaps in noise: Effects of age, attention, and cortical processing speed. Ear and 

Hearing, 33(3), 330-339.  

Keith, R. (2002). Random Gap Detection Test, Auditec, St Louis (MO).  

Luck, S. J. (2014). An introduction to the event-related potential technique. Cambridge, MA: 

MIT press.  

Makeig, S., Bell, A. J., Jung, T. P., & Sejnowski, T. J. (1996). Independent component analysis 

of electroencephalographic data. Advances in Neural Information Processing Systems, 8, 

145-151.  

Moore, B. C. J. (2008). The role of temporal fine structure processing in pitch perception, 

masking, and speech perception for normal-hearing and hearing-impaired people. Journal of 

the Association for Research in Otolaryngology, 9(4), 399-406. 



 56 

Muller-Gass, A., Stelmack, R. M., & Campbell, K. B. (2006). The effect of visual task difficulty 

and attentional direction on the detection of acoustic change as indexed by the mismatch 

negativity. Brain Research, 1078(1), 112-130. 

Musiek, F. E., Shinn, J. B., Jirsa, R., Bamiou, D.E., Baran, J. A, & Zaida, E. (2005). GIN (Gaps-

In-Noise) test performance in subjects with confirmed central auditory nervous system 

involvement. Ear and Hearing, 26(6), 608–618.  

Näätänen, R., & Picton, T. (1987). The N1 wave of the human electric and magnetic response to 

sound: a review and an analysis of the component structure. Psychophysiology, 24, 375–

425. 

Näätänen, R., Kujala, T., & Winkler, I. (2011). Auditory processing that leads to conscious 

perception: a unique window to central auditory processing opened by the mismatch 

negativity and related responses. Psychophysiology, 48(1), 4-22. 

Näätänen, R. (1990). The role of attention in auditory information processing as revealed by 

event-related potentials and other brain measures of cognitive function. Behavioral and 

Brain Sciences, 13, 201–233. 

Näätänen, R. (1992). Attention and brain function. Hillsdale, NJ: Erlbaum. 

Näätänen, R., Pakarinen, S., Rinne, T., & Takegata, R. (2004). The mismatch negativity (MMN): 

Towards the optimal paradigm. Clinical Neurophysiology, 115, 140–144. 

Paavilainen, P. (2013). The mismatch-negativity (MMN) component of the auditory event-

related potential to violations of abstract regularities: a review. International Journal of 

Psychophysiology, 88(2), 109-123. 



 57 

Perrin, F., Pernier, J., Bertrand, O., & Echallier, J. F. (1989). Spherical splines for scalp potential 

and current density mapping. Electroencephalography and clinical neurophysiology, 72(2), 

184-187. 

Samelli, A. G. & Schochat, E. (2008). The gaps-in-noise test: Gap detection thresholds in 

normal-hearing young adults. International Journal of Audiology, 47, 238-245. 

Sculthorpe, L. D., Collin, C. A., & Campbell, K. B. (2008). The influence of strongly focused 

visual attention on the detection of change in an auditory pattern. Brain Research, 1234, 78–

86. 

Sussman, E. S. (2007). A new view on the MMN and attention debate. Journal of 

Psychophysiology, 21(3-4), 164-175. 

Tamakoshi, S., Minoura, N., Katayama, J. & Yagi, A. (2016). Entire Sound Representations Are 

Time-Compressed in Sensory Memory: Evidence from MMN. Frontiers in Neuroscience, 

10, 347.  

Todd, J., Finch, B., Smith, E., Budd, T. W. & Schall, U. (2011). Temporal processing ability is 

related to ear-asymmetry for detecting time cues in sound: a mismatch negativity (MMN) 

study. Neuropsychologia, 49(1), 69-82.  

Torppa, R., Huotilainen, M., Leminen, M., Lipsanen, J. & Tervaniemi, M. (2014). Interplay 

between singing and cortical processing of music: a longitudinal study in children with 

cochlear implants. Frontiers in Psychology, 5, 1389.  

Trainor, L. J., Samuel, S. S., Desjardins, R. N. & Sonnadara, R. R. (2001). Measuring temporal 

resolution in infants using mismatch negativity. Neurophysiology, Basic and Clinical, 

12(11), 2443-2448.  



 58 

Winer, B. J., Brown, D. R., & Michels, K. M. (1971). Statistical principles in experimental 

design (Vol. 2). New York: McGraw-Hill. 

Winkler, I. (2007). Interpreting the mismatch negativity. Journal of Psychophysiology, 21, 147–

163.  

Winkler, I., Denham, S.L., Nelken, I., (2009). Modeling the auditory scene: predictive regularity 

representations and perceptual objects. Trends in Cognitive Science, 13, 532–540.  

Yabe, H., Matsuoka, T., Sato, Y., Hiruma, T., Sutoh, T., Koyama, S., et al. (2005). Time may be 

compressed in sound representation as replicated in sensory memory. NeuroReport, 15, 

2813–2817.  

Zerouali, Y., Jemel, B., Godbout, R. (2010). The effects of early and late night partial sleep 

deprivation on automatic and selective attention: An ERP study. Brain Research, 1308, 87-

99.  

  



 59 

Article 2: Optimizing the Mismatch Negativity for neural gap detection: determining the effects 

of intensity on gaps in noise 

This methodological paper describes the effect of a high and low intensity narrowband noise 

stimulus on the MMN elicited by gaps. The optimal paradigm was similar to the one described in 

Article 1, however it differs in the use of intensity and stimulus bandwidth. These two variables 

are of importance to the study of tinnitus. Tinnitus is known to have a comorbidity of 

hyperacusis, a sensitivity to sound intensity. This may make the use of a high intensity stimulus, 

such as the 80 dB SPL stimulus used in article 1, intolerable to sustain for the length of the 

testing. The use of a narrower bandwidth is also of interest to the study of tinnitus. Tonal 

tinnitus, which is typical of subjects with noise-induced hearing loss, is often perceived in a 

narrow frequency range. In order to match the stimulus to the perceived tinnitus, the frequency 

range of the stimulus was changed from the broadband noise used in Article 1, to a narrowband 

noise that is centered around 4 kHz. In this way, the “fill-in” hypothesis can be later tested by 

using this stimulus on populations with tinnitus perceived around 4 kHz.   
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3.2 Article 2: Optimizing the Mismatch Negativity for neural gap detection: determining the 

effects of intensity on gaps in noise  
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3.2.1 Abstract 

Objective: Impaired auditory temporal resolution can lead to difficulties understanding speech in 

noise for populations with normal hearing thresholds and those with sound sensitivity (known as 

hyperacusis). Electrophysiological gap detection can be used to measure temporal resolution 

however sound sensitivity may change the perception of stimulus intensity. This study aims to 

explore the effects of intensity on the gap-elicited cortical response. 

Methods: Electrophysiological recordings were investigated in 10 young adult participants with 

normal hearing. The mismatch negativity (MMN) wave was obtained using the optimised 

paradigm at a high intensity of 80 dB SPL or low intensity of 60 dB SPL. Stimuli for the MMN 

recordings were narrowband noises centered at 4 kHz with gaps of 2, 5, 10, 15, 20, 30 and 40 ms 

durations. 

Results: There were no significant MMN amplitude differences between the high and low 

intensity conditions when referencing to the tip of the nose. In contrast, when referencing to the 

mastoids the peak to peak MMN-P3a amplitude was significantly smaller in the low intensity 

condition. There was also a significant effect of deviant on the peak to peak amplitude at the Fz 

and Cz electrodes, where the larger gaps elicited larger amplitudes for all gap durations at both 

intensity levels.  

Conclusions: The MMN to gaps in noise, using peak to peak measures, can be elicited at high 

and low intensities. Still, the largest amplitude changes to gaps appear at the higher intensity 

condition.  

Key words: Mismatch Negativity, Optimised, Gaps-in-Noise, Temporal Processing, Gap 

Detection, Event-related potentials, Intensity effect 
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3.2.2 Introduction 

Difficulties in discriminating speech in noise is a very common issue among people with 

and without hearing loss. In fact, in a survey of 239 hearing-impaired participants, the most 

commonly reported handicap was the inability to understand speech in noisy environments 

(Kramer et al., 1998). However, diagnosis of difficulties listening in noise is contentious as 

audiometric thresholds are not always elevated and even outer hair cells may provide normal 

responses when assessed by otoacoustic emissions (Kujawa and Liberman, 2009). In a UK study, 

26% of tinnitus patients reported difficulties hearing in noise of which 10% had normal 

audiometric thresholds (Davis, 1989). Patients with this type of profile are often referred to as 

“hidden” hearing loss, King-Kopetzky syndrome or obscure auditory function (Zhao & Stephens, 

2007; Schaette and McAlpine, 2011; Plack, Barker & Prendergast, 2014).  

There is no evidence demonstrating a direct link between hidden hearing loss and 

difficulties in noise, however hidden hearing loss may explain changes to underlying central 

mechanisms responsible for hearing in noise. Animal studies have revealed that noise exposure 

can damage high-threshold auditory nerve fibers (Kujawa and Liberman, 2009) and this damage 

reduces the synchronization and phase-locking of low-threshold fibers responsible for central 

temporal coding (Kumar, Ameenudin and Sangamanatha, 2012). Problems with the central 

temporal coding of the fundamental frequency of a stimulus in noise has been related to 

perceptual difficulties of listening to speech in noise (Song et al., 2011). Thus measuring 

temporal coding or processing may be a valuable tool for further investigating the central 

changes in populations with listening difficulties in noise in the absence of a detectable hearing 

loss.  
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Many investigations on temporal processing have used behavioural measures to obtain 

psychometric data. This has been done by determining the threshold of detecting a gap, or a just-

noticeable silent interval, within a sound (Plomp, 1964; Irwin et al., 1981; Phillips et al., 1994). 

These studies have used gaps placed within broadband noise and found normal hearing 

participants could detect gaps as small as 2 to 3 ms in length (Plomp, 1964), however its 

perceptibility can vary when altering stimulus parameters such as intensity (Plomp, 1964, Irwin 

et al., 1981) and stimulus bandwidth (Fitzgibbons, 1983; Shailer & Moore 1983; Eddins et al. 

1992). In addition to this, performance is also affected by the level of attention, concentration, 

motivation, and the response criteria that was used (Wightman et al., 1989; Green, 1990). It is 

thus of interest to use alternative measures that are more objective to mitigate the potential 

effects of performance on the detection of gaps.  

Scalp measured responses to auditory stimuli, known as auditory evoked related 

potentials, have the advantage of being detected in the absence of conscious effort. They are thus 

independent of the various cofactors that can affect behavioural responses. The mismatch 

negativity (MMN) in particular is derived from the evoked potential that is known to be a 

response to the detection of change in a rare deviant stimulus compared to the frequent standard 

(Näätänen et al. 1993). A memory trace is formed in the auditory cortex, in the absence of 

attention, to represent the repetitive features common between the standard and the deviant 

stimuli. When there is no detectable difference between the deviant and the standard, no MMN 

waveform is formed except for the obligatory P1-N1-P2 complex (Näätänen & Picton, 1987).  

When a difference between the stimuli is detected, new afferent neurons are activated 

approximately 200-250 ms after the onset of the stimulus within the bilateral supratemporal 

process (which generates the polarity inversed waveform at the mastoids), and the right frontal 
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process (which is responsible for the positive waveform maximal around the Fz and Cz 

electrodes) (Näätäten, Gaillar & Mäntysalo, 1978). Since the latency of the MMN occurs at the 

same time as the N1, which is evoked by variables that do not have to do with the difference 

between the standard and the deviant, a difference wave is calculated (Näätänen et al., 1988). 

Hence, the MMN is derived from the difference between the waveform of the standard stimulus 

and the deviant thus representing only the changes detected in the deviant.  

In addition to the MMN, one can also find the a positivity at 300 ms after the onset of the 

stimulus within the difference wave known as the P3a (Escera et al., 1998) and it represents the 

process of attention-switching in response to a large enough change that would elicit a 

behavioural response (Schröger and Wolff, 1998). The P3a is related to the conscious but 

involuntary detection of change in the auditory sequence, unlike the MMN response which is 

elicited pre-consciously. Both the P3a and MMN are elicited using the same testing procedure. 

Grimm et al. (2008) showed that the P3a is significantly reduced when the auditory sequence is 

ignored as opposed to when it is actively listened to (which is referred to as the P3b). The P3a is 

initially generated by the same sources as the MMN however when the change is large enough, it 

elicits the activation of the central executive processes which update the cognitive activities to 

include the interrupting event (Donchin and Coles, 1988). However, while the MMN is produced 

from the summation of the N1, the P3a arises from a later second negativity that occurs around 

200 ms after the onset of the stimulus, the N2b. The N2b may overlap with the N1 –making it 

difficult to distinguish from the MMN (Sams et al., 1985). Thus various studies have contested 

whether the MMN is in fact “pure” or if other overlapping components, like the P3a or N2b, can 

elevate or reduce its amplitude (Deacon et al., 2000). 
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A multi-feature “optimised” paradigm was developed by Näätänen et al. (2004) as an 

efficient method for recording the MMN and P3a. In this method, several deviant stimuli are 

presented in alternation with the standard by a probability of .1 and .5, respectively. As opposed 

to the traditional oddball paradigm, where a single deviant can be tested within a trial block, the 

optimised allows for up to seven deviants be tested at once. While it has been shown with the 

optimised that increasing differences between the standard and the deviant produce proportional 

MMN amplitudes (Pakarinen et al. 2007), only the largest stimulus changes elicited a P3a 

(Sorokin et al., 2010).  

Previous works have used the MMN to measure the evoked responses to gaps embedded 

in noise. In Bertoli, Smurzynski & Probst (2002), elderly and young participants were presented 

with a 1 kHz pure tone with embedded gaps of 6, 9, 12, 15, 18, 21 and 24 ms in duration and 

measured both the MMN and behavioural thresholds. They found the mean gap detection 

threshold for the elderly participants was 7.8 ms. There was a clear MMN at 240 and 280 ms for 

the 15-, 18-, 21- and 24-ms gaps but not the smaller ones. The amplitude of the MMN was also 

smaller in response to the 15-ms gap than for the larger ones. Using the same procedure, for the 

young participants Bertoli et al. (2001) showed a significant response to the 9- and 15-ms gaps. 

The smallest gap that elicited an MMN was higher than the smallest gap detected behaviourally 

(i.e. the behavioural threshold). In addition to this, the testing took a total of 6 hours to collect all 

the data. This is a common problem with oddball paradigms as the very long protocol limits the 

number of gaps that can be tested. Each deviant takes typically 10 minutes to record and if it is 

replicated three times, this would mean about 30 minutes per deviant. However when the 

optimised paradigm is used it can reduce this time significantly by testing up to seven deviants in 

the same amount of time as the oddball would for one deviant (30 mins) (see Duda et al., 
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submitted). Additionally, the optimised is just as effective as the oddball at eliciting MMN 

waveforms for the detection of gaps (Duda et al., submitted). This study showed both methods 

recorded significant MMNs for gaps in broadband noise of 5, 20 and 40 ms in duration in young 

participants. In addition to these gaps, the optimised paradigm was able to also test 2, 10, and 30 

ms all of which were also significant.  

The MMN can be captured using a variety of stimulus parameters. It is known that the 

MMN amplitudes can change with various gap durations using a filtered and unfiltered noise 

stimulus. The previous MMN gap studies have used 1 kHz filtered tones (Bertoli et al., 2001; 

Bertoli, Smurzynski & Probst 2002) and broadband noise (Milloy et al., submitted) as the 

standard and deviant stimuli. It is however unclear if changing other parameters, like intensity, 

would maintain the relationship of MMN amplitude to gap duration. Previous studies using pure 

tones showed the intensity of the stimulus can have different effects on the MMN depending on 

the features changed between the standard and deviant. The MMN amplitude did not change 

significantly between the high and low intensity conditions when presenting a different 

frequencies between the standard and the deviant in an oddball sequence (Schröger 1996; 

Paavilainen et al., 1993). However there was an effect of intensity when the standard and deviant 

stimuli differed in length (Paavilainen et al. 1993).  

The current study aims to determine the effect of intensity on the gapped filtered stimuli on the 

MMN amplitude. The MMN amplitude elicited by filtered noise at 4 kHz will be compared at 

two intensity levels. It is hypothesized that changing the intensity of the standard and deviants 

that differ by gap duration will show significant changes to the MMN amplitude similar to 

Paavilainen et al. (1993). It is also expected the higher intensity stimulus will provide larger 

MMN amplitudes than the lower intensity. This study aims to determine if the relationship 
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between the MMN amplitude and gap duration is maintained when modifications are made to 

standard and deviant stimuli. This is an important step towards developing the optimal 

methodology for the clinical use of MMN supra-threshold gap detection. This information would 

be useful for understanding how listeners operate in everyday environments.   

