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      ABSTRACT 

The effects of auditory efferent activity on peripheral physiology may be 

examined by presenting broadband noise (BBN) to the contralateral ear 

during otoacoustic emission (OAE) recordings.  The presentation of BBN 

typically produces a reduction of OAE amplitudes in comparison to a 

condition without BBN.  This is termed contralateral suppression.  Limited 

information exists regarding the effects of contralateral BBN on responses 

observed at higher levels in the auditory system.  The present study 

employed this paradigm to investigate interactions of attention and laterality 

on the transient evoked otoacoustic emission (TEOAE), auditory brainstem 

response (ABR) and cortical auditory evoked potentials (CAEP) P1-N1-P2.    

TEOAEs were evoked by 60 dB SPL clicks; ABRs and CAEPs were evoked 

by 60 dB SPL 2.0 kHz tone pips in 15 normally hearing adults.  Four 

conditions were employed for each ear: 1) quiet (no noise); 2) 60 dB SPL 

contralateral BBN; 3) words (at –3 dB SNR) embedded in 60 dB SPL 

contralateral BBN while subjects classified words as animal versus food 

items; 4) words from condition #3 played backwards and embedded in 60 

dB SPL contralateral BBN.  For TEOAEs: 1) more suppression was evident 

in the active attention condition than the passive listening conditions and 2)  
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right ear OAE amplitudes for the 8-18 ms time period exhibited more 

suppression in the presence of BBN for all noise conditions, although this 

did not meet statistical significance.  For the ABR experiment, amplitudes in 

the noise conditions decreased in all epochs for the right ear, but not for the 

left.  For the CAEP experiment, asymmetries were evident in temporal 

regions and an effect of contralateral noise was evident.  The outcome of this 

investigation suggests that efferent activation by noise and active attention 

has diverse modulatory effects on electroacoustic and electrophysiologic 

responses along the auditory pathway.    
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CHAPTER I:  STATEMENT OF THE PROBLEM 

 

The efferent auditory pathway has two main segments: 1) cortex and rostral 

brainstem 2) olivocochlear system.  Most investigations to date have focused 

on the medial olivocochlear bundle (MOCB) and efferent feedback loops 

located in the caudal pons.  Less understood are the corticofugal 

(descending) pathways which travel from the auditory cortex via the inferior 

colliculus and terminate at the sensory outer hair cells in the cochlea 

(Galambos, 1956; Warr et al., 1986).   

 

In humans, the medial olivary cochlear bundle (MOCB) efferent loop has 

been investigated using non-invasive recordings of otoacoustic emissions 

(OAEs) during the simultaneous presentation of contralateral broadband 

noise (Berlin et al., 1994; Collet, 1990; 1993).  Previous research (Berlin et 

al., 1994; Collet, 1990; Warr & Guinan, 1978) has shown that MOCB 

neurons influence outer hair cell activity via fibers descending from the 

superior olivary complex (SOC), and their activation subsequently reduces 

the amplitude of the emissions.  Others have shown that changes in 
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attentional state, visual and/or auditory, may also affect emission amplitudes 

(deBoer & Thornton, 1997; Froehlich et al., 1993) suggesting cortical effects 

exist at the pontine and perhaps cochlear level.  Furthermore, there appears 

to be asymmetry in MOCB effects, that is, suppression appears to be greater 

when noise is presented to the left ear and emissions are recorded from the 

right ear (Froehlich et al., 1992).  It is not known whether attention would 

increase or decrease the suppression, and whether attention and asymmetry 

of MOCB effects may be interactive.  Investigating these mechanisms will 

provide an insight to the descending cortical control of the central auditory 

system on the periphery.           

 

While the effects of low-level contralateral noise on emissions, given the 

activation of the MOCB are established, the effects of contralateral noise on 

evoked responses at brainstem and cortical levels are not.  In the early 70s, 

“central masking” was a term coined to describe a change in hearing 

threshold during the presentation of low-level contralateral noise.  It was 

similarly used in evoked potential research to explain a change in amplitude 

or latency owing to the presentation of contralateral masking noise (Snyder, 

1973).  It is reasonable to suggest that the suppressive effects of the MOCB 

reflex also modify the output of the cochlea, given the paradigms used to 
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evoke central masking and MOCB fibers bear a distinct resemblance.  This 

activation of MOCB fibers would likely alter the afferent input to higher 

levels of the auditory system.       

 

There is conflicting evidence regarding the effect of attention on the ABR, 

and there is no research that has investigated the effect of attention on the 

“central masking” latency and amplitude differences.  Similarly, asymmetry, 

or left vs. right ear differences in masking/suppression and the modulating 

effects of attention have not been defined.  To date, no studies (to our 

knowledge) have investigated the effects of contralateral noise on CAEP and 

the modulating effects of attention and ear asymmetry. 

 

The purpose of this study was to evaluate the mechanism of MOCB 

activation and its effects at cochlear, brainstem and cortical levels of the 

auditory system. The effect of attention, a top-down process, on MOCB 

suppression was evaluated, to further our understanding of the influence of 

cortical input on MOCB and cochlear function.  Ear differences, in 

suppression and attention effects were also investigated. 
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1. Hypotheses and Aims 

The aims of this investigation were to test the following hypotheses: 

1) Activation of the MOCB with contralateral noise will produce 

suppression of OAEs and latency and amplitude effects on the ABR and 

CAEP; 2) Cognitive processes requiring cortical control, specifically 

processes engaged during a directed attention task, may modulate the effects 

of MOCB activation; with attention providing a change in MOCB inhibition.  

3) MOCB effects are asymmetric; therefore differences in effects will be 

seen as a function of ear; 4) the effects of ear and attention are interactive.     
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CHAPTER II:  ANATOMY AND PHYSIOLOGY OF AFFERENT 
AND EFFERENT AUDITORY PATHWAY 

 
 

This chapter will review the anatomy and physiology of the afferent 

(ascending) and efferent (descending) auditory pathways.  A detailed 

description of the electroacoustic (OAEs) and electrophysiologic (ABR and 

CAEP) methods used to evaluate afferent and efferent function will also be 

discussed.         

 
 
1. Afferent (ascending) Auditory Pathway: Anatomy  
 
The human auditory system comprises of ascending afferent and descending 

efferent divisions.  In the afferent pathway, first-order spiral ganglion cells 

enter the modiolus forming the cochlear branch of the VIIIth (auditory) 

nerve.  The auditory nerve enters the medulla oblongata at the level of the 

cerebello-pontine angle and divides into two branches as it enters the 

cochlear nucleus.  One branch sends information to the anterior ventral 

cochlear nucleus (AVCN) that contains large, myleinated spherical and 

globular bushy cells; one projects to the posterior cochlear nucleus (PVCN) 

primarily composed of octopus cells and proceeds to the dorsal cochlear 

nucleus (DCN) (Brawer et al., 1974; Lorente de No, 1933).  The AVCN,  
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PVCN and DCN similarly contain stellate cells varying in shape and size.  

Fibers carrying low-frequency (apex) information remain in their designated 

divisions, whereas high-frequency fibers (base) project to the dorsal medial 

portion of the VCN between the AVCN and PVCN prior to bifurcation 

(Webster et al., 1992).       

 

The superior olivary complex (SOC) receives most synaptic input from 

ascending AVCN fibers.  The SOC extends from the rostral medulla to the 

pons (Kulesza, 2007) and is composed of three primary nuclei known as the 

lateral olivary cochlear nucleus (LOC), medial olivary cochlear nucleus 

(MOC) (Rasmussen, 1946) and medial nucleus of the trapezoid body 

(MNTB).  The LOC contains small, stellate principal cells, whereas the 

MOC and MNTB contain large, multipolar cells each receiving input from 

the AVCN.  The three nuclei in the SOC are encompassed by dispersed 

groups of periolivary nuclei (Irving & Harrison, 1967; Warr & Guinan, 

1979; Webster et al., 1992).   

 

Ascending fibers from the SOC course laterally to three nuclei in the lateral 

lemniscus (LL): the intermediate nucleus of the LL (INLL), ventral nucleus  
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of the LL, and dorsal nucleus of the LL (DNLL).  Nerve fibers from the LL 

connect cochlear nuclei fibers via second, third and fourth-order neurons and 

terminate in the central nucleus of the inferior colliculus (CNIC) in two 

parallel pathways of the brainstem (Morest & Oliver, 1984).  The IC has 

three major divisions: the central nucleus (CNIC), pericentral nucleus and 

external nucleus.  The IC is the primary nucleus of the midbrain to receive 

synaptic input from brainstem and cortical regions.  It is also the first area 

where vertically orienting information from fusiform cells in the dorsal 

cochlear nucleus synapse with horizontally orienting data.  Small, multipolar 

fusiform cells are located within the CNIC and are mainly innervated by LL 

fibers.  Decussation of fibers occurs in the commissure of the inferior 

colliculus which interconnects neurons from both sides of the central 

nucleus (Geneix & Morest, 1971).  Ipsilateral CNIC fibers form the 

brachium of the IC and then project to the posterior thalamic region, 

specifically at the medial geniculate body (MGNB).     

 

 The MGNB is a major nucleus of the auditory thalamus relay center and is 

composed of three nuclei: ventral, dorsal and medial.  The ventral division is 

made up of thalamocortical relay cells and intrathalamic interneurons and  
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receives input from fibers originating in the brachium of the IC (Winer, 

1984).  The dorsal region contains a number of neurons that receive diffuse 

input from the central nucleus of the IC (Winer, 1984).  Axons from this 

division terminate in the auditory association cortex.  Finally, neurons in the 

medial section of the MGB contain large, multipolar neurons projecting their 

axons to auditory cortical regions, the putamen and the amygdala (Webster 

et al., 1992; Winer, 1984; 1985).             

 

The auditory cortex (AC) is the final region to receive and process afferent 

acoustic information from the MGB.  The transverse temporal gyrus 

(Heschl’s gyrus) in the temporal lobe contains the primary auditory cortex 

(PA1), otherwise known as Brodmman’s areas 41 and 42 (See Figure 2-1).  

The principal auditory reception areas comprise of the medial transverse 

temporal gyrus and a section of the posterior transverse temporal gyrus (area 

42).  The auditory association areas are composed of the remaining portion 

of the posterior transverse gyrus and a section of the superior temporal 

gyrus.  The AC consists of six layers varied by their neuronal types and 

functional aspects of sound processing.  
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In the early 1900’s anatomists using Nissl stains revealed multiple layers of 

the temporal cortex containing either granule, stellate or pyramidal cells 

(Aitkin, 1990; Campbell, 1905).  The laminar organization of A1 was 

identified in animal studies, particularly in the cat model revealing six major 

layers.  Layer I cells have their axons superficially and dendrites deep within 

the layer (Aitkin, 1990).  Pyramidal cells are observed in primary auditory 

cortex (A1), with smaller neuronal types within layer II and larger cells in III 

and V.  In layer IV, stellate cells are dominant and dispersed throughout the 

layer.  Layer VI is complex containing numerous pyramidal cells of various 

shapes (Winer, 1984).  Cytoarchitectural studies indicate cells in A1 to have 

well-defined columns from radially interconnected neurons, especially in 

layers II and III (Winer, 1984).  A majority of the cells have vertically 

oriented dendrites and horizontal projections within in a given layer.                      
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Superior Temporal gyrus 

Middle Temporal gyrus 

Inferior Temporal gyrus 

        Auditory 
Association Areas 

 Primary Auditory Cortex 

 

Figure 2-1:  Anatomic view of the left cerebral cortex showing superior, 
middle and inferior gyri of the temporal lobe.  Primary auditory cortex (A1) 
and auditory association areas are marked.       
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2.  Afferent Auditory System Physiology: Frequency Coding 

The auditory system has been compared to a spectral analyzer, evaluating 

the frequency, amplitude and phase of complex sound components.    

Experimental evidence in animals indicates that the tonotopographic 

representations of frequency are maintained from cochlea to auditory cortex.  

High, mid and low frequencies are resolved at basal, middle and apical turns 

of the cochlea, respectively.  The anatomical structure of the basilar 

membrane differs from basal to apical regions.  The basal region is thin and 

compacted thus sensitive to high frequency information, whereas the apical 

region is wide and flaccid allowing for low-frequency resolution.  Traveling 

waves within the organ of corti (von Bekesy, 1960) peak at their designated 

frequency locations along the basilar membrane maintaining a topographical 

map.  There is one row of approximately 3500 inner hair cells (IHC) and 

three rows of about 12,000 outer hair cells (OHC) located within the organ 

of corti (Gelfand, 1998).  Type I afferent neurons innervate a single inner 

hair cell and Type II neurons innervate multiple outer hair cells.  Afferent 

neuron fibers make up the majority of the VIIIth nerve by transmitting sound 

information from the characteristic frequency place on the basilar 

membrane.  Type II efferent inputs to the OHCs receive cortical information  
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that fine tunes the frequency-revolving power of the cochlea. (This is 

covered in more detail in the section below on the efferent anatomy and 

physiology).  Movement of fluid within the cochlea produces place-specific 

vibrations along the basilar membrane, resulting in a bending of the 

asymmetric row of stereocilia embedded within the tectorial membrane.  Ion 

channels are either opened or closed depending on the direction of 

stereocilia movement.  When channels are open, there is an influx of 

potassium (K+) ions resulting in cell depolarization.  Calcium ions (Ca+) are 

then sent into the voltage-gated calcium channels at the base of the inner hair 

cell causing a release of neurotransmitters from the synaptic vesicles.  This 

process stimulates afferent nerve fibers passing the signal to the VIIIth 

nerve.   

 

Frequency threshold tuning curves have been obtained by recording from 

cochlear afferents by recording neural discharge rate in response to changes 

in frequency and intensity of a stimulating tone (Galambos & Davis, 1943).  

Low-intensity tones that stimulate an area of the basilar membrane are 

known as its characteristic frequency (CF).  The CF provides critical 

information of the cochlear afferents’ place along the basilar membrane  
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(Ruggero, 1992).  When fibers are stimulated at the CF, they exhibit either a 

V- or U-shaped tuning curve.  High frequency CFs exhibit narrow, steep 

slopes and defined tip-regions when recorded in basal areas.  Low frequency 

CFs may mirror the shape of high frequencies from 40-70 dB, but are 

relatively broad in even lower frequency regions (Liberman & Kiang, 1978; 

Ruggero, 1992).  This physiologic evidence of CF characteristics provides 

evidence of cochlear afferent tuning and tonotopic organizations in the 

peripheral auditory system. 

 

A representation of the frequency range is maintained in the cochlear 

nucleus as evidenced by neural response properties (Bourk, 1976; Galambos 

& Hughes, 1959; Pfeiffer, 1966) in each division.  Axons from spiral 

ganglion cells of lower frequencies innervate the ventral portions of the 

DCN and ventrolateral portions of the AVCN.  Axons delivering high 

frequency information project to the dorsal portion of the AVCN upper 

portion of the DCN.  Mid-frequencies are resolved between the AVCN and 

DCN areas (Galambos & Hughes, 1959).   
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The post-stimulus time histogram (PSTH) and interspike interval histogram 

(ISIH) are conventional methods used to measure neural response 

characteristics in the PVCN, AVCN and DCVN (Bourk, 1976; Rose et al., 

1959; Rhode & Greenberg, 1992) to various acoustic stimuli.  The PSTH 

shows a temporal distribution of neural response thresholds characterized by 

X- and Y- coordinates.  The X-axis indicates the neural response time and 

the Y-axis reveals the percent of threshold events during a period of 

measurement.  The ISIH is a frequency distribution of the intervals between 

successive neuronal discharges (Rhode & Greenberg, 1992).  The 

combination of both methods defines the underlying neural mechanisms and 

response characteristic from cells in the CN.  A majority of cells located in 

the PVCN are termed “onset units” that include onset-lockers and onset-

choppers (Rhode & Smith, 1986) which are sensitive stimulus onset 

frequencies greater than 1500 Hz.  Chopper units comprise the second major 

group in the PVCN and are highly intensity dependent (Rhode & Greenberg, 

1994).  Spherical bushy cells in the AVCN tend to exhibit rapid adaptation 

of the action potential, but onset cells have also been observed.  Pauser-build 

up units located in the DCN are primarily inhibitory to frequency-specific 

signals but become excitatory to broadband information (Young &  
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Brownell, 1976).  Neural information from the AVCN provides phase-

locking information to the superior olivary complex, important for sound 

localization.  Neurons from the DCN send information about specific-

frequencies in the presence of noise (Frisina et al., 1990).  

 

Tonotopic organization is also maintained throughout the brainstem nuclei.  

Dendrites from the MOC receive excitatory input from the AVCN with 

primarily low-frequency representation processed by spherical bushy cells 

(Bourke et al., 1981).  The LOC and MNTB receive mostly high-frequency 

information.  At this level of the brainstem, binaural phase and level 

differences are encoded, a major mechanism for sound localization.  

Investigations utilizing microelectrodes and/or recordings of single unit 

neural activity provide evidence of the tonotopic organization of the IC 

(Merzenich & Reid, 1974).  These recording techniques provide evidence of 

changes in the neural tuning curves over small sections in the ICC.  Results 

indicate sharp frequency tuning occurs in the central nucleus of the inferior 

colliculus (IC) representing a cochleotopic organization (Berman, 1968).  

Evidence in the cat model (Aitkin & Webster, 1971) suggests the ventral 

division of the medial geniculate body (MGB) and the lateral section of the 

posterior group of thalamic nuclei (Imig & Morel, 1985) receives the  



 30

 

majority of tonotopic information from the IC. The posterior region carries 

mostly high frequency information and low-frequencies are in the anterior 

region (Clarie et al., 1992).     

 

The ventral subnucleus of the medial geniculate body (VMGB) maintains a 

similar tonotopic organization as the IC.  The VMGB is responsible for 

relaying frequency and binaural information to the cortex.  Aitkin & 

Webster (1971) researched the tonotopic organization of the principal 

division of the MGB in anesthetized cats.  Frequency specific tones 

presented contralaterally at 60-70 dB SPL were utilized to evoke a single 

unit change.  A microelectrode and micrometer were used to determine the 

neurons “characteristic frequency” and spatial location.  The authors 

reported a tonotopic organization in the principal nucleus of the MGB, 

supporting previous findings (Aitkin & Webster, 1971; Morest, 1964).  Iso-

frequency bands are arranged with low-frequencies resolved in the lateral 

regions and high frequencies in the medial region (Aitkin & Webster, 1971).                    

 

The VMGB connects directly with the A1, or primary auditory cortex.  

Tonotopic organization of A1 has been investigated in several species, such  
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as the cat (Woolsey & Walzl, 1942), mouse (Stiebler, 1987), macaque 

(Merzenich & Brugge, 1973) and chinchilla (Benson & Teas, 1976; Harrison 

et al., 1996).  Walzl (1942) reported that, in A1, the lower frequencies are 

resolved caudally and high frequencies were resolved rostrally.  A reversed 

tonotopic representation to A1 has been observed in auditory association 

areas (AII) (Walzl, 1942).           

 

3.  Afferent Auditory System Physiology: Intensity Coding 

Intensity coding is regulated in all brainstem nuclei and can be measured 

using rate-level functions.  This measure plots the spike discharge rate of a 

single neuron as a function of the amplitude of a characteristic frequency 

(CF) (Phillips, 1988).  The neurons’ behavior can be described as either 

monotonic or nonmonotonic.  Monotonic functions have a linear relationship 

with changes in intensity level, whereas nonmonotonic functions change 

their discharge rate characteristics with increasing level (Clarey et al., 1992; 

Phillips, 1987; 1988). The resulting neural response gives evidence of the 

neuron's behavior and dynamic range to a single tone or complex stimulus.  

Rate-level functions are often used to determine temporal response patterns 

of a cell to stimuli of various intensities.   
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Stabler, Palmer & Winter (1996) examined rate-level functions in the dorsal 

cochlear nucleus (DCN) of anesthetized guinea pigs.  60% of units recorded 

showed monotonic increases in discharge rate with sound level and 40% 

were nonmonotonic (of 514 units).  The authors also indicated the majority 

of pause/build units displayed a steady discharge rate of >75 spikes per 

second.  Chopper cells exhibited a monotonic rate-level function in the 

DCN, similar to previous reports of their activity in the ventral cochlear 

nucleus (VCN) (Stabler et al., 1996).             

