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Abstract 

Meaningful semantic context has been shown to improve comprehension of spoken 

sentences by young and old adults, especially in difficult listening conditions. Whether older 

adults benefit differently than younger adults is a topic of some controversy. I asked young (14 

participants, 18-25) and older adults (20 participants, 60-75) to report entire sentences which 

contained either a coherent or anomalous global semantic context (e.g. coherent: “Her new skirt 

was made of denim”, anomalous: “Her good slope was done in carrot”). Sentences were mixed 

with signal-correlated noise, at 10 signal-to-noise ratios (-6 to +2 dB and clear speech). 

Percentage scores were converted to rationalized arcsine units and subjected to a repeated-

measures ANOVA; slopes from psychometric functions fitted to the transformed data were also 

analyzed. Cognitive and hearing threshold differences were considered as factors influencing 

results. Finally, individual variability in the use of context was explored. Comprehension by both 

groups benefited from meaningful context, without a clear difference in the overall amount of 

benefit obtained. Cognitive factors did not appear to influence the results, although differences in 

hearing thresholds likely contributed to the consistent performance decrement for older adults. 

Individuals varied greatly in their use of context, a possible explanation for inconsistent results in 

studies comparing context use by young and older people.  

fMRI was then used to look at neural activity associated with deriving benefit from 

meaningful context. Whole-brain EPI data were acquired from young (16 participants, 19-26) 

adults using a sparse imaging design. Participants heard coherent and anomalous sentences in the 

scanner, and were asked to report what they heard on half of the trials. Individual’s word-report 

data obtained in the scanner were used to model intelligibility in the analysis and results were 

compared to an analysis conducted using intelligibility estimates based on group data from 

another study. In addition to bilateral temporal activity associated with increasing intelligibility, I 
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observe a large left inferior-frontal region in which BOLD signal correlated more strongly with 

highly intelligible anomalous compared to highly intelligible coherent prose, presumably 

reflecting challenged semantic integration and supporting Hagoort’s (2005) model of semantic 

unification.  
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of this chapter are being prepared for submission to a scholarly journal in which this format is 

suggested. Chapter 2 will utilize the more typical separation of the results and discussion sections. 
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Chapter 1 

General Introduction 

Understanding speech, even in noisy environments, is often so effortless it is easy to 

forget the complex computations that must be made to process the acoustic signal. We must 

separate the speech signal from the background, process the components of words and their 

associated meanings, and draw from these meanings a coherent sentence. Various environmental 

conditions, such as greater levels of background noise, can make this process more difficult. With 

increased noise it becomes harder and at times impossible for the auditory system to separate the 

speech signals from the noise in the acoustic stimulus based on bottom-up information alone.  

In noisy situations, top-down processes may help disambiguate the signals. One such top-

down process involves utilizing contextual information that, taken along with the available 

acoustic information, can provide likely solutions to missing portions of words, whole words or 

portions of sentences, based on the assumption that the speech we encounter will be coherent 

(meaningful).  For instance, in the sentence, “The dog was ______ at the cat”, top-down 

contextual information could be used to substitute a likely missing word such as “barking”. A 

listener’s ability to successfully identify a word is increased by utilizing available acoustic 

information to constrain the list of probable words provided by contextual information. In a 

classic series of studies, Warren (1970a, b) demonstrated the importance of contextual influences 

on auditory perception. Listeners heard sentences in which the first consonant of one word was 

obscured by a cough. For example, “-eel” was all the acoustic information present in one case.  

Then, depending on the context of the sentence, listeners reported hearing the word “heel” or 

“meal” and generally did not realize the fact that they had filled in the missing consonant or even 

the presence of the cough. Thus, we have evidence that context is a powerful tool for deducing 

the odd word we miss in our day-to-day conversations. This contextual effect can be enhanced 
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beyond the basic assumption of meaningfulness; contextual influences are guided by the identity 

of the interlocutor, their age and idiolect, the topic under discussion, our understanding of the 

world and of the English language. All of these factors can assist in constraining the potential 

solutions to help us arrive at an appropriate conclusion about speech we have not heard clearly. 

1.1 Basic Auditory Processing 

Before considering the perception of speech (a complex acoustical waveform) and the 

influence of context on that process, let us begin by reviewing basic auditory processing, such as 

what might occur when listening to a simple pure-tone stimulus. Inside the cochlea, tonotopically 

arranged inner hair cells along the basilar membrane transduce mechanical vibration energy into 

electrical signals that are carried by the auditory nerve (which later joins with the vestibular nerve 

to form the vestibulocochlear nerve) to the brainstem cochlear nuclei. Note that the tonotopic 

organization is maintained through to the auditory cortex. From the cochlear nuclei, auditory 

information travels through a number of brain stem centers (superior olive, lateral lemniscus, 

inferior colliculus) to the medial geniculate nucleus (a portion of the thalamus) which acts as a 

relay center to pass the information to the primary auditory cortex. Primary auditory cortex is 

located in the temporal lobe and is found on the transverse temporal gyrus (of Heschl), which is 

tucked within the Sylvian fissure (on the top surface of the superior temporal gyrus). Surrounding 

primary auditory cortex, in the superior temporal gyrus and parietal operculum, auditory 

association areas are found. Key information that allows for the perception of the pure tone 

mentioned earlier is coded right from the hair cells. The place of the hair cell (tonotopic 

arrangement) and temporal patterns of firing provide information that contributes to perception of 

sound qualities such as pitch, timbre and loudness through processes carried out in the brainstem 

structures and primary auditory cortex (Plack, ch. 4, 2005).  
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 Speech, unlike a simple pure tone, is a complex waveform comprising numerous 

constantly changing frequencies. Speech production is also quite variable. Production depends on 

the context of the utterance as phonemes change due to co-articulation, as well as the individual 

producing the speech. Despite this fact, speech is quite understandable at a rate of 6 words per 

second or about 27 phonemes per second (Orr et al., 1965; Liberman et al., 1967). Luckily, the 

complexity in the speech signal also creates redundancy. This is exemplified in the intelligibility 

of various forms of speech, artificially created by removing or blurring portions of the speech 

signal. For instance, high or low-pass filtered speech is readily intelligible (above/below 

approximately 1500Hz, reviewed in Warren et al., 1995). Sine-wave speech, created by adding 

together three pure tones with frequencies corresponding to the first three formants of the original 

speech stimulus, is also fairly intelligible with practice (Remez et al., 1981). Preserving temporal 

information allows for the perception of intelligible speech despite massive reductions or 

elimination of spectral information (Shannon et al., 1995). Shannon et al. (1995) created what is 

now commonly known as ‘noise-vocoded’ speech, made by dividing the signal into frequency 

bands and applying the amplitude envelope in each frequency range to band-passed noise. This 

process produces a complete loss of spectral detail while maintaining temporal structure. Despite 

the loss of spectral detail, noise-vocoded speech remains intelligible and its intelligibility can vary 

depending on the number of frequency bands used in its creation and the amount of training 

individuals have with it (Davis et al., 2005a). However, the reverse is true as well. If spectral cues 

remain intact, temporal information can also be degraded and speech will remain intelligible 

(Drullman et al., 1994). Degraded speech information can also be combined with other speech 

cues to become intelligible. In a study conducted by Warren et al. (1995) narrowly filtered speech 

utterances with center frequencies of 370 or 6000Hz were on their own nearly completely 

unintelligible, but when presented together, intelligibility of the signal more than doubled. While 
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it is clear that spectral and temporal cues are key for the perception of speech and that these cues 

originate from auditory processes carried out between the cochlea and auditory cortex, it is not 

yet clear when and where this information is combined with top-down contextual information to 

identify speech (Plack, p.239, 2005). My study is aimed at providing more information about how 

this process occurs. 

1.2 Neuroimaging as a method to study brain function 

Many functional neuroimaging methods have been developed to study the brain at work. 

Functional neuroimaging studies aim to localize specific mental processes to different brain 

regions or networks and examine how these regions may interact. Prior to the development of 

these tools, much of what we knew about the human brain function was from studies of patients 

with lesions or injuries (Horwitz et al., 1999) or was ascertained from experimental studies of 

animal neurophysiology (e.g. Review by Rauschecker and Tian, 2000). Animal studies provided 

(and continue to provide) the building blocks for theories of how processes work in the human 

brain; however, some cognitive processes have no direct animal comparison and even basic 

processes may differ, thus human testing was and remains essential. Studies of patients provided 

important clues to human brain function, but they could not provide detailed information about 

how networks of brain regions work together to achieve perception and behaviour. Carefully 

conducted studies on healthy individuals were needed; to address these questions, functional 

neuroimaging methods were developed. These methods include: positron emission tomography 

(PET), which uses radioactive tracers to measure blood flow or glucose metabolism to map brain 

activity; transcranial magnetic stimulation (TMS) which can be used to temporarily interrupt the 

activity in a brain area, mimicking a lesion; electroencephalography (EEG) and magneto-

encephalography (MEG), which can measure rapid changes in brain activity due to electrical 
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potentials or magnetic field flux caused by electrical activity in neurons; and functional magnetic 

resonance imaging (fMRI), which uses magnetic fields to study changes in blood oxygenation 

over time as a measure of neural activity (as reviewed in Huettel et al., 2004).  

Each method has its own merits and limitations. PET imaging was one of the first 

functional neuroimaging methods to be used in research as it provides fairly direct and 

interpretable data on brain metabolism. However, its use for research has decreased as it is reliant 

on radioactive tracers (which are expensive to produce and administer and carry a potential risk to 

volunteers) and the method suffers from poor temporal resolution. TMS is a noninvasive method 

for stimulating the brain, although it can be difficult to focus it precisely on a target area. Thus 

far, it has proved most useful when utilized in conjunction with other imaging methods, as a way 

to determine if areas identified as being functional during tasks are essential for that task. EEG 

and MEG both have excellent temporal resolution. However, EEG in particular, though MEG as 

well, suffers from the inverse problem (mathematical impossibility of determining the sources of 

electrical signals within an object based on measurements at the surface of the object) and thus 

only a few neural sources can be specifically determined in any one study. In addition, EEG and 

MEG are sensitive to the depth at which signals are being generated; for example, superficial 

cortical signals experience less resistance before they are received than subcortical regions (such 

as the thalamus). fMRI is a method with a good spatial and temporal resolution that remains 

similar throughout the brain. Because of this, it can be used to study a diverse range of topics 

from sensory processing to speech and language perception. It is non-invasive and poses no risk 

to participants. However, fMRI typically relies on the indirect blood-oxygenation-level dependent 

(BOLD) signal as a measure of neural activity. Although the link between BOLD activity patterns 

and basic tasks (such as robust BOLD signal in primary motor cortex during a finger tapping 

task) have been strong, providing support for BOLD as measure of neural activity, the method 
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will always benefit from corroborating studies measuring neural activity more directly. Overall, 

fMRI is often the tool of choice for researchers studying brain activity because it is non-invasive, 

poses no risk to participants, provides a good balance between spatial and temporal resolution, 

and can be used to probe questions of both localization and connectivity (as reviewed in Horwitz 

et al., 1999; and Huettel et al., 2004). 

1.3 Speech and language processing in the brain 

Neuroimaging has allowed researchers to probe which areas of the brain respond to 

different classes of auditory stimuli and to start to address the question of where and how 

complex auditory stimuli are perceived. Early evidence demonstrated that complex stimuli, such 

as speech, activate the superior temporal gyrus and sulcus (Binder et al., 1996, Scott et al., 2000). 

Obleser et al. (2007b) demonstrated that passive listening to stop consonants and matched non-

speech sounds activates the left planum temporale, and concluded that this region must be 

involved in acoustic analysis of sounds including (but not restricted to) speech sounds. They also 

observed that the anterolateral superior temporal gyrus and sulcus were activated exclusively for 

speech sounds. But activation to speech is not limited to a restricted area of temporal cortex. 

Binder et al. (1997) compared a semantic decision task based on the presentation of single nouns 

to a tone decision task and found that not only was left superior temporal sulcus involved, but so 

was left middle temporal gyrus, inferior temporal gyrus, fusiform and parphippocampal gyri, 

most of the left inferior frontal gyrus, left angular gyrus and precuneus. In fact, many studies 

focusing on specific language processes find roles for brain regions both within and outside of 

traditional temporal lobe structures. In a more recent study, Davis and Johnsrude (2003) 

compared three acoustically different types of degraded speech (sentences) presented at three 

different intelligibility levels and found that bilateral anterior middle temporal gyrus and left 
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posterior superior temporal sulcus, inferior frontal gyrus, hippocampus and precuneus correlated 

with intelligibility of the speech, regardless of its acoustic form. Note also from these studies that 

speech sounds activate both left and right hemispheres, but that the left hemisphere normally 

demonstrates more prominent activation. 

Results such as these have been used in the development of current theories of speech 

perception and recognition.  These theories possess some commonalities and a few discrepancies. 

Scott and Johnsrude (2003) outline an anterior stream of processing responsible for acoustic-

phonetic mappings onto lexical representations, that extends from primary auditory association 

regions into the anterior superior temporal sulcus and then onto ventrolateral and dorsolateral 

frontal cortex. They also highlight a posterior stream of processing that may play a role in 

processing articulatory-gestural representations of speech, extending from posterior primary 

auditory association regions into posterior superior temporal sulcus, parietal cortex and then onto 

ventrolateral and dorsolateral frontal cortex. In contrast, Hickok and Poeppel (2007) outline 

another dual stream account. In their model, bilateral dorsal superior temporal gyrus is important 

for the spectrotemporal analysis of speech, and phonological processing relies on the middle and 

posterior superior temporal sulcus bilaterally, but with slight left hemisphere lateralization. After 

this level of processing, the two streams split. One pathway is a left hemisphere dominant dorsal 

stream of processing that includes the parieto-temporal boundary and the posterior inferior frontal 

gyrus, premotor cortex and anterior insula that is primarily responsible for mapping sensory-

phonological representations onto articulatory motor representations of speech.  The other 

pathway is a slightly left dominant ventral stream of processing that includes the posterior middle 

temporal gyrus and posterior inferior temporal sulcus, the anterior middle temporal gyrus and 

anterior inferior temporal sulcus that maps sensory-phonological representations onto lexical 

conceptual representations of speech and interconnects with posterior inferior frontal gyrus.  



 

 8 

The major discrepancy between the two models involves the anterior/ventral stream of 

processing responsible for mapping sounds to lexical representations. Here Hickok and Poeppel 

(2007) emphasize a primarily posterior pathway of activity that then travels anteriorly but does 

not involve the anterior superior temporal sulcus, whereas Scott and Johnsrude (2003) emphasize 

a primarily anterior pathway of activation in which anterior superior temporal sulcus is a key 

region in this pathway. Recently, Spitsyna et al. (2006) completed a PET study focusing on 

written and auditory speech perception within the temporal lobe and found evidence for both a 

posterior and anterior pathway for speech perception along the superior temporal sulcus. Thus it 

is possible that there are multiple pathways for speech perception that may process similar aspects 

of the speech signal just as there are multiple redundancies in the information contained in the 

speech signal. 

1.4 Imaging Studies Investigating the Neural Correlates of Semantic Processing and 

Contextual Influences on Intelligibility 

As well as being focused on developing theories of speech perception, neuroimaging 

researchers have taken a particular interest in furthering our understanding of the semantic 

processing of speech, i.e. how the brain processes meaningful speech. Humphries et al. (2006) 

investigated the influence of both syntactic structure and semantic context by comparing six types 

of speech stimuli (normal sentences, incongruent sentences, pseudoword sentences, and versions 

of these three sentences in which word order was randomized to remove syntactic structure). 

They focused their analysis on the temporal and parietal lobes to gain analytic power based on a 

priori hypotheses. Activation associated with intact syntactic structure was observed in the left 

anterior superior temporal sulcus and left angular gyrus. Activation associated with semantic 

effects was seen bilaterally in temporal lobe areas and angular gyrus. In particular the authors 

emphasize a division of the anterior temporal lobe in which the anterior superior temporal sulcus 
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may be responsible for grammatical parsing while more posterior parts of the anterior temporal 

lobe including portions of the middle temporal gyrus and slightly more posterior superior 

temporal sulcus, may play a role in semantic processing. Also, the angular gyrus was found to be 

mainly involved in sentence-level semantic processing; it integrates syntactic and semantic 

information to compute overall sentence meaning. They also found evidence that the middle 

superior temporal sulcus and middle temporal gyrus regions might be involved in mapping 

auditory word form to lexical semantic representations and that more inferior temporal lobe 

regions (sulcal and gyral) may process more complex semantic concepts arising from the 

combination of individual word meanings.  

Humphries et al.’s (2006) study did not focus on the frontal lobe (although their initial 

contrast between speech conditions and rest did demonstrate bilateral inferior frontal gyrus 

activity), but there is strong evidence that it plays a crucial role in speech processing. Broca first 

attributed an expressive role for planning and executing speech to a region of the left frontal lobe 

(since named “Broca’s area”) based on information he gathered from aphasic patients with brain 

lesions (as reviewed in Binder et al., 1997). Broca’s area is composed of portions of the left 

inferior frontal gyrus (pars opercularis – Brodmann Area (BA) 44 and posterior pars triangularis – 

BA 45). Although Broca may have been the first to note an important role for speech processing 

within the frontal lobe, more recent studies have revealed that his notions about the expressive 

role were at least partly incorrect. Bookheimer (2002) reviews Ojemann’s cortical mapping study 

of the frontal lobe in which evidence revealed semantic and phonetic roles for Broca’s area. It is 

interesting to note that, cytoarchitectonically, pars opercularis and pars triangularis have clear 

cellular differences (Amunts et al., 1999). In a recent article, Hagoort (2005) suggests that BAs 

47(inferior prefrontal gyrus/pars orbitalis), 45, 44, and ventral 6 (supplementary motor area) are 

all likely part of the left frontal language network; he attributes areas 47 and 45 to semantic 
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processing, areas 45 and 44 to syntactic processing and areas 44 and 6 to phonological processing 

(see Figure 1). While debate remains on the precise role of the inferior frontal gyrus in speech 

processing, all researchers agree that it is an important cortical contributor to speech perception 

and processing. 

Figure 1 Parcellation of the left frontal language network, including Broca’s Area. Shown in blue 
is BA 47, also known as the left inferior frontal gyrus pars orbitalis; in purple, BA 45, left inferior 
frontal gyrus pars triangularis (part of Broca’s area); in green, BA 44, left inferior frontal gyrus 
pars opercularis (part of Broca’s area); and in yellow, BA 6, the ventral portion of supplementary 
motor area. This figure was adapted from Hagoort, 2005.  

 

Along these lines, neuroimaging researchers have also begun to directly investigate the 

neural correlates of intelligibility driven by meaningful semantic context. Obleser et al. (2007a) 

were the first to complete an imaging study probing this topic using auditory stimuli. In their 

study, noise-vocoded ‘speech perception in noise’ (SPIN; Kalikow et al., 1977) sentences were 

presented. SPIN sentences either have a final word that is predictable or unpredictable based on 

the context of the utterance (a full description of the SPIN stimuli will follow in section 1.5).  The 

noise-vocoded manipulation of Obleser et al.’s (2007a) study resulted in highly intelligible 
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predictable sentences and ~50% correct performance on unpredictable sentences. Activation 

correlated with increasing intelligibility (regardless of predictability) bilaterally in the temporal 

lobes (peak in anterior superior temporal sulcus) with extension into the left inferior frontal gyrus. 

Left medial parietal cortex (precuneus) and left posterior inferior parietal cortex demonstrated 

decreased activation with increasing signal quality (and thus intelligibility). With respect to the 

influence of predictability on intelligibility, differential activation was noted in left posterior 

temporal cortex, inferior parietal cortex, left temporal pole, ventral inferior frontal cortex, medial 

prefrontal cortex and posterior cingulate cortex. Obleser et al. (2007a) did not see differential 

activation of the left inferior frontal gyrus by high and low predictability sentences, which they 

note may be related to the study’s design and sentence set. Interestingly, in another study, Xu et 

al. (2005) used written text and examined the influence of contextual information by comparing 

activation differences for reading words, sentences or short narratives. In this study, they found 

robust increases in activity in the inferior frontal gyrus for sentences, which have rich contextual 

information, over words, which do not. 

1.5 Behavioural Studies Investigating the Influence of Context 

Context arising from meaningfulness has provoked research interest for over fifty years. 

In 1951, Miller and colleagues began studying the intelligibility of speech based on the semantic 

context of the test materials. They found that the more alternative explanations for a given 

utterance there were, the less noise a person could tolerate when identifying the correct word. In 

particular, words in coherent sentences were much easier to identify than words in isolation. 

