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Abstract 

 Neural theories of human auditory perception often oversimplify the interaction of 

afferent and efferent projections in the corticofugal pathway. However, investigations of the 

effects of long-term experience on the auditory brainstem response demonstrate that cortical 

systems can affect early processing of acoustic information through top-down efferent 

projections (Krishnan et al., 2005; Wong et al., 2007). The immediate or real time effects of 

these top-down pathways on activity in the auditory brainstem, however, are less clear (Galbraith 

et al., 1998; Hoormann et al., 1994). One approach to investigating possible corticofugal 

interactions is to examine whether the suppressive effects of motor behavior exhibited in primary 

auditory cortex (Houde et al., 2002; Schneider et al., 2014) can be demonstrated at the level of 

the auditory brainstem and to determine whether these effects are driven by divided attention 

between the motor and auditory systems. Chapters 2 and 3 tested for motor behavior versus 

attention effects on neural activity in the auditory brainstem resulting from the presentation of a 

simple tone or a brief synthetic syllable, with the hypothesis that motor behavior or separable 

attention demands could reduce the auditory brainstem response to the acoustic stimulus. 

Chapter 4 held motor behavior constant and varied the demands on attention. In all cases, 

attention to moments in time enhanced spectral responses in the auditory brainstem response to 

acoustic stimuli, rejecting the hypothesis that there is descending cortical inhibition of auditory 

responses in the brainstem due to motor behavior, and the hypothesis that there are descending 

effects from the cortex of dividing attention. The results suggest that a system-wide attention 

network that directs attention to specific events or moments in time exerts control over the 

descending auditory pathway. Importantly, the results demonstrate the need to include the 
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bidirectional projections between cortical networks and subcortical sensory structures in neural 

accounts of human auditory and speech perception.  
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Chapter 1: Introduction 

 Human sensory systems, such as vision and audition, are generally understood as 

transducing physical energy into neural responses that are transmitted from sensory receptors to 

cortical systems for processing (Wolfe et al., 2012). Brainstem areas in the early sensory 

pathway are often viewed as transforming the neural patterns of encoded stimuli into a form to 

be organized processed and ultimately recognized by cortical systems (Recanzone & Sutter, 

2008). This essentially conceives of sensory information processing as a predominantly bottom-

up system. The idea of top-down processing, perceptual mechanisms that direct sensory 

information processing based on knowledge or expectations, is often limited to the modification 

or interaction with primary visual or auditory cortex, despite the fact that descending inputs to 

the cochlea are well known (Moore, 1987). When subcortical interactions are posited, they are 

described as neuronal reorganization processes as in the corticofugal system in the bat (Suga et 

al., 2002) or the thalamocortical interactions in visual attention (Spinelli & Pribram, 1966; 

although see Sherman, 2006; 2009). Even when descending efferent connections within human 

sensory systems are identified, as has long been the case in the auditory system (Rasmussen, 

1946; Schwartz, 1992; Moore, 1987) or more recently in vision (Akimov et al., 2010; Gastinger 

et al., 2006; Resch et al., 2005), there is scant evidence that these descending projections are 

used to modify peripheral sensory responses.    

 Throughout auditory system research, there is a deep discrepancy between the knowledge 

that, across multiple species, for every afferent projection from the cochlear nucleus to primary 

auditory cortex, there is also a parallel efferent projection (Huffman & Henson, 1990), evidence 

from animal models demonstrating that cortical structures utilize the corticofugal system to 

engage in egocentric selection (Suga et al., 2002) and current models of human auditory and 
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speech perception. Research on the descending auditory system in humans has largely focused 

on subcortical interactions that act as part of the noise protection circuit that prevents damage to 

the inner ear (Brown, 2011), rather than as part of the control system that produces sensitive 

hearing. Similarly, accounts of speech perception highlight top-down cortico-cortical interactions 

primarily between motor, attention and auditory networks (Rauschecker & Scott, 2009; Skipper, 

2014), without acknowledging the growing evidence for top-down cortical effects on the 

auditory brainstem and the cochlea (Galbraith & Arroyo, 1993; Giard et al., 1994; Maison et al., 

2001). This dissertation is focused on investigating the possibility that these descending neural 

projections, both from the auditory brainstem to inner and outer hair cells and from cortical 

networks to the peripheral auditory pathway, represent part of a control system for modifying 

auditory responses as a result of top-down attention. It will outline the current knowledge of the 

auditory circuit from the cochlea to cortex and demonstrations in animal models of the influence 

of the corticofugal system on early auditory perception. The dissertation will then discuss the 

discrepancies between human models of auditory perception and models of speech perception, 

given the evidence for top-down attentional effects on the peripheral auditory pathway, before 

proposing a perceptual system controlled from the top down, based on contextually determined 

expectations. Such a perceptual system confers an advantage in perception of flexibility to meet 

the challenges of adverse and dynamically changing sensory environments (e.g. varying high 

noise levels) as well as increasing recognition for ambiguous patterns by shifting the basis for 

classification.  

 Acoustic input is transmitted across several structures along the auditory pathway before 

reaching the primary auditory cortex. As illustrated in Figure 1.1, the auditory signal is first 

transferred from each cochlea to the cochlear nucleus. This is the only set of projections that 
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remain completely ipsilateral; from this point on in the auditory pathway, acoustic input from 

each ear travels ipsliaterally and contralaterally to primary auditory cortex. Ascending fibers are 

then projected from the cochlear nucleus to the superior olivary complex and lateral lemniscus. 

The superior olivary complex also has ascending projections to the lateral lemniscus and sends 

further fibers to both inferior colliculi (Picton et al., 1981). Input is then transmitted from the 

inferior colliculi to both medial geniculate bodies in the thalamus, which ultimately send 

ascending projections to the primary auditory cortex (Chandrasekaran & Kraus, 2010). Figure 

1.1 also exemplifies an intricate system of descending fibers that affect every level of the 

peripheral auditory pathway. According to Huffman and Henson (1990), this descending 

pathway can be divided into three major projections: the auditory cortex to the medial geniculate 

body and the inferior colliculus, the inferior colliculus to the cochlear nucleus and the superior 

olivary complex, and the superior olivary complex to the cochlea. The authors attribute the first 

two major projections as a feedback system that promotes a tonic increase in excitability in lower 

auditory structures combined with a stimulus-evoked increase in excitability in the auditory 

cortex to create an enhanced and faster evoked response in the auditory cortex. The third efferent 

projection, between the superior olivary complex and the cochlea, has been well established as a 

set of medial and lateral olivocochlear efferents which directly synapse on outer and inner hair 

cells, respectively, and can inhibit basilar membrane responses to both reduce acoustic trauma 

and reduce the masking of speech by background noise (Guinan, 2006). Chandrasekaran and 

Kraus (2010) argue for further descending projections from the auditory cortex to the superior 

olivary complex and the cochlear nucleus as well to demonstrate the effects of cortical network 

activity on the representation of acoustic information in auditory brainstem structures. 
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Figure 1.1. Schematic illustration of the auditory system from Chandrasekaran & Kraus, 2010. 
Blue arrows correspond to the ascending (bottom-up) pathways; red arrows correspond to the 
descending projections.  
 
 Animal models of the auditory system often refer to the corticofugal pathway as a 

neuronal reorganization system in which cortical structures guide the reconfiguration of the 

receptive fields of lower structures. Suga and colleagues (2002), for example, demonstrated that 

cortical structures use the corticofugal system to engage in egocentric selection, in which they 

improve their own input from the brainstem through feedback and lateral inhibition. Such 

processes allow for rapid readjustment of subcortical processing and long-term adjustments in 

cortex to facilitate associative learning. Others have shown in the monkey visual system that 

efferent projections from the inferotemporal cortex alter the configuration of receptive fields in 

the thalamus to promote selective visual attention (Spinelli & Pribram, 1966), suggesting that 

most corticofugal models focus mainly on the modality specific activities that occur within the 

these descending projections to promote the encoding of certain sensory inputs over others. 

Sherman (2006; 2009), however, proposes a dynamic interaction between the thalamus and 
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cortex in particular, with efferent corticothalamic projections acting as mediators between the 

cortex and other subcortical structures as well as an active partner in cortical communications.  

 Examinations of the corticofugal system in humans have often been limited to the 

activation of a noise protection circuit that prevents damage to the inner ear (Brown, 2011), 

despite the fact that descending projections to the inner hair cells could modify the receptive 

field properties of the ear (Adams, 1995; Thompson & Thompson, 1991) and descending 

projections to the outer hair cells do change the relative stiffness of the basilar membrane 

response to sound (Cooper & Guinan, 2006) thus providing a mechanism to further change 

frequency or pattern sensitivity in the cochlea.  Research has shown that this system does seem 

to be affected in a noisy environment (Dolan & Nutall, 1988; Kawase, Delgutte, & Liberman, 

1993; Winslow & Sachs, 1988) supporting the notion of a noise protection circuit, but research 

has also demonstrated that higher-level cognitive functions can have an effect on structures in the 

early sensory pathway as well. Selective attention has been shown to enhance the spectral peaks 

of evoked otoacoustic emissions (Giard et al., 1994; Maison et al., 2001) and discrimination 

training has been directly related to enhanced suppression of click-evoked otoacoustic emissions 

(de Boer & Thornton, 2008). The growing evidence that the human corticofugal system plays an 

important role in audition suggests not only that the influence of top-down cortical projections 

may be seen throughout the peripheral auditory nervous system but also that these descending 

pathways should be included in any neural model of human perception in order to accurately 

portray the flexibility necessary within the system to adapt to constantly changing sensory 

environments. 

 Neural accounts of human auditory perception, particularly in the realm of speech 

comprehension, have attempted to describe a mechanism for perceptual flexibility at various 
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junctures of the auditory pathway. Abbs and Sussman (1971), drawing from the organizational 

network of feature specific neurons in the visual system, suggested that the mapping of complex 

acoustic signals onto phonetic categories could be achieved with a similar set of neurons 

specialized to identify certain spectrotemporal features of the acoustic signal, such as formant 

frequency, intensity and rate change. The perception and transmission of certain acoustic features 

over others could be achieved through a form of lateral inhibition in the peripheral auditory 

pathway (as low as the basilar membrane) in which active neurons would inhibit adjacent 

receptors specific to other acoustic features so as to sharpen the detection of input at the lowest 

levels of perception. This description of auditory perception allows for a contextually based 

neural tuning to specific acoustic properties of the incoming signal at the earliest levels of 

sensation and perception, but it does not explain how certain features are deemed more important 

or salient than others. Abbs and Sussman do not discuss the basis for the lateral inhibition that 

may occur, making it unclear what cortical networks, if any, may be driving the selection of 

specific acoustic features at the level of the peripheral auditory system.   

 More recent neural models of auditory perception have been derived from dual pathway 

neural networks described in visual perception. These models were devised to explain the 

dissociation that appears to exist both functionally and anatomically in vision between 

identifying where an object is located in space and as what the object can be identified. They 

consist of two different pathways, a dorsal stream and a ventral steam, each of which is 

responsible for one of these two functions (Ungerleider & Mishkin, 1982; Figure 1.2). While the 

dorsal stream, the purported seat of object localization (Milner & Goodale, 1995) is typically 

described as completely separate from the object categorizing ventral stream, Bar (2003) 

proposed that the dorsal stream may project through prefrontal cortex and ultimately connect 



 7 

with the ventral pathway in order to facilitate coarse object classification recognition. This 

characterization of the dorsal and ventral streams implies that active feedforward and feedback 

processes take place both within the visual perception network as well as with other cognitive 

networks involved in attention, working memory and executive function in order to achieve 

object perception. Several models of speech perception have utilized this neurobiological 

architectural distinction of dorsal and ventral streams to varying degrees. While some have 

adhered to the functional and structural separation of the dorsal and ventral streams, others rely 

on the interaction of the two pathways to create feedforward and feedback pathways within the 

auditory network.  

 
Figure 1.2. The major routes of visual input into the dorsal and ventral streams. From Milner 

and Goodale (1995). 

 

 Unlike the models proposed in vision, however, all of these models have largely adhered 

to the cortical structures of the perisylvian language network, without fully venturing into other 

neural networks that may play an important role in the recognition of auditory objects. For 

example, some neural speech models have relied on suppositions of general auditory theory to 
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describe auditory perception. The general auditory hypothesis postulates that a speaker utilizes 

his/her knowledge of the acoustic patterns of a vocalization to elicit the appropriate phonetic 

categories in the listener (Diehl, Kluender, Walsh and Parker, 1991). This speech recognition 

process employs the same mechanisms implemented for general auditory processing in humans, 

meaning that statistical regularities in the distribution of stimulus properties within the speech 

signal are used to create speech categories in the same way that general perceptual categories are 

developed in other forms of sensory processing (Holt and Lotto, 2008). Drawing from this 

cognitive model, Hickok and Poeppel (2007) have proposed a neurobiological network that 

explicitly separates ventral and dorsal speech processing streams, identifying these largely with 

speech object recognition (ventral) and speech perception-production (dorsal).  There is a 

somewhat unusual distinction made in this theory between speech perception and speech 

recognition as processes that double dissociate both functionally and cortically. Hickok and 

Poeppel define speech perception (as dissociated from speech recognition) as any sublexical task 

that involves the discrimination or categorization of auditory input. It is an active process that 

requires both working memory and executive control, but does not necessarily lead to the 

lexical-sentential understanding of the speech signal. Such a description of the dorsal stream 

might imply that speech perception is reliant upon processes occurring in other cognitive 

networks to accurately identify auditory objects. However this is not how Hickok and Poeppel, at 

least in their initial description of the model, describe the dorsal stream which seems more 

functionally focused on word learning and metalinguistic task performance in speech perception 

experiments, but is not identified as having any role in recognizing spoken language, although 

the connections are present within the model for this possibility. By contrast, utterances are 

recognized and understood by the process of speech recognition, which takes place solely within 
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the ventral stream, transforming acoustic signals into mental lexicon representations. In 

subsequent descriptions of the model Hickok and colleagues (2011) have included interactions 

between the ventral and dorsal pathways in instances of particularly difficult or noisy speech 

input, but they do not describe a system in which there is a constant forward and inverse 

interaction between the two auditory streams based on changes in attention and executive control 

functions, as has been emphasized in visual neural models.  

 The exclusions of additional cognitive networks in this and similar neural models of 

speech perception may be driven by the continued debate as to the degree to which perception is 

an active process. In general, when conceiving of a system that can map acoustic input into a 

percept, two broad classes of computational theories may be envisioned: passive processes and 

active processes (Nusbaum & Schwab, 1986). The distinction between these two systems refers 

to the manner in which a stimulus is transformed and analyzed within a set of neural networks 

until perception occurs. In a passive process, sensory input is transmitted and matched to a 

perceptual representation in an invariant and sequential manner so that the acoustic properties of 

a signal are interpreted as the same categories each time that they are encountered. Of course, 

this is probably not the case for sensory processing in waking animals and is certainly not the 

case for spoken language. Speech is characterized by a many-to-many mapping, meaning that 

not only can many different acoustic forms represent the same linguistic category, in a many-to-

one format, but the same acoustic input may be interpreted as different percepts in each instance 

that it is produced (a one-to-many format) (Nusbaum & Magnuson, 1997). This creates a lack of 

invariance problem for speech perception in which variance is constantly present in all aspects of 

the acoustic to phonetic mapping.  
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 The model proposed by Hickok and Poeppel most closely adheres to a passive approach 

to speech perception, as it separates the dorsal and ventral streams both functionally and 

structurally and only rarely accounts for an interaction between the two that may be facilitated by 

contextual demands. The model includes many of the pieces necessary to create a flexible 

perceptual system that incorporates inputs from other cortical networks, but the lack of 

feedforward and feedback interactions between the two processing streams makes it impossible 

to do so. It cannot account for the recognition of new or altered acoustic combinations that may 

not match with the acoustic patterns of vocalizations already stored in memory nor can it explain 

how changes in the internal state of the listener, such as a redirection of focused attention or 

changes in expectations, can influence recognition, as it limits the neural architecture of speech 

perception to only those regions dedicated to audition. Most importantly, for the purposes of this 

set of experiments, the model ignores any interactions that may occur between cortical networks 

and subcortical structures to modify the transmission of acoustic signal in the peripheral auditory 

pathway 

  An active computational system is more successful in accounting for the lack of 

invariance problem encountered in perception. An active process is a computational system in 

which the specific analyses of a signal are contingent upon previously carried out computations 

or transformations.  Active processes can take on either a bottom-up or a top-down driven form. 

In a bottom-up, data driven system input is still initially processed in a passive manner along 

subcortical structures so that it is transformed into an initial representation, but it is then 

susceptible to feedback signals from higher cortical structures that process contextual input. If 

this contextually based feedback does not match the initial representation of the input, a new 

representation of the signal will be generated at a subcortical level of processing (Heald & 
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Nusbaum, 2014). Conversely, a top-down driven active process neurally codes input in a fairly 

passive manner along the subcortical pathway until it is compared with an internally generated, 

knowledge based hypothesis or expectation about the input somewhere within cortex (although 

see models of active sensing, e.g. Morillon et al., 2015). If a mismatch between the expectation 

and the input occurs, a new hypothesis is generated and the process is repeated until a match is 

reached between the two and an acceptable percept has been identified (Heald & Nusbaum, 

2014). This form of active processing is a conceptually based system in which expectations 

about the signal are generated in a top-down manner from a knowledge base. Both of these types 

of active processes describe perception as a form of hypothesis testing that can quickly adapt to 

changes in the acoustic environment through the use of selective attention and working memory. 

While they require the use of these cognitive networks, they do not limit the nature of the 

knowledge that could be used in recognition. Evidence suggests that both forms of active 

processes can explain at least some of the flexibility evident in auditory and speech perception, 

however the experiments presented in this dissertation demonstrate that early auditory processes 

are most influenced by top-down projections that are driven by expectations generated from 

contextual factors.  

 Several neurobiological accounts (e.g. Davis and Johnsrude, 2007; Friederici, 2012; 

Rauschecker & Scott, 2009) have described speech perception as an active process to varying 

degrees. These models have relied on the networks proposed by motor theory to create a more 

direct interaction between different pathways and brain regions. Motor theory proposes that 

knowledge of speech production reduces the uncertainty of mapping acoustic properties onto 

linguistic categories in perception (Liberman et al., 1967).  Rather than grouping speech with 

other forms of auditory input, motor theorists posit that speech is a special code that requires a 
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specific decoder in order to be recognized. This decoder is found in the overlapping articulators 

that are used to produce speech. When speech is heard, these same articulators are utilized to 

decode the set of motor commands that were used by the speaker to produce those sounds.  