 

Intensity coding in the superior olivary complex (SOC) and inferior 

colliculus (IC) has been investigated using single-unit recordings to tonal 

stimuli.  Harnischfeger and colleagues (1985) recorded 74 units in the SOC 

and 76 units in the IC of the echolocating bat, Molossus ater.  Response 

patterns in the SOC revealed neurons in the medial nucleus are set in a 

dorsoventral direction from low to high frequencies.  SOC units showed 

tonic responses to pure tone stimulation, whereas IC units responded to the 

onset-phase of the stimulus.  IC units showed nonmonotonic behavior with a 

primarily inhibitory influence.  In both the SOC and IC units, inhibition of 

the neural response occurred within a narrow intensity range of  
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approximately 20 dB.  In the medial geniculate body MGB (MGB), 

nonmonotonic neural behavior is common for pure-tone stimuli, especially 

in the ventral region of the MGB (Aitkin & Prain, 1974; Galambos et al., 

1935; Rodriguez-Dagaeff et al., 1989).   

 

In the auditory cortex, cells responding in a monotonic and nonmonotonic 

fashion have also been observed (Phillips & Irvine, 1981; 1982).  Phillips 

(1988) investigated the spike-rate vs. tone-level functions of auditory cortex 

neurons in anesthetized cats.  62 Cortical neurons were identified by their 

spontaneous rate discharge ranging from .1-4/s and with a CF between 7.19-

23 KHz.  In this recording paradigm, responses to complex stimuli and tone-

pulse onset appeared to have the greatest excitatory reaction (increased rate-

discharge), rather than tonal stimuli alone (Philips, 1988).  In the primary 

auditory cortex (A1), a topographic map of intensity tuning is evident (Suga 

& Manabe, 1982).  Coding high level intensities in the auditory cortex 

requires substantial inhibitory reactions, however an overlap of both 

excitatory and inhibitory responses are evident (Sutter & Loftus, 1993). 

In summary, throughout the afferent pathway, tonotopicity is preserved and 

coding of intensity is conducted by a complex process of neural encoding.   
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Ultimately, auditory cortex, plus the auditory association areas are needed to 

process complex sounds such as speech and music. The integration of sound 

information is dependent on the integrity of higher-order centers in the 

cortex before perception and meaning take place.      

 

4.  Efferent (descending) Auditory Pathways: Anatomy 

The efferent auditory pathways are less understood compared to the afferent 

ascending auditory system.  They are thought to mirror the ascending 

pathways and modulate neural information from the auditory cortex 

descending to the cochlea.  This pathway can be separated into two major 

components, the corticofugal pathway and the olivocochlear system.  A 

description of these components is described below.    

 

a. Corticofugal Pathways  
 
Multi-synaptic descending chains originating in the auditory cortex (AC) 

make contact with various nuclei in the brainstem and terminate in the 

cochlear nucleus or cochlea (Spangler & Warr, 1991).  This chain of 

descending axons is thought to be the combination of axons from the  
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corticofugal system (cortex to pons) and olivocochlear system (pons to 

cochlea).  The corticofugal system can be broken down into two 

subcategories, known as the corticothalamic and corticollicular pathways 

(Winer, 2005).  The corticothalamic system is comprised of projections from 

the auditory cortex (AC). Descending projections from multiple AC sites 

project to the three principle nuclei of the MGB, with the medial nuclei 

receiving the majority of AC inputs (Winer et al., 2001).  The system 

maintains tonotopicity.  The corticollicular projections are primarily made 

up of inputs from AC layer V to the midbrain and inferior colliculus, with 

substantial innervation of the IC.   See Figure 2-2 for an anatomical 

schematic of the corticohalamic and cortico-collicular auditory pathways.                    
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Fig 2-2:  Schematic of the ascending auditory pathway (black lines) (Winer 
& Schreiner, 2005) the corticofugal system (blue lines), and some possible  
functional correlates (blue boxes) from the striatum to the medulla. Primary 
areas noted: (i) there are likely several corticofugal systems, (ii) they reach 
almost all parts of the ascending auditory system, (iii) their actions may be 
target-specific and, in any case, (iv) are highly diverse. Taken from Winer 
(2005).   
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Anatomical and physiological investigations in the animal model have 

discovered direct and indirect corticofugal (descending) projections from the 

auditory cortex to the superior olivary complex (SOC) region (Mulders & 

Robertson, 2000). Descending cortical fibers from the SOC contact 

olivocochlear cells, project to the cochlear nucleus CN (Weedman & Ryogo, 

1996) and terminate in the peripheral cochlea, potentially bypassing the IC.  

In the guinea pig model, direct projections of corticollicular axons from the 

IC contact ipsilateral and contralateral cells in the CN (Schofield & Coomes, 

2006).  Cortical fibers have also been shown to interact with ascending 

projections in the IC (Mitani et al., 1983).  Various findings in the animal 

model have revealed multiple descending inputs from the cortex to the CN, 

which may alter early auditory processing.   

 

b. Olivocochlear System {emphasis on Medial olivocochlear bundle 
(MOCB)} 

 
In contrast to the paucity of information about corticofugal pathways, the 

efferent olivocochlear system has been well described.  Rasmussen (1946) 

discovered the anatomical pathway of the olivocochlear bundle.  Since then, 

subsequent investigations using animal models have added to our knowledge 

of medial portion of the olivocochlear system, known as the MOCB.   The 

olivocochlear system as a whole is composed of lateral (LOC) and medial  
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(MOC) components.  LOCBs are unmyelinated fibers projecting from in or 

near the superior olivary complex (SOC) to dendrites of afferent auditory 

nerve afferent fibers in the inner hair cell area (Liberman & Brown, 1986; 

Warr & Guinan, 1979).  The medial olivocochlear bundle (MOCB) is 

composed of large, myelinated fibers projecting from the central region of 

the SOC to the outer hair cells in the cochlea.  The axons from the LOC and 

MOC neurons form the olivocochlear bundle, which is composed of crossed 

and uncrossed components.  Both types of neural fibers send projections into 

the cochlear nucleus and to brainstem vestibular nuclei (Guinan, 2007).  

 

c. Efferent Feedback Loop: MOCB 

The physiology of the MOCB has been typically investigated using a guinea 

pig or cat model. Single-unit recordings have identified three populations of 

neurons, one group responds to ipsilateral acoustic stimulation, one to 

contralateral stimulation and the third is activated by stimulation to either 

cochleas (Fex, 1965; Liberman & Brown, 1986).  The ipsilateral MOCB 

reflex is evoked by an auditory stimulus.  Cochlear processing requires 

cochlear hair cell activity, which excites Type I auditory nerve fibers that 

innervate reflex second-order interneurons in the postventral cochlear  
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nucleus (Brown et al., 2003; Guinan, 2007) of the stimulated ear.  Axons 

from these interneurons cross the midline of the superior olivary complex in 

the brainstem to innervate MOCB neurons on the contralateral side (Warr, 

1969; Thompson & Thompson, 1991).  These neurons then project to 

cochlear site of auditory stimulation in the olivocochlear bundle, completing 

the ipsilateral reflex (de Venecia et al., 2005).  The contralateral MOCB 

pathway consists of unidentified reflex interneurons in the cochlear nucleus, 

which cross the brainstem and innervate ipsilateral MOC neurons.  These 

neurons project to the ipsilateral cochlea through the uncrossed 

olivocochlear bundle (Liberman, 1988).  Figure 2-3 below provides an 

anatomical representation of these pathways. 
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Figure 2-3:  MOCB ipsilateral and contralateral pathways (Liberman, 1990) 

 

A low-level stimulus that activates MOCB fibers produces an inhibitory 

response on the motion of the basilar membrane.  This response (also 

considered a reflex) reduces the amplitude up to 20 dB at the characteristic 

frequency (CF) (Cooper & Guinan, 2003; Murugasu & Russell, 1996).  

Backus & Guinan (2006) investigated the time-course of this reflex by 

measuring stimulus frequency otoacoustic emissions (SFOAEs).  This type 

of stimulus requires a low-level (40 dB SPL) continuous probe tone allowing 

for a purely frequency specific measurement, often eliminating the concern 

of multiple frequency interactions and/or efferent activation to the test  
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stimulus (Backus & Guinan, 2006; Guinan et al., 2003).  Investigators 

studied the amplitude and phase changes of SFOAEs during MOCB 

activation.  Time-courses to the onset of MOCB activity averages at 277 ms 

and 159 ms for decay of the response.   

 

A similar investigation by Maison et al., (2001), using TEOAEs rather than 

SFOAEs, reported a linear increased in MOCB responses from 0-60 ms post 

contralateral stimulation.  Fast (10-100 ms) and slow effects (10-100 s) onset 

time constants have also been reported in the guinea pig model (Sridhar et 

al., 1995) indicating a “different mechanical origin” may be present (Backus 

& Guinan, 2006; Cooper & Guinan, 2003).  Understanding the underlying 

mechanisms and neural response times of the MOCB reflex provides 

evidence of its fine-tuning capabilities at the peripheral level.  An incoming 

acoustic signal may be altered by the MOCB response, but the timing of this 

response eliminates previous hypotheses suggesting the neural effects are 

fast enough to protect from an abrupt loud stimulus (Backus & Guinan, 

2006).  It does however confirm the possibilities that the MOCB reflex is 

capable of modulating signal detection in noise.       
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There are several hypotheses concerning the functional significance of the 

MOCB efferent feedback system.  Primarily, the MOCB system is thought 

to 1) to protect the ear from acoustic trauma due to continuous loud noise 

(Rajan & Johnston, 1988) 2) to improve signal detection in noise (Kawase & 

Liberman, 1993; May & Sachs, 1992; Nieder & Nieder, 197l) and 3) to 

mediate active attention (Froehlich et al., 1993).  Rajan & Johnston (1988) 

investigated the first hypothesis by measuring temporary threshold shifts in 

anesthetized guinea pigs.  Each animal was exposed to high level (>100 dB 

SPL) 10 KHz tonebursts for one minute.  An electrode was placed at the 

floor of the 4th ventricle near the round window to measure compound action 

potentials before and after acoustic stimulation (Rajan, 1991; Liberman & 

Kujawa, 1999).  Results showed temporary threshold shift reduction when 

MOCB fibers electrically shocked at high rates (over 200 shocks) during 

high frequency stimulation. 

 

Previous investigations revealed that lesions of the olivocochlear bundle 

reduced accuracy of speech discrimination in noise (Dewson, 1968) and 

auditory nerve fiber responses (ANFs) are magnified to tones in noise during 

electrical stimulation (Winslow & Sachs, 1987).  May & Sachs (1992) also  
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tested this conjecture by recording rate-level functions for best frequency 

(BF) tones and noise bursts in alert cats.  They hypothesized that the efferent 

system alters the response of ventral cochlear nuclei (VCN) and ANFs to 

acoustic signals in noise by measuring single-unit responses.  Results 

indicated that dynamic-range properties in the presence of continuous noise 

were compressed when compared to a quiet condition.  The authors 

concluded that VCN responses exhibited stable rate-level functions of BF 

tones embedded in continuous noise, whereas saturation occurred in VCN 

units of decorticate cats or ANF responses in anesthetized cats (May & 

Sachs, 1992). 

 

Finally, the MOCB feedback loop is thought to mediate descending cortical 

input, such as attention.  deBoer & Thornton (2007) measured the 

contralateral suppression of transient evoked otoacoustic emission responses 

(TEOAEs) evoked at 50 and 60 dB SPL during a passive visual, active 

visual and active auditory task.  In the active auditory task, participants 

detected tone pips within the evoking click train as broadband noise was 

presented in the opposite ear.  A reduced suppression effect was observed in 

the active auditory condition compared to the passive condition, indicating  
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MOCB activity is inhibited during active attention (deBoer & Thornton, 

2007).  In similar studies where the attention task is directed towards the 

contralateral ear (Froehlich et al., 1993) an increase in suppression is 

observed.  Taken together, evidence of top-down influences may be 

observed at the peripheral level of the auditory system.      
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CHAPTER III: ELECTROACOUSTIC AND 

ELECTROPHYSIOLOGIC MEASURES OF THE AUDITORY 
SYSTEM 

 

Non-invasive physiologic measures of the auditory system are utilized 

regularly in research and for clinical application.  These measures provide 

evidence of auditory neural function at peripheral (cochlear), brainstem and 

cortical levels.  At the peripheral level, otoacoustic emissions (OAEs) are 

measured to determine status of the cochlear outer hair cells (OHCs). These 

responses are often evoked by low-level tonal or broadband stimuli.  This 

measurement, along with an additional contralateral noise stimulus, 

produces an inhibitory effect on the OAE response implicating other neural 

mechanisms at the crossing of fibers in the superior olivary complex (SOC).     

 

Auditory evoked potentials (AEPs) are measurements of the time-locked 

neural activity to an acoustic event.  These potentials can be used to trace 

neural events in response to tonal, click or complex stimuli from the VIIIth 

nerve (auditory) up the afferent pathway.  Taken together with OAE 

measurements, a picture of acoustic processing can be established from the 

cochlea to the cortex.         
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1. Transient Evoked Otoacoustic Emissions 

Transient evoked otoacoustic emissions (TEOAEs) are byproducts from the 

active process of cochlear outer hair cells and can be recorded from the 

external auditory canal via a probe microphone (Kemp, 1978).  They are 

thought to be a by-product of the non-linear function of the cochlear 

amplifier (Brownell et al., 1983; Rasmussen, 1946).  TEOAEs provide 

frequency specific information about cochlear function and outer hair cell 

motility (Hood et al., 1996).  The presence of TEOAEs suggests healthy 

cochlear status and pure tone thresholds at or better than 30 dB HL (Kemp, 

2002).    

a. TEOAE Mechanism  

The organ of corti plays a significant role in hearing and is the source of 

otoacoustic emissions (OAEs) (Robinette & Glattke, 2002).  OAEs are 

thought to be byproducts of the activity of cochlear outer hair cells: evidence 

of a cochlear amplifier.  Reverse traveling waves transfer energy back to the 

stapes, through the middle ear cavity and into the ear canal in the form of 

low-level sounds.  Two generator mechanisms of evoked OAEs have been 

posited:  place-fixed and wave-fixed.  A wave-fixed source is locked to the 

traveling wave envelope and reflection is generated for each frequency at its  
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resonant place (Shera & Guinan, 1999).  The wave mechanical perturbations 

that scatter the wave are induced by the stimulus wave (Shera & Guinan, 

2007).  Changes in the stimulus frequency do not necessarily alter the phase 

characteristics of the TW, but produce changes in wave movement.  

Distortion product otoacoustic emissions (DPOAEs) are presumed to be   

wave-fixed, because the presence of two simultaneous tones played into the 

ear canal result in intermodulation distortion in the region of wave overlap 

(Shera & Guinan, 2007).   In contrast, the place-fixed model describes OAE 

generation as reflection of the traveling wave at fixed cochlear locations 

(Shera & Guinan, 1999).  These arise from preexisting mechanical 

perturbations that disrupt the natural flow of stimulus energy into the 

cochlea.  This type of OAE is dependent on the traveling wave (TW) peak 

and envelope characteristics (Shera & Guinan, 2007). TEOAEs are of this 

type.  

 

b. Stimulus Parameters and TEOAEs 

Kemp (1978) initially recorded TEOAEs to low-intensity tonebursts and 

identified significant energy at the stimulus frequencies: 800, 1100 and 1800 

Hz.  Norton & Neely (1987) researched evoked otoacoustic emissions  
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(EOAE) as a function of tone-burst intensity and frequency in a group of 

normally hearing adults.  They reported EOAE response amplitudes were 

greatest at low-levels (35 dB SPL) and decreased in amplitude when level 

was increased.  As previously reported (Kemp, 1978; 1979), the response 

characteristics of the EOAEs were found to be dependant on the spectral 

parameters of the evoking stimulus.  This implies that tone-burst EOAEs 

provide place specific evidence of cochlear function.  It also suggests that 

stimulus latency changes with intensity and frequency.  Previous 

investigations have indicated that the latency of TEOAE responses increased 

(Wilson, 1980) or remained the same (Anderson, 1980; Kemp, 1978) when 

stimulus level was increased.                               

 

2.  Contralateral Suppression of TEOAEs 

Early studies completed by Collet et al. (1990) revealed that otoacoustic 

emissions (OAEs) were affected when noise was presented to the 

contralateral ear, usually resulting in a reduction or suppression of the OAE 

amplitude.  This “suppression effect” of the TEOAE response is explored by 

presenting a broadband or white noise stimulus through an earphone 

contralateral to the ear from which TEOAEs are evoked.  A TEOAE  



 49

 

recording, in response to an 80 μs click at 60-65 dB SPL, without the 

presence of contralateral noise, is completed as a baseline to provide 

information about the amplitude and temporal patterns of the TEOAE.  To 

demonstrate TEOAE suppression, the recording conditions are preserved in 

the test ear and noise is presented to the contralateral ear throughout the 

duration of the emission recording.  The presence of this noise will often 

reduce the amplitude and change the phase of the response (Giraud et al., 

1995) in relation to the baseline recording.   The reduction in TEOAE 

amplitude is on the order of 1-1.5 dB SPL during the presence of 

contralateral noise in normally hearing adults (Berlin et al., 1993).  This 

reduction begins shortly after the activation of the suppressor and subsides 

once it has ceased (Velenovsky & Glattke, 2002a).  Figure 3-1 provides an 

example of an unsuppressed (top) and suppressed (bottom) TEOAE 

recording in the presence of contralateral noise.  In this example, the 

unsuppressed TEOAE amplitude is peaked at 16.3 dB.  The amplitude of the 

TEOAE is reduced by 8 dB in the presence of BBN noise.   
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Figure 3-1:  Unsuppressed (top) and suppressed (bottom) TEOAE response.  
TEOAE amplitude reduced 8 dB during the presence of contralateral noise.   
The MOCB crossed pathway is marked (Lalaki, 2007).     
 
 
 

a. Mechanism of Contralateral Suppression  

The infrastructure associated with the TEOAE suppression effect includes 

the efferent innervations arising in the medial olivary cochlear bundle 

(MOCB) (Liberman et al., 1996).  In the efferent system two distinct 

pathways and neuronal populations are reported to exist.  Thin and 

unmyelinated efferent axons originate in the superior olivary complex (SOC)  
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from the LOC and synapse with afferent neurons near the cochlear inner hair 

cells (IHCs) (Rasmussen, 1946; Warr & Guinan, 1979). Large and 

myelinated efferent axons are primarily within the medial olivary cochlear 

bundle (MOCB) and arise from the medial nuclei of the superior olivary 

complex, project contralaterally through the vestibular nerve and innervate 

the outer hair cells (Guinan, 2006; Rasmussen, 1946).  This second pathway 

is thought to be the pathway responsible for contralateral suppression.  Many 

of the characteristics of this pathway have been determined through research 

using electrical neuronal stimulation in experimental animal models, such as 

the cat (Galambos, 1956; Liberman & Brown, 1986).  Results from these 

investigations demonstrate that the main effect of MOCB efferents is to 

inhibit cochlear responses by reducing the gain of the cochlear amplifier 

(Collet, 1990; Guinan, 2006; Liberman & Guinan, 1999)  

 

b. Stimulus- Response Parameters 

Suppression of TEOAEs can be produced by either an additional tone or 

noise ipsilaterally, contralaterally or binaurally.  Maison et al. (2000)  
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reported a significant reduction of TEOAE amplitudes during the presence 

of contralateral noise increasing in bandwidth.  Velenovsky & Glattke 

(2002) extended this investigation and measured whether bandwidth 

(narrowband, wideband and equalized at 2000 Hz) or loudness of a 

contralateral stimulus is critical in eliciting TEOAE suppression.  Wideband 

noise presented at 60 dB SPL produced the greatest amount of suppression 

on TEOAE responses.   

 

Berlin, Hood and colleagues performed a series of investigations (1995; 

1999) to determine the effects of ipsilateral, contralateral or binaural 

(suppression) noise on the TEOAE response.  The results from these studies 

concluded: 1) suppression of TEOAEs was greatest for binaural noise 2) 

noise durations greater than 400 ms were better suppressors than shorter 

durations and 3) low-intensity stimuli (around 60 dB SPL) were more 

effective than high intensity stimuli.  Using these optimal parameters, 

suppression can be observed on the order of 2-4 dB from the unsuppressed 

TEOAE.  Also, the greatest amount of suppression was evident in the 8-18 

ms range, corresponding to 1000-4000 Hz (Berlin et al., 1995; Collet et al., 

1990).     
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3. Auditory Brainstem Response (ABR) 

The auditory brainstem response (ABR) evoked potential provides a non-

invasive assessment of the integrity of the VIIIth nerve and ascending 

auditory pathways in the brainstem.  Jewitt and Williston (1971) provided 

the first comprehensive description of the human auditory brainstem 

response (ABR).  It is comprised of five to seven wave components (I-VII) 

derived from averaging electrical activity of the auditory nerve and 

brainstem during acoustic stimulation (Musiek et al., 1980).  Neural activity 

is recorded from scalp electrodes during sound stimulation and signal 

averaging is used to extract the evoked potential from the 

electroencephalogram.  The ABR has been in widespread clinical use for 

over 25 years, primarily for estimating hearing threshold (Jerger & Johnson, 

1988; Martin, 1977) and for neurodiagnostic evaluations of retrocochlear 

pathologies (Selters & Brackmann, 1977).               

