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Abstract 

 

Efferent-Mediated Changes in the Composite Distortion Product Otoacoustic Emissions Signal 

  

and Its Components: A Potential Tool to Investigate Auditory Processing Disorder 

 

By 

 

Shukrallah Abdelrazeq 

 

Advisor: Glenis R. Long, Ph.D. 

One of the hallmarks of auditory processing disorder (APD) is difficulty listening in 

background noise. This difficulty maybe related to the function of the medial olivocochlear 

(MOC) efferent system, which is hypothesized to provide an anti-masking effect that might aid 

in speech processing in noise. To test this hypothesis, we investigated the efferent anti-masking 

hypothesis via efferent-induced changes in the baseline levels of distortion product otoacoustic 

emissions (DPOAE) in a group of subjects suspected of having APD with speech-in-noise 

deficits matched for age and gender with a control group with less speech-in-noise deficits. 

There was no significant difference in audiometric thresholds between the groups. We examined 

not only the typical composite DPOAE, but also the two major components (overlap and 

reflection components), which determine the overall DPOAE level. We hypothesized that the 

group with speech-in-noise deficits would show reduced efferent effects relative to the control 

group. The findings did not support the efferent anti-masking hypothesis as efferent-induced 

changes in the composite DPOAE signal and the overlap component did not differ significantly 

between the two groups, but the statistical power was low. The separation of the two DPOAE 

components was beneficial in detecting efferent effects at the high frequency region where the 

DPOAE levels were lowest, and efferent effects were variable. The mean baseline levels and 

SNR of composite DPOAE and the overlap component were lower in the group with speech-in-
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noise deficits than the control group. This difference was not significant, but the statistical power 

was low. In addition, no significant correlations were found between performance on speech-in-

noise tests and DPOAE change due to efferent activation across groups. Factors that might 

explain why the efferent anti-masking hypothesis was not supported are discussed. 
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Chapter I. Introduction 

Auditory processing disorder (APD) is an umbrella term that encompasses different types 

of deficits (e.g., auditory discrimination, auditory processing in competing conditions, temporal 

processing) that are thought to be the result of neurobiological abnormalities in the central 

auditory nervous system (American Speech-Language-Hearing Association [ASHA], 2005). 

APD has also been described more broadly as a deficit in perceiving verbal and non-verbal 

auditory stimuli (British Society of Audiology [BSA], 2011). Others have described APD as an 

impairment in processing non-speech sounds in the absence of a peripheral deficit (Moore, 

2006), influenced primarily by top down cognitive processing (Moore et al., 2010), or as a 

dysfunction in processing auditory information in environments that are not conducive to optimal 

listening (Jerger and Musiek, 2000). This lack of consensus defining APD contributes to the 

inability to attain a gold standard for the diagnosis of this disorder (ASHA, 2005; Moore, 2006; 

American Academy of Audiology [AAA], 2010; BSA, 2011) and highlights the importance of 

researching its neurobiological underpinnings, which might ultimately lead to better diagnosis 

and remediation strategies for APD. 

APD can either be developmental or acquired (ASHA, 2005; AAA, 2010; BSA, 2011). 

Developmental APD is thought to be the result of neuro-maturation delay in the auditory system. 

This view was supported by the findings that performance on central auditory processing tasks 

was influenced by developmental changes (Moore et al, 2011; O’Beirne et al., 2012). In addition, 

developmental APD can co-exist with other neuro-developmental disorders (e.g., language, 

attention) (Bellis, 2003; ASHA, 2005; AAA, 2010; BSA, 2011). Acquired APD can be 

associated with hearing impairments, head trauma and neurological diseases of the central 

nervous system (Bellis, 2003; ASHA, 2005; AAA, 2010; BSA, 2011). Therefore, APD is better 
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understood when one takes into account the complex interaction between bottom up (sensory) 

and top down processing (cognitive, attention, memory). APD can be thought of as a bottom up 

disorder that involves a dysfunction in mechanisms that dominate auditory processing prior to 

higher order cognitive and linguistic operations at the cortical level. However, bottom-up 

processing does not occur in a vacuum due to the interconnectedness of the auditory modality 

and other regions in the central nervous system (ASHA, 2005; Musiek et al., 2005; Moore, 2006; 

AAA, 2010; BSA, 2011). Thus, the co-morbidity between APD and other disorders maybe due 

to shared neural substrates (AAA, 2010). 

There is much controversy surrounding the heterogeneity of developmental APD and the 

validity of its diagnosis when it co-exists with language disorders (ASHA, 2005; AAA, 2010). 

The crux of this controversy revolves around a possible confounding linguistic effect on 

performance in auditory tasks. While linguistic confounds cannot be ruled out in the case of 

auditory-language co-morbidity, there are three major points that might contribute to resolving 

this controversy. First, the comparison between APD test battery results and language testing 

results may help to uncover a possible auditory component underlying the language disorder, 

which will lead to better understanding of the auditory-language co-morbidity (Bellis, 2003; 

ASHA, 2005; AAA, 2010). Second, the inclusion of both verbal and non-verbal auditory tasks as 

part of the APD test battery may help to differentiate between auditory deficits versus a 

language-related deficit (ASHA, 2005, AAA, 2010). Third, the comparison between 

performances in auditory tasks presented in an un-manipulated versus manipulated conditions. In 

essence, if a child can perform the auditory task in the un-manipulated condition (stimulus is 

intact) but s/he has difficulty in performing the same task when the acoustic signal is 

manipulated (e.g., stimulus presented in a competing condition or distorted), this discrepancy in 
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test performance may argue against the influence of linguistic confounds in favor of an auditory 

deficit underlying the child’s APD diagnosis (AAA, 2010). 

One of the hallmarks of APD is difficulty listening in the presence of noise (Katz, 1992; 

Chermak et al., 1999, 2002; Jerger and Musiek, 2000; Bellis, 2003; ASHA, 2005; AAA, 2010). 

This difficulty maybe related to a dysfunction in the medial olivocochlear (MOC) efferent 

system, which plays a major role in modifying cochlear response in the presence of noise 

(reviewed in Guinan, 2011). The MOC system consists of neural fibers originate bilaterally in 

the medial region of the superior olivary complex and descend to the cochlea, where they 

synapse directly on the outer hair cells (OHCs) (Warr and Guinan, 1979; Liberman, 1980; 

Guinan et al., 1983; Guinan et. al., 1984). The characteristic frequency (CF) of afferent fibers is 

similar in frequency to the best frequency of the MOC fiber innervating that region (Liberman 

and Brown, 1986).  

The MOC system provides an anti-masking effect by acting on the OHCs to reduce 

cochlear amplification of noise, leading to reduced basilar membrane (BM) motion to the noise 

(Murugaso and Russell, 1996; Russell and Murugaso, 1997; Dolan et. al. 1997). One 

consequence is that some of the neurotransmitter supply at the afferent-inner hair cell synapse, 

normally depleted during noise stimulation in the absence of MOC activation, will be partially 

preserved (Guinan, 2006), resulting in enhanced auditory nerve dynamic range (Nieder and 

Nieder, 1970; Dollan and Nuttal, 1987; Winslow and Sachs, 1987; Winslow and Sachs, 1988; 

Kawase et al., 1993; Kawase and Liberman, 1993). This increased dynamic range is believed to 

play a major role in improving signal-to-noise (SNR) (Dewson, 1967; Winslow and Sachs, 1987) 

that can potentially aid in the detection of signals embedded in noise (Winslow and Sachs, 1988; 

Kawase et al., 1993; Brown et al., 1998). This hypothesis is supported by studies in which 
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cutting efferent fibers resulted in poorer performance on tasks administered in the presence of 

noise in both animals (Dewson, 1968; May and McQuone, 1995; Heinz et al., 1998) and humans 

(Giraud et al., 1997). 