The neural accounts most closely associated with motor theory all include the same 

distinctive interaction between certain structures within the temporal, frontal and parietal 

cortices. In general, these neural systems include some form of a ventral pathway from primary 

auditory cortex and the anterior portion of the superior temporal gyrus (STG) to the inferior 

frontal gyrus (IFG), which is responsible for an initial decoding of the acoustic signal into 

linguistic categories, as well as a dorsal pathway that originates in the posterior portion of STG 

and extends through various regions of inferior parietal cortex (IPC) to the premotor cortex and 

utilizes knowledge of the movements performed by the articulators during speech production to 

modify or adjust the acoustic to phonetic mapping that has been performed in the ventral 

pathway through both feedback and feedforward mechanisms (Figure 1.3). These models 

propose an interaction between the ventral and dorsal pathways so that the ventral stream can be 

responsible for solving the lack of invariance problem in the acoustic to phonetic mapping of 

incoming speech while the dorsal stream can represent demands from attention and the intentions 

of the listener for domain-general linguistic processes (Rauschecker & Scott, 2009). Importantly, 

they emphasize the role of top-down knowledge-based contextual cues in the feedback and 

feedforward interactions that occur between the two pathways in order to effectively interpret the 

message of the input received. Friederici (2012) even includes additional parallel ventral and 

dorsal pathways to accommodate the demands of syntactic complexity and cognitive control 

mechanisms. Similarly, Davis and Johnsrude (2007) add complexity to the model by asserting 

that multiple lexical interpretations of the speech signal are active at increasingly complex levels 
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of representation to allow top-down projections from the inferior frontal, motor and 

somatosensory cortices to retune the perception of the acoustic signal at all cortical levels of 

analysis. With this addition to the network, knowledge from several sources is engaged to better 

interpret the incoming signal at multiple stages of the neural pathway. 

 
Figure 1.3. An example of the perisylvian language network proposed by several different 
neural accounts of speech perception. From Friederici (2012).  
 

These models reflect an active top-down driven system. Motor theory describes speech 

perception as a process in which knowledge of speech production allows the speech network to 

create hypotheses about the incoming acoustic input. The neural models devised from motor 

theory reflect this process by illustrating a feedback connection between articulatory/motor 

movement areas and the structures that process the acoustic input. However, top-down driven 

active processes are not limited to a particular modality or knowledge base from which 

hypotheses about the input may be drawn. Both in claiming that these contextually-based 

processes are specific to speech perception and in limiting them to the perisylvian language 

network, motor theory and these neural models have failed to fully describe the flexible 

perceptual process that occurs when understanding sounds, which must include the influences of 

non-perceptual functions, such as attention, working memory and executive function. 

Additionally, these models assume that the acoustic signal is transmitted to the temporal cortex 
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in a sequential, passive manner, ignoring increasing evidence that top-down projections can and 

do reach the subcortical levels of the peripheral nervous system.  

As an alternative to motor theory based neural models, Skipper (2014) describes an 

account of speech perception that relies on a hypothesis driven top-down process outlined by the 

analysis by synthesis theory. Stevens and Halle (1967) proposed an analysis by synthesis theory 

based on a similar approach to that of motor theory. They hypothesized that acoustic signals are 

interpreted as articulatory configurations through a feedback loop of sorts in which stored 

articulatory models are compared with the incoming speech spectra. Multiple stored models are 

implemented until the model with the least number of errors when compared to the incoming 

signal is determined. The same conversion process is then engaged for each higher level of 

speech recognition, such as phonemes, words, etc. (Stevens, 1960). Based on this cognitive 

model, Skipper (2014) proposed the natural organization of language and the brain (NOLB) 

model to highlight the role of primary auditory cortex (A1) in speech perception. Unlike the 

neural models described above, Skipper argues that A1 does not simply engage in the basic 

transmission of the auditory signal, but rather takes part in the categorization of auditory objects 

by comparing the signal with hypotheses that it has received from several dynamic and 

simultaneously activated cortical networks. These hypotheses are derived from various cues that 

occur naturally within speech, such as mouth movements and gestures, as well as contextual cues 

that can be drawn from the environment and prior experience with the situation. Such cues are 

used to derive hypotheses about the incoming acoustic signal, which are transmitted to A1 to be 

compared with the actual auditory input. For situations in which many contextual cues are 

presented with the incoming speech, hypotheses are formed by cortical structures in the posterior 

ventral frontal (PVF) regions and transmitted to posterior superior temporal regions as potential 
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auditory objects in an inverse model pathway. In instances when less contextual information is 

available, however, a forward model pathway transfers the incoming auditory signal from PST 

regions to PVF regions to be processed and understood using knowledge of speech production.  

Of all of the neurobiological descriptions of speech perception, the NOLB most closely 

resembles a top-down hypothesis driven process in which a knowledge base is utilized to create 

multiple hypotheses about the perceptual representation of the incoming signal. It accounts for an 

interaction between multiple cortical networks so that both contextual and experiential factors 

may be integrated with the acoustic cues of the signal itself. Importantly, the NOLB asserts that 

hypotheses are derived for multiple levels of linguistic representation, so that feedback from 

several cognitive networks can have an impact on the signal as early as primary auditory cortex, 

an area that has largely been considered to be a passive transmission structure in the auditory 

pathway by other neural models of language processing. However, there are still aspects of the 

model that are problematic. Since the hypotheses of perceptual representations activated by the 

incoming signal are dependent upon prior knowledge of the situation as well as knowledge of 

speech production, the system can only recognize signals that it is able to synthesize itself, 

meaning it can only process input that it has experienced before. The NOLB cannot account for 

instances in which new stimulation is encountered and interpreted. Moreover, while the portrayal 

of primary auditory cortex as an initial site for a comparison between the acoustic representation 

and perceptual hypotheses begins to explain top-down influences on the early transmission of 

acoustic input, it still does not go far enough down the auditory pathway to fully explain the 

changes that can be seen along peripheral nerve pathways in response to changes in the internal 

states of the listener.  
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Each of these neural models of speech perception, despite proposing some variation of a 

top-down driven system that utilizes prior knowledge and contextual cues to derive hypotheses 

about the incoming signal, fail to fully address two important questions concerning this process: 

How far down the auditory pathway can these top-down projections have an effect on signal 

transmission and what kind of control system is employed by these projections? The extent of 

the top-down driven effects can be inferred from the assembly of the auditory pathway itself. As 

Figure 1.1 illustrates, efferent projections from the auditory cortex extend to most of the 

structures of the early sensory pathway, including the cochlear nucleus, suggesting that top-down 

projections from various cortical networks could potentially influence the encoding and 

transmission of acoustic signal at its earliest levels.   

The type of control system that is incurred through these top-down projections is less 

clear. On the one hand, the emphasis on the motor system as a hypothesis generator in most 

neural models of speech perception suggests that the motor system may act as the main form of 

top-down control on the perceptual system by suppressing the processing of input in sensory 

brain regions so that motor hypotheses may drive the final interpretation of the input. Work by 

Skipper et al. (2007) examining the McGurk effect supports this form of motor-controlled 

perception by demonstrating that the final percept of a McGurk stimulus is driven by the motor 

representation of the input, a representation that is not based on the auditory or visual input but 

rather is a completely different percept that does not reflect either form of input. While the initial 

representation of the stimulus in the auditory and visual cortices reflects the sensory input of 

each system, the final representation reached by each neural network reflects the percept 

hypothesized by the motor system, indicating that the motor system may have driven the final 
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percept reached by the visual and auditory cortices through a form of top-down, hypothesis 

driven control.  

Evidence from speech production research also suggests that the motor system may act as 

a top-down control network for at least primary sensory regions. Houde and colleagues (2002) 

have demonstrated that the auditory cortex is suppressed for self-produced speech, but not 

external renditions of self-produced speech, indicating that the motor system may be actively 

suppressing the auditory cortex during vocal production. Similarly, suppression of the auditory 

cortex can be seen for self-triggered sounds, but not externally triggered sounds (Martikainen, 

2005). This phenomenon is often explained as the consequence of a feed-forward control model 

between the motor system and sensory systems in which a corollary discharge (Sperry, 1950) or 

efference copy (von Holst, 1954) of the movement that is about to be produced is sent to a 

primary sensory area so that it may predict the consequences of that movement and then compare 

the prediction to the actual sensory outcome that is perceived. If there is a discrepancy between 

the predicted outcome and the actual outcome of the movement, an error signal is sent to the 

motor system through a feedback loop so that adjustments to motor production can be made 

(Blakemore, Wolpert & Frith, 2000). The consequence of this system is a suppression of certain 

neural populations in the auditory cortex so that the incoming signal from the movement that is 

transmitted by the auditory pathway does not override the corollary discharge signal received 

from the motor cortex. Extrapolating this mechanism to the realm of perception, the activation of 

the motor cortex to generate knowledge-based hypotheses about the incoming signal may incite a 

top-down control system in which these corollary discharge pathways are activated to suppress 

sensory systems so that the motor generated hypotheses may be given more weight in the 

perception process.   
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Limiting perception to solely sensory and motor networks, however, may be an 

incomplete portrayal of the top-down driven system that guides perception. Perception is a multi-

dimensional activity that involves the representation of incoming signals, the analysis of input 

and the control of behavior in response to that input (Desimone & Duncan, 1995). Competition 

for attention resources exists at multiple levels of processing, from the transmission of relevant 

stimuli and suppression of irrelevant input in the environment to the activation of appropriate 

hypotheses about the incoming signal and inhibition of irrelevant hypotheses based on prior 

knowledge, expectations and pragmatics. This competition must be mediated in some way to 

ensure relevant stimuli are processed and the appropriate top-down knowledge is applied to 

create the correct percept. Desimone and Duncan (1995) proposed that an attention template, a 

description of the information required to perform a behavior based on the relevant task and 

situational cues, mediates the competition between these neural mechanisms in the visual system, 

however, their model could be applied to auditory perception as well. An attention template that 

arbitrates competing bottom-up auditory inputs as well as multiple knowledge or expectation-

based hypotheses about the incoming signal, be they from motor, sensory or other cortical 

circuits, would best explain the top-down projections that are likely involved in auditory 

perception, as it would compare feedforward and feedback projections from all active systems to 

determine the percept that best fits the situation. Such a template would mediate the shifting of 

competitive weights between the demands of all active neural networks, making it independent 

from and yet inherently linked to sensory and motor networks.  

Support for a top-down control system mediated by an attention template can actually be 

drawn from the same lines of research that advocate for a corollary discharge explanation. As 

described above, the McGurk effect has been characterized as a product of an efference copy of 
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the prediction about the signal produced by the motor system constraining the processing of 

sensory input in the auditory and visual networks. The prediction made by the motor system 

appears to drive the final percept reached by the sensory systems so that they too interpret the 

input in the way that the motor system hypothesized (Skipper et al., 2007). However, Alsius et 

al. (2005) demonstrated that the effects of the motor system on audiovisual integration in the 

McGurk effect can be diminished under visual and auditory attentional load. In instances where 

auditory or visual attentional resources were divided between two tasks, the McGurk effect was 

less apparent, indicating that the mediation of competition between multiple systems and inputs 

plays an important role in the perception process. Likewise, production experiments that have 

been used to support a motor-controlled top-down process could be explained as a reallocation of 

attention to certain inputs over others that is mediated by the demands of the task at hand. 

Examinations of the motor suppression of the primate auditory cortex during self-initialized 

vocalizations reveal that the onset of this suppression occurs as early as 250ms before the onset 

of the vocalization and continues through the duration of the motor activity (Eliades & Wong, 

2002). This early suppression of the auditory cortex indicates that what may appear to be motor 

inhibitory suppression of the auditory cortex may in fact be a preparatory reallocation of 

attention to the motor system in anticipation of the motor action that is about to occur.  

Schneider, Nelson and Mooney (2014), while interpreting their results as further support 

for a corollary discharge explanation of top-down control, provide evidence that could support 

the idea of an overarching control system that modulates the allocation of attention as well. The 

authors examined the specific neural connections engaged in the suppression of the auditory 

system by measuring neural activity in the motor and auditory cortices of mice. Intracellular 

recordings of excitatory neurons in the primary auditory cortex during various types of 
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movements, such as locomotion, head turns and vocalizations, revealed that excitatory auditory 

cortical neurons are suppressed for all forms of movement, not just movements that explicitly 

incur an auditory response. Importantly, the suppression of the auditory neurons begins as much 

as 200ms prior to the movement, continues throughout the motor action and ends up to 200ms 

after the movement has ceased. Further experiments demonstrated that the specific connections 

between the two cortices involve projections from M2 neurons in the secondary motor cortex 

onto PV+ interneurons, which then synapse on the excitatory auditory neurons in an inhibitory 

manner. Thus, when M2 neurons are activated by motor preparation, a sequence of events 

commences that results in a suppression of specific neural populations in the primary auditory 

cortex.  

Schneider and colleagues’ work suggests that the suppression of the auditory cortex 

during motion can occur in response to any form of movement. However, it is unclear whether 

this system can be fully explained by top-down control projections from the motor network. The 

authors admit that both M2 neurons and excitatory neurons in primary auditory cortex are 

components of much more complex networks, and the interaction between these two groups may 

not be as simple as their data suggest. The extended timing of the auditory suppression that they 

find compared to that of the motor movement suggests that this interaction between the motor 

cortex and the auditory cortex could be one small piece of a larger network in which the 

demands of the situation guide the amount of attention that is devoted to specific neural 

processes. If a motor movement inherently activates a series of feed-forward and feedback 

processes to ensure that the movement has been executed properly and has elicited the 

appropriate sensory response, sufficient amounts of attention must be assigned to both the motor 

system and the auditory system to achieve all of these processes. If the action and the 
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sensorimotor consequences of that action are more important to the demands of the current 

situation than the acoustic consequences of the action, then attention must be distributed in such 

a way as to give more weighting to the motor event than to the auditory input. This type of 

interaction cannot be fully explained by a model that only includes direct, unidirectional 

projections between the motor cortex and the auditory cortex. It requires the consideration of 

situational and behavioral demands that could mediate the interaction of other cortical networks 

with these two systems, the way in which these two systems interact with each other, or the way 

in which the neural circuits, as a whole, processes and interact with the environment.  

 This dissertation addresses the questions concerning the top-down perceptual control 

system outlined above. To examine both the extent and the nature of these top-down projections, 

the auditory brainstem response was measured under various motor and attention conditions, as 

the response of the brainstem to auditory input appears to be influenced by top-down cortical 

processes in various ways. Electrophysiological recordings of the auditory brainstem response 

have demonstrated that the Frequency Following Response (FFR), a sustained response phase-

locked to the fundamental frequency of a periodic stimulus and/or the envelope of the stimulus 

(Krishnan, 2007), reflects changes in higher-level cognitive processes such as attention and 

learning. For example, the frequency following response to synthetic English vowels contains 

prominent spectral peaks at the first formant harmonics of the signal and smaller peaks at the 

harmonics between formants (Krishnan, 2002). The enhanced peaks found in the FFR at the first 

formant suggest that some form of categorization based on prior experience and knowledge of 

speech input is already occurring at the level of the auditory brainstem. The representation of the 

input is modified to strengthen the important cues so that they are more prominent than the rest 

of the signal, indicating that the translation of signal to lexical representations that occurs in the 
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cortico-cortical connections of the speech network may influence the way in which the auditory 

brainstem represents the signal as it is transferred to higher points along the auditory pathway. 

Similarly, Krishnan and colleagues (2005) compared the frequency following responses of 

Mandarin speakers and English speakers to four lexical tones used in Mandarin. They 

determined that Mandarin speakers had stronger pitch representations and smoother pitch 

tracking in their FFRs than English speakers. Based on these results, the researchers concluded 

that language experience may induce changes in the transfer of auditory input by the brainstem 

to enhance the representation of relevant linguistic features inherent in the signal. The interaction 

between experience and brainstem activity is not exclusive to language experience either. 

Musically trained individuals show earlier and larger FFRs and better phase-locking to the 

fundamental frequency in response to music stimuli as well as speech stimuli from their native 

language (Musacchia et al., 2007; Wong et al., 2007). 

 These studies demonstrate the long-term effects of perceptual experience and training on 

the responses of the auditory brainstem, a relatively low-level brainstem structure.  Despite the 

fact that such effects are currently outside the domain of neurobiological theories of human 

perception, these data can reflect the role of a top-down control system in auditory speech 

perception, as they demonstrate descending experiential effects on the processing of speech and 

other acoustic stimuli. The top-down control of subcortical structures allows the system to be 

flexible and to adapt to the many internal and external changes that occur during perception of 

auditory and speech input by enhancing the most relevant spectral cues in the auditory input 

before it even reaches cortical perceptual networks. However, the evidence discussed thus far has 

only demonstrated top-down influences on brainstem structures after an extended period of 

training or experience, such as exposure to a tonal language or years of musical training. 



 23 

Furthermore, it does not explain the nature of these top-down influences, whether they originate 

from a specific network, such as the motor system, or reflect the general distribution patterns of 

attention based on the environmental input and behavioral demands of the situation. In order to 

fully explain the nature of descending projections from cortical control systems, investigations of 

the auditory brainstem response must explore how these cortical networks may affect 

transmission of the acoustic signal by the brainstem in real time. They must also examine the 

type of top-down control that is being exerted over the system, be it a consequence of hypothesis 

derived activity in the motor system or a product of a system-wide process responsible for 

keeping track of inputs from the environment as well as the potential behaviors elicited by those 

inputs and distributing attention accordingly. Such data would further explain the extent to which 

these top-down descending projections influence processes in the human peripheral auditory 

pathway and provide additional information about the type of flexible neural model that best 

explains the complex process of perception.  

 The current research aims to understand whether cortically initiated phasic signals can 

modify ascending acoustic input in real time. To do so, the first two presented experiments make 

use of the prior observation that cortically initiated intentional motor behavior reduces sensory 

responses in the cortex (Schneider et al., 2014; Houde et al., 2002). The classic interpretation of 

this interaction is that corollary discharge projections from the motor system inhibit auditory 

system responses (Sperry, 1950; von Holst, 1954; Blakemore et al., 2000). The current research 

investigates whether phasic changes in cortical demands affect brainstem processing in the 

ascending auditory system. In other words, are the cortical suppression effects also manifest in 

earlier sensory mechanisms in the auditory brainstem? Experiments 1 and 2 test whether motor 

suppression of sensory processing in cortex also changes low-level neural representations of 
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auditory signals that occur at the same time as the motor act by comparing the frequency 

following response to a simple and a complex auditory stimulus during production of intentional 

finger movements and a condition with no motor movement.  

 An alternative interpretation to the corollary discharge explanation is that a focal motor 

behavior demands attention and sensory activity is attenuated as a result of this demand (e.g. 

Newman et al., 2007). The demonstration that motor behavior changes auditory responses in the 

brainstem does not distinguish between corollary discharge and attention demand explanations. 

In a corollary discharge explanation, two conditions that have equivalent motor behavior (same 

number of movements with equal motor effort per movement) should produce similar reductions 

in auditory stimulus information in the FFR. By contrast, if the planning of the same number of 

movements differs and this difference in planning affects the FFR in spite of equal movements, 

this would be evidence that the suppression of the brainstem response might be a result of 

situational differences in attentional demand rather than corollary discharge. Experiments 1 and 

2 address these two explanations by distinguishing two conditions with intentional motor 

behavior that contain the same number of induced finger movements with equal motor effort, but 

differ in the attentional demands of the task. Will two motor tasks that vary in attentional 

demand but have equal motor behavior produce different effects on the neural representation of 

auditory input in the brainstem? 