Hence, participants were able to use contextual information to disambiguate words that, under 

noisy conditions and when presented in isolation (without context), were unidentifiable. Miller 

and Isard (1963) went on to demonstrate that young adults were better able to report words from 
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coherent sentences than from sentences that followed grammatical rules (syntactically correct) 

but that failed to convey a coherent idea (lacked coherent semantics), when both were presented 

in noise. For example: “A jeweler appraised the glittering diamond earrings” (coherent); “A 

jeweler exposed the annual fire-breathing document” (syntactically correct, semantically 

anomalous).  Furthermore, both of these types of sentences were easier to report than sentences 

that lacked both a coherent sentence-level meaning and were syntactically incorrect.  

Miller and his colleagues (1951, 1963, and 1964) investigated how different types of 

contextual information, distributed throughout an utterance, affected intelligibility of speech. The 

context in the sentences Miller and his colleagues used can be considered to be ‘broad’, in that the 

idea is gradually built up over the course of the utterance, and they measured the report of all key 

words from the sentences. The stimuli did not address different kinds of context and their 

contributions; rather, the stimuli incorporated multiple sources of contextual information.  

In contrast to this, the popular Speech Perception in Noise (SPIN) test, developed by 

Kalikow et al. (1977), focuses on a specific level of context: the predictability of the final word of 

an utterance. In these sentences, the final word is of either low or high predictability. For 

example, “The witness took a solemn oath” (high predictability) compared to, “John thought 

about the oath” (low predictability). Participants are scored on their ability to correctly report the 

final word. Thus, the sentence can be considered to be ‘high context’ (final word highly 

predictable) or ‘low context’ (final word not predictable) and the effect of context is measured as 

improvement in the report of final words of the high compared to low context sentences. Kalikow 

et al. (1977) tested young adults at four signal-to-noise ratios (-5, 0, +5, +10 dB) and found 

evidence for the benefit of context. Specifically, young adults were better able to report final 

words in high predictability sentences than in sentences of low predictability across all signal-to-

noise ratios tested. They also found a maximal benefit of context at 0dB signal-to-noise ratio, at 
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which point young adults were correctly reporting final words from highly predictable sentences 

approximately 40% more often than from low predictability sentences. Thus, studies investigating 

the influence of broad-based naturalistic contextual information on sentence report and sentence 

predictability on word-final report all provide evidence of the benefit of context.  

In developing the SPIN test, Kalikow et al. (1977) sought high levels of stimulus control 

as it was designed as a potential clinical test of hearing impaired listeners. This degree of stimulus 

control requires that the stimuli of the SPIN test be quite formulaic: all sentences are five to eight 

words long and end in a high frequency monosyllabic noun. Furthermore, proper nouns (e.g. 

John, Miss Brown) and certain verbs (such as discuss, consider, thought) are found more often in 

low predictability than high predictability sentences, typically within the first two to three words. 

The coherent sentences used by Miller and Isard (1963) are more naturalistic, as no routinely used 

verb or noun potentially alerts the participants as to the type of utterance they are hearing from 

early on. 

Boothroyd and Nittrouer (1988) introduced a different approach to assessing the 

influence of context. They calculate a factor called “k”, which can be interpreted as an index of 

the increase in independent channels of information that context provides. This constant is 

calculated from the formula k = log(1-pc)/log(1-pi), which is based on the logarithm of error 

probabilities calculated by subtracting probability of recognizing speech units with and without 

context (pc and pi, respectively) (see Boothroyd and Nittrouer, 1988 for the k equation derivation). 

It is important to note that while pc and pi are in fact average proportions of words correctly 

reported by the participants in a given condition, they can be thought of as probabilities in the 

sense that they provide a likelihood estimation of what another participant’s performance would 

be in the same condition given the same stimuli. The k factor is thought to be reflective of the 

contextual influence of the stimuli. K scores are calculated from a ratio of the logarithms of error 
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probabilities for words reported in different classes of sentences: “zero predictability” sentences 

consist of random sequences of words in which both grammar and meaningfulness are violated 

(e.g. “girls white car blank”), “low predictability” sentences1 have correct syntax but lack 

coherent meaning (e.g. “ducks eat old tape”), and “high predictability” sentences1 are 

syntactically and semantically appropriate (e.g. “most birds can fly”). K scores can measure 

contextual influences on a number of levels. Ks scores reflect the contribution of syntax 

(grammar) effects alone to the recognition of words, calculated based on low predictability and 

zero predictability sentences. Km scores reflect the contribution of semantics (meaningfulness) 

alone, calculated based on high predictability and low predictability sentences. Finally, ks+m 

scores reflect the combined effects of syntactic and semantic contributions, calculated based on 

high predictability and zero predictability sentences. In their study, Boothroyd and Nittrouer 

(1988) proposed that values of k should be independent of the amount of degradation in the 

stimulus presented; however, they did not examine whether k can be utilized as an individual 

measure of context use. 

Boothroyd and Nittrouer (1988) presented sentences at a number of signal-to-noise ratios, 

thus creating a situation in which their proposal that k (as a property of the stimuli) is stable 

across a wide range of degradations could be tested. They utilized noise that matched the speech 

spectrum over seconds. While they note that k scores appear to be constant across degradation 

levels, they provide no formal analysis to support this claim. Collapsing across signal-to noise 

ratios, they report the mean k values for the different types of k: ks = 1.4, km = 2.0 and ks+m = 2.7. 

These values can be interpreted as a 40, 100 or 170% increase in the statistically independent 

 
1 Boothroyd and Nittrouer (1988) refer to their sentences as high and low predictability sentences; however 
these sentences are not like the SPIN sentences (Kalikow et al., 1977), and are in fact, closer to Miller and 
Isard’s (1963) sentences. I would classify these sentences as coherent and anomalous sentences to avoid 
confusion.  
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information channels available due to context as a means to report words in sentences. Their 

value of km in particular supports previous studies (Miller and Isard, 1963; Kalikow et al., 1977) 

that document a benefit of coherent semantic context for speech perception. 

1.6 Speech Perception in Noise by Older Adults 

Researchers have investigated speech perception by presenting speech stimuli in noise, as 

noise is omnipresent in our day to day lives and thus challenges the perception system in a way 

that reflects the real world.  Already, I have presented numerous studies in which researchers 

have elected to utilize noise as a method to vary the intelligibility of their stimuli (e.g. Davis and 

Johnsrude, 2003; Kalikow et al., 1977; Miller and Isard, 1963; Obleser et al., 2007a). The 

majority of these studies have focused on young adults; however older adults often claim to have 

particular difficulty understanding speech in noisy environments. Plomp and Mimpen (1979) 

studied the perception of sentences presented in quiet or with noise (at a number of different 

levels) and considered how speech reception thresholds (correctly identifying 50% of words in 

the sentence) were affected by background noise. Their participants included 140 males grouped 

by decade (20 per, from 20-89) and 72 females (20 per, from 60-89, 12 90-96). The noise utilized 

by Plomp and Mimpen was speech-spectrum noise (based on the average speech spectrum of 

their sentence stimuli). They found that after age 50, the ability to report words in noise declines. 

Speech reception thresholds reflecting the influence of noise alone (after attenuation influences 

due to the subject’s own audiometric hearing loss has been considered) may be increased by up to 

10dB for the oldest participants. As each decibel in signal-to-noise ratio can improve speech 

intelligibility scores by up to 20% (reviewed in Plomp and Mimpen, 1979), this loss is clearly 

detrimental to everyday speech comprehension. In addition to this, two subjects with the same 

hearing loss in quiet (as measured by their speech reception threshold) may differ widely in how 
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affected they are by noise. Their study thus supports the idea that older adults have a more 

difficult time understanding speech in noise and that this difficulty varies from individual to 

individual, in a way this is somewhat independent of peripheral hearing status. Cognitive factors 

and their interaction with age-related hearing decline may explain much of the variability in 

speech-in-noise performance. 

 Dubno et al. (1984) utilized the SPIN stimuli to investigate the influence of noise on 

speech perception by older listeners. They found that older listeners with normal hearing required 

greater signal to noise ratios to reach 50% correct recognition rates and that subjects with mild 

hearing loss who had excellent speech reception in quiet performed worse than normally hearing 

individuals. Correlations between pure tone thresholds and the signal-to-noise ratios required for 

50% accuracy were low and were poorer for older adults, indicating pure-tone hearing loss is not 

directly predictive of speech performance in noise, consistent with Plomp and Mimpen (1979). 

Although Plomp and Mimpen’s 1979 study used different background noise and required subjects 

to report all of the words in sentences, the main finding remains similar: noise is more detrimental 

for speech perception by older, compared to younger, adults. Given that noise is unavoidable in 

the real world, it is important to study how older adults are affected by noise and what factors 

may reduce the difficulties older adults have in perceiving speech in noisy environments. In fact, 

contextual information might be one tool older adults could use to overcome some of the 

difficulties of listening to speech in noisy situations. 

1.7 Behavioural Studies on the Influence of Context for Speech Perception by Older 

Listeners 

With results supporting the benefit of context for young adults, researchers began to 

question how other groups would make use of context; in particular, researchers questioned 
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whether or not older adults would make the same, or better, use of context compared to young 

adults. One school of thought as to how much older adults might use contextual information 

revolved around the idea that older adults are known to score better on vocabulary tests than 

young adults (as reviewed in Verhaeghen, 2003). If older adults score better on vocabulary tests 

than young adults, this richer vocabulary may make them better able to build and utilize 

contextual information, as context depends on a listener understanding the words of the sentence 

to begin with. They may also be more versatile in their ability to use context, as they are likely to 

be aware of more definitions of words which have multiple meanings.  

On the other hand, older adults are more likely to experience difficulties with peripheral 

hearing (Moscicki et al., 1985) and cognitive processes (Burke and MacKay, 1997) which may 

reduce their ability to use contextual information as effectively as younger adults. Peripheral 

hearing impairment would result in less bottom-up information being available to provide context 

(i.e. fewer words successfully identified from acoustic information alone). Reduced contextual 

information would reduce the success of listeners in guessing the identity of missing words. 

Altered cognitive processes may also influence the use of context in older adults. In particular, 

the use of context relies on being able to recall words in the proper order, allowing the correct 

context to build. If attentional and memory processes are weakening in older adults (Verhaeghen 

and Cerella, 2002; and Burke and MacKay, 1997, respectively), the extent of this degradation 

may decrease the benefit older adults obtain from context.  

In fact, the results from studies investigating the use of context by older adults have been 

mixed. Kalikow et al. (1977) found that although word-final report scores on the SPIN test were 

lower for older adults compared to young adults, this drop in performance was similar in both low 

and high predictability conditions and that the benefit older adults obtained from context was the 

same as young adults. More recently, Dubno et al. (2000) completed a study in which they 
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controlled for individual differences in speech audibility when presenting the SPIN stimuli and 

found that word-recognition thresholds and slopes of psychometric functions fitted to high and 

low predictability sentences were equivalent for young and older adults. However, also using the 

SPIN stimuli, Pichora-Fuller et al. (1995) demonstrated that older adults’ maximum benefit from 

context was larger than young adults and that young adults reached the maximum benefit from 

context at lower signal-to-noise ratios than older adults. Sheldon et al. (2008) and Cohen and 

Faulkner (1983) also show some evidence to support a greater use of context by older adults; 

Sheldon et al. (2008) demonstrated that older adults need comparatively fewer noise-vocoded 

bands to achieve 50% word identification in the presence of supportive context than do young 

adults, while Cohen and Faulkner (1983) demonstrated contextual facilitation in reaction times to 

word recognition in a lexical decision task for older compared to younger adults. Finally, 

Nittrouer and Boothroyd (1990) used sentences similar to Miller and Isard’s (1963) utterances to 

investigate the use of context by normal older adults. They are the only researchers to use more 

naturalistic stimuli to study this question to date, although their stimuli were only four words 

long. They tested at two signal-to-noise ratios and found that even though older adults’ overall 

recognition scores were lower than those of young adults (for both sentence types), the benefit 

obtained from semantic context was equivalent in the two groups as determined by the calculation 

of k scores. However, additional measures of the ability to make use of lexical information (k 

factor scores carried out on phoneme identification of real or nonsense words) suggest that older 

adults may be more adept at using lexical constraints to disambiguate words in noisy conditions, 

as they were more likely to make use of context to identify phonemes than young adults.  

Part of the variability in results of studies exploring the use of context by older adults is 

undoubtedly due to the variety of methods used to analyze results. A direct example of this comes 

from Sheldon et al.’s (2008) study, which investigated the influence of supportive context on the 
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recognition of words in challenging listening environments through two measures: sentence 

predictability and priming. They found that older adults obtained either equivalent benefit or 

greater benefit from context depending on whether data were analyzed as raw percentages or as 

difference scores.  

Some researchers use raw percent correct and/or difference scores (Kalikow et al., 1977; 

Miller et al., 1951; Miller and Isard, 1963; Pichora-Fuller et al., 1995; Sheldon et al., 2008)) to 

analyze their data. However, in proportional scales, the variance is correlated with the mean and 

the data are not normally distributed about the mean (Studebaker, 1985). Thus, the same 

numerical difference between two percentage scores (e.g. 10% difference) is not equally probable 

across all percentage ranges (e.g. between 5 and 15% vs. 50 and 60%); such comparisons across 

the percentage scale are especially problematic at low and high ends of the scale. This leads some 

researchers to apply transforms, such as the rationalized arcsine transform (Studebaker, 1985), to 

the data before analysis (Dubno et al. 2000). In some studies, the analysis is based on the slope or 

other parameters from fitted data (i.e. data that has been fitted using psychometric functions; e.g. 

Dubno et al., 2000; Dubno et al., 2008; Pichora-Fuller et al., 1995). Another method is to use k 

scores to interpret the data (Boothroyd and Nittrouer, 1988; Nittrouer and Boothroyd, 1990; 

Olsen et al., 1997). The k factor is advantageous as it provides a single measure of contextual 

benefit. However, k scores are sensitive to high and low percent correct scores (thus such scores 

may need to be eliminated prior to analysis) and were designed to be a property of the stimulus 

materials; extending assumptions to individual performance and comparisons may not be valid, 

although this has begun to be investigated due to the promise of having a single measure of 

context use for individuals (Grant and Seitz, 2000; discussion to follow). Studies also vary in 

whether, and how, they control for hearing differences between individuals or groups. In order to 

control for hearing differences, some researchers allow individual participants to adjust the 



 

 20 

listening volume to a “comfortable” level (Nittrouer and Boothroyd, 1990), whereas in other 

studies the experimenter adjusts presentation levels or signal to noise ratios up or down based on 

individual participants’ performance, in order to test listeners at a range of performance levels 

(Pichora-Fuller et al., 1995; Dubno et al., 2000).  

1.8 The Use of Different Signal-to-Noise Ratios as a Way to Alter Intelligibility 

Most researchers present stimuli at a number of signal-to-noise ratios. The goal behind 

this is to achieve a range in performance from low to high. This is important for studies of the 

effects of contextual information, since benefit is typically lower at extreme ends of the scale and 

maximal benefit may appear at different levels of performance for different groups or individuals. 

In addition, a number of groups choose to analyze data based on fitted psychometric curves to 

achieve a single measure of context (typically slope); in order to obtain appropriate fits, data must 

be collected across a range of performance. While most studies do utilize a number of signal-to-

noise ratios, the type of noise does vary. The classic SPIN test utilizes multi-talker babble 

(Kalikow et al., 1977) whereas in other studies noise that matches the long term spectrum of 

speech is used (Miller and Isard, 1963).  Multi-talker babble has a more complex amplitude 

envelope than stationary non-speech noise, and will interfere with speech intelligibility more as it 

contains false speech cues (Kalikow et al., 1977). However, multi-talker babble noise can also aid 

listeners, since they can listen for the speech signal in the “dips” – regions of low amplitude in the 

envelope, during which the signal is temporarily ‘unmasked’. These dips are particularly 

prevalent in babble with relatively few constituent voices. Older adults appear to be less able than 

younger listeners to benefit from such “dips” (Peters et al., 1998), although this may vary in 

individuals based on cognitive abilities (as reviewed in Moore, 2008). Constant-envelope speech-

spectrum noise is another popular masker for speech (Boothroyd and Nittrouer, 1988; Miller and 
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Isard, 1963). It does not provide chances to listen in the “dips” that can occur in a multi-talker 

babble, and thus it allow researchers to test for age-related differences in the use of context 

independently of differences in dip-listening ability. 

1.9 Individual Differences in the Use of Context 

A number of studies have aimed to look at differences in the use of context by different 

groups, but few have focused on individual, within-group, differences in context use. One 

exception is Grant and Seitz’s (2000) study in which hearing-impaired listeners reported words 

and sentences at three intelligibility levels. Grant and Seitz (2000) made use of Boothroyd and 

Nittrouer’s (1988) k measure to look at individual’s use of context. Note here, that k scores can 

still be considered as being based on probabilities of recognition in that an individual’s past 

performance provides likelihood information about their future performance. Grant and Seitz 

(2000) found that individuals had a wide range of k scores, from 1.2 to 2.5. This is a clear 

indication that the amount of benefit hearing impaired individuals obtain from context varies 

widely; however, since subjects also had a varying levels of hearing loss, it is difficult to 

determine how much of the variation in the results are due to differences in the individual’s 

hearing abilities to begin with. To date, no study has systematically investigated the use of 

context by individual normally hearing listeners, and it is not clear whether such marked variation 

would be observed. It is important to note that Grant and Seitz did find some evidence to support 

the idea that k scores are stable measures of context for individuals. 

1.10 Goals of the Thesis 

This thesis aimed to investigate the influence of semantic context on the perception of 

speech, particularly in difficult listening conditions. The investigation was comprised of two 

studies: a behavioural study in younger and older adults, and a functional imaging study in 
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younger adults. The behavioural study had two goals: 1) to replicate the phenomenon of benefit 

for meaningful semantic context for the perception of speech in noise using my materials which 

contain broad-based semantic context, and 2) for the first time using this class of sentence 

materials, extend the test to older adults to determine whether they also experience this type of 

contextual benefit. The functional imaging study also had two goals: 1) to probe the neural 

correlates of contextual influences on the intelligibility of speech in noise for younger listeners 

and 2) to investigate whether the utilization of individual report scores in the data modeling yields 

benefits over using group scores in the analysis results.  

The behavioural study focused on establishing whether older adults make use of broad-

based semantic context across a series of noise conditions and if so, whether their use of context 

is greater than that of young adults. In this study, no attempt was made to make conditions 

equivalent for young and older adults; instead I roved signal-to-noise ratios over a large range 

that were intended to be representative of signal-to-noise ratios encountered in daily life. 

Furthermore, every older adult is a unique person, who possesses unique auditory and cognitive 

abilities. I was concerned that any single method used to equate conditions for young and older 

adults may work better for some participants than others, and better at some noise levels than at 

others. The data collected from the participants was analyzed using several commonly used 

methods, since different methods of analysis may reveal different facets of the data. Finally, I 

assessed whether individual differences in the use of context may help explain the differences in 

conclusions drawn about the use of context in the literature.  

The functional imaging study aimed to extend our understanding of how the brain is 

organized to use meaningful semantic context to support the intelligibility of speech. In this 

study, I presented auditory sentences that contain meaningful semantic context or lack it, over of 

series of intelligibility levels to young adult listeners while BOLD signal was measured using 



 

 23 

fMRI. For the first time in an fMRI study of intelligibility, I utilized subject’s own report data 

from the experiment in intelligibility analyses, as prior behavioural studies reveal large variation 

in the use of context as an intelligibility aid. The results of the analyses revealed neural correlates 

associated with the intelligibility of speech, activity patterns reflecting the differences between 

coherent and anomalous prose types, and how regional correlation of activity with intelligibility 

differs for these two types of prose.  I also examined whether analysis of fMRI data is more 

sensitive if individual report data, instead of estimates based on group averages from a pilot study 

in a separate group of subjects, are used to model intelligibility. 
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Chapter 2 

Experiment I: The Influence of Meaningful Context on the Perception 

of Speech in Noise by Young and Older Listeners 

2.1 Introduction 

The question of how context use by older adults compares to that by young adults is 

controversial. Some studies find evidence of equivalent use of context by both groups (Dubno et 

al., 2000; Kalikow et al., 1977; Nittrouer and Boothroyd, 1990) while others find evidence of 

greater use of context by older adults (Pichora-Fuller et al., 1995; Sheldon et al., 2008). The 

current study aimed to establish whether older adults make use of broad-based semantic context, 

and if so, whether their use of context is greater than that of young adults. The sentences used in 

this study were created by Davis et al. (2005b) and are similar to those of Miller and Isard (1963). 