In humans, the strength of the MOC system may be estimated non-invasively by 

measuring changes in evoked otoacoustic emissions (EOAE) (reviewed in Guinan, 2011). EOAE 

are sound-evoked emissions generated by the healthy cochlea and measured after their reverse 

transmission through the middle ear to the ear canal (Kemp, 1978). EOAE generation depends on 

the enhancement of BM motion by OHCs motility (cochlear amplifier) (for review, see Cooper 

et al., 2008). Because the MOC fibers terminate on the OHCs, they are in a position to alter the 

dynamics of the cochlear amplifier. As such, the OHCs are considered a functional connection 

between EOAE and the MOC system because they are influenced by MOC activation and play a 

major role in the generation of EOAE. This functional connection makes it possible to detect 

efferent effects via changes in EOAE (reviewed in Guinan, 2011). One important confounding 

factor, however, that must be accounted for to ensure the validity of estimating efferent-induced 

changes in EOAE is the possible activation of the middle ear muscle reflex (MEMR) at moderate 

to high stimulation levels (reviewed in Guinan, 2006). When the MEMR is activated, it affects 

the properties of the acoustical signal going to and from the cochlea, thereby modifying OAE 

measurements, which can be erroneously interpreted as efferent effects. Phase analysis and 

changes in ear canal sound pressure have been used to monitor MEMR activation (e.g., Guinan 

et al., 2003; Lilaonitkul and Guinan, 2009 a&b; Henin et al., 2011; Henin and Long, 2012). 

There are different types of EOAE. Distortion product otoacoustic emissions (DPOAE) 

are produced when two pure tones (f1, f2, f2>f1), known as primaries, are used to stimulate the 

cochlea. Because the cochlear response is nonlinear, inter-modulation between the two primaries 
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gives rise to multiple distortion products, when both stimulate the same cochlea region. The most 

robust DPOAE is 2f1-f2 generated when f2/f1 = 1.22. 

Theoretical modeling of DPOAE generation (e.g. Shera and Guinan, 1999; Talmadge et 

al., 1999) has proposed that the DPOAE measured in the ear canal is a composite signal 

comprised of at least two major components with two distinct mechanisms underlying their 

generation: the overlap and reflection components (reviewed in Shera and Guinan, 2007). The 

overlap component (also known as generator, nonlinear or distortion component) is generated by 

non-linear mechanisms just basal to the region of maximal overlap between the traveling waves 

generated by the primaries. The phase of this component does not change much when the 

primaries change while keeping primary ratio unchanged. The overlap region moves along the 

BM, and the number of traveling waves to peak remains relatively unchanged, giving the overlap 

component its shallow phase characteristics. In contrast, the reflection component (also known as 

the CF component) is generated by linear mechanisms at pre-existing perturbations scattered 

along the BM after a portion of the overlap component energy travels on the BM to reach its CF 

place (e.g. 2f1-f2). The traveling wave of the reflection component slows down when it 

approaches the region near its CF, resulting in the reflection component having steep phase 

characteristics (e.g. Shera and Guinan, 1999; Talmadge et al., 1999). The same linear 

mechanisms that underlie the generation of the reflection component also generate transient 

evoked otoacoustic emissions (TEOAE) and stimulus frequency otoacoustic emissions (SFOAE) 

(e.g., Shera and Guinan, 1999; Kalluri and Shera, 2001; 2007). Amplitude and phase interactions 

between the two DPOAE components give rise to a pattern of pseudo-fluctuations in the form of 

minima and maxima seen in the composite DPOAE signal (both components measured together) 

recorded in the ear canal. This fluctuation pattern is known as DPOAE fine structure (e.g., He 
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and Schmiedt, 1993; Mauermann et al., 1999a&b). 

The two-source model underlying DPOAE generation has been supported by three major 

findings. First, changes in DPOAE fine structure when the reflection component was suppressed 

(e.g., Heitmann et al., 1998; Talmadge et al., 1999; Kalluri and Shera, 2001; Mauerman and 

Kollmeier, 2004; Johnson et al., 2006). Second, concomitant changes in the phase and amplitude 

of DPOAE fine structure as predicted by mathematical modeling (Talmadge et al., 1999). Third, 

the unmixing of the composite DPOAE signal based on differences in latencies between the two 

components (e.g., Kalluri and Shera, 2001; Mauermann and Kollmeier, 2004; Dhar et al., 2005; 

Long et al., 2008, 2009). 

The different origins of the two components suggest that each component might be 

differentially sensitive to factors affecting cochlear function, such as efferent modification of the 

cochlear amplifier. However, it is difficult to decipher these differential effects if one just 

examines the composite DPOAE signal without separating the two components. Furthermore 

when the two DPOAE components are not separated, both suppression (decrease in OAE 

amplitude) and enhancement (increase in OAE amplitude) are seen in the composite DPOAE 

signal during efferent activation due to the interaction between the two components (Wagner et 

al, 2007; Zhang et al., 2007; Sun, 2008; Abdala et al., 2009; Deeter et al., 2009; Henin et al., 

2011). When the components are separated, there is evidence that the reflection component 

changes more with efferent activation than the overlap component (Abdala et al., 2009; Deeter et 

al., 2009; Henin et al., 2011). One possible interpretation for the greater sensitivity is due to 

energy traveling from the overlap region to the DP frequency place being amplified before being 

reflected back. In contrast, the overlap component does not travel apically after generation and 

consequently does not get amplified (Talmadge et al., 1999; Shera and Guinan, 1999). In 
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addition, the reflection component is often lower in amplitude than the overlap component when 

f2/f1 = 1.22, which is widely used in clinical and research settings. This difference in amplitude 

between the two components makes the reflection component potentially more susceptible to the 

effects of the cochlear amplifier, which plays a greater role at low levels (reviewed in Cooper et 

al., 2008). 

Previous human investigations of the efferent anti-masking hypothesis have yielded 

mixed results. When the correlation between masking and MOC evoked changes in OAE was 

examined (summarized in Tables 1, 2), some investigators found no significant correlation 

(Harkrider and Smith 2005; Mukari and Mamat, 2008; Wagner et al., 2008; Stuart and Butler, 

2012), significant negative correlation (Micheyl et al., 1995; Garinis et al., 2011; de Boer et al., 

2012) or significant positive correlation (Micheyl and Collet, 1996; Micheyl et al., 1997; Kumar 

and Vanaja, 2004; Yilmaz et al., 2007; Bhagat and Carter, 2010). Similarity, results were also 

mixed in studies that investigated the efferent anti-masking hypothesis in individuals with APD 

or auditory listening problems. Efferent inhibition in such subjects was significantly less than 

control subjects in some studies (Muchnik et al., 2004; Yalcinkaya et al., 2010), but not in others 

(Sanches and Carvallo, 2006; Burguetti et al., 2008; Butler et al., 2011) (summarized in Table 3). 

These inconsistent results may stem from differences in the behavioral task parameters (SNR, 

type of stimuli), the different types of methods used to estimate efferent magnitude, and the lack 

of MEMR monitoring. These issues will be covered in more detail in the discussion section. 

Although efferent anti-masking hypotheses in individuals with speech-in-noise problems 

have been investigated before using efferent-induced changes in different types of OAE, 

efferent-induced changes in DPOAE components have not been reported. Therefore, the goal of 

this dissertation was to investigate whether a dysfunction in the MOC system could underlie 
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speech-in-noise deficits in individuals suspected of having APD.  We anticipated that estimates 

of efferent-induced changes in both the composite DPOAE signal and its components might 

facilitate the evaluation of a potential association between speech-in-noise deficits and efferent 

function. We hypothesized that individuals with speech-in-noise deficits will show reduced 

efferent effects when compared with a control group with less speech-in-noise deficits. We also 

hypothesized that performance on speech-in-noise tests will be significantly correlated with 

efferent-mediated changes in DPOAE.  
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Chapter 2. Method 

2.1. Subjects 

Eighty-five subjects were recruited for this study. All testing was done at St. John’s 

University’s Speech and Hearing Center. The majority of the subjects had prior scheduled 

appointments because they were suspected of having APD. These subjects were administrated a 

behavioral APD test battery. Other subjects (14 subjects) were recruited by the word of mouth to 

potentially increase the number of control subjects in the study, and they were only administered 

two speech-in-noise tests that are part of the APD test battery (with the exception of one subject 

who was only administered one speech-in-noise test and thus was not included in the study). The 

Parents/guardians of all children signed a consent form for their children to participate in the 

study. St. John’s University’s and the Graduate Center of the City University of New York’s 

Institutional Review Boards approved all procedures and consent forms. 