Differential effects on the FFR between two conditions that have the same amount of 

motor behavior but differ in contextual attention demands may still be the result of corollary 

discharge projections from the motor system, as an interaction between the attentional demands 

and constant motor response could potentially arise due to changes in the corollary discharge 

reflecting load effects on the motor system. Experiment 3 varied the demands of a visual 
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attention task while keeping the motor response constant. Will increasing the perceptual 

demands of a visual attention task modify the frequency following response to an acoustic target 

as well? If so, this would be additional evidence of top-down control over the descending 

auditory pathway based on a system that monitors and adapts to situational and behavioral 

demands.  
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Chapter 2 

Experiment 1: Motor Responses Elicit Attentional Enhancement of the Brainstem 

Frequency Following Response to a Sine Tone 

Human sensory systems, such as audition and vision, are often described as bottom up 

peripheral pathways that feed into cortical perceptual networks (Wolfe et al., 2012). Subcortical 

structures are portrayed as relay stations in which certain properties of the input signal, such as 

pitch or timing in the case of audition, are transmitted as a neural signal that can be subsequently 

recognized and processed by primary and secondary cortical sensory regions. Despite strong 

anatomical evidence for efferent projections in the peripheral auditory pathway (Garinis, Glattke, 

& Cone, 2011), most neural accounts of audition do not address how the cortical auditory 

network, or even complex cognitive networks, may influence the transmission of acoustic signal 

in the peripheral auditory pathway or the functional role in hearing of this possible influence.  

 Evidence from measurements of the frequency following response (FFR), the phase-

locked component of the auditory brainstem response, suggests that complex cognitive processes 

can influence the way in which the brainstem represents pitch information. Tonal language 

speakers and highly trained musicians show better pitch tracking and larger spectral peaks in 

their FFRs to musical input as well as to speech input (Musacchia et al., 2007; Wong et al., 2007; 

Krishnan et al., 2005), suggesting that prolonged experience and training to attend to pitch 

information in the acoustic signal leads to an emphasis on the representation of the pitch 

component in all forms of meaningful acoustic input in the brainstem. Real time interactions 

between attention and the auditory brainstem response, however, are much less clear. 

Endogenous allocation of spatial attention to dichotic auditory input elicits disparate and 

inconsistent effects in the FFR (Galbraith et al., 1998; Galbraith & Arroyo, 1993; Hoormann et 
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al., 2004). Similarly, the reported effect of general selective attention on the auditory brainstem 

differs across studies (Hoormann et al., 1994; Hairston et al., 2013; Galbraith et al., 2003), 

suggesting that the current methods used to examine the interaction between cortical networks 

and brainstem structures may be inadequate for properly isolating the frequency following 

response from other auditory processes or from engaging selective attention processes 

appropriately.  

 An examination of the interaction between the auditory brainstem and the motor system 

may be more suited for investigating the immediate influence of complex cortical structures on 

the peripheral auditory pathway. The auditory brainstem is linked to the motor system 

structurally, as the inferior colliculus contains projections to the cerebellum via the dorsolateral 

pontine nuclei, a connection that is important to the motor execution pathway (Hashikawa, 

1983). At a cortical level, the link between the motor network and the auditory system has also 

been well established. Primate vocalization and speech production research has determined that 

the primary auditory cortex is suppressed during these types of motor behaviors (Houde, 2002; 

Eliades & Wong, 2002). Schneider and colleagues (2014) further demonstrate that, in mice, 

various forms of motor behavior lead to the suppression of a population of primary auditory 

neurons. It is important to note that these interactions are typically explained in terms of cortico-

cortical interactions that do not involve subcortical structures (see Sperry, 1950; von Holst, 1954; 

Blakemore et al., 2000). 

The relationship between the cortical motor system and the peripheral auditory pathway, 

however, has not been investigated systematically. Investigations of the auditory pathway across 

multiple species have demonstrated that self-initiated vocalizations are usually associated with 

attenuation of activity in subcortical structures. For example, decreased activation in the lateral 
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lemniscus of the bat can be seen during vocalizations (Suga and Shimozawa, 1974) as well as in 

the human brainstem (Papanicolaou et al., 1986) during speech production. It is assumed that the 

attenuation of activity in these structures during vocalization acts to reduce the intensity of the 

utterance as it is encoded by the sensory system, through a form of corollary discharge. 

However, the connection between motor behavior and the transmission of acoustic input by the 

peripheral auditory pathway may not be as simple as the corollary discharge explanation 

suggests. Individual differences in the FFR to a syllable, /da/, predict differences in one’s ability 

to tap in synchrony with a beat, with increased variability in the brainstem response correlating 

with an increase in tapping synchrony variability (Tierney & Kraus, 2013), suggesting that the 

relationship between the cortical motor network and the auditory system is much more complex 

and bidirectional than a corollary discharge explanation would allow. Given this evidence, it is 

possible that the suppression of cortical auditory processes may in fact be the product of a more 

widely distributed network that is responsible for monitoring the demands of the situation and 

allocating attentional resources throughout the system based on contextual and behavioral 

factors. 

 Based on the structural and functional link demonstrated between the cortical and 

subcortical motor system and the auditory system, this experiment investigates whether 

suppressive effects can be seen in the auditory brainstem in response to motor behavior as have 

been observed in the cortical auditory system. The FFR to a 440Hz sine tone was measured 

while participants engaged in two different finger-tapping conditions. These were compared to a 

Resting condition in which participants sat quietly while listening to the sine tone. To further 

determine whether any observed suppressive effects on brainstem activity are mediated by the 

demands of the task, the two finger-tapping conditions varied in difficulty. In one condition 
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(40bpm condition) participants were instructed to tap a photocell in response to every flash of a 

blinking light presented at 40 beats per minute. In the second condition (80bpm condition) 

participants tapped in response to every other flash of a light presented at 80 beats per minute, 

thereby equating motor behavior but varying cognitive demand. If the suppression of the 

auditory brainstem during motor behavior is the result of descending corollary discharge 

projections from the motor network, then there should be a general decrease in FFR spectral 

power at 440Hz in both tapping conditions compared to the Resting condition. However, if the 

auditory brainstem is suppressed in response to the increased task difficulty, which might 

increase demands on attention, then there should be different effects on FFR peak power for the 

two tapping conditions. Since the 80bpm condition requires more attention than the 40bpm 

condition, the representation of the pitch of the acoustic input in the auditory brainstem, a 

process that is not required to perform the tapping task, should be affected by the 80bpm 

condition compared to the 40bpm condition. 

Materials and Methods 

Participants 

Fifty-four adults participated in this study; however, data was analyzed for only 47 of 

those participants. All remaining participants had normal bilateral audiometric thresholds (air 

conduction thresholds < 40dB HL for 500-4000Hz) and no history of learning or neurological 

disorders. All participants were compensated for their time with either experimental course credit 

or monetarily. Of the 7 participants who were excluded from data analysis, 3 did not show 

normal bilateral audiometric thresholds, as they failed to perceive all tone frequencies tested at 

40dB HL in both ears, 3 were excluded due to equipment malfunctions during the study session 

and 1 participant showed no evidence of pitch representation in the FFR. 



 30 

Primary Task 

Three experimental conditions were administered; two tapping conditions and a Resting 

condition. In each of the tapping conditions, participants were asked to tap a finger against a 

photocell in response to a flashing light on a metronome. In the 40bpm condition, participants 

were presented with a visual metronome that flashed a light at 40 beats per minute and 

participants were instructed to tap the photocell each time they saw the light flash on. In the 

80bpm condition, the metronome’s flashing light was set to 80 beats per minute and participants 

were instructed to tap the photocell every other time that they saw the light flash on. Thus, the 

rate at which participants tapped the photocell was the same (40 taps per minute) but the rate at 

which the light on the metronome flashed and the way in which the participants were instructed 

to respond to these blinking lights differed between the two conditions. In the Resting condition, 

participants did not engage in a tapping task, did not see a flashing light and were told to sit 

quietly while the tones were presented.  

Background Tones 

During all three experimental conditions a background auditory stimulus was presented 

to elicit the frequency following response within the auditory brainstem. A 440Hz pure tone 

(200ms in duration, 5ms linear amplitude ramps at on/offset) was presented at a rate of about 3 

per second with a variable interstimulus interval of 100-300ms. Participants were told not to 

worry about the background tones and to focus on the tapping task in the two tapping conditions. 

Within the tapping conditions, the pure tone was presented in blocks of 1000 repetitions with a 

2-minute break between blocks, at which time participants were not required to perform the 

tapping task. During the Resting condition, participants were told to relax and close their eyes if 

they wished, but they did not have to actively listen to the tones.   
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Procedure 

This experiment was conducted over two sessions occurring on separate days. The two 

sessions were not required to occur on consecutive days nor at the same time each day. In one 

session, participants completed one tapping condition as well as the Resting condition. In another 

session, participants completed a tapping condition. At the end of each primary task condition, 

participants were asked to rate how difficult they found the task to be on a scale of 1 to 5, with 1 

being not difficult at all and 5 being very difficult. Order of tapping condition as well as 

combination of tapping condition with Resting condition in a single session was completely 

counterbalanced. In the first session, participants completed a Musical Experience Questionnaire, 

to assess years of musical experience, as well as a basic demographics questionnaire to 

determine their age and native language(s). 

Electrophysiology 

Stimulus presentation 

All brainstem recordings were conducted in an electrically shielded, soundproof booth. 

Brainstem EEG recordings were collected while background tones were presented binaurally via 

Etymotic Research ER-3A insert tubephones at 65-75dB at the ear. Stimuli were presented at 

alternating polarities to eliminate the presence of the cochlear microphonic in the recorded 

brainstem response. Each polarity of the background tone was presented a total of 1500 times 

(3000 total renditions of the tone) in each condition of the experiment. For the tapping 

conditions, the presentation of the stimulus was broken up into three smaller blocks of 1000 

presentations each to give participants a break from the tapping task.  
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Recording and data processing procedure 

Brainstem responses were collected at a sampling rate of 25kHz using scalp electrodes 

and a BrainVision actiChamp amplifier system (BrainProducts, Munich, Germany). Four Ag-

AgCl electrodes were placed on the scalp in a vertical montage (Hood, 1998), with the active 

electrode placed at central vertex (Cz), linked reference electrodes placed on each earlobe and a 

ground electrode on the forehead. Contact impedances were kept under 5k Ohms. Recordings 

were made in BrainVision PyCorder software (BrainProducts) in continuous mode with an 

online filter of 0.1-3000 Hz. Data from the photocell were also recorded by the actiChamp 

system at the same sampling rate to monitor the tapping motions of the participants.  

All preprocessing of the neurophysiological data was conducted using BrainVision 

Analyzer 2 software (BrainProducts). For analyses conducted on the brainstem response, 

recordings were bandpass filtered off-line from 100 to 2000 Hz (12 dB/octave rolloff) using a 

Butterworth filter. A 60Hz notch filter was also applied to the EEG recordings to eliminate line 

noise. Each tone was epoched with a window of -50 to 250ms. Artifacts were rejected at a +/-

35µV voltage threshold. On average, less than 1% of segments were discarded due to artifact. 

The remaining pool of artifact-free epochs were baseline corrected using an interval of -50 to 

0ms, averaged within each condition and visually inspected for the presence of a frequency 

following response and a high signal to noise ratio. The averaged waveforms were exported for 

further analysis, converted to wav files in MATLAB (The MathWorks, Natick, MA) and then the 

phase-locked component of the brainstem response was examined in Praat (Boersma, 2001). 

Spectral slices were taken of each wav file and then the peaks of the spectrum tier were 

calculated to determine the amount of spectral power (dB) present in the FFR at 440Hz.  
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Averaged waveforms for each block within each tapping condition were also extracted to 

monitor quality control of the FFR throughout the recordings. After using the same filter as 

described above, recordings for the two tapping conditions were segmented into three separate 

blocks, one for each block of recording between breaks, and all further preprocessing steps were 

equivalent to those described above. Repeated measures ANOVAs for each tapping condition 

revealed that there is no difference in the amount of spectral power at 440Hz in the FFR across 

blocks in the 40bpm condition (F(2,46) = 0.996, p = 0.32) or in the 80bpm condition (F(2,46) = 

6.4 e-05, p = 0.99).   

Tapping data from the photocell was also processed using the BrainVision Analyzer 2 

software. Photocell recordings were bandpass filtered from 1 to 2000 Hz (12 dB/octave rolloff) 

using a Butterworth filter. The onset, peak and offset of each tap was marked based on change in 

signal amplitude above and below a baseline threshold. Tone presentations were then epoched 

based on whether one of these markers for tap onset, peak or offset occurred within a window of 

-50 to 250ms of the onset of the tone. After artifact rejection, baseline correction and averaging, 

using the same procedures as described above, similar spectral analyses were performed in Praat 

to compare the amount of power at 440Hz in the brainstem response for instances in which a tap 

and tone occurred concurrently with instances in which a tone was played in the absence of a tap.  

EEG recordings were processed and analyzed to measure cortical EEG responses as well. 

In particular, frequency band analyses were performed to determine the strength of theta, alpha, 

beta and gamma oscillations within each condition. For these cortical EEG analyses, recordings 

were bandpass filtered off-line from 0.1 to 120Hz (12 dB/octave rolloff) using a Butterworth 

filter, along with a 60Hz notch filter. After segmenting out the break period between blocks 

within each condition, recordings were epoched into 1s intervals, an FFT with a Hanning 
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window of 10% length was performed on each 1s epoch to determine frequency power and then 

those FFTs were averaged for all epochs. Maximum peak spectral power information for each 

frequency band was extracted from the averaged FFT and compared across conditions.  

Similarly, cortical oscillation data was extracted from the EEG signal to compare instances in 

which a tap and tone occurred together with instances in which a tone was played without the 

presence of a tap. 

Results 

 As a first analysis, the Frequency Following Response (FFR) was compared across the 

three experimental conditions. Mean spectral power at 440Hz was 50.40 dB (SD = 5.44) for the 

Resting condition, 50.91 dB (SD = 4.82) for the 40bpm condition and 51.16 dB (SD = 4.56) for 

the 80bpm condition. A one-way repeated measures ANOVA revealed a non-significant main 

effect of condition (F(2,92) = 0.014, p < 0.99). When examining individual participants, 

however, the differences between the three test conditions varied greatly, with some participants 

showing suppression in response to the tapping conditions, while others showed enhancement. 

For example, when comparing the Resting condition to the 40bpm condition, 21 participants 

showed suppression of the representation of pitch information in the FFR, while 26 showed 

enhancement. Similarly, a comparison of FFRs in the Resting condition and the 80bpm condition 

showed that 20 participants showed suppressive effects and 27 showed enhancement effects. 

This relatively even distribution of enhancement and suppression across individuals was even 

evident when comparing the two tapping conditions, with 25 participants showing suppression 

and 22 showing enhancement. However, when looking at the differences between test conditions 

within the individual, only 15 participants showed consistent suppressive or enhancement effects 

across all three difference scores.  
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 Years of musical experience was regressed with the differences in spectral power 

between experimental conditions (Resting – 40bpm, Resting – 80bpm and 40bpm – 80bpm). 

None of the three regressions yielded significant results (Resting – 40bpm: R2 = -.002, t(45) = 

0.14, p > 0.9; Resting – 80bpm: R2 =  -0.01, t(45) = 0.62, p > 0.5; 40bpm – 80bpm: R2 = -0.02, 

t(45) = 0.51, p > 0.6), indicating that years of musical experience did not predict changes in the 

FFR between conditions.  

 While the effect of the motor task on the brainstem response is unclear both when 

comparing across the three experimental conditions and when looking across and within the 

individual, an effect of the tapping behavior may still be present in the two tapping conditions. 

Within the 40bpm and 80bpm conditions there are in fact two different types of events – those in 

which a tap occurred while a tone was presented (Taps) and those in which a tone occurred alone 

(No Taps). The underlying psychological processes and behaviors that are involved in each of 

these types of events are different, with No Taps events lacking the addition of a motor 

movement while processing the tone. Thus, rather than treating all auditory events within each 

tapping condition as the same, it is reasonable to examine whether it is not the introduction of a 

motor task overall, but the addition of a motor task to a specific auditory event that causes an 

interaction between the motor system and the peripheral auditory pathway.  

 As outlined in the data processing section, data from the 40bpm and 80bpm conditions 

were segmented into Taps and No Taps events. Taps segments consisted of instances in which a 

tap occurred within 50ms before or 250ms after tone onset. All other segments were considered 

No Taps events. As 3000 tones were presented in each condition, but participants only tapped the 

photocell at a rate of 40 taps per minute (once every 1.5s) in each tapping condition, the numbers 

of segments in the Taps and No Taps groups were not equal. On average, the 40bpm condition 
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contained 869 Taps segments (SD = 115) and 2098 No Taps segments (SD = 127). Similarly, the 

80bpm condition included 837 Taps segments (SD = 100) and 2143 No Taps segments (SD = 

96). A 2x2 repeated measures ANOVA of spectral power at 440Hz in the FFR demonstrated a 

significant main effect of tapping (F(1,46) = 10.99, p < 0.002; Figure 2.1), with Taps events 

(Mean = 51.1 dB, SD = 4.47) showing an enhancement of peak power compared to No Taps 

events (Mean = 50.86 dB, SD = 4.65). The main effect of condition as well as the interaction of 

condition by tapping, however, was not significant (p > 0.05).  

  
Figure 2.1. . Comparison of the spectral power at 440Hz in the FFR for Taps and No Taps 
events in the two tapping conditions (40bpm and 80bpm). Asterisk denotes statistical 
significance (t(46) = -2.74, ** p < 0.01) Difference between Taps and No Taps events in the 
80bpm condition was marginally significant (t(46) = -1.88, + p < 0.07). 
 

Since No Taps events included a tone presentation without the presence of a motor 

movement, one could consider them to be comparable to auditory events in the Resting 

condition, as all tones within this condition were presented without the occurrence of a tap. A 

two-tailed paired t-test comparing the Taps segments to the No Taps segments collapsed with the 
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Resting condition segments revealed that the spectral power at 440Hz for the Taps events was 

significantly larger than that for the No Taps and Resting events (t(46) = -2.06,  p < 0.05; Figure 

2.2). 

 
Figure 2.2. Comparison of the FFR for all Taps events with all No Taps and Resting condition 
events. The y-axis plots spectral power at 440Hz in the FFR in dB. Asterisks denote statistical 
significance (* p < 0.05). 
 
 To begin to understand the interactions that occur between cortical networks and the 

auditory brainstem, cortical oscillation measurements were extracted from the EEG recordings 

and compared across the three conditions of the experiment as well. Maximum peak spectral 

power was calculated for theta, alpha, beta and gamma bands in each experimental condition. In 

all four frequency bands, a one-way repeated measures ANOVA revealed a significant main 

effect of condition, with peak spectral power significantly larger in the Resting condition than in 

each of the two tapping conditions (Table 2.1).  
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Frequency Band Resting Condition 
(µV2) 

40bpm Condition 
(µV2) 

80bpm Condition 
(µV2) 

Theta (4-8Hz) Mean = 2.98** 
SD = 2.07 

Mean = 1.98 
SD = 1.08 

Mean = 1.86 
SD = 1.01 

Alpha (9-12Hz) Mean = 3.41** 
SD = 3.65 

Mean = 1.96 
SD = 2.41 

Mean = 1.88 
SD = 1.89 

Beta (13-20Hz) Mean = 0.59** 
SD = 0.49 

Mean = 0.35 
SD = 0.21 

Mean = 0.35 
SD = 0.22 

Gamma (25-50Hz) Mean = .15** 
SD = 0.08 

Mean = 0.12 
SD = 0.07 

Mean = 0.12 
SD = 0.05 

 
Table 2.1. Maximum peak spectral power (µV2) for theta, alpha, beta and gamma oscillation 
bands for each experimental condition. One-way repeated measures ANOVAs for each 
frequency band revealed a significant main effect of condition (theta: F(2,92) = 11.46, p < 0.000; 
alpha: F(2,92) = 15.96, p < 0.000; beta: F(2,92) = 11.46, p < 0.000; gamma: F(2,92) = 10.24, p < 
0.000). Asterisk denotes statistical significance in paired t-tests with other experimental 
conditions (** p < 0.01). 
 