 

a. Wave Components and Neural Generators 

The normal ABR components are generated by one or multiple sources from 

the cochlear nerve to the upper brainstem and are characterized by a series of 

positive going peaks followed by negative troughs.  The neural generators of  
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the response are complex and have been investigated using several invasive 

(direct neural recordings) and non-invasive (surface electrodes) methods.  

The earliest component, Wave I, is generated from the distal portion of the 

VIIIth nerve (Moller, 1985).  Wave II is thought to be produced from the 

proximal portion of the VIIIth nerve and cochlear nucleus (Moller et al., 

1988).  Experimental lesions in an animal model have determined Wave III 

is generated by the cochlear nucleus (Buchwald & Huang, 1975).  Wave IV 

is still unclear, but thought to have contributions from the cochlear nucleus, 

lateral lemniscus and superior olivary complex (Hashimoto, 1982).  Wave V 

is produced from neural contributions from the lateral lemniscus and inferior 

colliculus (Buchwald & Huang, 1975).  Finally, waveforms VI and VII are 

thought to originate from the inferior colliculus (Moller, 1985).  See figure 

3-2 below for an anatomical representation of wave components:       

 

 

 

 

   



 55

 

Figure 3-2:  Anatomical schematic of the ascending auditory pathways 
overlaid with the auditory brainstem response (ABR) components I-V.  
(Hall, 1992) 
 

The wave components can be characterized by their latencies and 

amplitudes.  Latency is defined as the neural processing time.  More 

specifically, it is the time between stimulus onset and production of the peak 

(Hood, 1998).  The normal human ABR latencies for a 75 dB nHL stimulus 

occur between 1.4-8.0 ms, with Wave I having the shortest latency and 

Wave VII having the longest.  Interwave latencies, I-III, III-IV and I-V, are 

often measured for clinical application (Hood, 1998).  The amplitude of each 

component refers to the amount of neural synchrony and is measured from 

the most positive point in the waveform to the most negative point of the 

following trough.  The amplitude typically ranges between .1 to 1.0 µv 

(Hood, 1998).  Poor wave morphology, that is, difficulties identifying 
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waveform components may have multiple factors including hearing loss, 

neural dysynchrony and high noise during the recording.         

 

b. Stimulus-Response Parameters 

As noted, the ABR is characterized by its latencies and amplitudes.  Changes 

in stimulus rate, intensity, frequency and duration tends to have a significant 

effect on these measures. An increase in stimulus rate from 10/s to 100/s 

produces longer Wave V latencies in normally hearing adults (Don et al., 

1977) owing to neural refractory effects and thus, decreased neural 

synchrony.  Changes in intensity also tend to have a significant effect on the 

ABR for all components.  Typically, low levels of approximately 30 dB nHL 

will have a more prolonged, defined Wave V response, and Waves I-III are 

rarely present at levels lower than 30 dB nHL.   There is a systematic shift in 

latency with intensity in normal hearing subject, and between 30 and 60 dB 

nHL the slope of this function is 40 us/dB.  Click Intensities from 10-20 dB 

nHL produce wave V latencies from 7.5-8.0 ms, but an increase in intensity 

from 65-90 dB nHL produces more gradual latency change from 5.5-6.0 ms 

at intensities of 75-95 dB nHL (Coats, 1978; Hecox & Galambos, 1974) for 

Wave V latencies.   
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Stimulus polarity also has an effect on the ABR response components.  

Several investigators have reported shorter Wave V latencies for rarefaction 

compared to condensation clicks (Schafer & Leitner, 1980; Stockard et al., 

1979).  However, there is a small population of normally hearing adults that 

shows a reverse pattern (Stockard et al., 1979).  Polarity may change the 

ABR measures of latency and amplitude, especially for the early Wave I 

component.  Maurer et al. (1980) showed a reduction in Wave I latency with 

rarefaction clicks, but not for Wave V latencies.  Amplitude are also reduced 

at lower levels (Thornton et al., 1989), therefore contributing to difficulties 

identifying Waves I-III close to threshold.  

 

The ABR may also be evoked using pure tones characterized by a rapid 

onset while preserving frequency specificity (Hood, 1998; Picton et al., 

1979).  The frequency of the stimulus has substantial effects on the latency 

of the ABR response.  Specifically, higher frequencies produce shorter 

latencies and low-frequencies elicit longer latencies reflective of traveling 

wave duration.  Meaning, that higher frequencies are resolved in the basal 

region of the cochlea indicating a shorter traveling wave time frequencies 

resolved at the apex.  In theory, an infinitely long pure tone is represented by  
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a single peak in the power spectrum.  In actual practice, tones are of finite 

duration and therefore will have energy at multiple frequencies, “spectral 

splatter” (Gorga & Neely, 2002).  In tone-evoked ABR audiometry, spectral 

splatter means that a response might be evoked by stimulation of an area of 

the basilar membrane corresponding to frequencies other than the intended 

tonal frequency.  In general, the shorter the tone and shorter the rise/fall 

times the greater the “splattered” energy. 

 

Level of consciousness has no effect on the ABR.  It is, however, 

recommended that the subject be relaxed and quiet during recordings in 

order to minimize myogenic artifact, as the ABR response is sub-microvolt 

in amplitude.  Controlling for ambient and physiologic noise is a consistent 

struggle with this measurement, but necessary to determine response 

presence and characteristics.  It is recommended for the subject to be in a 

sleep-state, or completely still during recordings.  Given the cortex is not 

involved in the response, sleeping is preferred.   
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4. Cortical Auditory Evoked Potentials (CAEPs) 

Pauline Davis (1939) was the first to report recordings of CAEP in human 

adults.  The presence of these responses requires that the peripheral, 

brainstem and cortical portion of the auditory system are intact.   CAEPs 

may be used to investigate the neural mechanisms involved in the detection, 

perception and discrimination of sensory events.  Auditory evoked potentials 

combined with psychophysical measures give an indication of the timing, 

strength and location of cortical processes related to auditory perception 

(Oates et al., 2002).  The presence or absence of these components provides 

information about the auditory system from cochlea to cortex.    

 

a. Wave Components and Neural Generators 

CAEPs are classified as obligatory (exogenous) or cognitive (endogenous).   

Obligatory potentials, P1, N1, P2s are early occurring (<200ms) and are 

primarily determined by the varying acoustic qualities of a given stimulus 

and the integrity of the 8th nerve and auditory pathway (Picton et al., 1999).  

P1 is a positive-going waveform occurring around 50 ms post-stimulus 

onset; N1 is a negative-going peak occurring 80 ms followed by P2, a  
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positive waveform around 175-200 ms (Naatanen & Picton, 1987; 

Wunderlich & Cone-Wesson, 2000).           

 

These potentials are generated in the primary auditory cortex and auditory 

association areas (Cone-Wesson & Wunderlich, 2003; Giard et al., 1994; 

Naatanen & Picton, 1987) and are thought to exhibit synchronous neural 

activation in the thalamic-cortical region of the auditory system (Tremblay 

et al., 2003).  P1 has a primarily fronto-central distribution (Nicholas & 

Backs, 1988) and tends to be smaller amplitude when recorded from lateral 

sites in the right hemisphere (Nelson et al., 1997).  The N1 response 

measured at the fronto-central regions has three subcomponents: N1a, N1b, & 

N1c (Picton & Stuss, 1980).  N1a is a fronto-temporal component, whereas 

N1b is maximally recorded in the vertex region and N1c in the temporal 

regions (Picton et al., 1978).  P2 is generally more frontal (vertex region) in 

adults compared to younger populations where the response tends to be 

dominant in the parietal region (Ponton et al., 2000).          

 

Cognitive potentials are late occurring brainwave responses (>200 ms) and 

can reflect a listener’s ability to discriminate between two auditory stimuli 

(Whiting et al., 1998), or to make a decision about some aspect of what is  
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heard. These potentials, such as N2, give an indication of the higher order 

processing of simple and complex sensory events.  This requires the 

integration of information processing subsystems, such as memory and 

attention.  These late potentials have contributions from primary auditory 

cortices, association areas of the centroparietal cortex, frontal lobe and, 

thalamus and hippocampal regions (Cone-Wesson & Wunderlich, 2003; 

Stapells, 2002).  N2, the negative potential with a latency of 200 ms, reflects 

the shift of attention toward a change in the stimulus string and the stimulus 

classification process (Whiting et al., 1998; Hillyard & Picton, 1987). 

 

b. Stimulus-Response Parameters 

Different aspects of an auditory stimulus are processed in diverse auditory 

regions in the cortex (Picton & Stuss, 1980) and integrated into a meaningful 

or familiar sound.  CAEP individual components may reflect minute changes 

in the auditory stimulus.  These potentials can be recorded to a variety of 

time-locked stimuli, including clicks, tonebursts and speech.  Obligatory 

potentials (P1, N1 and P2) are considered to be exogenous, meaning they are 

sensitive to changes in stimulus parameters (Naatanen & Picton, 1987).  

Cognitive components, such as N2, are reportedly endogenous, suggesting  
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changes in latencies and amplitudes of these responses are due to higher 

order processing (i.e., memory, discrimination) in the cortex rather than 

stimulus characteristics.  

 

Exogenous or obligatory potentials P1, N1 and P2 amplitudes and latencies 

may be altered by changes in stimulus intensity, frequency or rate.  Earlier 

work by Picton et al. (1974) investigated the effects of stimulus parameters, 

on these obligatory CAEP components.  When clicks are used to evoke 

responses, latencies decrease systematically when levels are increased from 

0-60 dB SPL, and then asymptote.  Amplitudes may also be altered but the 

amount of change varies among subjects (Naatanen & Picton, 1987).     

 

Changes in stimulus frequency have been shown to significantly affect the 

N1 potential.  As described by Naatanen & Picton (1987), the N1-P2 

potential amplitude may be either reduced or increased based on the 

frequency changes of a continuous tone (Clynes, 1969).  Specifically, N1 

amplitudes tend to decrease with increasing tonal frequencies exceeding 

2000 Hz (Naatanen & Picton, 1987).  When the time between stimulation 

presentations is reduced, known as the interstimulus interval (ISI),  
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amplitudes often decrease (Picton et al., 1970) and an increase in response 

latency is observed.      

 

c. Electrode Montage 

CAEPs can be recorded at numerous scalp locations (Davis, 1939) described 

by the International 10-20 system.  Differential recordings from closely 

spaced electrodes across the scalp provide far field information about 

specific generators (Jewitt & Williston, 1971).  Investigations of scalp 

topography in humans (Picton et al., 1974; Vaughn & Ritter, 1970) and 

intracranial recording in primates (Celesia & Puletti, 1971) confirmed the 

temporal cortical regions generate CAEP components N1 and P2.  

 

The use of electroacoustic (OAE) and electrophysiologic (ABR and CAEPs) 

methods has increased our knowledge about the function of the auditory 

system at peripheral, brainstem and cortical levels.  Manipulations in 

stimulus parameters, subject state and listening conditions (active versus 

passive) prove to be useful in these investigations.  A discussion of the 

effects of attention, noise and possible asymmetries will be reviewed below.  
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This combined information provides a framework for the present 

investigation. 
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CHAPTER IV: ASYMMETRY, SUPPRESSION AND ATTENTION 
 
 

Asymmetries or laterality in the auditory system are defined as differences 

between left versus right components, whether peripheral or central.  This 

term may be used for an anatomical difference or physiologic response along 

the auditory pathway.  Understanding how the auditory system behaves 

during right, left or binaural stimulation provides vital information about the 

auditory cortex.  A discussion of these asymmetries using electroacoustic 

(OAEs) and electrophysiologic (ABR and CAEPs) measures is provided.   

   

1. Asymmetries in the Human Auditory System 

a. Asymmetries in the OAE Response 

Investigations of the OAE response have shown ear asymmetries to occur 

for spontaneous otoacoustic emissions (SOAEs), transient otoacoustic 

emissions (TEOAEs) and distortion product otoacoustic emissions 

(DPOAEs).  Bilger et al. (1990) obtained SOAEs in 131 normally hearing 

adults and reported that the percentage of right ears with SOAEs (36.6%) 

was significantly greater than that of left ears (25.2%) in their analyses. 

Mcfadden (1993) reported improved hearing sensitivity and larger SOAEs in 
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right ears compared to left, suggesting greater efferent sensitivity for the 

right ear.  Similarly, Glattke et al. (1995) reported larger TEOAE amplitudes 

for right ear response versus left ears.  Newmark et al. (1997) revealed larger 

right ear emissions than left in a group of infants.  Sininger & Cone-Wesson 

(2004) reported that newborns showed larger TEOAE amplitudes for the 

right ear compared to the left ear, but the opposite laterality for DPOAEs.    

This evidence may suggest a functional lateralization of the auditory system 

in humans even at low brainstem and cochlear levels.   

 

b. Asymmetries in the ABR Response 

Evidence of asymmetry has been shown by measuring the auditory 

brainstem response (ABR) in normally hearing adults and infants.  EEG 

recordings from the brainstem suggest that afferent information is 

lateralized, respectively, from the cochlear nucleus (CN) to the medial 

geniculate body (MGB).  Eldredge & Salamy (1996) measured differences 

in laterality, gender and conceptional age in 452 normally developing infants 

(32-45 weeks conceptional age).  ABR responses were recorded, using a Cz-

M1 electrode montage, by presenting clicks monaurally at 60 and 30 dB 

nHL.  Results indicated shorter interwave latencies and larger amplitudes 

consistently for right ear ABRs, except for component Wave I.  Female  
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infants showed shorter latencies for Waves III and V, whereas the males had 

larger Wave I amplitudes (Eldredge & Salamy, 1996).                 

 

A subsequent investigation by Sininger & Cone-Wesson (2006) examined 

lateralized processing of click-evoked ABRs in a group of 2003 newborns.  

ABRs were recorded monaurally using a Cz-M1 electrode montage and a 

presentation of clicks at 30 and 69 dB nHL.  Wave V responses were larger 

in amplitude and Waves III and V were shorter in latencies when evoked 

from the right ear.  This was evident at low (30 dB nHL) and high (69 dB 

nHL) intensity stimuli.   

 

c. Asymmetries in the CAEP Response 

Acoustic processing in the auditory cortex may be different for right vs. left 

hemispheres.  In the right hemisphere, spectral resolution of a stimulus is 

pronounced (Zatorre & Belin, 2001), whereas temporal characteristics of a 

stimulus are preferentially processed in the left hemisphere (Schonwiesner et 

al., 2006).  In electrophysiology, investigators have attempted to study 
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asymmetries in the cortical response by presenting a monaural stimulus and 

analyzing the electrical activity over a multiple electrode array.  A number  

 

of researchers (Devlin et al., 2004; Picton et al., 1999) have investigated 

laterality, however auditory processing at the cortical level continues to be 

unclear.  Several issues arise during these investigations: 1) multiple sources 

may play a role in processing a specific aspect of the stimulus 2) the 

electrode placement should be precise when testing right vs. left hemispheric 

activity and 3) knowledge of how each ear behaves individually prior (e.g., 

measure spontaneous emissions) to stimulation (ipsilateral or contralateral) 

should be known before researching laterality (Picton et al., 1999). 

 

A common agreement among previous electrophysiologic and magnetic 

imaging (MEG) studies (Hine & Debener, 2007; Naatanen & Picton, 1987; 

Papanicolaou et al., 1990; Picton et al., 1999; Romani et al., 1982; Scheffler 

et al., 1998) is that monaural acoustic stimulation results in greater activation 

over the contralateral hemisphere.  A recent investigation by Hine & 

Debener (2007) explored N1-P2 asymmetries in response to monaural 

stimulation of clicks and noise bursts.  A 68-channel electrode array was 

used to determine the source of activity within the cortex.  Regional source 
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waveform analyses were used to determine tangential and radial activity of 

these components.  This was computed by modeling the dipole source 

orientation within the 48-96 onset latency range for N1.  The authors found 

that regional source waveform analysis revealed larger N1 amplitudes and 

shorter latencies during early tangential activity over the contralateral 

hemisphere.  Neural activity was also found to be greater over the right 

hemisphere when noise or tones were presented to the left ear compared to 

the reverse paradigm (Hine & Debener, 2007).                

 

Lateralization of acoustic processing has also been studied using a 

neuropsychological technique, called dichotic listening.  Two different 

auditory stimuli are presented, one to each ear, as the participant is 

instructed the focus on the stimulus to one ear and ignore the other ear.     

Penna and colleagues (2006) studied dichotic listening by measuring 

magnetic responses of the primary auditory cortices.  They provided an in 

depth analyses of ipsi- and contralateral afferent auditory pathway activity 

during a dichotic listening task. Stimuli consisted of stimulus pairs (/da and 

/ba/) and (/da/ and /ka).  One stimulus pair was presented at two intensities 

and the other maintained a constant level.  The authors discovered a  
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reduction in source intensity for the pair varying in level.  Interestingly, they 

found the left ascending pathway (test ear) was inhibited by the right 

contralateral pathway, but this was not evident in the reverse condition.  

They concluded that the complexity of the competing stimuli was critical to 

the amount of inhibitory effects.        

 

2.  Suppression (or masking effects) in the Auditory System 

a. OAE Suppression Studies 

 Otoacoustic emissions (OAEs) are known to be affected when noise is 

presented ipsilaterally, contralaterally or binaurally.  This “suppression 

effect” of the TEOAE response is explored by presenting a broadband or 

white noise stimulus through an earphone contralateral to the ear from which 

TEOAEs are evoked.  A complete description of this effect and mechanism 

is described in the previous chapter.  A review of asymmetries in this 

response is described below.   

 

In adults, a peripheral asymmetry in TEOAE suppression response has been 

reported, specifically, a right ear advantage (Khalfa & Collet, 1996).  Noise 

presented to the left ear during stimulation of the right TEOAE produced  
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greater suppression effects than the reverse situation (Philibert et al., 1998) 

and has been interpreted as evidence for a more efficient right MOCB  

pathway.  Khalfa et al. (1997) confirmed a laterality effect with right ear 

advantage in a group of 44 adults when TEOAE suppression was 

investigated for both ears.  This suppression asymmetry has also been 

reported to exist in infants greater than 36 weeks of age, indicating maturity 

of the efferent system leading towards the development of a right ear 

advantage (Morlet et al., 1999).  The source of this sub-cortical asymmetry 

in humans has not been confirmed. 

 

b. Central Masking and the ABR 

Investigations dating back to 1924 provided the first evidence of a 

phenomenon termed “central masking”.  Wegel & Lane (1924) identified 

central masking as a shift of auditory threshold in one ear when a masker is 

presented to the contralateral ear.  Different types of maskers, pulsed versus 

continuous, have been investigated (Dirks et al., 1964; 1965; Zwislocki et 

al., 1965; 1968).  The outcome from these series of investigations suggested 

that the central masking effect increases linearly with increasing intensity of 

the contralateral masker (Snyder, 1973).   



 72

 

Rosenhamer & Holkvist (1983) studied the effects of ipsilaterally evoked 

ABRs to 70 dB nHL clicks during the presence of contralateral broadband 

noise at various levels (60, 70, 80 & 90 dB HL).  Results indicated no 

changes in Wave I latencies for these noise conditions.  Wave III was 

significantly prolonged at the higher intensity level (90 dB HL) and Wave V 

was increased at 80 and 90 dB HL.  Burkard & Sims (2002) conducted 

amore recent study about the effects of ipsilateral (noise + evoking stimulus) 

continuous broadband noise on ABR components I and V in a group of 

normally hearing adults.  A high level click (115 dB SPL) was used to evoke 

ABRs using a Cz-TM electrode montage.  Noise presented to the non-test 

ear or contralaterally, ranged from 20-70 dB in 10 dB steps.  Minimal 

changes were reported for the Wave I components; however Wave V 

latencies were substantially increased with masker (ipsi or contra) presence.  

The authors concluded that an increase in noise levels resulted in an increase 

in Wave V latencies.            

 

In most of these studies, the use of a masker was never attributed to a 

possible efferent effect. The driving hypotheses of these investigations were 

to reduce the chance of “crosstalk” between ears.  This technique is often  
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used clinically when determining thresholds for populations with unilateral 

hearing loss.  Rosenhamer & Holkvist (1983) made one of the first 

attributions to the activation of inhibitory efferents.  Notably, the authors 

discussed the reduced neural input of the click evoked stimulus due to 

efferent activation.  Unfortunately, they discounted their results as a product 

of efferent inhibition because no changes were observed in Wave I.  In 

conclusion, outcomes from this investigation were attributed to the “central 

masking” effect rather than multiple neural mechanisms.                  