All subjects had to satisfy an inclusion criteria consisting of: Normal hearing thresholds 

(equal or less than 20 dB HL at .5 - 4 kHz), normal 226 Hz admittance tympanograms (type A) 

in the right ear, normal stapedial reflexes thresholds (Gelfand et al., 1990), completion of two 

speech-in-noise tests, no major changes in ear canal primary level used to monitor both 

calibration and possible MEMR activation, consistent up and down sweeps in DPOAE fine 

structure and the presence of at least + 6 dB DPOAE SNR. Only 48 subjects out of the total 85 

subjects who were tested met the inclusion criteria. Exceptions were made to include three more 

subjects. One subject was included in both the more restrictive analysis and the more inclusive 

analysis even though the subject’s tympanogram was not assessed due to partial testing. Two 

subjects were included in the more inclusive analysis. One subject’s hearing sensitivity and 

tympanogram were not assessed due to partial testing and the other subject’s tympanogram could 
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not be obtained due to the subject’s very narrow ear canal. Therefore, a total of 51 subjects took 

part in the study. 

After testing, subjects were divided into two groups based on performance on two 

speech-in-noise tests. According to certain criteria, subjects were either labeled as “impaired” 

(impaired group) or control (control group). Subjects who scored at or below the 10
th

 percentile 

on at least one speech-in-noise test and at or below the 25
th

 percentile on the other test were 

placed in the impaired group. Subjects who scored at or above the 25
th

 percentile on both tests 

were placed in the control group. After matching subjects from the impaired group with control 

subjects for gender and age (within one year with the exception of two subjects who were 

matched within 14 months and within 20 months), 10 pairs of subjects remained (3 females and 

7 males in each group). The mean age of the subjects in the impaired group was 11.33 years 

(range = 9.59 years; SD = 2.89). The mean age of the control subjects was 11.28 years (range = 

10.91 years; SD = 3.09). Three subjects in each of the impaired and control groups had an 

existing morbid condition according to parent report (in the impaired group: ADHD, Asperger-

pervasive developmental disorder-not otherwise specified; in the control group: autism, 

pervasive developmental disorder-not otherwise specified, seizures). When a less restrictive 

criterion to separate the impaired and control groups based on speech-in-noise performance was 

implemented, this resulted in more subject pairs, but less consistency within each group and 

more overlap in performance on the speech-in-noise tests. 

2.2. Behavioral APD Test Battery 

The core of the behavioral APD test battery administrated at St. John’s University’s 

Speech and Hearing Center consists of: A) The Buffalo Model tests (Katz, 1992; also see Katz, 

2007), B) Tests for Auditory Processing Disorders for Children (Scan-3:C, Keith, 2009a) and in 
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Adolescents and Adults (Scan-3:A, Keith, 2009b). In this dissertation, only the performance 

from the right ear on the Speech-in-Noise CID-W22 (hereinafter referred to as the CID-W22 

test) that is part of the Buffalo Model and the Auditory Figure Ground (AFG) test that is part of 

the Scan-3 test, were used in order to investigate the efferent anti-masking hypothesis (see Table 

4 for behavioral scores on APD tests for the impaired and control subjects in the more restrictive 

groups).  

The CID-W22 test (Modified CID W-22 words, Hirsh, 1952) is recorded on a compact 

disc (Precision Acoustics, Vancouver, WA) and is used to evaluate the ability to recognize 

speech embedded in background noise. This test was presented at 40 dB SL above the speech 

recognition threshold, and consists of 25 monosyllable words presented in quiet first then in the 

presence of speech spectrum noise at +5 SNR. The AFG test is recorded on a compact disc 

(Pearson, San Antonio, TX) and it consists of 40 monosyllabic words (20 words in each ear) 

embedded in a multi-talker speech babble noise presented at +8 dB SNR up to age 12 years and 

at 0 dB SNR for ages 13 years and above. This test started with practice items and was presented 

at 50 dB HL. In both tests, subjects were asked to repeat the words they heard and scoring was 

based on repeating the whole word. No partial credit was given. Because the AFG test is based 

on scores obtained from both ears, the right and the left ear scores are reported. Only right ear 

scores are reported from the CID-W22 test. 

In the more restrictive group, two impaired subjects complained about static during the 

administration of the CID-W22 test (one subject in the quiet condition and another subject in the 

noise condition). In the more inclusive group, two impaired subjects complained about static 

during the administration of the CID-W22 test in noise and another subject complained about 

static during the administration of the CID-W22 test in noise and the AFG tests. The test was 
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then repeated without static and these scores were used in the analysis. 

In order to control for the effect of different SNRs in the two speech-in-noise tests, we 

converted the CID-W22 raw scores into percentile scores by calculating the z scores. No such 

conversion was necessary for the AFG test as percentile scores were readily available as part of 

this test’s age-normed criteria. Pearson correlation coefficients between the percentile scores of 

the two speech-in-noise tests as well as between percentile scores and efferent-mediated changes 

in DPOAE level within and across subject groups were obtained. Correlations within and across 

groups between the two tests were done to establish whether the two tests were separating the 

two groups based on speech-in-noise ability.  

2.3. DPOAE  

2.3.1. DPOAE Recordings 

DPOAE were recorded using a sweeping-primary procedure (Long et al. (2008, 2009). 

The primaries were swept logarithmically over two octaves (f1 = 820-3280 Hz, f2 = 1-4 kHz at 

f2/f1=1.22 producing 2f1-f2 at 640-2560 Hz). The levels of the primaries (L1, L2 for f1 and f2 

respectively) were presented to the right ear at 59 and 50 dB SPL respectively (according to the 

scissors paradigm L1 = 0.4*L2+39 dB, Kummer et al., 1998). The primary and DPOAE 

frequency range included frequencies that are crucial for speech processing. The sweep rate was 

2 seconds per octave, giving a total of 4 seconds per sweep. Contralateral acoustic stimulation 

(CAS) (band pass noise, 0.5-6kHz) was presented at 60 dB SPL in the left ear to evoke the MOC 

system. CAS started 500 ms before the onset of primaries in order to allow the MOC system 

ample time to be activated before the onset of primaries in the right ear as the build-up time of 

medial efferent fibers was reported to be around 200 ms (Backus and Guinan, 2006). The 

primary and CAS levels were chosen to provide a good SNR rate while minimizing possible 
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activation of MEMR (Henin et al., 2011, 2012). 

2.3.2. Data Collection 

Signal generation and data recording were done using custom software (written by 

Carrick Talmadge and described in Long et al, 2008) on a Mac-Book Pro laptop connected via 

firewire to a MOTU 828 mkII audio-interface (Cambridge, MA) set to 24 bit/ 44100 Hz.  The 

two primaries passed through HB6 headphone buffer before passing through the booth wall and 

stimulating two ER2 (Etymotic Research, Elk Groove Village, IL) tube phones (to deliver 

primaries) connected to an ER10 (Etymotic Research, Elk Groove Village, IL) microphone 

placed in the right ear canal. A third ER2 tube phone (to deliver CAS) was placed in the left ear. 

The signal picked up by the microphone was pre-amplified by a battery-operated Etymotic 

preamplifier before being digitized by the MOTU audiointerface and streamed to disk on the 

laptop to be analyzed offline. 

Up (f2 = 1-4 kHz) and down (f2 = 4-1 kHz) sweeps with and without CAS were presented 

in an interleaved manner so that a pair of up and down sweeps without CAS was followed by a 

pair of up and down sweeps with CAS. There was a minimum of 12 pairs of up and down 

sweeps with and without CAS, giving a total of at least 48 runs during the recording session. 

Each recording session lasted approximately 10-15 minutes. Recordings of white noise were 

done at the beginning and end of the recording session to check probe fit. Probe fit was also 

evaluated by examining the primary levels from each sweep. 

Data were processed offline using an artifact rejection program written by Selesnik and 

Hajicek (2010) and modified by Simon Henin, a member of our lab at the Graduate Center-City 

University of New York. The artifact rejection program calculates an estimate based on how the 

sound stimulus differs from a predicted pattern for the recorded file. This is used to give weights 
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to each section of the sound files depending on how well it fitted the prediction. When the sound 

files were averaged, the contribution of each time window from each sound file depended on 

these weights. This means that for each point, the sound files with the least estimated noise 

contributed more towards the calculated average in order to get the lowest possible noise (i.e., 

calculating a “weighted” average). 