Davis and colleagues (2005b) tested them in a pilot behavioural study on young adults, in order to 

help select appropriate conditions for a pilot neuroimaging study. Young adults performed better 

on coherent prose than on anomalous prose across all signal-to-noise ratios tested, supporting 

Miller and Isard’s (1963) findings. Although Davis et al. (2005b) conducted this pilot study on 

young adults, it was important to run a group of young adults in the current study for two reasons:  

1) In Davis et al.’s (2005b) study, the young adults listened to sentences on a personal walkman 

in a quiet room, thus the findings were not made under controlled conditions and are likely not 

suited for comparison to a group of older adults who will participate in the study under controlled 

experimental settings;  2) Davis et al.’s (2005b) study was conducted on British English subjects 

listening to a British English speaker, and may not be directly comparable to a group of North 

American English subjects listening to a North American English speaker, particularly for 

comparisons across young and older adults. The data collected from the participants was analyzed 
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using several commonly used methods found in the literature, as different methods of analysis 

may reveal different facets of the data. The results are discussed in light of findings expressed by 

Kalikow et al., 1977, Nittrouer and Boothroyd, 1990, and Pichora-Fuller et al., 1995 about how 

young and older adults use context. Finally, individual differences in the use of context were 

assessed as a potential explanation for the differences in conclusions drawn about the use of 

context in the literature. The findings are compared to Grant and Seitz’s 2000 study of individual 

use of context in hearing impaired listeners. 

2.2 Method 

2.2.1 Subjects 

Fourteen young adults (mean age: 21.3, range: 18-25) recruited from the Queen’s 

University community and twenty older adults (mean age: 68.3, range: 60-75) recruited from the 

Human Communication Laboratory’s older adult subject pool (University of Toronto 

Mississauga), participated in this study. This study was reviewed and approved by both the 

Queen’s and University of Toronto Mississauga’s general ethics review boards. Both groups of 

participants were highly educated, each with an average of 15 years of education. All participants 

learned English as their first language, lived in Ontario for all or most of their lives, and had 

clinically normal hearing (thresholds 25dB or better) in the speech range (500-3000Hz) in both 

ears as determined by an air-conduction audiogram. Participants also completed two subtests 

(spatial span and spatial working memory) from the CAmbridge Neuropsychological Test 

Automated Battery (CANTAB) as supplemental measures of short-term memory.  

In the spatial span test, nine grey boxes appear on the screen. Participants watch as the 

boxes “light up” (flash on and off in different colours) one at a time and must then click the boxes 

in the correct order. At the beginning of the task, only two boxes comprise the sequence and this 
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length increases as the participant performs accurately, up to the maximum of nine boxes. 

Participants are given three chances to correctly complete a sequence at each level. Participants 

receive a spatial span score that corresponds to the number of boxes they were able to correctly 

recall in the appropriate order (thus the maximum spatial span score is nine). In the spatial 

working memory task, a number of coloured boxes appear on the screen. All boxes on the screen 

will eventually contain one token. This token is “gathered” when the subject clicks on the box for 

the first time and deposits it in the drop-off area. The task is to obtain all the tokens, which at a 

minimum is four tokens. Errors can occur between searches for tokens by returning to a box that 

previously contained a token. Initially four boxes are present. This increases to six, then eight 

boxes. Participants receive two scores: the number of errors made and a strategy score. Lower 

strategy scores indicate a better use of strategy. It is important to note that within a given search, 

participants may begin to click on boxes haphazardly rather than maintaining an ordered search 

when they feel as though they have made an error or have forgotten some of the boxes they have 

been to, despite being encouraged to do their best. This can lead to a large numbers of errors 

committed on one trial, even though other trials at the same level of difficulty may be completed 

with few errors. The maximum strategy score is 56 while the lowest possible score is 8, though 

scores of 10-8 represent too rigid use of strategy at the cost of making errors. The maximal use of 

strategy that can be combined with a perfect search (no errors committed) is 11.  

Young adults had pure-tone thresholds  20 dB hearing level (HL) at octave frequencies 

from 500 to 4000Hz. Older adults had pure-tone thresholds  25 dB HL at octave frequencies 

from 250 to 3000Hz. Mean audiometric thresholds for young and older adults are shown in Table 

1. Volunteers received $10/hour for their participation. 

 



 

 27 

Table 1 Mean pure-tone air-conduction thresholds (dB HL) and their standard deviations (in 
parentheses) for young (14) and older (20) participants. Seven older adults had hearing thresholds 
above 25 dB HL in at least one ear at 4000Hz; six of these had thresholds 30 dB HL or below in 
their better ear and one had a threshold of 35dB HL in the better ear. The average threshold score 
for older adults across both ears and frequencies tested was 9.65 dB HL; average threshold score 
for young adults was 2.90 dB HL (a difference of 6.75 dB). 
 
 Young Adults Older Adults 
Frequency Left Ear Right Ear Left Ear Right Ear 
250 Hz Not Tested Not Tested 6.75(8.63) 6.00(8.21) 
500 Hz 5.36(4.14) 4.64(3.65) 6.75(8.32) 6.25(8.09) 
1000 Hz 4.28(5.50) 1.43(3.06) 8.50(7.27) 6.75(6.93) 
2000 Hz 3.21(4.21) 1.78(5.41) 8.00(7.68) 5.50(8.41) 
3000 Hz Not Tested Not Tested 14.50(8.25) 11.25(9.01) 
4000 Hz 1.78(5.41) 0.71(5.84) 18.50(13.77) 17.00(11.40) 

2.2.2 Stimuli 

A corpus of 100 normal English sentences comprised the “coherent” prose sentences used 

in behavioural testing. These sentences were 6 to 13 words in length. To create the 100 sentence 

“anomalous” prose corpus, the content words of each coherent sentence were replaced with 

randomly selected words matched for lexical and phonological properties. The resulting sentences 

have a matched syntactic structure, but lack any coherent meaning.  An example of a coherent 

sentence and its matched anomalous sentence is: Coherent: The recipe for the cake was easy to 

follow; Anomalous: The agenda for the soap was easy to listen. (Refer to Appendix A for a full 

list of materials.) 

All of the sentences were recorded by the experimenter (HM), a young adult female 

native North American speaker whose first language was English. All participants were 

unfamiliar with the experimenter until the day of testing, although exposure to her voice on the 

day-of may have resulted in slight benefits to intelligibility during testing. However, this benefit 

would be the same for coherent and anomalous sentences. Prior to recording, the sentences were 

practiced in order to ensure that the anomalous prose was spoken with the same ease as the 

coherent prose. Recording took place in a single-walled sound-attenuating booth using a 
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Sennheiser e845s microphone and Tucker Davis Technologies S3 microphone amplifier in one 

session. All sentences were recorded at least three times in random order. Sentences were selected 

such that the matched coherent and anomalous sentences were as close to each other in spoken 

duration as possible (maximal difference: 0.275s; mean difference: 0.090s). Final sentences 

ranged in length from 1.353 to 4.196s for coherent prose (mean: 2.496s) and 1.463 to 4.263s in 

length for anomalous prose (mean: 2.521s). All selected sentences were then normalized in level 

using Praat software (Boersma and Weenink, 2006) and 10ms of silence was added to the 

beginning and end of each sound file to ensure smooth onsets and offsets for listeners. Each 

sentence was then converted into signal-correlated noise (SCN) using Praat. SCN has the same 

spectrum and amplitude envelope as the original sentence, but without any structure or periodicity 

and is completely unintelligible. The SCN was then mixed with the original sentence at 9 signal-

to-noise ratios (SNRs); the noise level was increased in 1dB steps to create SNRs between -6 dB 

and +2 dB. All sentences (including clear sentences) were then normalized for intensity. Clear 

sentences, without noise, were also presented to listeners. This can be considered a 10th SNR 

condition, as clear sentences approximate an infinitely positive SNR. 

Ten sentences in each of 20 conditions (2 prose types by 10 SNRs) were presented in 

pseudorandom order, ensuring SNRs and prose types were equally distributed throughout the 

session. In order to ensure sentences of each word length were presented at each SNR, the 

sentences were arranged into 10 sets. A set was composed of 10 coherent utterances and the 

corresponding matched 10 anomalous prose sentences. All sets were matched for word length. 

For every participant, each set was assigned to a different SNR (i.e. set 1 at -6 dB, set 2 at -5 dB 

… set 9 at +2 dB, set 10 at clear). For every 10 participants a full rotation of sets at all SNRs 

would occur, such that each set would appear at each SNR once.  
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2.2.3 Procedure 

Young adults were tested at Queen’s campus, and older adults were tested at the 

University of Toronto Mississauga (UTM) campus. Every attempt was made to ensure the testing 

environment and equipment used was as similar as possible, though some differences were 

unavoidable. Participants were tested in sound-isolating booths, single-walled at Queen’s and 

double-walled at UTM. A Dell laptop running a MatLab program (Mathworks) with an external 

SoundBlaster 24 bit advanced HD soundcard was used to present stimuli over Sennheiser HD 265 

headphones for all participants.  

Sentences were presented diotically at 70 dB SPL (a level similar to conversational 

speech) to participants in the sound-isolated booth. Subjects were asked to report back as many 

words as they could understand from the sentence; there were no time limits. At the end of each 

sentence, participants wrote, typed or verbally repeated (whichever method they were most 

comfortable with; younger adults did not have the option of verbally repeating due to equipment 

differences between the facilities) all of the words in the sentence that they thought they heard. 

Testing was completed in one two-hour session; all participants took at least one break, and 

participants were encouraged to take additional breaks as needed.  

2.2.4 Data Analysis 

Report data were transcribed (if recorded) or printed/photocopied and compared to the 

original sentences. Each word was scored as correct or incorrect. If words were not in the correct 

order, they were scored as incorrect. Grammatical variants (e.g. past tense, plurals) were also 

scored as incorrect. Homonyms were scored as correct. Percentage correct was calculated (over 

10 sentences) for each prose type at each SNR, as total words reported correctly divided by the 

total number of words in the presented sentences in that condition. The number and type of errors 
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participants made were also scored. Three classes of errors were tracked: morphological errors 

(i.e. when the word stem was correct but the morphological affix was incorrect), word order 

errors (i.e. the word was correct but reported in the wrong order), and phonological errors (i.e. 

when a participant reported a word that rhymed with the correct word).  

Percentage data were then transformed to rationalized arcsine units (RAU) before 

statistical analysis. The RAU transform ensures homogenous variance over the range of scores 

obtained (Studebaker, 1985). Differences due to age, SNR, and context based on prose type were 

assessed using a repeated-measures analysis of variance (ANOVA). A repeated-measures 

ANOVA was also performed on the participant error type data. In addition, the effect of 

differences in hearing thresholds on performance by my two groups was probed. This was 

followed by an analysis of slopes calculated from lines of best fit as a final exploration into the 

effect of hearing differences. Data were converted into k scores as another means to assess benefit 

from context. This constant is calculated based on the probability of recognizing speech units 

with and without context (pc and pi, respectively), such that k = log(1-pc)/log(1-pi) (Boothroyd and 

Nittrouer, 1988). First, I assessed k for stability across SNR conditions, and then I compared 

individual k factor scores with values of maximum benefit of context use obtained from 

percentage data (by subtracting the coherent and anomalous report scores at each SNR, and 

selecting the value pertaining to maximum context use) to assess whether there are differences in 

the use of context by individuals. 

2.3 Results and Discussion 

2.3.1 Hearing and Short-term Memory Results 

Young and older adults had normal hearing in the speech range (500 – 3000Hz) in both 

ears (see Table 1). However, young and older adults differed in their overall obtained audiometric 
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thresholds. An average threshold across all frequencies tested for both ears was obtained for each 

participant. When young and older adult’s mean thresholds were compared, older adult’s 

thresholds were significantly larger (two-tailed independent samples t test, t(32) = 4.42, p<0.001), 

indicating poorer hearing sensitivity.  

Young and older adults completed both the spatial span and spatial working memory task 

from the CANTAB. Results are shown in Table 2. Although younger adults performed better than 

older adults, scores were in clinically normal ranges for older adults (Robbins et al., 1994; 

Robbins et al., 1998). Differences were most apparent in the number of errors committed in the 

spatial working memory task. However, one younger adult committed 36 errors in this task, near 

the average 40.6 errors that older adults made. The majority of these errors were committed on 

one trial, supporting the idea that large numbers of errors can easily be made on this task when 

individuals begin to click haphazardly in order to advance to the next trial. This typically 

occurred when participants felt as though they have made an error/lost track of boxes. This 

behaviour was more common in older than younger adults at the 8-box level and likely accounts 

for the larger differences in error scores between the groups compared to other measures. 

Clinically normal performance by my older adults serves as evidence that they were not suffering 

from cognitive impairment. 

Table 2 Mean spatial span results, along with mean spatial working memory between-search 
errors and strategy scores. Standard deviations are in parentheses.  
 
CANTAB Subtest Young Adults Older Adults 
Spatial Span 6.78(1.48) 5.75(0.79) 
Spatial Working Memory Between-Search 
Errors  

5.64(9.88) 40.20(18.82) 

Spatial Working Memory Strategy Score 23.62(5.81) 34.50(5.86) 
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2.3.2 Percent Correct and RAU Data 

Performance data at all SNRs for both prose types for young and older adults are 

presented in Figs.2a and b in percentage and RAU scales, respectively.  Let us first consider the 

percentage data.  Performance for both groups gets better with increasing SNR. Floor (defined as 

report scores of 5% correct or less) and ceiling effects (defined as report scores of 95% correct or 

better) can also be observed at low and high SNRs. Older adults exhibit floor performance while 

young adults approach it (older adults reach floor performance for both prose types at -6 dB SNR, 

young adults performance on anomalous prose averages as 7.5%); both groups experience ceiling 

performance on coherent sentences at +1 dB SNR, +2 dB SNR and clear conditions. Furthermore, 

both young and older adults were able to repeat more words from coherent sentences than from 

anomalous sentences at all SNRs (with the necessary exception of floor and ceiling performance 

levels). Because of the floor and ceiling effect, the RAU transformation was used. The RAU 

transformed data are similar to the percentage data, although one can observe less compression of 

the data resulting from the linearization of the percentage scale. 

Differences due to age, SNR, and prose type were assessed using a repeated-measures 

analysis of variance (ANOVA), with age (young, older) as a grouping factor, and SNR (-5, -4, -3, 

-2, -1, 0) and prose type (coherent, anomalous) as repeated measures. Only those SNRs that 

resulted in performance above 5% and below 95% for all conditions in both groups were included 

in the repeated measures ANOVA, as performance outside of this range was viewed as floor or 

ceiling performance. This left the intermediate 6 SNR levels to be entered into the analysis. 

Figure 3 displays only the SNRs that were entered into the repeated-measures ANOVA, 

i.e. those SNRs that were not at floor or ceiling performance levels. The younger group had 

significantly higher RAU-transformed scores than the older group (F[1,32] = 20.40; p<0.001). 
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Figure 2 a Intelligibility of coherent and anomalous sentences for young (n = 14) and older (n = 
20) adults represented in percent words correctly reported, accompanied by standard error bars. 
Ten SNR conditions (-6 to +2 and clear speech) are plotted. For both groups, coherent sentences 
are clearly more intelligible than anomalous sentences at the majority of SNRs (where 
performance has not reached its asymptote). At most SNRs, young adults are able to report more 
words than older adults. 
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Figure 2 b Intelligibility of coherent and anomalous sentences for young (n = 14) and older (n = 
20) adults represented in rationalized arcsine units (RAU), accompanied by standard error bars. 
The trends visualized in Fig. 2a remain, and the data are now less compressed at the lower and 
upper SNRs. 

-20

0

20

40

60

80

100

120

-6 -5 -4 -3 -2 -1 0 1 2 clear

Signal to Noise Ratio

W
or

ds
 C

or
re

ct
ly

 R
ep

or
te

d 
(R

A
U

) 
   

.

Coherent Young

Anomalous Young

Coherent Older

Anomalous Older

 



 

 34 

Figure 3 RAU representation of young and older adult’s performance on both coherent and 
anomalous sentences with standard error bars at only those SNRs entered into the repeated-
measures ANOVA. Asymptotic performance, particularly at high SNRs for young adults in the 
coherent condition, has been removed (see Fig. 2b). 
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Performance was significantly higher on coherent sentences than on anomalous sentences 

(F[1,32] = 579.45; p<0.001) and the effect of SNR was also significant (F[5,160] = 514.32; 

p<0.001). Bonferroni-corrected pairwise comparisons among SNRs were all significant 

(p<0.001); RAU-transformed word-report scores increased systematically as SNR increased. 

Prose type and group did not significantly interact (F[1,32] = 1.60; p = 0.216), indicating the 

difference in performance between coherent and anomalous prose was similar for young and 

older adults. Age and SNR did significantly interact (F[5,160] = 3.94; p = 0.002); although the 

RAU-transformed word-report scores were lower for older adults than young adults at each SNR, 

this difference was larger at lower SNRs than at higher SNRs (see Table 3 for a comparison of 

mean and pairwise difference scores). A significant prose type by SNR interaction was also 

observed (F[5,160] = 20.72; p<0.001), driven by larger differences between coherent and  
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Table 3 Pairwise comparisons for age group by SNR interaction. Mean word-report and 
difference scores (RAU) for young and older adults at each SNR presented. All comparisons were 
significant (p<0.05, Bonferroni corrected). 
 

SNR Mean Young Adults Mean Older Adults Difference 
-5 18.16 1.52 16.64 
-4 38.07 14.73 23.34 
-3 54.26 32.73 21.53 
-2 69.57 51.48 18.09 
-1 83.40 66.27 17.13 
0 90.42 81.78 8.64 

 

anomalous prose at more favourable SNRs than at lower SNRs (see Table 4 for a summary of 

mean and pairwise difference score comparisons). Finally, the three-way interaction between 

prose, SNR and age was significant (F[5,160] = 5.11; p<0.001), indicating that the prose type by 

SNR interaction was different for the young and older groups. While the difference between 

coherent and anomalous prose word-report scores was large in the young group between -4 dB 

and -1 dB SNR and falls off at 0 dB SNR, it was large in the older group at, on average, a more 

favourable SNR range, between -3 and 0 dB.   

Table 4 Pairwise comparisons for prose type by SNR interaction. Mean word-report and 
difference scores (RAU) for coherent and anomalous prose at each SNR presented. All 
comparisons were significant (p<0.05, Bonferroni corrected). 
 

SNR Mean Coherent Prose Mean Anomalous Prose Difference 
-5 13.35 6.33 7.02 
-4 35.76 17.04 18.72 
-3 54.11 32.88 21.23 
-2 74.82 46.23 28.59 
-1 89.21 60.45 28.76 
0 99.46 72.74 26.72 

 

The main effects of SNR and prose type were both significant, highlighting robust 

benefits of intelligibility from both clearer audio signals (higher SNRs) as well as from 

meaningful semantic context (coherent sentences), as Miller and Isard (1963) originally found. 
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Notably, although the younger group exhibited higher scores, there was no significant interaction 

between prose type and age group. This indicates that both young and older adults receive the 

same benefit for coherent prose over anomalous prose. More specifically, older adults do not 

benefit more from broad semantic context, a finding which coincides with Kalikow et al. (1977) 

and Dubno et al. (2000), but does not mirror Pichora-Fuller et al.’s (1995) finding of older adult’s 

greater use of context. 

It is possible that other group differences, such as differences in cognitive abilities or 

peripheral hearing, may have masked a greater use of context by older listeners. With respect to 

cognitive abilities, my short-term memory tests revealed that while older adults performed within 

the normal range for adults their age, younger adults performed at a consistently higher level. 

Young adults had a larger spatial span, a better strategy score and made far fewer between search 

errors. In addition, while both young and older adults had 15 years of education on average, there 

was more variability in the older group: some possessed only a high school diploma or a few 

years of high school education. Furthermore, my sample included young adult students who had 

not yet finished their schooling; thus, the years of education measure likely underestimates their 

final level of education.  

To further understand the effects that cognitive differences between my groups might be 

having on the data, I analyzed the types of errors that each group made when reporting back 

words in sentences. Word-report errors included morphology errors (i.e. improper affixes), word 

order errors, and phonological ‘rhyme’ errors. If older adults were making systematically more 

errors than young adults, particularly errors in which hearing would play little or no role, then 

perhaps cognitive differences between the groups were masking what is in fact a greater use of 

context by older people. This consideration is explored in the next section. 
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2.3.3 Participant Errors in Reporting 

Investigation into the number and types of errors (morphological, word order and 

phonological rhyming errors) committed by young and older adults revealed that overall 

commission rates for each type of error were low (see Table 5). Indeed, the maximum number of 

errors made by an older adult was 26, compared to 22 by a younger adult. A total of 870 words 

were presented in both the coherent and anomalous conditions; thus the maximum number of 

errors made by an individual represents errors of these types being made on only 3% of all words 

presented. More specifically, the maximum number of errors of a certain type committed by one 

participant for any prose type (10, rhyming errors, anomalous condition) indicates that the 

maximum errors of a given type were made on only 1.1% of words. This number of errors was 

strikingly low considering that subjects were able to correctly repeat close to or more than half of 

the words for both prose types, collapsed across SNRs (Table 6).  

Table 5 Mean number of errors committed by young and older adults during reporting of 
sentences, with standard deviations and the range of the number of errors in brackets. 
Morphology errors, such as adding incorrect pre/suffixes to words or failing to add them when 
appropriate (ex. “turned” vs. “turn”); rhyming errors in which a subject reported a word that 
rhymed with the correct word (ex. “way” vs. “day”); and word order errors, meaning a participant 
reported the correct words in the wrong order (ex. “rugby and hockey” vs. “hockey and rugby”) 
were tabulated. Errors were counted within each SNR for both prose types, but were collapsed 
across SNRs due to low levels of occurrence. 
 