 Given the significant differences demonstrated in the FFRs between the Taps events and 

the No Taps events, theta, alpha, beta and gamma frequency band oscillations were also 

compared between these two event types. 2x2 repeated measures ANOVAs comparing peak 

spectral power for the two tapping conditions and the two tapping event types revealed a 

significant interaction effect of Condition x Event Type for both the theta (F(1,46) = 9.09, p < 

0.005) and alpha (F(1,46) = 5.288, p < 0.03) frequency bands but no main effects of condition or 

event type (p > 0.05). This interaction effect is likely due to the fact that in the 40bpm condition, 

Taps events are significantly larger in peak spectral power than No Taps events (theta: t(46) = -

2.40, p < 0.03; alpha: t(46) = -2.41, p < 0.03), but in the 80bpm condition maximum spectral 

power in the theta and alpha bands do not differ (p > 0.05; Figures 2.3 and 2.4).  
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Figure 2.3. Comparison of peak spectral power in the theta frequency band for Taps and No 
Taps events in the two tapping conditions. The y-axis plots peak spectral power in (µV2) at 
6.10Hz. Asterisks denote statistical significance (* p < 0.05). 
 

 
Figure 2.4.  Comparison of peak spectral power in the alpha frequency band for Taps and No 
Taps events in the two tapping conditions. The y-axis plots peak spectral power in (µV2) at 
9.16Hz. Asterisks denote statistical significance (* p < 0.05). 
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 In contrast with the results of the theta and alpha band analyses, 2x2 repeated measures 

ANOVAs comparing the peak spectral power in the beta and gamma oscillations bands for the 

40bpm and 80bpm conditions and the Taps and No Taps events resulted in a significant main 

effect of event type for both beta (F(1,46) = 15.48, p < 0.001) and gamma (F(1,46) = 31.28, p < 

0.000), but no significant main effect of tapping condition or interaction between tapping 

condition and event type. Subsequent paired t-tests between Taps and No Taps events 

demonstrated that No Taps events had significantly more peak spectral power in both the beta 

and gamma frequency bands for the 40bpm tapping condition (beta: t(46) = 2.00, p = 0.05; 

gamma: t(46) = 4.78, p < 0.000) as well as for the 80bpm condition (beta: t(46) = 4.46, p < 

0.000; gamma: t(46) = 4.99, p < .000; Figures 2.5 and 2.6). 

 
Figure 2.5.  Comparison of peak spectral power in the beta frequency band for Taps and No 
Taps events in the two tapping conditions. The y-axis plots peak spectral power in (µV2) at 
15.26Hz. Asterisks denote statistical significance (* p =0.05; *** p < .000). 
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Figure 2.6.  Comparison of peak spectral power in the gamma frequency band for Taps and No 
Taps events in the two tapping conditions. The y-axis plots peak spectral power in (µV2) at 
27.47Hz. Asterisks denote statistical significance (*** p < .000). 
 
Discussion 

 The first aim of this experiment was to determine whether the motor suppression effects 

seen in the primary auditory cortex during motor behavior could be demonstrated at the level of 

the auditory brainstem. To that end, the results of this experiment do not support the hypothesis 

that performing a tapping task while hearing a sine tone will reduce the specific frequency 

following response to the tone. Overall, the amount of spectral energy at the frequency of the 

tone in the FFR did not differ between the three experimental conditions, even though individual 

differences between the three conditions demonstrated both suppression and enhancement of the 

FFR. For each comparison of experimental conditions (Resting compared to 40bpm, Resting 

compared to 80bpm, 40bpm compared to 80bpm) roughly equal numbers of participants showed 

enhancement and suppression of the representation of the tone in the FFR. However, these 

differences between conditions were not consistent within the individual.  
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 A closer examination of the specific events within the two tapping conditions, however, 

begins to clarify how the introduction of a tapping task during the presentation of auditory 

stimuli affects the auditory brainstem response. When the events within the 40bpm and 80bpm 

conditions were separated into those in which a tone was presented while the participant tapped 

the photocell and events in which the tone was presented on its own, an enhancement effect of 

motor behavior on the FFR emerges. Representation of tone frequency was significantly larger 

for the Taps events than for the No Taps events, indicating that, rather than suppressing the 

response of the brainstem to the auditory stimulus, the motor behavior actually enhanced the 

frequency following response.  

 To further examine the interaction between cortical networks and the peripheral auditory 

pathway, EEG recordings were analyzed in terms of cortical frequency band oscillations as well. 

A comparison of theta, alpha, beta and gamma frequency bands across the three experimental 

conditions revealed a significant drop in peak spectral power between the Resting condition and 

the two tapping conditions for all four frequency bands. Further investigation into cortical EEG 

activity between the Taps events and the No Taps events, however, revealed important 

differences between these oscillations. While peak spectral power in the theta and alpha bands 

increased for the Taps events compared to the No Taps events (at least in the 40bpm condition), 

beta and gamma oscillation power was significantly larger for the No Taps events than for the 

Taps events, suggesting that various cortical networks may be engaged in different psychological 

processes during these two types of events. 

 The FFR results of this experiment are not only contrary to the predictions that motor 

behavior will suppress auditory brainstem responses and that attentional demands will further 

attenuate the brainstem response to auditory input, but also support a response-based attentional 



 43 

enhancement of the phase-locked component of the auditory brainstem response rather than a 

stimulus or condition-based effect. Research has demonstrated enhancement of the FFR to the 

same note patterns when they are presented in a pseudo-random order compared to a patterned 

order (Skoe et al., 2013) as well as to a synthetic syllable when it is presented repetitively 

compared to when it is presented with other speech sounds that vary in formant structure, 

duration, voice onset time or fundamental frequency (Chandrasekaran et al., 2009). This research 

displays contextual enhancement of the FFR between blocks, but not differences in the FFR on 

an event-by-event basis. Additionally, Skoe and Kraus (2010) showed that the repetition of a 

note within a melody that is repeatedly presented for 90 minutes can enhance the local 

representation of pitch information after prolonged exposure to a stimulus pattern, but listeners 

were not required to engage in a task while the melody was presented. The current experiment 

however, provides evidence for a response-based enhancement of the representation of acoustic 

input in the auditory brainstem in real time. The present results suggest that, rather than 

suppressing the neural representation of the auditory signal, the engagement of the motor system 

to perform the tapping motion may mobilize a set of processes that appear to direct and boost 

attention to the auditory signal during that specific event. This rejection of the corollary 

discharge process in the motor system is supported by the FFR findings of this experiment as 

well as several investigations of the effect of rhythmic stimulus presentation on auditory and 

visual perception.  

 Large and Jones (1999) proposed a dynamic attending theory of auditory perception in 

which they asserted that attention is not spatially selective, but temporally selective, meaning 

that the temporal structure of external events, not the location in which those events occurred, 

guides selective attention. They argue that internal oscillations within the individual entrain to 
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the temporal structure of environmental events and generate expectancies for future events so as 

to enhance attention, and ultimately perception, within those specific time windows. Evidence to 

support this theory has been generated in both the visual and auditory realm. For example, Jones 

et al. (2002), demonstrated that pitch perception of a tone is more accurate when the timing of 

the presentation of the tone matched the rhythm of a series of distractor tones. Similarly, 

Mathewson and colleagues (2010) found momentary release of visual masking in a rapid serial 

visual presentation task when the masked target was presented at the same inter-stimulus-interval 

as the other visual stimuli in the task.  

The results of this experiment further support the dynamic attending theory by 

demonstrating that the neural representation of pitch information is enhanced when an auditory 

stimulus is presented at the same time interval as an entrained visual stimulus. Throughout the 

two tapping conditions of this experiment, participants watched a metronome as it flashed at a 

constant rate of either 40 beats per minute or 80 beats per minute. In each condition, the tapping 

motion was elicited by a flash of the metronome light, making the two relatively in sync 

temporally. This flash of the light at consistent time intervals likely entrained internal oscillators 

to the timing of the light flash and tuned selective attention processes to the timing of each flash 

and the subsequent tapping motion, leading to an enhancement of the FFR to the tone, but only 

when it co-occurred with a tapping motion. Since the results of this experiment demonstrate an 

increase in neural pitch representation during a motor movement, the corollary discharge 

explanation for the link between the motor network and the auditory system cannot explain these 

findings. Given the rhythmic presentation of the visual stimulus that also elicited a rhythmic 

motor movement by the individual, theories supporting the temporal tuning of attention to 

specific events are more suited to explain these data.    



 45 

The cortical EEG results from this experiment also support the idea that the peripheral 

auditory system is influenced by a temporally driven selective attention network. First, the 

pattern of results found in the theta and alpha band oscillations not only suggests that an attention 

network may be involved in the selective enhancement of the FFR, but also refutes the idea that 

descending corollary discharge projections from the motor network may play a role in this 

process. Examinations of the cortical motor system have demonstrated that motor behavior is 

characterized by suppression of alpha band frequencies in the motor cortex, an effect commonly 

referred to as mu suppression (Chatrian et al., 1959). While the comparison of alpha band power 

between the three experimental conditions exhibits this effect, with alpha power significantly 

decreased in the two tapping conditions compared to the Resting condition, the differences in 

alpha power for the two types of tapping events does not follow the same pattern. Alpha spectral 

power was actually increased for Taps events compared to No Taps events in the 40bpm 

condition. Coupled with the same pattern of results in the theta band oscillations, this evidence 

suggests that cortical networks engaged in selective attention and working memory processes 

influenced the auditory brainstem response during these specific events (von Stein & Sarnthein, 

2000; Sauseng et al., 2005), not efferent corollary discharge projections from the motor system. 

The pattern of results for the beta and gamma band oscillations further supports the role 

of selective attention in the enhancement of the FFR during Taps events. Spectral power in the 

beta and gamma bands was significantly larger for the No Taps events compared to the Taps 

events in both tapping conditions, contrasting with the findings from the theta and alpha band 

comparisons as well as the pattern of results in the FFR analysis. Such findings suggest that these 

two cortical oscillations were involved in the execution of the motor movement and were not 

involved in the enhancement of the perception and neural representation of the auditory stimulus. 
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Several experiments examining the activity of cortical beta and gamma oscillations in humans 

and non-human primates have demonstrated that beta and gamma oscillations are more 

synchronous in the time interval leading up to a motor movement and are suppressed during 

actual motor behavior (Sanes & Donaghue, 1993; Swann et al., 2009; Engel & Fries, 2010). 

Since beta and gamma power were largest when a tone was presented without a tapping behavior 

and significantly decreased when a motor behavior occurred, it is reasonable to conclude that this 

cortical activity may be linked only to the motor task required in the two tapping tasks and is not 

directly related to event-related enhancement effects seen in the auditory brainstem recordings.    

 The brainstem and cortical EEG findings of this experiment provide preliminary evidence 

that neural processes responsible for the focusing of attention at specific moments in time based 

on contextual factors influence the neural representation of the acoustic input by the peripheral 

auditory pathway. While this experiment cannot address whether these neural processes originate 

from cortical activity, the similarity in the patterns of results found for the brainstem response 

and cortical theta and alpha oscillations suggest that the changes seen in the FFR are related to 

changes in cortical neural activity in some way. However, several caveats of the paradigm and 

the results require further investigation into this phenomenon. 

 The overall difference in cortical oscillation synchrony between the three experimental 

conditions is slightly worrisome. While the decrease in alpha synchrony between the Resting 

condition and the two tapping conditions is to be expected, as the tapping conditions included a 

motor movement, the decrease in synchrony for the theta, beta and gamma bands was 

unexpected given the design of the experiment. The Resting condition, however, was a very 

boring task in which participants were instructed to simply sit quietly while the tones were 

presented for nearly twenty minutes. They were told that they were not required to pay attention 
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to the tones and that they could close their eyes if they wished. Under these circumstances, most 

participants fell asleep during this condition of the experiment, which likely induced an “idling 

rhythm” within the lower cortical frequencies (1-20Hz) (Pfurtscheller et al., 1996; Steriade et al., 

1993). To eliminate the effects of sleep on cortical oscillation synchrony while still obtaining a 

baseline measurement of pitch representation in the auditory brainstem, participants should be 

given a passive task to perform while the auditory stimuli are presented.  

 Additionally, the ecological validity of the auditory stimulus presented to the listeners 

should limit the scope of the conclusions drawn from this experiment. Sine tones are rarely, if 

ever, encountered in the world and they are the simplest form of sound that exists, making it 

difficulty to apply the results of this experiment to other forms of auditory input. Sine tones are 

also hardly ever produced by an action in the world, limiting the ability to compare this 

experiment to investigations of the suppression of the auditory system during speech production. 

Before further conclusions about the influence of the motor network, or any other cortical 

networks, on the peripheral auditory pathway can be made, the limitations of this experiment 

must be addressed.    

  



 48 

Chapter 3 

Experiment 2: Motor Responses Elicit Attentional Enhancement of the Brainstem 

Frequency Following Response to a /da/ Syllable 

 Experiment 1 offers two important pieces of evidence regarding the influence of efferent 

cortical projections on the auditory brainstem response. First, it demonstrates that the suppressive 

effects of corollary discharge projections from the motor cortex to the primary auditory cortex do 

not extend to the auditory brainstem. Moreover, the experiment provides evidence to suggest that 

a motor response to a periodically presented visual cue leads to enhancement of the frequency 

following response to a sine tone when the motor behavior and the auditory stimulus co-occur in 

time. Such results indicate that top-down cortical projections to the auditory brainstem may 

originate from a widespread attention system, as opposed to the motor system. However, in order 

to fully support this conclusion, the limitations regarding the auditory stimulus and the Resting 

condition of Experiment 1 must be addressed.  

 The primary aim of the first experiment was to determine whether motor suppression 

effects seen in the auditory cortex extend to the peripheral auditory pathway, particularly the 

auditory brainstem. The results of the experiment would suggest that this is not the case, as the 

simultaneous occurrence of a tap and a sine tone resulted in an increase in the phase-locked 

component of the brainstem response to the pitch of the tone rather than suppression. The use of 

a sine tone to elicit the brainstem response, however, may have resulted in a unique, and 

potentially ecologically invalid, situation for the listener. Most research examining the 

interaction between the motor system and the auditory system in humans and non-human 

primates presents auditory stimuli that either have been or could be produced by the listener and 

find that the auditory system is suppressed during motor activity (Houde et al., 2002; 
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Martikainen, 2005; Eliades & Wong, 2002). A 440Hz pure tone is hardly a sound that is 

commonly heard, let alone produced, by most human listeners. Musicians may be a bit more 

familiar with pure tones, but regression analyses did not produce a significant relationship 

between musical experience and the neural representation of pitch information in Experiment 1, 

suggesting that a sine tone may not even successfully elicit the motor suppressive effects seen in 

the auditory system at a cortical level, let alone at the level of the brainstem.  

 Additionally, previous research that has examined the effects of spatial selective attention 

on the auditory brainstem response argued that the relationship between attention and the FFR is 

largely mediated by the complexity of the auditory stimuli presented. Galbraith and Arroyo 

(1993), for example, found mixed effects of selective attention on the FFR to dichotically 

presented pure tones, with attention producing both enhancement and suppression in the FFR 

within the same recording session. Galbraith and Doan (1995), however, found stronger attention 

effects on the FFR in response to complex, but meaningless, stimuli containing a missing 

fundamental, and Galbraith and colleagues (1998) saw the most robust influence of spatial 

selective attention on the brainstem response when dichotic vowels were utilized in the task. This 

discrepancy in attentional effects on the auditory brainstem response based on stimulus 

complexity could explain why conditional differences were not seen between either the Resting 

condition and the two tapping conditions overall or between the 40bpm and the 80bpm 

conditions in Experiment 1. In other words, a 440Hz sine tone may not be complex enough to 

truly engage the cortical networks involved in either selective attention processes or suppressive 

corollary discharge activity.  

 To ameliorate these potential problems with engaging motor and attention networks, 

Experiment 2 attempted to replicate the findings of Experiment 1 by measuring the phase-locked 
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component of the brainstem response to the speech syllable /da/. The use of a speech syllable 

instead of a pure tone should not only keep the amount of experience each participant has with 

hearing this type of stimulus relatively constant, as only English speakers participated in the 

experiment, but it should also fully engage the cortical motor system. Speech syllables are 

produced by the mouth and, according to many neural models of speech perception (e.g. 

Liberman et al., 1967; Rauschecker and Scott, 2009; Friederici, 2012), should activate, to some 

degree, the same motor areas involved in producing the syllables when they are perceived. The 

use of a complex speech stimulus should also eliminate any potential issues with the activation 

of selective attention networks when using simple auditory stimuli to elicit the brainstem 

response.  

 Experiment 2 is a replication of Experiment 1 with the auditory stimulus switched from a 

440Hz sine tone to a synthesized /da/ syllable. Participants were once again asked to tap a 

photocell in response to the flashing of a metronome light, with participants tapping the 

photocell in response to every flash of the light in the 40bpm condition and in response to every 

other flash of the light in the 80bpm condition. While sleeping is often encouraged during most 

ABR experiments because the brainstem response remains robust during sleep (Galbraith et al., 

2000), the stark contrast in arousal levels between the Resting condition and the two tapping 

conditions in Experiment 1 may have acted as a confounding variable in the comparison of the 

FFR between the three experimental conditions. Experiment 2 addresses this issue by having 

participants watch a silent television program or movie with subtitles during the Resting 

condition.  

If the motor system suppresses the auditory system during motor acts, but only when the 

auditory system processes sounds that could be produced by the listener, then there should be a 
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significant decrease in the phase-locked component of the brainstem response to the speech 

syllable between the Resting condition and the two tapping conditions, but no difference between 

the 40bpm and 80bpm conditions. However, if the efferent projections in the corticofugal system 

stem from attention processes, there should be a significant difference in the FFR between the 

Resting condition and the 40bpm condition, and a further difference in the FFR between the 

40bpm and 80bpm conditions. These effects may be seen across all auditory events within each 

condition or when the events within the tapping conditions are further categorized into Taps and 

No Taps events. If the differences between these conditions are negative, meaning there is a 

decrease in spectral power at the pitch and first formant of the speech syllable in the FFR when 

the motor task is combined with the auditory task, this would indicate that cross-modal selective 

attention processes might be suppressing the representation of task-irrelevant acoustic 

information in the auditory brainstem. An enhancement of the FFR when the tapping behavior 

and the auditory stimulus co-occur, either in a certain experimental condition or in time, would 

suggest that an attention system involved in the temporal tuning of the perceptual system to the 

environment may be driving this effect.  

Materials and Methods 

Participants 

Recordings from twenty-four adults were included in this experiment (2 participants were 

eliminated from data analysis due to equipment malfunction). All included participants had 

normal bilateral audiometric thresholds (air conduction threshold <40dB HL for 500-4000Hz), 

and no history of learning or neurological disorders. All participants were compensated for their 

time with either experimental course credit or monetarily.  
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Primary Task 

The primary tapping task for this experiment was identical to that of Experiment 1. Two 

tapping tasks were administered in which participants tapped a photocell in response to every 

flash of a metronome light that flashed at 40 beats per minute (40bpm condition) or in response 

to every other flash of a metronome light that flashed at 80 beats per minute (80bpm condition). 