2.3.3. Extracting Composite DPOAE and Its Components 

Wideband least square fit (LSF) analysis (Long and Talmadge, 1997, Dhar et al, 2005; 

Long et al, 2009) was used to extract the composite DPOAE signal, while narrowband analysis 

with a latency-dependent filter was used to extract the two DPOAE components (Long et al., 

2009; Henin et al., 2011). The LSF method models DPOAE stimulus and the expected signals.  

These are compared with the ear canal signal. The DPOAE and signal components in the model 

are then manipulated until the mean square errors between the model and the ear canal signal are 

minimal. The LSF permits the extraction of either composite DPOAE or separation of the two 

components by changing the filter bandwidth used in the analysis. The width of the filter 

depends on the sampling rate and the number of points in analysis window (filter bandwidth = 

sampling rate / number of analysis points). Composite DPOAE was extracted using wideband 

analysis relying on both components falling within the resulting wide filter (8 Hz filter). To 

extract the two components from the ear canal signal, we used narrowband analysis. To achieve 

this, the number of points in the analysis window was increased (when the analysis window is 

longer, the filter gets narrower), which resulted in a narrower filter (2 Hz) that resulted in the 

overlap component being extracted (see Long et al, 2008). Another frequency-dependent filter 

was used to extract the reflection component (Long et al., 2009; Henin et al., 2011). 
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The sweep analysis procedure provides detailed information about the change in DPOAE 

level with frequency. In order to reduce the amount of data collected, the root-mean-square 

(RMS) of the DPOAE power in 1/3 octave bandwidth were obtained (the center frequency of the 

bandwidth was incremented in 1/3-octave steps). This minimized the impact of low-level points 

falling in the vicinity of any DPOAE minima.  

2.3.4. Estimating Efferent-Mediated Changes in the Composite DPOAE Signal and Its 

Components   

The strength of efferent function was inferred by calculating differences in the 

magnitudes (OAE) between the composite DPOAE signal and its components obtained during 

the No-CAS (baseline) and CAS conditions. The RMS analysis was done on raw OAE values. 

To minimize the contamination of the data by points near the noise floor, only DPOAE with 

amplitudes at least +6 dB SNR above the noise floor were included in the analysis. Delta 

DPOAE values were also binned into three frequency regions: low (up to 1 kHz), middle (1.1-1.4 

kHz) and high (above 1.5 kHz) regions. Choosing these frequency bins was based on visual 

inspection of the data by establishing which frequencies had the largest efferent effects.  

Two methods of estimating efferent strength were used: A) dB difference method (dB 

OAE): this method subtracts the OAE level in dB in the CAS from the OAE Level in dB from 

the No-CAS conditions, B) Percent change ( %Pa OAE): this method calculates OAE as a 

percent pressure change relative to baseline. 

2.3.5. Monitoring MEMR  

Changes in primary level in the ear canal with and without the presence of CAS were 

used to detect whether MEMR activation contaminated the data. Major changes in primary levels 

in the ear canal were interpreted as being the result of changes in tympanic membrane 
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compliance and thus indicative of possible MEMR activation (Guinan et al., 2003; Lilaonitkul 

and Guinan, 2009 a&b; Henin et al., 2011; Henin and Long, 2012).  

2.4. Statistical Analysis 

Two separate sets of statistical analyses were done. One statistical analysis was based on 

more restrictive criteria that included 10 impaired subjects suspected of having APD who scored 

at or below the 10
th

 percentile on at least one speech-in-noise test and at or below the 25
th

 

percentile on the other test, and 10 control subjects who scored at or above the 25
th

 percentile on 

both tests. This was done in order to ensure that all subjects in the impaired group had a deficit in 

speech discrimination in the presence of background noise.  Another statistical analysis was done 

using less restrictive criteria in order to include more subjects and potentially increase the power 

of analysis. Subjects whose scores were one standard deviation below the mean (16
th

 percentile) 

on at least one test were placed in the impaired group and those whose scores were at or above 

the 16
th

 percentile on both tests were placed in the control group, resulting in 17 subjects in each 

of the impaired and control groups.  

All statistical analyses were done using the SPSS program (version 20). Pearson 

correlation coefficients between the percentile scores of the two speech-in-noise tests as well as 

correlations between percentile scores and estimates of efferent magnitude within and across 

subject groups were obtained. In addition, two-way mixed analyses of variance (ANOVA) with 

repeated measures (group x frequency) using the general linear model were performed to 

investigate differences between audiometric thresholds as well as differences in DPOAE baseline 

level and estimates of efferent magnitude between the impaired and the control groups by 

analyzing the effects of group (impaired vs. control), frequency and group-by-frequency 

interaction. The F test results were corrected and degrees of freedom were adjusted when the 
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sphericity assumptions were found significant and Bonferroni corrections were done to permit 

post-hoc analysis of within subject effects.  
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Chapter 3. Results 

The analysis with the more inclusive groups resulting from less restrictive criteria showed 

lower statistical power in the majority of the analyses than the analysis done with fewer subjects 

but more restrictive criteria leading to groups that differed more in speech and noise ability. The 

more inclusive analysis also failed to show a significant main effect of frequency in dB OAE in 

both composite DPOAE and the overlap component that was seen in the more restrictive analysis 

(see Tables 9-10, 10A-11A, and also see appendix for overall DPOAE measurements binned into 

three frequency regions in the more restrictive analysis and for the overall results and tables for 

all subjects in the more inclusive analysis). The statistical analysis based on more restrictive 

inclusion criteria is presented throughout this paper along with some comparisons with the more 

inclusive analysis when such comparisons were deemed appropriate. 

3.1. Analysis of Behavioral Testing 

Table 4 shows the behavioral scores from all subjects used in the more restrictive 

analysis. Descriptive statistics of the two speech-in-noise percentile test scores for the impaired 

and control groups are shown in Table 5. Pearson correlation coefficients between the CID-22 

and the AFG percentile test scores were not significant within the control (r = -0.07, p = 0.86) 

and APD (r = 0.13, p = 0.72) groups. The percentile scores were then combined to include all 

scores from the APD and control groups for each test. This resulted in all CID percentile scores 

from both groups in one large group (combined CID group) and another large group that 

included AFG percentile scores (combined AFG group). Pearson correlation coefficients were 

significant (r = 0.63, p = 0.00) between the combined CID vs. AFG groups, but no such 

significant correlation was found in the analysis based on the more inclusive subject group (r = 

0.23, p = 0.2). 
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Pearson correlation coefficients between speech-in-noise percentile scores and dB OAE 

for composite DPOAE and the overlap component were not significant when comparisons were 

made within groups. Pearson correlation coefficients were also not significant when the results 

from all subjects (impaired and controls) were combined and comparisons were made between 

performance on each test and efferent magnitude (combined CID vs. combined dB OAE, and 

combined AFG vs. combined dB OAE) (Table 6). Similar lack of correlations between dB 

OAE and percentile scores within and across groups were obtained from the more inclusive 

analysis (Table 7A). 

The ANOVA analysis of audiometric thresholds (Figure 1) revealed that the impaired 

group did not have significantly different thresholds than the control group [F(1, 18) = 0.41, p = 

0.53], determining that any differences between groups was probably not due to differences in 

audiometric status. However, there was a significant main effect of frequency [F(2.16, 38.92) = 

11.37, p = 0.00] as higher thresholds were seen at the lower frequencies (500, 1000 Hz).  This 

trend was seen in both groups as the group-by-frequency interaction [F(2.16, 38.92) = 0.76, p = 

0.48] was not significant. 

3.2. Efferent-Mediated Changes in DPOAE Levels 

3.2.1. Composite DPOAE Signal 

The baseline levels of the composite DPOAE signal averaged across the frequency range 

are shown in Table 7. The mean DPOAE level was lower in the impaired group (2.8 dB SPL) 

than the control group (5.9 dB SPL). Figure 2 displays the mean composite DPOAE baseline 

level as a function of frequency for both the impaired and control groups. The mean DPOAE 

levels ranged from -7.75 to 13.55 dB SPL in the impaired group and between -3.5 to 16.44 dB 

SPL in the control group, but this difference between groups was not significant [F(1, 18) = 1.83, 
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p = 0.19]. The SNR of the composite DPOAE signal was lower in the impaired group compared 

with the control group across the frequency range (Figure 3). The mean DPOAE baseline level in 

both the impaired and control groups was highest in the lower frequency region, then it 

decreased as frequency increased in the middle frequency region, reaching its lowest level above 

1.5 kHz. There was a significant main effect of frequency [F(2.76, 49.67) = 61.31, p = 0.00)], but 

the group-by-frequency interaction was not significant [F(2.76, 49.67) = 0.61, p = 0.6].  

