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Abstract 

Effective everyday hearing requires the auditory system to organize auditory input into 

perceptual streams corresponding to objects of interest. Changes in this process may be 

responsible for age-related deterioration in the capacity to effectively hear important sounds 

masked by background noise. Younger (18-25) and older (55+) adults with healthy hearing 

listened to 10-second intervals of a simple pattern of “ABA” tone triplets. The ABA patterns are 

used as a model of real-world auditory streaming, because they are initially perceived as one 

integrated stream, and over time are reorganized into two segregated streams. Participants 

performed a target-detection task designed to index their perceptual organization of the tones, 

which does not depend on potentially-biased, subjective judgment (Thompson, Carlyon, & 

Cusack, 2011). Complex tones with narrowly-spaced, unresolvable frequency components were 

used in this experiment to control for age-related decreases in frequency selectivity. Both groups 

demonstrated a capacity for segregating the A and B tones based on differences in harmonic 

spacing, as predicted. However, despite our acoustic controls the older adults showed 

significantly less segregation of the 6ST stimuli, indicating that there are additional age-related 

changes in auditory streaming, which make them less likely to segregate in response to harmonic 

spacing differences. Additionally, older adults showed significantly better overall performance on 

the task than younger adults, indicating that the age differences are not simply due to age-related 

deficits in task execution. The ABA intervals were presented either continuously, or with 5-

second interruptions prior to each trial that have previously been shown to “reset” perceptual 

streaming back to an integrated percept (Cusack, Deeks, Aikman, & Carlyon, 2004). For both age 

groups interruptions preceding the ABA intervals were shown to be capable of resulting in 

decreased segregation, as predicted. Targets were presented at 4 time points (2, 4, 6, and 8 
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seconds) in order to test for age differences in the time course of streaming. In the results for the 

8-semitone stimuli, we observed strong evidence for delayed build-up in older adults, in response 

to the Gap condition. However, this evidence was not statistically conclusive and future 

experiments are needed determine the effect‟s validity.  
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Chapter 1 

Introduction 

In everyday life we often need to listen to a single sound source, such as a stream of 

speech, contained in a mixture of many sounds. The usefulness of our sense of hearing in such 

situations is fundamentally dependent on our ability to perceptually separate concurrent sounds. 

For most normally hearing individuals, this ability often seems effortless and automatic. Yet, a 

primary complaint of older people is that they cannot understand speech in situations with 

competing sounds such as voices or music.  One potential contributor to this complaint is that 

older adults may have more difficulty than younger people segregating sounds from each other. 

Their ability to perceptually organize sounds is certainly impaired as a consequence of age-

related hearing loss, but whether age-related hearing loss is a sufficient explanation for such 

impairment remains to be explored. The objective of this research is to examine whether the 

ability to perceptually segregate sound streams changes with age, even when stimuli controlling 

for the decreased auditory sensitivity and frequency selectivity experienced by older listeners are 

employed. This work will help to explain the difficulties older adults experience in multi-source 

acoustic environments.  

 

Auditory Scene Analysis 

In situations that contain more than one sound source, the waveforms from the different 

sources are mixed together at the eardrum and this input is broken down tonotopically in the inner 

ear. Listeners must be able to perceptually recreate multiple auditory objects from this neural 

output of the cochlea in order to usefully comprehend them. The perceptual processes that group 
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together components of auditory input belonging to the same source, and that segregate 

components belonging to different sources are known collectively as „auditory scene analysis‟ 

(ASA).  These processes often operate according to Gestalt principles similar to those in visual 

perception, such as proximity, similarity and continuity (Bregman, 1990). For instance, the 

auditory components pertaining to one voice will have a common onset which the auditory 

system can take advantage of to group them together.  

Auditory perceptual organization can be divided into two aspects: simultaneous and 

sequential. Simultaneous organization is the perceptual organization of the auditory information 

simultaneously present in the signal, based on instantaneous cues, such as spectral relationships 

and relative timing (Darwin, 1997; 2008). For instance, two vocalists singing the same note in 

harmony may be difficult to distinguish from one another, but as soon as one goes off key you 

can easily perceive either voice as a separate stream of sounds. An initial mechanism of 

simultaneous organization is at the cochlea, which analyzes the unidimensional input (vibration 

of the oval window) into multiple frequency components, resulting in multiple outputs (auditory 

nerve signals) differentiated by frequency (Plack, 2005). However, these output signals can be 

recombined to create and maintain perceptual objects (sound sources), based in part on the 

harmonic relationships among the components. 

In contrast, sequential organization, also called „streaming‟, pertains to those processes 

that enable a listener to track a sound source through a mixture over time. Streaming is 

accomplished despite acoustic fluctuations in both the target source and in background sources of 

input over time. The processes that result in grouping of auditory components into auditory 

streams can be automatic, reliant on acoustic cues. For instance, hearing a single human voice, 

singing on the vowel „ee‟ in silence is an uncomplicated auditory environment. This stimulus 
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would have simple acoustic cues such as harmonically related spectral components and 

consistency over time, which for most people would be effortless to track over time and naturally 

result in a single stream. 

Another very simple case of streaming would be two interleaved patterns of pure tones 

with distinctively different frequencies. A listener would likely perceive the tones as belonging to 

independent streams, separated by frequency. Such streaming is thought to depend on frequency 

analysis occuring at the auditory periphery where the input is divided into physically separate 

frequency channels activating separate populations of nerve fibers based on differential activation 

of the basilar membrane (place-of-excitation cues), and is known as the peripheral channeling 

hypothesis (Anstis, & Saida 1985; Hartmann, & Johnson 1990). 

For a more complex stimulus, such as speech, comprehension may depend directly on 

learned (or innate), schema-based cues. Spoken languages consist of sounds that vary widely in 

spectral and timbral characteristics, and appropriately grouping speech-related components 

together could be challenging to a naïve auditory system. Yet as adult talkers, the extensive 

experience we have with the languages we speak fluently allows us to perceive very different 

sounds (e.g. fricatives and vowels) as emanating from one coherent source. For instance, the 

speech sounds of the Khoisan languages of sub-Saharan Africa include clicks consonants. To the 

naive English auditory system, these clicks do not sound like typical speech sounds and 

consequently they are perceived as belonging to an auditory stream segregated from the stream of 

more typical speech sounds. In contrast, an experienced speaker of Khoisan languages would 

perceive them as a single, integrated stream of speech. 

When listening in complicated, multi-object auditory environments, the potential streams 

that a listener groups the auditory components into can be quite varied and consequently, the 
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functional organization of them may depend on selective attention. For instance, when listening 

to a conversation in a crowded room a listener may repeatedly switch their selective attention 

from one talker to another to perceptually increase intelligibility of the relevant speech sounds 

and attenuate the interfering sounds. Since the acoustic features that aid in picking one voice out 

of a mixture (differences in pitch, tempo, and spatial location) are also ones that promote stream 

segregation, it is reasonable to imagine that the selective attention and streaming are related. 

Different theories of auditory scene analysis propose that different processes contribute to 

the formation of auditory streams. Bregman (1990) suggested that the formation of streams is 

driven automatically by grouping based on simple acoustic cues as well as top-down feedback 

from schema-based cues, whereas selective attention operates separately, possibly to allocate 

further processing resources to a specific stream, such as in language comprehension. We have 

long known that there are extensive efferent feedback connections from higher regions to 

auditory cortex, and from auditory cortex to the auditory periphery (Held, 1893; Webster, 1992), 

suggesting that the functional integration of simple acoustic cues and schematic cues in 

perceptual organization is quite plausible. To support the idea that stream formation and attention 

are independent, Bregman cites two experiments. While performing a temporal-order judgment 

task on a pattern of tones, a secondary unattended stream of tones was able to „capture‟ tones 

from the attended stream. From this evidence the experimenters inferred that unattended stimuli 

retained the capacity to alter perceptual organization (Bregman & Rudnicky, 1975). Another 

experiment had subjects listen to three concurrent speech streams of the repeating word „tress,‟ 

(summarized in Warren, 1982). Listening to one stream of this repeated word typically results in 

an auditory illusion wherein the listener will hear it change to different words such as „stress‟ or 

„distress‟ over time. When subjects switched their attention between the streams they observed 
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that each could be at a different stage of illusory percept, indicating that there was some level of 

auditory analysis going on in each regardless of attention. This apparent independence of the 

formation and processing of auditory streams from selective attention led Bregman (1990) to the 

parsimonious conclusion that they are functionally separate mechanisms. 

Cusack and colleagues (2004) present a different perspective for the role of attention in 

perceptual organization in their hierarchical decomposition model. In this model, attention serves 

to elaborate increasingly narrowly defined streams of auditory input. At first exposure to an 

auditory scene there is some automatic segregation based on acoustic dissimilarity: branching the 

input into basic streams. A listener then attends to a particular basic stream and the input 

pertaining to that stream is segregated into further branches, while the unattended basic streams 

remain unelaborated. An example of this is shown in Figure 1. The sub-streams can then be 

further attended to and divided as needed. In this way the stream formation processes are 

modulated by selective attention and not invariantly determined prior to attention. Importantly, 

this theory allows for some processing of unattended streams, although only to a limited degree. 
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Figure 1 A schematic example of the hierarchical decomposition model, from Cusack, et al 

(2004). The hierarchy is not fully decomposed: only the attended streams are elaborated, while 

the unattended streams remain only partially processed. 

 

To study streaming, researchers have relied upon simplified models of multi-object 

auditory environments. A two-source model is the simplest model of a multi-source scene, and 

tones are the simplest type of source. Consequently, much research has focused on how listeners 

organize a „scene‟ composed of two different tones with onsets and offsets at different times. The 

acoustic properties of these tones can be more precisely controlled than natural sounds and thus 

by varying specific properties, experimenters can examine the acoustic factors driving listeners‟ 

perception of the pattern as either integrated into a single auditory stream or segregated as two 

streams (Miller, & Heise 1950; van Noorden, 1975, 1977). Stimuli, typically tone pips, are 

usually presented in an „ABA-ABA-„ pattern, where the A tone plays at twice the rate as the B 

tone, as shown in Figure 2. When perceived as integrated, this sounds much like a horse galloping 
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(reminiscent of the infamous coconuts from „Monty Python and The Holy Grail,‟ (Forstater, 

White, Goldstone, Gilliam, & Jones, 1974)) and when segregated, they sound like concurrent 

streams of Morse code; as a result, this pattern is known colloquially as the „horse-morse‟ 

stimulus. Early studies measured perceptual organization of horse-morse stimuli by having 

listeners directly report whether they were hearing two streams or only one (Anstis, & Saida, 

1985; Rose, & Moore, 1997, Carlyon, et al., 2001), or listeners controlled a stimulus parameter 

and adjusted it until they achieved a certain perceptual state (van Noorden, 1977; Bregman, 

1978). 

 

Figure 2 Schematic of the temporal relationships between tones on the abscissa and the spectral 

relationship between the tones on the ordinate. Tone interval (between successive tones at the 

same frequency), and intertone intervals (between successive tones in an ABA triplet) are shown 

in bracketed lines.  