 

In 1998, Polyakov, Pratt & Shi published an article specifically investigating 

efferent effects on the human ABR.  10 normally hearing subjects were 

tested for their ABRs to slow rate (11.1/s) 75 dB peSPL clicks during the 

presentation of contralateral noise.  The binaural interaction component 

(BIC) was also measured by subtracting the ABR waveform obtained with 

binaural stimulation from the waveform obtained by adding the responses 

from left and right monaural stimulation (Jewitt, 1970; Wada & Starr, 1989).  

This group measured the binaural interaction components of ABRs and 

found a pattern similar to that observed with efferent suppression.      
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In related research, Abbas & Gorga (1981) and Delgutte (1980) examined 

forward masking effects on the whole-nerve action potential or N1 

component.  Forward masking is utilized by presenting short noisebursts 

following the presentation of evoking clicks (or preferred stimulus).  Kramer 

& Teas (1982) recorded N1 potentials using a forward masking paradigm in 

response to 40 dB HL clicks.  Response amplitudes and latencies were 

examined as a function of time delay, suggesting N1 amplitudes was 

significantly reduced and latencies were increased. 

 

c.   Masking on CAEP Responses 

 
Few investigations have examined the effects of noise on the human cortical 

auditory potential response (CAEP).  Chueden (1972) measured the effects 

of masking noise on the amplitude and latency of obligatory components N1 

and P2.  A group of normally hearing adults was assessed for their CAEP 

responses to 1000 or 2000 Hz pure tones during the presentation of 

contralateral short and/or continuous white or narrowband noise.  Stimuli 

were presented at levels of 40, 60 or 80 dB HL.  The noise stimulus 

coincided with the onset of the tone stimulus.  The authors reported no 

significant amplitude changes of N1-P2 when the stimulus and noise were  
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matched for intensity at 40 & 80 dB HL.  In the test condition for which the 

contralateral noise stimulus was sustained at 80 dB HL and the stimulus 

intensity varied 50, 70 or 90 dB HL, a clear reduction in N1-P2 amplitudes 

was observed.  It was discussed that results indicate the cortex responds to 

the evoking tone and ignores the masking noise. 

 

In 1976, a group of researchers from Germany studied the effects of 

roadway noise on the human central nervous system (Bergamini et al., 

1976).  A neurophysiological assessment was conducted using visual and 

auditory evoked potentials; EEG desynchronization; and sleep EEG.  Forty 

normally hearing adults were tested for their evoked potential responses, N2 

and P300, to 80 dB HL clicks in the presence of noise.  An amplitude 

reduction was found for all components in the presence of roadway noise, 

compared to a no noise condition.   

 

Parasuraman & colleagues (1980; 1982) recorded auditory evoked potentials 

during the recognition of a low-level tone presented in sustained white noise.  

A P300 component was evoked during the recognition of tones; however the 

effects of noise were not determined.  An experiment measuring the effects  
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of contralateral noise and/or the effects of efferent activation on CAEP 

responses has not been examined (to our knowledge).   

 

3.  Attention effects in the auditory system 

a. OAEs and Attention Effects 

Few investigations have established an effect of attention on evoked 

otoacoustic emissions. Froehlich et al. (1993) found suppression of TEOAEs 

was greatest during a directed auditory attention task (for tones) vs. a noise 

alone (passive) listening condition.  deBoer & Thornton (2007): found the 

least amount of suppression during an auditory directed attention task 

compared to passive auditory, passive visual, and active visual tasks.  

Subjects attended to the stimulus ear, in contrast to previous work (and the 

present study) in which the attended ear was contralateral.  The effect of 

directed attention on TEOAE suppression is evidence of descending cortical 

control at the cochlear level.   

 

b. Attention and the ABR 

There have been several endeavors to establish an attention effect at the 

brainstem level in the auditory system.  Unfortunately, most of these  
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investigations produced conflicting results.  In 1984, Brix and colleagues 

recorded ABRs during a selective attention task and showed a reduction in 

between Wave I and V latency (interwave) in the active attention condition, 

however this finding was never replicated (Collet & Ducleaux, 1986).   

 

Hernandez-Peon (1966) proposed the first peripheral filter model of 

selective attention which proposes that selective evidence is evident at the 

first synapse within a sensory modality of processing.  Hirschhorn & Michie 

(1990) searched for evidence of a “peripheral filter” effect on ABR 

potentials during an auditory and (separate) visual task.  Investigators 

employed an active and passive task for each sensory modality, during ABR 

recordings.  Non-target auditory stimuli were 100 dB pe SPL clicks.  Target 

stimuli were clicks at 100 dB (approximately 70 dB nHL).  Participants 

reported to easily discriminate between the target, infrequently occurring 

stimulus, and non-target stimuli.  Results showed no differences between 

sensory modalities and discrimination of targets on the ABR.  The outcome 

of this investigation did not support that efferent inhibition played a role in 

selective attention.           
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c. Attention and CAEPs 

Numerous studies have shown that CAEP responses are enhanced with 

subject attentional state, resulting in larger amplitudes compared to a no 

attention condition with the same experimental paradigm (Picton et al., 

1971).  Hillyard et al. (1973) completed one of the earliest investigations on 

the effects of attention and cortical auditory component, N1.  In this 

investigation, a dichotic listening task was used to measure the effect of 

active attention on N1 morphology, latency and amplitude.  CAEPs were 

recorded at site Cz while participants listened selectively to a series of tone 

pips in one ear and ignored concurrent tone pips presented to the other ear.  

N1 amplitude effects were evident in the unattended ear as attention was 

manipulated. This study provided the evidence that auditory evoked 

potentials could be used to indicate selective attention.  Subsequent 

investigations mirrored the methodologies used in this experiment and a 

“dichotic listening” task is now standardly used task when investigating 

selective attention.       

 

Naatanen et al. (1981) studied the effects of attention on N1 during an 

oddball paradigm.  The “frequent” tone was presented at 1500 Hz and the  
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“target” was present at 1560 Hz.  All tones were presented at 70 dB SPL and 

participants were asked to silently count the target stimuli during the 

experiment.  Both ears were tested and interstimulus intervals (ISI) were 

varied in duration from 250-2000 ms.  Results indicated that N1 target 

stimuli had larger amplitudes and shorter latencies than the frequent target at 

the vertex site.  Maximum amplitudes for N1 amplitudes were measured at 

the longest ISI at 2 sec during the attention task versus shorter ISIs.   Schafer 

et al. (1981) tested the effects of attention on the N1 response when subjects 

were anticipating the presentation of a stimulus.  Participants were instructed 

to actively respond when the target tone was presented every 10 s.  N1 

amplitudes were larger and latencies were longer when subjects responded 

to the target tone (Hillyard & Picton, 1987).         

 

A substantial amount of work has been completed to investigate the auditory 

system at peripheral, brainstem and cortical levels.  These investigations 

have employed electroacoustic and electrophysiologic methods to gain 

insight into the mammalian auditory pathways.  In a majority of these 

studies, the effects of contralateral noise, attention and asymmetries in the 

evoked response have rarely been investigated as a whole.  The present  
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study provides an investigation of all three components and determines the 

individual and combined effects of these processes on the OAE, ABR and 

CAEP response.      
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CHAPTER V: METHODS 

1. Participants 

Normally hearing women (mean age 24.6, range 20-33) were recruited for 

this study.  Subjects were allowed to participate if they met the following 

criteria: (1) 18-38 years of age; (2) normal tympanograms using a 226 Hz 

probe tone; (3) ipsilateral and contralateral acoustic reflexes present at >60 

dB SPL; (4) normal pure-tone thresholds for 500-4000 Hz for both ears; (5) 

present TEOAEs, using a 60 dB SPL linear click, for both ears; and (5) no 

recent history of using medications that would increase lethargy or affect 

cognitive function (6) right-handed.  Overall, 20 subjects were tested in 

various phases of the research.  The data inclusion and exclusion criteria 

varied with each measurement.  For TEOAE, 20 participants were tested, 

and 15 used in the data analyses.  The criteria used to exclude data were 

TEOAE response amplitudes less than 6dB in 4/5 octave bands (1, 2, 3, 4 or 

5000 Hz) for control conditions and/or a wave reproducibility of less than 

85%.  Wave reproducibility is calculated by the ILO-88 software and refers 

to the correlation of the responses (waveforms) stored in two memory banks 

(A and B) during signal averaging.   
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20 subjects participated in the ABR study.  Data from 15 subjects were used 

in the data analyses.  Criteria for exclusion were an unidentifiable Wave V 

component between 8-12 ms or an amplitude of <.01 µv from baseline. 

CAEP were obtained in 20 subjects and data from 13 were used in the data 

analyses. Criteria for exclusion were an unidentifiable N1-P2 component or 

amplitude of < .05 from baseline. 

 

2.  Procedure:  TEOAE  

The tests were conducted in a sound-insulated chamber. Participants had a 

pure tone threshold test for the frequencies of 500-4000 Hz using a Maico 

MA 41 portable audiometer.  Those who met the hearing threshold 

criteria,that is, thresholds at or below 20 dB HL for all frequencies,  

underwent tympanometry and acoustic reflex threshold tests, described in 

greater detail below.  TEOAE responses were then recorded for each ear 

using click levels of 80 and 60 dB p.e SPL.  If a TEOAE response was 

present at 60 dB p.e. SPL for one ear, the subject was admitted to the study.  

All subjects included in the analyses had bilateral presence of TEOAEs at 60 

dB SPL.  Participants were then evaluated for their TEOAE suppression 

effect.   
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a. Tympanometry and Acoustic Reflex (AR) Test 

A Grason-Stadler GSI-33 middle ear analyzer was used to perform 

tympanometry, and ipsilateral and contralateral AR threshold tests. 

Tympanograms were acceptable if they maintained a middle ear pressure of 

+/- 50 daPa and acoustic admittance of .3-1.5 milliliters.  Ipsilateral AR 

thresholds are those for which the response is obtained from the same ear to 

which the eliciting stimulus is presented. Contralateral AR thresholds are 

those for which the response is obtained from the ear contralateral to the ear 

to which the eliciting stimulus is presented. The AR threshold for both 

testing conditions was defined as the lowest level of the noise needed to 

elicit a .03-mL decrease in middle ear admittance on two consecutive trials. 

Thresholds were tested using broadband noise stimuli. The initial 

presentation level was at 75 dB SPL and levels were increased or decreased 

by 5-dB increments until the AR threshold was detected. The maximum 

level used for this test was 110 dB HL to avoid exposure to excessive levels 

of noise. 
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b. Stimuli and Testing of TEOAEs  

TEOAEs were recorded using the Otodynamics ILO-88 otoacoustic 

emission analyzer, version 4.2 B software. Participants were first tested for 

their TEOAE response using an 80 dB p.e. SPL “nonlinear” click train. The 

ILO “nonlinear” click stimulus consists of three in-phase stimuli followed 

by a fourth out-of-phase stimulus with a 10 dB higher level. This stimulus 

pattern is often used in emission testing to reduce stimulus artifact that could 

contaminate the desired TEOAE response (Hood et al., 1996).  A TEOAE 

was considered present if a response spectral peak was apparent at 3-dB 

above the noise floor for 1/3-octave bands in the 1.0 kHz – 5.0 kHz range, 

and a whole wave reproducibility of >85% for at least 4/5 bands. Wave 

reproducibility, in this case, represents the correlation of averages of half of 

the sweeps stored in a separate memory buffer (Hood et al., 1996). If a 

response was present in the 80 dB p.e. SPL test condition, the stimulus level 

was reduced to 60 dB p.e. SPL and converted to a “linear” click train. The 

ILO “linear” click train has four clicks of the same phase and sound pressure 

level (Velenovsky & Glattke, 2002) and often is employed for low-level 

emission testing.   
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The “stability” of the stimulus, as determined by ILO software, was 

maintained at 70% or better. This software feature records the stimulus level 

in the ear canal at the onset of testing and subsequently monitors the level 

throughout the acquisition period (Hood et al., 1996). Averages of 400 

samples, consisting of 4-click trains each, were obtained for a total of 1,600 

stimulus presentations per condition. An artifact rejection level of 35 dB 

SPL was employed throughout. 

 

c. TEOAE Suppression Effect and Noise Conditions 

All participants who had TEOAEs at 60 dB p.e. SPL and met the “response 

criteria” were then tested for contralateral suppression effects in three 

separate noise conditions.  Each noise condition was preceded by a “no 

noise” or control condition, with a total of 7 recordings per ear (3 noise, 4 

control).  The following noise conditions were measured for each subject: 

 Noise alone:  In this condition, 60 dB SPL of BBN was presented to 

the contralateral ear during a simultaneous TEOAE recording.   

 Noise with words:  words were embedded in 60 dB SPL contralateral 

BBN, at an SNR of -3 dB. Subjects were required to attend to the 
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words and classify them as animal or food items using a button press 

response mode.  This was an active listening condition.   

 Noise with words reversed:  The same words as in the previous 

condition were played backwards and embedded in the 60 dB SPL 

contralateral BBN at an SNR of -3 dB.         

 

All test conditions were completed for both the right and left ear.  The order 

of ears tested was randomized throughout the experiment.  

 

Stimuli for each noise condition were constructed using the MATLAB 7.4 

R2007a. For the noise with words conditions, the RMS of the audio signal 

was calculated using a .025 time window, resulting in a time-dependent 

RMS signal.  The broadband noise was then scaled so that its RMS value 

was 3 dB (or 1.414 X mean) less than the words.  This audio scaling 

procedure was used for both “noise with words” conditions.  The TEOAE 

recording was obtained in the ipsilateral ear using a 60 dB p.e. SPL linear 

click presented through the ILO88 probe tip. All stimuli for the noise 

conditions were played through a Maico MA 41 portable audiometer, and 

presented to the contralateral ear at 60 dB SPL via an ER-2 insert earphone. 

Testing of the suppression effect occurred after the unsuppressed TEOAE  
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response was obtained at 60 dB p.e. SPL. Noise conditions were randomized 

throughout the experiment.   

 

Participants were instructed to remain still and quiet throughout the 

experiment in order to avoid displacement of the ILO probe in the ear canal.  

The ILO88 (V. 4.2) was used to measure TEOAE responses and TEOAE 

suppression.  For the active condition, performance accuracy was maintained 

at =/< 85% when participants categorized food vs. animal words.  The Direct 

RT (v. 2007) program was used to monitor responses and measure accuracy.  

The PI used an external headphone to regulate auditory stimuli.     

 

3. ABR and CAEP  

Following the pre-assessment and the TEOAE experiment, participants 

underwent ABR and CAEP tests in additional test sessions that were held on 

different days.   Data were generally collected during one test session for 

ABRs and two sessions for CAEPs. 

 

ABRs and CAEPs were recorded in quiet and for each noise condition as in 

the TEOAE experiment.  Subjects were required to sit quietly and watched a  
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silent movie during the passive listening conditions (i.e., an electrode placed 

at the ipsilateral canthus of the right eye recorded eye movements).  If the 

subject became fatigued during data collection, testing was immediately 

ceased and completed in a second session.    

 

a. ABR and CAEP Stimuli 

The ABR and CAEP responses were evoked by using a single-cycle 2 kHz 

tone pip at 60 dB ppeSPL, constructed and generated in the Neuroscan 

“Stim” program.  The same contralateral noise stimuli used for the noise 

conditions, as described in the TEOAE experiment, were utilized for the 

ABR and CAEP tests.    

 

b. ABR Recordings 

ABR recordings were obtained from a one-channel electrode montage with 

Cz-M1 as the reference site and the contralateral mastoid (M2) as ground.  

An additional electrode was placed at the ipsilateral canthus of the right eye 

to monitor electro-oculographic (EOG) activity.  Electrode impedances were 

held at a level of 5 Kohms or less.  EEG filter settings were at 100-3000 Hz, 

6/dB per octave slope with an artifact rejection setting of ±20 μv.  ABRs  
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were obtained using the Neuroscan “Scan” system with a Synamp Amplifier. 

The amplifier gain was set to 86 dB for all channels.  The recording epoch 

was 15 ms with a 5 ms pre-stimulus baseline.  An estimate of noise was used 

as a criterion to stop averaging.  The level of averaged noise was estimated 

using the Fsp algorithm implemented in the Scan 4.0 software.   For each 

condition, ABRs were averaged until the noise estimated from the Fsp 

calculation was at .03 µV or less, or 10,000 artifact free sweeps were 

obtained.   

 

As in the TEOAE experiment, the contralateral noise stimuli were played 

through a Maico MA 41 portable audiometer, and presented to the 

contralateral ear at 60 dB SPL via an ER-2 insert earphone. Both ears were 

tested individually for their responses in quiet and to the noise conditions.  

The order of noise conditions and ear were randomized across subjects.  

 

c. CAEP Recordings 

Cortical auditory evoked potentials (CAEPs), P1, N1, P2 & N2, were 

obtained from a five-channel electrode montage with reference electrodes at 

Cz-, Fpz-, Pz-, C3-, and C4-M1, and M2 (left mastoid) as ground.  An 

additional electrode  
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was placed at the ipsilateral canthus of the right eye to monitor electro-

oculographic (EOG) activity.  Electrode impedances were held at a level of 5 

Kohms or less. EEG filter settings were set at 1-100 Hz (6 dB/octave slope), 

artifact rejection was set to ±50 μV, and the amplifier gain was 86 dB for all 

channels. ERPs were obtained using a Neuroscan “Scan” system with a 

Synamp amplifier. The recording epoch was 499 msec with a 100 msec pre-

stimulus interval.   ERPs were evoked using a 2 kHz tone pip presented at a 

rate of 0.5 Hz, with the interstimulus interval randomly varied between 1.5 

to 2.0 ms.  A total of 300 sweeps were obtained for each condition.   During 

the noise-with-words (active listening) condition, the subjects completed a 

two alternative forced-choice paradigm by pressing a response button 

corresponding to either food vs. animal words embedded in noise. 

 

4.  Calibration 

All stimuli were calibrated using a Larson Davis System 824 sound pressure 

level (SPL) analyzer with a ½ inch microphone Model #2540 configured in a 

2cc coupler.  The tone pip stimuli were calibrated using the peak-to-peak 

equivalent (ppe) method of equating the amplitude of a pure tone to that of 

the tone-pip, and measuring the SPL of the pure tone (Glattke, 1981) 
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5.  Data Analyses 

a. TEOAE Descriptive Analyses 

TEOAE response amplitude, A+B and A-B amplitudes were measured.  

These values are calculated by the ILO-88 software.  Response amplitude is 

defined as the overall level of correlated portions of the A and B memory 

waveforms. A+B is the sound pressure level of the average A and B memory 

waveforms and A-B is the average difference between the A and B 

waveforms (Robinette & Glattke, 1997).    

 

Suppression was measured in two ways.  First, the difference between 

response amplitude in quiet and response amplitude with contralateral noise 

was calculated for each of the quiet (control) and noise (suppression) 

conditions. Second, the RMS amplitude of the difference waveform obtained 

by subtracting the waveform in noise from the waveform in quiet was 

calculated using the EchoMaster 312 software program developed at the 

Kresge Hearing Research Laboratory in New Orleans, LA USA (Wen et al., 

1993).  The RMS amplitudes of the difference waveforms were analyzed in 

2-ms time increments over the 20-ms response window.   
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b. TEOAE Inferential Statistics 

Differences in TEOAE response amplitude for each test condition (quiet and 

3 with contralateral noise) and for each ear (right versus left) were analyzed 

using a repeated measures analyses of variance (r-ANOVA).  Further 

analyses of the difference waveforms included r-ANOVA for test condition 

and ear using 2-ms increments in order to determine if differences existed at 

specific intervals that correspond to a cochlear frequency range.  

 

c. ABR Analysis 

Grand mean waveforms were created corresponding to each test condition 

(quiet and 3 contralateral masking conditions) and for each ear. The latency 

and amplitude of ABR component peaks were measured in the grand mean 

waveforms. The grand mean waveforms were baseline corrected to the 

amplitude value at 0 ms. Waveform differences for each test condition and 

ear were evaluated in 3-ms intervals: at 2-5, 5-8, 8-11, and 11-14 ms.  This 

was done for two reasons, first, to provide a finer grained analysis than 

would be apparent in the conventional method of measuring individual ABR 

components and second, to be analagous to the analysis of the TEOAE 

waveform (which was done in 2-ms epochs).   
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Because sequential points in a time domain waveform are highly correlated, 

only 18 randomly selected points were used for each 3-ms epoch.  The mean 

amplitude differences for each of the epochs were subjected to analyses of 

variance to determine if test (noise) condition or ear had an effect upon the 

ABR.  Differences as a function of condition were evaluated for each ear by 

subtracting the waveform for each noise condition from the waveform 

obtained in quiet: quiet (Q) – noise (N), Q– noise-with-words (NW), Q- 

noise-with-words-backwards (NWB). Differences between right and left 

ears were evaluated by subtracting the right ear wave form from the left ear 

wave form: left-right quiet; left-right noise; left-right noise with words 

played backwards; left- right noise with words.   