Similar patterns of results were seen for the more inclusive analysis of composite 

DPOAE baseline level as there was a significant main effect of frequency [F(2.79, 89.33) = 

85.62, p = 0.00], but the group [F(1, 32) = 1.08, p = 0.31] and the group-by-frequency 

interactions [F(2.791, 89.33) = 0.66, p = 0.57] effects were not significant. 

Estimates of mean efferent strength as indexed by dB OAE and %Pa OAE and 

averaged across the total frequency range, for the composite DPOAE signal in both the impaired 

and control groups are shown in Table 8. The mean estimate of efferent magnitude was higher in 

the impaired group (-0.61 dB and -11.34 % Pa) than in the control group (-0.47 dB and -7.44 % 

Pa), but this difference between groups was not significant for dB OAE [F(1, 18) = 0.19, p = 

0.67] or %Pa OAE [F(1, 18)= 1.2, p= 0.29]. Figure 4 depicts the efferent-mediated changes in 

the composite DPOAE signal indexed by dB OAE and %Pa OAE as a function of frequency 

for the impaired and control groups. The frequency main effect was significant for dB OAE 

[F(4.1, 73.77) = 3.1, p = 0.02], but not for %Pa OAE [F(3.41, 61.32) = 2.22, p = 0.09]. The 

group-by-frequency interaction was not significant for dB OAE [F(4.1, 73.77) = 1.32, p = 0.27] 

or %Pa OAE [F(3.41, 61.32) = 0.55, p = 0.67].  

In contrast, in the more inclusive analysis, the frequency main effect was not significant 

for dB OAE [F(2.53, 80.82) = 2.07, p = 0.12], although similar to the more restrictive analysis, 
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the frequency effect was not significant for %Pa OAE [F(2.82, 90.29) = 1.52, p = 0.22]. In 

addition, similar to the more restrictive analysis, the effects of group for dB OAE [F(1, 32) = 

0.01, p = 0.94] and %Pa OAE [F(1, 32) = 0.05, p = 0.83], as well as the group-by-frequency 

interactions for dB OAE [F(2.53, 80.82) = 0.59, p = 0.59] and %Pa OAE [F(2.82, 90.29) = 

0.99, p = 0.4] were not significant. 

The impaired group showed both suppression and enhancement when CAS stimulation 

evoked efferent activation at the high DPOAE frequencies (Figure 4). In order to further 

investigate the effect of frequency, efferent estimates were binned into three frequency regions: 

low (up to 1 kHz), middle (1.1-1.4 kHz) and high (1.5-2.2 kHz) frequency regions, and a 

separate ANOVA analysis was done. Table 1A presents the data from individual subjects. There 

was a significant main effect of frequency for dB OAE [F(1.98, 35.67) = 7.29, p = 0.00] and 

%Pa OAE [F(1.86, 33.51) =  6.58, p = 0.01]. Figure 5 depicts the efferent-mediated changes in 

the composite DPOAE signal indexed by dB OAE and %Pa OAE as a function of the three 

frequency bins for the impaired and control groups. The impaired group had more suppression in 

dB OAE and %Pa OAE in the low and middle frequency regions than the control group. This 

group-by-frequency interaction was not significant for dB OAE [F(1.98, 35.67) = 2.84, p = 

0.07, with the observed power = 0.52 ], but there was a significant group-by frequency contrast 

[F(1, 18) = 4.96, p = 0.04, with the observed power = 0.56). Enhancement was seen in dB OAE 

in the high frequency region in the impaired group. Such enhancement could be related to the 

interaction between the two DPOAE components, as this effect disappeared when the two 

DPOAE components were separated (see below). The group-by-frequency interaction was not 

significant for %Pa OAE [F(1.86, 33.51) = 0.74, p = 0.47]. 

3.2.2. Unmixing of the DPOAE Signal 
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In both the impaired and control groups, the mean baseline level of the overlap 

component was higher in amplitude than the reflection component across the frequency range 

(Figures 6A, B). As a result, the SNR of the overlap component was greater than the reflection 

component (Figures 7A, B). Consequently, estimates of efferent-mediated changes in the overlap 

component were much more reliable and consistent (Figures 8A, B) than estimates based on the 

reflection component (Figures 9A, B), which varied considerably due to its lower SNR. The 

effects of noise floor contamination on efferent-mediated changes in the reflection component 

was evident by the presence of more than 100 %Pa OAE at some frequencies (figure 9B). For 

this reason, efferent-mediated changes in the reflection component were excluded from further 

analysis. 

The mean baseline levels of the overlap component averaged across the frequency range 

are shown in Table 6. The mean of the overlap component level was lower in the impaired group 

(1.86 dB SPL) compared with the control group (5.34 dB SPL). Figure 6A displays the mean of 

the overlap component level as a function of frequency for the impaired and control groups. The 

mean of the overlap component ranged from -8.95 to 12.37 dB SPL in the impaired group and 

between -4.03 to 15.13 dB SPL in the control group, but this difference between groups was not 

significant [F(1,18) = 2.03, p = 0.17]. The overlap component level in both the impaired and the 

control groups was highest in the lower frequency region and decreased as frequency increased 

in the middle frequency region, reaching its lowest level in the higher frequency region. There 

was a significant main effect of frequency [F(2.14, 38.51) = 55.03, p = 0.00], but the group-by-

frequency interaction was not significant [F(2.14, 38.51) = 0.76, p =0.48].  

Similar results were found in the overlap component level from the more inclusive 

analysis; there was a significant main effect of frequency [F(2.39, 76.61) = 71.09, p = 0.00], but 
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the group [F(1, 32) = 1.1, p = 0.3] and the group-by-frequency interactions [F(2.39, 76.61) = 0.5, 

p = 0.64] effects were not significant. 

Estimates of efferent strength, as indexed by dB OAE and %Pa OAE averaged across 

frequency for the overlap component in both the impaired and control groups, are shown in table 

8. The mean efferent magnitude was higher in the impaired group (-1.21 dB and -15.18 % Pa) 

than the control group (-0.82 dB and -10.58 % Pa), but this difference between groups was not 

significant for either dB OAE [F(1, 18)=1.04, p = 0.32] or %Pa OAE [F(1, 18) = 1.11, p = 

0.31]. Figures 8A, B depict the mean efferent-mediated changes in the overlap component 

indexed by dB OAE and %Pa OAE as a function of frequency for the impaired and control 

groups. The main effect of frequency was significant for dB OAE [F(3.11, 55.97) = 2.7, p = 

0.05], but not for %Pa OAE [F(3.48, 62.7) = 1.82, p = 0.14]. The group-by-frequency 

interaction was not significant for dB OAE [F(3.11, 55.97) = 0.94, p = 0.43] or %Pa OAE 

[F(3.48, 62.7) = 0.86, p = 0.48].  

In contrast, the frequency main effect for mean dB OAE [F(3.03, 97.03) = 1.36, p = 

0.26], was not significant in the second more inclusive analysis, although similar to the more 

restrictive analysis, the frequency effect was not significant for %Pa OAE [F(2.91, 93.13) =  

0.94, p = 0.42]. In addition, similar to the more restricted analysis, the effects of group for dB 

OAE [F(1, 32) = 0.02, p = 0.9] and %Pa OAE [F(1, 32) = 0.02, p = 0.89], as well as the group-

by-frequency interactions for dB OAE [F(3.03, 97.03) = 1.34, p = 0.27] and %Pa OAE 

[F(2.91, 93.13) = 1.62, p = 0.19] were not significant. 