 

Using this paradigm, researchers explored the importance of acoustic characteristics in 

determining whether a stimulus is perceived as integrated or segregated (van Noorden 1977, 

Bregman 1978). For example, larger frequency differences (FD) between the A and B tones 

results in increased segregation (van Noorden 1975; Carlyon, 2004). Other characteristics 

manipulated include sound level, inter-tone interval, tone pip length and sequence length. It is 
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popularly held that the modulation of streaming by these characteristics is based on automatic, 

bottom-up processes that exploit regular similarities among sounds that belong to the same source 

and differences between sounds from different sources (Anstis, & Saida 1985; Hartmann, & 

Johnson, 1991).  

Researchers noted that within a range of acoustic parameters, upon initially hearing the 

ABA sequence, people tend to be biased towards perceiving it as a single stream. Then, the 

auditory system „builds up‟ perceptual evidence for two sources, resulting in a perceptual splitting 

into segregated streams as shown in Figure 3 (Bregman, 1978; Anstis & Saida, 1985). Bregman 

analyzed the relationship between acoustic features, such as tone pip duration and frequency 

separation, and the time required for perception of sequences to transition from the initial 

integrated percept to the segregated percept (1978). These experiments indicated that smaller 

frequency differences result in longer times needed to build up segregation, and that even short 

(0.7 sec) interruptions cause „resetting‟ back to an integrated percept when the sequence resumes 

(1978). In Figure 4, the concepts of „build-up‟ and „resetting‟ are shown schematically. 

 

 

Figure 3 Schematic of the ABA sequence, perceptually organized as either one stream or two 

streams. Dashed red lines indicate distinct streams. 
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Figure 4 Schematic of the time course of streaming. An average subjective judgment of the 

number of streams perceived is shown on the ordinate, with time on the abscissa. Vertical lines 

denote a physical interruption in the stimulus. 

 

One mechanism that potentially contributes to the build-up of segregation for the pure-

tone ABA sequences is neural adaptation in the cochlear nuclei of the brainstem. These nuclei are 

the first brain relay for auditory information coming in on the auditory nerve. Neurophysiological 

experiments have shown a direct quantitative relationship between neural activity in the cochlear 

nuclei of guinea pigs and the perceptual segregation of pure-tone ABA stimuli in humans 

(Pressnitzer, Sayles, Micheyl, & Winter, 2008). The authors of these reports made single-unit 

recordings of neurons and observed neural adaptation that differentiated between the A and B 

tones. At the onset of a sequence, neurons were observed responding to both the A and B 

sequences. Depending on the center frequency and frequency selectivity of the neurons, neural 

adaptation resulted in an attenuated, adapted response to one of the tones (A or B) over several 

seconds.  

Pressnitzer and colleagues (2008) then computationally modeled an array of neurons in 

the cochlear nuclei. Each neuron predicts either an integrated percept if it responds above-

threshold to both A and B tones, or a segregated percept if it responds above threshold to only 

one of the tones. The aggregated responses of the model neurons predict the likelihood of 

perceptual segregation for each triplet which is then averaged over 5000 trials. The activity 
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threshold is determined by training the model on both the human psychometric data and guinea 

pig neural firing rates. Importantly, this threshold value is held constant across all neurons, and 

for each triplet and for several levels of A-B frequency difference. The resulting neurometric 

functions of predicted segregation over time are well within the confidence intervals of the 

observed human psychometric function, which strongly suggests that the properties of frequency 

selectivity and neural adaptation in the cochlear nuclei neurons are related to auditory streaming. 

This mechanism of stream segregation depends on neurons being frequency selective – more 

sensitive to one frequency in the horse-morse stimulus than to the other.  However, this cannot be 

the only mechanism, since stream segregation of ABA sequences occurs even in the absence of 

frequency selectivity on the basilar membrane. For example, experimenters have observed 

streaming with sequences of A and B tones that had similar patterns of activation of the basilar 

membrane (Vliegen, & Oxenham, 1999; Grimault, Bacon, & Micheyl, 2004; Gutschalk, 

Oxenham, Micheyl, Wilson, & Melcher, 2007). 

Experiments with this horse-morse model of auditory scene analysis have demonstrated 

that stream-formation processes are not invariantly driven by schema-based cues and bottom-up 

mechanisms as suggested by Bregman (1990), and instead indicate that they can be affected by 

other top-down processes, which can bias the listener towards different perceptual groupings 

(Carlyon, Cusack, Foxton, & Robertson, 2001). In the study by Carlyon and colleagues (2001), 

subjects listened to ABA stimuli and indicated whether they perceived them as one or two 

streams, while another auditory task stimulus was played concurrently. When listeners attended 

solely to a distracting auditory task in one ear, segregation was reduced for the ABA patterns 

presented to the unattended, contralateral ear. When the distracting stimuli were presented in the 

same ear as the ABA stimuli, and even when the two stimuli occupied overlapping frequency 
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regions, similar suppression of build-up was observed (Cusack, Deeks, Aikman, & Carlyon, 

2004). These results demonstrated that the elaboration of the ABA stream (segregation into two 

streams) can be modulated by the listener‟s selective attention.  

Further experiments have compared the effects of selective attention and stimulus 

interruptions on streaming (Cusack, et. al., 2004). Participants listened to sequences of the ABA 

pattern while reporting how many streams they heard, in 10-sec trials.  On average, within a trial, 

participants perceived the pattern as integrated first, and later perceived it as segregated. These 

trials were preceded by 5-second condition-dependent intervals. If the ABA pattern was absent 

during this 5-second interval (i.e., there was a gap), then participants showed typical resetting. 

When the ABA pattern played through the 5-second interval, the segregated percept was 

dominant both early and late, which demonstrated an absence of resetting. In the third condition, 

participants performed a distracting auditory task during the 5-second interval (with the ABA 

stimulus continuously present) then switched back to judging the ABA stimuli. This attentional 

switch resulted in resetting, of a magnitude similar to that in the gap condition. Thus, attentional 

switches can result in resetting similar to that following a physical interruption in ABA stimuli. 

 

Hearing Changes with Age 

There are several candidate processes that could contribute to aging-related streaming 

changes, including declines in hearing sensitivity, frequency selectivity, and dynamic temporal 

processing.  As we grow older, the sensitivity and acuity of our sense of hearing decline. Pure-

tone audiometric profiles (a primary measure of sensitivity) of adults at age 18 and 55 reveal that 

the median increase in absolute hearing thresholds is 5 dB for low frequency tones (at 125 Hz), 

and up to 10 dB for females and 20 dB for males at high frequencies (4 kHz; Robinson, & Sutton, 

1979). However, as long as the stimuli are well above hearing thresholds, hearing loss does not 
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seem to be responsible for age-related streaming changes. Evidence for this was shown by 

Grimault and colleagues (2001), wherein older adults with clinical hearing loss showed similar 

segregation for sequences presented at a high enough level (described in detail later). 

 Accompanying the increase in hearing thresholds with increasing age is a decrease in 

frequency selectivity (Florentine, Buus, Scharf, & Zwicker, 1980). The response of the basilar 

membrane to input can be modeled as an auditory filterbank (Glasberg, & Moore, 1983). If 

multiple frequency components all stimulate the same filter, the cochlea will not be able to 

represent individual frequencies in the neural output, as shown in Figure 5, and these components 

are not resolved. 

Filters are wider for higher-frequency regions of the basilar membrane and thus 

components of a complex tone with a consistent harmonic spacing (e.g. every 80 Hz) are less 

resolvable  in these regions (Shackleton & Carlyon, 1994). When components of a sound are 

unresolved, they are activating very similar, if not identical, populations of nerve fibres and they 

are harder to segregate, resulting in decreased streaming (Grimault, Micheyl, Carlyon, Arthaud, 

& Collet, 2000). Filters broaden as we age (i.e. they have decreased frequency selectivity), 

resulting in more frequency components exciting the individual filters. As a consequence, older 

adults are less able to resolve the spectral detail of auditory input (Grimault, Micheyl, Carlyon, 

Arthaud, & Collet, 2001). 



 

13 

 

 

Figure 5 Schematic of the relationship between harmonic components of a complex tone, the 

filter-widths of the auditory filterbank modeled from the basilar membrane and the resultant 

excitation pattern on the basilar membrane. Blue lines represent two harmonics that are resolved, 

meaning they excite different regions of the basilar membrane and thus different populations of 

auditory nerve fibers. Red lines represent two harmonics that are unresolved, and stimulate a 

common population of nerve fibers. Figure 7.4 from Plack (2005).  

 

To examine the impact of aging and hearing impairment on sequential perceptual 

organization, older adults with normal (for their age) and clinically impaired hearing were 

compared with younger adults as they listened to 4-second ABA stimuli and reported whether 
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they heard one or two streams after each sequence (Grimault, Micheyl, Carlyon, Arthaud, & 

Collet, 2001). The ABA patterns were composed of complex tones bandpass filtered between 

1375 Hz and 1875 Hz. The harmonic spacing was either narrow (f0A = 88 Hz) or wide (f0A = 

250 Hz); the f0s of the A and B tones were separated by 0, 6, 12, 18, or 24 semitones, and the 

stimuli were presented at 30, 40 or 50 dB SL. When the tone components were widely spaced, 

such that the lower-numbered harmonics would be resolved much more for younger listeners than 

for older listeners, the older adults streamed significantly less than the younger adults. Although 

not conclusive, decreased frequency selectivity in the older adults would result in decreased 

resolution and thus decreased streaming. Indeed, when the harmonic spacing was narrower, such 

that the components were unresolved for all listeners (Shackleton, & Carlyon, 1994), the younger 

and hearing-impaired listeners had identical streaming responses for all f0 differences and 

presentation levels (older, normal-hearing subjects were not tested with narrow spacing). This 

suggests that if hearing loss (measured as decreased pure-tone sensitivity) is responsible for age 

differences in streaming, then it can be easily controlled by presenting tones at a sufficient level. 

We can infer that decreased frequency selectivity may also be responsible for age differences in 

streaming, since it only results in differences when the components are potentially resolvable. 

This auditory factor, resolvability of harmonic components, should be taken into account when 

comparing the abilities of younger and older people to segregate sounds. One of the goals of the 

current study is to do precisely this.  

Another potentially contributing factor to age-related changes in streaming is perceptual 

acuity for the temporal characteristics of auditory stimuli. Elderly listeners have also been noted 

to exhibit deficits in auditory temporal processing (see Walton, 2010 for review). One aspect of 

these deficits is dynamic processing, or the ability to track changes in amplitude or frequency 
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over time. This can be physiologically measured as the correspondence of the neural activity in 

the auditory nerve or brainstem to the amplitude or frequency modulation of the input signal. The 

rate of modulation of this signal contains information about changes in the acoustic environment, 

as well as representing constant characteristics, such as periodicity-derived pitch in a complex 

tone (Krishnan, & Plack, 2011). Older adults show decreased encoding integrity of the signal in 

both the amplitude and phase-coherence of the brainstem neural response measured by EEG 

(Clinard, Tremblay, & Krishnan, 2010), which indicates that they have coarser temporal 

resolution.  