Prose Type Participants 
Morphology 

Errors 
Rhyme Errors 

Word Order 
Errors 

Young Adults 2.6 (1.8; 0-6) 1.1 (1.1; 0-3) 0.1 (0.4; 0-1) 
Coherent  

Older Adults 2.1 (1.2; 0-5) 0.9 (1.2; 0-4) 0.5 (0.9; 0-2) 
Young Adults 6.1 (2.1; 3-8) 5.2 (2.7; 0-10) 1.3 (1.3; 0-4) 

Anomalous  
Older Adults 4.9 (2.1; 1-8) 5.3 (2.8; 1-10) 1.0 (1.3; 0-5) 

 

Although the error rate was low, older adults may have been making significantly more 

errors than young adults. In order to determine whether there were differences in the number of 

errors committed, a repeated-measures ANOVA was conducted, with age (young, older) as a 
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Table 6 Mean number of words correctly reported for each subject summed across all SNRs (out 
of a potential 870 words), with standard deviations in brackets. Young adults performed better 
than older adults in both coherent and anomalous conditions, while both young and older adults 
performed better in the coherent condition compared to the anomalous condition. The overall 
difference in performance between conditions (indexing benefit due to context) is remarkably 
similar for both young and older adults (137.5 vs. 132.8, respectively). 

 
 Coherent Prose Anomalous Prose 

Young Adults 628.36 (33.46) 490.86 (54.60) 
Older Adults 526.80 (61.70) 394.00 (79.16) 

 

grouping factor and error type (morphological, phonological rhyme, order) and prose type 

(coherent, anomalous) as repeated measures. Results from the ANOVA indicated that prose type 

(F[1,32] = 123.46; p<0.001) was significant, with more errors committed on anomalous than 

coherent prose. The main effect of error type was also significant (F[2,64] = 65.34; p<0.001). 

Pairwise comparisons (Bonferroni corrected) between each of the types of errors revealed 

significantly more morphology errors than rhyming or order errors, and significantly more 

rhyming errors than order errors (mean errors morphology = 3.93, rhyme = 3.12, order = 0.74; 

morphology vs. rhyme, p = 0.021; morphology vs. order, p<0.001; rhyme vs. order, p<0.001). 

There was a significant error type by prose type interaction (F[2,64] = 27.24; p<0.001). Although 

the number of errors made in the coherent prose condition were always less than those made in 

the anomalous prose condition, the size of the difference in errors occurring between these two 

prose types varied by error type: it was largest for rhyming errors (mean difference of 4.27 

errors), intermediate for morphology errors (mean difference of 3.12 errors) and smallest for 

order errors (mean difference of 0.85 errors). Neither the main effect of age group, nor any 

interaction involving age group was significant. 

Overall, the results demonstrate that older adults did not make significantly more errors 

than young adults. Even more importantly, older adults did not make significantly more word 

order errors than young adults, and the overall commission rate for these errors were the lowest 
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amongst the three error types. This is in contrast to Maylor et al.’s (1999) investigation into recall 

for letter strings, in which order errors were committed most often and occurred significantly 

more for older adults. That the data included few word order errors is crucial since this is the one 

error type independent of hearing difficulties. For instance, a morphological error may be 

generated from not hearing a portion of the word and adding the inappropriate ending, and a 

rhyming error may be generated by not correctly hearing the initial consonant/vowel. However, 

when a word order error is committed, the participant has correctly reported the word (it has been 

heard) but has misplaced it within the sentence, indicating either difficulties in attentional 

processes or memory. If older adults were committing more word order errors than young adults, 

it would support the hypothesis that differences in the cognitive abilities in older adults may 

relate to differences in overall performance. Thus, while there were differences between my 

young and older adults on the short term memory test from the CANTAB battery, these 

differences do not seem to be contributing to my finding of generally poorer comprehension by 

older adult listeners and therefore, are unlikely to be masking a greater use of context by older 

adults. 

 However, I did not control for hearing differences between my young and older adults (as 

was done in Dubno et al., 2000; Nittrouer and Boothroyd, 1990; and Pichora-Fuller et al., 1995), 

and such differences might be responsible, at least in part, for the poorer comprehension of older 

adult listeners in noise. As such, these differences might potentially occlude a finding of greater 

contextual benefit for older adult listeners. While both groups have clinically normal hearing, 

older adults were shown to have significantly higher mean audiometric thresholds than young 

adults (see section 2.3.1). Thus, the significant interaction between SNR and age group in word 

report scores, and the main effect of age group on word report scores, may be due to audiological 

differences between the groups. It is also possible that if the audiologic differences between the 
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groups could be accounted for, the amount of benefit contributed by semantic context for older 

over younger adults may no longer be equivalent. I explore this possibility in the next section. 

2.3.4 Shifted SNRs 

To test the hypothesis that key observed differences between older and young adults were 

driven mainly by hearing differences, older adult’s performance data was shifted to match young 

adult’s performance data at the lowest SNR included in the ANOVA (-5) for anomalous prose. 

Matching performance was not done on the coherent prose as if benefit from context differed 

between groups, the shift would include both the influence of hearing differences and differing 

contextual benefit. The best match of the anomalous prose performance data resulted from a 1 dB 

SNR shift, such that data collected from older adults at -4 dB SNR is now plotted at -5 dB SNR, 

visualized in figure 4. 

With the shift in SNR complete, the repeated-measures ANOVA was re-run on RAU-

transformed word-report scores in order to examine whether hearing differences accounted for 

some of the previous findings. The main effects of prose type and SNR remained significant 

(F[1,32] = 651.01; p<0.001; F[5,160] = 434.97; p<0.001, respectively), as did the interaction 

between these two factors (F[5,160] = 16.316; p<0.001; all pairwise comparisons were 

significant; p<0.05, Bonferroni corrected). However, the main effect of age group was found to 

be no longer significant (F[1,32] = 0.663; p = 0.422), indicating that younger adults and older 

adults were now performing equally well overall (see Fig. 4). Furthermore, the SNR by age 

interaction was also now found to be non-significant (F[5,160] = 0.288; p = 0.919), indicating the 

shift in SNR absorbed the differences in words reported by young and older adults at all 

remaining SNRs (see table 7). Notably, the prose type by age interaction remained non-

significant (F[1,32] = 0.411; p = 0.526), with the difference in mean report scores on coherent 
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Figure 4 Performance of older adults on coherent and anomalous sentences in rationalized 
arcsine units has been shifted by one dB to map onto young adults’ performance at the lowest 
SNR (-5). The SNRs for older adults are represented in brackets at the high and low end of the 
range. Note that average performance of young adults on coherent prose is 70.47 RAU, while for 
older adults it is 68.10 RAU; average performance for young adults on anomalous prose is 47.48 
RAU, while for older adults it is 43.93 RAU. Average young adult performance on both prose 
types is 58.98 RAU compared to 56.02 RAU for older adults.  
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Table 7 Pairwise comparisons for age group by SNR interaction. Mean word-report and 
difference scores (RAU) for young and older adults at each SNR presented. Recall that SNR was 
shifted for older adults by one dB SNR in this analysis (see bracket values for SNR. Note that the 
overall mean difference score between older and young adults was only 2.97 RAU, whereas prior 
to the shift in data, this value was 17.56 RAU. None of the pairwise comparisons were found to 
be significant (p<0.05, Bonferroni corrected), even though prior to the shift, they all were 
significant. 
 
 

SNR Mean Young Adults Mean Older Adults Difference 
-5 (-4) 18.16 14.73 3.44 
-4 (-3) 38.07 32.73 5.34 
-3 (-2) 54.26 51.48 2.78 
-2 (-1) 69.57 66.27 3.31 
-1 (0) 83.40 81.78 1.62 
0 (+1) 90.42 89.10 1.32 
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and anomalous sentences for young adults equaling 22.99 words (RAU) and 24.17 words (RAU) 

for older adults. Thus, despite accounting for hearing differences, the amount of benefit obtained 

by both young and older adults for coherent semantic context was still equivalent. Finally, the 

three-way interaction between prose type, SNR, and age was no longer significant (F[5,160] = 

1.916; p = 0.095), likely due to the fact that the age by SNR interaction was no longer significant. 

Even though the 1 dB SNR shift in the older adult data was selected in order to match 

performance on anomalous prose at the lowest SNR included in the ANOVA for young adults, 

that SNR shift resulted in near-matched data between young and older adults throughout the 

remaining SNRs. This supports the idea that hearing differences may be responsible for the main 

effect of age and interactions with age found in the first ANOVA. As all interactions with age 

were non-significant once the shift was taken into account, this also indicates that differences in 

hearing were not occluding differences in benefit obtained from context by young and older 

adults. Yet, it is possible that there may be differences in the rate at which young and older adults 

are able to benefit from context as a function of noise level, which can be compared by examining 

the slopes of the functions fitting each prose condition as a function of SNR. This is explored in 

the next analysis. 

2.3.5 Slopes of Shifted SNRs 

So far, I have no evidence that older adults derive more (or less) benefit from coherent 

semantic context than younger adults. However, the rate of change in words reported as SNR 

increases may differ between groups. This can be measured by assessing the slope of 

psychometric functions fitted to each individual’s data, separately for each prose type.  

The usual ogival form of the psychometric function is linearized by the RAU 

transformation. Accordingly, slopes were obtained by conducting a least-squares linear regression 
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on the RAU-transformed word-report scores (Microsoft Excel) for each individual, separately for 

coherent and anomalous prose. Performance differences on anomalous prose at the lowest SNR 

were accounted for by shifting the data for older adults by one SNR, as in the previous section 

(i.e. data from SNR -5 dB for young adults compared to SNR -4 dB for older adults). The data 

were well modeled by a straight-line fit (mean r2 coherent young = 0.901, anomalous young = 

0.925, coherent older = 0.896, anomalous older = 0.900). The mean slope values are listed in 

table 8. 

Table 8 Mean slope values representing the rate in change of RAU over one SNR for young (n = 
14) and older (n = 20) adults on coherent and anomalous sentences, along with standard 
deviations in brackets. 

 
Age Group Prose Type Slope (units RAU/SNR) 

Coherent 15.90 (2.38) 
Young Adults 

Anomalous 13.39 (2.51) 
Coherent 16.97 (3.06) Older Adults 

Anomalous 13.52 (2.49) 
 

A repeated-measures ANOVA on slopes with age group and prose type as factors did not 

reveal a significant effect of age (F[1,32] = 0.616; p = 0.438). As in previous analyses, prose type 

remained a significant factor (F[1,32] = 32.96; p<0.001), with steeper slopes for coherent prose 

compared to anomalous prose. Thus word-report scores grow more quickly as a function of SNR 

for coherent prose than for anomalous prose. Most importantly, the prose type by age interaction, 

which would have indicated differential benefit between the groups was not significant F[1,32] = 

0.884; p = 0.365) Thus, analyzing differences in slopes did not provide evidence that older adults 

benefit more from context, even after performance on anomalous prose was equated. 
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2.3.6 General Discussion of Sections 2.3.2 - 2.3.5 

In the previous sections, the question as to whether or not older adults obtain more, less 

or equivalent benefit from broad based semantic context has been addressed. In the first analysis, 

increasing SNR increased intelligibility of report for both young and older adults for both prose 

types, as is intended from a manipulation of SNR. Also, just as Miller and Isard (1963) originally 

found in young adults, I demonstrated that both young and older adults performed better in 

coherent prose conditions than anomalous prose conditions. This is the first study that directly 

demonstrates that older adults are able to make use of broad-based meaningful semantic context 

across a wide series of noise conditions, and is supported by Nittrouer and Boothroyd’s (1990) 

finding that older adults made use of contextual information at both SNRs tested, which they 

demonstrated using short four-word sentences similar to mine and Miller and Isard’s (1963). This 

demonstration complements previous findings utilizing the SPIN stimuli, in which older adults 

were able to benefit from predictable semantic context (Dubno et al., 2000; Kalikow et al., 1977; 

and Pichora-Fuller et al., 1995).  

With respect to the key question addressed in this study, assessing whether older adults 

were obtaining greater benefit from context than young adults, the results suggested that this was 

not the case. The evidence supports the idea that young and older adults obtain equivalent benefit 

from broad based semantic context, consistent with Nittrouer and Boothroyd’s (1990) results 

utilizing k scores to determine benefit from broad-based (although their sentences were very short 

and thus provided only limited context). It is also supportive of Dubno et al. (2000) and Kalikow 

et al.’s (1977) findings assessing the use of predictable context in SPIN sentences, while it is not 

in line with Pichora-Fuller et al.’s (1995) finding of greater benefit of context with these stimuli. 

The discrepancy between most of these findings, including the current study, and Pichora-Fuller 

et al.’s (1995) may be related to the analysis method. Recall that Sheldon et al. (2008) found 
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evidence that the methodology applied might yield different results with respect to context use 

and found within their own study evidence of equivalent or greater context use by older adults 

depending on the method applied. In the current study I analyzed the data using a number of 

commonly selected methods for investigating context use and found no method that supported 

greater context use by older adults. 

In many studies investigating context use by young and older adults, including Pichora-

Fuller et al.’s (1995) and Sheldon et al.’s (2008), a method is used to account for hearing 

differences between individuals and across groups. My study did not apply such a method, as I 

believe that no method currently used can account for the unique cognitive and hearing abilities 

of individuals, particularly with respect to how these abilities will interact with changing signal-

to-noise ratios. I considered how hearing differences between my two groups may have 

influenced my findings. Recall that in the first analysis, young adults appeared to perform better 

than older adults, and this group difference in performance varied among SNRs. When I shifted 

older adults’ data to match young adult’s data at the lowest SNR included in the analysis (to 

account for differences in performance resulting from hearing abilities), these effects were no 

longer significant. Thus, overall differences in performance between young and older adults, as 

well as resulting interactions in noise conditions, were captured by the shift manipulation which 

was only one dB SNR.  

It is interesting to compare my finding of a one dB shift in SNR to Plomp and Mimpen’s 

(1979) finding that one dB in SNR can relate to up to a 20% increase in intelligibility. On 

average, I found a 17.56 RAU difference in performance between young and older adults at each 

SNR; after the shift, this difference was decreased to approximately 3 RAU. Thus my one dB 

shift in SNR relates to a 14.56 RAU difference in performance, on average. Although RAU 

values cannot be directly compared to percentage values, the two are roughly equivalent. It is 
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reasonable to say then, that the magnitude of the two findings (the current study’s and Plomp and 

Mimpen’s (1979)) agree with each other. It is also clear that although older adults are able to use 

context to similar degrees as young adults and in general, perform quite well on this task, 

depending on the signal-to-noise ratio of environments that older adults encounter in their day-to-

day lives, they may still experience great challenges in speech perception if one dB SNR can 

cause up to a 20% difference in performance.  

Discussion of discrepancies among studies surrounding the question of greater use of 

context by older adults will be continued in the following section, following a presentation of 

individual differences in context use.  

2.3.7 Individual differences in context use: Benefit scores based on percentage data 

I observed no difference between the two age groups in how well they are able to use 

semantic context to improve their word-report performance. However, individuals within the 

groups may vary in how well they can make use of context. To examine this, I used the 

behavioural data (percentage scores) to identify how large peak benefit from context was (across 

all SNRs) and the SNR at which semantic context use peaked. This was determined by 

subtracting scores obtained in anomalous conditions from scores obtained in coherent conditions 

at each SNR, and the difference in percentage correct was taken as the benefit obtained from the 

use of context at that SNR. For each participant the maximum benefit score was recorded, along 

with the SNR from which this peak benefit occurred.  Table 9 lists the average peak benefit, the 

range of peak benefit and the SNRs at which the peak benefit occurred for both young and older 

adults. Again, no difference between my young and older adults in the maximum benefit obtained 

from context was found (two-tailed independent samples t test, t(32) = 0.225, p = 0.824). Older 

adults did reach peak benefit at a wider range of SNRs than young adults. This may be attributed 

to a larger group size, more variability in older adults’ responses, or older adults may benefit from  
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Table 9 Maximum benefit gained from the use of context represented in the percentage scale. 
The range demonstrates the amount of variability in the maximum benefit due to context for each 
individual. Note also that the SNR in which individuals achieve their maximum amount of benefit 
varies widely as well, though less for young adults. 
 
   Number of Participants Achieving Maximum 

Benefit at Each SNR 
Group Average Range -4 -3 -2 -1 0 
Young 35.23% 14.63-55.17% 6 3 5   
Older 36.05% 22.66-60.01% 1 2 7 4 6 

 

context at near peak levels across more SNRs than young adults. Interestingly, there was large 

variability in the amount of benefit each participant obtains from semantic context, from 14.6% to 

just over 60%. This wide range in the use of context was similar between young and older adults 

(range: 40.54% young, 37.35% older). Three young adults (21.4% of the group) exhibited peak 

use of context that was greater than 10% more than the mean; in one person, this was 20% greater 

than the mean peak benefit score. The older group had 5 such individuals (25% of the group), one 

of whom had a peak use of context greater than 20% more than the mean. Clearly, there were 

individuals who relied heavily on context for understanding speech in difficult listening 

conditions. 

The variability of context use by individuals should be considered in relation to mild 

peripheral hearing loss and cognitive factors. In environments with little or no background noise, 

mild peripheral hearing loss may result in older adults relying on context more than younger 

adults to help make sense of speech. Young adults may not use context as much as older adults 

because processing of the speech signal is accurate and so bottom-up information is sufficient for 

perception. However, with greater hearing loss or more marked background noise, fewer words in 

a given utterance can be processed based on the speech signal alone, resulting in less contextual 

information being available, and therefore less constraint on the identity of missing words. There 

may in fact be a balance between older adults using context more to clarify words they did not 
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understand due to loss of hearing and loss of hearing resulting in less context to work from to 

disambiguate those words they missed. Cognitive factors, such as vocabulary skills, may affect 

the use of context for both young and older adults. Adults with strong vocabulary skills might 

utilize contextual information to a greater degree than others, despite their auditory system’s 

ability to process the bottom-up speech signal (in the case of young adults) as context use might 

lead to faster or more efficient processing of the sentences. These facts may help explain some of 

the individual variation in the use of context. I did not see evidence for a direct relationship 

between hearing loss or cognitive abilities (as measured by error rates) and context use, but this is 

not surprising as hearing loss likely interacts with cognitive abilities to give rise to the degree that 

individual’s make use of context (similar to Moore 2008). 

The wide range in the amount of benefit participants obtain from context may help 

explain why studies attempting to determine whether different groups benefit more or less from 

context have produced mixed results. Most studies conducted in this area, along with the current 

study, involve small participant groups. If the individual variability in this study is representative 

of the population, other studies might have found group differences in the use of context simply 

due to the presence of more participants who happened to be “high context users”. These findings 

might be related to selection of participants rather than true population differences. A larger study 

focusing on individual differences in the use of context should be conducted to determine if there 

are more individuals who are high context users in a given group or if wide variability in 

individual context use is maintained in both young and older adults. 
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2.3.8 Utilizing k as a measure of contextual benefit, including assessing individual 

differences 

I used Boothroyd and Nittrouer’s (1988) method of assessing benefit from context by 

calculating k scores from the word-report data. The k factor has the potential to be a useful tool in 

assessing benefit, both between groups and perhaps among individuals. K scores are theoretically 

independent of noise levels for a given stimulus set, such that measures of k should be the same 

across SNRs. Thus one k score could in theory, if applicable to individuals, capture the amount of 

benefit from context that an individual can obtain from a given stimulus set, and thus be applied 

as a measure of individual use of context (Grant & Seitz, 2000). This would allow each 

participant’s data to be collapsed into a single k score to represent their use of context, 

eliminating complexity in analyses (e.g. having to record scores for each SNR). I assessed the 

stability of k values (through a repeated-measures ANOVA and correlation analysis, described in 

the following sections) obtained from individuals across a series of SNRs to determine if one k 

value can indeed represent context use by an individual.  

Before calculating k scores in the current study, I needed to remove data points at floor 

and ceiling. Boothroyd and Nittrouer (1988) recommend eliminating percentage scores above 95 

and below 5 percent from calculations as such scores can lead to unstable estimates of k. In their 

work, participants who scored in these ranges were removed from the analysis, since each 

participant contributed to scores at only one SNR. In the current analysis, participants contributed 

to scores at multiple SNRs, therefore only those data points from SNRs where percentage scores 

were above/below 95/5 percent in the coherent or anomalous conditions were removed. In older 

adults, more data were removed at lower SNRs (they were at floor more often than young adults) 

and more data were removed from higher SNRs in younger listeners (who were at ceiling more 
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often than older listeners). This set of data was named the “uncorrected data” and is depicted in 

Table 10a. 