The effect of frequency was further investigated by binning efferent-mediated changes in 

the overlap component into the same three frequency regions used for analyzing composite 

DPOAE in order to allow for a meaningful comparison between the two analyses. The ANOVA 
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on this data revealed that there was a main effect of frequency for dB OAE [F(1.53, 27.51) = 

5.9, p = 0.01] and %Pa OAE [F(1.75, 31.46) = 3.56, p = 0.05]. Figure 10 depicts the efferent-

mediated changes in the overlap component indexed by dB OAE and %Pa OAE as a function 

of the three frequency bins for the impaired and control groups.  The individual data for each 

subject are presented in Tables 2A. The overlap component showed consistent suppression 

across the frequency range in contrast to estimates from the composite DPOAE. The dB OAE 

enhancement in the high frequency region in composite DPOAE (Figure 4A) was not seen in the 

overlap component, probably stemming from the separation of the DPOAE components and the 

resulting improvement in SNR in the overlap component when compared with the composite 

DPOAE signal (Figures 3, 7A). In addition, close visual inspection of the efferent-mediated 

changes in the overlap component revealed more efferent suppression in the low and middle 

frequency regions in both groups, but the impaired group had more suppression in these two 

regions than the control group. However, the group-by-frequency interaction was not significant 

for dB OAE [F(1.53, 27.51) =  0.23, p = 0.74] or %Pa OAE [F(1.75, 31.46) = 0.34, p = 0.68].  

3.3. Monitoring MEMR  

 

We monitored changes in primary level in the ear canal with and without the presence of 

CAS to detect possible activation of the MEMR. If major changes in primary level in the ear 

canal were seen, they were interpreted as being the result of changes in tympanic membrane 

compliance and thus indicative of possible MEMR activation, which could affect the signals 

traveling to and from the cochlea (Guinan et al., 2003; Lilaonitkul and Guinan, 2009 a&b; Henin 

et al., 2011; Henin and Long, 2012). Figure 11 shows one of the best examples from one subject 

(control subject 29) depicting nearly identical primary levels with and without CAS, suggesting 

that the MEMR effect, if present, was minimal. 
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Chapter 4. Discussion 

Efferent strength in subjects with speech-in-noise deficits and control subjects matched in 

age and gender was estimated by determining changes in DPOAE level with contralateral 

stimulation. Correlations between percentile scores on each of the speech-in-noise tests that were 

used to classify subjects as either impaired or controls were significant, indicating that the two 

tests were measuring similar underlying skills. In addition to examining the levels of the 

composite DPOAE signal, the two major DPOAE components were separated to ensure that 

interactions between the two components did not limit evaluation of efferent strength. This was 

done using continuously-sweeping primaries (Long et al. 2008).  When 1/3-octave RMS 

averaged DPOAE levels were calculated, there were no significant main effects of subject group 

on baseline DPOAE levels in either the composite DPOAE signal or the overlap component. 

However, there was a significant main effect of frequency. DPOAE were larger at frequencies 

below 1.5 kHz and reduced at higher frequencies. This dependence of DPOAE level on 

frequency was the same in both groups (the frequency-by-group interactions was not significant).  

Mean baseline DPOAE levels and the SNR of both the composite DPOAE and the overlap 

component were lower in the impaired group than the control group. Differences in DPOAE 

levels between groups were not due to differences in hearing. In order to ensure that the apparent 

differences in baseline DPOAE level did not contaminate estimates of efferent strength, we 

evaluated efferent strength not only by subtracting the level in dB of the DPOAE with CAS from 

the equivalent level without CAS (dB OAE), but also by evaluating the percentage change in 

DPOAE pressure (%Pa OAE). There were no significant main effects of subject group on 

efferent-induced changes in either the composite DPOAE signal or the overlap component. 

However, there was a significant main effect of frequency in dB OAE in both groups with 
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efferent changes being greater below 1.5 kHz. The group-by-frequency interactions were not 

significant with the 1/3-octave bins, but when efferent estimates from the composite DPOAE 

signal were binned into three frequency regions [low (up to 1 kHz), middle (1.1-1.4 kHz) and 

high (1.5-2.2 kHz)], the group-by-frequency contrast for dB OAE was significant (p = 0.04, 

power = 0.56). The contrast stemmed from an increase in mean DPOAE level (enhancement) in 

the high frequency region during CAS stimulation in the APD group.  This enhancement was 

only found when the impact of CAS was calculated from the composite DPOAE, and thus it 

could be due to interaction between the two DPOAE components.  When the overlap component 

was extracted, there was no mean enhancement in any frequency bin, indicating that separation 

of DPOAE components can improve the validity of estimates of efferent effects (Deeter et al., 

2009; Abdala et al., 2009; Henin et al., 2011; Abdala and Dhar, 2012). Overall, the statistical 

power of the main effects of frequency was the highest (~ 0.5 and above), but the statistical 

power of group effects and frequency-by-group interactions were lower (less than 0.5) for the 

remaining comparisons (Tables 9-13).  

 Based on the anti-masking hypothesis it was predicted that the impaired subjects with 

speech-in-noise deficits would have less reduction in DPOAE level during CAS stimulation than 

the controls subjects. Our results did not support this claim.  In addition, it was also predicted 

that there would be significant correlations between mean dB OAE in each subject group and 

percentile performance on speech-in-noise tests. The correlations were not significant. Our 

results are in agreement with previous human investigations whose findings were not consistent 

with the efferent anti-masking hypothesis (Micheyl et al., 1995; Harkrider and Smith, 2005; 

Sanches and Carvallo, 2006; Mukari and Mamat, 2008; Wagner et al., 2008; Burguetti et al., 

2008; Garinis et al., 2011; Butler et al., 2011; de Boer et al., 2012; Stuart and Butler, 2012), but 
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not with others which supported the anti-masking hypothesis (Michely and Collet, 1996; 

Micheyl et al., 1997; Kumar and Vanaja, 2004; Muchnik et al. 2004; Yilmaz et al., 2007; 

Yalcinkaya et al., 2010; Bhagat and Carter, 2011). 

 Our ability to evaluate the anti-masking hypothesis was limited by the numbers of subjects.  

Although we started out with a large number of subjects, we were only able to find 10 pairs of 

matched subjects who were clearly different in their speech-in-noise abilities. Three subjects in 

the impaired and control groups had an existing morbid condition according to parent report (in 

the impaired group: ADHD, Asperger-pervasive developmental disorder-not otherwise specified; 

in the control group: autism, pervasive developmental disorder-not otherwise specified, 

seizures). Thus, the impaired and control groups may have not been completely heterogeneous. 

As a consequence, the lack of statistical significance in some comparisons does not necessarily 

indicate a lack of relationships between the measured variables, but rather that such relationships 

could not be established due to the small number of subjects and the large variability of the data 

stemming from the selection of subjects in the present study. The only way that the number of 

subjects could be increased was to change the criteria for assignment of subjects to the impaired 

and control groups, which resulted in more overlap in speech-in-noise performance in the two 

groups.  When this more inclusive analysis was done, the variance was larger, leading to a failure 

to detect the main effect of frequency in dB OAE. 

 We will discuss the evidence for differences in DPOAE level and efferent strength between 

our impaired and control groups. We will also discuss certain factors that might explain the 

discordant findings regarding the role of efferent activation on masking. Such factors include the 

influence of key parameters, such as SNR and type of stimuli, and the effect of using different 

types of methods to estimate efferent strength. Finally, comparisons will be made between our 
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impaired and control groups with previous studies that investigated individuals with APD or 

auditory listening problems. 

4.1. Efferent-Mediated Changes in DPOAE Levels 

4.1.1. Composite DPOAE 

The pattern of DPOAE levels with frequency was similar to that previously reported 

when a similar paradigm was implemented (Abdala and Dhar, 2012). DPOAE level was highest 

in the low and middle frequencies (below 1.5 kHz), then it decreased as frequency increased 

reaching its lowest level at the higher frequencies (above 1.5 kHz). The mean composite DPOAE 

level and SNR were lower for the impaired group than for the control group at all frequencies 

(Figures, 2, 3), but the differences between the groups were not significant.   

When efferent-mediated changes in the composite DPOAE signal were averaged across 

all frequencies, there were small but not significantly greater changes in the impaired group (-

0.61 dB, -11.34 %Pa) than in the control group (-0.47 dB, -7.44 %Pa). This is opposite to 

the predicted reduced efferent magnitude in the impaired group. There was evidence of 

enhancement at the higher frequencies, which could be due to the interaction between the two 

DPOAE components when efferent activation differentially affected them. For instance, when 

total destructive interference between the two components occurs when both components are 180 

degrees out of phase and similar in amplitude, it results in a deep DPOAE fine structure 

minimum.  If efferent activity affects the phase of one component but not the other, this results in 

increased DPOAE levels at some frequencies (enhancement) because the frequency where the 

two components are out of phase (and thus the dip) will change (Henin et al., 2011).   