A second aspect, static temporal resolution, is the capacity to detect specific features such 

as brief gaps in an auditory signal. Behaviourally, older adults demonstrate larger thresholds for 

gap detection (Snell, & Frisina, 2000), an effect that is exacerbated by more acoustically complex 

stimuli (Lister, Besing, & Koehnke, 2002). Neural recordings from the inferior colliculi of young 

and old mice demonstrate an age-related decrease in the number of neurons that respond to very 

brief (1ms) gaps and an age-related slowing of recovery of neural responsiveness (Walton, 

O‟Neill, & Frisina, 1998). We can infer from this that older adults have decreased sensitivity to 

fine temporal features and decreased capacity to process a rapid series of fine acoustic features. 

 

Cognitive Changes with Age 

Advancing age is also accompanied by decline in higher cognitive processes that could 

affect streaming, including many subsumed under the label executive functioning (McDowd, & 

Shaw 2000). Of particular relevance to my research, there are decrements in processes related to 

selective attention, such as decreased capacity to ignore irrelevant stimuli (Maylor, & Lavie, 

1998; Kane, Hasher, Stoltzfus, Zacks, & Connelly 1994), and to switch tasks (Kray, & 
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Lindenberger, 2000; Wasylyshyn, Verhaeghen, & Sliwinski, 2011). This worsening attentional 

control is accompanied by age-related decline in performance on several auditory tasks that 

require selective attention (Barr, & Giambra, 1990; McDowd, & Filion, 1991).  

A dichotic-listening study compared older and younger adults on their ability to 

selectively attend to a stream of consonants presented to a single ear while ignoring those 

presented to the contralateral ear, (Andersson, Reinvang, Wehling, Hugdahl, & Lundervold, 

2008). Both groups showed the typical right-ear advantage for processing speech sounds. 

However, the older adults showed a significantly diminished ability to use attention to modulate 

this preference for the right ear when listening to consonants in their left ear. These attentional 

deficits in older adults could contribute to increased difficulty with the perceptual separation of a 

speech target from a noisy background. 

 

Performance-Based Measures of Streaming 

The conventional way to evaluate whether two streams are integrated or 

segregated is to ask listeners to make direct evaluations of their own perceptions. The 

results from such experiments are susceptible to possible response bias, primarily because 

whether participants‟ introspections are evaluating the cognitive processes of interest is 

not objectively verifiable. For example, in a streaming task, a participant‟s response will 

depend on whether he or she understands the term “single stream” to mean perceiving all 

input as a whole or perceiving one distinct object and the background sounds. Similarly, 

if a participant is asked to indicate when they hear the stimuli „split,‟ they may 

understand that to mean that they should listen for the emergence of a dual-stream 
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percept, for the disappearance of a single-stream percept, or for any perceptual change. 

Differences in response instruction (e.g. “indicate when you hear one stream” versus 

“indicate when you hear two streams”) have been shown to bias participants‟ perceptual 

organization and significantly affect the likelihood of segregation (van Noorden, 1975).  

To avoid these effects, it would be ideal to use a task that does not require explanation of 

ambiguous perceptual phenomena and on which performance can be objectively 

measured.  

An objective measure of auditory streaming has been developed that takes 

advantage of the finding that it is harder to discriminate the temporal relationships 

between sounds when they are perceived as belonging to separate streams than a single 

stream (Roberts, Glasberg, & Moore, 2007; Vliegen, Moore, & Oxenham, 1999; 

Boehnke, & Phillips, 2005). Participants are told to respond when they detected a 

transient deviation (a „skip‟) in the regular rhythm of the ABA sequence (see Figure 6) 

(Thompson, Carlyon, & Cusack, 2011). These skips are long enough that they are quite 

easily detectable within the galloping-horse rhythm of the integrated percept; however 

they are also short enough to be almost impossible to detect when the percept is 

segregated. One possible reason that the skips are more salient in the integrated percept is 

that the skips are a greater proportion of the intertone intervals within the auditory 

stream: 75ms between a B tone and the flanking A tones in an integrated percept opposed 

to 450ms between B tones in a segregated percept. This is perhaps why the targets are 

much more salient in the integrated percept. Consequently, when accuracy is averaged 
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over many trials, it can be used as a measure of the state of streaming: higher accuracy 

indicates a greater tendency to perceive the stimuli as a single stream. The advantage of 

this task is that the measure of segregation is objective, indexed by performance accuracy 

on this skip task. 

 

Figure 6 Schematic of an ABA with a representative target triplet shown in dashed box with red 

arrow indicating the temporal delay that is implemented to create the skip target. 

 

Thompson and colleagues (2011) employed this objective task in an experiment that 

evaluated how well its results corresponded to the results obtained through subjective report in 

prior auditory streaming experiments. They presented subjects with monaural, 13.5-second, ABA 

sequences, wherein the A tones were pure tones at 800 Hz and the B tones were either 4 or 8 

semitones (4ST or 8ST) higher. The skip targets were created by delaying a B tone by 50ms while 

preserving the timing of the rest of the ABA sequence. Average accuracy at particular times can 

then be contrasted to show changes in streaming over time. In a first experiment, Thompson and 

colleagues (2011) placed skips (of 30 or 50 ms) at either 2.5s (early) or 10s (late) in the ABA 

sequences. Subjects‟ accuracy (measured in sensitivity, d‟) for the early targets was high for both 

the 4ST and 8ST, whereas for the late targets it was high only for 4ST stimuli and significantly 
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lower for the 8ST stimuli. Consistent with the participants‟ subjective judgments of streaming, 

the 4ST stimuli were mostly perceived as integrated with no indication of increasing segregation 

over time, and the 8ST stimuli were perceived as integrated at the early time point and then 

perceived as segregated at the late time point.  

In a second experiment, Thompson et al (2011) replicated the effects of inattention on 

streaming using the skip-detection task. Half of the trials were similar to those in the first 

experiment with similar results. In the other half of the trials, participants performed a 

simultaneous auditory task presented to the contralateral ear for the first 10 seconds of the 13.5 

sec trial, before switching to the skip-detection task for the last 3.5 sec. It was expected that while 

subjects attended to the distracting task, their neglect of the ABA sequence would attenuate 

segregation. Indeed, for these trials, accuracy was high for both sets of stimuli at the late time 

points. This corresponds to the subjective reports from Carlyon et al (2001) wherein participants 

listened to similar stimuli with a distractor task for the first half of each trial that resulted in 

attenuated segregation of the unattended ABA stimuli. 

 

 

Rationale for Present Experiment 

This experiment was conducted in order to determine whether there are age-related 

changes in auditory stream segregation that are not merely due to sensorineural hearing 

impairment and accompanying changes in sensitivity and frequency selectivity. 

Consistent with previous research, I used ABA sequences as a simple model of real-world 

listening challenges, and contrasted perception of continuous ABA sequences (without a gap) 

with perception of ABA sequences that were interrupted by periods of silence and so were 

expected to have resulted in resetting. The phenomena of build-up and resetting have been widely 
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documented, but when contrasting old and young listeners, no documented studies have 

controlled for differences in sensitivity, frequency selectivity and response bias (of subjective 

measures)  between these groups.  

In this experiment I have controlled for several known age-related changes.  To control 

for decreased frequency selectivity due to filter broadening, I used stimuli that are unresolved for 

both younger and older adults. To control for decreased hearing sensitivity I screened participants 

to ensure that none of our subjects had clinically significant sensitivity loss (as assessed using 

pure-tone audiometry) and presented the stimuli at a level well above threshold for all 

participants. I used an adaptation of Thompson‟s objective test of auditory perceptual 

organization, the skip detection task, in order to minimize the possibility that group differences in 

response bias were confounding the results. To control for decreased static temporal processing in 

skip detection, I used a skip length estimation procedure (SLEP) to make the targets equally 

detectable for everyone. 

 I hypothesized that older adults have altered stream segregation that cannot be accounted 

for solely by their known auditory impairments. I predicted that this altered streaming would be 

characterized by increased effects of resetting and/or decreased build-up in older adults. Such 

changes could easily result in older adults‟ poorer performance in challenging hearing situations.  

 To examine this hypothesis, I tested adults in two distinct age groups using an objective, 

performance-based measure to evaluate the state of streaming at several time points. Participants 

heard the ABA stimuli in two conditions adapted from Cusack et al (2004), and with two 

different frequency separations between the A and B tones. By controlling for age-related 

changes in sensitivity and frequency selectivity, and using this objective task, I tested for age-

related changes in auditory streaming. 
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 Additionally, I was interested in validating the use of the objective task from Thompson 

et al (2011) to evaluate auditory streaming in conditions adapted from Cusack et al (2004). I 

predicted that the hit rates in our results would correspond well with the subjective judgments of 

streaming in the Continuous and Gap conditions of Cusack and colleagues. 
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Chapter 2 

Methods 

Participants 

I tested two groups of participants. The younger group comprised 13 undergraduate 

students (nine female) recruited through the Queen‟s University Psychology Subject Pool, 18 to 

25 years of age (mean: 19.2 years; SD = 0.6). The older group comprised 13 adults (six female) 

recruited from the community through poster advertising, 55- 80 years of age (mean: 65.5 years; 

SD = 8.0). All of the younger adults were university students. Of the older adults, nine were 

retired and four were currently employed. All but one of the participants (in the younger group, 

whose stated native language was “Chinese”), spoke English as a first language. 

There were three exclusion criteria. Pure-tone audiometry was conducted at 0.25, 0.5, 1, 

2, 3, 4 kHz. Any individual with a hearing loss greater than 25dB HL in both ears at frequencies 

of 3 kHz and below was excluded from the study. This resulted in the exclusion of 2 people from 

the older group (not included in the number of participants listed above) and no one was excluded 

from the younger group.  The average audiometric profiles for older and younger adults are 

shown in Table 1. Participants were also excluded if they reported having had a clinical diagnosis 

of an attention deficit disorder or a sensory integration disorder. Thirdly, participants in the older 

age group were screened for cognitive deficits with the Montreal Cognitive Assessment (MoCA) 

conducted by the experimenter. A score of 23 or greater was required to participate. A score of 23 

is 2 standard deviations below the mean for normal controls: (mean: 27.4; Nasreddine et al, 

2005).  No older adults were excluded based on the results from the MoCA. 
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This study was cleared by the Queen‟s University General Research Ethics Board. 

Participants were compensated for their time ($10 per hour) or received course credit for their 

participation in the case of some of the undergraduate students. 

 

Stimuli 

The stimuli consisted of a repeating triplet of tones followed by a silent interval (ABA-

ABA-), as shown in Figure 2. Each tone was 50ms long with a 75ms intertone interval, and with 

200ms between triplets. This pattern keeps the interval between similar tones consistent at 200ms 

for A tones and 450ms for B tones.  