Table 10 a Uncorrected Data: Number of k scores remaining at each SNR after removal of data 
above and below critical value cutoffs (95/5 percent) as per Boothroyd and Nittrouer’s (1988) 
method. Each k score was calculated from a participant’s mean report data scores from 
anomalous and coherent sentences at each SNR. Therefore, fourteen k scores and twenty k scores 
were possible for young and older adults respectively at each SNR. The percentage of data points 
removed from the analysis is included in the table.  
 
  Signal to Noise Ratio (SNR) 
   -6 -5 -4 -3 -2 -1 0 1 2 

Number of 
Data Entries 

8 13 14 14 14 11 5 0 2 
Young 

Percent Data 
Removed 

42.8 7.1 0 0 0 21.4 64.3 100 85.7 

Number of 
Data Entries 

3 8 14 17 19 19 9 8 3 
Older 

Percent Data 
Removed 

85 60 30 15 5 5 55 60 85 

 

From Table 10a it is clear that a lot of data were excluded when Boothroyd and 

Nittrouer’s (1998) exclusion criteria were applied. I also used a less stringent correction to 

prevent meaningful data from being improperly excluded. K is calculated from two percentage 

scores, and in most of the cases where k scores were eliminated, only one percentage score was 

outside of the acceptable range. Thus, “corrected” k scores were calculated for data in which only 

one percentage score was outside of the 5-95% range; the values would be maintained unless the 

resulting score was greater than 3 standard deviations away from the mean. In cases in which the 

outlying score was 0 or 1, the value was replaced using this formula: Corrected Value = (# words 

correct + 0.5)/(# possible words +1), a method commonly utilized in signal detection theory 

(Snodgrass and Corwin, 1988). Table 10b depicts the “corrected data”. Overall, in the 

uncorrected data set, 115 of the 306 potential data points were removed (37.6%), while in the 

corrected data set, only 31 of the 306 potential data points were removed (10.1%). The 

uncorrected data set can be considered a conservative approach in which I can be certain no 
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unreliable data are included in analyses; however, the corrected data set allowed for more data to 

be considered in analyses. Both data sets were used in the following analyses when appropriate. 

Table 10 b Corrected Data: Number of k scores remaining at each SNR after removal of data 
using refined removal method as described in results section. The percentage of data points 
removed from the analysis is included in the table. It is clear that by refining the data exclusion 
criteria, many data points have been salvaged. 
 
  Signal to Noise Ratio (SNR) 
   -6 -5 -4 -3 -2 -1 0 1 2 

Number of 
Data Entries 

13 13 14 14 14 14 14 13 11 
Young 

Percent Data 
Removed 

7.1 7.1 0 0 0 0 0 7.1 21.4 

Number of 
Data Entries 

5 12 17 20 20 20 20 20 19 
Older 

Percent Data 
Removed 

75 40 15 0 0 0 0 0 5 

 

The k factor has been suggested to be a stable measure of the use of context, which is 

independent of the degree and type of degradation in the speech signal (Boothroyd and Nittrouer,  

1988), and it has been used to assess differences in the use of context between groups (Nittrouer 

and Boothroyd, 1990). It is important to note that in their 1990 work, Nittrouer and Boothroyd 

did find a significant main effect of SNR with different groups considered together, and the 

authors did not discuss the meaning of this with respect to the proposed constancy of k. I 

conducted a repeated-measures ANOVA with age group (young, older) as a grouping factor, and 

SNR (-5, -4, -3, -2, -1, 0 dB) as a repeated measure on the corrected data to assess the stability of 

k across SNRs for individuals and to check for evidence of differences in contextual use between 

groups. The SNRs entered into the ANOVA were selected to best match the RAU ANOVA 

analysis, to allow for more direct comparisons of the results. The uncorrected data set was also 

used in a repeated-measures ANOVA; however, due to large amounts of missing data in the 

uncorrected data set, this ANOVA was run on only a subset of SNRs (-4, -3, -2, -1 dB).   
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In both ANOVAs, the main effects of age group and SNR were not significant. The non-

significant main effect of age group is consistent with my previous findings and provides another 

piece of evidence for equivalent benefit from the use of context for young and older adults. In 

addition, my finding that the effect of SNR was not significant supports Boothroyd and 

Nittrouer’s (1988) statement that k values should be independent of the amount of degradation in 

the speech signal. The two ANOVAs differed in their results with respect to the interaction of age 

and SNR. Using the uncorrected data set, the interaction of age and SNR was not significant; 

however, using the corrected data set, the interaction was significant, (F[5,115] = 4.728; 

p<0.001). In this interaction, at certain SNRs older adults had higher k scores, while at others, 

young adults did, but the magnitude of the difference between young and older adults was larger 

at the SNRs where older adults were obtaining higher scores. This discrepancy in the findings 

between the two data sets must be considered with caution, given that the uncorrected data set 

was based on more conservative exclusion criteria.  

While the ANOVA results seem to support the stability of k scores across ranges of 

degradation, the finding is not as robust as I would hope. For the uncorrected data set, 11 out of 

14 young adults were entered into the analysis and only 12 of the 20 older adults (due to repeated-

measures ANOVA listwise exclusion criteria for missing data). For the corrected data set, again, 

12 of the 20 older adults were entered into the ANOVA, with 13 of the 14 young adults scores 

included. It is important to keep in mind that the ANOVAs were run on subsets of SNRs as well. 

Had I wanted to run the ANOVAs on all SNRs tested, no individual would have survived listwise 

exclusion for the uncorrected data set, and while ten young adults would have been entered for 

the corrected data set, only 5 older adults would have been included. With the findings based on 

only a portion of the data, I did not feel completely confident in the results.  
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Given that the ANOVA results were not as robust as hoped, I conducted a correlation 

analysis as another method to assess the stability of k across SNRs (as suggested in Grant and 

Seitz, 2000). Grant and Seitz reasoned that context use should be stable and consistent across 

SNRs: a high context user at one SNR should be a high context user at another SNR. Thus, 

significant correlations across conditions should be obtained. Since the purpose of this analysis 

was to focus on the stability of k across SNRs, performance for both groups were assessed 

together (also supported by the ANOVA findings of no difference between groups). The 

correlation analysis also allowed for data from all SNRs to be entered into the correlation matrix, 

as missing data are excluded pairwise rather than listwise in a correlation analysis.  

A Pearson product-moment correlation matrix was calculated for k scores at all SNRs (-6, 

-5, -4, -3, -2, -1, 0, +1, +2 dB) using both corrected and uncorrected data. Missing values were 

excluded pairwise, meaning each correlation may be based on a different sample size. I excluded 

the results from all cells in which more than half of the data were missing (i.e. 17 pairs or fewer 

considered). In the uncorrected data set, 10 correlations (of a possible 36), were considered based 

on this criteria. Of those 10 correlations, none were significant. In the corrected data set, 36 

correlations were tabulated and all had large enough sample sizes to be considered. Four 

correlations were significant at the p<0.05 level (SNRs -5 and -2, -4 and -1, +1 and +2, -2 and +2 

dB) and four correlations were significant at the p<0.01 level (SNRs -1 and 0, -1 and +1, -1 and 

+2, 0 and +2 dB). All eight significant correlations were positive.  

Even in the corrected data set, only 22% of the possible correlations were significant. If k 

is truly stable across signal-to-noise ratios, one would expect a clear majority of the correlations 

to be significant. However, I suffer from a lack of power here in two ways. First of all, the 

correlations were based on a maximum sample size of 34 and even in the corrected data set some 

correlations were based on a sample of only 17. With a larger sample size, greater confidence 
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could be placed in the data. More importantly, the k scores at each SNR in this study were based 

on the report data of 20 sentences (containing 87 words for each set of coherent and anomalous 

sentences), while Grant and Seitz based their k scores on 500 isolated word scores and 500 words 

from sentences. Thus each k score is based on far less data in my study. Also, it must be 

considered that in Grant and Seitz’s (2000) work, they were assessing the benefit of context of 

meaningful sentences compared to isolated words, hence ks+m (syntax plus meaning), while I was 

assessing the benefit of context for meaningful sentences compared to anomalous sentences, km 

(meaning/semantics). As Boothroyd and Nittrouer originally found, ks+m is larger than km; this 

might mean that larger sample sizes and more data points are even more important in order to 

accurately measure km. Crucially, there may be less variability in one’s ability to report words in 

isolation than to report anomalous sentences, which could lead to more stable k scores. In light of 

the mixed results from the ANOVA and correlation analysis, and the fact that in both cases, much 

of the data were removed from analyses, further studies with more subjects and more data in each 

condition, must be done to assess the stability of k.  

Even though k scores, as a rule, did not correlate between SNRs, they also did not differ 

significantly among SNRs, and thus, pooling them across SNRs to get a more stable estimate is 

justified, if one accepts that k is an index of an individual’s use of context as a whole throughout 

the experiment. Although the assessment of k in the current study was not as robust as expected, I 

can compare an aggregate k measure of benefit scores generated from percentage data and use 

this to determine its potential for future use as an individual measure of context use. Individuals’ 

mean k scores are represented in Figs. 5a and b, for the corrected and uncorrected data sets, 

respectively. The group means for young and older adults are represented on the x-axis as 

participant 0, and are highlighted in a box. One unit in k represents the equivalent of adding one 

channel of statistically independent information to the anomalous sentences, and so an increase in  
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Figure 5a Mean k scores (based on the corrected data set) for individual participants are plotted 
with the group mean scores represented as participant 0 (highlighted in a box on the y-axis). Two 
older adults in particular possessed a large mean k score compared to the group mean. 
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Figure 5 b Each individual’s mean k score (based on the uncorrected data set) for both young and 
older adults is plotted, along with group mean scores as participant 0 (highlighted in a box on the 
y-axis). Two young adults demonstrated large mean k scores, as well as two older adults 
compared to the group means. The lack of correction has elevated these two young adult’s scores. 
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the use of contextual information by more than one unit in k represents a large advantage in the 

use of context. It is immediately apparent that most individuals had mean k-scores within 1 unit 

of the group mean. Two individuals in both the young and older adult groups had mean scores 

greater than 1 k factor from the group mean in the uncorrected data set, while two older adults 

and no young adults possessed this characteristic in the corrected data set. Overall, 9 (same in 

corrected data) out of 20 older adults and 5(6 in corrected data) out of 14 younger adults were 

above or below 0.5 k units from the group mean, representing 41% (44%) of all participants. 

2.3.9 Summary of Experiment I 

Young and older adults utilized broad-based semantic context to equivalent degrees. I 

found no evidence supporting greater use of context for older adults as a group, despite analyzing 

the data a number of ways to check for methodological differences as a potential source of the 

discrepancies in the findings in the literature. Young adults did perform better than older adults 

overall; this difference in performance was captured by a one dB SNR shift for older adults, 

likely attributable to mild peripheral hearing loss, and potentially the interaction of this loss with 

cognitive abilities. Large individual differences in the use of context for both groups were found 

using a peak benefit measure (based on percentage data) and k scores. This variability may be the 

source of the discrepancies in the literature relating to context use, as most of the studies are 

based on small groups of participants. This finding of individual variation in context use 

influenced the design of Experiment II, in which I obtained word-report data in the scanner, and 

incorporated individual’s report data into functional imaging data analysis.  
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Chapter 3 

Experiment II: The Influence of Meaningful Context on the Perception 

of Speech in Noise Investigated using Functional Neuroimaging 

3.1 Introduction 

Davis et al. (2005b) completed a pilot neuroimaging study that served as the inspiration 

for Experiment II. In their study, participants heard coherent or anomalous sentences, similar to 

Miller and Isard’s (1963) stimuli. Participants completed a forced-choice recognition task on half 

of the trials to ensure that attention was maintained. Using an interleaved silent steady state 

(ISSS) (Schwarzbauer et al., 2006) sequence to acquire data, they found bilateral temporal lobe 

activation for increasingly intelligible sentences, fusiform activation correlating with coherent 

prose over anomalous prose and left inferior frontal activity associated with highly intelligible 

anomalous prose compared to highly intelligible coherent prose.  

In this study, I aimed to extend and refine Davis et al.’s (2005b) pilot study, to further our 

understanding of the neural correlates of the relationship of meaningful semantic context to the 

intelligibility of speech. The pilot study had two limitations: 1) The ISSS method for data 

acquisition created unexpected challenges at the analysis stage and 2) Pilot behavioural data was 

used to estimate intelligibility of conditions. In the current study, both of these limitations were 

addressed. I used the standard sparse-imaging method in the experiment design as it lends itself to 

more straightforward analysis. I also had participants report sentences in the scanner, instead of 

using a forced-choice task.  This allowed me, for the first time in an fMRI study of intelligibility, 

to utilize subjects’ own report data from the experiment in to model intelligibility in analyses. 

This is useful because behavioural studies reveal large variation in the use of context as an 

intelligibility aid. The results addressed the neural correlates associated with the intelligibility of 
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speech, and differences in activation patterns in response to coherent and anomalous sentences. I 

observed regions in which correlation with intelligibility was different for the two types of prose 

(i.e. in the interaction as Davis et al. (2005b) observed). The results are discussed in light of 

findings by other neuroimaging researchers investigating context use (Humphries et al., 2006; 

Obleser et al., 2007a; Davis et al., 2005b) and with reference to current neurobiological models of 

speech perception (Hagoort, 2005; Hickok and Poeppel, 2007; Scott and Johnsrude, 2003). The 

results also revealed whether sensitivity increases by utilizing individual intelligibility data in 

fMRI analyses.  

3.2 Method 

3.2.1 Participants 

Sixteen young adults (mean age: 21.1, range: 19-26, 11 female), none of whom 

participated in the behavioural study, were recruited from Queen’s University and the Kingston 

community for the current study. This is an appropriate number for random-effects analysis in 

fMRI studies (Friston et al., 1999). Participants had an average of 14 years of education (an 

average of two years of post-secondary schooling completed). All participants were right handed, 

learned English as their first language, lived in Ontario for most or all of their lives, and had 

clinically normal hearing defined as pure-tone thresholds of 25dB HL or better in the speech 

range (500-3000Hz) in both ears as determined by an air-conduction audiogram. Participants also 

completed two subtests (spatial span and spatial working memory) from the CAmbridge 

Neuropsychological Test Automated Battery (CANTAB) as supplemental measures of short term 

memory (refer to section 2.2.1 for a full description of these tests). Volunteers participated in two 

sessions. The first session consisted of a demographic questionnaire, pure-tone audiogram and the 

two cognitive tasks. Participants who met the hearing threshold criteria were invited back for the 
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second session, consisting of the MRI experiment and a follow-up questionnaire. This study was 

reviewed and approved by the health sciences research ethics board of Queen’s University. 

Written informed consent was obtained from all participants for both sessions. Participants 

received $10.00/hr of their time, an image of their brain, and reimbursement of transportation 

costs (i.e. parking, bus fare, etc.) as compensation for volunteering in the study. 

3.2.2 Stimuli 

The corpus of English coherent and anomalous sentences used in the previous 

behavioural study (Chapter 2, Experiment I) served as the stimuli in this study. Examples of these 

sentences are as follows: ‘Her new skirt was made of denim’ (coherent prose); ‘Her good slope 

was done in carrot’ (anomalous prose). The sentences were presented in quiet (clear condition) 

and embedded in signal-correlated noise using Praat software (Boersma and Weenink, 2006; 

www.fon.hum.uva.nl/praat) at a number of signal-to-noise (SNR) ratios. SNRs for the MRI study 

were selected based on behavioural report scores from Experiment I (Chapter 2). I chose SNRs 

that yielded low, moderate, high, and very high intelligibility (approximately 25, 50, 75 and 90% 

words reported correctly) for both coherent and anomalous sentences, and for both young and 

older adults (a follow up study will involve older adult participants and comparisons will be made 

between and across groups). The selected SNRs were: -5, -3.5, -2.5, -1, 0, +2.5dB. Clear speech 

(an approximation of an infinitely positive SNR) yields 7 SNR conditions total. Signal correlated 

noise (noise alone condition) and silent trials (rest) were also presented to participants. Fourteen 

sentences of each prose type were presented at each of the seven SNRs; ninety-eight sentences of 

each prose type were presented out of the one hundred sentence corpus. The remaining two 

sentences of each prose type were utilized in a practice session in the scanner.  

Stimuli Set Creation, Participant Trial List Creation and Randomization Method: 
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In the original prose corpus, the sentences were organized into ten sets of ten sentences of 

both coherent prose and matching anomalous prose sentences. These sets were reorganized into 

seven 14-item sets using the Match program v.2.06 (Van Casteren & Davis, 2007). This program 

allows the user to create balanced sets of items based on any entered feature, in this case, length, 

since sentences varied between 6-13 words. The program was run for the coherent sentences, and 

paired sets were made from the matching anomalous stimuli. Each pair of 14-item sets was then 

pseudorandomly assigned to one of the seven SNR conditions (without replacement), so that each 

set was tested in each SNR condition equally often across subjects.  

As in the behavioural study, participants were required to repeat back the words they 

could understand of the sentences during the MRI study. However, in MRI studies, one must be 

mindful of experiment length as a volunteer’s attention and awareness levels tend to drift after 

being in the scanner environment for extended periods of time. Therefore, unlike in the 

behavioural study in which participants reported every sentence, subjects were required to report 

half of the sentences they heard. Thus, seven sentences in each condition were selected as report 

trials. Unlike the behavioural study, report was always verbal, and cued by a visual signal (see 

next section). Selection of sentences for report trials was conducted using Match, so that the 

word-length of the report sentences was balanced with unreported sentences. The selection was 

made for the coherent prose and the corresponding anomalous sentences were also chosen. 

 The sentences and report trials, along with signal correlated noise trials and silent 

conditions were then divided into four blocks for the experiment as evenly as possible. A total of 

fourteen signal correlated noise trials and 16 silent trials were used (16 silent trials were selected 

rather than 14 to maintain equivalent block lengths). Each block was 81 trials long for a total of 

324 trials in the experiment. Within blocks, stimuli were presented in pseudorandom order to 

make certain that no more than two of the sentences of a given condition in a block were 
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randomly placed back-to-back, and that report/non-report trials were not completely clustered 

together. The randomization ensured that, after a trial of condition X, a trial of any condition 

(including X) was nearly equally likely to occur.  

3.2.3 MRI Protocol 

Experiment Description and Participant Task  

Upon arrival at the MRI facility, volunteers completed the facility safety checklist, ethics 

forms, and read through a description of the task in the scanner. The participants then listened to a 

verbal description of what to expect when entering into the scanner as a volunteer, in order to 

increase familiarity and comfort with the facility set-up. This brief includes a description of the 

communication system between the experimenter, technician and volunteer; the sounds the MR 

scanner makes; the scanner bed, head coil, microphone, and headphones; and the importance of 

remaining still while in the scanner. The experiment itself was also briefly reviewed to ensure that 

participants understood the instructions for the task. The experimental task was simply to listen to 

sentences diotically presented over MRI compatible stereo headphones (NordicNeuroLab) while 

in the scanner. It is important to note that these headphones also offer 35dB of noise protection 

for participants eliminating the safety need for ear plugs. For half of the sentences, the instruction 

‘Repeat’ would appear on the black screen after the scan. Volunteers were expected to repeat 

what they were able to hear of the sentence into the MRI optical microphone (Magmedix) (See 

Figure 6). Subjects’ report data were recorded using Adobe Audition v.1.5 and scored for percent 

correct after the MRI session. The scanning session began with the acquisition of a T1-weighted 

high resolution (1 x 1 x 1 mm resolution) anatomical image. After this, a demonstration of the 

task was carried out before starting the experimental sessions. This allowed volunteers to 

familiarize themselves with the sound level at which the sentences were presented, with how the 

repeat instruction would appear on the screen, and with the sentence repetition task, and provided 
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Figure 6 Scanner protocol of sparse-imaging design, time in seconds along the x-axis.  Mid-
points of all acoustic stimuli (sentences, SCN) were presented four seconds before the functional 
scan. Following the scan, an acoustic stimulus, a silent period or, after half of the sentence 
stimuli, a report trial would occur. On report trials, a fixation cross and written repeat instruction 
would appear on the screen and remain there until the next scan. Participants were instructed to 
repeat what they were able to hear in the sentence. At all other points in the study the screen 
remained black.  

 

a final task clarification opportunity. Sentences were presented at 70dB SPL (conversational 

speech level). The experimental session was broken into four blocks. Each block was 

approximately twelve minutes long. Between blocks, the repeat data were saved and participants 

were allowed to rest until they were ready to begin again. After the fourth block the participant 

was helped out of the scanner. They then completed a questionnaire related to the study and their 

experience in the scanner and received a verbal and written debriefing statement.     