 

d. CAEP Analysis  

Online processing of the EEG epochs included baseline correction, digital 

filtering (1 Hz high-pass, and 30 Hz low-pass filter, 12 dB/octave slope), 

artifact rejection (±50 μv for all channels), and averaging.  CAEP 

components P1, N1, P2 and N2 latencies were measured from the most 

positive/negative point of the waveform using visual inspection and cursors. 
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Component amplitudes were also measured using visual inspection and 

cursors placed at the peak and trough, i.e., P1-N1, N1-P2, P2-N2. In instances 

of double peaks, latency was measured at the midpoint of the waveform.  

For a response to be considered present, an individual CAEP peak (e.g., P1, 

N1, P2, and N2) had to be larger in amplitude than the level of the pre-

stimulus baseline.  Also, the peak had to fall within latency boundaries 

established for each component: P1 had to occur between 50–150 msec, N1 

between 80–200 msec, P2 at 150–300 msec, and N2 between 200–400 msec. 

Latency and amplitude measures were obtained from each individual 

subject’s responses.  The judgments were made without knowledge of the 

recording condition (no noise vs. noise).   

 
e. Grand Mean Waveforms 

 
Grand mean waveforms were calculated for ABR and CAEP responses as a 

function of condition and ear.    The x-axis represented latency and the y-

axis amplitude μv (See Chapter VII and VIII results for a representation of 

these waveforms).  A comparison of right vs. left ear responses for each 

noise condition is included.  A within-comparison of ear is also represented 

to compare quiet (Q) vs. noise (N), noise (N) vs. noise with words played 

backwards (NWB) and noise with words (NW).             
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CHAPTER VI:  TEOAE RESULTS AND DISCUSSION 

 

1. RESULTS 

a. Acoustic Reflex (AR) Thresholds 

Ipsilateral and contralateral AR thresholds were obtained for all participants.  

Two participants had no reflexes for both ears at the maximum stimulus 

level of 110 dB SPL.  The mean ipsilateral AR threshold was 72 dB SPL 

(s.d. =7.97) for left ear responses and 71.5 dB SPL (s.d. =8.0) for right ear 

responses.   The mean contralateral reflex threshold was 76 dB SPL (s.d. 

=8.7) for the left ear and 75 dB SPL (s.d. =5.0) for the right ear.  A 2 X 2 

repeated measures analyses of variance (r-ANOVA) indicated there were no 

significant differences in AR thresholds as a function of ear or stimulation 

type.  

 
 

b. TEOAE Amplitude 
 
The overall response amplitude, in dB SPL of the TEOAE was measured for 

the control conditions (quiet) and ear (right versus left). This value, “R”, 

calculated by the ILO-88 software, is the overall level of the correlated 
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portions of the two waveforms (A and B) that are obtained during response 

recording (Alternate sweeps are assigned to an A or B memory buffer).  

TEOAE response amplitudes are larger for the right ear (mean= 12.02 dB, 

s.d.= 3.6) vs. the left ear (mean= 9.68, s.d.= 4.18).  A paired t-test indicated 

this was a statistically significant difference (t12 = 2.79, p= .0174).  Figure 6-

1 displays the mean response amplitude as a function of ear for quiet and 

noise conditions.  A statistically significant amount of suppression (p<.05) 

was observed for all three noise conditions (N, NWB & NW) when 

compared to quiet.  Right ear responses were also consistently larger than 

left ear response amplitudes for all conditions.     

 

c. TEOAE Suppression: RMS Amplitude Differences  

TEOAE suppression, expressed as the RMS amplitude of the difference 

waveform from the TEOAE waveform obtained in quiet minus the 

waveform obtained when contralateral noise was present.  The quiet 

condition preceding each noise condition was used to determine the RMS 

amplitude differences, or “suppression”.  This analysis may be carried out 

for specific time epochs of the difference waveform.    
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The mean RMS amplitudes of the difference waveform in the 6-18 ms epoch 

are shown in Figure 6-2.  For right ear responses: 3.14 dB (s.d. = 1.7) of  

mean suppression was evident for N; 3.11 (s.d.= 1.8) for NWB; and 3.32 

(s.d.= 1.9) for NW.  For left ear responses: 2.8 dB (s.d.= 1.8) for N and 

NWB (s.d.= 1.9); 3.0 (s.d.= 1.8) for NW.  Paired t-tests were used to 

evaluate the differences in suppression that occurred across noise conditions.   

The mean difference in suppression between noise conditions is shown in 

Figure 6-3.  Greater suppression was evident in the active attention (NW) 

condition compared to the passive listening conditions, N (p=.022) and 

NWB (p=.0085).   

 

d. Laterality 

Right vs. left ear differences in the amount of suppression was evaluated by 

considering the amplitude of the RMS difference waveforms.  Figure 6-4 

displays the mean RMS amplitude of the control minus the noise 

(suppression) waveform, collapsed across all 3 noise conditions, for right 

versus left ears.  The amplitude of the suppression waveform was analyzed 

in 2-ms epochs using the Kresge Echomaster program.  There was no 



 98

difference in the level of suppression for right versus left ear overall (2-20 

ms) or in any individual epoch.  The amount of suppression increased over  

the 2-20 ms epoch, which indicates more suppression in the lower 

frequencies (≈1000-2000 Hz) compared to the high (≈ 3000-5000 Hz) 

frequencies.   

 

e. Alternative Measures  

  i. Comparison of Controls 

The four control conditions (quiet) for each ear were analyzed to determine 

if TEOAE amplitude varied throughout the test session.  The mean TEOAE 

amplitude for the right ear ranged from 12.35-12.95 dB SPL, and r-ANOVA 

for differences as a function of control trial number (1-4) indicated no 

difference in TEOAE response amplitude in the four controls.  A difference 

was noted for the left ear, with TEOAE amplitude range of 10.70-11.44 dB 

SPL for the control 1 vs. control 3 (t12= -2.78, p= .016) and 4 (t12= -2.88, p= 

.014) and control 2 vs. control 4 (t12= -2.63, p=.022).   
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  ii. A-B Analyses 

The hypothesis that (physiological) background noise could differ between 

noise condition and ear and thus affect the TEOAE suppression results was 

evaluated.  The residual noise of the TEOAE recording (calculated by the  

 

ILO-88 software as the difference between the averages stored in two 

buffers, “A-B”) was subjected to analysis of variance, with residual noise as 

the dependent variable, and noise condition (N, NWB and NW), ear (left vs. 

right) as the independent variables.  There were no differences in residual 

noise levels attributed to any of these variables. 
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2. Discussion 
 
 
The present study investigated the interaction of attention and laterality 

using a contralateral TEOAE suppression paradigm.  It was predicted that 

more suppression would be evident during an attention task, when compared 

to responses from the passive noise conditions (re: noise alone and noise 

with words played backwards).  It was also hypothesized that laterality 

effects would be present, with right ear responses showing more suppression 

overall, compared to left ear responses.  The investigation partially 

supported the original hypotheses: 1) more suppression was evident in the 

active attention condition than the passive listening conditions and 2) right 

ear suppression for the 8-18 ms time period was larger than the left ear 

responses in all noise conditions, although this did not meet statistical 

significance.     

 

a. Effects of Attention on TEOAE 

The phenomenon of contralateral TEOAE suppression has been linked to the 

function of the medial olivary cochlear bundle (MOCB) and auditory 

efferent pathways in the brainstem (Collet, 1993; Muchnik et al., 2004).  The 

present study is in line with past research; specifically a 2-3 dB SPL 
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reduction in TEOAE amplitude was evident in all contralateral noise 

conditions.  Most importantly, the greatest amount of suppression was 

evident in the auditory attention task.   

 

The effect of attention on TEOAE suppression is evidence of descending 

cortical control at the cochlear level.  Froehlich, Collet & Morgon (1993) 

found a reduction in TEOAE amplitude when a selective attention was 

employed during TEOAE measurement.  Participants pressed a button when 

the desired auditory toneburst (2800 Hz) was detected during the train of 

clicks used to evoke the TEOAE.  A significant decrease in TEOAE 

amplitude was prevalent in the 1920-2880 Hz response band.  Similarly, 

Maison et al (2001) found more suppression during an auditory detection 

task in the contralateral ear, suggesting more efferent activation (inhibition) 

when attention is focused.   

 

In contrast, de Boer and Thornton (2007) found the least amount of 

suppression during an auditory attention task compared to passive auditory, 

passive visual and active visual tasks.  In the auditory attention task, 

participants detected tone pips embedded in the TEOAE evoking click train 

while noise was presented to the contralateral ear. In contrast to previous 
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work (and the present study), participants in this study attended to the 

stimulus ear rather than the contralateral ear.  A follow-up investigation may 

be important to determine the effects of an ipsilateral and contralateral active 

attention task on TEOAE suppression, as well as a comparison of utilizing 

linguistically meaningful vs. abstract stimuli during the auditory attention 

task.   

 

Taken together with the present study, these investigations imply that a 

active attention task increases contralateral suppression of TEOAEs and 

MOCB inhibition when attention is directed towards the contralateral ear 

and a reduction in suppression (reduced efferent activity) is observed when 

attention is focused on the stimulus ear.  It remains unclear how a 

physiologic inhibitory mechanism, such as the MOCB, could modulate 

attention at even an early auditory processing level.  One theory is that the 

MOCB “tunes” the ear for listening in noise (Guinan, 2006).  Attention may 

enhance this effect by priming efferent neurons and creating a hyper-

sensitive state resulting in more suppression.           

 
The present investigation supports the theory of top-down modulation, that 

is, corticofugal influences, on the peripheral auditory system.  Participants 

had more suppression in the active attention condition compared to the 
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passive noise conditions.  Even more compelling is the complexity of the 

attention task utilized.  In past investigations, the attention task was usually 

detection of tonebursts embedded in noise.  The present study was the first 

investigation that required a discrimination task of linguistically-relevant 

stimuli.  In both scenarios, attention played a significant role in efferent 

activation. In the present study, more suppression was evident in the active 

attention condition, when participants were asked to discriminate between 

linguistically meaningfully stimuli.  This suggests that the efferent auditory 

system inhibits OHC activity more when speech is a desired signal.      

  

b. MOCB and Detection of Signals in Noise  

Evidence in normal hearing human subjects suggests that the MOCB system 

is involved in the detection of signals in noise (Micheyl & Collet, 1996) by 

the modulation of the active cochlear mechanism (Morlet et al., 1999).  

MOCB efferent activity is thought to improve the signal-to-noise ratio for 

complex stimuli, a mechanism known as “MOCB unmasking”.  Specifically, 

Guinan (2006) explained that unmasking occurs because MOCB efferents 

inhibit toneburst responses in quiet, but increase MOCB neural activity 

measured in a consistent noisy environment, subsequently increasing the 

audibility of transient sounds like speech.  This theory of MOCB efferent 
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function has been borne out by the results of Kumar and Vanaja (2004) who 

reported that stimulation of the efferent system by use of contralateral noise 

was associated with an improvement in speech identification scores while 

listening in a noisy environment.  

 

Studies using experimental animals have revealed that the mid-high 

frequencies are strongly affected by activation of the MOCB (Liberman & 

Guinan, 1999), suggesting this mechanism has anti-masking properties for 

certain frequencies.  Most suppression is observed in the low-frequency 

components of the TEOAE response, subsequently enhancing mid-high 

frequency sound information for cortical processing (Giraud et al., 1995; 

Kemp, 2002; Norton & Neely, 1987).  Evidence in support of this theory of 

efferent activity is that the maximum amount of suppression (in humans) 

occurs at 8-18 ms following click presentation (Collet et al., 1990; Hood et 

al., 1996), corresponding to the 1-4 Khz frequency range.  Again, this is 

thought to improve the understanding of speech (Kawase & Liberman, 1993; 

Liberman, 1988) and perceptual intensity discrimination (Micheyl et al., 

1997) in the presence of ambient noise.   
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Previous investigators have proposed that the speech-in-noise effect, 

modulated by the MOCB pathway, may be due to the MOCBs enhancing 

effects on auditory nerve fibers by the decompression of rate level functions.  

Auditory nerve fibers are less responsive in the presence of continuous 

noise, due to adaptation (Kumar & Vanaja, 2004; Smith, 1977).  This 

reduction in firing rate alters the rate-level functions of auditory coding.  

Activation of MOCB neurons may reduce the adaptation effect while 

simultaneously suppressing responses in constant noise, consequently 

increasing auditory nerve firing to the desired stimulus (Kawase & 

Liberman, 1993; Kumar & Vanaja, 2004).  This suggests that the MOCB 

activation has more of an effect on a continuous masker, which is comprised 

of mostly low-frequency information, rather than a stimulus varying in its 

frequency, intensity and duration such as speech.      

 

c. Laterality and Efferent Suppression 

Lateralities in the auditory system have been established at peripheral, 

brainstem and cochlear levels.  At the peripheral level, numerous 

investigations have established asymmetries in spontaneous (Morlet et al., 

1995) and evoked otoacoustic emission responses (Khalfa & Collet, 1996).   
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This was also observed in the present investigation with larger response 

amplitudes for right ear TEOAEs vs. left ear responses, in the unsuppressed 

(no noise) conditions.  A host of theories have been proposed for this 

asymmetry including anatomical differences in cochlear structure and/or 

differences in afferent and efferent innervations (Suga et al., 1992).  To date, 

there is no evidence that one theory has superiority over another.  

  

The results of the present study are in conflict with past work regarding 

asymmetries expressed during contralateral TEOAE suppression.  An 

equivalent amount of suppression was observed for right vs. left ear 

responses in the present study.  This contrasts with Khalfa et al. (1996) who 

reported greater suppression for right ear responses than for left ear 

responses.       

 

  i. TEOAE Asymmetries and Suppression 

It’s interesting to note that normal asymmetries observed in otoacoustic 

emissions, does not necessarily predict the amount of suppression.  This 

suggests that contralateral activation of MOCB results in TEOAE amplitude 

reduction that is unrelated to its amplitude in the suppressed condition  
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(Khalfa et al., 1998).  The present study showed that, proportionally, the left 

ear responses had more suppression than right ear responses.  This suggests 

proportionally greater activation of MOCB for left compared to right ear.  

One theory is that when noise and words are presented to the right ear, the 

efferent system produces relatively more TEOAE suppression for the left 

ear.  Given that language is processed in the left hemisphere, it may be that 

corticofugal input coming from that portion of the cortex increases input to 

the MOCB system during the discrimination of linguistically relevant 

stimuli, such as speech.   

 

3.  Conclusions 

The results from the present investigation show the effect of directed 

attention on TEOAE suppression is evidence of descending cortical control 

at the cochlear level. Neural information from corticofugal pathways further 

enhances the cochlear (OHC) effects of MOCB activation.  It was also 

observed that the amount of suppression (attenuation of response amplitude, 

in dB) was equivalent for right and left ears, however an asymmetry was 

evident in the unsuppressed condition with greater right ear amplitudes.  

This suggests that contralateral activation of MOCB results in TEOAE 

amplitude reduction unrelated to its amplitude in the unsuppressed 
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condition. A reasonable follow-up to this investigation would be to 

determine the suppression effects for linguistic (speech) stimuli compared to 

tonal stimuli and to measure the differences in active attention of stimuli 

presented to the ipsilateral vs. contralateral ear.  
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FIGURE LEGENDS 
 
Figure 6-1:  Mean response amplitude for right () and left () ears for 
control and noise conditions. The reductions in amplitude evident in all 
noise (suppression) conditions are significant (p < 0.05) compared to the 
amplitudes measured in the control (no noise) conditions. Right ear 
responses were larger than left ear responses in all conditions (p<0.01). NB: 
noise with words backwards, NW: noise with words. Suppression was 
evident for all noise conditions.  Error bars = 1 s.e.m.  
 
Figure 6-2:  Mean RMS amplitude of the control – noise (difference) 
waveform for right () and left () ear for each noise condition.  There are 
no differences in amount of suppression for right vs. left ear.  Greater 
suppression is evident in the active attention condition compared to passive 
listening conditions.  Error bars = 1  s.e.m. 
 
Figure 6-3:  Differences in amount of suppression were found only for 
active versus passive listening conditions.  Paired t-tests were used to 
determine if differences in suppression as a function of noise condition were 
significant.  There was greater suppression for the directed attention (NW) 
condition when compared to the two passive listening conditions: noise (N) 
and noise-with-words backwards (NB). Differences in suppression for 
passive listening (N vs. NB) were not significant. There was no right vs. left 
ear differences or interactions between ear and noise condition.  
 
Figure 6-4:  Mean RMS amplitude of the control-noise (suppression) 
waveform, collapsed across the 3 noise conditions for right () and left () 
ears.  The amplitude of the suppression waveform was analyzed in 2-ms 
epochs. There is no difference in level of suppression for right versus left ear 
overall or in any epoch.  Suppression increases from 2-20 ms indicating that 
suppression increases inversely with response frequency.  Error bars = 1 
s.e.m.  
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Figure 6-1: 
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Figure 6-2: 
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Figure 6-3: 
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Figure 6-4: 
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CHAPTER VII: ABR RESULTS AND DISCUSSION 
 
1. Results 
 
ABRs were obtained for 20 subjects, and data for 15 of these subjects were 

included in the analyses.  Subjects were excluded when wave V was not 

apparent in the quiet condition, or when there was excessive noise in the 

recording, despite the averaging of up to 10,000 sweeps, making Wave V 

unidentifiable.  In the accepted data, ABR wave V latencies and amplitudes 

were measured in the individual waveforms, using visual detection to place 

cursors at the peak and succeeding trough.  Earlier waves (I and III) were 

inconsistently present, as the stimulus level was low (60 dB ppe SPL).   

 

            a. Latency (V and V’) 

The mean latencies of wave V and V’ (succeeding trough) are displayed in 

Tables 7-1 and 7-2.   Wave V latencies were determined by measuring at the 

maximum positive peak of the wave component.  Latencies decreased in 

noise (compared to quiet) for the right ear, but increased for the left ear.  

Wave V’ latencies were marked at the most negative point of the waveform 

following the Wave V peak.  Latencies were slightly shorter for the right ear 

responses, except for the noise with words condition.  These latency 

differences were within 1/10 of a millisecond.  Analyses of variance for 
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differences in latency as a function of ear and condition were completed.  

Latency differences observed as a function of ear and noise condition were 

not statistically significant for V or V’.   

 

        b. Amplitude (V-V’) 

Peak (V) to trough (V’) amplitudes are shown in Table 7-3 for ear and 

condition.  Right ear amplitudes were larger in all conditions compared to 

left ear responses.  The smallest amplitudes were obtained for the noise 

alone condition for both ears.  Amplitudes ranged from .27 µv to .33 µv for 

the left ear and .31 µv to .34 µv for the right ear.   Although right ear 

amplitudes were larger in all conditions, the differences in V-V’ amplitude 

for ear and condition were not statistically significant (F1,94= 1.44, p= .23). 

 

Earlier peaks (waves I, II, III and IV) were not clearly identified in these 

responses as these were obtained using a low level (60 dB ppeSPL, 30 dB 

nHL) stimulus.  As will be evident in the next analysis, however, there were 

differences in the response morphology of the responses, particularly in the 

2-8 ms range (F3,94= .61, p= .61).   
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       c. Grand Mean Waveforms 

Grand mean waveforms for each ear-X-condition were created (see Figure 

7-1). The grand mean waveforms were baseline corrected to the amplitude 

of the response measured at 0 ms.  The results of the previous analyses of 

variance are borne out by visual inspection of the grand mean waveforms: 

there were no differences for Wave V latencies or amplitudes as a function 

of ear or stimulus condition.  Yet, visual inspection revealed differences in 

waveform morphology for the left versus right ear responses, particularly in 

the first 2-5 ms. In order to evaluate these wave morphology differences, 

which did not appear to be associated with a distinct wave component, the 

grand mean waveforms were analyzed in 3-ms epochs: 2-5, 5-8, 8-11 and 

11-14 ms (see also Methods page 88).   It was first necessary to limit the 

number of points contributing to the analyses, as the individual points in a 

time-series waveform are highly correlated.  In each 3-ms segment, 18 

points (out of 60) were randomly selected to represent the amplitude.  

Analyses of variance were completed for each time epoch, to evaluate the 

amplitude differences as a function of ear and conditions.  Table 7-4a 

summarizes the results of these analyses.  Differences in amplitude were 

significant for ear and condition in the 2-5 ms and 11-14 ms epochs.  
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Differences for condition (but not ear) were significant for the 5-8 ms epoch.  