3.2.3 Methods 

3.2.3.1 Participants 

Ten participants (2 male and 8 female) between the ages of 20 to 35 years (mean=24, 

SD=3.3) were recruited for this study. All participants had normal hearing thresholds under 25 

dB HL from 250 Hz to 8000 Hz and did not report any known pathologies of the external, 

middle, or inner ear. They gave informed and written consent and all procedures and protocols 

were approved by the University of Ottawa Research Ethics Board.  

3.2.3.2 Procedure and stimuli 

The auditory stimuli were created using Audacity® recording and editing software 

(version 2.1.0, Audacity team, Carnegie Melon University), and presented through a desktop 

computer (Dell) only to the right ear through insert earphones (ER2A, Etymotic Research Inc, 

Elk Grove Village)while the subject sat in a sound and electrically isolated booth. The 

participants were asked to watch a sub-titled film of their choice while ignoring the auditory 

stimuli. The auditory stimulus was a 200-ms, passband filtered, Gaussian noise centred around 4 

kHz. A silent interval of 2, 5, 10, 15, 20, 30 or 40 ms was inserted equidistant from the onset and 

the offset of the stimulus. All stimuli were calibrated using a sound level meter (type 2235, Bruel 

and Kjaer, Denmark) and a type 2 artificial ear (RK0045, GRAS Sound and Vibration, 

Denmark). The stimuli were presented at a low intensity of 60 dB SPL and a high intensity of 80 

dB SPL. The multi-feature optimised protocol was followed for the order and sequencing of the 

stimuli. The optimised protocol uses an alternating pattern between a standard stimulus and a 
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deviant. The standard was defined as the no gap (0 ms) noise which was presented on 50% of the 

total number of conditions within the trials and the deviants were each presented on 7.08% of the 

trials. The stimulus presentations alternated between the standard stimulus and one of the 

deviants, which were presented in a pseudo-randomized order (deviants were presented once 

within a block of seven standard-deviant pairs). The first 10 presentations in each sequence were 

all standard stimuli in order to strengthen the memory trace. The interstimulus interval was 300 

ms. All stimuli were presented using Presentation® software (version 20.1, Neurobehavioural 

Systems, San Franscisco). The sequences were presented three times for each intensity condition, 

thus a total of six sequences were played lasting about 1 hour. The standard stimulus was 

presented 548 times (which includes the 10 standards for the memory trace) and the deviants 

were presented 539 times within the sequence (77 presentations of each gap duration deviant).  

A non-adaptive, two-alternative, forced-choice procedure was used to determine the gap 

detection thresholds. The same stimuli were used as for the electrophysiological testing and 

presented through the Presentation® software (version 20.1, Neurobehavioural Systems, San 

Franscisco) at 80 dB SPL. The participants were asked to press a button (wireless mouse M325, 

Logitech, Switzerland) when they heard a gap or a different button when there was no gap. Each 

participant underwent a practice session prior to commencing the testing. The test consisted of a 

total of 180 standards and deviants presented in random order. Total testing time was 10 mins. 

The standard was presented twice as many times as the deviant. The behavioural threshold was 

determined as the gap duration that corresponded to 50% accuracy of correct identification of the 

average responses. The behavioural testing was conducted following the electrophysiological 

recordings to ensure attention was not placed on the stimuli during the passive conditions.  
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3.2.3.3 Electrophysiological recordings 

Event related potentials were recorded at the onset of each standard and deviant stimulus 

from 32 active silver/silver chloride electrodes (ActiCap, Brain Products, Germany) placed 

across the frontal, central, parietal, and occipital areas of the scalp. The vertical ocular 

movements were recorded using an electrode placed at the upper right cheekbone. A reference 

electrode (ActiCap) was placed at the ball of nose to which all channels were compared. All 

impedences were kept below 20 kohms. Recordings were averaged and collected using the 

BrainVision Recorder v1.21.0102 (Brain Products) software.  

BrainVision Analyzer v2.1.2 (Brain Products) software was used offline to analyse the 

EEG. The MMN polarity is known to reverse at the temporal channels when using the nose as a 

reference (Näätäten et al., 1978; Giard et al., 1990; Baldeweg et al., 1999; Rinne et al., 2000). 

This was also shown in our previous study (Milloy et al., submitted) that used a nose-reference 

and a protocol almost identical to this study. It was decided to re-reference all the electrode 

traces to the average of the electrodes closest to the mastoid region (electrodes TP9 and TP10 on 

the left and right temporoparietal lobe, respectively) to enhance the MMN. This was necessary as 

the lower intensity condition made the recording more susceptible to noise contamination from 

other sources. The electroencephalogram (EEG) was filtered digitally using a low-pass filter set 

to 20 Hz and all channels were visually examined for noise. Any segments that contained high 

levels of noise were replaced by the interpolated data of the surrounding electrodes (Perrin et al. 

1989). Ocular movements were removed from the EEG using the Independent Component 

Analysis (ICA) (Chaumon et al., 2015; Makeig et al., 1996). The vertical ocular movements 

were computed by subtracting the activity of the ocular electrode from the FP1 electrode that 

was directly above it. Horizontal eye movements were computed using the difference between 
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the FT9 and FT10 channels. The continuous EEG was divided into 600 ms epochs. Epochs were 

subsequently organized and averaged based on the stimulus type, electrode site, and condition.  

An evoked potential wave is recorded as the response to the deviant and the standard 

stimulus. It is the difference between the evoked potential waves to the deviant and standard that 

allows the visualization of the mismatch negativity and P3a waveforms. It is assumed that the 

deflections of the standard evoked potential before the onset of the gap, at approximately 100 ms 

following the onset of the stimulus, do not change significantly irrespective of the deviant 

presented. Thus any differences between the standard and the average deviant wave is assumed 

to represent responses related to the features unique to the deviant – thus the length of the gap. 

The standard waveforms of the two intensity optimised conditions were compared: one where 

the stimulus was presented at 60 dB SPL and the other at 80 dB SPL.  

3.2.3.4 Statistical analyses 

Deviant-standard difference waves were used to calculate the MMN and the P3a. Since 

the deviants elicited a waveform with various deflections that are different from the waveform 

produced by the standard, subtraction of these waves removed any elements that were common 

between the two stimuli. The time range of the MMN and P3a was determined from the grand 

average difference waveform calculated from the EEG of all participants. The mean voltage 

activity for each separate subject was calculated 25 ms +/- from the grand average latency for 

each waveform.  

The baseline-to-peak measurements are typically used to measure the MMN, however 

doing so may not be a true measure of the MMN as it might temporally overlap with the P3a or 

N2b. This would risk the MMN being pulled in a positive direction, thereby reducing its 
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amplitude. To minimize an MMN/N2b overlap, the MMN and P3a average voltage activities 

were subtracted to determine the absolute peak to peak value (Picton et al., 2000).  

A repeated-measures ANOVA (with Greenhouse-Geisser corrections) was performed on 

the mean voltage MMN and peak to peak averages for condition (high and low intensity) and 

deviant (gaps 2-40 ms) in order to determine any changes to amplitude. Standards were 

compared using paired one-tail t-tests for the N1 and the P2 at the Cz and Fz electrodes for the 

high and low intensity conditions. One-tailed statistics were used because it was expected that 

the N1 and P2 would occur above zero. The latencies were determined based on the peaks found 

in the grand average (average of all individual waveform averages). This was done to ensure the 

difference wave did not include any alteration between the standard waveforms. The N1 and P2 

were used to analyze the response for the deviant conditions as they risk being affected by 

fatigue and attention (Campbell & Macdonald, 2011; Harris et al., 2012; for further explanation 

see Milloy et al. submitted).   

For the behavioural task, the accuracy of the button pressing was compared to the 

amplitude of the MMN for the corresponding gap durations in the high intensity condition only. 

A one-way ANOVA with accuracy and gap duration were used as within-factors and the 

amplitude of the MMN was the dependant variable.  Correlations between the accuracy and the 

amplitude of the MMN at the Cz electrode were also done to determine whether the behavioural 

results concord with the increases in MMN amplitude.  

3.2.4 Results 

3.2.4.1 Standard ERP between the two intensity conditions (60 and 80 dB SPL) 

 Visible peaks at N1 and P2 occurr around 100 and 140 ms, respectively, at an amplitude 

between approximately 1 to 2 µV (Figure 2-1). These are known obligatory responses for 
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transient sounds (Näätänen and Picton, 1987). A t-test found the P2 was significantly larger for 

the 80 dB condition relative to 60 dB for both the Cz (t(9)=3.16, p=0.01) and Fz electrodes (t(9)= 

2.39, p=0.04). However the N1 did not differ significantly at either electrodes for the intensity 

conditions (Fz: t(9)=-2.01, p=.08; Cz: t(9)=-1.59, p=.15).  

3.2.4.2 The MMN amplitude for the high and low intensity conditions using the nose-reference 

The difference wave between the standard and the deviant evoked potentials was derived 

and comparisons were made between the low and high intensity conditions. A one-way ANOVA 

found that the effect of gap on the MMN amplitude was not significant at either the Fz, Cz or 

TP9 electrodes in the 60 or 80 dB conditions (all F<1). The left and right hemispheres were also 

non-significant for both intensity conditions (F<1).  

3.2.4.3 The MMN amplitude for the high and low intensity condition using the mastoid 

reference and peak-to-peak measures 

Since the ANOVA for the nose-reference was not significant, an alternative type of 

processing was done whereby the amplitude between the peak of the MMN and the subsequent 

positivity (P3a) was measured and referenced to the mastoid. This was done in order to ensure 

that any exogenous noise did not mask the signal from the auditory pathways. The mastoid is 

known to be a positivity at the latency range of the MMN and thus when referenced to the 

mastoid, the amplitude of the MMN is increased. Measuring to the subsequent positivity peak is 

a method that was described in Picton et al. (2000) to correct for baseline drifts due to the 

overlapping segments.  

A one-way ANOVA was performed at the Fz, Cz, and TP9 electrodes to measure the 

effects of the two intensity conditions and the gap durations on this peak to peak amplitude. It 

showed that at a the high intensity condition, there was a significant effect of gap duration at the 

Fz electrode (F(6,54)=10.36, p=0.001, 𝜂𝑝
2= .53) as well as the Cz electrode (F(6,54)=8.13, 
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p=0.001, 𝜂𝑝
2= .48). However at the low intensity condition a significant effect of gap was only at 

the Cz electrode, (F(6,54)=4.50, p=0.001, 𝜂𝑝
2= .45), and not at Fz (F<1). At both electrodes, the 

peak-to-peak amplitude increased with increasing gap duration. However, as expected, there was 

no effect of deviant at the TP9 electrode as the electrodes were all re-referenced to the mastoids 

(F<1). At the TP9 electrode, neither condition had a significant effect on gap (F<1 for all).  

3.2.4.4 Comparing the two intensity conditions at each gap duration 

A two-way ANOVA was conducted for condition and gap at the Fz and Cz electrodes. 

The Fz electrode showed a significant interaction between condition and deviant (F(6,54)=5.30, 

p=0.0001, 𝜂𝑝
2=0.37) but no effect of condition alone (F<1). This interaction was due to the 80 dB 

condition showing an increasing trend for gap duration but not for the 60 dB condition. In 

contrast, at Cz there was no interaction since both the 60 and 80 dB conditions showed the same 

increase in amplitude with increasing gap duration (effect of the deviant). Still, when all gaps 

were collapsed, the 80 dB condition was significantly higher in amplitude than the 60 dB 

condition (F(1,9)=6.99, p=0.03, 𝜂𝑝
2=0.43). Post-hoc Fisher’s least significant differences were 

calculated for each gap duration. At the Fz electrode, the 5-, 20- and 30-ms gap durations varied 

significantly between the two conditions (P<.05). At the Cz electrode there were no significant 

differences for any of the gap durations between conditions (P˃.05). 

3.2.5 Discussion 

The purpose of the present study was to determine if a MMN could be captured from 

gaps in noise presented at different intensities. All gap durations elicited deflections within the 

latency of the MMN at both 60 dB and 80 dB stimulus intensities, however the effect of gap was 

only significant when the MMN was measured to the peak of the P3a and referenced to the 

mastoids. This is likely due to the lower signal to noise ratio in the low intensity condition. The 
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effect of gap was maintained in both conditions at the Cz electrode but not at Fz. In order to have 

an effect of gap at Fz, the stimulus needed to be a higher intensity.  

3.2.5.1 Intensity effects on the MMN and P3a 

 

The lower amplitude of the waveform in the low intensity condition supports the memory 

trace hypothesis. The memory trace hypothesis states that in order to elicit a MMN, the auditory 

cortex requires short-term memorization of repeating elements prior to the presentation of the 

deviant (Näätänen et al., 2007). For this reason, the recording begins with 10 standard stimuli in 

order to establish a strong memory trace of the no-gap stimulus. This means the MMN represents 

the auditory system’s identification of the incongruence between the gapped deviant and the 

memory trace of the no-gap stimulus. These results support this hypothesis as they indicate the 

MMN is elicited by gapped deviants. This is similar to previous studies using broadband gapped 

noises (Milloy et al., submitted) and pure tone gapped noises (Bertoli et al., 2001), both showing 

significant MMNs to gapped stimuli using the optimised (Milloy et al., submitted) and oddball 

paradigms (Milloy et al., submitted; Bertoli et al., 2001). Paul, Schoenwiesner and Hébert (2018) 

measured the N1 to 20-ms gapped narrowband noises at 5 and 10 kHz at a level of 5, 15 and 30 

dB SL. The N1 was present at all three levels and increased with stimulus intensity. These results 

of this study compliment previous results further showing that when stimulus intensity is 

reduced, the auditory system cannot as easily encode the neural representation of the gaps thus 

reducing the amplitude of the MMN-P3a peaks. This is supported by theories on the mechanism 

of the cochlear nerve. Auditory fibers that innervate the cochlear inner hair cells are grouped into 

(at least) two populations of high and low spontaneous rate fibers that are responsible for coding 

low and high level intensities, respectively (Florentine et al., 1987; Viemeister, 1988). The 

temporal information coded by the auditory nerve fibers is either fine temporal structures of the 
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carrier frequency or the temporal envelope changes that are limited by the cochlear filters 

(Bharadwaj et al., 2014). Since this study used high frequency stimuli with embedded gaps, the 

temporal information available for the auditory nerve fibers to encode would be limited to the 

envelope changes. This is due to the fact the auditory nerve fibers are unable to phase lock to the 

temporal fine-structures. In addition to this, the high-SR fibers that would be responsible for 

encoding the lower intensity stimuli are comparatively less synchronized to envelope changes 

than the low SR. This would mean that the poorer encoding of temporal information could be the 

rationale behind the smaller amplitude of the MMN in the lower intensity condition. This was 

also seen in other studies showing a reduced MMN amplitude for intensity-differences between 

the standard-deviant (Näätänen et al., 1992; Paavilainen et al., 1991). 

These findings are reminiscent of previous oddball studies that measured changes to the 

intensity of pure tone stimuli. Schröger (1996) showed no significant difference in the MMN or 

N2b (the summate of the P3a) amplitude between the higher and lower intensity conditions for 

pure tone standards and deviants that differed by intensity. Similarly, our mean voltage 

amplitude of the MMN did not show a significant difference between the high and low intensity 

conditions when measured using the nose as the reference. This may be due to the overlap of the 

N2b with the MMN (Picton et al., 2000). Recall, auditory attention shifts due to notable changes 

to the stimulus can elicit the N2b (or P3a). Thus it is possible some changes between the standard 

and the deviants were sufficiently large to elicit the P3a, which may have lifted the negativity of 

the MMN making it less significant. Indeed other studies have shown the P3a can be elicited by 

large 9-10 dB increments and 20 dB decrements (Macdonald et al., 2008; Muller-Gass et al., 

2007). Still, this would have had no bearing on the overall difference between the high and low 

conditions of this experiment as the relative intensity between the standard and deviant remained 
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constant. Thus in order to determine the effects of the condition intensity without the 

contamination by the overlapping N2b, the MMN and the P3a were calculated together as a peak 

to peak measurement – any overlapping deviations are assumed to be included in the amplitude. 

The MMN can also be enhanced by referencing all channels to the mastoids, where its polarity is 

reversed. By doing both these adjustments, the peak to peak difference was significantly reduced 

in the lower intensity condition showing that overall intensity does indeed have an effect on the 

amplitude of the waveform.  