Once again, the rate at which the participants tapped the photocell remained constant across 

tapping conditions while the rate of the flashing metronome light varied. During the Resting 

condition, participants sat quietly and watched a television show or movie of their choosing with 

subtitles while the auditory stimulus was presented. 

Background Auditory Stimuli 

During all three experimental conditions the same background auditory stimulus was 

presented. Brainstem responses were elicited in response to the synthesized speech syllable /da/. 

The /da/ stimulus was derived from a 250ms long 3-formant speech syllable synthesized in Klatt 

(1980), resampled at 25000 Hz in Praat (Boersma, 2001) to match the sampling rate of the EEG 

recordings, and shortened in duration using the Lengthen (overlap-add) function in Praat. The 

resulting stimulus was 80ms long with a 10ms release burst with typical alveolar spectral shape 

followed by a 10ms voice onset time, a level fundamental frequency (F0: 100Hz), and level first 

and third formants (F1: 768Hz, F3: 2630Hz, respectively) over the duration of the syllable. The 

second formant cued the place of articulation varying from 1440Hz from the onset of voicing 

over a 20ms transition to 1240Hz for the remainder of the syllable duration. Stimuli were 

presented at a rate of about 7 per second, with a variable inter-stimulus interval of 51-56ms. 

Within the tapping conditions, the speech syllable was presented in blocks of 1000 repetitions 
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with a 2-minute break between blocks, at which time participants were not required to perform 

the tapping task. 

Procedure 

This experiment was conducted in one 90-minute session. At the start of the experimental 

session, participants were asked to read and sign an informed consent form and then completed a 

Musical Experience Questionnaire and a demographics questionnaire. Presentation order of the 

three experimental conditions was completely counterbalanced. Following completion of each 

experimental condition, participants were asked to rate how difficult they found the task to be on 

a scale of 1 to 5, with 1 being not difficult at all and 5 being very difficult.  

Electrophysiology 

Stimulus presentation 

All EEG recording and stimulus presentation procedures were conducted in the same 

manner as in Experiment 1. Background auditory stimuli were presented binaurally via Etymotic 

Research ER-3A insert tubephones at 65-75dB at the ear. Stimuli were presented at alternating 

polarities, with each polarity presented a total of 1500 times (3000 total renditions of the 

stimulus) in each condition of the experiment. For the tapping conditions, the presentation of the 

stimulus was broken up into three smaller blocks of 1000 repetitions each to give participants a 

break from the tapping task.  

Recording and data processing procedure 

All EEG recording procedures were identical to that of Experiment 1. Brainstem 

responses were collected at a sampling rate of 25kHz using scalp electrodes and a BrainVision 

actiChamp amplifier system (BrainProducts). Four Ag-AgCl electrodes were placed on the scalp 

in a vertical montage (Hood, 1998), with the active electrode placed at central vertex (Cz), linked 
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reference electrodes placed on each earlobe and a ground electrode on the forehead. Contact 

impedances were kept under 5kOhms. Recordings were made in BrainVision PyCorder 

(BrainProducts) in continuous mode with an online filter of 0.1-3000 Hz. Data from the 

photocell were also recorded by the actiChamp system at the same sampling rate to monitor the 

tapping motions of the participants.  

All preprocessing of the neurophysiological data was conducted using BrainVision 

Analyzer 2 software (BrainProducts). For analyses conducted on the brainstem response, 

recordings were bandpass filtered off-line from 70 to 3000 Hz (12 dB/octave rolloff) using a 

Butterworth filter. A 60Hz notch filter was also applied to the EEG recordings to eliminate line 

noise. Each /da/ was epoched with a window of -10 to 120ms. Artifacts were rejected at a +/-

35µV voltage threshold. On average, less than 1% of segments were discarded due to artifact. 

The remaining pool of artifact-free epochs were baseline corrected using an interval of -10 to 

0ms, averaged within each condition and visually inspected for the presence of a frequency 

following response and a high signal to noise ratio. The averaged waveforms were exported for 

further analysis, converted to wav files in MATLAB (The MathWorks, Natick, MA) and then the 

phase-locked component of the brainstem response was examined in Praat (Boersma, 2001). 

Spectral slices were taken of each wav file and the peak in the response spectrum nearest the F0 

(100Hz) and F1 (768Hz) of the /da/ stimulus was obtained for each participant (Skoe et al., 

2013).  

Averaged waveforms for each block within each tapping condition were also extracted to 

monitor quality control of the FFR throughout the recordings. After using the same filter as 

described above, recordings for the two tapping conditions were segmented into three separate 

blocks, one for each block of recording between breaks, and all further preprocessing steps were 



 55 

equivalent to those described above. Repeated measures ANOVAs for each tapping condition 

revealed that there is no difference in the amount of spectral power of the FFR at 100Hz across 

blocks in the 40bpm condition (F(2,46) = .03, p < 0.97) or in the 80bpm condition (F(2,46) = 

0.03, p < 0.97). 

Tapping data from the photocell was also processed in the same manner as in Experiment 

1 using the BrainVision Analyzer 2 software (BrainProducts). Photocell recordings were high 

pass filtered at .1Hz (12 dB/octave rolloff) using a Butterworth filter. The onset, peak and offset 

of each tap was marked based on change in signal amplitude above and below a baseline 

threshold. Auditory stimulus events were then epoched based on whether one of these markers 

for tap onset, peak or offset occurred within a window of -10 to 120ms of the onset of the /da/. 

After artifact rejection, baseline correction and averaging, using the same procedures as 

described above, similar spectral power analyses were performed in Praat to compare the amount 

of spectral energy at F0 and F1 in the brainstem response for events in which a tap and /da/ 

occurred concurrently with events in which a /da/ was played in the absence of a tap.  

EEG recordings were processed and analyzed to measure cortical theta, alpha, beta and 

gamma band power as well. For these cortical EEG analyses, recordings were bandpass filtered 

off-line from 0.1 to 120Hz (12 dB/octave rolloff) using a Butterworth filter, along with a 60Hz 

notch filter. After segmenting out the break period between blocks within each tapping 

condition, recordings were epoched into 1s intervals, an FFT with a Hanning window of 10% 

length was performed on each 1s epoch to determine frequency power and then those FFTs were 

averaged for all epochs. Maximum peak spectral power information for each frequency band was 

extracted from the averaged FFT and compared across conditions.   
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Due to the small duration of the /da/ stimulus, EEG oscillation segmentation procedures 

for Taps and No Taps events differed from those performed for the FFR analysis. After inserting 

markers for the onset, peak and offset of each tap in the photocell recordings, /da/ stimuli were 

epoched based on whether or not a tap occurred within the window of -10 to 120ms of the onset 

of the /da/, however, the data were then segmented at a window of -40 to 320ms so that the FFT 

analysis would be able to measure power within all four frequency bands of interest. This 

segmentation window led to about 3 /da/ presentations included in each segment on which an 

FFT was performed. The FFTs of each segment were then averaged over all epochs and 

maximum peak spectral power information for each frequency band was extracted and compared 

across Taps and No Taps events.  

Results 

 As stated in the data processing section, the peak in the FFR spectrum nearest the F0 

(100Hz) and F1 (768Hz) of the /da/ stimulus was obtained for each participant (Skoe et al., 

2013). Mean peak frequency and standard deviation for each condition are presented in Table 

3.1. 

Condition F0 (Hz) F1 (Hz) 

Resting Mean = 96.34 

SD = 2.47 

Mean = 765.42 

SD = 21.10 

40bpm Mean = 97.76 

SD = 3.46 

Mean = 762.37 

SD = 18.30 

80bpm Mean = 97.19 

SD = 2.59 

Mean = 759.64 

SD = 10.12 

Table 3.1. Average peak frequency in FFR spectrum for F0 and F1 components of the /da/ 
syllable for each experimental condition. 
 
 Spectral power at the fundamental frequency and first formant of the /da/ stimulus was 

first compared across the three experimental conditions. A one-way repeated measures ANOVA 
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revealed no significant effect of condition for F0, with mean spectral power at 52.89 dB for the 

Resting condition (SD = 4.5), 52.19 dB for the 40bpm condition (SD = 5.63) and 52.74 dB for 

the 80bpm condition (SD = 4.50; Figure 3.1). Once again, individual differences in the pitch 

tracking of the brainstem response between these three conditions varied greatly, with roughly 

equal numbers of participants showing enhancement and suppression of the FFR between the 

Resting condition and the 40bpm condition, the Resting condition and the 80bpm condition and 

the 40bpm and the 80bpm condition. The analysis of spectral power at the first formant of the 

/da/, however, revealed a significant main effect of condition (F(2,46) = 3.47, p < 0.05), with 

spectral power at F1 significantly smaller in the 80bpm condition (Mean = 16.82 dB, SD = 5.5) 

compared to the Resting condition (Mean = 20.53 dB, SD = 4.22; t(23) = -2.26, p < 0.05). There 

is also a marginally significant difference between the 40bpm condition (Mean = 19.3 dB, SD = 

4.87) and the 80bpm condition (t(23) = -1.94, p < 0.06; Figure 3.2).  

 
Figure 3.1. Comparison of the FFR for the three experimental conditions. The y-axis plots 
spectral power at F0 in the FFR in dB.  
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Figure 3.2. Comparison of the spectral power at F1 in the FFR across the three experimental 
conditions. Asterisk denotes statistical significance (*p < 0.05).  
 

Mean peak frequency and standard deviation in the FFR spectrum for each tapping event 

are presented in Table 3.2. 

Condition & Event Type F0 (Hz) F1 (Hz) 

40bpm Taps Mean = 97.42 

SD = 4.44 

Mean = 759.33 

SD = 16.22 

40bpm No Taps Mean = 97.9 

SD = 3.56 

Mean = 748.1 

SD = 16.67 

80bpm Taps Mean = 97.96 

SD = 7.06 

Mean = 766.17 

SD = 18.17 

80bpm No Taps Mean = 97.30 

SD = 2.51 

Mean = 766.79 

SD = 19.56 

 
Table 3.2. Average peak frequency in FFR spectrum for F0 and F1 components of the /da/ 
syllable for each event type within each tapping condition. 
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Analyses of the FFR for the Taps and No Taps events within the 40bpm and 80bpm 

conditions also produced significant results. As outlined in the Data Analysis section, /da/ events 

were segmented based on whether or not they co-occurred with a tap in response to the 

metronome light. Since the /da/ stimulus was presented at roughly 7 repetitions per second, it 

took a little over 7 minutes to present 3000 stimulus repetitions in each condition. With a tapping 

rate of 40 taps were minute in both tapping conditions, this resulted in an average of 323 Taps 

(SD = 27) events and 2673 No Taps events (SD = 31) in the 40bpm condition and 313 Taps 

events (SD = 33) and 2676 No Taps events (SD = 32) in the 80bpm condition.  

A 2x2 repeated measures ANOVA of spectral power at F0 in the FFR revealed a 

significant main effect of event type (F(1,23) = 7.30, p < 0.02; Figure 3.3), with Taps events 

(Mean = 53.74 dB, SD = 3.92) significantly larger than No Taps events (Mean = 52.68 dB, SD = 

4.91). The main effect of condition and the interaction of condition by event type were not 

significant (p > 0.05). Comparisons of peak spectral power at the F1 of the /da/ also 

demonstrated clear differences between the Taps events and the No Taps events. A 2x2 repeated 

measures ANOVA revealed a significant main effect of event type (F(1,23) = 90.25, p < 0.000), 

with Taps events (Mean = 31.67 dB, SD = 5.68) significantly larger in peak spectral power than 

No Taps events (Mean = 28.19 dB, SD = 5.12) as well (Figure 3.4). The main effect of condition 

and the interaction of condition by event type were not significant (p > 0.05).  
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Figure 3.3. Comparison of the spectral power at F0 in the FFR for Taps and No Taps events in 
the two tapping conditions (40bpm and 80bpm). Asterisk denotes statistical significance (t(23) = 
-2.32, * p < 0.05). 
 

 
Figure 3.4. Comparison of the spectral power at F1 in the FFR for Taps and No Taps events in 
the two tapping conditions (40bpm and 80bpm). Asterisk denotes statistical significance (40bpm: 
t(23) = -6.45; 80bpm: t(23) = -7.4, *** p < 0.000). 
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As in Experiment 1, cortical oscillation measurements from the EEG recordings were 

compared across the three experimental conditions. One-way repeated measures ANOVAs of 

peak spectral power in each of the four frequency bands (theta, alpha, beta and gamma) revealed 

a significant main effect of condition for theta (F(2,46) = 6.73, p < 0.01), but no significant 

effects of condition for the other three oscillation bands (Table 3.3). 

Frequency Band Resting Condition 

(µV2) 

40bpm Condition 

(µV2) 

80bpm Condition 

(µV2) 

Theta (4-8Hz) Mean = 1.93* 

SD = 0.79 

Mean = 1.82* 

SD = 0.75 

Mean = 1.67* 

SD = 0.60 

Alpha (9-12Hz) Mean = 1.42 

SD = 1.33 

Mean = 1.66 

SD = 1.33 

Mean = 1.49 

SD = 0.93 

Beta (13-20Hz) Mean = 0.36 

SD = 0.15 

Mean = 0.32 

SD = 0.15 

Mean = 0.33 

SD = 0.13 

Gamma (25-50Hz) Mean = .13 

SD = 0.08 

Mean = 0.11 

SD = 0.08 

Mean = 0.13 

SD = 0.16 

Table 3.3. Maximum peak spectral power (µV2) for theta, alpha, beta and gamma oscillation 
bands for each experimental condition. Asterisk denotes statistical significance in paired t-tests 
with other experimental conditions (* p < 0.05). 
 

Since the comparison of the spectral power at F0 in the Taps and No Taps events 

replicated the results of Experiment 1, peak spectral power for each of the four EEG oscillation 

bands was also compared between the two types of tapping events. For the theta band, a 2x2 

repeated measures ANOVA demonstrated significant main effects of condition (F(1,23) = 5.13, 

p < 0.005) and event type (F(1,23) = 7.20, p < 0.02; Figure 3.5), with theta power significantly 

larger in the 40bpm condition (Mean = 2.70 µV2, SD = 1.07) than in the 80bpm condition (Mean 

= 2.46 µV2, SD = 0.85) and significantly greater for the Taps events (Mean = 2.73 µV2, SD = 

1.05) than for the No Taps events (Mean = 2.44 µV2, SD = 0.87). The analysis of the gamma 

band power revealed a significant main effect of event type (F(1,23) = 7.42, p < 0.02; Figure 3.6) 
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as well, with No Taps events (Mean = 0.11 µV2, SD = 0.07) containing more gamma power than 

Taps events (Mean = 0.10 µV2, SD = .05). Analyses of spectral power in the alpha and beta 

oscillation bands, however, did not produce significant effects.  

 

 
Figure 3.5. Comparison of peak spectral power in the theta frequency band for Taps and No 
Taps events in the two tapping conditions. The y-axis plots peak spectral power in (µV2) at 
4.58Hz. Asterisks denote statistical significance (t(23) = -2.55, * p <0.05). 
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Figure 3.6. Comparison of peak spectral power in the gamma frequency band for Taps and No 
Taps events in the two tapping conditions. The y-axis plots peak spectral power in (µV2) at 
25.94Hz.  Asterisks denote statistical significance (t(23) = 3.04, ** p < 0.01). 
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Experiment 1, with Taps events showing an enhancement of the neural representation of pitch 

information compared to No Taps events. Interestingly, the analyses of the representation of the 
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the F0 analysis, with Taps events significantly larger in spectral power at F1 than No Taps 

events.  

 The discrepancy between the F0 and F1 analyses of the FFR across the three 

experimental conditions is not surprising, as formant information is the acoustic component by 

which vowels are categorized and pitch information is used to distinguish between talkers. Since 

there was only one synthetic /da/ presented throughout the entire experiment, which came from 

one synthetic talker, the listener did not have to discriminate between different talkers within the 

experiment, which, presumably, diminished the need to augment the amount of neural 

representation or attention paid to the pitch information (F0) of the syllable between conditions.  

 A decrease in F1 spectral power between the 80bpm condition and the Resting condition 

would be considered evidence in support of motor suppression of the auditory brainstem if this 

result were taken in isolation. However, since a similar decrease was not found between the 

Resting condition and the 40bpm condition, which contained the same amount and rate of 

tapping as the 80bpm condition, these results cannot be accounted for by the corollary discharge 

explanation. A more appropriate explanation of this result would be that the task performed in 

the 80bpm condition, in which participants were instructed to tap the photocell in response to 

every other flash of the light and inhibit a tapping response to alternate flashes of the light, 

required more cognitive resources overall than the tasks performed in the 40bpm and Resting 

conditions. Since this experiment did not included recordings of the metronome light to 

determine when the participant was expected to tap the photocell or inhibit a tap, it is still unclear 

whether the processes involved in inhibiting a motor act are specifically driving the reduction in 

the representation of F1 in the FFR. However, given that the reduction is only seen for the 

80bpm condition, this is likely the case. An additional experiment that recorded or marked 
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instances in which the participant inhibited a motor behavior would be required to fully support 

this conclusion.  

 The replication of the pattern of results found in Experiment 1 between the Taps and No 

Taps events for both the F0 and the F1 components of the syllable are much more conclusive. 

The enhancement of spectral power in the FFR at F0 for Taps events compared to No Taps 

events further diminishes the role of corollary discharge projections from the motor cortex on the 

peripheral auditory pathway. The finding that this enhancement effect can also be seen for the F1 

component of the syllable and is significant for both tapping conditions further demonstrates a 

response-based enhancement of the representation of auditory input in the auditory brainstem  

and provides additional support for the dynamic attending theory of auditory perception (Large 

and Jones, 1999). The enhancement of the neural representation of both the F0 and F1 

components of a synthetic speech syllable when the motor behavior and the auditory stimulus co-

occurred suggests that the tapping behavior induced by the periodic flashing of a metronome 

light attuned various attention and sensory processes to the time intervals at which perceptual 

events were expected to occur. Since this temporal tuning led to an enhancement of the 

perception of the background auditory stimulus, which was irrelevant to the tapping task, these 

temporally based attention processes are likely involved in multi-modal attention networks that 

span the entire system, rather than selective networks that inhibit processing in one modality to 

boost sensory processing in another modality.  

 Analyses of cortical oscillations from the EEG recordings revealed slightly different 

results from those found in the first experiment. While Experiment 1 found a significant drop in 

peak spectral power between the Resting condition and the two tapping conditions for all four 

frequency bands analyzed (theta, alpha, beta and gamma), significant differences between 
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conditions were only found for theta oscillations. The absence of significant results for the alpha, 

beta and gamma bands between the three experimental conditions is likely due to the change in 

procedure for the Resting condition. While in Experiment 1 participants sat quietly and often fell 

asleep during the 20 minute long Resting condition, in this experiment participants watched a 

television program for the roughly 7 minute long Resting condition, causing them to stay awake 

and be much more alert in general than in the first experiment. This meant that general levels of 

arousal were similar across all three experiment conditions, resulting in equal amounts of 

spectral power in the alpha, beta and gamma band frequencies.  The differences in theta 

synchrony between the experiment conditions are a bit surprising, given the loss of arousal 

effects in the other three oscillations bands, but not particularly problematic to the hypotheses of 

this experiment. 