Frequency selectivity in the auditory system diminishes with aging, and our two age 

groups could differ significantly in their ability to resolve a single frequency tone. Since 

resolvability is an important factor for our ability to segregate tones, such a difference would 

confound our results (Grimault, Micheyl, Carlyon, Arthaud, & Collett, 2001). Consequently, I 

used tone complexes designed to selectively excite high- frequency areas of the basilar 

membrane, so that the tones remain unresolved for both older and younger adults, and 

consequently should be equivalently salient to both groups (Shackleton, & Carlyon, 1994). 

The fundamental frequency of the A tone was constant at 80 Hz. Two frequency 

differences (FDs) between the A and B tones were used, such that the B tone was either 6 

semitones (6ST) higher at 113.13 Hz or 8 semitones (8ST) higher at 126.93Hz. Each tone 

consisted of a harmonic complex at the given fundamental frequency, generated at a sampling 

rate of 44100 Hz, and bandpass filtered to attenuate frequencies outside of the range between 2 

kHz and 3 kHz. The spectral profiles of each of the filtered tones are shown in Figure 7 alongside 

the unfiltered precursors. To filter the tones, I used 8
th
-order Butterworth filters: a high-pass filter 
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at 2 kHz and a low-pass filter at 3 kHz. The magnitude-response profile for these filters is shown 

overlaid on the tone spectrograms in Figure 7. 

 

Figure 7 Spectral profiles for complex tones before and after filtering. Frequency is shown on the 

ordinate, ranging from 0 to 7kHz. Magnitude-response profile of low-pass filter in green; high-

pass filter in pink, (showing 0db to -30dB attenuation). The A-tone tone is shown prefiltered and 

postfiltered in panels a) and b), respectively; the B-tone (6ST) is shown in panels c) and d); the B-

tone (8ST) is shown in panels e) and f). 

 

Within the 2 kHz to 3 kHz frequency region, the components are unresolved for all three 

tones. The frequency that is the closest to being resolvable is the lowest-frequency component in 

the complex tone with the widest frequency spacing: i.e., the 2030 Hz component in the highest B 
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tone (8 semitones above A). Using an auditory filter model derived from the mechanics of the 

basilar membrane, at the location corresponding to 2030.88 Hz, the 10-dB-down bandwidth is 

439.04 Hz (Glasberg & Moore 1990; Patterson, Nimmo-Smith, Holdsworth, & Rice, 1988). Since 

the harmonic spacing is 126.93 Hz, there would be approximately 3.46 harmonics per filter, 

which is still above the criterion of 3.25 for unresolvability (Shackleton, & Carlyon, 1994). No 

part of the ABA stimuli should approach resolvability any closer than this instance: the 

calculations for the A tone and the 6ST B-tone are given in Table 2.  

Within the ABA stimuli, skip targets were created by delaying a single B tone as shown 

in Figure 6. The skips were from 20-55 ms in length as determined individually by the skip length 

estimation procedure (SLEP; see below). The ABA tones were presented at 70 decibels (dB) SPL. 

Additionally, low-intensity, broad-spectrum noise was presented at all times, at a level 25 dB 

lower than the experimental sounds, in order to mask distortion products of the tones. 

 

Procedure 

 

Skip length estimation procedure (SLEP). 

The length of time needed to delay the B tone in order to create appropriately detectable 

targets (the skip length) was explored in pilot studies. Using a set of ABA sequences with skip 

lengths varying from 5ms to 50ms, participants demonstrated considerable variability in the 

detection threshold for the skip targets and demonstrated the potential for a group difference in 

sensitivity to skips. Unremedied, this would confound the use of accuracy measurements for 

between-subjects comparisons, and older adults may be less able to detect the target delays due to 

deficient static temporal processing which could introduce systematic differences in hit rate if I 

used a constant delay length as in Thompson, et al. (2011). Furthermore, I conducted piloting 
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experiments on skip detection in sequences of tones separated by 450 ms (i.e. ABA sequences 

with all the A tones removed) as an analogue of skip detection in the segregated percept. Of the 

four subjects I tested, two were able to reliably detect delays of 50 ms and two were reliably able 

to detect delays of 30 ms. This suggested that if I used very noticeable, long delays (50ms), then 

some of the participants may be able to reliably detect the delays in the segregated percept. This 

would make the skip detection task less sensitive to streaming effects.  Consequently, to 

compensate for individual and group differences I used an adaptive procedure which estimated 

individual skip lengths that will result in similar sensitivity to targets for all participants. 

During the skip length estimation, a 4-down, 1-up adaptive procedure was used to 

estimate each listener‟s threshold, defined as 84.1% correct on the psychometric function (Levitt, 

1971).  In this adaptive procedure, four correct trials in a row results in a decrease in length (step 

size) and a single error results in an increase in length (step size). The skip length started at 35ms, 

which pilot data suggested was approximately the average length that gave the desired accuracy 

rate. The procedure continued until there were 8 reversals between increasing and decreasing 

trends in skip length. The step size for increases and decreases during the first four reversals was 

40% of the current length, and during the second four reversals was 20%. After the 8
th
 reversal, 

the skip lengths at each reversal were averaged to yield the skip length used in the main 

experiment. This procedure yielded the most conservative (highest accuracy) threshold described 

in the set of procedures from Levitt (1971) and was chosen to maximize the contrast between a 

participant‟s high accuracy in the integrated percept and low accuracy in the segregated percept. 

An even more conservative threshold (e.g., 95%) would result in a more distinct hit rate contrast 

between segregated and integrated perceptual states; however, the longer skip lengths needed to 
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get even higher accuracy might have been so long that it would enable participants to detect in the 

segregated state, thus negating the increased contrast. 

A single trial consisted of two intervals, each consisting of five seconds of the ABA- 

stimuli, with a target skip in one of the intervals. The participant reported the interval containing 

the target (first or second). The skip was equally likely to be in either interval.  

The A and B tones in this procedure were identical to prevent perceptual reorganization 

based on pitch difference, so that the estimated length will reflect the accuracy rate for only the 

integrated perceptual state. Since accuracy is best with the integrated percept, the results of this 

procedure should reflect a ceiling sensitivity for the target detection task.  

A preliminary study indicated that participants with very small (< 20 ms) skip lengths 

would fatigue by the end of the sessions. To remedy this, I instituted a 20 ms minimum skip 

length for use in the main experiment and participants whose SLEP estimates were smaller 

performed the main experiment with 20 ms skips. 

 

Main Experiment 

Trials in the main experiment were 15 seconds long, divided into a 5-second, condition-

dependent „Rest‟ interval followed by a 10-second „Detect‟ interval. These were indicated to the 

participant by visual instructions, displayed on a computer monitor in black letters on a white 

background. The primary instructions were given verbally prior to the data collection, and so 

visual cues were concise: “Rest” and “Detect” during the appropriate intervals, alternating with 

the immediate task requirements. 

During the Detect intervals, participants listened for targets in the ABA pattern and were 

ready to respond by pressing a hand-held button immediately upon hearing a target. During the 
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Rest interval they were told to cease actively detecting the targets, but to be ready to resume. The 

experimental procedure is shown in Figure 8. 

 

 

Figure 8 Schematic of the beginning of a block in the experimental procedure. Red boxes 

indicate the intervals in which to perform the task. Dotted lines indicate the presence of the ABA 

sequence. Bracked times along abscissa indicate the duration of each interval 

 

Trials were differentiated by three factors: Continuity, Frequency Difference (FD) and 

Time. The Continuity factor was defined by two different levels of acoustic stimuli during the 

Rest interval: in the Gap condition the ABA pattern was absent, whereas in the Continuous 

condition, the ABA pattern continued through the rest. The FD factor also had two levels: ABA 

patterns could be presented with either a 6- or an 8-semitone difference between the A and B 

tones. Trials were presented in blocks of 11, such that, within a block, all trials conformed to one 

of the four possible Continuity-by-FD combinations.  The initial trial, with no condition-

dependent interval preceding it, was discarded, leaving 10 measured trials. This discarded trial 

was a randomly chosen duplicate of one of the other trials in the block. The target skips could be 

absent, or present at 2, 4, 6, or 8 seconds after the Detect interval began, yielding a third factor, 

Time, with 5 levels. In every block there were two trials of each target time-point and two target-
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absent trials. Each of the four Continuity-by-FD combinations was tested 5 times, yielding a total 

of 10 observations of each time point at each Continuity level and FD.  

Participants were told that within each trial there could be either a single target or no 

target. Additionally, participants were told to maintain attention after responding in case they had 

erred and that they were allowed to respond more than once.  

I used the hit rates as a measure of performance. Using d-prime, a measure of sensitivity, 

would have been ideal, because it is less susceptible to bias than hit rate. However, false alarms 

are problematic to measure in this procedure for two reasons. First, we detect hits based on 

response time, and so false alarms may in fact be hits but with exceptionally long latencies that 

result in incorrect classification. Second, false alarms can happen on any non-target triplet, not 

just those at 2, 4, 6, and 8 sec, making it difficult to assign them to a particular level of the Time 

factor with certainty. Accordingly, we chose to measure sensitivity with hit rates rather than d-

prime. Thompson and colleagues (2011) measured both the hit rates and the d-prime values in 

their second experiment and found them to give the same pattern of results. 

 

Practice 

To minimize practice effects during the experiment, participants were extensively 

familiarized with the stimuli and the task prior to data collection. Prior to the SLEP procedure, the 

experimenter verbally described the ABA stimuli, and what a target was. Then participants were 

presented with practice intervals of the ABA pattern, containing targets with a large skip of 50ms, 

responding verbally when they heard a target skip. They performed a minimum of four of these, 

proceeding only when the participant stated that they felt that they could easily detect the targets. 

Then the experimenter explained how to perform the SLEP task, and participants performed a 

minimum of four practice trials using the SLEP response format, with feedback being given after 
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each trial. Participants continued with the actual SLEP once they stated that they were 

comfortable with the task.  

 

 After conducting the SLEP, the experimenter then described the procedure for the main 

experiment, followed by a minimum of four practice trials of both the Gap and Continuous 

conditions. The combined exposure to the ABA task in the practice trials and the SLEP was 

assumed to be sufficient experience to remove substantial practice effects for target detection 

during the main experiment.  

 The whole experiment took approximately 2 hours per participant.  To avoid fatigue it 

was split into two one-hour sessions on different days, at most 14 days apart. On the first day, 

participants performed as many blocks as possible within one hour and on the second day they 

finished the remainder. Opportunities for breaks were given between all blocks and participants 

were encouraged to take breaks as needed. 

 The first session began with participants receiving the information and consent materials, 

completing a demographic questionnaire (see Appendix A), and undergoing audiometry and 

MoCA screening (for participants in the older group). The demographic questionnaire included 

questions about musical experience, in order to determine if there was a link to either hit rates or 

estimated skip length thresholds. Prior to performing the main experiment on each day, the 

participant performed the SLEP. This was done in both sessions to account for variation in 

detection ability between days. I did not see any systematic differences between days on overall 

hit rate in the main experiment or in the results of the SLEP.  In debriefing, at the end of the 

entire experiment, the experimenter administered a verbal questionnaire (Appendix B), and gave 
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the participant information about the purpose of the experiment both verbally and in an 

information sheet (Appendix C). 