3.2.5.2 Intensity effects on the relationship between gaps and the MMN amplitude 

The results show the higher intensity condition gave a more accurate representation of the 

duration of the gaps than the lower intensity condition. Although no previous study has looked at 

the effects of intensity on gaps inserted within a stimulus, some studies have explored the effects 

of intensity on changes to stimulus duration and interstimulus interval (ISI) duration. Larger ISIs 

have been shown to be more dependent on intensity changes than smaller ISIs (Schröger, 1996). 

Similarly, MMNs elicited by differences in intensity between the standard and deviant have 

larger amplitudes when the stimuli have longer durations up to 10 ms (Paavilainen et al., 1993). 

Thus both studies suggest intensity effects on the MMN are sensitive to the duration of the 

stimulus and the interval between stimuli.  

In gapped stimuli, the duration of the stimulus is lengthened or shortened by the duration 

of the gap and thus may show similar effects to those shown in Schröger (1996) and Paavilainen 

et al., (1993) due to similar effects on the refractory period of the auditory cortex. When the 

duration of the stimulus is not long enough or the interval is too small, these studies suggest there 

is insufficient information to elicit a memory trace. This is in line with the fresh afferent 

hypothesis which states that new afferent neurons encode features that are not detected in the 

established memory trace (i.e. the standard) (Näätänen et al., 1999). When the deviant is too 
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similar to the standard, fewer afferent neurons are activated and thus a smaller response ensues. 

Reducing the overall intensity of the signal will likely further reduce the acoustic energy and 

sensory information provided to the auditory system resulting in further reductions of the 

memory trace and activation of neuronal populations. There are thus two possibilities for the 

relationship between the intensity and the encoding of the gap duration: 1) temporality changes 

(i.e. duration of the gap) effecting the neuronal refractory period, 2) reduced acoustic energy 

lowering the summation of the afferent neurons’ response to the change. The first suggestion is 

supported by Schröger (1996) who concluded the encoding of the intensity onto the sensory 

memory trace is not fully completed before 350 ms which is in line with other behavioural 

studies showing the dependence of stimulus duration on the perception of loudness (Scharf and 

Houtsma, 1986; Cowan, 1988). This may mean that for the gapped stimuli, since the smaller 

gaps reduced the total length of the stimulus, this may have impacted the system’s ability to fully 

encode the stimuli at the lower intensities thus lowering the amplitude of the MMN. The second 

suggestion is based on the temporal integration model where the ability to detect a gap in a sound 

depends on a bandpass filter, compressive nonlinearity, a sliding temporal integrator and a 

cortical decision device (see Moore, 1995 for a review).  This model suggests that lowering the 

intensity does not allow the full activation of the temporal window of integration (Moore et al., 

1988; Plack and Moore, 1990). It requires time to build when an acoustic stimulus is abruptly 

turned on and off. This suggests that for very brief sounds, there is not enough time to allow for 

its full activation and thus cannot activate subsequent processes in the auditory cortex. This 

means that for small gaps at a low intensity, the under stimulated integrator may fail to activate 

higher-order afferent neurons and thus elicit a smaller MMN-P3a response.     

3.2.6 Conclusion 
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This study showed it is possible to capture the MMN at the Cz electrode at high and low 

intensities when referencing to the mastoids and measuring to the following positive peak (i.e. 

the P3a). This will be useful information for future studies looking to use the gapped stimulus on 

clinical populations particularly those that are sensitive to loud stimuli. The growing interest in 

the relationship between difficulties in speech perception in noise and impaired temporal 

processing in people with normal audiometric thresholds have made electrophysiological 

recordings of gap detection a useful tool. Yet due to the high intensities of 80 or 90 dB SPL 

typically used for such tests, it may be unsuitable for such individuals who are often intolerant to 

loud acoustic stimulation. This current study provides evidence that gaps in noise can elicit an 

MMN and possibly the P3a at both high and low intensities although given the risk of high levels 

of noise, responses are larger and significant at higher intensities. 

3.2.7 Tables 

Table 2-2: Peak to peak amplitude at various gap durations for the high and low conditions at Cz, 

with standard deviation between parenthesis. Note that only the 20-, 30- and 40-ms gap durations 

showed a significant difference between the high and low conditions. 

Gap duration 

(ms) 

Condition Mean Amplitude 

(µV) 

2.5 Hi 0.66 (0.44) 

 Lo 0.75 (0.48) 

5 Hi 1.01 (0.71) 

 Lo 0.70 (0.48) 

10 Hi 2.02 (1.42) 

 Lo 1.75 (1.15) 

15 Hi 2.47 (1.75) 

 Lo 1.97 (1.39) 
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20 Hi 2.81 (2.18) 

 Lo 2.12 (1.66) 

30 Hi 2.97 (1.68) 

 Lo 2.17 (1.28) 

40 Hi 3.07 (1.75) 

 Lo 2.25 (1.25) 
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Table 2-3:  Peak to peak amplitude at various gap durations for the high and low conditions at 

Fz, with standard deviation between parentheses. Note that only the 2-, 5-, 20- and 30-ms gap 

durations showed a significant difference between the high and low conditions. 

Gap duration 

(ms) 

Condition Mean Amplitude 

(µV) 

2.5 Hi 0.44 (0.26) 

 Lo 1.38 (1.45) 

5 Hi 0.94 (0.65) 

 Lo 1.95 (1.28) 

10 Hi 1.77 (1.06) 

 Lo 1.62 (1.11) 

15 Hi 2.53 (1.60) 

 Lo 1.62 (1.13) 

20 Hi 2.69 (1.53) 

 Lo 1.39 (1.12) 

30 Hi 2.57 (1.23) 

 Lo 1.24 (0.85) 

40 Hi 2.95 (1.49) 

 Lo 1.85 (1.66) 

 

3.2.8 Figures 

Figure 2-1: The waveforms for the standard stimulus are shown at the Cz and Fz electrodes for 

the 60 and 80 dB SPL conditions. The N1-P2 complex is apparent in both conditions. The P2 is 
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significantly larger for the 80 dB condition (Fz: t=2.34, p=0.04; Cz: t=3.16, p=0.01) however N1 

was not significantly different (p>0.05). 
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Figure 2-2: The deviant-standard difference wave obtained from gapped stimuli presented in an 

optimised sequence at 60 dB SPL. A large MMN deviation is found at 100 ms following the gap 

with a negative deflection over the fronto-central areas of the scalp and a reversal of polarity at 

the mastoids.  
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Figure 2-3: The deviant-standard difference wave obtained from gapped stimuli presented in an 

optimised sequence at 80 dB SPL. A large MMN deviation is found at 100 ms following the gap 

with a negative deflection over the fronto-central areas of the scalp and a reversal of polarity at 

the mastoids. Note the amplitude of the MMN is visibly more robust in the higher intensity 

condition.  
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Figure 2-4: An alternative peak to peak measurement was used to enhance the visibility of the 

MMN. Waveforms were set to a baseline at the latency of 300 ms, approximately the location of 

the P3a waveform. This ensured the negativities were not offset by the contamination of a N1 

which could make the MMN appear less clearly. Peak to peak amplitudes were larger in the 80 

dB SPL condition compared to 60 dB SPL.   
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Article 3: The Mismatch Negativity used to determine the effects of background filler noise on 

neural gap detection.  

This article tested the use of a simulated tinnitus, or filler noise, on the gap-elicited MMN. This 

study tested a sample of normal-hearing participants presented with a narrowband noise centered 

around 4 kHz that simulated the perception of a 4 kHz tinnitus. This filler noise was 

hypothesized to “fill” the gap within the stimulus thus have a diminishing effect on the amplitude 

of the MMN if it were to support the “fill-in” hypothesis. In this study, two intensity levels of the 

filler noise were used to see if a filler intensity has an effect on the MMN amplitude. This filler 

study is a precursor to the final pilot study of this thesis that tests the “fill-in” hypothesis with 

real tinnitus. Thus the results from this study were later used for comparison with the tinnitus 

data.   
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3.3 Article 3: The Mismatch Negativity used to determine the effects of background filler 

noise on neural gap detection  
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3.3.1 Abstract 

Objective: Difficulties in noise may be a problem related to temporal resolution. Temporal 

resolution is often studied using gap detection. This study aims to determine if the measurements 

of the Mismatch Negativity (MMN) in various noise conditions can show changes to the central 

temporal coding of sound.  

Methods: The amplitude of the MMN and psychoacoustic thresholds were measured in 15 

normal hearing adult participants. A time-efficient multi-deviant optimised paradigm was used to 

present a continuous standard stimulus and a series of gapped deviants ranging from 2 to 40 ms 

at an intensity of 80 dB SPL. The stimuli were presented in three noise conditions where the 

background noise (i.e. the filler) was either absent, presented at a low intensity (60 dB SPL) or a 

high intensity (80 dB SPL). Mismatch negativity peak to peak amplitudes were measured and 

compared to behavioural accuracy rates. 

Results:  Significant MMN amplitudes were obtained for all supra-threshold gaps in the no and 

low noise conditions, but only at the largest gap duration for the high noise condition. In 

particular, the pattern of MMN amplitude increasing proportionally with the gap duration was 

maintained in the low and no noise conditions but not the high noise condition. The gap 

detection threshold in the low and no filler noise conditions were 5 ms but increased to 10 ms for 

the high filler noise. Behavioural gap detection accuracy correlated with the MMN amplitude for 

all noise conditions.   

Conclusions: The processing of gaps, as shown with the MMN, are reduced when the intensity of 

the background filler noise is high. When attention is directed to the task, as seen through 

behavioural measures, high levels of noise are tolerated without having an effect on the 

behavioural threshold.   
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Detection, Event-related potentials 

3.3.2 Introduction 

The perception of speech in noise is critical in everyday listening. One of the most 

important capacities for speech in noise discrimination is the ability to detect gaps (Bharadwaj et 

al., 2014; Moore, 2008). Gap detection or temporal resolution has been studied using silent 

periods inserted in a continuous stimulus. 

Temporal resolution is clinically measured using behavioural techniques that require 

active participation and attention for long periods of time (Musiek et al., 2005; Keith, 2000; 

Samelli et al., 2008; Dias et al., 2012). Such active participation and attention is often subject to 

perceptual and cognitive biases (Andersson and McKenna, 2006). It may also not always be 

possible to reliably elicit feedback using such behavioural measures, namely for pediatric 

populations and populations with low-functioning cognitive abilities. Objective measures such as 

auditory event-related potentials have been demonstrated as an alternative method of measuring 

neural gap detection (Atcherson et al. 2009; Harris et al. 2012; Lister, Maxfield, & Pitt, 2007; 

Lister et al. 2011; Michalewski et al. 2005; Palmer and Musiek 2013, 2014; Pratt, Bleich, and 

Mittelman 2005).  

Event-related potentials (ERP) are changes in electrical activity that reflect various 

aspects of information processing (Näätänen, 1992). They are subject to random “noise” of the 

electroencephalogram which is typically larger than the ERP components, however through 

various averaging techniques the background noise can be reduced allowing the ERP to emerge 

(Don and Elberling, 1994).  
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The ERP is evoked passively, thus attention to the stimulus is not required. Typically in 

previous studies where an auditory stimulus is used, the participant performs a non-auditory task 

such as watching a video or reading a book to direct attention away from the stimulation 

(Atcherson et al., 2009; Harris et al., 2012; etc.). In this way, the participant does not actively 

manipulate their attention on the auditory task, but rather the ERPs are recorded with passive 

awareness. If however, there are any changes to the ERP due to any extrinsic factors like 

attention, it is assumed these factors would equally affect all conditions and thus be removed 

when differences between conditions were analyzed.  

One component of the ERP that has been used to measure the response to the gapped 

auditory stimuli is the N1: a negative-going deflection maximum at about 100 ms following the 

onset or offset of a stimulus (see Näätänen and Picton, 1987 for a review). Studies have found 

this component increases in amplitude as the gap duration lengthens (Lister, Maxfield, & Pitt, 

2007; Atcherson et al., 2009; Palmer and Musiek, 2013). However, attention has been known to 

affect the amplitude of the N1 for gapped stimuli (Harris et al., 2012) as well as fatigue or 

sleepiness (Campbell and Colrain, 2002). 

Another ERP component used has been the MMN which is maximum at about 100-200 

ms and inverts in polarity at the mastoids (Näätänen, 1990). Both the N1 and the MMN are ERP 

components that reflect different types of processing. The N1 is believed to process the transient 

change of a stimulus while the MMN reflects the processing of specific features within the 

stimulus such as frequency changes, duration and intensity. The MMN also differs from the N1 

because it is derived from the difference between the ERP to a standard and the ERP to a deviant 

stimulus.  
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The standard and deviant stimuli are both presented typically in an oddball or optimised 

sequence. The oddball sequence presents one deviant stimulus among a series of standards. The 

optimised sequence presents multiple deviants in an alternating pattern with the standard. Both 

the standard as well as the deviant elicit N1 and later P2 deflections, however it is in subtracting 

the ERP of the standard from the deviant that allow the MMN to be visualized. Thus the MMN is 

elicited by features only found in the deviant stimulus.  

There are two models that associate the MMN with detection of the acoustic stimulus. 

The classic model (Näätänen, 1990 and 1992) associates the MMN with a memory system that 

preconsciously compares the features of the incoming stimulus with sensory memory of the 

previous stimulus (the standard). When the incoming stimulus is the deviant, the features that 

differ from the standard (i.e. the memory trace) are thus detected and elicit the MMN. A second 

model associates the MMN with a prediction based system that is formed according to rules and 

trends of the recent auditory stimulus (Näätänen et al., 2001; Paavilainen, 2013; Winkler, 2007; 

Winkler et al., 2009) of the standard. Thus the greater the change between the expectation of the 

system and the incoming stimulus, the larger the amplitude of the MMN. Unlike the N1, the 

MMN is not altered by attention (Muller-Gass et al., 2006) or fatigue (Gosselin et al., 2006; 

Zerouali, Jemel, & Godbout, 2010).  

For very large changes to the stimulus, a difference component called the P3a can be 

elicited (Escera et al., 1998). This component is associated with an interrupt sent to the central 

executive controlling attention and additional processing evaluating the stimulus. When 

activated, it produces a deflection at about 300 ms after the onset of the stimulus (Squires, 

Squires and Hillyard, 1975). It is visulalized together with the MMN in the difference wave and 

can be obtained using the same recording procedures as the MMN. 
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A number of oddball and optimised studies have used gapped stimuli to successfully 

elicit an MMN. In these studies a 100-300 ms duration standard stimulus without a gap is 

presented in a sequence with a deviant that includes an embedded silent interval (i.e. the gap). 

Supra-threshold gaps have been shown to elicit an MMN (Bertoli et al., 2001; Todd, Finch, 

Smith, Budd and Schall, 2011; Yabe et al., 2005; Milloy et al., submitted and Article 2) such that 

the amplitude will vary with the duration of the gap up to a ceiling level (Alain, Mcdonald, 

Ostroff and Schneider, 2004). The oddball and the optimised paradigms have both shown to 

elicit significant MMNs to gapped stimuli. For example, various factors of the gapped stimulus 

can alter the MMN amplitude such as placement of the gap within the stimulus (Yabe et al., 

2005), intensity (Article 2), and filling in the gap (Tamakoshi, Minoura, Katayama & Yagi, 

2016). 

One factor of interest is the effect of filling in the gap with another stimulus or a 

background noise. Tamakoshi et al. (2016) measured the MMN of normal hearing adult 

participants with a 1000 Hz tone standard presented at 70 dB sensation level with 30-ms gapped 

deviants either unfilled or filled with a 1000 Hz tone of 25% of the intensity of the stimulus. 

Filling in the gap elicited MMNs with smaller amplitudes than the unfilled gaps however this 

change was not significant. Additionally, there was a significant decrease in the correct response 

rate for the filled gapped stimuli but not the unfilled gaps.  

Based on the notion that filling in the gap can reduce the amplitude of the MMN, our 

study uses the optimised paradigm to present multiple gap durations in three intensity filler 

conditions: high (80 dB SPL), low (60 dB SPL) and no filler. If these results are similar to 

previous findings (i.e. Tamakoshi et al., 2016), the low filler condition should then show a 

smaller MMN amplitude than in the other conditions and correlate with a reduced behavioural 
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accuracy rate compared to the unfilled condition. It is thus hypothesised that a proportionally 

larger decrease in the amplitude of the MMN is found for the the high intensity filler condition 

which should also be reflected in a further reduction of behavioural accuracy to gaps.  