In the 8-11 ms epoch, which encompassed wave V and V’, there were not 

significant amplitude differences for ear or condition. 

 

          d. Difference Waveforms  

Derived waveforms were created by subtracting the grand-mean right 

waveforms from the grand-mean left waveforms (left – right).  Then, the 

mean amplitude of the derived waveform was measured over 3-ms epochs, 

at 2-5, 5-8, 8-11, and 11-14 ms intervals to simulate the TEOAE analyses.    

The mean amplitude (and standard deviation) of each 3-ms epoch in the 

derived waveform is shown in Fig 7-2.  Positive values indicate that left ear 

responses were larger than right ear responses for the given stimulus 

condition from visual inspection of this bar graph, it is apparent that left-

right amplitude differences varied by epoch and noise condition.  Only in the 

11-14 ms epoch were all left ear responses larger than right ear responses.  

Bonferroni-Dunne post-hoc analyses were used to reveal the significant 

differences in each time epoch. Amplitude differences of >15 nV within and 

between conditions are statistically significant (p<. 0001) for the 2-5 ms 

epoch, left vs. right ear differences are significant in the NWB condition, 

with the right ear response larger than the left.  For the 5-8 ms epoch, the left 
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ear response is larger for noise alone and the right ear response is larger for 

NWB.  There were no significant left-right differences in the 8-11 ms epoch.  

The left ear response was larger than right ear for NWB in the 11-14 ms 

epoch.  Examining the left- right differences as a function of condition 

indicates that NWB produced larger right ear responses at 2-8 ms, but larger 

left ear responses at 11-14 ms. The noise alone condition produced larger 

left ear responses at 5-8 ms only.     

 

Differences in morphology as a function of stimulus condition were also 

analyzed for each ear, individually.  Figure 7-3 shows the left ear grand 

mean waveforms as a function of noise condition.  In the left quadrant, the 

left quiet waveform is compared to the left noise waveform. In all other 

quadrants, the comparison waveform was the noise waveforms.  The same 

schema was used for the right ear grand mean waveforms, shown in Figure 

7-4.  

 

The focus of this experiment was to evaluate the difference in ABR when 

noise conditions were varied.  To that end, difference waveforms, within 

each ear, were computed in a similar fashion (as described above) for Quiet  
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(Q) – Noise (N), N–NWB and N– NW.  The mean amplitude differences 

were evaluated over 3-ms epochs.  Repeated measures analyses of variance 

for amplitude differences as a function of condition were completed for each 

time epoch.  The results of these analyses are summarized in Table 7-4b.  In 

summary, differences in amplitude of the derived waveforms were 

significant for each time epoch, across noise conditions.  Bonferroni-Dunn 

post-hoc tests were used to reveal the time epochs and conditions that 

contributed to the significant results.   

 

The amplitudes of the difference waveform are plotted as a function of time 

epoch in Figure 7-5a.   Positive values indicated that the subtracted 

waveform was smaller in amplitude.  A positive value of >12 nv was 

considered significant.  The mean amplitude differences for the left ear 

revealed a significant reduction in NWB amplitude for all epochs, except for 

8-11 ms, in comparison to noise alone.  NW decreased in amplitude for in all 

epochs, in comparison to N.  Also, in the passive and active word conditions 

(NWB vs. NW) amplitudes were similar for 2-8 ms, but amplitudes are 

reduced in the 8-14 ms epoch for NW.   
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In contrast to the left ear responses, right ear amplitude differences showed 

an opposite pattern in the presence of noise (see Figure 7-5b).  The presence 

of contralateral noise decreased amplitudes in all epochs compared to the 

quiet condition.  Comparing right N to NWB, the right N amplitude was 

larger at 5-8 ms, but NWB was larger at 11-14 ms.  Right N amplitudes were 

larger than NW at 2-5 and 8-11 ms.  Right NWB was larger than NW in all 

epochs.   

  

Comparison of Fig 7-5a (left ear derived amplitude differences) with Fig 7-

5b (right ear derived amplitude differences) reveals that the effects of 

contralateral noise are very different for each ear.  In the Q-N condition for 

each ear, responses for the left ear amplitudes were not affected by the 

presentation of contralateral noise; however responses for the right ear 

showed a reduction (or suppression) of amplitude in all epochs.  In the N-

NW condition, left ear responses reduced in amplitude for all epochs, but 

this was only observed in the 2-5 and 8-11 ms for the right ear.   The most 

variability across the waveform was observed in N-NWB condition for both 

ears.  Amplitude suppression was observed for the 11-14 ms epoch and an 

enhancement of amplitude was seen for the 5- 8 ms epoch for the right ear. 

For the left ear, suppression was seen for all time epochs, except for the 8-11 



 121

ms epoch where no change was observed with noise.  The pattern of results 

for both ears suggests an ear X condition interaction.   
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2. Discussion 
 
The present experiment investigated the effects of low-level contralateral 

broadband noise on the click-evoked auditory brainstem response (ABR) 

during passive (Q, N, NWB) and active listening (NW).  The outcome from 

this experiment revealed no changes in wave V (positive peak) and V’ 

(succeeding trough) latencies or amplitudes as a function of condition or ear.  

ABR amplitude and morphology differences were evaluated by determining 

the difference in mean amplitude across 3-ms time epochs in derived 

waveforms. These analyses revealed differences for condition and ear.  First, 

comparing across noise conditions, 1) ABR amplitudes in NW and NWB 

conditions decreased all epochs, in comparison to amplitudes found in N; 2) 

comparing passive and active word conditions (NWB vs. NW) amplitudes 

were similar for 2-8 ms, but amplitudes are reduced in the 8-14 ms epoch for 

NW.  Secondly, comparing across ears 1) the presence of contralateral noise 

decreased amplitudes in all epochs for the right ear, but not for the left and 

2) left vs. right differences for NW were apparent only at 11-14 ms, with left 

ear response amplitudes greater than right and 3) there were no significant 

left-right differences in the 8-11 ms epoch. 
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a. Effects of Masking Noise on ABR 

The effects of contralateral noise on the click-evoked ABR response were 

significant.  The presence of noise produced a substantial reduction in ABR 

amplitudes for the right ear, and a surprising increase or no change in 

amplitudes for the left ear.  Conflicting evidence exists regarding the effects 

of masking on ABR components (Aran et al., 2000; Lavernhe-Lemaire & 

Beutter, 1991; Reid & Thornton, 1983).  

 

Aran & colleagues (2000) recorded compound action potentials (CAPs) of 

the auditory nerve and auditory brainstem evoked potentials (ABRs) 

simultaneously in awake guinea pigs.  Five female guinea pigs were 

implanted with electrodes on the round window of the left ear and two skull 

electrodes near the central suture.  CAP and ABR recording to monaural or 

binaural clicks were made in quiet and with 50, 60 or 70 dB SPL 

contralateral broadband noise.  The presentation of broadband noise to the 

non-test ear resulted in a reduction of CAP and ABR amplitudes,.  

 

 Guinea pigs were then injected with a reversible blockade of gentamycin to 

impair MOCB function.  According to the authors, the small dose of 

gentamycin appeared to have most of its effects on central interactions and 
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little is caused by a reduction in peripheral activation.  When MOCB 

function was blocked by gentamycin, early components (I and II) of the 

ABR were unaffected by noise, however the later peaks (III-V) showed a 

reduction in amplitude.  In contrast, Reid & Thornton (1983) reported 

different levels (0-80 dB SL) of contralateral masking noise had no effect in 

the human ABR, when using wave V peak latency and peak to peak 

amplitude as a measure.   

 

Similarly, de Lavernhe-Lemaire & Beutter (1991) introduced ipsilateral and 

contralateral masking during ABR recordings by alternating 40 and 70 dB 

HL bursts of white noise to the test and/or non-test ear.  They found no 

effect of contralateral masking on ABR latencies and amplitudes, but 

ipsilateral masking reduced the amplitude of wave I and increased the I-V 

interwave latency.  Of note, none of these studies used low level 

clicks/tonebursts to elicit the ABR, and so the effects of contralateral noise 

may not have been as evident for high level eliciting stimuli as observed in 

this investigation.  
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The present study used an analysis of the derived amplitude differences 

yielding a view of epoch-specific changes produced by noise and/or 

attention effects across the waveform.  As the ABR was evoked, low-level 

contralateral noise was used to activate efferent fibers.  The afferent 

information, in this case, is the evoking click stimulus.  It is reasonable to 

assume the efferent system exerts control over the hair cell response and 

information transmitted to the afferent nerve (Hill et al., 1997).  It may be 

that in the traditional ABR analysis (ABR wave V peak to trough) may not 

be sensitive enough to reveal efferent effects.   

 

Previous studies of the effects of contralateral masking on the ABR were 

primarily driven by a clinical perspective.  That is, the contralateral masking 

was used to prevent the non-test ear from contributing to auditory thresholds 

(Reid & Thornton, 1983) and it was important to determine that this masking 

noise would not affect the ABR from the test ear.  The clicks used to elicit 

the ABR were presented at a rate of 33.3/s in a continuous fashion.   

 

Although the ABR is the averaged response to single-clicks in the train, it is 

possible that the continuous click stimulus at this rate may produce a similar 

neural response as a continuous broadband stimulus.  As reported by 
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Velenovsky & Glattke (1998) the optimal efferent activator is a continuous 

broadband stimulus presented at 60 dB SPL (Hood et al., 1996). It is 

possible that the efferent system is activated binaurally, by contralateral 

noise and by an ipsilateral click train.  

 

Dual activation of both afferent and efferent input may prevent a 

contralateral efferent effect (e.g. suppression).  One way to resolve this issue 

would be to slow the rate of the ABR evoking stimulus during the 

presentation of noise.  Sininger & Cone-Wesson (2006) varied the click rate 

from 7/s to 55/s, during simultaneous contralateral masking, while recording 

ABRs in neonates.  While ABR latencies increased as rate increased, there 

was no effect of contralateral masking on ABR latencies during the slow and 

fast click rates.  ABR wave V amplitudes were reduced for both rates in the 

masking conditions. In sum, there were no latency or amplitude effects 

attributable to an interaction between rate and contralateral noise.  The 

experimental group and testing paradigm was slightly different compared to 

the present investigation.  Adults were used in the present study and the 

evoking stimulus level was lower, which could have possibly eliminated 

efferent effects on the ipsilateral side in Sininger & Cone-Wesson (2006).  
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Also, the efferent system in neonates is till presumed immature compared to 

the adult mechanism, further creating a discrepancy between the two studies.  

 

b. Laterality 

Laterality exists at the brainstem level, with right ear responses normally 

yielding more robust wave V components to click stimuli.  Levine & Levine 

& McGaffigan (1983) reported larger Wave III amplitudes of the click-

evoked auditory brainstem responses (ABRs) for the right ear than left in 

adults, and reduced interpeak intervals.  Sininger et al. (1997) and Eldredge 

& Salamy (1996) analyzed laterality in the ABR response to tones and clicks 

in newborns.  Larger Wave V amplitudes were obtained in the right ear vs. 

the left ear. (See introduction Ch II for more on laterality and ABR).  These 

studies show clear evidence of lateralized processing for cochlear and 

brainstem functions in adults and neonates.   

 

Although limited, evidence exists regarding laterality of the ABR during 

masking.  Sininger & Cone-Wesson (2006) studied the neural mechanisms 

underlying lateral asymmetries of the click-evoked ABR by the 

simultaneous presentation of continuous broadband noise.  The purpose of 

this study was to determine the role of efferent activation on the ABR and to 
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investigate neural adaptation mechanisms. Slow (7/s) and fast (55/s) rates 

were examined with and without noise in the non-test ear.  Laterality effects 

were obtained for the fast rate condition in the presence of noise, resulting in 

a significant reduction of the ABR.  

 

In contrast to the present investigation, Sininger & Cone-Wesson (2006) 

observed greater ABR amplitude suppression for the left ear test condition 

(noise right) than in the reverse condition.  The differences in outcomes may 

be related to methodological factors.  First, the evoking stimulus was at a 

high level, 70 dB nHL, whereas the present investigation used a low-level 

stimulus (30 dB nHL).  vs. 30 dB nHL Second, Sininger & Cone-Wesson’s 

tested neonates and the immaturity of the afferent and efferent auditory 

pathways may yield different results than in adults.   

 

c. Attention 

The present study found more suppression in the NW condition vs. N alone 

and NWB.  Similar findings were reported in Experiment 1 (see chapter VI), 

with more TEOAE suppression in the active attention task compared to 

noise alone.  With these combined results, it is evident that corticofugal 

modulation exists at the brainstem and peripheral level. 
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As discussed in the Chapter II, a limited number of studies exist regarding 

the effects of attention on the auditory brainstem response (ABR).  Brix & 

colleagues (1984) reported a reduction in wave I and V interwave latencies 

during a selective–attention task; however these findings were not replicated 

in subsequent studies (Collet & Ducleaux, 1986).     

 

Lavernhe-Lemaire & Beutter (1991) included an attentional component to 

their investigation with some participants instructed to focus on the ear with 

louder stimulation (70 dB HL) and some on the ear with weaker stimulation 

(40 dB HL).  Results indicated preferential attention paid to the left ear had 

more of an effect on ABRs than focusing on the right ear.  Attention played 

a considerable role on interaural latencies III-V and I-V, and wave III 

decreased in amplitude on the side where the attention was focused.  The 

decrease in wave III is consistent with suppression at the level of the MOCB 

(i.e., SOC, CN and AN). Similar to the present study, they did not find an 

effect of attention on wave V amplitudes and latencies.  

 

It is reasonable to assume that attention effects may be reflected at the 

brainstem level, given that evidence exists at the peripheral level (Collet, 



 130

1990).  During an active attention task, perception and memory of sensory 

events is enhanced while reduced for irrelevant stimuli (Mack & Rock, 

1998).  Prior to the attention task, the participants are instructed to focus on 

a specific stimulus (or ear), while disregarding another.  In addition to the 

attention task, a separate mechanism termed “neural priming” may occur 

following task instructions.  In other words, instructing the participant to pay 

attention to a stimulus may place neurons in the cortex and brainstem in a 

hypersensitive state before the task is executed, thus affecting the outcome.   

 

Priming, by definition, is the identification of objects or words are dependent 

on the individuals’ previous exposure (Habib, 2001).  That is, a familiar 

stimulus results in a reduction of neural activity as measured functional 

magnetic resonance imaging (fMRI) or positron emission tomography (PET) 

(Henson, 2003; Schacter & Buckner, 1998).  This effect is also observed 

during the presentation of repeated visual and/or auditory stimuli (Orfanidou 

et al., 2006).  An investigation by Orfanidou et al. (2006) employed an fMRI 

paradigm to study the neuroanatomical recognition of neural priming of 

spoken words and psuedowords.  Results indicated an elevated response to 

words compared to pseudowords in posterior and anterior temporal regions 

(Orfanidou et al., 2006).  Familiarity to a target stimulus appears to result in 
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a different neural response, even at the cortical level.  Most of the research 

on neural priming has been completed at the cortical level.  Little is known 

of the effects of neural priming in the auditory system at the brainstem level.     
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TABLES 
 

               Table 7-1:  Wave V mean latencies and standard deviations (SD) are                        
               reported for both ears for each condition.  An analysis of variance indicated                  
               there were no differences in Wave V as a function of condition (F3, 93 =.09  

                p=.97) or ear (F1, 93 =.004, P=.95). 
 

 
Table 7-2:  Wave V’ mean latencies and standard deviations (SD) are 
reported for both ears for each condition.  An analysis of variance indicated 
there were no latency differences as a function of condition (F3, 93 =.141, 

P=.93) or ear (F1, 93 =.21, P=.85). 
 
Table 7-3: Wave V-V’ (peak to negative trough) mean amplitudes and 
standard deviations for both ears for each condition. An analysis of variance 
indicated there were no differences as a function of condition (F3, 94 =.606, 

p=.61) or ear (F1, 94 =.1.44, p=.23).   
 
Table 7-4a:  ANOVA results for ear, condition and ear X condition for each 
time epoch. 
 
Table 7-4b: ANOVA results for within ear analyses   
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FIGURES 
 
Figure 7-1: Left versus right ear (grand mean) ABRs exhibit differences in 
amplitude in each noise condition.  

                   
Figure 7-2:  Left ear vs. right ear amplitude differences are seen in every epoch 
these differences interact with condition.  Negative values indicate left < right, and 
positive values indicate left > right.  Left vs. right differences with noise are 
significant at 5-8 ms, with left ear amplitudes > right. NB produces larger right ear 
amplitudes from 2-8 ms, and larger left ear amplitudes at 11-14 ms. Left vs. right 
differences for NW are apparent only at 11-14 ms with left > right. Amplitude 
differences of >15 nV within and between conditions are statistically significant.  
This was determined by a Bonferroni-Dunne post hoc analyses.  
 
Figure 7-3:  Left ear (grand mean) ABRs exhibit differences in amplitude as a 
function of condition.  
 
 
Figure 7-4: Right ear (grand mean) ABRs exhibit differences in amplitude as a 
function of condition. The amplitude differences were evaluated in 3 ms- epochs: 2-
5, 5-8, 8-11, and 11-14 ms. See analysis in Fig. 2.   
 
Figure 7-5a:  Left ear amplitude differences as a function of condition. Positive 
values > 12 nV are statistically significant (re: Bonferroni-Dunne).  There are no 
significant differences for LQ-Noise conditions.  In general, amplitudes in the LN 
condition were larger than those of NWB & NW resulting in significant positive 
differences.  Also, LNWB had larger amplitudes at 8-14 ms compared to NW.    
 
 
Figure 7-5b:  Right ear amplitude differences as a function of condition.  The 
introduction of contralateral noise produces a reduction in ABR amplitudes in 
comparison to quiet.  In comparison to noise, NWB is larger 5-8 ms, but smaller at 
11-14 ms.  NW amplitudes are reduced in comparison to noise at 2-8 ms.  NW 
amplitude is reduced relative to NWB in all epochs.  Amplitude differences within 
and between conditions that are greater than > 12 nV are statistically significant.  
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Table 7-1: 
 
 
 
 
 

 
                                       WAVE V LATENCY  
 

 
       Quiet 
     x⎯  ms (sd) 
 

 
     Noise 
    x⎯  ms (sd) 

 
   Noisebck 
    x⎯  ms (sd) 

 
 Noisewds 
  x⎯  ms (sd) 

Right 
 
 

 
  8.33 (.41) 

 
  8.28 (.36) 

 
  8.30  (.36) 

 
  8.23 (.29) 

Left  
  8.25  (.38) 

 
  8.28 (.31) 

 
  8.30 (.38) 

 
  8.27 (.36) 
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Table 7-2: 
 
 
 
 
 

 
                                       WAVE V’ LATENCY  
 
       Quiet 
      x⎯  ms (sd) 
 

 
     Noise 
    x⎯  ms (sd) 

 
   Noisebck 
    x⎯  ms (sd) 

 
Noisewds 
  x⎯  ms (sd) 

Right 
 
 

 
 9.2 (.47) 

 
  9.3 (.47) 

 
  9.3 (.46) 

 
  9.3 (.43) 

Left 
 

 
  9.4 (.42) 

 
  9.4 (.36) 
 
 

 
  9.4 (.43) 

 
  9.3 (.41) 
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Table 7-3:  
 
 
 
 
 
 

 
                                       WAVE V-V’ AMPLITUDES  
 

 
       Quiet 
    x⎯   μv (sd) 

 
     Noise 
   x⎯   μv (sd) 

 
   Noisebck 
    x⎯   μv (sd) 

 
Noisewds 
 x⎯   μv (sd) 

Right 
 
 

 
.33 (.174) 

 
.31 (.12) 

 
.34 (.11) 

 
.33 (.11) 

Left 
 

 
.31 (.11) 
 
 

 
.27 (.11) 

 
.29 (.08) 

 
.33 (.13) 
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Table 7-4a: 

 

 

 
      ANOVA Results for ear, condition and ear X condition                   
 

 
          2-5 ms 
 
 

 
         5-8 ms 

 
      8-11 ms 

 
     11-14 ms 

 
      Ear 
 
 

 
      F1, 136 = 20.6 
       P= <.0001 

 
    F1, 136 = .115 
       p= .7356 

 
    F1, 144 = .091 
       p=  .7635 

 
  F1, 136 = 5.231 
       p= .023 

 
  Condition 

 
     F3, 136 = 44.7 
       P= <.0001 

 
    F3, 136 = 5.4 
       p= .0016 

 
  F3, 144 = .865 
       p=  .4609 

 
  F3, 136 = 7.861 
       p= <.0001 
 
 

 
       Ear X 
    Condition 

     
     F3, 136 = 15.3 
       P= <.0001 

 
     F3, 136 = 4.03 
       p= .009 
   

 
    F3, 144 = .073 
       p= .9744 
   

 
  F3, 136 = 3.178 
       p=  .0262 
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Table 7-4b: 

 

  
      ANOVA Results as a function of ear for each time epoch                
 

 
          2-5 ms 
 
 

 
         5-8 ms 

 
      8-11 ms 

 
     11-14 ms 

 
      Right 
 
 

 
         F3, 68= 17.18 
          p= <.0001 

          
      F3, 72= 60.9 
       p= <.0001 
     

 
     F3, 72= 9.824 
        P= <.0001 

 
     F3, 68= 28.2 
       p= <.0001 
 

 
     Left 

 
       F3, 68= 29.6 
          p= <.0001 

 
      F3, 72= 48.5 
        p= <.0001 

 
      F3, 72= 21.5 
       p= <.0001 

 
      F3, 68= 30.8 
        p= <.0001 
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Figure 7-1: 
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Figure 7-2: 
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Figure 7-3: 
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Figure 7-4:  
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Figure 7-5a: 
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Figure 7-5b: 
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CHAPTER VIII:   CAEP RESULTS AND DISCUSSION 
 
 
1. Results 
 
Cortical auditory evoked potentials (CAEPs) were analyzed from the Cz, 

Fpz, Pz, T3 and T4 sites.  The mean amplitudes and latencies of components 

P1, N1, and P2 were measured for responses recorded at each electrode site.  