 

Equipment 

Stimuli were generated “on the fly” and presented using MATLAB PsychToolBox 

scripts. The software was run on a Dell Optiplex 960 computer, with a LG Flatron L1751S 

monitor and a Fireface 400 sound card. The auditory stimuli were presented diotically over 

Sennheiser HD265 headphones. The response button was a simple, hand-held device designed to 

make it more comfortable for participants to be vigilant for the duration of the experiment. The 

audiogram, SLEP and main experiment were carried out in an Eckel single-walled sound-

attenuating booth. All other parts of the study were carried out in a private room.  
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Chapter 3 

Results 

SLEP 

The mean lengths estimated by the SLEP ranged from 15 ms to 55 ms. The mean 

threshold skip lengths for the first and second days of testing were 29.4 ms (SD = 8.9 ms) and 

27.1 ms (SD = 7.7 ms) respectively, and were not significantly different, t(25) = 1.25, p > .05. 

When the lengths from both days were averaged per participant, the mean lengths for the older 

and younger groups were 29.5 ms (SD = 6.9 ms) and 26.9 ms (SD = 6.8 ms) respectively, and 

were not significantly different, t(24) = .97, p > .05. 

Additionally, there was no group difference in the number of participants who obtained 

SLEP lengths below the 20 ms minimum on either day and thus performed the main task with 20 

ms skip lengths (younger – 4; older – 4). 

 

Response Coding on Experimental Task 

Participants‟ target-detection hit rate is assumed to index perceptual organization, such 

that when target detection performance is high, the two streams are integrated, whereas when it is 

low, they are segregated (Thompson et al, 2011). For each combination of Time, Continuity and 

FD, there were ten repetitions. The hit rate was calculated as the proportion of hits in these ten 

trials. Any response occurring within 2 seconds after the end of the target triplet containing the 

target was counted as a hit. Distributions of the response times are shown in Figure 9. If no 
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response occurred within this window after a target triplet, it counted as a miss. A response 

occurring within the homologous window for non-target triplets was considered a false alarm. 

 

 

Figure 9 Distribution of reaction times. Separate lines represent younger adults in the Gap 

condition (blue) and in the Continuous condition (red); and older adults in the Gap condition 

(green) and the Continuous condition (purple). Reaction time is on the abscissa, and the number 

of observed reaction times is on the ordinate. Panels a), b), c), and d) contain the reaction time 

data for trials which had targets at 2s, 4s, 6s, and 8s respectively. The response times are in 0.01s 

bins that are then smoothed by convolution with a Gaussian kernel of 0.1s width. 

 

The overall hit rate was 56.8%, with 35.5% misses and 7.7% false alarms. The hit rates 

across all conditions for both age groups are shown in Figure 10, with the results for each FD 

level shown in separate panels. In most cases older adults (red lines) had higher hit rates, 

indicating that they generally perceived the stimuli as integrated more than younger adults (blue 
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lines). Participants had higher hit rates in the Gap condition (dashed lines) than in the Continuous 

condition (solid lines), indicating that the interruptions in the ABA stimuli result in an integrated 

percept. There was a general trend of hit rate decreasing over time from 4 to 8 seconds, which 

shows increasing segregation over time. Hit rates are lowest for younger adults in the Continuous 

condition, for which they reach nadir at 8 seconds with the 6ST stimuli at 33.1%. Hit rates are 

highest for older adults in the Gap condition, for which they peak at 4 seconds with the 6ST 

stimuli at 79.2%. The 8 participants who had sub-threshold results from the SLEP did not have 

significantly higher hit rates than the remainder of the participants t(24) = 1.21, p > .05. Overall hit 

rates did not differ between days, t(25) = .453, p > .05, x̄ D = .014. 

To examine if any participants were outliers unduly influencing the results, Cook's 

distances were calculated for the hit rates at each combination of Time, Continuity and FD. The 

Cook‟s distance value is a measure of the effect that the deletion of a particular data point would 

have. Data points with high Cook‟s distance values should be considered candidates for undue 

distortion of the results and need to be checked for validity. None of the participants' hit rates had 

Cook's values over the criterion value of 1.0 and therefore they were all included in the analysis 

(Cook & Weisberg 1982). 

False alarm rates, including target-absent trials, were rare, averaging 8.8%. Younger 

adults committed more false alarms (M = 0.126, SD = 0.078), than the older adults (M = 0.053, 

SD = 0.046), as tested with a Mann-Whitney U test, U = 34.0, p < .01.  Participants committed 

more false alarms in the Continuous condition (M = 0.100, SD = 0.085), than the Gap condition 

(M = 0.078, SD = 0.066), as tested with a Wilcoxon signed- rank test, Z = 2.425, p < .05.They 

committed more false alarms with the 8ST stimuli (M = 0.112, SD = 0.094), than the 6ST stimuli 

(M = 0.066, SD = 0.058), as tested with a Wilcoxon signed- rank test, Z = 3.604, p < .001. These 
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effects demonstrate that participants commit more false alarms in conditions that are also more 

likely to result in segregation. Finally, false alarms rates were significantly different depending on 

the target time point, as tested with a Friedman test, χ
2

(3) = 24.66, p < .001, which showed that 

when targets are late (6s or 8s) participants are more likely to commit a false alarm. The rest of 

the analysis will concentrate on the hit rate. 

 

MANOVA Results 

 A mixed-design MANOVA was conducted on hit rates with Age Group as a between-

subjects factor and Time, Continuity, and FD as within-subjects factors. 

Main Effects 

Older adults had significantly higher hit rates than younger adults, F(1,24) = 4.416, p < 

.001, 
2
 = .155. Eta squared (

2
) is a ratio of explained variance. Since base accuracy was 

controlled with the SLEP procedure, this suggests that older adults perceived the stimuli as 

integrated more than the younger adults did. Hit rates were significantly higher in the Gap 

condition than in the Continuous condition, F(1,23) = 21.261, p < .001, 
2
 = .473, meaning that 

there was less stream segregation in the gap condition. Hit rates were significantly higher when 

the stimuli had a 6-Semitone FD, than when they had an 8-Semitone FD, F(1,23) = 20.838, p < 

.001, 
2
 = .442. There was a significant effect of Time, F(3,21) = 9.545, p < .001, 

2
 = .593, 

wherein hit rates tended to decrease over time. Table 3 shows the pairwise comparisons between 

time points. The hit rate at 8s is lower than at 2s, at 4s, and at 6s, hit rate at 2s is not significantly 

different from 4s or 6s and hit rate at 4s is not different from 6s. 
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a) 

 

b)  

 

Figure 10 Hit rates over time. Panel a) shows the hit rates for the 6ST stimuli. Panel b) shows the 

hit rates for the 8ST stimuli. Dark and light red lines are older adults. Dark and light blue lines are 

the younger adults. Dashed lines indicate the Gap condition and the solid lines indicate the 

Continuous condition. Error bars show standard error. 
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Three-way Interactions 

Time by Continuity by Frequency Difference 

The Time, Continuity, and Frequency Difference factors interacted significantly; F(3,22) = 

3.136, p = .046, 
2
 = .300 and the hit rates are shown in Figure 11. At each time point, the simple 

effects of FD were calculated for both levels of Continuity, as shown in Table 4. 

 

 

Figure 11 Hit rates over time for all combinations of Gap vs Continuous and 6ST vs 8ST. Dashed 

lines indicate the Gap condition; solid lines indicate the Continuous condition; light grey lines 

indicate 6ST stimuli; dark grey lines indicate 8ST stimuli. Error bars show standard error. 

 

Sustained listening to the ABA sequences in the Continuous condition should result in a 

segregated percept for both the 6ST and 8ST stimuli. At 4s, 6s and 8s the hit rates do not differ 

between the two FDs suggesting that they are equivalently segregated. At 2s, however, the hit rate 
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with 6ST stimuli is significantly higher than with 8ST stimuli, suggesting more integration for the 

6ST stimuli. In contrast, the 6ST and 8ST stimuli resulted in diverging hit rates over time in the 

Gap condition. I observed lower hit rates for 8ST stimuli at 6s and 8s, but at 2s and 4s, there is no 

significant difference. 

Contrary to expectations, for the 6ST stimuli, the hit rates in the Gap and Continuous 

conditions for the 2s target are not significantly different, t(25) = .35, p > .05, x̄ D = 0.15. This 

unexpected result was further borne out in a temporal contrast, wherein the hit rate for the Gap 

condition at 2s is significantly lower than at 4s, t(25) = -2.74, p =.01, x̄ D = -0.13. 

 

Age by Continuity by Frequency Difference  

The factors Age, Continuity and Frequency Difference also interacted significantly; F(1,24) 

= 5.204, p = .032, 
2
 = .178, and the corresponding hit rates are shown in Figure 12.  

 The results indicate that older adults to do not reliably segregate the 6ST stimuli for all 

conditions, whereas the younger adults do. This can be seen in the simple effects of Continuity 

which are analyzed for both FDs at the four time points and displayed in Table 5. Younger adults 

had significantly lower hit rates in the Continuous condition than the Gap condition for both FDs, 

indicating that they reliably segregated both sets of stimuli during uninterrupted exposure. In 

contrast, only for the 8ST stimuli do the older adults show significantly more segregation in the 

Continuous condition than the Gap condition. For the 6ST the older adults show high hit rates in 

both levels of Continuity, which indicates that they did not reliably segregate these more 

challenging stimuli. 
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Figure 12 Hit rates for all combinations of Young vs. Old; Gap vs Continuous; and 6ST vs 8ST. 

Error bars show standard errors. (* p < .05; ** p < .01). 

 

Age by Continuity by Time, (ns) 

This was a non-significant interaction, F(3,22) = 0.396, p > 0.05, 
2
 = .051; hit rates are 

displayed in Figure 13. 
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Figure 13 Hit rates over time for all combinations of Gap vs Continuous and Young vs Old. 

Dashed lines indicate the Gap condition; solid lines indicate the Continuous condition; red lines 

indicate older adults; blue lines indicate younger adults. Error bars show standard error. 

 

Ancillary Analyses 

Since there are indications that older adults may have a significantly reduced ability to 

segregate the 6ST stimuli, I looked at the 3-way Age by Continuity by Time interaction with just 

the 8ST stimuli, which can be seen in Figure 10b. The results from the younger listeners follow 

the predicted pattern: in the Gap condition they have an integrated percept at 2s, which becomes 

segregated and converges with the Continuous condition. The older listeners, when listening in 

the Continuous condition, have hit rates at 6s and 8s that are equivalent to those of the younger 

listeners. However in the Gap condition, the older adults‟ hit rates do not decrease and converge 
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with their hit rates in the Continuous condition. Instead, their hit rates remain high, which 

indicates that they maintain the integrated percept for at least the first 8 seconds into the trials. 

This pattern of results is compatible with the idea that older adults take longer to segregate after 

interruptions. 