3.3.3 Methods 

3.3.3.1 Participants 

A total of fifteen participants (13 females and 2 males) with normal hearing and no 

history of neurological or otological pathologies participated in this study. The ages ranged from 

20 to 35 years old (mean = 24 years, SD= 3.3). All participants had normal hearing thresholds 

under 25 dB HL from 250 Hz to 8000 Hz. Procedures were approved by the University of 

Ottawa Research Ethics Board which follows the Canadian Tri-Council (Natural Health and 

Social Sciences) guidelines on ethical conduct with human participants. Based on these 

guidelines, all participants were explained the nature of the study, gave written consent, and were 

given an honorarium for their participation.   

3.3.3.2 Procedure and stimuli 

For the electrophysiological and psychometric tests, two types of stimuli were used: a 

stimulus and a filler noise. The stimulus consisted of a bandpass filtered broadband noise with a 

4 kHz centre frequency presented monaurally to the right ear. The parameters of this stimulus 

noise were applied using Audacity® recording and editing software (version 2.1.0, Dominic 

Mazzoni, Carnegie Melon University), and its presentation and timing were controlled with 

Presentation® software (version 20.1, Neurobehavioural Systems, San Franscisco). All stimuli 

were calibrated in the same manner as our previous work (see Milloy et al., submitted and 

Article 2). In order to replicate a previous study on gap detection thresholds, the duration of the 

stimulus was 200 ms (Milloy et al., submitted and Article 2). The stimulus was either a 

continuous standard or a deviant with an inserted silent interval. The silent intervals were 2, 5, 
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10, 15, 20, 30 and 40 ms durations placed at equal distance from the onset and offset of the 

stimulus. The intensity of both the standard and the deviant was 80 dB SPL. This intensity was 

chosen over 60 dB SPL because previous work showed higher intensities elicited a 

comparatively larger MMN amplitude and had a significant effect on gap (Article 2). 

The stimulus was presented simultaneously with a continuous filler (i.e. background) 

noise. The filler was a bandpass filtered Gaussian noise with peak energy at 4 (see Figure 3-1). 

The peak intensity of the filler was either 80 dB SPL (“high filler”), 60 dB SPL (“low filler”) or 

0 dB SPL (“no filler”). The filler noise was generated by a separate laptop using Audacity® 

recording and editing software (version 2.1.0, Dominic Mazzoni, Carnegie Melon University) 

and outputted to an external USB audio mixer interface, Tascam US-366 (TEAC Corporation), 

which combined the presentation of the filler simultaneously with the stimulus. The participant 

received both the filler noise and the stimulus monaurally to the right insert earphone (ER2A, 

Etymotic Research Inc, Elk Grove Village).     

In accordance with the optimised paradigm, a series of deviant stimuli were presented 

with various gap durations in alternation with the no-gap standard stimulus. Within each block of 

seven deviants, each gap duration was presented once and no two deviants of the same gap were 

presented consecutively. Thus one sequence contained 548 standard stimuli without a gap (50% 

probability) and 77 deviants of each gap duration (7% probability). The interstimulus interval 

was 400 ms. Each sequence began with 10 standard stimuli in order to establish a memory trace. 

The sequence was repeated three times for each filler condition of high, low or no intensity. 

Between the sequences, the participant was given a brief moment to rest. The total time required 

to test each condition was 30 minutes (10 minutes per sequence).  
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All recordings took place in a sound attenuated and electrically shielded room. Patients 

were asked to lie in a supine position and to ignore the stimuli while watching a subtitled film 

with no sound. The supine position allowed for relaxation of the muscles around neck to avoid 

myogenic noise artifacts in the recording.  

The electrophysiological recordings were followed by active behavioural tests of gap 

detection. A non-adaptive 2-alternative forced-choice procedure was used to determine the gap 

detection threshold. Participants were given a practice period with no filler noise where a 20-ms 

gap was presented in random order with the standard stimulus. Feedback for the practice period 

was given through sound cues. The test trials consisted of 40 standard stimuli and 20 of each 

type of deviant stimulus presented in random order. Each test trial was run consecutively for 

each filler intensity condition. The patient had the choice of pressing one of two buttons to 

indicate the presence or absence of a gap. The accuracy was determined as the percentage of 

correct identifications of a gap or no gap out of the total number of presentations. The final gap 

detection threshold was determined as the gap with the average detection accuracy closest to 

50%. The total duration for this portion of the testing was 20 minutes. 

3.3.3.3 Electrophysiological recording 

The electroencephalographic (EEG) potentials were recorded using 32 active silver/silver 

chloride electrodes positioned at the frontal central, parietal, temporal and occipital areas of the 

scalp (ActiCap, Brain Products, Germany). An additional electrode was placed below the eye on 

the right upper cheek to measure blink artefacts and the vertical electrooculogram (EOG). The 

ball of the nose served as a reference to all channels including the EOG. All inter-electrode 

impedances were kept below 25 kohms and controlled throughout the recording. The EEG was 

filtered using a high-pass filter set to 250 Hz with a time constant of 2 seconds. Data was 
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digitized continuously using a sampling rate of 500 Hz and stored on a hard disc for offline 

analysis.  

Offline analysis of the EEG was conducted using BrainVision Analyzer v2.1.2 (Brain 

Products) software. The same digital filters were used as in Milloy et al. (submitted) and Article 

2. The vertical eye movements were also calculated in the same way using Independent 

Component Analysis (ICA) (Chaumon et al., 2015; Makeig et al., 1996) to remove ocular 

artifacts. EEGs were then segmented and averaged into epochs of 600 ms for the standard and 

deviant stimuli at each of the electrode sites. Each epoch included 100 ms prior to the onset of 

the stimulus which served as the zero-voltage baseline (-100 to 0 ms).  

3.3.3.4 Electrophysiological statistical analyses 

Previous studies (Milloy et al., submitted, Article 2) showed the maximum MMN to 

gapped stimuli occurred at the Fz and Cz electrodes. Therefore these electrodes were targeted for 

the statistical analysis. For each filler condition, individual difference waves were calculated by 

subtracting the standard stimulus response from the deviant stimulus response. This was done to 

remove any obligatory deflections common to both the standard and deviant waveforms such as 

the N1 and the P2. The remaining deflection found in the difference waves was the MMN which 

was visually determined within the expected time window. The time window was measured from 

the grand average of all individual difference waves. The amplitude of the MMN was 

subsequently calculated for each individual difference wave by averaging all data points within 

+/- 25 ms of the MMN found in the grand average.   

A series of analysis of variance (ANOVA) calculations was used to compare the mean 

individual MMN amplitude data for each of the deviants and conditions. Greenhouse-Geisser 

corrections were applied to correct for any possible sphericity violations.    A two-way repeated 
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measures ANOVA with measures of deviant (2-, 5-, 10-, 15-, 20-, 30- and 40-ms gap durations) 

and condition (high, low and no filler) were calculated based on the MMN amplitude averages 

from the Fz and Cz electrodes as well as the right mastoid TP10, separately. These electrodes 

were chosen because the MMN is known to be largest at these locations (Näätänen and Picton, 

1987). A three-way repeated measures ANOVA was calculated with the deviant and condition 

measures as well as an additional hemisphere measure (left and right) at both the F4 and F5 

electrodes to calculate laterality of the MMN amplitude.  

A significant difference may be found among the MMN amplitudes of the deviants even 

if certain deviants do not elicit an MMN. For example, the largest gaps can elicit large 

negativities and the smallest gaps that are below the perceptual threshold are not expected to 

elicit an MMN at all. However when comparing the largest gaps with the smallest, a significant 

difference may suggest a small MMN was found below the threshold. In order to avoid this 

ambiguity, confidence intervals were applied. Confidence intervals were thus calculated to 

determine whether the amplitude of the MMN for a particular deviant is large enough to be 

considered significant. This is achieved by determining the probability that an amplitude falls 

within an upper and lower range relative to the pre-stimulus baseline. Similar to a t-test 

calculated between the standard and deviant waveforms (Winer et al., 1971), the upper limit of a 

confidence interval appearing less than 0 uV would have a probability of less than 0.05 and thus 

be considered a significant MMN. In an additional measurement to minimize the overlap of the 

N2b component, the MMN and P3a average voltage activities were subtracted to determine the 

peak to peak value. Based on these peak to peak values, a repeated measures ANOVA was 

calculated for conditions and deviants.  
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To compare the MMN amplitudes to the behavioural gap detection task, a Pearson 

correlation analysis was calculated between the behavioural accuracy and the MMN amplitude at 

the Fz electrode for each deviant in each condition. 

3.3.4 Results 

In general, the results show there is a significantly larger MMN in the no and low filler 

conditions compared to the high filler condition. In addition to this, there is an effect of deviant 

in each of the conditions. The following section will describe in detail the calculations made on 

the amplitude of the standard ERP between the three conditions, and comparisons calculated on 

the MMN amplitude for the various deviant gaps and each of the conditions.  

3.3.4.1 Physiological data 

3.3.4.1.1 Standard ERP and the filler conditions 

The ERP elicited by the 200 ms (i.e. 0-200 ms) standard stimulus were compared in the 

three filler conditions (Figure 3-2). A positive-going deflection can be seen at about 40 ms after 

the onset of the stimulus in all three conditions. In the no and low filler conditions, the amplitude 

is not significantly different, however for the high filler conditions it is significantly reduced at 

both the Fz and Cz electrodes (p<0.05). There is also a clear negative-going deflection at about 

90 ms (N1) followed by a positive deflection at 165 ms (P2) that is not significantly different 

between the low and no filler conditions (T<1) however it does not appear to be visible in the 

high filler condition. A one-way repeated measure ANOVA on the effect of condition was 

significant (F(2,28)=17.73, p=0.0001, 𝜂𝑝
2=0.56) for the N1-P2 complex. A Fisher’s Least 

Significant Difference (LSD) was computed to show the high filler condition was significantly 

lower in N1-P2 amplitude than the no and low conditions (p<0.05). Conversely, there is a second 

negative-going deflection which was elicited at about 135 ms following the offset of the stimulus 

(N2). A one-way repeated measures ANOVA on the effect of condition was significant 
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(F(2,28)=3.94, p=0.03, 𝜂𝑝
2=0.22) for the N2. Pairwise comparisons corrected using the Fisher’s 

LSD shows the no filler condition has a significantly larger N2 amplitude than the high and low 

filler conditions (p<0.05).  

3.3.4.2 Difference waves 

In all the filler conditions, the deviants represent 2-, 5-, 10-, 15-, 20-, 30- and 40-ms gap 

durations presented in an optimised sequence in the presence of a high, low, or no intensity level 

of filler noise. The peak to peak (MMN-P3a) difference waves for each of the filler conditions 

can be found in figure 3-3. Table 3-1 presents the mean MMN amplitude in all three filler 

conditions as a function of gap duration.  

3.3.4.2.1 Effect of gap on the MMN amplitude on filler condition using the nose-reference 

The grand average difference waveforms were obtained for 6 gapped deviants in the high, 

low and no filler conditions. Occurring at about 100 ms after the onset of the gap is the MMN 

which is maximal at the fronto-central electrodes and inverted at the mastoids. A one-way 

ANOVA with repeated measures on deviant type (2, 5, 10, 15, 20, 30 and 40 ms) was calculated 

at the Fz and Cz electrodes for each of the intensity filler conditions. It showed the main effect of 

gap duration on the MMN was not significant at the Fz and Cz electrodes for any of the 

conditions (F <1). A one-way ANOVA was also calculated at the mastoids (T7 and T8) and it 

also revealed no significant main effects of gap duration for any of the filler conditions (F<1). 

3.3.4.2.2 Effect of peak to peak measures on filler condition  

The ANOVA was not significant when using MMN amplitudes referenced to the nose 

and with a baseline set to the onset of the stimulus. This is likely due to a poor signal to noise 

ratio. An alternative method was used where the peak of the MMN to the peak of the P3a was 

measured. Peak to peak measurements were also used in our previous work (Article 2) as an 

alternative way to measure the MMN and P3a to enhance the endogenous signal and reduce 
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exogenous noise. Peak to peak measures of the high, low, and no filler conditions are found in 

figure 3-3. 

3.3.4.2.3 Peak to peak measures for high filler condition 

Figure 3-3 shows the grand average of the peak to peak difference wave elicited by the 7 

gapped deviants in the high filler condition. A negative-going deflection at about 150 ms 

following the gap in the deviant is proceeded by a positive-going deflections at about 200 ms 

post-gap, at the Fz and Cz electrodes. These are known to be the MMN and the P3a waves. The 

peak to peak measurements of the MMN to P3a for the high filler condition can be found in table 

3-1. Confidence interval testing showed that the peak to peak values are only significant at 40-ms 

gaps but not for any narrower gapped deviants. A one-way ANOVA revealed no significant 

effect on deviant type for either the Cz or the Fz electrodes (Cz: F(6,98)= .989, p=.437; Fz: 

F(6,98)=.711, p=.641). Similarly, a one-way ANOVA at the mastoid electrodes also did not 

show an effect on deviant type (T8: F(6,98)=.250, p=.958; T7: F(6,98)=.292, p=.939).  

3.3.4.2.4 Peak to peak measures for the low filler condition 

Similar to the high filler condition, a negative followed by a positive-going deflection can 

be seen at about 150 to 200 ms following the gap. A one-way ANOVA on the effect of deviant 

type reveal a significant effect on the peak to peak amplitude at the Cz, (F(6,84)=3.04, p=.01, 

𝜂𝑝
2 = .89) but not at the Fz electrode (F(6,84)=2.16, p=.06). Confidence interval testing at the Cz 

electrode show significant confidence intervals from 10 ms and higher. Pairwise comparisons for 

the MMN amplitudes at Cz corrected using Fisher’s LSD showed the 2-ms gaps are significantly 

smaller than the gaps greater than or equal to 10-ms, and 5-ms gaps are significantly smaller than 

gaps 30 ms or larger.  
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3.3.4.2.5 Peak to peak measures for the no filler condition 

Figure 3-3 shows the grand average peak to peak difference wave elicited by gapped 

deviants in the no filler condition. A one-way ANOVA showed the effect on deviant type on the 

peak to peak amplitude was significant at the Cz electrode (F(6,98)=2.62, p=.21), but not at Fz 

(F(6,98)=1.72, p=.12). Confidence interval testing showed the same significant confidence 

intervals, from 10 ms and higher, as the low filler condition. Post-hoc LSD comparisons revealed 

2-ms gaps elicited significantly smaller peak to peak amplitudes than 20-ms gaps and higher, and 

5-ms gaps elicited significantly smaller amplitudes than 30- and 40-ms gaps.   

3.3.4.2.6 Comparing all conditions to the peak to peak amplitude difference wave 

A two-way repeated measures ANOVA was conducted on the deviant type and condition. 

This showed a significant effect on condition, F(2, 294)=5.96, p=.001, 𝜂𝑝
2=.04, and deviant type, 

F(6, 294)=5.65, p=0.001, 𝜂𝑝
2=.11, at the Cz electrode. Similarly at the Fz electrode there was also 

a significant effect of condition, F(2,294)=4.32, p=0.01, 𝜂𝑝
2=.03, and deviant type, 

F(6,294)=3.99, p=.001, 𝜂𝑝
2=.08. There was no significant interaction for gap x condition (F<1) at 

either the Fz or Cz electrodes. A post-hoc LSD tests comparing the mean amplitude of all three 

conditions showed the high filler condition had significantly smaller peak to peak amplitudes 

than the low and no filler conditions (p=.01 and .001 at Cz, and p=.03 and .01 at Fz 

respectively). Additionally the no and low filler conditions did not have significantly different 

peak to peak amplitudes from each other (p=.84 at Cz and p=.51 at Fz).  

3.3.4.3 Behavioural data 

3.3.4.3.1 Behavioural accuracy based on the filler condition 

The behavioural performance to the standard and the various deviant stimuli can be found 

in table 3-2. Behavioural performance was measured using the accuracy of detection of a gap. 

The detection of no gap for the standard stimulus was very high and there were few false 

positives for all three conditions. All three conditions showed very high accuracy for the 20-, 30- 
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and 40-ms gaps. Conversely, gap detection accuracy was very low for the 2-ms gaps in all three 

conditions. The conditions however varied in the mean threshold gap detection accuracy. For the 

no and low filler conditions the gap detection threshold was 5 ms as the mean detection rate was 

.66 and .69, respectively. For the high filler condition, the mean detection rate at 5 ms was .18, 

thus below 50% threshold accuracy. The next wider gap had a mean detection rate of .89 thus 

would be considered the behavioural gap detection threshold. A two-way ANOVA was run for 

the detection accuracy of the six deviants in the three conditions. The main effect of gap duration 

was significant, F(7,336)=308.01, p=.001, 𝜂𝑝
2=.87, as well as the main effect of conditions, 

F(2,336)=15.26, p=.001, 𝜂𝑝
2=.08. There was also an interaction between condition x gap, 

F(14,336)=7.83, p=.001, 𝜂𝑝
2=.25. Post-hoc testing using least significant differences showed the 

accuracy was significantly lower for the high filler condition at 5 ms compared to the low and no 

filler conditions (p=.001). 