Scanner Protocol 

Echo-planar imaging data were acquired on the Queen’s MRI facility 3T Siemens Trio 

scanner using a sparse imaging protocol (Edmister et al., 1999; Hall et al., 1999), acquisition time 

of 2s, repetition time of 9s. This means that a 7-second silent period was present between 

successive 2-second scans. This design allowed for presentation sentence materials in the silent 

periods between scans, minimizing acoustic interference; the midpoint of each sentence was 

placed 4 seconds before the scan onset, in order to capture the maximal hemodynamic response 

attributed to the contextual information arising from sentences (Edmister et al., 1999; Hall et al., 

1999). (Edmister et al., 1999; Hall et al., 1999) (Fig. 6). On half of the sentences, following the 
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scan, the ‘repeat’ instruction appeared on the screen at the beginning of the 7-second silent 

period. This allowed participants enough time to report the sentence prior to the next scan. Whole 

brain functional volumes were obtained in 2 seconds using an interleaved acquisition pattern 

consisting of 32 3.3mm thick slices and a 64 X 64 matrix. Images were obtained by using a 12-

channel head coil. Total functional imaging time was forty-eight minutes; approximate total time 

in the MR scanner for each participant was one hour and fifteen minutes. Auditory stimuli and the 

visual ‘repeat’ instructions were presented to participants using E-Prime v.1.2 and a NEC LT265 

DLP projector; participants viewed the screen via a mirror system mounted on the head coil.  

3.2.4 Data Preprocessing and Analysis Method 

Data preprocessing and analysis was completed using SPM5 (Statistical Parametric 

Mapping 5, Wellcome Department of Cognitive Neurology, London, UK) software in MATLAB 

v.6.5 (Mathworks). MR images (DICOM images to which the Siemens motion correction 

algorithm had been applied) were converted to NIFTI format before preprocessing. Also before 

preprocessing, tsdiffana (www.imaging.mrc-cbu.cam.ac.uk/imaging/DataDiagnostics; Matthew 

Brett) was run on the functional images as a quality check of the data. This program provides 

variance measures between successive functional images within a block allowing for large 

movements and anomalous peaks in activation to be noted. Preprocessing of data included within-

subject realignment of the functional images to the first functional image and then creation of a 

mean functional image, co-registration of the structural image to the mean functional image, 

spatial normalization of the images to a standard anatomical template utilizing the segment 

function which bases normalization on separate grey and white matter templates, and spatial 

smoothing with a Gaussian kernel of 8mm.  

Data Matrices for Analysis and Graphing 



 

 64 

Two separate types of data matrices were created to model and analyze the data. The first 

two matrices were for data analysis. Within these analyses, contrasts were computed to assess 

main effects and interactions and significant maps of activation were generated. In the first 

matrix, signal-correlated noise was modeled separately from speech conditions; in the second, it 

was considered speech that approximates an infinitely low SNR. The third data matrix was 

designed in order to plot the change in activity in voxels of interest identified from the analysis 

utilizing the main data matrix across conditions. Both the data and graphing matrix models were 

carried through first level (fixed-effects) analyses in individual participants; these yielded 

parameter estimates for contrasts of interest derived from the least mean-squares fit of the 

models. The parameter estimates of the models were then entered into separate second-level 

(random-effects) group analyses, which produce t values for each voxel.  

Main Analysis Matrix: The analysis matrix was designed by creating regressors and 

parametric modulators of those regressors. In particular, a speech regressor was the first column 

entered into the design matrix. This regressor identified all scans associated with speech 

conditions including both coherent and anomalous prose SNR conditions and clear speech. Next, 

a series of parametric modulator regressors were applied to the speech regressor. First, an 

intelligibility modulator was included. In this regressor, the individual participant’s report data 

was entered. For half of the sentences, the participant was asked to repeat them while in the 

scanner and the exact report score was used in the modulator. For the sentences that were not 

repeated, the average report score of sentences of that prose type and SNR in that block was used 

as the best estimate of intelligibility. Scores were not averaged across blocks as it was possible 

that participant effort, adaptation to stimuli including background noise, and awareness levels 

could change as the experiment progressed. 
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 The next modulator that was applied to the speech regressor identified each trial as either 

coherent or anomalous prose. This modulating regressor was entered after the intelligibility 

regressor, and so was sensitive to variance attributable to prose type after the variance associated 

with intelligibility was accounted for. Thus any variance shared between intelligibility and prose 

type was attributed to intelligibility. The prose type modulator can be used to look at activation 

patterns relating to the presence or absence of coherent context.  

 The third parametric modulator entered on the speech regressor accounted for the 

interaction of intelligibility with prose type. This regressor allowed me to identify, for example, 

regions demonstrating more activation to highly intelligible anomalous prose than to highly 

intelligible coherent prose, and other regions in which the correlation with intelligibility was 

different for the two types of prose.  

 The fourth and fifth modulators addressed the question of listening effort. Listening to 

speech in noise is proposed to require greater effort than listening to speech in quiet (without 

background noise). Because these modulators were the last two applied on the speech regressor, 

they consider activity related to listening effort after the main effects of intelligibility, prose type 

and that interaction have been parceled out. In the fourth modulator, the main effect of listening 

effort was considered. The modulator was created by identifying the clear speech trials, and then 

looking for regions exhibiting less activity for these trials than would be predicted by their 

intelligibility. I interpret this as being reflective of reduced effort to process clear speech over 

speech in noise. The fifth and final parametric modulator addressed the potential interaction of 

listening effort and prose type, as the anomalous prose may have triggered greater listening effort 

than coherent prose.  

 After the speech regressor and its applied parametric modulators, a few other regressors 

were entered into the design matrix to finish identifying the remaining conditions. The next 
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regressor entered identified all signal-correlated noise trials. After this regressor, the scans 

associated with the repeat trials were modeled (essentially capturing the activation due to the 

verbal repeat; these scans were not analyzed further as motion artifact would be a great concern). 

Next, the trials in the experiment that were silent were explicitly modeled as a rest (or silence) 

regressor. The rest regressor is important as it helps to serve as another quality assurance check of 

the data. Finally, six regressors capturing realignment information on motion (in x, y, z, pitch, 

roll, and yaw) were included in the model. Contrasts between conditions with auditory 

stimulation (speech, signal-correlated noise) and silence should reveal robust auditory activation 

in all participants. If activation is absent, then errors may have been committed at the 

preprocessing or matrix design stage, or excessive subject movement may have occurred.   

Second Analysis Matrix: This design matrix is nearly identical to the main analysis 

matrix; however it includes signal-correlated noise in the speech condition regressor, whereas it 

was a separate regressor in the main analysis. Signal-correlated noise blurs the line between being 

considered a speech condition or a separate condition category altogether. On the one side, it is 

completely unintelligible, and therefore may merit being considered a separate category. On the 

other hand, one might consider it an approximation of an infinitely negative SNR condition of 

speech; the opposite of clear speech, which can be considered as approximating an infinitely 

positive SNR.  

It was decided that having signal-correlated noise included in the speech regressor would 

be appropriate for the intelligibility and listening effort parametric modulator, but not for 

parametric modulators involving prose type designations as the designation of coherent or 

anomalous prose type would be meaningless when applied to signal correlated noise. The 

arguments for including signal correlated speech were two-fold: 1) including the approximately 

infinitely negative SNR (signal-correlated noise) would balance including an approximation of an 
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infinitely positive SNR (clear speech) and 2) the experimental design includes more high 

intelligibility conditions than low intelligibility conditions (especially for young adults as the 

study was designed with both young and older adults’ performance in mind), and including 

signal-correlated noise in the speech regressor will also help balance this fact.  

Third Matrix: In order to plot signal change values for each condition, I needed a design 

matrix in which each condition was modeled separately. In this design, each condition in the 

experiment was identified as a unique regressor for graphing purposes. In total, sixteen regressors 

were explicitly defined, with silent trials implicitly modeled. The 16 regressors specified were: 

the 7 SNR conditions for each of the two prose types, plus signal-correlated noise and repeat 

trials.  

Contrasts of Interest 

The main effects of intelligibility, prose type, and listening effort were considered. The 

effects of intelligibility and listening effort were analyzed with signal-correlated noise treated as 

both a speech condition and as a separate noise condition, and the findings were compared. The 

interactions of prose type with intelligibility and with listening effort were also examined. 

Activation foci were considered significant when they met both whole-brain false discovery rate 

(FDR) (Genovese et al., 2002) correction at p<0.05 and p<0.001 uncorrected criteria, and when 

cluster sizes were at least 10 voxels in size. The FDR procedure controls the expected proportion 

of false positives among suprathreshold voxels, holding it at the specified rate (i.e. 0.05) and 

provides greater power than the traditional family-wise error correction. Where the null 

hypothesis is true (i.e. there are no activated voxels), the FDR procedure produces identical 

results to a Bonferroni correction, providing stringent control of familywise-error rate (Benjamini 

and Hochberg, 1995). Significant activation peaks and subpeaks were located using both the 

LPBA40 (Shattuck et al., 2008) and AAL (Tzourio-Mazoyer et al., 2002) atlases. The activity 
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patterns in significant voxels of interest were plotted to ascertain the directionality of effects and 

interactions. 

3.3 Results 

3.3.1 Pure tone audiogram and CANTAB Subtest Results 

Results of the audiogram testing are presented in Table 11. Thresholds were measured at 

250, 500, 1000, 2000, 3000, and 4000Hz in both ears. Retesting was completed on the left ear at 

1000 Hz to ensure reliability. All participants tested had test-retest scores within 5dB of original 

threshold measures; thus, reliability in the measured thresholds was good. All participants met the 

hearing criteria laid out for involvement in the study. From the data in Table 11, it is clear that 

hearing thresholds in the young adults in this study were well within the clinically normal range. 

Table 11 Mean pure-tone audiogram thresholds, averaged across all sixteen participants; standard 
deviations are listed in parentheses. No individual’s threshold at any frequency tested exceeded 
25dB HL. All participants met the hearing criteria for inclusion in the study (25dB HL thresholds 
or better for both ears in the speech range, defined as 500-3000Hz). 
 

Frequency (Hz) Left Ear Threshold (dB HL) Right Ear Threshold (dB HL) 
250 5.94 (4.55) 5.31 (4.99) 
500 5.31 (4.64) 5.63 (5.12) 

1000 3.75 (5.32) 1.25 (5.32) 
2000 3.75 (5.63) 2.50 (6.06) 
3000 -0.94 (5.84) 1.88 (7.04) 
4000 0.63 (7.27) -0.94 (4.17) 

 

The results of the spatial span and spatial working memory subtests from the CANTAB 

are listed in Table 12. All results were in the clinically normal range. This is not surprising given 

the age and years of education of the volunteers in the study. It does, however, provide 

reassurance that the volunteers were not suffering from cognitive impairment at the time of the 

experiment.  
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Table 12 Mean spatial span and spatial working memory CANTAB subtest results. Standard 
deviations are in parentheses. 
  

Cognitive Test Type of Finding Average Result 
Spatial Span Span 7.44 (1.21) 

Between Search Errors 6.38 (7.24) 
Spatial Working Memory 

Strategy Score 18.63 (5.40) 
 

3.3.2 Word report scores from sentences presented during the fMRI experiment 

Participants verbally reported words from 98 sentences, 49 of each prose type. Average 

results for all participants, along with comparable data from young adults in Experiment I are 

presented in Figure 7. Considering only the data from the MRI study first, there are some clear 

trends to report. As expected, report scores increased as the signal-to-noise ratio increased. Thus, 

sentences with less background noise were easier to report. Anomalous sentences were more 

difficult to report at any given SNR than were coherent sentences. Therefore, as with Experiment 

I, there was clear evidence for the benefit of context. Looking at both the Experiment I and 

Experiment II behavioural results together, the plots of the two curves clearly overlap in most 

conditions, with small differences at -5 dB SNR and for higher report scores in the anomalous 

condition. Overall, the young adults participating in both studies performed quite similarly and it 

is likely that differences in the experimental set-up (such as fewer sentences to report, and fewer 

difficult SNRs to listen to) explain the slight increases in performance observed in Experiment II. 

As with my behavioural study, another factor to consider within the word report results is 

the amount of benefit from context each individual obtained. Although the exact measure that 

best represents an individual’s use of context is a matter of debate, as was discussed for the 

behavioural study data (see sections 2.2.4, 2.3.7, 2.3.8), peak benefit score is a straightforward 

measure of context use. Table 13 summarizes the peak benefit scores for the MRI group. On 

average, participants were receiving 36.57% maximal benefit from context. This indicates that at 
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Figure 7 Sentence report scores, as a proportion of total words in each sentence, for young adults 
in both Experiment I (behavioural) and Experiment II (MR).  
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Table 13 Peak (maximum) benefit gained from the use of context represented as a difference in 
percent correct for coherent and anomalous sentences. The range demonstrates the amount of 
variability in the maximum benefit due to context for each individual. Note also that the SNR at 
which individuals achieve their maximum amount of benefit varies widely as well.  

 
  SNRs where Participants Achieve Peak Benefit 
Average Peak 

Benefit 
Peak Benefit: Min., 

Max., & Range -3.5 SNR -2.5 SNR -1 SNR 0 SNR 
36.57% 16.80, 63.08, 46.28% 8 Subjects 4 Subjects 3 Subjects 1 Subject 

 

the particular SNR at which they were obtaining peak benefit, volunteers were able to report an 

average of 36% more words from a coherent sentence than from an anomalous sentence; this 

demonstrates the robust influence of context as a top-down mechanism for disambiguating words 

in noisy listening environments. However, like in the behavioural study, the peak use of context 
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varied widely for individuals with some obtaining just over 15% peak benefit from context and 

others over 60%. In addition to this, the SNR at which maximal benefit was obtained again varied 

widely for individuals. With this amount of variability in the MRI study, there is augmented 

support for the motivation to utilize each individual’s report scores in MRI data analysis to more 

precisely measure intelligibility, rather than relying on group average data from a separate study.  

3.3.3 Results of Random Effects Analysis of MRI Data: Main Effects and Interactions 

All subjects volunteering for the study completed the experiment in the scanner. During 

the first subject’s experimental run, difficulties with the audio files led to the elimination of some 

scans, equivalent to less than one scanning session. In addition to this data collection loss, one 

other subject’s verbal report demonstrated signs of fatigue in the last scanning session of the 

experiment consistent with that individual’s self-report in the follow-up test. Examination of 

report scores in the last scanning session revealed performance below 80% in the clear coherent 

condition. Taken together with the self-report and fatigued voice, it was decided that the last 

session of scanning from that individual would not be entered into further analyses. For a final 

quality check of the data, at the fixed-effects level, a contrast of the speech conditions with 

silence was run. All subjects demonstrated robust temporal lobe activation in this contrast and 

thus the data from contrasts of interests were confidently entered into the random-effects analysis.  

Main Effect of Intelligibility 

In Table 14, the main peaks and subpeaks of clusters of activation are listed for voxels in 

which activity was correlated positively with increasing intelligibility for all sentences. Robust 

positive correlation was seen all along the left and right superior temporal gyrus/sulcus and, in the 

left hemisphere, this activity extended into the middle temporal and angular gyrus (see Figure 8). 

Activation was also noted in left and right hippocampus, left and right parahippocampal gyrus 

and left fusiform gyrus, superior frontal gyrus, left and right cerebellar locations including crus II,  
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Table 14 MRI Activation Peaks and Subpeaks: Main Effect of Intelligibility (Areas in which 
activity correlates with word report scores.) Voxels in bold font indicate the highest peak of 
activity within that cluster.  

 
 Coordinates    
Contrast x y z t score No. of 

Voxels in 
Cluster 

Area of Activation 

Intelligibility -54 0 -12 11.89 4877 L STG (98) 
(With SCN) -56 -20 0 10.88  L STG (100) 
 -50 -16 -20 10.43  L MTG (98) 
 -48 8 -30 9.84  L Ant MTG (75%) 
 -60 -6 -16 9.50  L MTG (77%) STS? 
 -64 -28 6 8.49  L STG (100) 
 -44 -44 2 7.26  L MTG (23%) 
 -44 -66 24 6.83  L Angular (72%) 
 -54 -66 18 6.50  L Angular (80%) 
 -36 -40 -18 6.38  L Fusiform (99) 
 -58 8 -20 6.31  L STS (Anterior) 
 -62 -52 -4 6.13  L MTG Post (90) 
 -48 -36 0 5.82  L MTG (69) 
 -56 -52 14 5.76  L Post STG (55) 
 -28 -36 -18 5.68  L Parahipp/fusiform 
 -62 -44 0 5.35  L MTG (80%) 
 -18 -26 -16 5.31  L Parahippoc (80%) 
 -42 24 -20 5.17  L Sylvian Fissure 
 -38 34 -12 4.68  L lat OFG (85) 
 -40 -14 -28 4.62  L lat occipitotempl S 
 52 -8 -16 11.35 2041 R Mid STS  
 62 -6 -6 10.53  R STG (97%) 
 52 12 -20 9.19  R Ant STG (92%) 
 42 -20 10 6.50  R Post STG (97%) 
 48 -16 6 6.50  R Post STG (100%) 
 46 14 -32 5.77  R Ant STS  
 54 -28 0 5.68  R Post STS 
 34 -20 -14 5.59  R Hippocampus (98) 
 22 -28 -14 5.58  R Parahippoca(100) 
 62 4 -20 4.93  R Ant MTG (73%) 
 68 -28 0 4.12  R Mid STS 
 -8 -56 14 8.77 1659 L Precuneus (46%) 
 -6 -82 0 4.92  L Lingual G (91%) 
 0 -72 8 4.56  L/R Lingual G 
 24 -78 30 4.45  R Sup Occip G (85) 
 10 -70 -2 4.23  R Lingual G (98) 
 28 -84 18 4.22  R SOS 
 -6 52 32 8.44 619 L SFG Mid (100%) 
 -8 58 18 6.13  L SFG Mid (100%) 
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Table 14, Continued 
 
 Coordinates    
Contrast x y z t score No. of 

Voxels in 
Cluster 

Area of Activation 

 -12 36 46 5.86  L SFG Mid (100%) 
 -14 30 52 5.70  L SFG Mid (98%) 
 20 -78 -34 6.82 520 R Cerebellum Crus2 
 14 -88 -32 5.23  R Cerebellum Crus2 
 10 -78 -34 4.81  R Cerebellum Crus2 
 38 -70 -38 4.55  R CerebellumCrus2 
 6 -86 -34 4.45  R Cerebellum Crus2 
 -28 -76 -36 6.48 169 L Cerebellum Crus2 
 -16 -86 -36 4.21  L Cerebellum Crus2 
 -30 -16 -14 6.43 401 L Hippocampus (37) 
 -22 0 6 4.17  L Putamen (94%) 
 -40 -28 12 5.81 240 L Heschl (L STG 78) 
 -4 -46 -46 5.73 290 L Cerebellum 9 (75) 
 4 -48 -46 5.33  R Cerebellum 9 (86) 
 10 -54 -42 5.13  R Cerebellum 9 
 22 30 12 5.39 82 R MFG (32) 
 18 32 -4 4.18  R MFG (72) 
 -8 44 -12 5.35 77 L SFG (96) 
 -50 -12 42 5.19 204 L Precentral (72) 
 22 -8 -10 5.09 117 R Hipp (1) 
 30 -4 -18 4.50  R Hippocampus (44) 
 -46 30 -2 4.86 31 L IFG (97) Orb 
 -36 -70 -8 4.82 93 L Inf OccipG (82%) 
 -44 -74 0 4.13  L Mid OG (84%) 
 56 -58 10 4.73 15 R Post MTG (57%) 
 10 54 16 4.65 52 R SFG Mid (96) 
 -22 -82 18 4.63 227 L SOG/MOG 
 -30 -90 14 4.35  L MOG (90) 
 -8 -94 16 4.25  L cuneus (44) 
 -26 -90 26 4.14  L SOG (51) 
 -18 34 2 4.61 63 L MFG (93) 
 -22 30 -10 4.51  L MOFG (47) 
 52 -66 24 4.61 58 R Angular G (69) 
 32 -64 -16 4.51 53 R IOG (72) 
 -30 -4 -24 4.30 14 L Hippocampus (49) 
 4 -70 -22 4.17 11 Vermis 6 
 2 -70 -12 4.10 13 Vermis 6 
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Figure 8 Activation pattern along left and right temporal lobes generated by the intelligibility 
contrast (correlation with intelligibility, measured as word-report score). Activations are 
considered significant at p<0.001 uncorrected, p<0.05 FDR corrected and with cluster sizes of at 
least 10 voxels, and are displayed on the SPM5 canonical T1 brain. The colour scale bar depicts 
the associated t-score of the voxel for all figures displayed. Within this contrast, the left 
hemisphere activation extends from anterior to posterior along the superior temporal gyrus/sulcus. 
The extent of the activation in the right hemisphere is more restricted compared to the left. 