 Most importantly, the comparison of power in the theta and gamma bands between the 

Taps and No Taps events reproduced the results of Experiment 1. Once again, theta power was 

significantly larger for the Taps events than for the No Taps events, while gamma power was 

significantly larger for the No Taps events than for the Taps events. This increase in theta band 

synchrony for Taps events reflects the role of theta activity as a gatekeeper of attention and 

working memory on an event-by-event basis (Raghavachari et al., 2001). Research has 

demonstrated that theta activity increases during stimulus presentation and decreases between 

instances of stimulus perception (Deiber et al., 2007). In this instance, theta band activity likely 

became synchronized to the flashing metronome light in the tapping conditions, increasing when 

the light flashed and decreasing between light flashes. Since the flash of the metronome light 

induced the tapping behavior, the Taps events likely include the presentation of the light as well, 

reflecting the increase in theta power that occurred in response to the visual stimulus 
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presentation. The reversed direction of the effect in the gamma band further supports the idea 

that fluctuations in gamma band synchrony reflect preparation or anticipation to engage in 

another task. While some research has demonstrated that this increase in gamma power, along 

with an increase in beta power, reflects preparation to perform a motor task (Sanes & Donaghue, 

1993), recent findings have demonstrated an increase in gamma power in anticipation of the end 

of a delay between tasks, suggesting that gamma oscillations may reflect a gating mechanism to 

accessing working memory (Lundqvist et al., 2016). Since the tapping task in this experiment 

involves both working memory and motor processes, it is still unclear at this time as to which of 

these theories best explains the difference in gamma power seen between event types.  

 The results of this experiment confirm the FFR and cortical EEG results of Experiment 1 

using a more ecologically valid auditory stimulus. The enhancement of the phase-locked 

component of the brainstem response at the fundamental and first formant frequencies of the /da/ 

syllable provides additional evidence that, rather than interacting with corollary discharge 

projections from the motor cortex, the auditory brainstem is guided by temporally tuned attention 

processes that anticipate the time interval in which an event in the environment will occur. The 

cortical oscillatory results further support this claim by demonstrating that the enhanced FFR is 

accompanied by an increase in spectral power in cortical oscillations that are associated with 

increased working memory and attention. However, in order to truly reject the involvement of 

the motor system in the auditory brainstem response, attentional differences in the frequency 

following response must be found without a concurrent change in a motor task. A demonstration 

of changes in the representation of pitch and formant information based solely on attentional 

differences would provide the appropriate evidence needed to support the role of an attention 

system in low-level auditory perception.  
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Chapter 4 

Experiment 3: Increased Attentional Demands in an Eriksen-Flanker Task Enhances the 

Brainstem Frequency Following Response to a /da/ Syllable 

 Experiments 1 and 2 examined the role of efferent corollary discharge on the responses to 

acoustic input in the auditory brainstem by inducing a simple motor behavior (i.e., tapping a 

finger) while listening to sounds. Although cortical auditory responses are suppressed during 

motor behavior, the results of these experiments exhibited an enhancement of the auditory 

brainstem response during tapping. Specifically, both experiments found a significant increase in 

the amplitude of spectral signal information in the brainstem when the presentation of the 

auditory stimulus coincided with a motor behavior. This suggests that suppressive corollary 

discharge projections that have been found to inhibit the activity of the auditory cortex 

(Schneider et al., 2014) do not influence auditory brainstem responses and descending 

projections in the corticofugal pathway may be controlled by neural processes that regulate 

attention to incoming signals. 

 Contrary to the hypotheses for both experiments, neither motor behavior nor putative 

attention demands in the 80bpm condition suppressed the spectral response to the auditory 

stimulus in the ABR. This appears to be due to the way in which the visual cue and the tapping 

motion organized attention to moments in time, which led to an enhancement of the spectral 

response. However, the difference in demand between the 40bpm and the 80bpm condition (due 

to the appearance of visual cues that did not result in a tapping behavior in the 80bpm condition) 

may well not be sufficient to shift attention from the acoustic stimulus. On the other hand, ABR 

responses may be more automatic than controlled by cognitive processes without extended 

periods of training or experience and the enhanced spectral response seen in these experiments 
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may be the product of a lower level focusing mechanism produced by the tapping behavior rather 

than the cognitive networks involved in orienting and focusing attention. To test these 

alternatives, the flanker task, which is demonstrated to be attentionally demanding (Lavie, 1995), 

was used to compete with the auditory processing of a sound. 

Paradigms that have been used to manipulate attentional demand in examinations of the 

auditory brainstem response widely vary and produce either inconclusive or conflicting results 

(Galbraith & Arroyo, 1993; Hairston et al., 2013; Hoormann et al., 1994).  Experiment 3 was 

designed to vary task-based attentional demands by using a modified version of a task that has 

been well-established as a successful way to manipulate task difficulty through attention 

demands (see Lavie, 1995; 1997). Participants performed two versions of a modified Eriksen-

Flanker task (Eriksen & Eriksen, 1974) while a synthetic /da/ syllable was presented as a 

background auditory stimulus. The Eriksen-Flanker task requires participants to respond to a 

target letter that is surrounded by flanker noise letters. In the traditional paradigm, the task 

consists of two types of trials, trials in which the flanker letters are congruent with the target 

letter and trials in which the flanker letter is incongruent with the target letter. Responses are 

faster and more accurate to congruent trials than to incongruent trials (Eriksen and Schultz, 

1979). A set of 5 letters, 2 flanker letters on each side of a central target letter, was presented in 

each trial of the flanker task (e.g. C C P C C). The target letter could be one of four possible 

letters (C, P, O, R) and the flanker letters were also one of these four letters. The letters C and P 

corresponded to one target response and the letters O and R responded to the other target 

response. This meant that congruent trials were instances in which the target letter was 

surrounded by the flanker letter that corresponded to the same target response and incongruent 

trials were instances in which the flankers corresponded with the opposite target response.  
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The ABR to a synthetic /da/ syllable was recorded and the FFR measured while 

participants engaged in two different versions of the flanker task. In the Easy condition, 

congruent trials were presented 75% of the time and incongruent trials were presented 25% of 

the time. In the Hard condition, these percentages were reversed, with incongruent trials making 

up 75% of the total number of trials and congruent trials appearing 25% of the time. Brainstem 

responses during these two Flanker conditions were compared to a Resting condition in which 

participants watched a silent television program or movie with subtitles while the /da/ syllable 

was presented.  

If the descending corticofugal pathway is controlled by efferent corollary discharge from 

the motor system, then there should be a significant decrease in the phase-locked component of 

the brainstem response between the Resting condition and the two flanker conditions, but no 

difference in the FFR between the Easy and the Hard conditions of this experiment, since both 

conditions require not only the same number of motor movements but a motor behavior in 

response to every visual stimulus. However, if the descending pathway to the auditory brainstem 

is modulated by cortical activity that monitors and allocates attention based on situational and 

behavioral demands, then there should be significant differences in the FFR between the Easy 

and Hard conditions. If the differences between these conditions show a suppression of the FFR, 

this would suggest that cross-modal selective attention processes may be controlling efferent 

projections to the auditory brainstem to inhibit the representation of task-irrelevant acoustic 

information. An enhancement of the FFR between these two conditions, however, would indicate 

that attentional processes responsible for the temporal tuning of sensory systems to the 

environment may be modulating the descending corticofugal pathway.  
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Materials and Methods 

Participants 

Recordings from twenty-six adults were included in this experiment (2 participants were 

eliminated from data analysis due to more than 10% of segments containing artifacts in at least 

one condition of the experiment). All included participants had normal bilateral audiometric 

thresholds (air conduction threshold <40dB HL for 500-4000Hz), and no history of learning or 

neurological disorders. All participants were compensated for their time with either experimental 

course credit or monetarily. 

Behavioral Task 

 A modified flanker task consisting of incongruent and congruent trials was presented 

during two of the experimental conditions. On each trial, targets and flankers were selected as 

one of a set of four possible letters (C, P, O and R). Subjects were told that the letters C and P 

corresponded with the left hand button press and the letters O and R corresponded with the right 

hand button press. For congruent trials, when C was presented as a target letter is was flanked by 

Ps and vice versa (e.g. P P C P P), and when O was presented as a target letter it was flanked by 

Rs and vice versa. For incongruent trials, if C was presented as a target letter it was flanked by 

Os (e.g. O O C O O) and vice versa, and if P was presented as a target letter is was flanked by Rs 

and vice versa. The conditions of the experiment varied by number of congruent and incongruent 

trials presented. For the Easy condition, congruent trials were presented 75% of the time while 

the rest of the trials were incongruent. For the Hard condition, 75% of the trials were incongruent 

and 25% were congruent. In each version of the task, every letter was presented an equal number 

of times as a target and as flankers.  
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 The flanker task was presented on a laptop with an external keyboard. Labels were placed 

on the two response keys to indicate the target letters that corresponded to each button. Flanker 

stimuli were presented in white lettering with a black background in the center of the laptop 

screen. A white box was also present in the upper left corner of each flanker stimulus for 

photocell recordings.   

 Each flanker task began with a set of instructions explaining the task to the participant 

and instructing the participant to respond to the target letter as quickly as possible while still 

maintaining accuracy. A practice session consisting of 30 trials, 15 congruent and 15 

incongruent, without the simultaneous presentation of the auditory stimulus, was presented at the 

beginning of each flanker task as well. The test section of the behavioral task consisted of 284 

flanker trials to ensure that the duration of the flanker task was at least as long as the duration of 

the auditory stimulus presentation. Each flanker stimulus was displayed on the screen until the 

participant pressed one of the two response buttons. Between stimulus presentations a blank 

screen was presented for a variable duration of 900 to 1100ms. (See Figure 4.1 for illustration of 

the experimental paradigm) 

Background Auditory Stimuli 

The same synthetic /da/ syllable from Experiment 2 was used during all three 

experimental conditions to elicit the brainstem response. The /da/ stimulus was derived from a 

250ms long 3-formant speech syllable synthesized in Klatt (1980), resampled at 25000 Hz in 

Praat (Boersma, 2001) to match the sampling rate of the EEG recordings, and shortened in 

duration using the Lengthen (overlap-add) function in Praat. The resulting stimulus was 80ms 

long with a 10ms release burst with typical alveolar spectral shape followed by a 10ms voice 

onset time, a level fundamental frequency (F0: 100Hz), and level first and third formants (F1: 
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768Hz, F3: 2630Hz, respectively) over the duration of the syllable. The second formant cued the 

place of articulation varying from 1440Hz from the onset of voicing over a 20ms transition to 

1240Hz for the remainder of the syllable duration. Stimuli were presented at a rate of about 7 per 

second, with a variable inter-stimulus interval of 51-56ms.  

Procedure 

This experiment was conducted in one 90-minute session. Presentation order of the three 

experimental conditions was completely counterbalanced. During the Resting condition, 

participants sat quietly and watched a television show or movie of their choosing with subtitles 

while the auditory stimulus was presented. For each of the flanker tasks, participants first read 

through the instruction screens and performed the practice session without hearing the auditory 

stimulus. Once the practice session was completed, auditory stimulus presentation began and the 

participants continued on to the test section of the task. (See Figure 4.1 for illustration of the 

experimental paradigm.) 

 
Figure 4.1. Illustration of the flanker task conditions. Within each flanker task, participants 
responded to two types of trials, congruent trials, in which the target letter and the flanker letters 
corresponded to the same response button, and incongruent trials, in which the target letter and 
the flanker letters corresponded to opposing response buttons. For the Easy task condition, 75% 
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of trials were congruent and 25% were incongruent. For the Hard task condition, 25% of trials 
were congruent and 75% were incongruent. Throughout both flanker tasks, the /da/ speech 
syllable was presented at a rate of about 7 repetitions per second.  
 
 
Electrophysiology 

Stimulus presentation 

All EEG recordings and stimulus presentation procedures were conducted in the same 

manner as in Experiments 1 and 2. Background auditory stimuli were presented binaurally via 

Etymotic Research ER-3A insert tubephones at 65-75dB at the ear. Stimuli were presented at 

alternating polarities, with each polarity presented a total of 1500 times (3000 total renditions of 

the stimulus) in each condition of the experiment. 

Recordings 

All EEG recording procedures were identical to that of Experiments 1 and 2. Brainstem 

responses were collected at a sampling rate of 25kHz using scalp electrodes and a BrainVision 

actiChamp amplifier system (BrainProducts). Four Ag-AgCl electrodes were placed on the scalp 

in a vertical montage (Hood, 1998), with the active electrode placed at central vertex (Cz), linked 

reference electrodes placed on each earlobe and a ground electrode on the forehead. Contact 

impedances were kept under 5kOhms. Recordings were made in BrainVision PyCorder 

(BrainProducts) in continuous mode with an online filter of 0.1-3000 Hz. Data from the 

photocell were also recorded by the actiChamp system at the same sampling rate to record the 

occurrence of the presentation of each flanker stimulus. 

Data Analysis 

Behavioral Task 

 Performance on the flanker task was evaluated based on response times and accuracy. 

Response times were measured as the time between the onset of the trial, when the flanker 
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stimulus was presented on the screen, and the time at which the participant responded with a 

button press. Accuracy was measured as whether the participant responded with the button press 

that corresponded to the target letter in the trial. Before mean response times were calculated, 

response times for incorrect trials as well as response times that were more than +/- 2.5 standard 

deviations from the mean response time for each participant were culled. Mean response times 

and total number of incorrect trials were then calculated separately for congruent and 

incongruent trials within each flanker task condition (Easy and Hard).  

EEG Preprocessing and Analyses 

All preprocessing of the neurophysiological data was conducted using BrainVision 

Analyzer 2 software (BrainProducts). For analyses conducted on the brainstem response, 

recordings were bandpass filtered off-line from 70 to 3000 Hz (12 dB/octave rolloff) using a 

Butterworth filter. A 60Hz notch filter was also applied to the EEG recordings to eliminate line 

noise. Each /da/ was epoched with a window of -10 to 120ms. Artifacts were rejected at a +/-

35µV voltage threshold. On average, less than 1.5% of segments were discarded due to artifact. 

The remaining pool of artifact-free epochs were baseline corrected using an interval of -10 to 

0ms, averaged within each condition and visually inspected for the presence of a frequency 

following response and a high signal to noise ratio. The averaged waveforms were exported for 

further analysis, converted to wav files in MATLAB (The MathWorks, Natick, MA) and then the 

phase-locked component of the brainstem response was examined in Praat (Boersma, 2001). 

Spectral slices were taken of each wav file and the peak in the response spectrum nearest the F0 

(100Hz) and F1 (768Hz) of the /da/ stimulus was obtained for each participant (Skoe et al., 

2013).  
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Data from the photocell was also processed to examine the brainstem response when 

flanker stimuli were present on the screen compared to instances in which an auditory stimulus 

was presented between flanker trials. Using the BrainVision Analyzer 2 software (Brain 

Products), photocell recordings were high pass filtered at 1 Hz (12 dB/octave rolloff) using a 

Butterworth filter. The onset of each flanker trial was marked based on change in signal 

amplitude above and below a baseline threshold. Flanker trials were then epoched from the trial 

onset marker to 650ms after trial onset, which was the mean response time for the two flanker 

tasks across all participants. These flanker trial epochs were then further segmented based on the 

onset of the /da/ with a window of -10 to 120ms. Segments for /da/ stimuli that did not co-occur 

with a flanker trial were identified as any auditory stimulus presentation that did not have a trial 

onset marker within the window of -650 to 120ms of the onset of the /da/. After artifact rejection, 

baseline correction and averaging for both sets of segments, using the same procedures as 

described above, spectral power analyses were performed in Praat to compare the amount of 

spectral energy at F0 and F1 in the brainstem response for events in which the flanker stimulus 

and the /da/ occurred concurrently with events in which a /da/ was played in the absence of a 

flanker stimulus.  

EEG recordings were processed and analyzed to measure cortical theta, alpha, beta and 

gamma band power as well. For these cortical EEG analyses, recordings were bandpass filtered 

off-line from 0.1 to 120Hz (12 dB/octave rolloff) using a Butterworth filter, along with a 60Hz 

notch filter. Recordings were epoched into 1s intervals, an FFT with a Hanning window of 10% 

length was performed on each 1s epoch to determine frequency power and then those FFTs were 

averaged for all epochs. Maximum peak spectral power information for each frequency band was 

extracted from the averaged FFT and compared across conditions.   
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Results 

Behavioral Task 

 Comparisons of response times as well as accuracy were performed across the two 

flanker task conditions. A 2x2 repeated measures ANOVA of Condition (Easy vs Hard) by Trial 

Type (Congruent vs Incongruent) revealed a significant main effect of Trial Type (F(1,25) = 

20.75, p < 0.000) with response times significantly longer for incongruent trials (Mean = 

656.52ms, SD = 184.37) than for congruent trials (Mean = 613.16ms, SD = 142.21; Figure 4.2). 

There was no significant main effect of Condition or significant interaction between Condition 

and Trial Type (p > 0.05). A 2x2 repeated measures ANOVA comparing percent incorrect trials 

produced a significant main effect of Trial Type (F(1,25) = 35.85, p < 0.000) as participants 

committed a higher percentage of response errors for incongruent trials (Mean = 6.79%, SD = 

3.62) than for congruent trials (Mean = 3.39%, SD = 2.18). There was no significant main effect 

of Condition or significant interaction between Condition and Trial Type (p > 0.05; Figure 4.3). 
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Figure 4.2. Comparison of response times for each trial type across flanker task conditions. 
Asterisk denotes statistical significance (Easy: t(25) = 3.4, ** p < 0.01; Hard: t(25) = 5.59, *** p 
< 0.000). 
 

 
Figure 4.3. Comparison of percent errors for each trial type across flanker task conditions. 
Asterisk denotes statistical significance (Easy: t(25) = 5.02, *** p < 0.000; Hard: t(25) = 4.43, 
*** p < 0.000). 
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Frequency Following Response 

 As stated in the Methods section, the peak in the FFR spectrum nearest the F0 (100Hz) 

and F1 (768 Hz) of the /da/ stimulus was obtained for each participant (Skoe et al., 2013). Mean 

peak frequency and standard deviation for each condition are presented in Table 4.1. 

Condition F0 (Hz) F1 (Hz) 
Resting Mean = 97.75  

SD = 2.25 
Mean = 765.03 
SD = 25.11 

Easy Mean = 97.43 
SD = 3.67 

Mean = 781.32 
SD = 22.12 

Hard Mean = 98.16 
SD = 3.44 

Mean = 772.78 
SD = 23.04 

 

Table 4.1. Average peak frequency in FFR spectrum for F0 and F1 components of the /da/ 
syllable for each experimental condition. 
 
 Spectral power at the fundamental frequency and first formant of the /da/ stimulus was 

first compared across the three experimental conditions. A one-way repeated measures ANOVA 

exhibited a significant main effect of condition for F0 (F(2,50) = 3.88, p < 0.05), with spectral 

power at F0 significantly larger in the Hard condition (Mean = 53.45 dB, SD = 5.95) compared 

to the Resting condition (Mean = 51.98 dB, SD = 5.24; Figure 4.4). Analyses of spectral power 

at the first formant of the /da/ did not produce a significant main effect of condition (p > 0.05, 

Figure 4.5). 
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Figure 4.4. Comparison of the spectral power at F0 in the FFR across the three experimental 
conditions. Asterisk denotes statistical significance (t(25) = 2.44, * p < 0.05).  