3.3.4.3.2 Behavioural accuracy with the peak to peak difference amplitude 

Behavioural accuracy was compared to the peak to peak difference wave at the Cz 

electrode for each gap duration. A Pearson correlation was calculated on the accuracy rate and 

the peak to peak amplitude at Cz using one-tailed significance. It was expected that an increase 

in amplitude would be related to an increase in accuracy as seen in our previous work (Milloy et 

al., submitted). The Pearson correlation was very strong for the no filler, r(103)=.292, p=.001, 

and the low filler, r(103)=.346, p=.0001. It was also significantly correlated for the high filler, 

r(103)=.169, p=.042, however less strongly than the other two conditions.   

3.3.5 Discussion 

In this study we demonstrated that 1) the MMN amplitude increases proportionally with 

the length of the embedded gap in noise similar to Milloy et al. (submitted) and Article 2, 2) 
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increasing background noise reduces the amplitude of the MMN, and 3) the MMN amplitude to 

gaps in noise is correlated to behavioural gap detection for all noise conditions. 

Previous work by Tamakoshi et al. (2016) showed the MMN is reduced in amplitude 

when a 1000 Hz gapped stimulus, presented at 70 dB SL, is filled with a second stimulus at a 

quarter of the intensity. This is consistent with the results from this study which used an 80 dB 

SPL stimulus to show the MMN amplitude is reduced when gaps are filled with various 

intensities of background noise. Increasing filler background noise reduced the MMN 

amplitudes. It is possible that this is an indicator of reduced temporal resolution due to higher 

background noise. It has been argued that the bandwidth of the auditory filters are a limiting 

factor in coding for changes in temporality (Moore and Glasberg, 1986). This is especially true 

for low frequency stimuli that can have longer responses and are known to produce a “ringing” 

on the basilar membrane, making gap detection more difficult (Carlyon, 1988). However in this 

experiment, we used a high center frequency stimulus which has been known to have fast 

responses to temporal changes (Ronken, 1970). This is thus an unlikely explanation for the 

reduced amplitudes found in the higher background level conditions.   

Another argument has been the rate of recovery from the auditory nerve fibers during the 

gap which would likely change the amplitude of the response following the gap (Glasberg, 

Moore and Bacon, 1987). Our results showed compared to the high intensity filler noise, the 

amplitude of the N1-P2 to the non-gapped standard was higher when the filler noise was either 

absent or low. Recall the N1-P2 complex is believed to indicate transient changes to the 

stimulus. In this case the transient change of the standard stimulus would be its onset (at 

approximately 0 ms). Previous literature has shown that a reduction in the N1-P2 could be 

related to the auditory system showing impaired encoding in populations with peripheral hearing 
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loss (Koravand, Jutras, & Lassonde, 2013) or with central auditory processing (Koravand et al, 

2017). The participants in this study had normal auditory function, therefore reductions in the 

N1-P2 may indicate the system’s inability to code for the onset of the stimulus due to 

background noise occupying the auditory nerve fibers. In our previous work on the effects of 

intensity on the MMN (Article 2), we demonstrated that a decreased stimulus intensity reduced 

the amplitude of the MMN. We related this to a theory presented in Bharadwaj et al. (2014) that 

described the functioning of the lower spontaneous rate auditory nerve fibers that may be 

responsible for extending the auditory system’s dynamic range of hearing. In noisy 

environements the high spontaneous rate (low threshold) fibers may be saturated by the 

continuous background noise leaving only the low spontaneous rate (high threshold) fibers to 

respond (Costalupes et al., 1984). Unforunately, with a portion of the auditory fibers occupied, 

the low spontaneous rate fibers are less able to phase-lock to the onset of the stimulus and cannot 

code for the fine temporal structures of the frequency carrier. Instead they fire for the envelope 

temporal changes of the basilar membrane. This could be a possible explanation for the reduced 

N1-P2 to the onset of the stimulus in the high background noise condition however it does not 

fully explain the amplitude changes of the MMN.  

In a study by Koravand, Jutras and Lassonde (2013) early components were found to 

behave differently than the later N2 and MMN responses. These differences were interpreted as 

the result of sensory coding occurring at multiple levels of the auditory system. This may mean 

that the changes found in the amplitude of the MMN may not be due to the same mechanisms as 

the amplitude changes of the N1-P2. One mechanism that is included in the temporal resolution 

theory is the sliding temporal integrator which is believed to occur after the auditory nerve 

(Plack and Moore, 1990). This integrator takes the output from the auditory nerve and it 
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determines a weighted average over a time interval which is known as the temporal “window” 

(Moore, 1995). This temporal window is believed to be effected by masking since it is limited by 

a build up and decay time delay. Masking may trigger the integrator to build up leaving it 

overloaded and unable to fully respond to the stimulus. This may be an explanation for the 

reduction in MMN (and thus N2) amplitude in the high background filler that does not allow the 

integrator to decay and produce an accurate response to the envelope of the acoustic stimulus.  

 

3.3.5.1 Narrower gaps reduce the MMN amplitude in all conditions 

Reduction of the gap duration lead to a reduction of the amplitude of the MMN. This 

corroborates with previous gap detection studies showing the same trend (Bertoli et al. 2001; 

Milloy et al., submitted, and Article 2). This reduction of the MMN amplitudes to gap duration 

was observed in the low and no filler conditions but not for the high filler condition. This means 

that the change in amplitude was not large enough in the high filler condition to make an 

important enough effect. This may again be explained by the limitations of the cochlear auditory 

filters, the adaptation of the auditory nerve and the temporal integrator. The MMN amplitude had 

a significant effect on gap duration at the Cz electrode for all background filler noise conditions. 

This was not the case at the Fz electrode which showed weaker effects on gaps for the low and 

no filler conditions. The effect on gap at Cz and not Fz may be due to the amplitude being larger 

at the Cz electrode than the Fz. This was also reported in previous studies that measured MMN 

to gapped stimuli showed amplitudes are almost always larger at Cz than Fz (Bertoli et al., 2001; 

Milloy et al., submitted and Article 2; Tamakoshi et al. 2016). 
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3.3.5.2 Accuracy of the behavioural gap detection reduced significantly with higher filler 

intensity 

Behavioural accuracy was measured to see if the use of the same stimuli and fillers as the 

ERP experiment would produce similar or different results. Previous studies on gap detection 

have indicated that the gap detection threshold for young normal hearing participants is typically 

around 5 ms (Michalewski et al. 2005). Indeed this study showed that in the no and low filler 

conditions, the gap detection threshold was 5 ms with accuracy rates of .66 and .69, respectively. 

One of the objectives of the study was to evaluate the effect of the high filler on both the 

behavioural gap detection threshold. High filler appeared to reduce the accuracy rate 

significantly at 5 ms by lowering the rate to .18. Therefore the behavioural gap threshold was 

increased to 10 ms for this condition where the accuracy was well above threshold at .89. These 

behavioural results in the filler conditions corroborate with previous work showing that filling 

the gap reduces the accuracy of the behavioural accuracy but not the threshold (Tamakoshi et al, 

2016). It is interesting that although the system is receiving noise, it is still able to make rather 

good discriminations that allow the behavioural thresholds to remain unchanged. This however 

was only the case when the filler noise was kept at a low level. This may be explained by the 

cognitive interpretation of the output of the temporal integrator. A number of previous papers 

have described a discrimination device that interprets the output of the temporal integrator to 

make the smallest detectable change (Glasberg, Moore and Bacon, 1987; Heil and Neubauer, 

2003; Gerken, Bhat, and Hutchison-Clutter, 1990). This may mean that at lower levels of 

background noise, the discrimination device can still interpret small temporal changes to the 

signal but when the temporal integrator is saturated these interpretations become erroneous.  

3.3.5.3 The relationship between behavioural accuracy and the MMN amplitude 

The MMN amplitude correlated with the behavioural accuracy in all noise filler 

conditions. Significant MMN amplitudes were elicited only for gap durations the subjects were 
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able to detect behaviourally. In contrast, particularly for the high intensity filler noise, the 

participants could behaviourally detect many more gaps than the electrophysiological recordings 

could show. This may be explained by P3a component which is elicited only when there is a 

significant enough change to elicit the activation of central executive processes (Donchin and 

Coles, 1988). Since the MMN amplitude was measured in relation to the P3a, it is possible that 

the P3a was in fact contributing to the changes in the MMN amplitude. This peak to peak 

measure may be evidence of the discrimination device described in other studies looking at just-

noticeable differences (Glasberg, Moore and Bacon, 1987; Heil and Neubauer, 2003; Gerken, 

Bhat, and Hutchison-Clutter, 1990). This is also evidence that the auditory system can withstand 

a certain level of noise and imperfection in the coding of temporal cues of the auditory stimulus 

in order to make cognitive decisions. This may be the reason there is a difference between the 

behavioural gap detection threshold and the smallest gap for which a significant MMN is 

produced. Previous work by Bertoli et al. (2001) showed no correlation between the 

psychoacoustic gap detection threshold, and the MMN peak amplitudes. They concluded that 

attention was the reason behind the neurophysiological thresholds always being larger than the 

behavioural threshold. The electrophysiological task is carried out passively without the attention 

of the participant whereas the behavioural task requires active detection and response to the gaps 

in the stimulus. In contrast, our previous work using gapped broadband stimuli showed 

significant MMNs can be elicited sub-threshold gaps (Milloy et al., submitted). This may have 

been due to factors related to the difference in stimulus parameters (i.e. a broadband signal 

compared to a filtered signal). We also suggested that the larger patterns of stimulus presentation 

may have elicited the MMN.  

3.3.6 Conclusion 
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The results from this study show that gaps can elicit amplitude changes between the 

MMN to P3a peaks in the presence of noise. When comparing to unfilled gaps, low intensity 

filling of the gap does not appear to significantly change the behavioural thresholds or the MMN 

amplitudes. However, with high intensity filling, the gap detection accuracy was reduced and the 

MMN amplitude was no longer able to reliably code the temporal aspects of the signal. The 

amplitude was also significantly reduced compared to the other two conditions. It is unclear 

whether the changes in amplitude are a sign of reduced capacity of the central auditory system to 

encode the temporal resolution of the signal. Further studies using this technique on patients with 

known difficulties in temporal processing will further elucidate this question.  

3.3.7 Tables 

Table 3-4: Peak to peak measures at the Cz electrode. The Cz electrode showed a significant 

effect on gap. Confidence interval testing shows significant confidence intervals for the no and 

low filler conditions for gap durations of 10 ms and higher. The high filler condition had a 

significant confidence interval only at 40-ms gap durations.   

Deviant Condition Amplitude (µV) 

2 ms No .05 (1.43) 

  Low -.11 (0.91) 

  High -.15 (1.55) 

5 ms No .31 (1.17) 

  Low .40 (1.97) 

  High .02 (1.29) 

10 ms No 1.09 (1.85) 

  Low .99 (1.64) 

  High .19 (1.25) 

15 ms No 1.18 (1.56) 

  Low 1.13 (1.49) 

  High .47 (1.96) 

20 ms No 1.38 (1.74) 

  Low 1.33 (1.39) 

  High .77 (1.81) 
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30 ms No 1.63 (1.96) 

  Low 1.69 (1.79) 

  High .85 (1.85) 

40 ms No 1.93 (1.55) 

  Low 1.82 (1.91) 

  High .76 (0.91) 

 

Table 3-5: Accuracy of behavioural gap detection in three conditions: no, low, and high filler. 

Highest detection rates were found for the standard and deviants with gap sizes 20 ms and 

higher. Gap detection threshold was 5 ms for the no and low filler conditions, and 10 ms for the 

high filler condition.   

Stimulus 
Accuracy 

No Low High 

Stan .98 .98 .94 

2 ms .02 .01 .04 

5 ms .66 .69 .18 

10 ms .94 .94 .89 

15 ms .99 .97 .95 

20 ms .99 .99 .98 

30 ms .99 1 .96 

40 ms .99 1 .97 

 

3.3.8 Figures 
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Figure 3-5: The frequency spectrum of the filler noise. A broadband noise was bandpass filtered 

with a centre frequency of 4 kHz. This noise was presented continuously to the same ear as the 

stimulus.   
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Figure 3-6: Standard ERPs to the three filler noise conditions. An N1-P2 waveform is seen as a 

small negative-going deflection at about 100 ms is followed by a positivity at about 150 ms. The 

amplitude of the N1 and P2 were significantly different for the high filler condition compared to 

the low and no filler conditions (F(2,28)=17.73, p=.00). A second negativity can be seen at about 

135 ms following the offset of the stimulus where it was significantly larger in the no filler 

condition than the other conditions (F(2,28)=3.94, p=.03). 

 

Figure 3-3: Peak to peak (MMN to P3a) waveforms in the high filler noise condition at the Fz 

and Cz electrodes. The deflection expect at around 200 ms is not visible. Amplitude deflection of 
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the MMN increases with longer gap durations in a monotonic pattern. The filler noise reduces 

the amplitude of the MMN.  
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Article 4: The effects of tinnitus on mismatch negativity responses to gaps in noise 

This final study piloted the effect of tinnitus perceived by a normal-hearing group on the 

amplitude of the MMN elicited by gaps. The methodology used in this study was identical to 

Article 3 which tested the effects of a filler noise on gaps. In this study, the tinnitus was 

perceived around 3-4 kHz and was presented in the presence and absence of the filler noise. In 

the absence of the filler noise, the effect of tinnitus was tested and the amplitude of the MMN 

was compared to the normal-hearing non-tinnitus group from Article 3. In the presence of the 

filler noise, the effect of masking was a secondary effect that was tested and compared with the 

non-filler condition. Given that this was a pilot study conducted on a small sample, conclusions 

were cursory. Nonetheless, the effects of tinnitus and masking shown are indicative of the 

potential use of the MMN as a biomarker of auditory capacities in populations with hearing 

impairment.   
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3.4.1 Abstract 

Objective: Gap detection has been a standard approach for measuring tinnitus in animal models 

as subjective tinnitus is believed to “fill in” silent gaps in noise. Yet human behavioural data has 

shown tinnitus does not alter gap detection. To better understand the inconsistent evidence, 

auditory event related potentials (ERPs) and behavioural measures were obtained for gapped 

stimuli in healthy normal hearing participants (simulated tinnitus) and in participants with 

subjective tinnitus.  

Methods: Mismatch negativity (MMN) responses and behavioural accuracy rates were measured 

in five tinnitus and five healthy control participants using stimuli with silent gaps ranging from 2 

to 40 ms. The optimised MMN paradigm was recorded from 32 scalp electrodes in three 

conditions of high, low and no intensity filler noise. Grand average MMN amplitudes were 

obtained at each gap duration and compared to behavioural accuracy rates for the control and 

tinnitus groups. 

Results: The grand average MMN amplitudes obtained in the tinnitus participants were 

significantly lower than the normal hearing participants for all supra-threshold gap durations in 

all filler conditions. The amplitude of the MMN increased with wider gap durations in 

participants with normal hearing but not tinnitus. Thus the pattern of MMN responses appeared 

to have a "disorganized" representation of the gap for the tinnitus group. These changes were not 

reflected in the behavioural data as the accuracy of gap detection was not significantly different 

between the two groups in the three filler conditions. 

Conclusions: The MMN responses to gaps in noise may be a more sensitive for measuring gap 

detection impairments than behavioural measures. Future studies on gap detection in tinnitus 

populations or other populations with functional difficulties related to temporal resolution, such 
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as hearing in noise difficulties, may benefit from using the MMN to further understand its related 

underlying mechanisms. 

Keywords: Tinnitus, gap detection, temporal resolution, mismatch negativity, event related 

potentials, electrophysiology.  
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3.4.2 Introduction 

Tinnitus is a sound experienced in the absence of external acoustic stimulation. It is often 

associated with exposure to noise and hearing loss (Kreuzer et al., 2012). There is no objective 

measurement of tinnitus which makes it difficult to diagnose especially in special populations 

like children or those with psychological or psychiatric disorders. Previous studies have used gap 

detection on tinnitus animal models as a standard practice (Dehmel et al., 2012; Koehler and 

Shore, 2013; Kraus et al., 2010; Ralli and Lobarinas, 2010). This was based on a pioneering 

paper by Turner et al. (2006) demonstrating that gap detection was impaired in mice exposed to 

noise who subsequently developed a notched hearing loss at 16 kHz. This finding led to the 

hypothesis that tinnitus “filled in” silent gaps in noise thus elevating the individual’s gap 

detection threshold.  