Analyses of variance for latency and amplitude as a function of electrode 

site revealed significant differences for measures made at CZ, T3 and T4.  

The results from these electrode sites will be the focus of these results.  

 
a. CAEPs:  Response Presence, Latency and Amplitude  

CAEP responses in quiet were generally characterized as a positive going 

(P1) waveform around 68 ms followed by a negative going peak (N1) 

averaging at 108 ms, then followed by a robust positive (P2) amplitude 

around 168 ms and concluding with a broad negative trough (N2) around 

240 ms.  In some instances, a late positivity component was evident post-

300 ms in the noise conditions, which was not observed in the control 

condition for both ears.  Earlier components P1 and N1 were less frequently 

evoked or distinguishable compared to P2 and N2 components (See Tables 

8-1, 8-2, and 8-3).  The latencies and amplitudes of CAEP components P1, 
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N1, P2 and N2, measured from electrode sites Cz, T3 and T4 were analyzed 

as a function of condition and ear.  The mean latencies and amplitudes of 

each CAEP component as a function of ear, condition and electrode site are 

shown in Table3 8-4, 8-5 and 8-6.    

 

CAEP components P1, N1, P2 and N2 were analyzed for their presence, 

amplitudes and latencies in each condition: Quiet (Q), Noise (N), Noise with 

words backwards (NWB) and Noise with words (NW).  CAEP components 

P1, N1, P2 and N2 were present at all electrode sites (Cz, T3 and T4) for the 

most part, in the 15 subjects tested.  Tables 8-1, 8-2 and 8-3 exhibit CAEP 

presence (P1, N1, P2 and N2) for each condition (Q, N, NWB, and NW) and 

ear (left vs. right) and for electrode sites Cz, T3 and T4.   

 

Table 8-1 displays the number of CAEP responses present (out of 15) for 

each condition at site Cz.  CAEP components P1, N1, P2 and N2 were present 

for all subjects in the quiet condition for the right ear, but fewer for the left.  

Consistently fewer peaks were evoked in the noise alone condition (13 of 

15) for both ears compared to NW and NWB.  In Tables 8-2 and 8-3 

response presence was displayed for temporal sites T3 and T4 for each 

condition.  Once again, the right ear appeared to evoke more responses than 
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left for both sites, with consistently fewer in the noise alone condition.  P1-

N1 was evoked less frequently than P2-N2.    

 

Figures 8-1 and 8-2 shows the grand mean averages recorded from electrode 

site Cz for each noise condition separated into right vs. left ear responses.  

Visual inspection of the waveforms suggests some differences in responses 

as a function of noise condition and ear.  Right Q vs. right N (upper left) 

shows a distinct reduction in P2 amplitude for N.  Right NW also appeared 

to have smaller amplitudes when compared to N and NWB.   For the left ear 

(Figure 8-2), differences were primarily evident for the NW conditions.  NW 

had smaller P2 amplitudes compared to N and larger amplitudes when 

compared to NWB.  When right ear responses were compared to left (Figure 

8-3), P2-N2 had larger amplitudes in Q and NWB for the right ear.  No 

differences were noted for N, aside from a slightly more negative N2 for the 

right ear.  Surprisingly, the left ear had larger P2-N2 than the right ear.    

 

i. Latency:  P1, N1, P2 and N2    

The latencies of CAEP components P1, N1, P2 and N2 were averaged 

together for each subject to create a CAEP composite latency.  Paired t-tests 

were used to determine if latency differences existed for each electrode site.  
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The results of this analysis indicated that CAEP latencies at Cz were 

significantly shorter than those measured at T3 (t=-3.3, p=.0009) and T4 (t=-

4.1, p <.0001) however, the latency difference between T3 and T4   (t=-1.9, 

p=.061) did not meet the statistical criterion, although there was a trend for 

latencies at T3 to be shorter than those at T4.  Tables 8-4, 8-5 and 8-6 present 

the means and standard deviations of CAEP latencies and amplitudes as a 

function of electrode site.  

 

An analysis of CAEP component latency as a function of ear and noise 

condition was completed first using data from the Cz site.  (Latencies 

measured at T3 and T4 were used for a separate analysis of laterality, see 

below).  Analysis of variance indicated CAEP component latency 

differences were significant only for component P1 and “ear” (F1,92 =7.28, 

p=.0083)  P1 latencies for left ear responses were longer at 73.3 ms 

(SD=21.2), compared to right ear mean latencies obtained at 63 ms (SD= 

17).  There were no main effects of ear or noise condition for components 

for N1, P2 or N2 latency.  Figure 8-4 presents the latency results as function 

of ear and noise condition.   
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Evidence of laterality was established by comparing right ear CAEP 

latencies to left ear latencies measured at T3 and T4.  Paired t-tests indicated 

latency differences for right ear responses.    Right ear composite (averaged 

across all components) latencies were shorter when recorded from T3 

compared to T4 (147 ms at T3, 156 ms at T4).  The opposite effect was seen 

for the left ear, with left ear composite latencies shorter at T4 compared to 

T3 (150 ms vs. 156 ms), but this did not reach statistical significance 

(p=0.06) There was no effect of ear or noise condition on composite 

latencies measured at T3 or T4.  

 

ii. Amplitude Results:  P1-N1, N1-P2 and P2-N2 

Peak-to-trough amplitude measurements were made for P1-N1, N1-P2 and 

P2-N2 measured at Cz. (As in the preceding section on latency, amplitude 

measures at T3 and T4 are considered separately, below).  Mean amplitudes 

were computed for each component, P1-N1, N1-P2 and P2-N2.  The mean 

amplitudes as a function of condition and ear are shown in Figures 8-5, 8-6 

and 8-7.  In quiet, right ear amplitudes are larger than left ear amplitudes for 

all components.  Also, amplitudes in quiet were larger than those in any 

noise condition. There were, however, no ear effects for conditions other 

than quiet, and no differences in amplitude for the 3 noise conditions.  
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Figure 8-6 displays mean N1-P2 response amplitudes for both ears for 

control and noise conditions.  Again, right ear responses are larger than left 

for quiet, and the passive noise conditions, but appear equivalent to left ear 

responses for the active noise condition.  

 

P2-N2 amplitudes were larger for the right ear compared to the left (F1, 98 = 

4.1, p= .04), however, there was not a significant difference in amplitude as 

a function of noise condition. Results showed a statistical difference for ear, 

but not for condition.  Figure 8-7 displays P2-N2 amplitudes for each 

condition.  More notable is the trend for P2-N2 amplitudes (for both ears) to 

increase in the NW condition, with amplitudes similar to Q.  A stable slight 

reduction (≈.5 v) in P2-N2 amplitudes is evident when quiet is compared to 

noise alone (N) and noise with words played backwards (NWB).   

 

CAEP amplitudes were also analyzed for T3 and T4 for condition and ear.  

P1-N1, N1-P2 and P2-N2 amplitudes were compacted into a single composite 

variable to determine overall differences in CAEP amplitude for temporal 

electrode sites.   A paired t-test indicated larger (p= .048) amplitudes for site 

T3 compared to T4 during right ear stimulation.  The largest amplitudes were 

seen for NW for electrode site T3.       
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iii. Quiet Condition:  Left vs. Right Comparisons 

CAEP amplitudes P1-N1, N1-P2 and P2-N2 were analyzed in the Q (control) 

condition for left vs. right ears and these amplitudes are plotted in Figures 8-

5, 8-6 and 8-7. A repeated measures analysis of variance (ANOVA) for 

component amplitudes measured at Cz indicated there were no statistically 

significant differences for ear at the p <.05 level; however a trend was 

evident for N1-P2 (F1, 27 =2.94, p=.09). 
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1. Discussion 

a. Latency 
 
Latency of CAEP components P1, N1, P2 and N2 , measured at Cz, T3 and T4 

were evaluated for evidence of suppression by contralateral noise, attention  

(for words presented at -3 dB SNR) and laterality (or asymmetry).  Evidence 

of these factors was limited when considering latency. There were no 

significant differences in component latency as a function of noise condition 

or attention; however P1 latencies (at Cz) for the left ear were prolonged 

relative to the right for all conditions.   

 

An effect of laterality or asymmetries was evident when latencies measured 

at temporal sites T3 (left temporal region) and T4 (right temporal region) 

were assessed.  Latencies were prolonged for left ear responses compared to 

right ear for site T3 and a reverse effect was observed at site T4.  When these 

sites were analyzed as a function of condition, noise-with-words (NW) 

responses had longer latencies (and larger amplitudes) for site T3 compared 

to site T4.  These results indicate a range of effects caused by masking and 

attention for obligatory potentials evoked at various scalp locations.           
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In the present investigation, latency did not change for any independent 

variable (ear, noise condition, attentional state) included in the experiment.  

Latency is defined as a measure of information processing time (Polich & 

Herbst, 2000).  It is commonly affected by changes in stimulus level, with 

lower levels producing longer latencies.  It has also been described as a less 

sensitive measure of stimulus and cognitive effects (Covington & Polich, 

1996; Naatanen & Picton, 1987; Pollock and Schneider, 1989), as compared 

to amplitude.  Although previous investigations (Naatanen & Picton, 1987; 

Picton et al., 1977) have shown changes in latency of obligatory components 

to stimulus factors and the effects of attention (Beagley & Kellogg, 1969; 

Davis & Yoshie, 1963; Parasuramen & Beatty, 1980), these previous studies 

were completed at higher stimulus levels.  It may be that latency effects are 

less evident at lower levels (≤ 60 dB SPL).   

 

Surprisingly, a latency effect of active attention was not observed for any 

component.  Previous research has shown these effects on the N1 potential, 

when observed in quiet; however the attended stimuli were usually in the 

test ear rather than contralateral ear.  In the present study, the attention task 

was incorporated with low-level noise, which may have produced a 

counteractive variable in the response.  Activation of the auditory cortex 
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may be influenced by bottom-up auditory inputs and top-down processes 

when attentional demands are incorporated in the response (Friston & Price, 

2001; Sussman et al., 2002).  The participants in the present investigation 

were asked to categorize animal and food words (top-down influences) 

embedded in noise while the evoking click stimuli were presented to the 

contralateral ear (bottom-up input).  In this case, there may have been a 

hemispheric interaction because input to the auditory cortex was a 

combination of afferent (ascending) auditory input, callosal inputs from the 

auditory cortex and stimulation of both hemispheres to different aspect of 

the stimuli (Behne et al., 2004; Clarke et al., 1993; Musiek & Reeves, 1986).   

 

As observed in previous studies, it is expected that a decrease in latencies 

would be observed during an attention task alone.  In contrast, the presence 

of noise (without attention) typically causes an increase in latencies due to 

the processing demand on the auditory system (Naatanen & Picton, 1987).  

Therefore, in the present study, the addition of a active attention task in the 

presence of contralateral noise may have been at cross-purposes.  Given this 

demand on the system, these competing factors likely contributed to the 

“null” latency outcomes.   
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As expected, laterality (left versus right ear difference) was observed for 

latencies measured at electrode sites T3 and T4.  Studies using monaural 

stimulation have indicated that information reaching both hemispheres from 

one ear has a contralateral dominance (Behne et al., 2004; Moore, 1987) in 

the auditory cortex.  Hemispheric dominance can be described by binaural 

response properties of cortical neurons and the robust crossed pathways 

between the ear and auditory cortex (Moore, 1987).  Synaptic delay and 

axonal conduction time of each neuron involved in the chain of relay nuclei 

may significantly affect the evoked response (Moller, 1980).  Neural 

responses in the crossed pathway may be more efficient in neural 

transmission and yield shorter latencies for stimulus to the ear opposite that 

hemisphere.  Neither contralateral noise, nor attention affected this latency-

asymmetry effect.          

 

b. Amplitude 

Unlike the latency results, CAEP component amplitudes exhibited some 

effects of suppression, attention and laterality.  First, component amplitudes 

were reduced when contralateral noise was introduced.  Second, attention 

tended to increase the amplitude of the P2-N2 component.  Third, right ear 
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CAEP amplitudes were larger than left ear amplitudes in quiet; however, no 

ear effects were evident for the noise conditions.   

 

Michalewski et al. (2006) studied the desynchronizing effects of (ipsilateral) 

noise on CAEP latencies in 12 normally hearing adults.  The cortical N1 

potential was recorded to 1-kHz tonebursts, presented at levels ranging from 

40-100 dB SPL presented in quiet and also in 90 dB SPL continuous 

broadband noise.  Prolonged latencies for N1 and reduced amplitudes were 

found in response to 70-100 dB tones embedded in noise compared to the 

quiet conditions.  The authors concluded that the presentation of, “noise 

masking can cause a reduction in both the number of neurons responsive to 

signals due to a “line busy” and to a desynchronization of activity in the 

population of remaining to response.”                        

 

Michalewski and colleagues (2006) bring up an interesting concept 

regarding neural activation during the presence of multiple stimuli.  If the 

presence of noise produces a reduction of neurons that respond to the 

evoking stimulus (compared to quiet), then a reduction of amplitudes as 

observed in our study, may indicate that neural resources are divided to 

process both stimuli (noise and signal).  Since amplitude is a reflection of 
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neural synchrony, a reduction of neurons responding to the evoking stimulus 

would likely result in smaller amplitudes because less are stimulated 

compared to a monaural stimulus or with no noise.   

 

This theory may also be applied to neural activation of the efferent system 

and MOCB.  Low-level contralateral noise has been established (Collet, 

1993) to activate MOCB neurons.  At the same time, the evoking stimulus 

will then stimulate neurons along the afferent and efferent pathway.  Given 

that the noise has consumed a portion of the available neural resources at an 

early brainstem level, this may be reflected in the evoked CAEP response.  

Hence, CAEP amplitudes are larger in quiet than in the presence of 

simultaneous noise.    

 

Also, The P2-N2 amplitude results are similar to those found in Garinis et 

al., 2007.  In this study, listeners were asked to discriminate speech tokens 

presented at near threshold levels.  Whereas amplitudes decrease with level 

in the passive listening condition, amplitudes increased with decreasing level 

during the active attention condition.  An increase in amplitude suggests 

more neural resources were utilized to process the stimuli and task.  P2-N2 is 

thought to be primarily “endogenous”, that is less affected by changes in 
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stimulus parameters and highly sensitive to changes in cognitive demand.  

This is in contrast to components P1, N1 and P2 which are exogenous, with 

amplitudes (and latencies) tied primarily to stimulus factors.  P1-N1 and N1-

P2 amplitudes were unaffected by the active attention task indicating the 

primarily exogenous nature of these components.  In contrast, N2 is 

generated by neural mechanisms, such as the hippocampus, amygdala, 

thalamus and primary auditory association areas (Stapells, 2002) governing 

higher order processes, such as attention. 

 

The CAEP results for N1-P2 amplitudes also resemble the TEOAE results 

seen in Chapter VI.   That is, a reduction in TEOAE and N1-P2 amplitudes 

occurred in the presence of noise.  In contrast, P2-N2 amplitudes increased 

in the NW condition as compared to earlier responses.  The comparison of 

TEOAE with CAEP suggests that activation of the MOCB efferent system 

modulates the afferent signal prior to cognitive processing and may be better 

reflected at pre-neural sites and for pre-cognitive CAEP components that are 

less affected by complex cognitive processing, as observed with N2.    
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c. Attention and CAEPs 
 
The effects of attention on various CAEP responses have been previously 

investigated (Garinis & Cone-Wesson, 2007; Naatanen & Picton, 1987).  

These effects have been observed on early and late auditory evoked 

components when compared to passive listening.  The present experiment 

showed an increase in CAEP amplitudes during an active active attention 

task when compared to noise alone (N) and noise with words backwards 

(NWB).  Hillyard et al. (1973) were amongst the earliest group to show a 

selective-attention effect on the obligatory component, N1.  Participants 

completed a dichotic listening task in which they ignored the stimulus from 

one ear and detected pitch changes in the other ear.  N1 amplitudes increased 

in the selective-attention condition (Hillyard et al., 1973).  Others have 

confirmed this attention effect on the early negativity response (Naatanen et 

al., 1978; Naatanen & Michie, 1979) even with changes in stimulus 

parameters, such as interstimulus interval (ISI) (Naatanen et al., 1981).  

Although this was not observed in the present study, the experimental 

paradigms were markedly different.  

 

Cognitive evoked potentials, such as N2-P3, have been consistently shown to 

be sensitive to task demands, such as discrimination, categorizing words or 
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directing attentional resources.  Several cortical processes are activated 

while making a discrimination decision.  Studies employing intracranial 

recording (Smith et al., 1990) have revealed the neural generators activated 

during a directed attention task incorporating word categorization, such as 

the one used in the present study.  During the initial perception of the 

stimulus (or word), the cortical activation is most prominent in the 

paralimbic (cingulate, posteromedial, and temporal-frontal gyrus) and 

attentional (inferior parietal and dorsolateral prefrontal) cortices.  

Eventually, the familiar word in the categorization task is stored into 

working memory.  When a different word is perceived, discrimination 

occurs and the second stimulus is compared to the memory trace of the first  

stimulus (Romo et al., 2002).  During this portion of the task, increased 

activity occurs in the hippocampal and parahippocampal regions (Kikuchi et 

al., 1997). Results from this stimulus comparison are subsequently reflected 

in the latency or amplitude of the N2 or P3 components.  Given the 

complexity of processing during discrimination and/or categorization, it’s 

clear that the difference between the N1-P2 and P2-N2 amplitude results for 

the present study was a shift in neural processing necessary to evoke the 

later negativity component (N2).  The N1-P2 amplitudes did not reflect a 
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change in amplitude due to the attention task, but this was observed in the 

P2-N2 amplitudes.   

 

d. Asymmetries and CAEPs 

Lateralized function in the cortex is well documented in the cognitive 

psychology and auditory electrophysiology literature.  Cortical auditory 

evoked potentials evoked by speech stimuli are larger over the left temporo-

parietal regions compared to responses from the right (Morell & Salamy, 

1971).  This asymmetry provides evidence for a localized and lateralized 

speech-processing mechanism, specifically in the planum temporale and 

Heshl’s gyrus (Dorsaint-Pierre et al., 2006).  The left auditory region has 

also been associated with enhanced temporal processing abilities, whereas 

the right auditory region is superior for processing tonal stimuli and spectral 

information (Zatorre et al., 2002).   

 

Evidence of hemispheric processing on acoustic and temporal features of 

auditory stimuli has been investigated using techniques, such as positron 

emission tomography or PET (Tervaniemi et al., 2000; Zatorre & Belin, 

2001; Zatorre et al., 1992) and functional magnetic resonance imaging 

(fMRI) (Balsamo et al., 2002; Specht & Reul, 2003; Zaehle et al., 2004).  
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These investigations provide evidence that the left hemisphere responds 

better to complex stimuli, such as speech, rather than frequency-specific 

stimuli.  In the present study, it was predicted that a right ear advantage 

(compared to stimulus left) would be evident in the noise with words 

condition, given that the left hemisphere is sensitive to speech stimuli.  A 

few factors in the experimental paradigm may come into play, given this 

“null” effect.  First, subjects were asked to pay attention to the contralateral 

ear rather than the stimulus ear during the active attention task.  This may 

have resulted in a shift in cognitive resources, and therefore processing from 

the right hemisphere was dominant (even during stimulus right).  Secondly, 

a counteractive effect may have been evident with the presence of words 

embedded in noise.                    