 
Figure 4.5. Comparison of the spectral power at F1 in the FFR across the three experimental 
conditions (F(2,50) = 0.95, p < 0.39). 
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Mean peak frequency and standard deviation in the FFR spectrum for each flanker task 

event are presented in Table 4.2. 

Condition & Event Type F0 (Hz) F1 (Hz) 

Easy Flanker Mean = 99.14 
SD = 4.21 

Mean = 767.68 
SD = 20.64 

Easy No Flanker Mean = 97.17 
SD = 4.12 

Mean = 769.82 
SD = 23.96 

Hard Flanker Mean = 97.90 
SD = 3.60 

Mean = 759.97 
SD = 21.21 

Hard No Flanker Mean = 98.51 
SD = 3.62 

Mean = 769.36 
SD = 24.48 

 

Table 4.2. Average peak frequency in FFR spectrum for F0 and F1 components of the /da/ 
syllable for each event type within each flanker task condition. 
 
 Spectral power in the FFR at F0 and F1 of the /da/ was compared between Flanker and 

No Flanker events within the Easy and Hard conditions as well. As outlined in the Data Analysis 

section, /da/ events were segmented based on whether or not they co-occurred with a flanker 

trial. This resulted in an average of 1004 Flanker events (SD = 56) and 1479 No Flanker events 

(SD = 99) in the Easy condition and 998 Flanker Events (SD = 55) and 1488 No Flanker Events 

(SD = 85) in the Hard condition.   

 A 2x2 repeated measures ANOVA for spectral power at F0 in the FFR did not produce 

significant main effects of Condition or Event Type or a significant interaction between the two 

factors (p > 0.05; Figure 4.6). Similar analyses of spectral power at F1 in the FFR also did not 

reveal significant main effects or an interaction between the two factors (p < 0.05; Figure 4.7).  
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Figure 4.6. Comparison of the spectral power at F0 in the FFR for Flanker and No Flanker 
events in the flanker conditions (Easy and Hard).  

 
Figure 4.7. Comparison of the spectral power at F1 in the FFR for Flanker and No Flanker 
events in the flanker conditions (Easy and Hard).  
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Cortical Oscillations 

 As in Experiments 1 and 2, cortical oscillation measurements from the EEG recordings 

were compared across the three experimental conditions. One-way repeated measures ANOVAs 

of peak spectral power in the four frequency bands (theta, alpha, beta and gamma) revealed a 

significant main effect of condition for beta (F(2,50) = 5.27, p < 0.01), but no significant effects 

of condition for the other three oscillation bands (Table 4.3).  

Frequency Band Resting Condition 
(µV2) 

Easy Condition 
(µV2) 

Hard Condition 
(µV2) 

Theta (4-8Hz) Mean = 1.79 
SD = 0.87 

Mean = 2.22 
SD = 1.45 

Mean = 2.26 
SD = 1.33 

Alpha (9-12Hz) Mean = 1.60 
SD = 1.63 

Mean = 1.64 
SD = 1.22 

Mean = 1.69 
SD = 1.40 

Beta (13-20Hz) Mean = 0.38* 
SD = 0.19 

Mean = 0.50 
SD = 0.32 

Mean = 0.49 
SD = 0.27 

Gamma (25-50Hz) Mean = 0.15 
SD = 0.14 

Mean = 0.17 
SD = 0.20 

Mean = 0.14 
SD = 0.12 

Table 4.3. Maximum peak spectral power (µV2) for theta, alpha, beta and gamma oscillation 
bands for each experimental condition. Asterisk denotes statistical significance in paired t-tests 
with other experimental conditions (* p < 0.05).  
 
Discussion 

 The aim of this experiment was to examine whether task-specific changes in attentional 

demand could affect the degree to which the auditory brainstem response represents the acoustic 

information of an auditory stimulus. In order to manipulate attentional demand, two versions of a 

flanker task were given to participants, an Easy version and a Hard version. Within those two 

versions of the task, a proportion of the trials were congruent and a proportion of the trials were 

incongruent. The behavioral analyses of the flanker task revealed that participants were 

significantly slower in responding to the target letter when presented within an incongruent trial. 

This effect was consistent across versions of the flanker task, but significant differences in 

response times were not exhibited between the two difficulty levels of the task.  
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 Analyses of the brainstem responses across the three experimental conditions revealed 

that the FFR to the F0 of the /da/ stimulus was enhanced for the Hard condition compared to the 

Resting condition. While the statistical analyses only revealed a significant difference in the FFR 

between the Resting condition and the Hard condition, a comparison of mean spectral power at 

F0 for all three conditions demonstrates that the FFR became increasingly stronger as the 

attentional demands of the task increased, with the mean spectral power at F0 for the Easy 

condition larger than for the Rest condition and mean spectral power for the Hard condition still 

larger than the Easy condition.  

The lack of significant change in the FFR for the Easy condition compared to the Resting 

and Hard conditions could be due to the fact that, behaviorally, there was not a significant 

difference in response time between the Easy condition and the Hard condition, suggesting that 

the manipulation of difficulty level across conditions was unsuccessful. However, the increase in 

spectral power at F0 in the FFR results, coupled with the general task requirements of the three 

experimental conditions indicates that the Hard condition was more difficult than the Easy and 

Rest conditions. The introduction of a visual task that requires participants to respond as quickly 

as possible while maintaining accuracy will be more difficult than watching a video with 

subtitles while listening to a repetitive auditory stimulus, making the Easy condition more 

difficult than the Resting condition. Given the brainstem response results of Experiments 1 and 

2, the increased spectral power at F0 in the FFR for the Hard condition compared to the Rest and 

Easy conditions suggests that the Hard flanker task required even more attention than the Easy 

flanker task as well. Though the parameters of the two flanker conditions were not disparate 

enough to elicit overt behavioral differences that reflect changes in difficulty level, the brainstem 



 85 

response results suggest that the Hard flanker task was indeed more challenging than both the 

Easy task and the Rest condition, and, thus, required additional attention resources.  

The significant increase in the FFR between the Resting condition and the Hard condition 

and the trend of increasing spectral power across all three conditions provide further evidence 

against the influence of efferent corollary discharge from the motor system on the activity of the 

auditory brainstem, since the introduction of the flanker task caused an increase in the 

representation of pitch information in the FFR, rather than a decrease, as the corollary discharge 

explanation would predict (Blakemore et al., 2000). More importantly, it provides some of the 

first evidence for an enhancement of the auditory brainstem response during a visual attention 

task. Several researchers have attempted to determine the role of attention demands on the 

auditory brainstem responses, with varying and somewhat conflicting results.  For example, 

while Galbraith and colleagues (2003) determined that FFRs to auditory stimuli are larger when 

participants perform an auditory discrimination task than when they are engaged in a visual 

discrimination task, other research has demonstrated that, compared to a resting condition in 

which auditory stimuli are presented without any simultaneous task requirement, the pitch 

strength of the FFRs to tones significantly decreased when either an auditory or a visual task was 

performed (Hairston et al., 2013). Even investigations of the effect of selective auditory attention 

on the auditory brainstem response have not produced conclusive results. When attention is 

directed to one of two dichotic pure tones, the effect of endogenous allocation of spatial selective 

attention on the FFR is unclear, as differences in the FFR to the attended tone compared to the 

unattended tone are inconsistent within recording sessions (Galbraith & Arroyo, 1993). 

However, directing auditory attention to one of two dichotic vowels, rather than pure tones, leads 

to a larger FFR response to the fundamental frequency of the attended vowel compared to the 
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unattended vowel (Galbraith et al., 1998). This experiment provides some of the first evidence 

that the spectral power of the auditory brainstem response can be increased by the allocation of 

selective attention to a visual task, suggesting that increased attentional demands in any modality 

may boost the low-level processing of all sensory input.  

The results of the cortical EEG oscillation analyses differed from those of Experiments 1 

and 2. Here, the comparison of spectral power across the three experimental conditions revealed 

only a significant difference within the beta frequency band, with beta power significantly 

increased for the flanker conditions compared to the Resting condition. This increase in beta 

power during the flanker task could be due to the motor response that terminated each flanker 

trial, as research has exhibited increases in beta power, which are coupled to voluntary motor 

contractions (Conway et al., 1995). On the other hand, the increase in beta power could reflect 

the increased amount of attention needed to perform the flanker task, as several researchers have 

demonstrated a top-down effect of beta rhythms on the bottom-up transmission of visual input in 

primary visual cortex based on selective attention processes (Lee, Whittington & Kopell, 2013). 

Cortical EEG measurements across the entire scalp, however, would have to be collected in order 

to determine which of these two explanations best explains the data. 

  The comparison of events in which the presentation of a flanker stimulus and the 

presentation of the /da/ stimulus co-occurred with instances in which the /da/ stimulus was 

presented alone did not reveal any differences in the FFR to the F0 or the F1 of the /da/. 

However, a difference between event types within the flanker task conditions might be clearer 

with a different analysis process. In the current experiment, flanker trials were segmented from 

the moment at which the flanker stimulus was presented until 650ms after flanker stimulus onset, 

as 650ms was roughly the average response time for all trials within both flanker conditions 
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across all participants. The variance of response times across participants, however, indicates 

that 650ms may not be the most accurate estimation of response time for certain participants or 

even for all trials within a participant, confounding the factor of event type, since some Flanker 

segments likely included flanker trials that ended earlier than 650ms after stimulus onset and 

other Flanker segments probably failed to include the entire flanker trial. The comparison of 

flanker event types would likely be better suited to a segmentation process in which the response 

time of each trial within each participant is used to determine segment length for each flanker 

trial. This form of segmentation would ensure that the duration of each flanker segment does not 

exceed or cut short the duration of each flanker trial and thus keep each type of flanker event 

epoched appropriately. It is possible that the current analyses comparing Flanker to No Flanker 

events did not yield significant results for the FFR measurements because the way in which these 

event types were segmented did not adequately separate the attention processes involved in 

completing the flanker task from moments in which the auditory stimulus was presented on its 

own.  

 The results of this experiment provide some of the first evidence that increased visual 

attention demands can provoke an enhancement of the processing of auditory input in the 

auditory brainstem. By increasing the amount of attention required to perform a visual task, with 

the introduction of a speeded classification task in which participants make errors overall 

requiring more attention than a resting condition, the amount of spectral power within the 

auditory brainstem response allocated to the pitch of the auditory stimulus was enhanced as well. 

These results suggest that an attention system, responsible for monitoring environmental and task 

demands, may be modulating the degree to which the auditory brainstem represents spectral 

information from acoustic input. More specifically, the results suggest that, rather than 
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suppressing the response elicited in the brainstem by task-irrelevant auditory stimuli, this 

attention system may engage in a process that enhances the transmission of all external input 

when a particular sensory task demands additional attentional resources.  
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Chapter 5: General Discussion 

Most neural models of human auditory and speech perception focus on interactions 

among cortical structures (Hickok and Poeppel, 2007; Rauschecker & Scott, 2009; Recanzone & 

Sutter, 2008) such as the relative functional roles of different parts of the superior temporal gyrus 

(e.g., the lateral belt and the parabelt) and parts of the inferior frontal gyrus (e.g., pars 

triangularis), but few theories of speech perception, in particular, consider the functional role of 

interactions between ascending and descending projections between cortex and the brainstem.  

On the other hand, some research that has focused on auditory brainstem responses and the 

descending auditory pathway, have hypothesized that learning and attention (Krishnan, 2002; 

Wong et al., 2007) could modify the ascending patterns of neural activity from acoustic 

stimulation.  The functional role of learning (e.g., Krishnan et al., 2005) is putatively to shape the 

acoustic prominence of certain auditory information based on experience of what is important for 

certain kinds of perceptual tasks.  While some of the work on the phasic responses in the 

descending auditory pathway has suggested an important hearing-protection mechanism for 

noise isolation (Guinan, 2006; Brown, 2011), a different functional role has been hypothesized 

for attentional control of early auditory processing (de Boer & Thornton, 2008).  Just as learning 

can shape the long-term habitual tonic auditory sensitivities of the ascending sensory system, 

attention can, in the moment of demand or expectation, change the processing of auditory 

information to increase or decrease the salience of relevant or irrelevant information. The 

availability of descending projections, even out to the hair cells in the cochlea suggests that such 

a system could have important phasic control consequences for dynamic deployment of attention 

to auditory stimuli and scenes.  However, the evidence for such a dynamic attention controlled 

auditory system has been suggestive but somewhat elusive (Galbraith & Arroyo, 1993; 
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Hoormann et al., 2004; Hairston et al., 2013). It is important to note that the strongest evidence 

of phasic control of auditory responses comes primarily from research showing noise protective 

responses that could be mediated solely in the peripheral auditory system.  The present 

experiments begin to provide stronger evidence in support of this kind of model. 

 At the outset of the present research two broad questions were considered:  (1) Given 

accounts providing evidence for suppression of cortical auditory responses during motor 

behavior, is it possible that the descending pathway plays a role in attenuating auditory responses 

even earlier than the primary auditory cortex, such as in the auditory brainstem?  (2) Given that 

the evidence for motor suppression of cortical auditory responses could be due to divided 

attention with a focus on the motor behavior, could auditory responses in the brainstem be 

modulated under phasic attentional control?  Thus, the three experiments presented here were 

designed to examine the influence of efferent projections in the corticofugal pathway on the 

neural activity responding to acoustic input in the human auditory brainstem. Prior research 

concerning top-down cortical effects on the activity of the auditory brainstem has often been 

dominated by the consequences of long-term training and experience with certain types of 

sounds on the auditory brainstem response (Krishnan et al., 2005; Musacchia et al., 2007; Wong 

et al., 2007), making it unclear how contextual factors can induce phasic changes in the 

transmission of acoustic input. When real-time effects of top-down cortical projections on the 

auditory brainstem response have been examined, the results have often been inconclusive 

(Galbraith & Arroyo, 1993) or have directly conflicted with the findings of other experiments 

(Hairston et al., 2013; Hoormann et al., 1994; 2004). Experiments 1 and 2 of this dissertation 

addressed this issue by investigating whether the initiation of a motor behavior during auditory 

perception could suppress the neural activity responding to acoustic input in the auditory 
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brainstem, as prior research has demonstrated a suppression of the auditory cortex during 

movement (Houde et al., 2002). It is important to note that both of these experiments were 

designed to separately assess motor suppression from attentional suppression.  The basic 

hypothesis was that motor behavior should suppress auditory brainstem responses in much the 

same way as auditory responses in the primary auditory cortex are suppressed by motor behavior 

(Schneider et al., 2014).  However if motor behavior is held constant between two conditions, 

but the attention demanded in one condition is greater than in another, this should allow separate 

assessment of any attention effects.  The hypothesis was that increasing attention demand while 

holding motor behavior constant should suppress auditory brainstem responses more than motor 

behavior alone, essentially under the premise of divided attention between the auditory and 

motor tasks (Johnson & Zatorre, 2006).  Experiment 3 then examined whether the changes 

exhibited by the brainstem response during a motor behavior could also be demonstrated with the 

introduction of a visual attention task to determine the possible cortical origins of the descending 

projections in the auditory corticofugal pathway.  

5.1 Overview of Findings 

 Taken together, the results of the three experiments presented here demonstrate that the 

descending corticofugal projections to the auditory brainstem are not controlled simply by 

inhibitory corollary discharge projections from the motor network. In fact, Experiment 1 

revealed that the phase-locked component of the auditory brainstem response elicited by a pure 

tone is actually enhanced when a motor behavior is enacted. The frequency following response 

showed increased amplitude at the stimulus frequency thereby increasing the signal-to-noise 

ratio when the acoustic stimulus co-occurred with a finger tap than when the tone stimulus was 

presented alone. Experiment 2 replicated these findings by demonstrating that the brainstem 
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response elicited by a more complex stimulus, a very brief synthetic speech syllable increased 

the spectral response to the pitch and first formant of the syllable when it was heard at the same 

time that a tapping behavior was executed compared to when it was heard in isolation. These 

results directly conflict with research demonstrating suppression of the cortical auditory system 

during motor behavior (Schneider et al., 2014), thus rejecting the hypothesis that corollary 

discharge from the motor network inhibits the auditory brainstem response via efferent 

projections in the descending auditory pathway.  

 Furthermore, the results of Experiments 1 and 2 did not provide any evidence for 

suppression of the auditory brainstem response due to increased attentional demands either. In 

both experiments, a second tapping condition was introduced that required participants to 

discriminate between visual signals that were cues for tapping and those that were not, in an 

attempt to create greater attention demand for the tapping task and potentially remove attention 

from the auditory system, leading to a suppression of the auditory brainstem response. However 

in this condition as well, auditory responses were enhanced during tapping with no clear 

evidence of divided attention. These results reject the hypothesis that increasing attentional 

demands on a motor task, by requiring participants to execute or suppress a tapping behavior in 

response to a visual cue, will result in a suppression of the auditory brainstem response. Since the 

auditory stimulus in each of these experiments was irrelevant to the motor task, it is possible that 

with increasing attentional demands in the motor task, the processing of irrelevant sensory input 

would be diminished. Experiments 1 and 2, however, did not exhibit such an effect of attentional 

demand, suggesting that the efferent corticofugal pathway may not control auditory processing in 

the brainstem based on divided attention between multiple modalities.  
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To directly test the effect of attention on the auditory brainstem response while holding 

motor responses constant, Experiment 3 gave participants two versions of a visual attention task 

that varied in level of difficulty, rather than a motor task, while a synthetic speech syllable was 

presented. The results exhibited an enhancement effect of the frequency following response in 

the ABR based on directed attention, similar to that found in Experiments 1 and 2. Compared to 

a baseline rest condition, a more attention demanding (harder) task enhanced the response to the 

pitch of the speech in just the same way as tapping increased the frequency following response to 

acoustic stimuli. Moreover, the easier attention task produced a spectral enhancement of syllable 

pitch in the brainstem that was between the baseline rest condition and the hard condition, 

demonstrating a graded increase in the enhancement of the brainstem response based on the 

amount of attention required to perform the task. Combined with the findings of the first two 

presented experiments, these results suggest that the descending corticofugal pathway may be 

modulated by an attention network that calculates task-based demands and distributes increasing 

amounts of attention to all sensory processes when the events of the task at hand require it.  

The corticofugal network, however, does not contain only descending projections from 

higher cortical and subcortical structures to lower anatomical regions in the peripheral auditory 

pathway. It is the interaction of efferent and afferent projections that are important to 

understanding these phasic changes in the perception of environmental input. Thus, it is 

important to place this enhancement effect of the auditory brainstem response within the context 

of cortical changes in neural activity during the tasks of these experiments as well. To that end, 

EEG recordings in each experiment were processed and analyzed to examine changes in cortical 

oscillatory behavior during the same experimental tasks.  
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The hypothesis that corollary discharge from the motor system will suppress the auditory 

brainstem response to acoustic input in the same way that it does in primary auditory cortex 

corresponds with the cortical hypothesis that introducing a tapping task will result in a decrease 

in alpha band power, as motor behavior induces a decrease in alpha synchrony within the motor 

system, referred to as mu suppression (Chatrian et al., 1959). If a tapping motion leads to a 

decrease in the spectral power representing an auditory stimulus in the auditory brainstem 

response, one would expect to see a corresponding decrease in alpha power during the tapping 

task representing the execution of the motor behavior. However, only Experiment 1 

demonstrated a significant decrease in alpha power during the tapping tasks compared to the 

baseline rest condition, which was most likely the result of participants falling asleep during the 

rest condition of this experiment than the introduction of the tapping task. Once participants were 

given a task that prevented them from falling asleep during the rest condition in Experiment 2, 

this reduction in alpha synchrony for the tapping task was no longer present. These results 

reinforce the finding that the descending peripheral auditory pathway is not simply controlled by 

efferent corollary discharge from the motor system, as neither the auditory brainstem response 

nor cortical alpha power were suppressed with the introduction of a motor behavior.  