Following this discovery, a number of human studies attempted to replicate these 

findings with various degrees of success. In Fournier and Hébert (2013), gap detection was 

measured using myogenic recordings of the startle reflex. Participants with tinnitus were exposed 

to a background noise with a loud startling sound following an inserted silent gap. The loud 

sound was expected to elicit a maximal startle response when there was no gap heard to caution 

its onset. As such, the gap acted as a warning to the subject of the startling noise and inhibited 

the startle response. The authors concluded the tinnitus “filled in” the gap since the startle 

response was less inhibited compared to the non-tinnitus participants –similar to the Turner et al. 

(2006) findings. In other words, the amplitude of the startle response was larger in the tinnitus 

participants. The tinnitus participants were likely unable to detect the gap as well as the non-

tinnitus participants which was likely the reason for the inability to inhibit the startle response. 

Behavioural gap detection was studied in people with tinnitus where gaps were inserted in a 
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background noise and participants were asked to press a button when a gap was heard (Campolo, 

Lobarinas, & Salvi, 2013; Boyen, Baskent, & van Dijk, 2015). Contrary to the startle reflex, the 

behavioural studies, they did not find significant differences between the gap detection of those 

with tinnitus compared to those without tinnitus.  

This pilot study expands on the previous investigations of gap detection on populations 

with tinnitus by using event-related potentials (ERPs). ERPs are small electric voltages that are 

measured from the scalp of the head using surface electrodes. These voltages are elicited by an 

acoustic stimulation. Multiple components of the ERP have been studied for neural gap detection 

such as the N1 (Lister, Maxfield, & Pitt, 2007; Atcherson et al., 2009; Palmer and Musiek, 2013, 

2014; Pratt et al., 2005; Harris et al., 2012; He et al., 2013; Ross et al., 2010), and the MMN 

(Heinrich et al., 2004; Pihko et al., 1997; Desjardins et al., 1999). Both of these measures are 

believed to be indicators of change in the acoustic signal, the N1 is believed to be indicative of 

the transient response to a sound and the MMN is believed to be the response to a feature of a 

sound (Näätänen, 1990). The N1 has been found to be affected by attention factors but the MMN 

has been found to be independent of fatigue or sleepiness (see Campbell & Colrain, 2002 for a 

review).  

Studies on neural gap detection using the MMN have demonstrated that using the oddball 

paradigm, a supra-threshold gap can elicited an MMN (Bertoli et al., 2001; Todd et al., 2011; 

Yabe et al., 2005). Bertoli, Smurzynski & Probst (2002) introduced short gaps in noise of various 

lengths (3, 6, 9 and 15 ms) in an oddball sequence to elicit an MMN. The authors found that the 

larger the gap duration corresponded to a larger amplitude of the MMN up to a ceiling level. The 

MMN has also been shown to vary in amplitude depending on where it is placed within the 
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stimulus (Yabe et al., 2005), the intensity of the stimulus (Article 2) and/or whether the gap is 

partially filled with another stimulus (Tamakoshi et al., 2016; Article 3).  

Neural gap detection to various gap sizes has not been measured using the MMN in 

populations with tinnitus. A couple of studies using the multi-feature optimised paradigm 

showed an MMN can be elicited by a 7-ms gap (Mahmoudian et al., 2013a, 2015). Mahmoudian 

et al. (2015) demonstrated that tinnitus participants with positive residual inhibition, a 

phenomenon where the tinnitus intensity decreases after exposure to auditory stimulation, had 

reduced MMN amplitudes to the 7-ms gapped deviants. Since literature shows gapped stimuli 

with filler noise (Tamakoshi et al., 2016) and positive residual inhibition in tinnitus 

(Mahmoudian et al., 2015) can reduce the amplitude of the MMN, this study compares both 

effects on multiple gap durations. It is expected based on the “fill in” hypothesis that, in the 

absence of background filler noise, the tinnitus group would have reduced perception of the gap 

compared to controls. This would be reflected in a smaller MMN amplitude for supra-threshold 

gaps.  For the low and high filler noise conditions, it is expected that the subjects would 

experience residual inhibition which would reduce the perception of the tinnitus and make the 

gaps more noticeable. This would be seen as recovered MMN amplitudes that would be larger in 

the tinnitus group than in controls.  

3.4.3 Methods 

3.4.3.1 Participants 

Five participants (4 males and 1 female) between the ages of 20 and 40 were studied 

(mean = 30, SD = 8.4). Hearing thresholds were in the normal range bilaterally (all measured at 

or below 25 dB HL). All participants had reported tinnitus and a history of noise exposure. 

Participants had no history of ontological or neurological problems. Tinnitus perception was 
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measured using pitch-matching and intensity matching procedures to determine the predominant 

level and frequency of the percept. Table 4-1 shows the pitch and intensity levels measured for 

each participant as well as the reported side of the tinnitus perception. The five normal hearing 

non-tinnitus participants were taken (at random) from our previous study (Article 3) for 

comparisons with the tinnitus data.  

3.4.3.2 Electrophysiological recordings 

The same electrophysiological techniques were used as in our previous work (Article 3). 

All participants were presented with a continuous standard at 80 dB SPL with a duration of 200 

ms. The deviants differed from the standard only with an inserted gap placed in the middle of the 

stimulus using one of seven gap durations: 2, 5, 10, 15, 20, 30 and 40 ms. The sequence of the 

standard and the deviants were presented to the right ear using an optimised paradigm (Näätänen 

et al., 2004). A total of three noise conditions (high, low and no filler noise) were presented 

ipsilateral to the gapped stimulus. The sequence was presented three times within each condition. 

All filler noise conditions used a narrowband noise centered at 4 kHz and played continuously 

throughout the sequence of standards and deviants (see Article 3). The high filler noise condition 

presented the noise at 80 dB SPL, the low condition was set to 60 dB SPL and the no filler 

condition was in the absence of noise. 

3.4.3.3 Behavioural testing 

The same behavioural testing was used as Article-3. The participants were asked to press 

a button when they heard a gap in the stimulus. A practice sequence was used to familiarize the 

participants to the task. All conditions were presented to the subject once for each behavioural 

testing. Accuracy rates were recorded for each condition as a function of gap duration.  
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3.4.3.4 Quantification and statistical analysis 

Quantification for the MMN were conducted in the same way as our previous work 

(Milloy et al., submitted; Article 2; Article 3). All EEG data was recorded from 32 silver/silver 

chloride active electrodes (ActiCap, BrainProducts, Germany) placed on the frontal (Fz), central 

(Cz), parietal, temporal and occipital portions of the scalp. All statistical analyses were employed 

on the peak to peak amplitude measurement of the MMN at the frontocentral electrodes with 

known maximal amplitudes of the MMN: the Cz and Fz electrodes. This was chosen because 

previous work (Article 2; Article 3) showed the MMNs were maximum at this channel. A three-

way repeated measures ANOVA was used to calculate the effect of group (tinnitus and non-

tinnitus), condition (high, low and no filler) and gap (2, 5, 10, 15, 20, 30 and 40 ms) on the 

MMN amplitude. To compare the MMN amplitudes within the tinnitus group, a two-way 

ANOVA with measures on conditions (high, low and no) and gap duration (2, 5, 10, 15, 20, 30 

and 40 ms) were calculated. All ANOVAs were adjusted for possible sphericity violations using 

the Greenhouse-Geisser correction. When any significant differences were found, a post-hoc 

Fisher’s Least Significant Difference (LSD) test was computed. One-tailed t-tests were 

calculated for each condition between the behavioural accuracy rates and the MMN amplitude of 

the tinnitus group. One tailed t-tests were chosen as it was expected the MMN amplitude would 

increase with higher accuracy rates.  

3.4.4 Results 

3.4.4.1 Peak to peak measures in the high, low and no filler conditions for the tinnitus 

participants 

The peak to peak measures in the high, low and no filler conditions for tinnitus 

participants were evaluated using a two-way repeated measures ANOVA at the Cz electrode. A 

significant effect of gap was found, F(6,24)=2.95, p=.03, 𝜂𝑝
2=.42. Post-hoc testing showed the 

MMN amplitude significantly increased with the duration of the gap for all suprathreshold gaps 
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except for 40 ms. This can be seen in figure 4-1. However, there was no significant effect for 

condition, F(2,8)=2.21, p=.17, nor was there a significant interaction between condition and 

deviant, F(12,48)=.37, p=.97.   

3.4.4.2 Comparisons between the MMN amplitudes and the behavioural accuracy rates for the 

tinnitus and normal hearing participants 

A three-way repeated measures ANOVA was conducted on the tinnitus participants and 

the five normal hearing participants from our previous study (Article 3). There was a main effect 

of group (F(1,8)=51.1, p=.0001, 𝜂𝑝
2=.28) as the tinnitus group had significantly smaller MMN 

amplitudes than the controls.  A significant interaction was found for gap and group 

(F(6,48)=4.23, p=.002, 𝜂𝑝
2=.35). This interaction means that the MMN amplitude changed as a 

function of gap differently for the tinnitus group compared to controls. This may be indicative of 

the low filler noise reducing the 40-ms MMN amplitude more in the tinnitus group than the 

controls. There were no main effects found for the condition, F(2,16)=.27, p=.77, or deviant, F(6, 

48)=.84, p=.54. There were no significant three-way interactions, F(12, 96)=1.24, p=.27, or two-

way interactions between group and condition, F(2,16)=1.33, p=.29, or conditions and gaps, 

F(12,96)=.81, p=.64.  

3.4.4.3 Behavioural accuracy rates of the filler conditions for the tinnitus participants 

The accuracy rates of the tinnitus participants are shown in table 4-2. The accuracy of 

correctly detecting 2-ms gaps was very low for all three conditions. Gap durations of 5 ms were 

detectable in the no- and low-filler noise conditions but not high. The accuracy reached a ceiling 

level for all supra-threshold gaps above .8, in all three conditions. Detection accuracy to the 

standard stimulus had a rate of approximately 20% false positives.  

3.4.4.4 Comparisons between groups for the behavioural accuracy and the MMN amplitude  

Independent samples, one-tailed t-tests were conducted for each gap duration between the 

tinnitus and control groups. It revealed significantly smaller MMN amplitude for the tinnitus 
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group for all supra-threshold gaps at 15 ms (high: t(8)=3.03, p=.02, no: t(8)=2.47, p=.04) and 

above for the high- and no-filler noise conditions with the exception of 40-ms gaps in the high 

condtion (t(8)=1.25, p=.25). For the low-filler noise, the significant amplitude differences were 

found for 10-ms gaps (t(8)=2.59, p=.03) and above. 

3.4.5 Discussion 

These preliminary results show that tinnitus has an effect on the MMN amplitude elicited 

by gaps in noise both in filled and unfilled background noise conditions. The differences in the 

tinnitus group were demonstrated by 1) smaller MMN amplitudes for all supra-threshold gaps in 

the tinnitus group, and 2) a change in the relationship between the MMN amplitude and gap 

duration for the noise conditions.  

The tinnitus group had smaller MMN amplitudes for the supra-threshold gaps in all the 

noise conditions. This was expected as Mahmoudian et al. (2013b) found that tinnitus 

participants with positive residual inhibition had significantly smaller MMN amplitudes for 7-ms 

gaps. The results of this study compliment the tinnitus results as the MMN amplitude was 

reduced for all supra-threshold gaps but not for narrow gaps of 5 or 2 ms durations. In the 

Näätänen model (1990; 1992), the MMN is believed to assocated with a memory system that 

compares incoming stimuli with a memory trace of preceeding stimuluations. It is expected that 

the auditory system would have detected a change from the memory trace thus eliciting an 

MMN. In the case of the tinnitus subjects, there may be a reduced ability to detect this change 

(i.e. the gap) which would reduce the amplitude of the MMN.  

The gap “fill-in” hypothesis (Turner et al., 2006), which states that tinnitus can “fill-in” 

the gaps in a stimulus making it more difficult to detect, could explain the change in MMN 

amplitude. It would be implied that the behavioural gap detection thresholds in the tinnitus group 
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would be elevated compared to the controls. However, our behavioural threshold for the tinnitus 

group was equal to the threshold of the control group (5 ms). This was consistent with previous 

studies showing the psychoacoustic gap detection in tinnitus patients are similar to controls. In 

one study, the gap detection thresholds was measured at less than 15 ms and did not differ 

between the tinnitus and non-tinnitus partcipants, even when they were separated into various 

intensity and frequency groups (Boyen, Baskent, & van Dijk, 2015). Another study showed the 

detection of a 50-ms gap at frequencies matched and unmatched from the tinnitus pitch were also 

not significantly different from the controls (Campolo, Lobarinas, & Salvi, 2013). 

If tinnitus were to “fill-in” the gap then it would be expected that the narrowband noise in 

our previous work (Article 3) would have a similar effect on controls as the tinnitus group in this 

study. This was not the case. The MMNs were smaller in amplitude for the both noise filler 

conditions for the tinnitus group. The MMN amplitude may be altered by hidden to peripheral 

changes in the auditory nerve that are feeding to the cortical representations of the gap. Although 

all the subjects had audiometrically normal hearing thresholds, deafferentation of the auditory 

nerve known as hidden hearing loss (Schaette and McAlpine, 2012) may feed inaccurate 

temporal information to the higher-order structures of the auditory system. This may affect the 

change-detection system modelled by Näätänen et al. (1990, 1992). Auditory fibers that are 

particularly susceptible to damage in cases of noise-exposure are the low spontaneous rate fibers 

that are particularly important for coding information in noisy environments (Bharadwaj et al., 

2014). Damage to the low spontaneous-rate fibers can be particularly noticeable in conditions 

with continuous noise since the high spontaneous rate fibers are occupied and cannot 

synchronize to temporal envelope changes (Costalupes et al,. 1984; Joris and Yin, 1992). This 

may explain the reduction of the amplitude of the 40-ms duration gap for the noise conditions. 
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Animal data have shown monotonic (linear) patterns of amplitude to duration of the gap at the 

level of the auditory nerve and a non-monotonic (non-linear) pattern at the dorsal and ventral 

cochlear nucleus (Kaltenbach et al., 1993; Shore, 1995). Shore (1995) related the change in 

pattern to the response rate of the high spontaneous rate fibers compared to the low spontaneous 

rate fibers. Indeed damage to the low spontaneous rate fibers has been related to noise exposure 

as well as cochlear synaptopathy (Kujawa and Liberman, 2006, 2009) thus it is possible that the 

non-linear amplitude response to the wide gaps is an indicator of hidden peripheral damage.  

 Given that the behavioural gap thresholds were not different between groups, it appears the 

reorganization of the gap durations related to MMN amplitudes does not have perceptual 

implications. The behavioural gap detection may be insensitive to peripheral cochlear damage. 

Jesteadt et al. (1976) found that hearing impaired ears could have better gap detection than 

normal subjects when the stimuli were presented at sufficiently loud levels. This suggests that 

the MMN amplitudes compared between the tinnitus and normal hearing groups are more 

sensitive to differences than the behavioural measures alone.  

3.4.6 Conclusion 

This pilot data demonstrates that MMN amplitudes measured to gapped stimuli may be 

an effective tool for studying populations with tinnitus. These results show that participants with 

tinnitus have reduced MMN amplitudes for supra-threshold gaps compared to normal hearing 

participants even though the behavioural accuracy rates do not significantly differ. Based on 

these findings, further exploration into the MMN measures of other populations with known 

difficulties in temporal processing or hearing in noise would further provide information on the 

mechanisms involved hearing difficulties.  

3.4.7 Tables 
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Table 4-1: Psychometric characteristics of the tinnitus perception. The pitch and intensity of the 

tinnitus perception was measured using pitch and intensity matching techniques. The pitches of 

the tinnitus ranged from 750 to 4000 Hz with an intensity from 15 to 55 dB. Tinnitus was 

perceived either at the right ear only or in both ears. 

Participant Pitch (Hz) Intensity (dB HL) Tinnitus ear 

1 750 15 right 

2 3000 45 both 

3 4000 55 both 

4 2000 45 right 

5 3000-4000 35 right 

 

Table 4-2: Behavioural accuracy rates for the tinnitus group in the high, low and no filler noise 

conditions. The standard accuracy rate shows a false positive rate of 19 to 15%. The accuracy for 

detection 2-ms gaps was very low. Participants were able to hear gaps above 5 ms in all three 

conditions. 