 

The effects of active attention have regularly been investigated in ERP 

studies employing dichotic listening procedures.  Using a directed-right or –

left ear paradigm may alter the evoked response (Martin et al., 2007).  

Martin et al. (2007) found larger late-positivity component amplitudes for 

attentional decisions directed towards the right side versus the left in 

controls and in a group of children with auditory processing disorders.  This 

investigation points out that an underlying top-down processing may be 
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asymmetric depending on the type of attentional task and directed ear.  As 

defined by Gazzaley et al., (1995), “top-down modulation underlies our 

ability to selectively focus on relevant stimuli and ignore distracting stimuli, 

establishing a foundation for attention and memory”.  This modulation is 

likely ear dominant as observed in other areas of auditory assessment, where 

right ear dominance is typical.  This information should be taken into 

account when performing attention tasks directed towards either the test or 

non-test ear.  In the present study, it appears that a robust laterality effect 

may be present for these later cognitive components of the CAEP and 

compared to the early obligatory potentials investigated in this study.  

 

Monaural acoustic stimulation results in greater activation over the 

contralateral hemisphere for multiple cortical components (Hine & Debener, 

2007; Naatanen & Picton, 1987; Papanicolaouu et al., 1990; Picton et al., 

1999; Romani et al., 1982; Scheffler et al., 1998).  This was also observed in 

present investigation following analyses of CAEP responses measured at 

temporal sites T3 and T4.  For left ear responses, T4 amplitudes were larger  

and latencies were shorter than responses evoked at site T3.  The reverse was 

observed for responses evoked from the right ear.  However, an ear affect 

was not observed for latencies or amplitudes of CAEP components at site 
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Cz.  The interaction of simultaneous noise and a direction-attention effect 

may have reduced the likelihood of observed laterality effects at a centrally 

recorded site.        
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TABLES 

Table 8-1:  15 subjects were evaluated for CAEP components, P1, N1, P2 
and N2, in each noise condition: Quiet (Q), Noise (N), Noise with words 
backwards (NWB) and noise with words (NW).  Response presence at site 
Cz is presented for each condition as a function of right vs. left ear 
responses.          
 
Table 8-2:  15 subjects were evaluated for CAEP components, P1, N1, P2 
and N2, in each noise condition: Quiet (Q), Noise (N), Noise with words 
backwards (NWB) and noise with words (NW).  Response presence at site 
T3 is presented for each condition as a function of right vs. left ear 
responses.          
 
 
Table 8-3:  15 subjects were evaluated for CAEP components, P1, N1, P2 
and N2, in each noise condition: Quiet (Q), Noise (N), Noise with words 
backwards (NWB) and noise with words (NW).  Response presence at site 
T4 is presented for each condition as a function of right vs. left ear 
responses.        
 
Table 8-4:  CAEP latencies and amplitudes are displayed for condition and 
ear at site Cz.  P1 and P2 latencies are shorter in quiet compared to the noise 
conditions and P1-N1, N1-P2 and P2-N2 amplitudes are largest in the quiet 
condition compared to the noise conditions for the right ear.  Left ear 
responses had smaller amplitudes and longer latencies overall, compared to 
right ear responses, particularly in quiet.        
 
Table 8-5:  CAEP latencies and amplitudes are displayed for condition and 
ear at site T3.  CAEP latencies are shorter in quiet compared to the noise 
conditions and N1-P2 amplitudes are largest in the quiet condition compared 
to the noise conditions for the right ear, however P2-N2 amplitudes were 
greatest for NW.  Left ear responses had smaller amplitudes and longer 
latencies overall, compared to right ear responses. 
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TABLES cont… 
 
Table 8-6:  CAEP latencies and amplitudes are displayed for condition and 
ear at site T4.  CAEP latencies are shorter in quiet compared to the noise 
conditions for P1, N1 and P2 for the right ear.  N2 had the shortest latencies 
in the NW condition for both ears.  Left ear latencies were shortest for all 
components in the NW condition for the left ear.  Amplitudes appeared 
largest overall for the left ear.   
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FIGURES 
 
Figure 8-1:  Right ear (grand mean) CAEPs as a function of condition.   
 
Figure 8-2:  Left ear (grand mean) CAEPs as a function of condition.  
 
Figure 8-3:  Right versus left ear (grand mean) CAEPs in each condition.   
 
Figure 8-4: CAEP latencies as a function of ear.  There were no latency 
differences evident when right ear responses were compared to left. 
 
Figure 8-5:  P1-N1 amplitude does not vary as a function of condition; there 
are no right versus left ear differences.  Mean (peak-to-trough) amplitudes 
for right (♦) and left (■) ears for quiet and 3 contra N1-P2 amplitudes trend 
(p = 0.09) to be larger in quiet compared to noise conditions, however, there 
are no ear differences. Mean N1-P2 response amplitudes for right (♦) and left 
(■) ears for control and noise conditions.  Error bars = 1 s.e.m. lateral noise 
conditions are displayed. Error bars = 1 s.e.m.  
 
Figure 8-6:  N1-P2 amplitudes trend (p = 0.09) to be larger in quiet 
compared to noise conditions, however, there are no ear differences. Mean 
N1-P2 response amplitudes for right (♦) and left (■) ears for control and 
noise conditions.  Error bars = 1 s.e.m.  
 
Figure 8-7:  Right ear P2-N2 amplitudes do not vary as a function of 
condition, but are larger (p < .05) for the right ear compared to the left ear.  
Mean response amplitudes for right (♦) and left (■) ears for control and noise 
conditions.  Error bars = 1 s.e.m. 
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Table 8-1: 

   

     
     ELECTRODE Cz:   RIGHT EAR RESPONSES 

 
 

P1 N1 P2 N2 

QUIET 15 15 15 15 
N 13 13 13 13 
NWB 13 13 14 14 
NW 14 14 14 14 

     
     ELECTRODE Cz:   LEFT EAR RESPONSES  

 
 

P1 N1 P2 N2 

QUIET 12 13 13 13 
N 11 11 12 12 
NWB 10 11 13 13 
NW  12 12 12 12 
 
 
 
 
 
 
 
 
 



 169

 
 
 
 
 
 
 
 
Table 8-2: 
 
 
 
 

     
     ELECTRODE T3:   RIGHT EAR RESPONSES 

 
 

P1 N1 P2 N2 

QUIET 15 15 15 15 
N 13 13 13 13 
NWB 13 13 14 14 
NW  14 14 14 14 

     
ELECTRODE T3:   LEFT EAR RESPONSES 

 
 

P1 N1 P2 N2 

QUIET 12 13 13 13 
N 8 11 12 12 
NWB 11 11 13 13 
NW  12 12 12 12 
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Table 8-3:  
 
 
 
 

     
     ELECTRODE T4:   RIGHT EAR RESPONSES 

 
 

P1 N1 P2 N2 

QUIET 14 15 15 15 
N 11 12 12 12 
NWB 10 10 13 13 
NW 14 14 14 14 

     
     ELECTRODE T4:   LEFT EAR RESPONSES  

 
 

P1 N1 P2 N2 

QUIET 11 13 13 13 
N 10 10 12 12 
NWB 11 11 13 13 
NW  12 12 12 12 
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Table 8-4:   
 
 
 Electrode site CZ, responses for right ear 
 

 
             LATENCIES (  x̄ ms, sd) 

 
       AMPLITUDES ( x̄  μv, sd) 

  
P1 

 
N1 

 
P2 

 
N2 

 
P1-N1 

 
N1-P2 

 
P2-N2 
 

Q 55.3 (14.2) 104.8 (22.1) 157.6  (18.7) 253.3 (28.9) 1.9 (.71) 3.2 (1.5) 3.8 (1.9) 
 

N 66.6 (16.9) 
 

105.8 (22.2) 170.3 (11.6) 242.8 (12.8) 1.4 (.44) 2.0 (1.4) 3.4 (1.9) 

NWB 68.8 (19.1) 
 

105.8 (25.6) 164.5 (18.1) 231.3 (18.3) 1.5 (.83) 2.3 (.96) 3.4 (1.4) 

NW 62.2 (16.2) 
 

103.7 (19.3) 166.1 (14.8) 238.1 (16.3) 1.6 (.92) 2.0 (1.0) 3.6 (1.2) 

 
 
 
 
 

Electrode site CZ, responses for left ear 
 

 
             LATENCIES (  x̄  ms, sd) 

 
   AMPLITUDES (  x̄  μv, sd) 

  
P1 

 
N1 

 
P2 

 
N2 

 
P1-N1 

 
N1-P2 

 
P2-N2 
 

Q 72.4 (19.2) 105.5  (19.8) 169.6  (16.8) 235.3 (28.2) 1.5 (.75) 2.3 (1.0) 2.9 (1.2) 
 

N 86.0 (28.9) 118.9  (27.5) 177.8  (21.9) 215.9 (55.6) 1.2 (.81) 1.8 (.85) 2.7 (1.2) 
 

NWB 65.7 (12.4) 105.9  (13.8) 164.5  (11.8) 237.8 (16.9) 1.5 (.87) 2.1 (.96) 2.7 (1.1) 
 

NW 68.9 (17.3) 114.8  (25.1) 171.2  (21.4) 246.2 (21.2) 1.6 (1.1) 2.0 (2.3) 3.3 (2.3) 
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Table 8-5:   
 
 
 
 
 Electrode site T3 responses for right ear 
 

 
             LATENCIES (  x̄ ms , sd) 

 
        AMPLITUDES (  x̄  μv, sd) 

  
P1 

 
N1 

 
P2 

 
N2 

 
P1-N1 

 
N1-P2 

 
P2-N2 
 

Q 63.1 (23.8) 
 

101.1 (21.9) 169.1 (10.3) 246.1 (28.6) 1.3  (.71) 2.2 (.96) 2.5 (1.3) 

N 71.7 (22.2) 
 

115.0 (25.9) 170 (11.8) 242.2 (16.5) 1.5 (.89) 1.9 (.80) 2.6 (1.1) 

NWB 75.6 (17.8) 
 

111.6 (20.0) 170.2 (12.9) 235.1 (13.4) 1.2 (.64) 1.5 (.55) 2.6 (.83) 

NW 67.1 (18.2) 
 

111.8 (23.3) 168.5 (14.8) 233.1 (20.4) 1.6 (1.0) 1.7 (.92) 2.6 (.94) 

 
 
 
 
            Electrode site T3 responses for left ear 
 

 
             LATENCIES (  x̄  ms, sd) 

 
        AMPLITUDES (  x̄  μv, sd) 

  
P1 

 
N1 

 
P2 

 
N2 

 
P1-N1 

 
N1-P2 

 
P2-N2 
 

Q 79.7 (17.9) 
 

115.9 (18.5) 172.0 (19.1) 245.4 (32.1) 1.1 (.51) 1.6 (.95) 2.3 (1.1) 

N 93.1 (31.8) 
 

120.7 (30.2) 172.0 (27.0) 206.5 (55.3) 1.0 (.70) 1.3 (.53) 2.0 (1.2) 

NWB 78.3 (17.0) 
 

114.2 (11.9) 166.9 (14.8) 239.7 (15.0) .87 (.62) 1.4 (.72) 1.8 (.71) 

NW 88.7 (18.1) 
 

118.3 (19.2) 169.0 (17.1) 237.7 (23.7) .98 (.71) 1.7 (1.6) 2.5 (1.7) 
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Table 8-6:   
 
 
 Electrode site T4 responses for right ear 
 

 
             LATENCIES (  x̄ ms , sd) 

 
      AMPLITUDES (  x̄  µv, sd) 

  
P1 

 
N1 

 
P2 

 
N2 

 
P1-N1 

 
N1-P2 

 
P2-N2 
 

Q 57.0 (16.1) 
 

102.9 (15.2) 185.8 (27.8) 257.4 (38.8) 1.2 (.62) 1.7 (1.3) 1.8 (1.4) 

N 91.1 (28.4) 122.5 (21.7) 183.5 (23.5) 242.6 (15.2) .78 (.60) 1.2 (.85) 1.8 (1.3) 
 

NWB 82.2 (25.7) 112.7 (24.7) 170.8 (18.3) 249.5 (20.9) 1.1 (.56) 1.4 (.63) 1.9 (.97) 
 

NW 82.2 (26.0) 
 

117.9 (23.0) 174.6 (20.4) 235.1 (17.0) 1.2 (.51) 1.29 (.78) 2.1 (.99) 

 
 
 
 
           Electrode site T4 responses for left ear 
 

 
             LATENCIES (  x̄ ms, sd) 

 
    AMPLITUDES (  x̄ µv, sd) 

  
P1 

 
N1 

 
P2 

 
N2 

 
P1-N1 

 
N1-P2 

 
P2-N2 
 

Q 78.7(18.2) 
 

114.7(18.2) 178.3(20.0) 241.2(27.1) 1.6(.63) 2.0(.95) 1.8(1.1) 

N 73.7(23.1) 120.0(21.3) 179.1(26.2) 227.1(32.0) 1.5(.87) 2.0(.73) 1.8(.76) 
 

NWB 70.7(19.3) 108.5(13.1) 169.8(11.7) 232.0(19.6) 1.5(.85) 1.8(.91) 1.7(.84) 
 

NW 63.9(13.4) 105.0(22.3) 166.7(16.7) 224.3(12.4) 1.6(.92) 2.0(1.5) 2.3(1.5) 
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Figure 8-1:   
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Figure 8-2:  
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Figure 8-3: 
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Figure 8-4:  
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Figure 8-5:   
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Figure 8-6: 

 

   

 

 

 

 

 

 

 

 

 

 

 

N1-P2 Amplitude

1.5

2

2.5

3

3.5

Quiet  N  NB  NW

Condition

μ
v

N1-P2 Right

N1-P2 Left

 

 

 



 180

 

 

Figure 8-7: 
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CHAPTER IX:  CONCLUSIONS AND FUTURE DIRECTIONS 

 

1. TEOAE Experiment 

A listener’s attention to words embedded in contralateral noise used as a 

suppressor results in more suppression, i.e., a decrease in TEOAE amplitude, 

than for the passive listening conditions.   Ear asymmetries were also 

demonstrated, but only for the TEOAEs measured in quiet, with larger 

TEOAE amplitudes for the right ear.  In the noise conditions, the total 

amount of suppression was equivalent for both ears.  Given that the right ear 

unsuppressed amplitudes were larger left, proportionally the left ear was 

reduced more than the right.  This may be a reflection of asymmetries 

evident during enhanced efferent activity.  Also, it provides evidence for two 

different mechanisms: one to produce OAES and another for reflection 

efferent effects.       

 

Minimal information exists regarding the effects of active attention on 

TEOAEs with and without a suppressive activator (i.e., noise).  Several 

follow-up studies are needed to understand the effects of attention on 

contralateral suppression.  First, an investigation measuring suppression 
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during an active attention task using linguistically-relevant (speech) versus 

abstract stimuli (tones) may be helpful to understand the MOCB’s role 

during suppression and the interaction with corticofugal pathways.  The 

MOCB is thought to aid in discrimination of speech-in-noise, presumably 

through altering the frequency response of the cochlea, yet the amount of 

suppression as a function of frequency has not been evaluated during a 

speech discrimination task.  This could be accomplished by using toneburst 

stimuli rather than clicks to get a more precise picture of the frequency-

specific effects of suppression during active listening and speech 

discrimination.  

 

It is also necessary to determine the effects of active attention towards the 

stimulus (probe) ear versus the non-test ear.  When attending to the stimulus 

ear, deBoer & Thornton (2007) showed less suppression compared to the 

present study which showed more suppression during attention directed 

towards the opposite ear.  This may reflect a difference in top-down 

processing of attention from different hemispheric locations.  Thus, it is 

imperative to understand these differences prior to attributing these findings 

to a purely MOCB effect. 
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Finally, an investigation on TEOAE asymmetries with and without 

suppression should be established.  It is well documented that right ear 

TEOAE amplitudes are larger than left ear responses (See chapter II review) 

without the presence of noise.  TEOAE amplitudes were larger for right ear 

responses, and quantitatively, more suppression was evident for the right ear.  

However, the left ear had the same amount of suppression (in dB) as the 

right ear, so there was proportionally more suppression for the left ear when 

compared to the right.  Therefore, it is important to understand how the 

natural asymmetry in the TEOAE response is influencing suppression.  This 

could be accomplished by measuring suppression at several different levels 

of probe stimulus and suppressor for each ear, and comparing the slope of 

the input-output function. 

 

2. ABR experiment 

The effects of contralateral noise, active attention and ear asymmetries are 

also evident in the ABR.  Although wave V latency and amplitude showed 

little variation as a function of these factors, fine-grained analysis of the 

ABR waveform (in 3-ms epochs) revealed that the introduction of 

contralateral noise reduces or suppresses ABR amplitudes; and that, the left  
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and right ear responses differ substantially in the amount and time course of 

suppression effects.  

 

Further investigation of the effects of stimulus rate on the ABR during 

efferent activation (presentation of low-level noise) is necessary to 

determine if slow ( 7/s) versus fast rate ( 33/s) stimuli is optimal to 

investigate efferent effects at the brainstem level.  The mechanism of 

ipsilateral activation of the efferent system and must also be determined.  

For example, Berlin and colleagues (1995) used ipsilateral, contralateral and 

combined ipsi- and contralateral maskers in there parametric investigations 

of mechanisms of efferent suppression on TEOAE.  This approach may be 

replicated for ABR.   

 

Similar to the TEOAE investigation, the effects of attention on the ABR are 

largely unknown.  It is also unclear how active attention towards the 

stimulus ear versus the non-test ear may affect the ABR waveform.  It would 

be possible to perform an experiment in which TEOAEs and ABRs were 

averaged simultaneously during an attention task.  This could be done with 

and without the presence of an efferent activator.  The combination of these  
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two objective tests may provide evidence of neural processes at the 

peripheral and brainstem level, as well as the degree of cortical input during 

on these responses during an attention task.                  

 

3. CAEP Experiment 

The effects of low-level contralateral noise on CAEP responses have not 

been established.  Evoked potential studies using the central masking 

paradigm have shown threshold elevations during the simultaneous 

presentation of noise (masker).  However, these investigations have never 

been focused at the cortical level.  The presence of noise had a clear 

suppression effect on TEOAE and ABR amplitudes, but these effects were 

less evident at the cortical level.  It is important to identify the exact effects 

of noise during processing of various stimuli to truly understand the 

mechanisms at work.  A combined study using fMRI and ERP techniques 

may shed light on these inquiries.  Previous investigations have used this 

combined approach to study the neural processes activated during speech 

comprehension (Zekveld et al., 2006).  Zekveld & colleagues (2006) studied 

the comprehension of sentences during various signal-to-noise ratios (SNRs) 

as they recorded cortical activation.  Results indicated more temporal region 

activity during the highest SNRs, compared to frontal regions.  This 
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combined approach provides evidence of top-down and bottom-up 

processing during speech comprehension.             

 

There were no significant effects of attention on CAEP latencies as a 

function of condition or ear.  Previous studies have established attention 

effects on obligatory and cognitive potentials.  However, as stated in Chapter 

VIII, a majority of these studies were completed in quiet.  A counteractive 

effect of employing a active attention task in the presence of noise may have 

played a role in this result.  An investigation examining the effects of active 

attention both in quiet and with noise is needed to determine if these are, in 

fact, counter-active effects.  Similar to the previous experiments, these 

studies should also determine the effects of attention when directed towards 

the test or contralateral ear. 

 

Finally, the use of the non-invasive probes of the auditory system that were 

used in the present study may be useful for disordered populations.  Efferent 

suppression at the peripheral level of individuals with learning disorders 

(Garinis et al., 2008), CAPD (Hood, 1998) and selective mutism (Bar-haim  

et al., 2004) have shown abnormal results, such as a lack of suppression, 

compared to control age-matched groups.  Studies of ABR in those with 
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CAPD have focused upon binaural interaction components or masking level 

differences as means of documenting a disorder at the level of the brainstem.  

More recently, Kraus and her colleagues have recorded ABRs to speech 

stimuli, and found them to be abnormal in children with learning disorders 

(Kraus et al. & Koch, 1996).  In one study speech-evoked ABR and CAEP 

were obtained in the presence of (ipsilateral) competing noise.  Again, the 

learning disorder group showed a greater effect of noise interference than in 

typical-learning ability controls.   Perhaps the exacerbation of noise 

interference would also be evident when using contralateral noise.   

 

The approach used here: combination of TEOAE, ABR and CAEP and 

contralateral masking to activate efferent system, provides information about 

bottom-up processing; the addition of the attention task provides information 

about top-down processing.  The series of studies reported here provide new 

knowledge about the efferent mechanisms in hearing.  The research 

proposed will further that understanding.      
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