Since the hit rates at the 2s time point may be unreliable, I conducted a further analysis of 

the present results. I hypothesized that if the first time point was removed from analysis, age 

differences in the build-up of streaming may be highlighted in a MANOVA analysis of just the 

subsequent time points. The results of this analysis were similar to the overall MANOVA, except 

the Time by Continuity by FD interaction was no longer significant (F(2,23) = .481, p > .05, 
2
 = 

.020) and instead there was a significant Continuity by FD interaction, F(1,24) = 4.860, p < .05, 
2
 

= .168. This indicates that the interactivity of Time with Continuity and FD may be dependent in 

part on differences involving the 2s time point. The Age by Continuity by FD interaction is still 

significant in this analysis, F(1,24) = 10.170, p < .01, 
2
 = .298. 

 

Participant Characteristics 

I investigated potential correlations between demographic characteristics and 

performance in the SLEP, and between demographic characteristics and overall hit rate in the 

main experiment. Participant demographic information was obtained through a written 

questionnaire. The two values obtained from the SLEP for the first and second sessions were 

averaged. There were no sex differences in skip length threshold or overall hit rate in the main 

experiment. Participants‟ level of education was treated as a monotonically increasing, scalar 

variable and when tested did not reveal any significant correlations with participants‟ overall hit 

rates or skip lengths. An aggregate musicality score was created out of the sum of all seven 
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questions and tested for correlation with hit rate and skip length. Increasing musicality correlated 

positively with skip length (r = .393, n = 26, p = .047). There were no significant correlations 

between musicality and hit rate. 
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Chapter 4 

Discussion 

By using hit rate as an index of perceptual segregation, I observed effects of Continuity, 

Frequency Difference and Time that correspond well to results of prior experiments, particularly 

those of Cusack et al. (2004).  

Participants had higher hit rates in the Gap condition as predicted: interruptions in the 

Gap condition cause resetting which results in an increased tendency to perceive an integrated 

stream in the subsequent interval. There is also evidence for the build-up of segregation in the 

time course of streaming from the three-way, Continuity-by-FD-by-Time interaction, wherein 

segregation in the Gap condition increases over time (as inferred from decreasing hit rates) to 

approach convergence with the Continuous condition. However, although the pattern of results 

suggests that segregation was occurring, neither 6ST nor 8ST stimuli were completely segregated 

at the latest time point in the Gap condition. Yet in looking at just the 8ST stimuli, divided by 

Age and Continuity over Time (Figure 10b), the younger adults do show convergence of the Gap 

and Continuous conditions by the 6s and 8s time points, suggesting that they reached asymptotic 

segregation. 

When listening to stimuli with a larger frequency difference (8 semitones) participants 

had lower hit rates than with a smaller frequency difference (6 semitones). This is consistent with 

the prediction that stimuli with a smaller FD will be perceived as integrated more than those with 

a larger FD. Additionally, from the Continuity-by-FD-by-Time interaction we can infer that in the 

Gap condition, segregation increases faster for 8-semitone stimuli than 6-semitone stimuli. 
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The hit rate at the last time point (8s) was significantly lower than all the others. This 

trend is in accordance with prediction: the streams will most often be perceived as segregated at 

the latest time point, when the most segregation would have occurred. It is not concerning that 

there are not more significant decreases over time because this effect combines the Gap condition 

with the Continuous condition, and segregation in the Continuous condition is expected to be at 

an asymptotic, constant level as opposed to decreasing over time.  

The best explanation for this specific pattern of Continuity, FD and Time main effects, 

matching results from an earlier experiment using subjective report (Cusack, et al. 2004), is that 

the skip task is measuring auditory streaming. Additionally this specific pattern main effects 

confirms that auditory segregation does occur with the specific stimuli used in my experiment. As 

additional confirmation, in the debriefing, when the study was explained, most participants 

indicated that they had noticed the change in their own perception at times during the experiment. 

This supports those results from prior experiments that show streaming does occur with ABA 

stimuli that are unresolved and spectrally overlapping (Vliegen, & Oxenham, 1998; Grimault, 

Bacon, & Micheyl 2004; Grimault, Micheyl, Carlyon, Arthaud, & Collet 2000; Roberts, 

Glasberg, & Moore, 2002). 

The older adults tended to segregate less overall than the younger adults, which cannot be 

attributed to age-related general cognitive deficits in task performance, since less segregation, on 

this task, results in superior task performance. Since the older adults have higher hit rates than 

younger adults, it is unlikely that the apparent group differences in perceptual segregation are due 

to deficits in ability to attend to the stimuli, or to perform the task. 
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Effect of Continuity on Age-Related Changes in Auditory Streaming  

Evidence supporting my main hypothesis, that older adults‟ segregation is challenged 

more than younger when listening in the Gap condition would have been obtained in the three-

way Age-by-Continuity-by-Time interaction, wherein hit rates in the Gap and Continuous 

conditions converge over time in the younger adults, but converge at a later time point, or not at 

all, in the older adults. No such interaction was observed. However, the pattern of results 

observed for the eight-semitone stimuli is consistent, since  for these stimuli the older adults do 

not segregate less than the younger adults in the Continuous condition, but when the listeners are 

challenged by physical interruptions to the stimuli in the Gap condition, I observed age 

differences. The younger adults reach segregation equal to that in the Continuous condition 

within the 8-second time frame. In contrast, the older adults do not show segregation within the 8 

seconds, suggesting that it takes them longer to build up segregation after the physical 

interruptions.  

 Although there is some evidence for an age-related change in the response to the Gap 

condition, this was not statistically conclusive. There are two potential reasons that this primary 

hypothesis is left unresolved. First, the two age groups differ in response to the Frequency 

Difference manipulation. Although older adults were clearly capable of segregating the 8ST 

stimuli, the 6ST stimuli were much less segregable for them. In contrast, younger adults could 

segregate both sets of stimuli, suggesting that there must be an age-related change that results in 

decreased streaming based on the differential harmonic-spacing of the A and B tones. This 

change results in different Gap-Continuous contrasts for the two age groups, contingent on the 

FD. The time required for segregation to build up may depend on age, but this age effect may be 

partially occluded by the variability introduced by the effect of frequency difference. 
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Another reason for my inconclusive results is that the time frame over which I examined 

streaming was not long enough. Performance in the Continuous condition presumably reflects an 

asymptotic level of segregation for a particular set of stimuli. To get a clear evaluation of the time 

course of streaming, the pattern of hit rates in the Gap condition must decrease over time until 

they match the hit rate for the Continuous condition, which would indicate that the post-resetting 

segregation has reached the asymptotic level. Only younger adults listening to the 8ST stimuli 

showed this convergence pattern. Although it is clear that younger adults can also segregate 6ST 

stimuli and older adults can segregate the 8ST, performance by these groups in the Gap and 

Continuous conditions listening to these stimuli still has not converged by 8s, suggesting that a 

longer time window is necessary in order to see asymptotic segregation. 

The healthy listeners who participated in the experiments of Thompson and colleagues 

(2011), showed patterns of build-up with high accuracy at 2.5s and significantly lower accuracy 

at 12.5s for ABA patterns composed of pure tones with an 8-semitone separation. However, this 

may have been due to their use of pure tone stimuli, which have a very salient pitch. Nonetheless, 

their experiment does not include a Continuous condition, and I cannot fully compare their hit 

rates directly to mine, because there is no asymptotic segregation „baseline‟ to match up. 

Although my pilot data indicated that 6ST and 8ST would both be quite segregable over an 8-10 

second time frame, several studies have indicated that unresolved tones require larger pitch 

differences in order to be successfully streamed and the tones in my study may not have been 

sufficiently different in pitch to fully build-up to complete segregation in the time frame 

examined (Vliegen, Moore, & Oxenham 1999; Grimault, Micheyl, Carlyon, Arthaud, & Collet 

2000).  
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Effects of Age-Related Changes in Auditory Streaming Based on Harmonic Spacing 

Since I controlled for several age-related perceptual changes in this experiment, I 

predicted that older and younger adults would have similar perceptual response to frequency 

difference. However, older adults demonstrated reduced segregation of the complex tones used in 

this experiment. These tones were differentiated primarily by the harmonic spacing of the 

components and I observed the classic effect of decreasing segregation with smaller differences 

in harmonic spacing, but this was exacerbated in the older adults, who did not show reliable 

segregation of the six-semitone stimuli as evidenced by the three-way, Age-by-Continuity-by-FD 

interaction. 

Hearing sensitivity (as measured by pure-tone audiometry) accounts for the majority of 

hearing loss in uncontrolled natural auditory environments (van Rooij, & Plomp, 1990). 

However, I do not believe that this can explain age differences in this experiment, because none 

of the participants had clinical hearing loss and all stimuli were presented at a level well over 

their hearing thresholds. Additionally, if sensitivity was the primary difference then it should also 

affect streaming of the 8ST stimuli since they were presented at the same level as the 6ST . 

Grimault and colleagues (2001) demonstrated that if frequency sensitivity was accounted 

for, as I have, then decreased frequency selectivity in older adults explained the age differences in 

streaming, at least in part. By creating stimuli with harmonic spacing narrow enough that the 

frequency components of all three tones used should have been fully unresolvable for both the 

older and the younger adults, there should not be age differences in pitch saliency based on 

resolved frequency components. There is the possibility that this control was unsuccessful and 

that some of the stimuli may have been within the limits of resolvability for the younger listeners, 

such that basilar membrane regions that were differentially sensitive to components of the A or B 
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complexes were stimulated, leading to increased segregability (Pressnitzer, Sayles, Micheyl, & 

Winter, 2008). In designing the stimuli for this experiment I used results from Shackleton and 

Carlyon (1994) that provided criteria for resolvability. They found that listeners could clearly 

resolve individual components if two or fewer harmonics per filter were presented in the tone 

complex. In contrast, if there were 3.25 or more harmonics per filter then the components of the 

tone were completely unresolved (Shackleton, & Carlyon, 1994). As can be seen in Table 2, for 

all 3 tones, more than 3.25 components would be present even for the narrowest filters, and thus 

the tones should be completely unresolved. If some of the stimuli had components that were 

partially resolved, then the B tones in the 8ST stimuli would be the first tones to have resolved 

components, because they have the lowest harmonics-per-filter value. However, since younger 

adults do not segregate the 8ST stimuli significantly more than the older adults, this is likely not 

the case. 

 These filtered harmonic complex tones were designed to produce essentially identical 

excitation patterns on the basilar membrane, thereby ruling out peripheral-channelling 

explanations of stream segregation based on place-of-excitation cues (Hartmann, & Johnson, 

1991; Anstis, & Saida, 1985). Indeed, tones similar to those used in this experiment were used in 

a study by Gutschalk and colleagues (2007). They used harmonic complexes with f0s ranging 

from 100Hz to 178Hz, bandpass filtered between 2 and 4 kHz with 4
th
-order Butterworth filters, 

and performed an analysis of the predicted excitation patterns of their tones based on the response 

model of Glasberg and Moore (1990). They found that the patterns of activation on the basilar 

membrane are essentially identical, consistent with theory. Thus it is unlikely that either group in 

my experiment was able to detect any difference between the tones based solely on the spatial 

distribution of the basilar membrane stimulated by them. 
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Additionally, the older and younger adults did not show a difference in sensitivity to skip targets 

in the SLEP, which indicates that any potential age differences in auditory, static temporal 

processing (e.g. making judgments about temporal intervals) were not strong enough to affect 

streaming of the ABA tones.  