 

hemispheric lobule 9 and vermis lobule 6, and precentral/postcentral gyrus (motor/somatosensory 

cortex). Activity (estimated mean beta values) across conditions in voxels found in the left 

superior temporal sulcus and the somato-motor area are plotted in Figure 9.  
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Figure 9 Top: Estimated mean beta values for a voxel in left superior temporal sulcus as a 
function of signal-to-noise ratio and prose type. Mean beta values increase across SNR levels, 
which correlate with intelligibility scores. Bottom: Estimated mean beta values for a voxel from a 
cluster that borders the pre- and postcentral gyri, with high probability of being found in either 
structure as determined by probabilistic mapping. Again, there is a trend for mean beta values to 
increase across SNR levels, which correlate with intelligibility scores. 
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Main Effect of Prose Type 

A number regions exhibited greater activation for coherent prose over anomalous prose; 

see Table 15. These included the superior frontal gyrus, extending into middle frontal gyrus, and 

the left angular gyrus and supramarginal gyrus. Right and left hippocampus also activated more 

strongly for coherent than anomalous prose. Activity clusters were also found along the left 

precuneus and left and right cingulate gyrus. Figure 10 displays activation maps and graphs of 

estimated mean beta values for selected voxels of interest. For the opposing contrast, no 

significant clusters of activity were found that represented greater activity for anomalous prose 

over coherent prose. This finding was not surprising in light of a significant interaction of the 

prose-type factor with intelligibility. 

Interaction of Intelligibility and Prose Type 

A significant interaction effect was demonstrated between intelligibility and prose type. 

Specifically, the contrast was sensitive to regions in which activity was greater in highly 

intelligible anomalous prose conditions than in highly intelligible coherent prose conditions. 

Activation peaks and subpeaks are noted in Table 16. The largest cluster of activity was in left 

frontal cortex, including inferior frontal gyrus (pars triangularis and pars opercularis), middle 

frontal gyrus and precental gyrus. A separate cluster of activation was found within left and right 

supplementary motor areas. Fig. 11 displays activation maps and graphs of estimated mean beta 

values from voxels in the left inferior frontal gyrus and supplementary motor area. Corresponding 

right inferior frontal gyrus activity was also noted, though the extent of activation was smaller. 

Main Effect of Listening Effort 

Listening to speech in noise requires effort; this effort is proposed to be reflected by 

increasing neural activity in regions that help separate the speech from the noise signal. Regions 

which are less activated by clear speech conditions than would be predicted by their 
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Table 15 MRI Activation Peaks and Subpeaks: Main Effect of Prose Type 
 
 Coordinates    
Contrast x y z t score No. of Voxels 

in Cluster 
Area of Activation 

Prose Type -6 54 18 8.14 1570 L SFG (100) Med 
(no SCN) -10 42 50 7.23  L SFG (99) 
 -38 16 48 6.78  L MFG (100) 
 -28 18 54 6.25  L MFG (82) 
 -14 34 56 5.50  L SFG (94) 
 -26 14 42 5.43  L MFG (89) 
 -14 48 16 5.42  L SFG/MFG sulcus 
 6 54 8 4.72  R SFG (100) 
 -8 52 32 4.33  L SFG (100) 
 -52 -54 28 7.62 2389 L Angular G (88) 
 -42 -60 24 6.50  L Angular G (58) 
 -40 -64 44 6.30  L Angular G (100) 
 -42 -66 32 6.16  L Angular G (87) 
 -40 -74 36 6.11  L Angular G (79) 
 -54 -46 42 5.83  L SupraMarg G (74) 
 -12 48 -2 7.30 669 L SFG (68) 
 8 46 -8 5.79  R SFG (93) 
 -8 30 -12 5.63  L SFG (72) 
 -6 44 -12 5.05  L SFG (97) 
 -22 44 -6 4.93  L MFG (97) 
 -6 32 -4 4.65  L Cingulate G (70) 
 -26 -34 -12 6.99 165 L ParahippoG (76) 
 -20 -56 14 6.29 1830 - 
 -12 -56 24 5.48  L SPG (49) 
 12 -60 22 5.05  R SPG (50) 
 -6 -56 32 4.91  L Precuneus (94) 
 -10 -48 30 4.85  L Cingulate G (66) 
 -6 -30 36 4.53  L Cingulate G (99) 
 8 -44 32 4.49  R Cingulate G (83) 
 14 -50 36 4.45  R SPG (62) 
 -8 -40 40 4.29  L CG/Pre S 
 -8 -46 46 4.28  L Precuneus (90) 
 -6 -52 40 4.14  L Precuneus (96) 
 28 -52 -34 5.56 26 R Cerebellum 6 
 8 26 -20 5.53 28 R Rectus G (73) 
 -62 -36 -14 5.30 15 L MTG (93) Mid 
 58 -34 38 5.18 703 R SupraMargG (100) 
 52 -48 22 4.88  R Angular G (85) 
 48 -66 36 4.71  R Angular G (94) 
 60 -50 32 4.49  R Angular G (95) 
 52 -58 24 4.25  R Angular G (98) 
 24 22 56 5.09 41 R SFG (84) 
 -34 44 -8 5.08 44 L IFG (77) Orb 
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Table 15, Continued 
       
 Coordinates    
Contrast x y z t score No. of Voxels 

in Cluster 
Area of Activation 

 -22 -12 -22 5.03 45 L Hippocampus (100) 
 -30 -22 -18 4.45  L Hippocampus (95) 
 24 -24 -20 4.85 22 R ParaHippoG (99) 
 -50 -22 -20 4.79 25 L ITS 
 -56 -16 -18 4.25  L MTG (99) 
 34 50 -2 4.66 34 R IFG (53) 
 -12 0 40 4.58 18 L SFG (52) 
 24 36 50 4.52 46 R SFG/MFG Sulcus 
 30 -12 -16 4.25 21 R Hippocampus (63) 
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Figure 10 Maps of activation clusters and graphs of estimated mean betas from selected voxels 
for the contrast between prose types. Activity in these regions is correlated more strongly with 
coherent prose than with anomalous prose. Within the left angular gyrus, an overall deactivation 
compared to rest is apparent, more so for anomalous prose. The activity pattern within left 
parahippocampal gyrus is similar, although for coherent prose it surpasses average rest level 
activity. 
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Table 16 MRI Activation Peaks and Subpeaks: Areas in which correlation with intelligibility 
differs for the two types of prose. 
 
 Coordinates    
Contrast x y z t score No. of Voxels 

in Cluster 
Area of Activation 

Intelligibility -24 24 6 8.66 1697 L Insular cortex (3) 
X Prose Type -56 16 30 6.58  L I FG (36) Tri 
(Anom/Coh) -48 2 38 6.48  L Precentral G (84) 
 -48 8 32 6.40  L PreG (50) Sulcus 
 -46 4 46 5.86  L MFG (52) Sulcus 
 -48 30 0 5.50  L IFG (100) Tri 
 -26 30 0 5.32  L MFG (33) 
 -38 6 36 5.19  L MFG (76) 
 -36 -2 46 5.15  L PrecenG (53) sulcus (L 

MFG) 
 -52 24 18 5.15  L IFG (100) Tri 
 -54 16 20 5.13  L IFG (97) Oper 
 -44 14 26 5.08  L IFG (63) Tri 
 -28 22 -4 4.88  L Insular Cortex (66) 
 -54 30 6 4.54  L IFG (100) Tri 
 -46 38 4 4.43  L IFG (100) Tri 
 -50 26 32 4.39  L I F Triangularis 
 -48 8 8 4.29  L MFG (88) Oper 
 -58 10 12 4.16  L IFG/PreG Sulcus 
 -4 14 54 8.07 931 L Supp Motor Area 
 6 24 56 4.71  R Supp Motor Area 
 -42 -44 -12 6.35 69 L fusiform (53) 
 -34 24 -24 5.88 14 L MOFG (66) 
 56 22 0 5.84 380 R IFG (94) Tri 
 34 20 -2 5.20  R Insular Cort (96) 
 32 22 8 4.92  R Insular Cort (34) 
 32 10 -4 4.89  R Insular Cort (79) 
 48 26 -4 4.68  R IFG Orb (86) 
 32 30 0 4.61  R lat OFG (37) 
 46 12 10 4.51  R IFG(98) Oper 
 46 22 12 4.31  R IFG (97) Tri 
 54 28 14 4.16  R IFG(100) Tri 
 24 -4 56 5.09 15 R SFG (66) 
 -42 22 -14 5.00 19 L lat OFG (96) 
 50 -34 62 4.88 35 R PostcentralG (19) 
 -40 -36 42 4.86 51 L SupraMargG (35) 
 -28 -40 38 4.50 13 L SPG (37) 
 -24 36 14 4.41 12 L MFG (100) 
 18 -92 -6 4.17 21 R IOG (40) 
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Figure 11 Graphs of estimated mean betas and maps of activity for the interaction between 
intelligibility and prose type. Here, activity is associated more strongly with anomalous prose 
than with coherent prose at high intelligibility levels. A large left inferior frontal region 
demonstrates this pattern, as displayed in the graph from a voxel in left IFG pars triangularis. In 
the left supplementary motor area, activity for both prose types decreases as signal-to-noise ratios 
increase, although activity remains greater for anomalous prose. 
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intelligibility are likely demonstrating this decrease because, without noise, less effort is required 

to process the speech signal. These regions are summarized in Table 17. Activity was found in the 

left and right superior temporal gyrus, left supplementary motor area and in the visual middle 

occipital gyrus. Activity in left and right superior temporal gyrus is displayed in Figure 12, along 

with graphs of estimated mean beta values from voxels within these areas. A small locus of 

activity was also noted in left middle frontal gyrus/inferior frontal gyrus. The effect of listening 

effort did not appear to differ between the two prose types. 

Table 17 MRI Activation Peaks and Subpeaks: Main Effect of Listening Effort 
 
 Coordinates    
Contrast x y z t score No. of Voxels 

in Cluster 
Area of Activation 

Listening 
Effort (SCN) 

60 -18 6 8.71 282 R STG (99) tow. Post 

 54 -28 8 5.08  R Post STG (96) 
 -58 -30 10 7.00 430 L STG Post (95) 
 -44 -34 14 5.46  L STG Post (55)Med 
 -56 -20 2 4.94  L STG (100) Mid 
 -4 12 58 6.79 451 L Sup Motor Area 
 -8 14 50 6.45  L Sup MA 
 -8 18 42 5.37  L SFG (100) 
 12 30 26 5.88 98 R SFG (53) sup cing 

sulcus 
 36 -90 -2 5.31 142 R MOG (97) 
 20 -96 0 4.83  R MOG (93) 
 12 -100 4 4.77  R MOG (74) 
 -52 20 34 5.30 202 L MFG (87) 
 -46 20 18 4.79  L IFG (100) Tri 
 -18 -96 8 4.73 50 L MOG (76) 
 -48 2 50 4.71 11 L Precentral G (65) 

 

Comparison of Individual and Average Intelligibility Parametric Modulators 

Instead of their own individual report data, condition specific group average scores from 

the young adults in the behavioural study (Experiment I) were used to model intelligibility in MR 

data from individual subjects, and the results were evaluated using random-effects group analysis.   
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Figure 12 Activation maps and graphs of estimated mean betas from selected voxels are 
displayed for the listening effort contrast. Here, less activity is noted in the clear conditions than 
in conditions where background noise was present. Activity was focused in left and right superior 
temporal gyrus.  
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This allowed me to examine whether using individual’s own report scores was indeed a more 

powerful way to model intelligibility of sentences than using group average data from a pilot 

study involving a separate group of subjects, as has been done previously (Davis and Johnsrude, 

2003; Davis et al., 2005b). Figure 13 demonstrates the comparison in activation results. Overall, 

the two methods yield similar results, with slight differences in cluster sizes, exact t-scores and 

peak voxel locations. At the fixed-effects level, some subjects did display larger differences 

between the individual and group score use, but the majority demonstrated slight changes. This 

finding was surprising as it was anticipated that the large variability in context use and thus the 

variability in the percentage scores that participants experienced for a given sentence would be 

translated to variability in activation patterns. It was therefore anticipated that individual report 

scores would be better able to capture the fluctuations in activity and that this would result in 

more robust t-scores at the random-effects level. 

3.4 Discussion 

In this study the influence of semantic context was investigated. Young adults listened to 

and repeated sentences that contained coherent semantic context or lacked it while undergoing 

fMR imaging. At the random-effects level, activity correlated with increasing intelligibility was 

found in large regions of the temporal lobe, along with hippocampal, fusiform gyrus, superior 

frontal gyrus, cerebellum crus II and a somato-motor region. Left angular gyrus, supramarginal 

gyrus, portions of the superior frontal gyrus, left precuneus and bilateral cingulate gyrus activity 

was found for coherent sentences compared to anomalous sentences. Regions sensitive to highly 

intelligible anomalous over coherent prose included the left inferior frontal gyrus and 

supplementary motor area. Bilateral superior temporal gyri were activated less than would be 

predicted for clear conditions based on intelligibility, reflective of their role in effortful  
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Figure 13 Comparison between two different methods for modeling intelligibility. In the top 
panel, group average report scores from the behavioural study were used to predict intelligibility 
of each condition in the fMRI study.  In the bottom panel, individual’s own report scores from the 
fMRI study were used instead. Overall, the results are remarkably similar at the random-effects 
level. 
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processing of speech in noise. Overall, the findings coincided with Davis et al.’s (2005b) results 

from the pilot study, but they extend Davis et al.’s (2005b) findings significantly. The current 

results contained more robust activation over hypothesized areas of activation, including auditory 

regions extending along left superior temporal sulcus/gyrus and the left inferior frontal cortex, 

supporting the change of data acquisition method and modeling design. Finally, a comparison 

completed between utilizing participant’s own report data to model intelligibility and utilizing 

average report data from a separate group of participants yielded surprisingly similar results.  

Intelligibility correlated with activation in a large region of left superior temporal gyrus 

and sulcus, extending into the middle temporal gyrus; this pattern of activation was mirrored 

within the right hemisphere. These results are supported by the findings of Davis and Johnsrude 

(2003) who observed similar regions in which activation correlated positively with increasing 

intelligibility for their sentence stimuli. In a study investigating intelligible versus unintelligible 

speech stimuli, Scott et al. (2000) found that the left anterior superior temporal sulcus was 

activated only by intelligible stimuli. Although their study focused on more basic speech-level 

processing compared to the current study, my findings of positive correlations with increasing 

intelligibility in the left anterior superior temporal sulcus can be viewed as an extension of Scott 

et al.’s original finding. The overall results are also supported by Obleser et al.’s (2007a) study 

utilizing noise-vocoded SPIN sentence stimuli (high and low context) which revealed similar 

bilateral temporal lobe activation. 

With respect to the regions correlating positively with increasing intelligibility, I also 

observed frontal, hippocampal/parahippocampal, and fusiform activation. This can be compared 

to Davis and Johnsrude (2003), in which the authors found hippocampus activity correlated with 

increasing intelligibility. All of these regions have been associated with working memory in 

previous findings (Honey et al., 2000; Mitchell et al., 2000; Rypma and D’Esposito, 1999). This 
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lends itself particularly well to the current study, as it contained a definite working memory 

component in the repeat task. In fact, it is likely that the increased activation within working 

memory associated areas compared to Davis and Johnsrude’s 2003 work can be attributed to 

differences in the volunteer’s task. In the Davis and Johnsrude (2003) study, subjects were simply 

asked to rate the intelligibility of the sentences they listened to using a four button alternative 

choice method, and thus the task involved little working memory load, particularly in comparison 

with the current study in which participants needed to recall the sentence they had just heard in 

case they were asked to repeat it. However, why would activity increase in working memory 

areas in relation to increasing intelligibility? Davis and Johnsrude (2003) suggested that, within 

the left hippocampus, the association with increasing intelligibility may be related to the 

increasing memorability of sound stimuli as they become more intelligible. Thus, like Davis and 

Johnsrude (2003) suggest, it appears probable that the link between these areas with increasing 

intelligibility may be innately tied to the increased memorability of more intelligible sentences. 

Along these lines, it is interesting to note that increased hippocampal activity is observed for 

coherent prose over anomalous prose as revealed within the prose type contrast. Coherent 

semantic context may also be yielding stimuli that hippocampal regions are more readily 

encoding as the context provides more memorable sentences.  

I also observed left and right cerebellar activation correlating to increasing intelligibility, 

with greater extents of activity in the right cerebellar hemisphere. While the cerebellum has been 

demonstrated to play a role in speech production, it has more recently been tied to speech 

perception and lexical retrieval (reviewed in Justus and Ivry, 2001). Imaging studies have 

revealed roles for the cerebellum in language and verbal working memory tasks (Desmond and 

Fiez, 1998), including in vermis lobule 6, where I observed activation. In addition, activation in 

right cerebellar crus II, a cerebellar region in which I also observed activity correlating to 
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increasing intelligibility, has been found to play a role in language processes during letter-cued 

verb generation tasks (Jansen et al., 2005). These findings suggest that the cerebellar activation 

observed in the current study likely played a language related role beyond preparation for speech 

production.  

With respect to the prose type contrast, I observed greater activity in left angular gyrus, 

supramarginal gyrus and superior frontal gyrus for coherent semantic context than for anomalous 

prose (lacking meaningful semantic context). Obleser et al. (2007a) found similar regions when 

they contrasted 8-band noise-vocoded high predictability SPIN sentences with 8-band noise-

vocoded low predictability SPIN sentences. They noted that, at this number of bands, a maximal 

difference was observed in semantic predictability’s influence on intelligibility of the sentence’s 

final word. In the current study, I observed multiple SNR levels in which the difference between 

meaningful semantic context and anomalous context yields large intelligibility differences (-3.5, -

2.5, -1, and 0dB SNR, see Fig. 7). The activation I observed in the angular gyrus remained below 

baseline levels of activation for that area. Recent evidence has suggested that the left angular 

gyrus plays an important role in sentence-level semantic processing (Humphries et al., 2006), in 

which robust activation for coherent stimuli was observed. It is interesting that within the Obleser 

et al. (2007a) study, activation dips below baseline activity levels for low predictability sentences 

but not for high predictability levels, though they both contain coherent semantics; it is also 

interesting to note that within their clear conditions (32-band noise-vocoded sentences), angular 

gyrus response was near baseline for both sentence types. Thus the conditions under which 

angular gyrus activity exceeds baseline activation for coherent semantic context processing is a 

question that should be probed further.  

Extensive activation of the left inferior frontal gyrus, particularly within pars triangularis, 

was found in the interaction of prose and intelligibility, specifically correlated with increased 
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activity for highly intelligible anomalous prose over highly intelligible coherent prose. Hagoort 

(2005) proposes that the pars triangularis of the left inferior frontal gyrus is involved in semantic 

processing, particularly in the unification of word meaning with preceding context. Larger 

activations are commonly demonstrated in more challenging semantic integration conditions, 

such as when sentences contain incorrect information, semantic anomalies (Hagoort et al., 2004) 

or ambiguous words (Rodd et al., 2005); however, Hagoort et al. (2004) demonstrated that 

activity levels remain above baseline for coherent sentences. My findings fit well within 

Hagoort’s (2005) framework. Larger activation was noted for intelligible anomalous prose, which 

contains no readily understandable semantic context. This would place a high activity load on a 

region attempting to achieve unification of meaning. The normal expectation of coherence on the 

“speaker’s” behalf has been violated in the anomalous prose condition, yet the listener needs to 

search through all potential meanings to come to this conclusion. It is important to note the 

ecological value of this type of activity. In our day-to-day lives, it is not uncommon to stumble 

across a word that we are unfamiliar with – be it a new term, a slang word or simply an 

uncommonly used word – which we must attempt to integrate within the presented context and 

make sense of to be able to follow the conversation at hand. We must be prepared to deal with 

new words and to use context to search for potential meaning. The anomalous prose sentences 

represent a similar situation; in this case, commonly heard words are placed together in such a 

way that their usually associated meanings do not yield a coherent overall meaning. One would 

expect a region attempting to unify semantic meaning to struggle to integrate the sentence in a 

coherent, meaningful way. 

Distinct regions within motor cortex were found to be sensitive to increasing 

intelligibility, and for certain regions, differentially to highly intelligible anomalous prose over 

highly intelligible coherent prose. First, in the intelligibility contrast, a region that overlapped 
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both primary motor and somatosensory cortices was noted. Then, in the interaction contrast, 

supplementary motor area activity was observed. Motor involvement in speech perception has 

long been proposed and debated (Liberman et al., 1967; Liberman and Whalen, 2000). It is 

proposed that the primary elements of speech may be the articulatory gestures that generate the 

speech sounds; at the very least it is argued that these motor representations play a crucial role in 

speech perception. Along these lines, Davis and Johnsrude (2007) also suggest that 

somatosensory representations may be closely tied to speech perception. Motor activity is often 

observed in studies in which auditory speech stimuli are presented (Binder et al, 1997; Davis and 

Johnsrude, 2003) and has even been noted when text is presented (Xu et al., 2005). In the current 

study, subjects were required to repeat sentences on half of the trials; thus a possible explanation 

for the observed motor activity may be due to mental rehearsal or preparation of speech 

production for the repeat condition.  However, report demands were identical for the two prose 

types, and the divergent activation pattern observed in supplementary motor area (in which 

activity remains stronger for anomalous prose than coherent prose), along with overall greater 

activation in more challenging listening conditions (in which rehearsal or preparation to repeat 

heard words would be expected to lesser degrees than in clearer conditions) therefore suggests 

that motor activation may be playing a more intrinsic role in speech perception itself.   