Our estimates of efferent strength were based on subtracting RMS estimates of DPOAE 

levels with and without CAS, which included both DPOAE maxima and minima, which would 
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reduced the range of DPOAE levels. In the low and middle frequency regions, mean reductions 

of level of up to 1 dB were seen in the both impaired and control groups. This reduction was 

similar to previous research (Bassim et al., 2003; James et al., 2005; Zhang et al., 2007; Wagner 

et al., 2008; Mukari and Mamat, 2008; Butler et al., 2011) using a similar paradigm (Abdala et 

al., 1999). However, the efferent-induced changes in the DPOAE composite signal were lower 

than the 1.5-1.75 dB OAE of Garinis et al. (2011), who estimated efferent activity only at fine-

structure maxima, thus avoiding the impact of frequency changes in fine structure that have 

greatest impact near fine-structure minima (Henin et al, 2011).   

4.1.2. The Overlap Component 

The frequency-dependent trend in the overlap component’s baseline level was similar to 

the one seen in the composite DPOAE suggesting that the composite DPOAE signal was 

dominated by the overlap component. This is not surprising, given the low amplitude of the 

reflection component (Figure 6B). Since statistical power was low, further research is needed to 

determine the implications of the lower DPOAE level in the impaired group compared with the 

control group. Since cochlear amplifier effects  (reviewed in Robles and Ruggero, 2001) play a 

major role in generating EOAE (c.f., Shera and Guinan, 1999), it possible that this seemingly 

reduced OAE level in the impaired group and its indication of reduced cochlear amplification 

might underlie their speech-in-noise deficits. 

Separation of the DPOAE components revealed a clearer picture of efferent activity, 

especially for the high frequency region where DPOAE levels were lowest. The overlap 

component had greater and consistent suppression. The enhancement in dB OAE in the high 

frequency region in composite DPOAE (Figure 5A) was not seen in the overlap component, 

which could be due to the separation of the DPOAE components. In addition, the process of 
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separating the two DPOAE components resulted in the improvement of the SNR when compared 

with the composite DPOAE signal (Figures 3, 7A), due to the removal of the reflection 

component. Thus, the separation of the two DPOAE components appears to improve the validity 

of estimating efferent function, in agreement with previous findings (Deeter et al., 2009; Abdala 

et al., 2009, Henin et al., 2011; Abdala and Dhar, 2012). 

Similar to the composite DPOAE, when efferent effects were binned into three frequency 

regions (Figure 10), more efferent suppression was seen in the low and middle frequency 

regions, which is in agreement with previous studies (Collet et al., 1990; Moulin et al., 1993; 

Yilmaz et al., 2007; Lilaonitkul and Guinan, 2009a; Bhagat and Carter, 2011; Butler et al., 2011; 

Henin and Long, 2012). These greater changes at the low and middle frequency regions may not 

have been predicted because medial efferent innervations are denser at the basal end of the 

cochlea (Guinan et al., 1984). However, cochlear innervations of low-CF neurons may be more 

basal than their CF (Liberman, 1988). Alternatively, greater efferent impact at the low 

frequencies maybe due to central influences that affect the MOC system firing response 

(Lilaonitkul and Guinan, 2009a). 

4.1.3. The Reflection Component 

In both the impaired and control groups, the baseline level of the reflection component 

across the frequency range was lower than the overlap component (Figures 6A, B). 

Consequently, the SNR of the reflection component was also lower (Figures 7A, B). Although 

the reflection component was reported to be more susceptible to the efferent activity in adults in 

previous investigations that used a similar paradigm (Deeter et al., 2009; Abdala et al., 2009; 

Henin et al., 2011), efferent-mediated changes in the reflection component were found to be 

contaminated by noise floor effects (Figures 9A, B) and hence very variable. Contamination by 
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the noise floor resulted in estimates of more than 100 %Pa OAE at some frequencies (Figure 

9B). Therefore, efferent-mediated changes in the reflection component were not analyzed further 

for this dissertation. 

4.1.4. Monitoring MEMR  

Activation of the MEMR can affect estimation of MOC activation (Borg et al., 1971; 

Relkin et al., 2005; Goodman and Keefe, 2006) because the resulting changes in the middle ear 

transfer function could modify sounds traveling to and from the cochlea. The neurons controlling 

the MEMR originate from the same region in the brainstem as the MOC system (Joseph et al., 

1985; Liberman and Guinan, 1998). Changes in primary levels at the entrance to the ear canal 

were used to monitor MEMR activation. We did not have fixed criteria to monitor possible 

MEMR activation, but we looked at each subject's data on a case-by-case basis. There were no 

major changes in primary levels in the selected subjects across the frequency region. We realize 

that we may have missed changes near MEMR threshold levels, but our method is much more 

sensitive than the clinical measurements of MEMR. Clinical MEMR measurements may not be 

valid because they are done before the start of testing with no averaging. Consequently, they are 

not optimal for detecting small changes in ear canal pressure and ignore the influence of the 

primaries on reflex activation (Guinan, 2006). In contrast, our method was more sensitive 

because it reduced noise by averaging and monitored MEMR during data collection using the 

same stimuli that generated DPOAE with and without CAS. This is crucial because MEMR 

measurements do not depend just on contralateral stimulation, but they also depend on the 

bilateral acoustic simulation (Kawase et al., 1997), as it is the case during MOC activation (i.e., 

OAE probe in the ipsilateral ear and CAS in the opposite ear). Figure 11 shows a good example 
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from one subject depicting nearly identical primary levels with and without CAS, suggesting that 

the MEMR effect in this subject was minimal. 

4.2. Possible Factors Leading to Differences in Published Evidence Related to the Efferent 

Anti-Masking Hypothesis 

 We will now consider certain factors that might lead to different conclusions regarding the 

validity of efferent anti-masking hypotheses obtained from human subjects in the publications 

summarized in Tables 1and 2.  

4.2.1 SNR 

The SNR of stimuli plays an important role in investigations MOC function because it 

has to be optimal for detecting such activity (Guinan, 2011). In line with this view, tasks with 

moderate SNR (e.g., within +10 dB) would be more likely to provide clear evidence of efferent 

activation. This is because the efferent system can potentially aid in the detection of an 

intermittent signal, such as speech, when it is moderately above the level of a background noise 

it is embedded in. Because the cochlear amplifier has a greater impact on lower level stimuli 

(reviewed in Robles and Ruggero, 2001), the cochlear response to the lower level noise will be 

more inhibited than the more intense speech signal, resulting in better detection of the 

intermittent speech signal. In contrast, efferent activity is not expected to provide much benefit in 

tasks with high SNR because signal is much higher than the noise (i.e., tasks are too easy). 

Similarly, efferent activity is not expected to provide much benefit in tasks with very low SNR 

(i.e., tasks that are too difficult) because the noise and the intermittent speech signal are very 

close in level and thus both will be similarly inhibited by the MOC system. 

In this dissertation, the two speech-in-noise tests had different SNRs. The SNR in the 

CID-W22 test was +5 dB, while two different SNRs were used in the AFG test (+8 dB up to age 
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12 years; 0 dB ages 13 years and over). We used mostly moderate SNRs (only 3 subjects in the 

APD group and 2 subjects in the control groups were over the age of 12, and thus were given the 

AFG test at a very low SNR of 0 dB), and the correlation between the two tests across 

experimental groups was significant (p = 0.00). Yet, no significant correlations were found 

between each of these tests and mean dB OAE when comparisons were made across 

experimental groups (Table 6). This lack of correlation, although not consistent with the 

assumption that efferent activity is most beneficial in tasks with moderate SNRs, may be due to 

the type of stimuli used in these tests (see below). 