 In this experiment I have controlled well for age-related changes of sensitivity and 

frequency selectivity on the basilar membrane, and therefore conclude that there is some other 

change in the auditory system that results in less segregation based on FD, and that this change 

seems to have made the stimulus with the smaller frequency difference particularly challenging 

for the older adults to segregate.  

 I propose that age-related decrement in the precision of dynamic temporal processing is 

responsible for the older adults‟ decreased segregation of the 6ST tones. For tones composed of 

unresolved components, harmonic spacing (from which pitch is derived) is coded in the 

amplitude modulation at the output of the peripheral filters. This coding can be directly observed 

in electroencephalographic (EEG) recordings of the frequency following response (FFR) which 

reflects brainstem activity in response to the low-frequency temporal envelope of auditory stimuli 

(Worden, & Marsh, 1968). The FFR can encode frequency information of simple tones (Glaser, 

Suter, Dasheiff, & Goldberg, 1976), and the pitch of complex tones derived from their harmonic 

spacing (Krishnan, & Plack, 2011), in addition to features of speech sounds (Aiken, & Picton, 

2008; Krishnan, Xu, Gandour, & Cariani, 2004).  

In an experiment involving participants aged 22 to 77, FFR responses were recorded to 

tones of 500 Hz and 1000 Hz (Clinard, Tremblay, & Krishnan, 2010). Results showed that, as 

people age, their FFRs reduce in amplitude and phase coherence. This suggests that advancing 

age results in a deteriorating capacity to preserve dynamic temporal information, such as the 
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complex amplitude modulated outputs of the cochlear filterbank in the auditory periphery. This is 

corroborated behaviourally, wherein older adults with otherwise healthy hearing have greater 

pitch discrimination thresholds for complex tones (Moore, & Peters 1992). Thus, the older adults 

in my study may have had more difficulty than younger adults at representing the periodicity of 

the A and B stimuli, and thus not have been able to effectively code a strong enough pitch percept 

to stream the ABA sequences. 

 

Evaluation of Objective, Performance-Based Measure of Auditory Streaming 

In this experiment I used a task that does not directly probe the perceptual state of the 

participant, but instead indirectly discriminates between a segregated and an integrated perceptual 

organization. Thompson and colleagues (2011) found that this task is effective in indexing 

relative degrees of integration of an ABA pattern in conditions that result in the build-up of 

segregation after resetting and in the absence of streaming due to attentional neglect using relative 

differences in accuracy. 

In my results the overall, hit rate decreased over time. When listening to stimuli with a 

small frequency difference, and/or with physical interruptions (i.e., Gap condition) hit rate was 

significantly higher than when tones were separated by a large frequency difference or sequences 

were continuously present. The effects of time, frequency difference, and gap (vs continuous) 

condition are consistent with the interpretation that lower accuracy is indicative of a relatively 

greater degree of segregation, and correspond well with the results of Cusack, et al, (2004). 

Therefore, this task appears to be a valid measure of auditory stream segregation. 

The hit rate at 2s was unexpectedly low in the Gap-6ST condition and this result leads to 

the confusing interpretation that segregation decreases first and then increases again. In contrast, 
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the results of Thompson, et al (2011), show accuracy rates that either decreased or did not change 

from the early to late time point, as expected. Additionally, there are no instances of unexpected 

accuracy or increased variability at the 2.5s „early‟ time point that would correspond with my 

unpredicted results at 2s and help explain them. If the unexpectedly low hit rate at 2s in the Gap-

6ST condition did not occur by chance and is not a valid reflection of segregation, then it would 

indicate that there is an extraneous factor reducing the hit rate. This decreased hit rate could be 

due to a general unreadiness to perform the task immediately after the rest period, especially 

because I used more difficult skip targets than Thompson et al. (2011) and that participants may 

need to hear several standard sounds to form a template representation before being able to detect 

a target skip. 

An example of such unreadiness was observed in a preliminary study in which the visual 

cue on the screen for the „detect‟ interval was a whole sentence (“Press spacebar when you hear a 

skip”). The hit rate at 2s was significantly lower than at subsequent times in all conditions. It was 

hypothesized that the instructions were too detailed, distracting listeners from the targets at early 

time points. To remedy this, the text was shortened to just a single word per interval. This 

increased the hit rate at 2s, but it clearly remains rather unstable and comparisons between 2s and 

subsequent time points should be made with caution. 

I observed that participants committed an acceptable rate of false alarms, and they made 

considerably more false alarms in the conditions that tended to be segregated. Most likely this is a 

result of a temporary change in response bias. If participants are robustly segregating the ABA 

sequence and do not detect any targets for an extended period of time, they may lower their 

decision criterion. Alternatively, the perceptual experience associated with perceptual 

reorganization may potentially be confused with the experience associated with skip detection. 
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An additional caution is one that was also mentioned by Thompson, et al (2011): in the 

debriefing portion of the experiment, a few of their participants reported that they would sense 

themselves trying to hold the integrated percept together. Although none of the participants in my 

experiment reported being explicitly aware of this, if there were age-related differences in the 

ability to purposefully maintain integration of the ABA sequence, then this could be a systematic 

difference between the age groups. 

 

SLEP 

The SLEP was used prior to every experimental session in order to make the baseline 

accuracy for all participants equal and in order to control for age-related differences in temporal 

processing.  

Described in unpublished results, Thompson, Carlyon and Cusack (2010) conducted 

streaming measurements with the skip detection task, with skips of 15ms, 20ms, 30ms and 40ms. 

They found that skips of 30ms resulted in the largest accuracy disparity between conditions, 

which is why it was included as a constant skip length in later experiments. Our mean length of 

28.2 ms was closest to this length, which suggests that the SLEP resulted in mean lengths that 

also produced large accuracy disparities and consequently is an effective way of making the 

measure more sensitive to streaming effects. Thompson et al. (2010) described some of their 

participants as having difficulty with their easiest skip (40 ms) and they subsequently used a 

constant skip length of 50 ms to ensure that all participants could detect them. In contrast, by 

individually calibrating the skip length, I was able to accommodate the participants who had poor 

skip detection, while handicapping those who had very sensitive skip detection so that they were 

not able to reliably detect them in the segregated percept. 
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Although I expected older adults to require longer skip lengths to achieve the same rate, 

due to a general age-related decrement in temporal processing, the skip lengths determined by the 

SLEP were not different between groups. Additionally, the older adults had higher hit rates 

overall on the target detection task in the main experiment , and since this was despite having 

equally challenging targets to detect, it suggests that the age differences in performance on the 

main task were due to streaming differences as intended and not static temporal processing 

deficits in the older adults.  

The two-alternative forced choice (2-AFC) procedure I used results in sensitivity that is a 

factor of 1.414 greater than for a single-trial experiment (Macmillan, & Creelman, 2005). Thus, 

without factoring in practice effects, an estimated length which results in 84.1% accuracy in a 2-

AFC procedure should result in an approximate hit rate of 59.5% (84.1% / 1.41) in a single-

interval procedure, assuming a neutral response criterion in the SLEP. 

One potential concern is that despite the expected ceiling hit rate (59.5%), I observed 

average hit rates as high as 79.2%, which is well beyond the assumed ceiling. This could be due 

to several reasons. Firstly there could be practice effects within a session that were not preserved 

between sessions, so that the SLEP measures participant accuracy prematurely. Secondly the 

participants whose SLEP length estimates were below the 20 ms threshold performed the main 

task with relatively easier targets and would thus have greater hit rates. Since the older and 

younger group had an equal number of people with sub-20 ms thresholds, this should not have 

resulted in age differences. Lastly, although hit rates in the main experiment were not directly 

affected by false alarms, the results of 2-AFC procedures are, and it is possible that if a 

participant‟s response criterion is low then the 2-AFC procedure may underestimate sensitivity. 

However, if this is the case, the age effects cannot be explained by a systematic criterion 
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difference since the younger adults made both more false alarms and fewer hits than the older 

adults. 

 As mentioned in the methods, a SLEP resulting in a more conservative ceiling hit rate 

(i.e. > 59.5%) would have been preferable if it would have resulted in a larger hit rate disparity 

between the integrated and segregated percepts. In our experiment, the skip lengths used were 

individually varied, according to participants‟ demonstrated ability to detect them. In contrast, 

Thompson and colleagues (2011) used constant skip lengths of 30 and 50 ms. Using a large 

constant skip length in my experiment may have made the targets easier to detect in the integrated 

percept, raising our ceiling hit rate. However, it may also have made them reliably detectable 

even in the segregated condition. There did not end up being any group differences in sensitivity 

to the skips, but there was a wide range of skip lengths used: from 20ms to 55ms. Although I did 

not also test participants‟ ability to detect the skips with the A tones absent in this experiment, the 

large individual variability in sensitivity indicates that I was justified in individually tailoring the 

hit rates so as to prevent the more sensitive participants from detecting targets in the segregated 

percept. 

 

Future Considerations 

Future studies could implement methodological improvements suggested by the findings 

of this experiment. Firstly, trial duration should be lengthened in a future study so as to fully 

capture the time course of segregation in the Gap condition. Since the hit rates for the targets at 2 

seconds were not reliable, potentially because of task difficulties unrelated to streaming, making 

the skips easier to detect could stabilize results. One simple way to do this is to increase the skip 
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length, by increasing the threshold accuracy estimated by the SLEP, or by either instituting a 

longer constant skip length as in Thompson et al. (2011).  

Additionally, it could be beneficial to measure the expected hit rate in an analogue to the 

segregated percept. This would provide an estimate of the disparity between it and the integrated 

percept and therefore the sensitivity of the skip task to streaming. One way to do this would be to 

measure skip detection with the A tones presented to the contralateral ear, which would be very 

unlikely to result in integrating the two streams. An advantage of having this type of task would 

be that an experiment could require participants to consciously attempt to maintain a segregated 

percept and when varying the challenge, neurophysiological measurements could be made to 

analyze what sorts of neural activity correlates to the „exertion‟ involved in difficult segregation.  

Since larger pitch differences appear to result in faster stream segregation (Anstis, & 

Saida, 1985; Cusack, et al, 2004; Denham, & Winkler, 2006; Pressnitzer, Sayles, Micheyl, & 

Winter, 2008), if I had used somewhat larger semitone separations, streaming may have occurred 

more quickly and the time frame used in this experiment may have been sufficient. However 

using B tones with larger f0s would increase the potential for participants to resolve components. 

Roberts, Glasberg, and Moore (2002) demonstrated streaming with tones that had the same 

harmonic spacing, but with A-tone components added in cosine phase and B-tone components 

added in alternating phase. The alternating phase results in a secondary peak in the temporal 

envelopes of the B tones that produces a pitch an octave above that of the A tones. Thus a phase 

manipulation could be implemented to increase the perceived pitch difference and to make the 

tones even more similar in their spectral characteristic. 