 Accuracy 

  No Low High 

Stan 0.83 0.85 0.81 

2 ms 0.12 0.12 0.13 

5 ms 0.84 0.83 0.25 

10 ms 0.94 0.87 0.8 

15 ms 0.89 0.85 0.84 

20 ms 0.95 0.84 0.87 

30 ms 0.91 0.83 0.86 

40 ms 0.91 0.82 0.81 

 

Table 4-3: Mean peak to peak amplitudes of tinnitus participants (n=5) in the three filler noise 

conditions at the Cz electrode. Standard deviations are in parentheses.  

Deviant Condition Amplitude (µV) 

2 ms No -.17 (.83) 

  Low .11 (.86) 

  High -.06 (51) 
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5 ms No -.17 (.63) 

  Low .01 (.40) 

  High -.17 (.46) 

10 ms No .59 (.69) 

  Low .41 (.43) 

  High .25 (.81) 

15 ms No .36 (1.15) 

  Low .65 (.57) 

  High -.04 (.28) 

20 ms No .30 (.59) 

  Low .60 (.57) 

  High .50 (.44) 

30 ms No .73 (1.22) 

  Low .72 (.66) 

  High .29 (.36) 

40 ms No .59 (.94) 

  Low .68 (.78) 

  High -.01 (.90) 

 

3.4.8 Figures 

Figure 4-7: The MMN amplitudes of tinnitus (n=5) and normal hearing non-tinnitus subjects 

(n=5) for three filler noise conditions were measured at the Cz electrode. Seven gap durations 

were presented within the stimulus and a grand average waveform was obtained for each gap 
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duration. The tinnitus MMN amplitude was significantly lower for all conditions at all gap 

durations compared to controls.  

 

 

Figure 4-8: The individual and grand average difference waves of tinnitus (n=5) for the no filler 

noise condition at the Cz electrode. The 5, 20 and 40 ms gap durations are presented as an 

example of the individual variation around the average. The grand average difference wave is 

MMN 

 

MMN 

 

MMN 

 

MMN 

 

MMN 

 

MMN 
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shown with a thick solid line
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4 CHAPTER 4: General discussion 

 

4.1 The detection of gaps in adults with noise-induced tinnitus 

The main goal of this thesis was to determine the feasibility of using the MMN as a 

measure for detecting neural gap detection in a sample with reported tinnitus. This was generally 

achieved by demonstrating that neural gap detection can be measured using the MMN amplitude 

on a tinnitus sample. This thesis demonstrated that the traditional MMN paradigm can be made 

more time-efficient by applying a multi-deviant protocol to present various gap durations. In 

using this multiple-deviant method, six different gap durations could be presented within a single 

sequence. This was an improvement on the traditional method which allowed for a single gap 

duration to be presented at a time. The thesis also demonstrated that reducing the bandwidth and 

the intensity of the stimulus reduced the amplitude of the MMN, however with adjustments to 

the analysis of the MMN waveform by using a mastoid reference and a peak-to-peak measure, 

that the gap duration and amplitude relationship is maintained. Finally, the thesis demonstrated 

that the MMN elicited by gaps can be used on populations with simulated and real tinnitus of 

varying intensities. This allowed for an electrophysiological exploration of the “fill-in” 

hypothesis by determining whether tinnitus “fills in” the silent intervals in a stimulus. It was 

expected that if the gap would be filled and no silent interval could be detected, that the MMN 

amplitude would be reduced. This was indeed the case for both the noise-filled and the tinnitus-

filled conditions.  

Attention can have the effect of focusing the auditory system to one stimulus more than 

another due to cognitive biases (Andersson and McKenna, 2006) and this has been shown to 

effect gap detection (Salloum et al., 2016). Another variable is the effect of noise-induced 

hearing loss which can give rise to impairments of temporal resolution mechanisms at the 
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cellular level (Sturm et al., 2017) but not necessarily at the functional level (Jesteadt et al., 1976). 

Hearing loss in the form of cochlear deafferentation has also been shown to effect the temporal 

coding of sound in the absence of audiometric threshold shifts (Bharadwaj et al., 2015). This 

means that even tinnitus and non-tinnitus groups with audiometrically “normal” hearing may 

show differences in objective gap detection (ex. electrophysiological or startle reflex 

recordsings) that behavioural recordings are unsensitive to.  

Studies showed the startle reflex is reduced in subjects with tinnitus matched to a gapped 

stimulus (Fournier and Hébert, 2013; Turner et al., 2006) however hearing loss and attention 

may confound these findings. The MMN measure can be used as an alternative gap elicited 

measure since it is elicited passively similar to the startle reflex. The N1 and Auditory Steady 

State Responses (ASSR, a brainstem response) has previously shown amplitude changes in 

tinnitus participants with positive residual inhibition (Roberts et al., 2015). However unlike the 

N1 or ASSR, the MMN is elicited independent of attention and sleep deprivation (Muller-Gass et 

al., 2006; Zerouali, Jemel & Godbout, 2010; Bortoletto et al., 2011). This is likely because the 

MMN is calculated from a difference wave which eliminates any factors that would be 

equivocally applied to both the standard and deviant stimuli.  

The series of studies presented in this thesis showed that by optimising the mismatch 

negativity test for neural gap detection in terms time efficiency and stimulus intensity and 

bandwidth, this method could be used to test the “fill-in” hypothesis. The following sections 

discuss the behavioural and electrophysiological results and their relationship based on the four 

studies presented in this thesis.  

4.2 Behavioural measures 
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In order to replicate previous behavioural studies, gap detection was measured 

behaviourally using either a broadband or a narrowband noise. The broadband noise stimulus 

was identical to the stimulus used for eliciting the MMN in Article 1. This allowed for a direct 

comparison between the behavioural detection of a gap and the amplitude of the MMN. Indeed, 

the MMN amplitude appeared to be largest for the gap widths that the subject was able to detect 

(i.e. suprathreshold gaps). In a similar fashion, the behavioural measures of gap detection using a 

narrowband stimulus were identical to the stimulus used for the MMN measures in Articles 3 

and 4. Again, this showed that the MMN amplitude was largest for the gaps that were perceived 

by the subjects. Generally, when the gaps were sufficiently large, they were behaviourally 

detectable by the participants for both the narrowband and broadband stimuli.  

4.2.1 Behavioural gap detection using a broadband noise 

Behavioural gap detection was measured in normal hearing adults using a gapped 

broadband (white) noise. The gap detection accuracy was very high for the largest gaps (20, 30 

and 40 ms) and the threshold (at an accuracy of 0.5) was 5 ms. Very few 2-ms gaps were 

detected. Young adults can detect gaps as narrow as 3 to 5 ms when presented in moderate 

intensity white noise (Moore, 1997; Samelli and Schochat, 2008). However this requires that the 

participants maintain active participation and attention for long periods of time. This may be a 

problem since fatigue can set in and cause various cognitive and perceptual biases (Andersson 

and McKenna, 2006). The gap detection threshold found in Milloy et al. (submitted) is supported 

by the literature in that the participants appeared to have an average threshold of 5 ms. However, 

some participants had a slightly higher threshold of 10 ms. This may mean that there is some 

variability that may be subject to various other factors that are not controlled such as attention, 
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cognitive biases and undetectable hearing loss (i.e. “hidden” hearing loss). These issues that may 

be what make the behavioural measure of gap detection less sensitive to the effects of tinnitus.  

4.2.2 Behavioural gap detection using a narrowband noise in the presence of a filler 

Behavioural gap detection was also measured in normal hearing participants using a 

narrowband noise centered at 4 kHz in the presence of a high and low intensity noise filler. The 

gap detection threshold was 5 ms for the no and low filler conditions at an accuracy rate of .66 

and .69 but in the high filler condition, this decreased to .18. The high filler condition increased 

the behavioural gap duration threshold to 10 ms. The literature supports this finding showing that 

filling the gap reduces the behavioural accuracy (Tamakoshi et al., 2016; Badri, Siegel & Wright, 

2011). However neither study manipulated the levels of filler beyond 60 dB SPL. In Article 3, 

only the high-filler condition of 80 dB SPL reduced the accuracy of gap detection but not the 

low. This may mean that the central auditory system maintains gap detection accuracy with low 

filler noise up to a maximum filler level. Above this maximum level (i.e. 80 dB SPL) the gap 

detection threshold increases which may be an indication of a loss of temporal coding. This 

change in temporal coding can be captured and measured using the amplitude of the MMN (see 

section 4.3).  

4.2.3 Behavioural gap detection in the presence of tinnitus 

In Article 4, behavioural gap detection was measured in 5 participants with normal 

hearing and known subjective tinnitus. These participants were selected and tested only in the 

fourth study and were not a part of the population tested in any of the previous articles in this 

thesis. The gap detection threshold for this tinnitus group was 5 ms for the no- and low-filler 

conditions and 10 ms for the high-filler condition. These thresholds were the same as the non-

tinnitus group in Article 3. This is supported by previous literature showing that behaviourally 
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there is no difference between the gap detection abilities of the tinnitus groups compared to the 

normal hearing individuals (Boyen, Baskent, & van Dijk, 2015, and Campolo, Lobarinas, & 

Salvi, 2013). In the Campolo study, they used a 50-ms gap inserted into frequency matched 

stimuli at 15 dB above the threshold of the tinnitus. Boyen, Baskent, & van Dijk (2015) also did 

a behavioural gap detection method and showed that at three intensity levels the gaps did not 

appear to be different from the normal hearing participants. The null results of the two gap 

detection tinnitus studies provide evidence that there is indeed no difference between the tinnitus 

and normal participants. This means that tinnitus does not appear to effect the behavioural 

detection of gaps. Higher-order cognitive compensatory mechanisms such as the reorganization 

of the auditory pathways that make the system more sensitive to changes in temporal cues. 

Tonotopic maps reorganize at the level of the primary cortex in cats with hearing loss 

(Eggermont and Komiya, 2000). Article-4 shows that filler does not appear to improve the gap 

detection abilities of the tinnitus participants on a behavioural level contrary to what the 

“residual inhibition” hypothesis would suggest. Recall that the residual inhibition hypothesis 

states that noise filler reduces the perception of tinnitus; therefore, if tinnitus “fills” in the gap 

then it would be presumed that the gap detection threshold would improve in the presence of 

filler. However, the filler appeared to have a similar effect on the gap detection abilities as in the 

normal hearing group (i.e. the high filler condition appeared to impair gap detection in both 

groups).  

4.3 Electrophysiological measures  

4.3.1 Electrophysiological gap detection using the optimised paradigm  

In our first study (Milloy et al., submitted), the optimised paradigm was found to be more 

time efficient than the oddball and both were successful in revealing MMNs that change in 
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amplitude as a function of the duration of the gap. Previous oddball studies showed that larger 

gaps elicited larger MMNs (Bertoli, Smurzynski, & Probst, 2002). However, the oddball 

paradigm is very time-consuming and limits the number of gaps that can be measured in a single 

testing session, making it less ideal for clinical applications where time efficiency is valued. Still, 

there was a concern that the optimised paradigm was originally designed to be used with 

deviants of different features. For example in Mahmoudian et al. (2013), the deviant stimuli 

differed from the standard by changing various features: a silent gap, a shorter duration, a lower 

intensity, a higher or lower bandwidth and a change in latency. In this thesis, the deviants were 

different from the standard by only a single feature: gap duration. Despite this change, the 

optimised methodology produced similar scalp topographies to the oddball with a negativity at 

the fronto-central region and inversed polarity at the mastoids. The changes of the MMN 

amplitude as a function of the gap duration were also similar, however the time was reduced 

from 90 minutes for three gap durations with the oddball to 30 minutes for six gap durations with 

the optimised sequences. This provided evidence that the time-efficient optimised paradigm 

could be used with gapped stimuli without compromising the integrity of the MMN. 

4.3.2 Electrophysiological gap detection and the effect of intensity changes 

In the second study (Article 2), the optimised paradigm was tested again with two 

important changes to the stimulus: a narrower bandwidth and lower intensity. This was done in 

order to later apply the optimised technique to the tinnitus “fill-in” hypothesis which requires 

that the signal be presented at the same frequency as the tinnitus percept and at a level that is 

comfortable for the patient. Since patients with tinnitus often present with hyperacusis (Hébert, 

Fournier, & Noreña, 2013), they may find the high stimulus presentation level intolerable. Our 

results showed that gaps inserted in a narrower bandwidth (Article 2) still elicit strong MMN 
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amplitudes that follow the same effect of gap duration as with the broadband stimulus (Milloy et 

al., submitted). Still, lowering the intensity of the stimulus (Article 2) made the MMN less 

visible even for channels where its amplitude is typically maximum (the Fz and Cz). This was 

similar to recent work showing the reduction of the N1 to decreasing intensity levels of a 

narrowband gapped stimulus centered at either 5 or 10 kHz (Paul, Schoenwiesner and Hébert, 

2018). Another study showed that signal level changes the amplitude of the MMN when the 

standard and deviants differed by stimulus length (Paavilainen et al., 1993). Complementing 

these previous works, Article 2 showed the effect of intensity on the MMN amplitude also 

applies to gapped stimuli. The higher intensity gapped stimuli elicited significantly larger MMN 

amplitudes compared to lower intensity stimuli. Additionally previous studies do not show 

whether the lower intensity retains the positive effect of amplitude to gap duration. The results of 

Article 2 showed higher and lower intensity stimuli both elicited MMN amplitude changes as a 

function of gap duration.  

The second study was also important for the point we raised in the introduction about 

separating the possible effects of hyperacusis on the detection of gaps. Recall that a recent study 

showed hyperacusis may enhance the acoustic startle stimulus and increase the suppression of 

the startle response (Salloum et al., 2016). This may mean that using the GPIAS in mice or 

humans may be elicited by an abnormal perception of loudness instead of tinnitus. However in 

the case of the MMN, Article 2 shows that intensity has an overall positive effect on the MMN 

amplitude to the duration of all the gaps (i.e. increasing the intensity would increase the MMN 

amplitude). We hypothesized that tinnitus would impair neural gap detection by filling in the gap 

and decreasing MMN amplitude, therefore hyperacusis could not explain the decrease in MMN 

amplitude shown in the tinnitus group in Article 4.  
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4.3.3 Electrophysiological gap detection and the effect of filler noise 

In the third study (Article 3), the amplitude of the MMN was measured in three 

conditions where the filler noise was either high, low or absent. This study was important for 

determining if the tinnitus “fill-in” hypothesis held for the electrophysiological measurement of 

gap detection. If the “fill-in” hypothesis was supported, then the noise filler would 1) decrease 

the amplitude of the MMN and 2) present the same response to gaps as a small pilot group of 

tinnitus subjects. The results support the first claim. The filler noise presented with the stimulus 

significantly decreased the amplitude of the gap-elicited MMN. This was similar to Tamakoshi et 

al. (2016) where filled gapped stimuli presented in an oddball sequence elicited MMNs with 

smaller amplitudes than unfilled gaps. This change was not reported to be significant however it 

may be due to measuring the MMN at a filler intensity based on a sensation level which could 

vary with according to the thresholds of the participants. As seen in Article 2, presentation level 

can change the amplitude of the MMN. It was also presented at a lower frequency which can 

impair the detection of gaps due to “ringing” of the basilar membrane for the lower frequency 

cochlear filters (Carlyon, 1988).  

Article 3 expands on this literature by presenting evidence that high intensity filler noise 

reduced the amplitude of the MMN as well as the N1 to a greater extent than the low and no 

filler conditions. Recall the N1 deflection is elicited by either the onset or offset of the stimulus 

(see Näätänen and Picton, 1987 for a classic review). This contrasts with the MMN which is 

elicited by a change detection in the stimulus (Näätänen, 1990). The amplitude of N1 following 

the presentation of a gap is known to increase with the duration of the gap (Lister, Maxfield, & 

Pitt, 2007; Atcherson et al., 2009; Palmer & Musiek, 2014) however Article 3 shows that this 

effect can be reversed with the presentation of a filler noise. This may due to the difficulty for 
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the auditory nerve fibers to phase lock to the fine temporal structures and temporal envelope of 

the stimulus (Bharadwaj et al., 2014). Since the N1 occurs at 100 ms, which is the offset of the 

stimulus before the silent gap period, it is likely an indicator of the system’s detection of the 

stimulus, which is more an indicator of the functioning of the cochlear filters and the auditory 

nerve fibers. It has been suggested that a reduction in the early components of the ERP may be 

related to peripheral hearing loss (Koravand, Jutras & Lassonde, 2013). The MMN may therefore 

be elicited by higher order processes. This is an important distinction for tinnitus groups as the 

central gain theory states that tinnitus arises from a loss of peripheral input (i.e. hearing loss). 