A reduction of the neural activity in the brainstem in response to acoustic input on the 

basis of attention demands holds a corresponding cortical prediction as well. If increased task 

demands in either the tapping condition or the visual attention task condition lead to a 

suppression of the auditory brainstem response, as resources are redistributed to increase 

attention in the modalities that are needed to complete the behavioral task, there should also be 

changes in cortical theta and alpha band synchrony that reflects this change in attention 

distribution. Prior research has demonstrated an alpha-mediated attention gating mechanism in 
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which alpha power increases or decreases based on the need to inhibited unnecessary or 

distractor input (Foxe & Snyder, 2011). Additionally, theta oscillation activity has been 

hypothesized to be responsible for the temporal organization of working memory information 

(Roux & Uhlhaas, 2014), with theta power increasing when tasks become more difficult 

(Sauseng et al., 2005). Based on these findings, a suppression of the auditory brainstem response 

during increased attentional task demands, as reflected in the (harder) second tapping condition 

in Experiments 1 and 2 and the harder visual attention task in Experiment 3, should be 

accompanied by an increase in alpha and theta power during these conditions, reflecting both the 

increase in the difficulty of the task and the need to suppress the processing of irrelevant auditory 

information while completing the behavioral task.  

In all three presented experiments, however, significant increases in alpha and theta band 

power were not found between the two task conditions. Instead, Experiment 1 revealed a 

significant increase in theta and alpha synchrony specifically during tapping events and 

Experiment 2 showed similar results in theta oscillation activity, just as analyses of the brainstem 

response exhibited enhancement of the frequency following response to acoustic input during 

tapping events. Furthermore, Experiment 3 exhibited a significant increase in beta band 

synchrony for the two visual task conditions compared to the baseline rest condition, just as the 

representation of the pitch information in the auditory stimulus was enhanced in the brainstem 

response for these two conditions. While this result was not predicted, it may also reflect the 

activity of an attention network attuned to the demands of a behavioral task, as prior research has 

established a selective attention based top-down effect of beta rhythms on bottom-up 

transmission of sensory input (Lee, Whittington & Kopell, 2013). Taken together, these 

fluctuations in cortical oscillations and the enhancement of the frequency following response in 
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the auditory brainstem in response to either specific events within the task or to a general 

increase in task demands suggest that, rather than suppressing unnecessary sensory input when a 

behavioral task becomes more difficult, the corticofugal pathway may facilitate the interactions 

between early sensory processing regions and cortical networks responsible for allocating 

attention to sensory networks at specific moments based on behavioral task demands.  

 Overall, the hypotheses for the three experiments presented here were each rejected by 

the brainstem and cortical EEG findings. In the first two experiments, we hypothesized that a 

motor behavior would suppress the brainstem response to auditory stimuli, yet the frequency 

following response in the auditory brainstem and cortical oscillations that are usually suppressed 

when movements occur were enhanced during specific events within the task. We also 

hypothesized that an increase in attention demand would further diminish the neural 

representation of irrelevant auditory information in the auditory brainstem during movement, but 

found an increase in the brainstem response to auditory input as well as an increase in cortical 

activity associated with attention and working memory processes during tapping events 

regardless of overall attentional task demands as well. In the third experiment, we predicted that 

increasing the difficulty level of a visual attention task would diminish the transmission of 

acoustic input by the auditory brainstem of an acoustic stimulus that was unnecessary to 

complete the task. However, once again, the results exhibited an increase in spectral power of the 

frequency following response to the pitch of the auditory stimulus as the task became more 

difficult.  

Taken together, these results indicate that the descending corticofugal pathway is not 

controlled by cortical networks that simply suppress the processing and transmission of acoustic 

input when additional behavioral tasks are introduced, but rather may be a part of a widespread 
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system that directs attention to sensory input on an event-related basis. Such a system would not 

be responsible for weighing the importance of one sensory input over another to enhance 

relevant information and suppress irrelevant inputs. Instead, this system would monitor overall 

environmental and behavioral events and increase overall sensory attention to specific moments 

or events. The following sections discuss the implications of such a system for theories of 

perception at subcortical and cortical levels. The importance of continuing to establish the 

interaction between cortical networks and early sensory encoding and transmission within the 

corticofugal system is discussed as well.  

The three experiments presented here each demonstrate an enhancement of early auditory 

processing at specific moments within a non-auditory task, indicating that attention is modulated 

by specific task events and allocates additional resources to all environmental input at these 

particular moments. Previous studies of the auditory brainstem response have demonstrated local 

enhancement of the frequency following response, but only within the context of an auditory 

task. For example, Skoe & Kraus (2010) reported an enhancement of the FFR to a repeating note 

within a melody, but only after the melody was repeatedly presented for 90 minutes without 

requiring the participants to perform a simultaneous task, indicating more of an attention effect 

on the brainstem response based on training or experience in the auditory realm than the 

attentional demands of some behavioral task. Chandrasekaran and colleagues (2009) did 

demonstrate an event-related enhancement of the FFR, with brainstem responses elicited by a 

synthetic speech syllable exhibiting enhanced representation of the second and fourth harmonics 

of F0 of the syllable when it was presented within a repetitive block compared to instances in 

which the same syllable was presented within a variable block of speech sounds, but the 

researchers did not include a separate task for the listeners to perform and did not require a 
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response of any kind from the participants, making it unclear whether this enhancement effect 

was local to the auditory system or was part of a system-wide attention network.  

The brainstem findings for Experiments 1 and 2, however, are some of the first to 

demonstrate an enhancement of the FFR on a moment-to-moment basis that is driven by an 

attention network attuned to the demands of all environmental and behavioral demands. The 

comparison of taps and no taps events within each tapping condition of these experiments shows 

that even within a sequence of events, the auditory stimuli that occur with tapping have enhanced 

spectral response compared to interleaved auditory stimuli without concurrent tapping. 

Additionally, the results of Experiment 3 demonstrate that the amount of spectral power 

dedicated to the pitch information of an auditory stimulus in the auditory brainstem is increased 

with increasing demands from a separate visual attention task. These results not only 

demonstrate an event-related enhancement of the FFR, but do so within the context of a 

behavioral task that does not require the processing of auditory input, suggesting that early 

transmission of sensory input is modulated in real time by the demands of the task at hand, with 

all sensory input gaining additional attentional resources when a behavioral task requires them. 

Moreover, the results of these experiments indicate that the corticofugal system, rather than 

utilizing the typical feedback and feedforward pathways outlined in most neural models of 

auditory perception, may rely on the synchrony between internally generated contextual and 

response templates and the encoding and transmission of environmental input at specific 

moments or events. Several neural models of attention and working memory support this theory 

and provide substantial evidence for the role of such a system in perception.  

For example, research on attentional control of sensory processing in non-human animals 

has examined active sensing, the acquisition of sensory inputs via overt motor sampling 
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behaviors, such as whisking or sniffing in animals (Kleinfeld, Ahissar & Diamond, 2006), as a 

means by which attention may modulate sensory perception. Morillon and colleagues (2015) 

posit that sensory perception is embedded in the temporal oscillations of the motor system, but 

modulated by dynamic shifts in attention. Active sensing, which in humans can be attributed to 

hand or eye movements, creates an oscillatory pattern of sampling sensory inputs through 

perceptual networks. Peaks in these oscillations allow for optimal processing of sensory inputs 

while troughs result in minimal amounts of sensation and perception. Morillon and colleagues 

argue that a dynamic top-down control system monitors this pattern of sensory scanning and 

utilizes it to optimize sensory processing at predicted or expected points in time. While the 

results of this dissertation argue against an inhibitory effect of the motor system on the 

descending corticofugal pathway, the type of top-down control system proposed by these 

researchers is supported by the results of the first two experiments presented. The periodic motor 

behavior performed during the presentation of the auditory stimulus may have engaged a system 

that enhances the encoding and transmission of all sensory input at specific moments in time 

based on the execution of the finger movement, resulting in an enhancement of the frequency 

following response to the acoustic input when it coincided with a peak in the oscillatory pattern 

of the motor driven sensory network.   

However, since the motor behavior elicited in the first two experiments was cued by a 

visual stimulus as well, it is unclear whether the increase in sensory processing at certain points 

in time was due to the motor movement itself or to the periodic presentation of the visual cue that 

prompted the motor behavior. Moreover, the results of Experiment 3 demonstrate an 

enhancement of sensory processing without a rhythmic motor response or the periodic 

presentation of a visual cue, indicating that the increase in processing of sensory input during 
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these tasks was driven by increased attention to specific task events or moments, not the regular 

or predictive timing of these events.  

 On the other hand, rather than a model for a hierarchical system of top-down control in 

which cortical regions and networks exert control over subcortical structures that initially encode 

and transmit input, a dynamicist model of top-down control in which perception is achieved 

through a process of large scale dynamics or oscillations influencing local neuronal behavior by 

‘enslaving local processing elements’ may be more appropriate (Kay & Freeman, 1998; Engel, 

Fries & Singer, 2001). Such a model not only explains the event-related differences seen in the 

frequency following response in the presented experiments, but also describes the potential 

relationship between this early sensory enhancement effect and the corresponding cortical 

oscillatory changes seen in these experiments. A dynamicist view of top-down neural control 

proposes that the dynamic synchrony of frequency band oscillations across a large group or 

multiple groups of neurons can influence smaller neuronal groups by pushing them into the same 

neural oscillation frequency. This mechanism is not specific to a certain neural area or network, 

as it can happen across anatomical structures or within a neural region through local lateral 

inhibition. Applying this model to perception, researchers have hypothesized that top-down 

effects can be manifested in expectations, which are expressed by the temporal structure of 

activity patterns prior to stimulus onset. This predictive activity has been measured in association 

cortices in prefrontal, posterior parietal and inferotemporal cortices as well as subcortical 

structures. Through a form of temporal binding, the dynamic activity pattern of the large 

neuronal group influences smaller groups of neurons that encode and transmit input through 

either top-down projections from cortex to subcortical sensory regions or through lateral 

inhibition within the subcortical structures themselves. This dynamic model of top-down control 
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of perception may be best suited to explaining the parallels seen between the oscillatory activity 

at a cortical level and the phase-locked component of the auditory brainstem response in the 

experiments presented here. It is possible that the dynamic activity pattern of cortical networks 

involved in attention and working memory, as evidenced by power fluctuations in alpha, theta 

and/or beta frequency bands, modulated local neural activity throughout the descending auditory 

pathway, resulting in amplification of early neural transmission of acoustic input at specific 

moments or events within the behavioral task. However, before this model of cortico-cortical and 

corticofugal processes can be applied to the peripheral auditory pathway, future research must 

demonstrate a direct correlation between cortical oscillatory patterns and the activity of the 

auditory brainstem.  

5.2 Future Directions 

  The results of the experiments presented in this dissertation directly contrast with 

findings in human and non-human animal research demonstrating a suppression of the cortical 

auditory system during motor behaviors (Schneider et al., 2014; Houde et al., 2002). Rather than 

demonstrating a decrease in the representation of auditory input during motor behaviors, the 

experiments presented reveal fluctuations in the frequency following response related to the 

events of the behavioral task performed by the participants. Given that all three experiments 

involved the execution of a motor behavior in response to a visual cue, it is unclear whether the 

effects of task-related attention demands on the corticofugal system seen in these experiments is 

specific to the motor network or spans the neural system as a whole. Future experiments 

measuring the auditory brainstem response should make use of a visual attention task that either 

does not require the participant to perform a motor behavior at all, or does not require a regular 

motor behavior in unison with the visual stimulus while presenting a background auditory 
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stimulus to further determine whether processes engaged during a motor behavior specifically or 

in performing a non-auditory task in general control the descending auditory pathway. Jones and 

colleagues (2002) and Mathewson et al. (2010) have demonstrated behavioral differences in 

auditory and visual perception for rhythmically presented stimuli without the presence of a motor 

behavior, but neural evidence for these differences at the earliest levels of human perception are 

still lacking.  

 The parallels between the cortical EEG data and the brainstem response data presented in 

these experiments suggest that there may be a functional link between cortico-cortical 

interactions and the descending corticofugal projections to the auditory brainstem. However, the 

cortical EEG measurements presented in this dissertation were taken from the recordings of a 

single electrode placed at vertex (Cz). This is not sufficient to fully understand the interaction of 

cortical networks and oscillatory activity with the peripheral auditory pathway, as some cortical 

activity is specific to certain brain regions (e.g. mu rhythms in motor cortex, Chatrian et al., 

1959; Howe & Sterman, 1972), some neural processes are signified by changes in power or 

synchrony in a certain frequency band across separate brain regions (e.g. theta and alpha band 

strength across frontal and association cortices during executive control tasks, von Stein & 

Sarnthein, 2000) and, most importantly for the current experiments, the effects of cognitive 

processes on cortical oscillation activity are often demonstrated across a large network of brain 

regions (i.e. attentional modulation of oscillatory entrainment occurs across a network of primary 

sensory, motor, association and frontal cortical regions, Besle et al., 2011). Future experiments 

should collect cortical EEG across the entire scalp while simultaneously measuring the auditory 

brainstem response in order to fully examine the relationship between fluctuations in cortical 

oscillation synchrony within and across multiple brain regions and the early transmission of 
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acoustic input by the auditory brainstem. Since many accounts of cortical attention networks 

demonstrate an interaction between theta and alpha oscillations across the entire brain during 

executive control tasks, it is possible that the enhancement effect of the FFR in the auditory 

brainstem will correspond with changes in theta and alpha power across frontal, parietal and 

association cortices that indicate increased attentional and working memory resources to the 

auditory system. Such findings would suggest that the descending auditory pathway is subject to 

inputs from a broad attention network that monitors the allocation of resources across all 

modalities, rather than simply from cortical auditory or motor networks. Additionally, 

interactions between cortical motor and auditory networks could still demonstrate a suppression 

of primary auditory cortex by corollary discharge projections from the motor system while cross-

modal attention networks still exhibit an increase in resources to the auditory system, indicating 

that the local suppression of the auditory cortex by the motor system may in fact be part of a 

larger network that enhances early sensory processing based on specific events or moments 

within a behavioral task, but then suppresses later processing of irrelevant sensory input in 

cortical sensory networks.   

 Even though the main focus of the experiments presented here was to examine the effects 

of cortical processes on early auditory perception, the brainstem response results taken with the 

cortical oscillation findings of these experiments suggest that these experiments may have 

implications for neural accounts of speech perception as well. Giraud and Poeppel (2012) 

propose a computational model of speech perception in which neural oscillations in the auditory 

cortex, particularly theta and gamma oscillations, entrain to the syllabic rhythm of speech to 

facilitate perception. Recent evidence from magnetoencephalography studies has supported this 

model by demonstrating that speech entrains the phase of delta and theta oscillations and the 
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amplitude of gamma oscillations in the auditory cortex (Gross et al., 2013). The tuning of the 

brainstem response as well as cortical theta band oscillations to task events demonstrated in the 

experiments presented here indicate that the enhancement of the brainstem response at 

significant moments in time could play an important role in the perception of speech input, 

particularly in adverse listening conditions. Future experiments should measure cortical and 

brainstem EEG responses to continuous speech to begin to understand how these oscillatory 

processes within the auditory cortex in response to speech input may modulate transmission of 

acoustic signal in the auditory brainstem via the descending peripheral auditory pathway.  

 The experiments presented here asked two main questions about the interaction between 

cortical networks and the auditory brainstem via the corticofugal system. First, given evidence 

that the primary auditory cortex is suppressed by corollary discharge fibers from the motor 

system during movement, do these projections also suppress the processing of auditory input at 

the level of the brainstem? The results of all three experiments answer this question in the 

negative, as the introduction of a motor behavior or a motor response led to an enhancement of 

the frequency following response in the auditory brainstem. Second, the dissertation asked 

whether the motor suppression of the auditory response could be due to divided attention with a 

focus on the task relevant to the demands of the situation. Once again, all three experiments 

refuted this hypothesis by demonstrating either equal amounts of enhancement of the FFR during 

the motor behavior regardless of attentional task demands (Experiments 1 and 2) or increasing 

enhancement of the brainstem response to an auditory stimulus with increased task difficulty 

(Experiment 3). Overall, the results suggest that the descending auditory pathway may be 

modulated by a system that directs attention within all sensory networks to specific task events 

or moments to enhance early sensory perception. Furthermore, they demonstrate the need to 
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include the corticofugal system in neural models of human sensory perception and indicate that 

future research in auditory and speech perception should examine the interaction between 

subcortical encoding and transmission of sensory input and the oscillatory activity of cortical 

networks.  
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Appendix A: Musical Experience Questionnaire 

1.   Do you play (or have you played) any musical instruments?   YES NO 
 

1b. At what age (approximately) did you first begin musical instruction? _________ 
 

1c. Do you still actively play a musical instrument?    YES NO 
 
 

2. If you circled YES in Question 1, please list all the musical instruments you have played, 
including the number of years you have played them: 

 
Instrument____________________________________ Number of Years_________ 
 
Instrument____________________________________ Number of Years_________ 
 
Instrument____________________________________ Number of Years_________ 
 
Instrument____________________________________ Number of Years_________ 
 
Instrument____________________________________ Number of Years_________ 
 
       Voice____________________________________ Number of Years_________ 
 
 

3.  Do you know how to read music?      YES NO 
 

4.  Have you ever played in any ensembles or sung in any choirs?  YES NO 
 

5. If you answered YES to Question 4, please list the ensembles and/or choirs with which 
you played/sung. 

 
 
Ensemble/Choir_______________________________ Number of Years_________ 
 
Ensemble/Choir_______________________________ Number of Years_________ 
 
      6.  Have you taken any music courses at the high school or collegiate level? YES NO 
 

7. If you answered YES to Question 6, please list the approximate number of music courses 
you have completed 

   _________ 
 

8. Do you have perfect pitch (the ability to name any note without a reference)?  
  
          YES NO 
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9. Approximately how many hours do you spend making music per week? (circle one): 

 
Less than one hour 1-2 hours 3-4 hours 5-6 hours More than 6 hours 

 
10. Approximately how many hours do you spend listening to music per day (circle one): 
 

Less than one hour 1-2 hours 3-4 hours 5-6 hours More than 6 hours 
 

11. Approximately what percentage of music you listen to falls under the following genres? 
 

Pop/Rock  ________ 
 
Dance/Techno  ________ 
 
Jazz   ________ 
 
R&B   ________ 
 
Hip Hop  ________ 
 
Classical  ________ 
 
Folk   ________ 
 
Non-Western/Ethnic ________ 
 
Other (please specify) ________ 

 
 
12.  Approximately how many concerts do you attend per year?    ______ 
 
 

 

 

 

 

  

 