 Although I am confident that neither group was able to resolve the components of the 

tones, a future study could more fully discount frequency selectivity differences as an 



 

56 

 

explanation. One way of doing this would be to screen participants with a pitch-matching test for 

the stimuli used. When the components of a complex, harmonic tone are added in alternating 

phase, if the components are resolved then the pitch corresponds to the fundamental frequency. 

Whereas, when the components are unresolved then the tone elicits a pitch double that predicted 

on the basis of fundamental frequency (Shackleton, & Carlyon, 1994). Before performing the 

experiment, participants could match the perceived pitch of the tones to pure tones and if they are 

matched to tones with double the fundamental frequency then it would confirm that the tones are 

unresolved to the listener. 

 Since one of the reasons this line of research is interesting is its possible significance for 

speech comprehension, a future study could measure participants‟ performance in speech-in-noise 

tasks in addition to their individual time courses of streaming. The length of time taken to 

segregate could be related to their speech-in-noise comprehension. Furthermore, if time course 

analyses were conducted for several different acoustic or task conditions, specific factors may be 

found that predict hearing deficits. 

 This experiment implicates deficient dynamic temporal coding in older adults as a cause 

of decreased segregation for unresolved ABA sequences. Thus measuring FFR response to the 

ABA stimuli would be of interest in order to corroborate whether the older adults had decreased 

representation of frequency information in the brain stem, derived from the amplitude modulation 

of the neural output of the peripheral filters.  

 

Conclusions 

Older adults have difficulty understanding speech in noise, and at least part of their 

deficit is attributable to diminished frequency selectivity, resulting from broader frequency tuning 



 

57 

 

on the basilar membrane. Here, I show that older adults have greater difficulty than younger 

listeners segregating sounds even when this difference in basilar membrane tuning is accounted 

for, by using stimuli that are segregated on the basis of temporally encoded pitch. Older adults are 

also known to show diminished temporal coding, and this may explain their difficulty with 

segregation of these unresolved tones, particularly when the frequency difference is small.  

 The presence of gaps in the ABA sequences generally results in resetting of streaming, 

and this was more apparent in older than in younger adults, suggesting that the build up of 

streaming may take longer in older people.  If older adults‟ decreased segregation in response to 

tone-sequence interruptions generalizes to their analysis of complex, natural auditory 

environments, then it may explain, in part, why they have difficulty hearing speech in noisy 

listening situations. 
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Table 1 Pure-tone audiometric profiles for frequencies from 250 Hz to 4000 Hz, for adults 

aged either 18-25 or 55+, in their right and left ears. 

 Pure Tone Frequency Thresholds (dB Hearing Loss, HL) 

 250 Hz 500 Hz 1000 Hz 2000 Hz 3000 Hz 4000Hz 

Younger - Left 13.85 9.808 8.269 8.077 9.615 8.4615 

Younger - Right 14.62 14.38 9.62 10 10.769 10.19 

Older -Left 15.96 15.77 14.81 15.58 15 18.077 

Older - Right 17.31 15.83 15.4 16.667 14.375 25.83 

 

 

 

 

 

 

Table 2 Calculations for potential resolvability of stimuli, based on an auditory-filter model 

(Patterson, et al., 1988; Glasberg, & Moore, 1990). 

Tone 

Corner 

Harmonic 

('H1', in Hz) 

Fundamental 

Freq. ('F0' in Hz) ERB 
a
 

10dB-down 

Bandwidth ('BW' in 

Hz) 
b
 

Harmonics per 

filter 
c
 

B-8ST 2030.88 126.93 243.91 439.04 3.46 

B-6ST 2036.34 113.13 244.50 440.10 3.89 

A 2000.00 80.00 240.58 433.04 5.41 

a 
ERB = Equivalent rectangular bandwidth = 24.7 * (0.00437 * H1 + 1) 

b
 BW = 10dB-down Bandwidth  = 1.8 * ERB  

c
 Harmonics per filter = BW / F0 
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Table 3 Pairwise Comparisons within the Main Effect of Time 

Contrast Pair 

   

95% CI 

Time 1 (s) Time 2 (s) T1 - T2 SE p 

Lower 

Limit (LL) 

Upper 

Limit(UL) 

2 4 -0.044 0.024 0.075 -0.092 0.005 

 

6 -0.029 0.031 0.368 -0.094 0.036 

 

8 0.073* 0.029 0.018 0.014 0.132 

4 6 0.015 0.027 0.581 -0.04 0.07 

 

8 0.117** 0.027 0.000 0.062 0.172 

6 8 0.102** 0.019 0.000 0.062 0.142 

* p < .05.  ** p < .01. 

 

 

 

 

 

Table 4 Simple Effects of FD within the Interaction Effect of Continuity by FD by Time 

          95% CI 

Time (s) Continuity 6ST - 8ST SE p LL UL 

2 Gap -0.017 0.055 0.754 -.130 .095 

 

Continuous 0.113* 0.04 0.01 .030 .197 

4 Gap 0.056 0.037 0.147 -.021 .133 

 

Continuous 0.012 0.03 0.704 -.050 .073 

6 Gap 0.127** 0.038 0.003 .048 .206 

 

Continuous 0.031 0.039 0.443 -.051 .112 

8 Gap 0.108** 0.038 0.009 .030 .185 

 

Continuous 0.05 0.035 0.166 -.022 .122 

* p < .05.  ** p < .01. 
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Table 5 Simple Effects of Continuity within the Interaction Effect of Continuity by FD by 

Age 

     

95% CI 

Age 

Group FD Gap-Continuous SE p LL UL 

Younger 6ST 0.192** 0.046 0.000 0.97 .287 

 

8ST 0.112* 0.044 0.017 .022 .202 

Older 6ST 0.088 0.046 0.067 -.007 .183 

 

8ST 0.136** 0.044 0.005 .046 .226 

* p < .05.  ** p < .01. 
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Appendix A: Demographic Questionnaire 

Subject #: _______________ 

 

Important: You are free to leave any question blank. 

 

1) Date of Birth:      

 

2) Are you (circle one): Male  Female 

 

3) What level did you attain in school:  

□ Less than Grade 12.    □ Bachelor‟s degree 

□ High-school diploma.    □ Some postgraduate education. 

□ College diploma (2 year).   □ Postgraduate degree. 

□ Other (please specify):            

             

 

4) Occupation:             

 

5) Do you use a hearing aid? ______________________________________________________________ 

 

6) Do you hear a ringing in your ears? _______________________________________________________ 

 

7) Do you feel that any difficulty with your hearing limits your personal or social life? ________________ 

______________________________________________________________________________________ 

 

8) Have you ever been diagnosed with an attentional deficit? (e.g. ADHD, SID)______________________ 

 

9) What is your first language:           

 

10) Music: Rate how you much you agree with these statements from 1 (not at all) to 5 (completely agree) 

 
a) When I sing, I can tell when I‟m out of tune    _______ 

 

b) If I heard two notes played on a piano, I could easily tell which one had  

higher pitch.        _______ 

 

c) When music is being played in my environment (e.g. on the radio, in a store, 

on TV), I can recognize familiar songs by the first 2 or 3 notes  _______ 

 

d) When listening to dance music, I can easily hear and follow the beat _______ 

 

e) I practice playing a musical instrument frequently   _______ 

 

f) I can play an instrument well enough to perform     _______ 

 

g) I have experience playing an instrument in a group, such as a band   _______ 
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Appendix B 

Debriefing Questionnaire 

Debriefing Questionnaire                                           Participant number:____________ 

 

1. Did you find the task difficult? 

 

 

 

2. Did you find that it was the same difficulty throughout or that it got easier or harder? 

 

 

 

 

a. Why did it get easier or harder? 

 

 

 

 

3. Did you find you got tired or lost focus as the study progressed? 

 

 

 

 

4. How did you feel that that your attention to the ABA sounds changed what they sounded like? 

 

 

 

5. Do you feel the distracter noises took all of your focus away from the tone sequence? 

 

 

 

 

a. If not what type of task might accomplish this? 

 

 

 

 

 

6. Do you have any other questions or comments? 
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Appendix C 

Written Debriefing Form 

Effects of Normal Aging, Selective Attention and Time Course on Auditory Stream 

Segregation  
 

Our sense of hearing seems very simple and intuitive, but it is fundamentally dependent on our 

ability to perceptually separate similar sounds from each other in a variety of situations such as 

conversing in a crowded room, or listening to a symphony orchestra. The complex structure of 

our ear and auditory areas in the brain allow us to perceive input in these situations as being from 

two (or more) independent sources via acoustic cues such as frequency, intensity and timing. The 

purpose of this study is to explore the effects of aging and attention on how our brains turn 

complex sounds into separately perceived streams of sound, so that we can make sense of the 

auditory world around us. 

 

During the study you will have performed several different types of trials that had different 

demands on your attention, such as performing a separate task during the trial, or hearing 

distracting noises. Also, we are studying two groups of participants, younger (18-25) and older 

(55+). This is because, as people age, they naturally experience changes in their hearing that do 

not necessarily reduce their sensitivity to quiet noises, but instead may change their perceptual 

experience of a complicated auditory environment as described above. So, by varying attention 

demands and by having two age groups, we will be able to explore how attention helps or hinders 

our ability to separate these different sources of sound.  

 

In this study the A-B-A- pattern of noises was a simplified version of a complex auditory 

environment: one could consider the „B‟ tone to be a single voice which we may or may not be 

trying to segregate from crowded room of „A‟ tones. People generally perceive this pattern as 

either being from a single source which sounds like a galloping horse or as being from two 

sources which sound like regular Morse code beeping. The tasks involved in this study measured 

which you perceived the pattern during the different attention conditions. 

 

A large proportion of older adults have trouble understanding speech in crowded environments 

and such people are at risk of social isolation and attendant emotional problems. We hope that 

this area of research will be able to increase understanding of the factors that can facilitate speech 

comprehension and help by optimizing them and promoting their use, helping Canadians lead full 

and rich lives as they age.  

 

If you are interested in learning more about the science of auditory streaming or speech 

perception, the following resources are available at the library: 

 Carlyon, R. P. (2004). How the brain separates sounds. Trends in Cognitive Sciences, 8, 

465-471. 

 Davis, M. H. and I. S. Johnsrude (2003). Hierarchical processing in spoken language 

comprehension. Journal of Neuroscience 23(8): 3423-3431. 
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If you have any complaints, concerns, or questions about this research, or if you would like to 

hear about the results of our research, please feel free to contact:  

 Graham Raynor, (613) 888-9836, graham.raynor@queensu.ca 

 Project supervisor, Dr. Ingrid Johnsrude, 613-533-6009, ingrid.johnsrude@queensu.ca 

 Chair of the General Research Ethics Board, 613-533-6081, chair.GREB@queensu.ca 

 

If you are concerned about the results from your audiogram or cognitive assessment, please 

contact your family physician who can then provide you with appropriate resources. 

 

This study was granted clearance by the General Research Ethics Board for compliance with the 

TCPS: Ethical Conduct of Research Involving Humans, and Queen's policies.” 
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