This means that hearing loss is a potential confound for any objective measure, including any 

study that would use the N1 as a measure of neural gap detection. This provides further 

justification for the use of the MMN since the deflections of the N1 would be eliminated through 

the subtraction of the response to the standard and the deviant.  

4.3.4 Electrophysiological gap detection and the effect of tinnitus 

Article 4 shows the amplitude of the MMN elicited by filled and unfilled gaps is smaller 

in tinnitus participants than in non-tinnitus controls. The “filling in” the gap theory suggests that 

tinnitus fills in the gaps and reduces the detection of gaps (Turner et al., 2006). As noted above, 

although the behavioural results do not support this hypothesis since there was no difference 

between the tinnitus and controls, the MMN amplitude shows that there is a different pattern of 

encoding of the gaps in the tinnitus participants when masked with filler noise. At first glance, 

the amplitude of the MMN was reduced in the tinnitus group in the absence of the noise filler, 

which is similar to the reduced startle amplitude demonstrated in the in Fournier and Hébert 

(2013) study. However, there was also a secondary finding where the amplitude of the MMN 

showed a non-monotonic relationship to the duration of the gap in the tinnitus group and a 
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monotonic relationship in the normal hearing group. In other words, the amplitude of the MMN 

increased with the duration of the gap (monotonic) for the normal hearing group in all filler 

conditions, however for the tinnitus group the higher levels of filler appeared to decrease the 

amplitude of the MMN to the highest gap duration (at 40 ms). This unexpected finding has not 

been previously reported in human neural gap detection studies, however animal data has shown 

that a monotonic pattern is related to the healthy response of auditory nerve to the duration of the 

gap and the non-monotonic pattern has been seen at the level of the ventral and dorsal cochlear 

nucleus and higher level cortical pathways (Kaltenbach et al., 1993; Shore 1995). It has been 

postulated that this non-monotonic response is the reshaping of temporal cues beyond the 

auditory nerve (Kaltenbach et al., 1993). If this is the case, then the MMN may be an indicator of 

response of the cortical auditory system to the output of the auditory nerve. This may mean that 

it could demonstrate the tonotopic organization of the auditory pathways as they respond to 

temporal cues. This organization to gaps has been previous reported in mice (Sturm et al., 2017) 

but not in humans. Our results may therefore be human electrophysiological evidence of the 

reorganization of pyramidal cells suggested by Eggermont and Roberts (2004).  

4.4 Comparing electrophysiological with behavioural measures 

In Milloy et al. (submitted), participants underwent MMN testing using gapped stimuli 

presented in oddball and optimised sequences which were subsequently compared to behavioural 

measures of the same gap stimuli. The MMN amplitude and scalp distribution using the oddball 

and optimised sequences did not significantly differ, which justified the validity of the optimised 

method. The optimised sequences were thus used for capturing the MMN in Article 2, Article 3, 

and Article 4. Since the optimised method made it possible to capture MMNs for multiple gap 

durations in a single sequence, the number of gap durations tested were similar to the 
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behavioural method. This made it also comparable to clinical behavioural methods (Keith, 2002; 

Musiek et al., 2005). When the participants were sorted based on gap threshold, a smaller MMN 

amplitude was found for the high (=10ms) group for the suprathreshold gaps of 20, 30 and 40 ms 

compared to the low (=5ms) group; however these differences were not significant. When this 

study was repeated in Article 4 using only a narrowband noise centered at a high frequency, 

significant differences were found with an even smaller subject pool. There are two explanations 

for this. One explanation is that the use of a more frequency-specific stimulus may have 

eliminated the possible masking effects of the basilar membrane that are known to be produced 

by low frequency gapped stimuli. This would have made the gaps less noticeable. However 

given that the behavioural thresholds were the same between the broadband and the narrowband 

study, this is not likely. Another explanation is that the tinnitus groups had impairments in 

temporal resolution that were larger than those with no reported tinnitus. Indeed all 

suprathreshold gaps elicited significantly smaller MMNs in the tinnitus group than the controls. 

Given the small sample size of Article 4, however, our conclusions are cursory. Article 2 showed 

that amplitude of the MMN could be reduced due to a lower presentation level of the stimulus. 

This would mean that the amplitude for all the gap durations would be reduced. Indeed this was 

the case for the other MMN amplitudes to all the other gap durations. However, intensity could 

not explain the unexpected decrease in the MMN amplitude to the 40-ms gap. Given that this 

occurred for both the low and the high noise conditions, it may mean that his was an effect of 

noise that occurred only in the tinnitus group.  

Residual inhibition may be one explanation for the reduction of the MMN amplitude for 

the 40-ms gap. Mahmoudian et al. (2015) showed that the MMN to a 7 ms silent gap showed a 

significantly smaller amplitude for the tinnitus participants that had residual inhibition compared 
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to controls. Only one gap duration was tested in this study therefore it is not known if residual 

inhibition would have the same effect at other durations as well. Again, the reduction in MMN 

amplitude was found for all gap durations in all conditions for the tinnitus group compared to 

controls. The question still remains why it was only the 40-ms gap that was reduced. Stimulus 

interference between the stimulus and the noise cannot explain these effects as the pattern was 

not observed in the normal hearing group. Interestingly, the GPIAS protocol (Turner et al., 2006) 

originally used a 50-ms gap to show effects of tinnitus in mice. This was also the gap duration 

used in the eyeblink startle reflex method in humans that showed significant tinnitus effects 

(Fournier and Hébert, 2013). Since the 40-ms duration is close to the gap duration used in these 

two studies, could similar mechanisms be underlying these effects? Perhaps the 40-ms gap is an 

indicator of cortical map reorganization which is a response to the previous noise damage that 

occurred at the level of the cochlea.  Overall, the behavioural gap detection thresholds show non-

significant changes similar to previous behavioural studies (Campolo, Lobarinas, & Salvi, 2013; 

Boyen, Baskent, & van Dijk, 2015) however different patterns worthy of further exploration are 

revealed through the ERP data.  

4.5 Clinical implications 

The data collected from the four studies presented in this thesis suggest that the MMN 

can be used as a measure of the neural correlates of supra-threshold gap detection. A more time-

efficient optimised paradigm is similarly effective as the oddball for eliciting MMN amplitudes 

for a range of gap durations. This electrophysiological methodology also appears to have the 

advantage of revealing differences in noisy conditions that is not shown using a behavioural 

methodology –even when presenting the same stimulus. These electrophysiological measures 

can thus be further explored to study gap detection in noise in clinical populations with the 
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intention of revealing mechanisms currently undetected by behavioural measures alone. One 

population of interest are patients with noise-induced tinnitus. We hypothesized that this group 

would have gap detection impairments both behaviourally and with the MMN. Indeed the MMN 

was significantly reduced in the tinnitus group for all filler noise conditions. This however was 

not the case for the behavioural data as tinnitus did not have an effect on the gap detection 

accuracy in any of the noise conditions. Our data suggests that it is worthwhile to continue 

exploring the differences between the behavioural and electrophysiological differences of 

clinical and non-clinical groups to see if impairments can be revealed. This may lead to a further 

understanding of the mechanism of temporal resolution that perhaps has more peripheral 

implications that are not fully elucidated in the literature. Other clinical populations of interest 

could be children with diagnosed central auditory processing disorder, patients with noise-

induced hearing loss, and patients with audiometrically normal hearing presenting with 

difficulties understanding speech in noise.  

Given that this thesis is a part of the requirements for a Ph.D. in rehabilitation sciences, it 

is also important to note the ways this work contributes to rehabilitating patients with tinnitus. 

Rehabilitation of patients with reported tinnitus is not standardized and many treatment options 

exist. One of these treatments is sound therapy where a patient wears on-ear devices that produce 

noise in addition to amplification if a hearing loss is also present. Outcome measurements for 

these treatments are typically conducted using psychoacoustic measures of tinnitus pitch and 

intensity in addition to self-reported questionnaires. This thesis describes the potential of 

considering ERP measures, like the MMN, as an additional tool that could be used for patients 

that are unable to be realiably tested using questionnaires and psychoacoustic measures. This 

would be of particular importance to populations that are unable to report the presence of tinnitus 
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such as children or people with severe cognitive impairments. In these cases, measuring, for 

example, the MMN before and after a sound therapy could be an indicator of the changes 

occurring in the auditory system as a result of the therapy.   

4.6 Limitations of this research 

Hidden hearing loss, which can not be detected by audiogram, continues to be a possible 

confound that was uncontrolled. Efforts were attempted to control for the effects of hearing loss 

by testing an audiometrically normal hearing control group, however, there is the possibility that 

hidden hearing loss (cochlear deafferentation) may have an effect on temporal resolution. If this 

was the case, the differences within each group for the three filler conditions should have been 

the same (i.e. there should have been a similar effect of filler for both the normal hearing and 

tinnitus groups). Given that this was different, it appears there was an effect that is related to 

tinnitus that did not appear to occur in the control groups and we postulated that this was the 

residual inhibition and central tonotopic reorganizatoin as discussed in the literature.   

Artefactual electrical noise was also an issue because it could mask the biological signal 

of the MMN. Attempts were made to avoid any issues with this by changing the way the MMN 

was averaged: the mastoid was used as a reference and peak to peak amplitude measures in place 

of using the absolute MMN amplitude value. As decribed earlier, these mesures were done 

according to Picton et al. (2000) to enhance the MMN amplitude and reduce electrical noise. 

According to Picton et al. (2000) the absolute amplitude of the MMN and the P3a is a more 

truthful measure as it incorporates the overlapping segments of N2 with the subsequent 

positivity. This was also described in the introduction of Article 1. These overlapping segments 

may have lifted the MMN making it less negative. Thus the peak to peak measure is a 

combination of both the positivity from the P3a component and the negativity from the MMN.  
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Indeed without using this referencing method and peak-to-peak difference, the changes would 

have not been significant. This was particularly the case for the data acquired for the intensity 

difference MMN study (Article 2) where the bandwidth of the stimulus was narrower compared 

to the broadband signal of Milloy et al. (submitted). This method was applied for the third and 

fourth studies (i.e. Articles 3 and 4) that used additional filler noise stimuli that would have had 

an even greater impact on reducing the signal to noise ratio than Milloy et al. (submitted).  

Finally, the sample size of the tinnitus study (Article 4) was too small to draw any strong 

conclusions on the effects of tinnitus to the gap-elicited MMNs. It would be best to repeat the 

study on a larger sample of participants to determine if the differences between those with 

tinnitus and residual inhibition and those with tinnitus and a lower level of residual inhibition. At 

this point, the pilot study suggests the tinnitus sample shows some effects for the filler conditions 

that may be explained by residual inhibition, however in order to elucidate this relationship, a 

larger sample of tinnitus participants with various measured depths of residual inhibition would 

have to studied.  

4.7 Future plans  

In addition to the studies suggested to improve control of the possible effects of hearing 

loss, one of the areas of future interest could be studying sub-threshold gap detection using 

MMN markers. There may be a confounding effect inherent of the design of the optimised 

sequence since there is a pattern of occurrence that certain models of the MMN state may elicit 

an MMN (Näätänen, Kujala and Winkler, 2011; Winkler, 2007; Winkler, Denham and Nelken, 

2009). Thus the MMN may be elicited by both simple and complex patterns of the simple 

alternating standard-deviant pattern (Alain et al., 2004; Sculthorpe, Collin, & Campbell, 2008; 

Campbell and MacDonald, 2011). This may be the 2-ms gap deviant being elicited even when 
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the gap was not perceived. It would be perceived as a standard which would violate the 

alternating pattern. Thus a future study could compare the subthreshold 2-ms gap duration 

between the oddball and the optimised paradigm to see if indeed the alternating pattern 

hypothesis is supported.   

Another possible study could look at the effects of frequency on neural gap detection: one 

could investigate the changes the frequency specificity of neural gap detection in populations 

with tinnitus. Roberts et al. (2015) showed that residual inhibition recovery appear to occur only 

at high frequencies of 5 kHz for the ASSR but this has not been confirmed using the MMN. 

Mahmoudian et al. (2015) tested residual inhibition to gapped stimuli at three mid-frequency 

ranges (500, 1000 and 1500 Hz) and which did not show any frequency-specific differences. It 

could therefore be interesting to see if the MMN shows changes to gapped stimuli at a high 

frequency and compare it to a lower frequency. Finally neural gap detection using the MMN can 

be applied to children to gain a better understanding of the utility of this tool on other age 

groups.  
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5 CHAPTER 5: Statement of Contributions 

 

The articles presented within this thesis were all collaborative works made possible by the 

efforts of multiple individuals. The conception of the idea was born out of discussions between 

Victoria Milloy and Drs. Kenneth Campbell and Amineh Koravand. The first draft of all articles 

were written by Victoria Milloy. The revisions to the first draft were made by Dr. Campbell, Dr. 

Paniz Tavakoli, and Dr. Koravand. Subsequent articles 2, 3 and 4 were written by Victoria in 

consultation with Drs. Daniel Benoit and Amineh Koravand. Data collection for Milloy et al. 

(submitted) was carried out by Victoria in the laboratory of Dr. Campbell. Dr. Campbell and Dr. 

Tavakoli also trained Victoria with the operation and programming of their ERP systems. This 

allowed Victoria to train Masters students in Dr. Koravand’s laboratory to carry out the 

remainder of the research. Thus data collection and programming of the stimulus presentation 

program for articles 2 and 3 were conducted by Audiology Masters student, Don Nguyen. Finally 

the data collection and recruitment for the tinnitus pilot Article 4 was completed by Audiology 

Masters student, Fauve Duquette-Laplante.  All data analyses were completed by Victoria in 

consultation with Drs. Campbell and Tavakoli.   
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6 CHAPTER 6: Conclusion 

 

The main objective of this Ph.D. thesis was to study the effects of neural gap detection on 

a tinnitus sample to isolate the possible confounding effects of attention and hearing loss 

underlying the conflicting evidence for the Turner “fill-in” hypothesis. To elucidate the effects of 

these factors, electrophysiological measures were proposed to map the response of the central 

auditory system to various gap durations. In order to do so, the methodology was optimised for 

time and efficiency by comparing the optimised paradigm to the oddball, using a narrower 

bandwidth stimulus at a higher intensity, and measured in the presence and absence of filler 

noise. These parameters were all tested on a normal hearing population prior to testing a pilot 

tinnitus group. In the normal hearing group, the MMN decreased proportionally with the 

duration of the gap. The optimised paradigm was successful in eliciting robust MMNs for gaps 

that could be detected behaviourally (i.e. supra-threshold gaps). When presented in the presence 

of a filler noise, the amplitude of the MMN and N1 decreased proportionally with the intensity of 

the filler.  

 

The tinnitus sample showed the MMN amplitude increased proportionally to increasing 

suprathreshold gaps similar to the normal hearing group. The filler noises decreased the 

amplitude of the MMN simliar to the normal group. However in the high and low noise 

condition, the MMN did not decrease proportionally to the gap duration. Rather when presented 

with noise, the largest gap durations elicited smaller MMN amplitudes than medium gaps. This 

change in pattern may suggest underlying damage to the spontaneous rate fibers of the auditory 

nerve or synaptic ribbon loss effecting the tonotopic organization of the auditory cortex. It may 

also be an indication of the effect of residual inhibition. This leads to many questions about 
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whether other electrophysiological recordings of multiple gap durations, such as the Auditory 

Brainstem Response or Electrocochleography, may also show similar amplitude patterns. Results 

from a study we conducted adjacent to this thesis showed similar positive correlations between 

the gap duration and wave V amplitude in normal hearing participants (unpublished research 

conducted in association with Vivosonic Inc., Toronto), however further research is required on 

clinical populations with tinnitus. 

  

The collection of findings presented in this thesis proposes that ERPs reveal an underlying 

organization of coding of gap durations at the level of the central auditory system that is 

undetected by behavioural testing of temporal resolution. Changes to the organized coding of 

gaps may be related to “hidden” nerve damage and thus functional hearing difficulties such as 

hearing in noise. Thus by using the electrophysiological measures presented in this thesis, it is 

possible that further information can be provided to show central changes of the auditory system 

related to temporal resolution or gap detection that has not been explored in clinical populations. 

This may have implications on our understanding of the mechanisms involved in populations 

reporting a variety of hearing problems and could lead to new objective measurement tools.  
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