The results of the current study can be viewed in light of recent theories of speech 

perception and recognition (Hickok and Poeppel, 2007; Scott and Johnsrude, 2003; Spitsyna et 

al., 2006). The activation I observed along the length of the left superior temporal sulcus and 

gyrus, into middle temporal gyrus and beyond for increasingly intelligible speech stands in 

support of all current neurobiological theories of speech perception. It is impossible, from these 

data, to determine which model is most appropriate; both coherent and anomalous sentences 

contain syntactic information and semantic information at both the word and sentence level and 
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the current study was not designed to address the discrepancies in these models relating to 

processing of syntax and semantics in the temporal lobe. At first glance it might seem that the 

contrast between prose types, in which coherent sentences containing meaningful semantic 

context were contrasted with anomalous prose, which lacks this sentence-level context, could be 

used to address the differences in the models as to which regions are responsible for semantic 

processing. However, as the anomalous prose still contains meaningful words (and thus some 

semantic information), and the models do not differentiate between word and sentence level 

semantic processing, this contrast was not truly designed to address basic level semantic 

processing differences. What is interesting to consider is the interaction of intelligibility and 

prose, in which left inferior frontal gyrus demonstrated disparate activation for highly intelligible 

anomalous prose over coherent prose. This finding is in contrast to Hickok et al.’s (2007) 

emphasis on this region as being involved in motor mapping of the speech signal, though it fits 

well within Hagoort’s (2005) and Scott and Johnsrude’s (2003) models. One would expect both 

anomalous and coherent prose words to trigger equivalent motor mapping activation; however, 

one would expect differential activation in regions processing meaning, particularly at sentential 

(or combinatorial) levels. This is not to suggest that inferior frontal gyrus is not involved in 

mapping sensory-acoustic information to motor representations; rather, it indicates that Hickok 

and Poeppel (2007) should further explore the interconnections that they outline between the 

inferior frontal gyrus and anterior temporal regions (as connections between their ventral and 

dorsal processing streams) but do not formally address (as Scott and Johnsrude (2003) discuss in 

their model).  

 Robust bilateral superior temporal gyrus activation was found in the listening effort 

contrast, which represents the additional processing required for stimuli that contain background 

noise, along with smaller activations in left supplementary motor area, bilateral superior frontal, 
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left middle frontal, and left inferior frontal gyrus. This finding can be compared to the results of 

Davis and Johnsrude (2003) that indicated left middle and superior temporal gyri activation in a 

condition identifying regions compensating for distortion in the speech signal, along with left 

inferior and middle frontal gyrus and thalamic activity. Reciprocal connections exist between 

prefrontal areas and primary auditory areas (see Davis and Johnsrude, 2007 for a review of these 

connections); these connections may provide a way for frontal regions to modulate the processing 

of speech signals in lower-level auditory regions in the temporal lobe when the signal is 

challenging (as when presented in noise), in order to assist in this difficult process. Differences in 

the extent of frontal activation between the two studies may be related to the types of degradation 

conditions presented; in the current study, one type of degraded speech condition was used 

(speech in noise), while in Davis and Johnsrude’s (2003) study, three acoustically different types 

of manipulations were utilized (noise-vocoded speech, segmented speech and speech in noise) to 

degrade the signal.  

Whether I modeled intelligibility within subjects with their own report data, or whether I 

used averages from a different group of pilot subjects, I obtained similar results at the random-

effects level. At the random-effects level, commonalities in activation remain statistically 

significant, while individual activation patterns are no longer observed. What is particularly 

interesting is that behavioural commonalities in the report data, sourced from separate subjects 

and entered into the functional imaging analysis, produced the same anatomical commonalities at 

the group level as individual’s own (and more varied) behavioural scores. It is clear then that 

within this study, there is a robust link between the observed neural activity and the general 

behavioural intelligibility levels. Furthermore, for the majority of individuals, utilizing their own 

data or the group data produced similar findings at the fixed effects level, although with 

somewhat more variability than at the random effects level. Although individual subjects’ fixed-
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effects analyses did reveal distinctive activity patterns for the intelligibility contrast (and all other 

contrasts in the study); these activity patterns were also, for most subjects,  not dramatically 

affected by utilizing the group average report score data to model intelligibility. Thus, variability 

in activity that mirrors variability in subject’s abilities to utilize context may be more observable 

at the fixed-effect level of analysis, where individual differences can be more carefully assessed.   
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Chapter 4 

Summary and Future Directions 

4.1 Summary and Conclusions: Experiment I: Behavioural Study 

Recognition of coherent and anomalous sentences was measured across 10 SNRs in 

young and older adults. All reported words were scored as correct or incorrect. Percentage data 

was RAU-transformed and analyzed using a repeated-measures ANOVA. Cognitive and hearing 

threshold differences were then considered as factors influencing results of the main ANOVA. An 

analysis of regression slopes was also used to assess benefit from context. Individual differences 

in the use of context were then considered using percentage data and k factor scores. In addition, 

the stability of k across SNRs was assessed. A summary of the results and conclusions drawn are 

as follows: 

1) For both young and older adults, there was a robust effect of context, such that coherent 

sentences were much easier to report than anomalous sentences, especially in challenging 

listening conditions. In both repeated-measures ANOVAs based on RAU data and slope 

data, young and older adults were found to be utilizing context to the same degree as an 

aid to sentence comprehension.  

2) While young and older adults differed in performance on tests of short-term memory 

(although both were in the clinically normal range), they did not appear to differ in rates 

of errors that might be predicted from short-term memory impairment. Thus, there was 

no evidence that cognitive factors were playing a critical role in determining the results. 

3) Differences in hearing thresholds were also examined as a potential explanatory factor in 

the results. This was accomplished by matching the performance on anomalous sentences 

by older adults to young adults’ performance at the lowest SNR. Matching was achieved 
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by shifting older adults’ performance by one dB SNR. The shift in one dB SNR resulted 

in near matching performance of young and older adults at all remaining SNRs, for both 

coherent and anomalous prose. This difference in performance between young and older 

adults can likely be mainly attributed to differences in hearing thresholds and thus, 

hearing abilities. 

4) Boothroyd and Nittrouer’s (1988) k factor was assessed for its stability across SNRs. The 

k factor is proposed to be constant across noise conditions. ANOVA results supported the 

stability of k, as the main effect of SNR was not significant. The results were only based 

on a small subset of the data, since missing data in the repeated-measures ANOVA must 

be excluded list-wise; thus, the results were not as robust as hoped. Pearson correlations 

revealed some evidence of stability within subjects, across SNRs (at best, 22% of all 

possible correlations were significant) although this evidence was not as strong as 

expected. However, k factors were calculated from far fewer input data points than in 

Boothroyd and Nittrouer’s (1988) work, and also from small samples of sentences, which 

may be contributing to the weak results. Given the promise of k, as a single measure of 

context use across noise conditions, a full study investigating its stability is merited.  

5) Although as groups, older and younger adults were using context to equivalent degrees, 

individuals demonstrated wide variability in their use of context. Evidence for this was 

supported both through measures of k scores (collapsed across SNRs to represent an 

average k for each participant) and measures of peak benefit obtained from percentage 

data. Large individual variability in the use of context in both groups, along with small 

sample sizes, may help to explain the discrepant of findings in the literature with respect 

to older adults using context more, equally to or less than young adults. A study based on 
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large group sizes investigating individual use of context should be conducted to assess 

this possibility. 

4.2  Summary and Conclusions: Experiment II: Functional Neuroimaging Study 

The fMRI study aimed to investigate the neural correlates of the use of meaningful 

context to promote intelligibility. Individual’s own report scores were entered into the data 

analysis as the measure of speech intelligibility. Activity correlated with intelligibility, prose 

type, listening effort, and the interaction of intelligibility and prose type was investigated. Finally, 

the benefit of utilizing individual data in intelligibility modeling for the data analysis was 

considered. Several conclusions can be drawn from the findings: 

1) Behavioural report scores during the MRI experiment were quite similar to report 

scores obtained in the previous behavioural study. Although being in the scanner 

environment can at times influence performance, this did not seem to be the case in 

the current study. 

2) Activation along the left superior temporal sulcus and gyrus, extending ventrally into 

the middle temporal gyrus and laterally from anterior to posterior regions was 

observed to correlate positively with increasing intelligibility of the sentences. In 

particular, strong correlation was noted in the left anterior superior temporal sulcus 

and gyrus.  

3) The presence of meaningful semantic context yielded activation in a left-dominant 

network including the left angular gyrus, hippocampal regions, and superior frontal 

gyrus. Frontal and angular gyrus activation is likely associated with semantic 

sentence-level integration, while hippocampal activity might be associated with 

increased memorability of successfully integrated sentences.  
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4) Left inferior frontal activity was associated with the interaction of intelligibility and 

prose type. In particular, the pars triangularis of the left inferior frontal gyrus 

demonstrated greater activation with highly intelligible anomalous prose than with 

coherent prose. This pattern of activity fits well with Hagoort’s (2005) proposed role 

of the pars triangularis in semantic unification but is in partial contrast to Hickok and 

Poeppel’s (2007) more exclusive role for the inferior frontal gyrus in motor 

representation mapping of speech. This suggests that Hickok and Poeppel should 

consider incorporating a potential role for this region in semantic integration and 

processing into their model of speech perception. 

5) Somato-motor activation revealed in intelligibility contrasts, along with 

supplementary motor area activation found in intelligibility by prose type interaction 

contrasts provide support for motor involvement in the perception of speech stimuli. 

In this study, participants may well have been subvocally rehearsing the sentence 

during scanning in preparation for repeating it, which may help explain the somato-

motor correlation with intelligibility. However, the pattern of activation in 

supplementary motor area suggests a role that goes beyond mental rehearsal or 

preparation for speech production as evidenced by greater activity observed in more 

challenging listening conditions and divergent activity found in the intelligibility by 

prose type contrast. 

6) The use of individual on-line data, or group average report scores from a separate 

group of subjects to model intelligibility, yielded similar random-effects results. This 

highlights the robust relationship between the behavioural and neural consistencies in 

this task. It also demonstrates that individual differences in performance, and 
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transient changes in behaviour, are difficult to capture in fMRI designs – particularly 

at the group level.  

4.3 Future Directions 

The results give rise to a number of questions that can be addressed in future studies. The 

behavioural study did not reveal group-level differences between young and older adults’ abilities 

to make use of contextual information; it did however, reveal that individuals vary widely in their 

use of semantic context. It would be interesting to investigate factors that might predict whether 

an individual is likely to make large or small use of context in difficult listening conditions. Such 

a study might probe skill level on standardized tests measuring language abilities to see if 

individuals with strong scores are also high context users. Tests such as the Wechsler Adult 

Intelligence Scale (WAIS-III; Wechsler, 1997) vocabulary subtest which asks subjects to define 

words, the Rey Auditory Verbal Learning Test (RAVLT; Strauss et al., pp. 776-810, 2006) which 

investigates verbal learning and memory, and verbal fluency tests such as the Controlled Oral 

Word Association (COWA; Strauss et al., pp. 499-526, 2006) could be used. While it seems 

natural to hypothesize that individuals who perform well on tests of verbal ability would be more 

likely to make better use of semantic context cues, this type of investigation has never been 

executed. It is possible that a certain subtest of verbal ability is a stronger predictor of the 

relationship than another (for instance, perhaps individuals who score highly on the RAVLT 

would be expected to have superior verbal memory skills and thus be better able to build 

contextual information in order to make use of it). It is also possible that a combination of factors 

combine to form a high context user and one skill type may not be enough to predict the 

relationship well.  

One difficulty with the type of study just described would be deciding how best to 

summarize individual’s report data into a single measure of their use of context. This problem ties 
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into the importance of another potential study. It would involve a systematic investigation into the 

stability of the k factor, both across SNRs and within individuals. This study would involve 

replicating Boothroyd and Nittrouer’s (1988) method, but applying it to a larger number of SNRs, 

based on the range which was found to elicit the greatest use of context for individuals. This type 

of study would present zero predictability sentences along with coherent and anomalous 

sentences to allow for an assessment of the three k subtypes outlined by Boothroyd and Nittrouer 

(1988). A large scale study would allow for a proper assessment of the k factor’s potential as a 

single score measurement for the use of contextual information.  

 A final proposed study is a natural extension of the neuroimaging results to include a 

group of older adults. Like in the behavioural study, older adults would be exposed to the same 

stimuli and procedure as young adults while in the scanner. It is important to carry out the 

imaging study with older adults despite obtaining equivalent behavioural results, as it is possible 

that older adults reach these results through the recruitment of different brain regions. It is also 

possible that older adults rely more on regions important for top-down processing (such as the left 

inferior frontal gyrus) than young adults do. Recall that older adults have greater hearing 

decrements than young adults and that these decrements are larger than the one decibel SNR shift 

in performance which was found. I may find evidence for increased top-down activity in older 

adults which translates into similar behavioural performance results. The use of individual report 

data in the analysis of older adult’s data may also prove to be more important, as older adults may 

experience greater challenges in reporting sentences due to the scanner environment. 
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Appendix A 

Coherent and Anomalous Prose 

Coherent Sentence / Corresponding Matched Anomalous Sentence 
 
It was the women that complained when the old bingo hall was closed. / It was the money that exclaimed when the last 
eagle wall was turned. 
The gambler lost most of his money at the races. / The rampage stood most of his mother at the noises.   
There were books in the cellar. / There were weeks in the pencil.       
The coin was thrown onto the floor. / The boot was grown onto the mouth.       
The carpet and the curtains were the same colour. / The temple and the husbands were the same silence.     
The building had a nest in its roof. / The research had a goat in its moon.      
He left school before he had done his exams. / He knew day before he had seen his noses.     
His face showed that his team had lost the game. / His room liked that his edge had kept the heart.    
Her new skirt was made of denim. / Her good slope was done in carrot.       
The traffic on the expressway was very heavy. / The pocket on the landlady was very single. 
The dessert was put in the oven at the start of the meal. / The expanse was said in the sofa at the taste of the luck. 
He broke his leg when he fell off the horse. / He shook his task when he ran off the month.    
His wig fell on the floor. / His zoo wrote on the blood.        
The student tried to move the desk. / The success moved to hope the milk.       
The noise was very loud and difficult to ignore. / The brain was very mild and economic to refuse.     
The boy was able to conceal his cigarette. / The art was able to propose his accident.      
He reminded his parents about the game of football. / He arrested his minutes about the heart of bathroom.     
The sketch showed that the road would pass the school. / The thirst smiled that the wife would kill the day.  
The whole sky was full of birds. / The high leg was clear of views.       
There was lettuce and cucumber in the salad. / There was stature and pavilion in the elbow.     
The pupils were hoping to play some hockey and rugby at their school. / The voices were flying to show some coward 
and apple at their child. 
The fireman climbed down into the bottom of the tunnel. / The warhead trained down into the sister of the barrel.    
The car drove over the cliff. / The war bought over the soup.        
Spiders are often found in the tub. / Bunches are often felt in the roof.       
He always read a book before going to bed. / He really caught a door before going to mind.    
The pattern on the rug was quite complex. / The disease on the mode was quite female.      
He surprised his parents by his lack of concern. / He collapsed his students by his skin of weather.     
The burglar came up over the wall of the palace. / The frailty made up over the oil of the notion.    
The cows were kept in the barn. / The fees were sat in the nail.       
The fog in the valley was quite thick. / The lime in the engine was quite glad.      
The group of friends got a taxi home after they left the nightclub. / The state of months made a daisy once after they 
found the classmate. 
An angry crowd was turned back at the government building. / An upper queen was changed back at the question 
feeling.    
There were mice in the cave. / There were dimes in the bomb.        
They thought that the house was haunted. / They might that the fact was drifted.       
The audience was quiet once the song had started. / The shoulder was famous once the salt had happened.    
The rice was cooked in a large saucepan. / The cave was signed in a young headache.      
It was too cold to go camping in the winter. / It was too dead to see itching in the coffee.    
The tools found at the dig were made of bronze. / The minds felt at the tile were got in stance.    
The thief started to sprint very fast. / The cloak walked to freeze very high.       
He ironed his shirt before he wore it. / He jilted his coast before he drew it.      
The award was given to the writer at the end of his career. / The canal was given to the title at the face of his sentence. 
The housewife was able to carry the bags of food. / The fireplace was able to follow the lips of light.    
His new clothes were from France. / His great streets were from Smith.       
The game of chess lasted four hours. / The hair of toast painted five pounds.       
There were bracelets and necklaces in her jewellery box. / There were tweezers and novices in her listener heat.     
It was very difficult to read his handwriting. / It was very national to speak his arrogance.      
It is common for people to avoid the dentist. / It is private for children to reduce the trumpet.     
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The elephant was huge just as the circus had wanted. / The envelope was strange just as the biscuit had started.    
Some ice was added to the whisky. / Some snow was agreed to the butter.      
She loved stories about fairies, wizards and dragons. / She spent doctors about relics, ponchos and bubbles.      
It was a sunny day and the children were going to the park. / It was a rusty hand and the women were getting to the 
inch. 
The new computer was sent back after the first month. / The great election was bought down between the first form.    
The police returned to the museum. / The effect supposed to the consumer.        
The kettle had some water in it. / The hammer had some mother in it.       
The woman laughed at the joke about the dog. / The country pushed at the song about the leg.     
There was a really beautiful sunset that evening. / There was a really physical runway that policy.      
The child was sad when her toys were damaged. / The thing was grand when her drops were questioned.     
The soup was kept in a carton in the fridge. / The arch was called in a fusion in the tart.   
The statue had some paint on it. / The campus had some flame on it.       
The drink was too hot for the baby. / The box was too dead for the business.      
It was the crew that remained when the final lifeboat left the ship. / It was the rice that finished when the empty stop 
sign used the park. 
The camel was kept in a cage at the zoo. / The atom was meant in a fringe at the chunk.    
The old tree was in danger. / The great neck was in quiet.        
Soccer is mostly played in the summer. / Whisky is deeply moved in the window.       
He was sitting at his desk in his office. / He was turning at his bread in his minute.     
The luggage was kept in a large warehouse. / The badger was called in a young steamer.      
The child left all of his lunch at home. / The thing felt all of his speech at line.     
The view from the top of the ridge was amazing. / The road from the glass of the truth was appalling.    
The goal was scored by a defender. / The ice was eased by a believer.       
The bruise on his knee was quite painful. / The clown on his salt was quite helpful.      
The furniture in the dining room was removed when the room was decorated. / The corridor in the fishing word was 
survived when the word was penetrated. 
A spoon was used to stir the cup of tea. / A porch was called to fade the beer of gold.    
The television program was a success. / The population husband was a practice.        
The man read the newspaper at lunchtime. / The day stood the secretary at grandchild.       
She was sitting on the sofa in her bedroom. / She was standing on the collar in her engine.     
The couple had been together for three years. / The bottle had been important for great eyes.      
The wife of the priest helped out the elderly. / The road of the beer paid out the spiritual.     
The neighbours made a lot of noise late at night. / The pressures got a mind of dress low at group.    
He enjoyed the beauty of the hills. / He shouted the diet of the guns.       
The salary of the lawyer was quite large. / The studio of the county was quite high.      
The woman was hoping to discover the name and address of the culprit. / The country was breaking to establish the 
mind and leather of the balloon. 
He guessed the answer to the question in the exam. / He dressed the pressure to the number in the vessel.    
She grew tomatoes in her greenhouse. / She paid umbrellas in her farmyard.        
The singer was well known throughout Europe. / The alley was large scale throughout fire.       
The boy was able to climb the mountain. / The car was early to hate the actor.      
The bride smiled at the photo of her wedding.  / The gown laughed at the candle of her autumn.     
They told the truth about the fight to the teacher. / They found the space about the cheese to the fire.    
The author wrote the book that year. / The darling held the end that way.       
Her daughter was too young for the disco. / Her shoulder was too long for the diesel.     
The panel were supposed to ignore the height and weight of the contestants. / The elite were realized to attack the brick 
and tax of the flamingos. 
The beef was rare just as the customer had requested. / The doll was light just as the corridor had exerted. 
The game ended as a draw. / The town pointed as a coin.  
The truce was broken when more guns were delivered. / The slang was driven when more shops were recovered.    
He searched the pack for the ace of hearts. / He charged the lap for the niece of wheels. 
The juice was served in a large jug. / The thumb was proved in a young tent.     
The recipe for the cake was easy to follow. / The agenda for the soap was easy to listen. 
The guard tried to prevent the escape. / The knife turned to include the volume. 
She arrived at the shop before it was open. / She offered at the fish before it was local. 
His train was delayed by the bad weather. / His smile was rescued by the true college. 
The church was destroyed by the blaze. / The floor was threatened by the pouch. 
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