When behavioral tasks had either high SNR (Kumar and Vanaja, 2004) or very low SNR 

(Harkrider and Smith, 2005) near threshold (Micheyl et al., 1995; Garinis et al., 2011), the 

efferent anti-masking hypothesis was not supported. Tasks with moderate SNRs were positively 

correlated with efferent activity in some studies (Kumar and Vanaja, 2004; Yilmaz et al., 2007) 

but not in others (de Boer et al., 2012). However, Kumar and Vanaja's (2004) results may have 

been confounded by a major factor, which is the linguistic ability of their subjects. Children in 

their study were not native speakers of English. Therefore, the presence of noise in their 

behavioral task may have been was more disruptive to their subjects, which might explain the 

major drop in their speech-in-noise scores (e.g., a mean score of only 7.6 % in the right ear in the 

+10 dB SNR condition with ipsilateral noise without CAS, see their Table 1). This major drop 

was not seen in our study with native speakers of English (one subject in our study was 

trilingual), as speech-in-noise scores measured using comparable stimuli, did not decrease as 

precipitously in the presence of background noise (e.g., the lowest mean score was 64% in the 

CID-W22 test was found in the impaired group). 

4.2.2. Type of Stimuli 
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For efferent activity to be beneficial, the continuity and duration of the masker relative to 

the signal of interest, such as speech, must be considered (Guinan, 2011). Efferent activity is 

expected to provide benefit when the noise is sustained and the signal of interest, such as speech, 

is intermittent. The sustained noise signal will be more susceptible to reductions in the gain of 

the cochlear amplifier, resulting in better discrimination of the intermittent speech signal. This 

may explain why the efferent-anti-masking hypothesis was not supported when target stimuli and 

continuous maskers of the same duration were used (Garinis et al., 2011). However, Bhagat and 

Carter (2011) supported the efferent anti-masking hypothesis when differences between absolute 

and masked thresholds of 1 kHz tone were significantly correlated with efferent activity, even 

though the masker and the tone were of equal durations. Furthermore, Stuart and Butler (2012) 

found that masked thresholds, measured in either interrupted or continuous noises, were not 

correlated with efferent activity. Other aspects of the experimental design must have determined 

the pattern of results 

We presented monosyllabic words intermittently in continuous noise, and no significant 

correlations were found between each of the two tests and mean dB OAE when comparisons 

were made across experimental groups (Table 6). This could be due to the complex 

characteristics of the speech signal (i.e. containing variations in frequency and amplitude), which 

may not have been equally affected by efferent activity in the presence of noise. Indeed, the 

complexity of the behavioral stimuli may explain the failure of some studies to support the 

efferent anti-masking hypothesis (Table 1). It is possible that the type of stimuli (multi-tone 

complex containing 1, 1.5 and 2 kHz in Micheyl et al., 1995; a challenging phonemic contrast 

continuum task in de Boer et al., 2012) may have contributed to their failure to support the 

efferent anti-masking hypothesis.  
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 Some researchers reported positive correlations between improvements in performance 

using different types of behavioral stimuli and efferent activity (Micheyl and Collet, 1996; 

Micheyl et al. 1997; Kumar and Vanaja, 2004). However, they correlated efferent activity 

estimated via changes in EOAE during CAS with the improvement in performance when CAS 

was presented during the ipsilateral presentation of behavioral stimuli embedded in noise. In 

essence, this is equivalent to comparing potential bilateral activation of MOC system but only 

correlating this activation with contralateral MOC effects. Thus, this approach may not be 

optimal to investigate the contralateral efferent activity because the MOC effects have been 

reported to be bigger with bilateral stimulation than contralateral stimulation (Guinan et al., 

2003; Lilaonitkul and Guinan, 2009a). A more accurate approach would be to compare 

improvements in behavioral performance during bilateral compared to ipsilateral activation of 

MOC system with improvements from bilateral compared to ipsilateral estimation of the MOC 

activation. 

 It has been suggested that the estimation of the MOC function could be optimized by 

implementing a procedure in which behavioral measurements and efferent estimation are done 

simultaneously using the same stimuli (Garinis et al., 2011). Francis and Guinan (2011) 

attempted to implement such a procedure when they presented an intensity discrimination task 

after the offset of the stimulus that measured TEOAE, but more work needs to be done to 

improve the analysis of this testing paradigm.  

4.2.3. Method Used to Estimate MOC Strength 

Another factor that might contribute to the conflicting evidence regarding the efferent 

anti-masking hypothesis is the type of method used to index efferent strength. The most common 

method is the arithmetic difference in OAE level (dB) measured with and without efferent 
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activation (reviewed in Guinan, 2011). However, Tables 1 and 2 show that the position in fine 

structure at which dB was measured differed between studies and different metrics were used to 

estimate efferent effects. In DPOAE studies, the two DPOAE components were not separated 

and efferent activation was estimated at either the DPOAE fine-structure minima (Wagner et al., 

2008) or maxima (Garinis et al., 2011), at discrete frequencies where the researchers did not 

know where they fell in the fine structure (Mukari and Mamat, 2008), or using input/output 

compression thresholds (Bhagat and Carter 2011). Others estimated efferent activity by 

measuring changes in the TEOAE input/output slope (Micheyl et al., 1995; Micheyl and Collet, 

1996; Micheyl et al., 1997; de Boer et al. 2012). This lack of consistency using a uniform 

method to estimate efferent strength may contribute to the discordant findings of behavioral 

studies that investigated the efferent anti-masking hypothesis. 

4.3. Previous Research in Children with APD or Auditory Listening Problems 

 Although we only classified subjects as impaired or controls solely based on performance 

on two speech-in-noise tests, we will quantitatively and qualitatively compare our results with 

previous APD studies that investigated the efferent anti-masking hypothesis (Muchnik et al., 

2004; Sanches and Carvallo, 2006; Burguetti et al., 2008; Butler et al., 2011) because speech-in-

noise impairment is one of the hallmark of APD (ASHA, 2005; AAA, 2010). We will also 

compare our results with other studies that investigated the efferent anti-making hypothesis in 

individuals with auditory listening problems solely identified by questionnaires (Yalcinkaya et 

al., 2010). First, it is important to acknowledge that the APD studies placed subjects into either 

APD or control groups based on performance on APD test batteries according to a certain 

inclusion criteria.  These inclusion criteria, and the battery chosen, differed between studies 

(Table 3). Although ASHA (2005) APD technical report has recommended that APD diagnosis 
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be based on scoring 3 SD below the mean on at least one test or 2 SD below the mean on at least 

two tests, currently, there are no gold standards for APD testing or diagnosis. All of the 

published APD studies only used one speech-in-noise test. We used two speech-in-noise tests to 

ensure the presence of such deficit in our subject group that we labeled as being impaired. It is 

important to note, however, that three subjects in each of our impaired and control groups had an 

existing morbid condition according to parent report (in the impaired group: ADHD, Asperger-

pervasive developmental disorder-not otherwise specified; in the control group: autism, 

pervasive developmental disorder-not otherwise specified, seizures). The presence of morbid 

conditions in individuals suspected of having APD with speech-in-noise deficits, as it is the case 

in our impaired group, necessitates the implementation of a more comprehensive experimental 

design that will take into account the influence of top-down factors on estimating MOC function 

(see section 4.4 below). 

 Table 3 depicts the number of APD subjects, test battery administered to all subjects, as 

well as the type of MOC index in several previous APD studies that investigated the efferent 

anti-masking hypothesis. The most pertinent comparison to our study is Butler et al. (2011) 

because they investigated the efferent anti-masking hypothesis using composite DPOAE. There 

are methodological differences in how DPOAE were elicited between the two studies. We swept 

the primaries logarithmically over two octaves, while Butler et al. (2011) used fixed f2 (2, 3, 4 

kHz) while sweeping f1 linearly over a narrower frequency range. The APD group in Butler et al. 

(2011) had lower DPOAE SNR than the control group. We also found lower SNR in our 

impaired group compared with controls. However, the APD group in Butler et al. (2011) had a 

higher mean DPOAE baseline level than their control group, but our impaired group had lower 

levels than our control group at comparable frequencies. These differences in relative amplitudes 
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may be due to the fact that Butler et al. (2011) only used one test to evaluate speech 

discriminability in noise, while we opted to consider two speech-in-noise tests. Consequently, 

their APD group and our impaired group may not have been equivalent in terms of speech-in-

noise ability.   

 Butler et al. (2011) failed to find a significant difference in efferent effects between the 

APD and control groups. They reported a similar mean reduction in DPOAE of about 1 dB at 2 

and 3 kHz and 0.5 dB at 4 kHz at fixed f2 frequencies in both their APD and control groups. 

Similarly, we also found almost identical mean efferent effects between our impaired and 

controls groups in the more inclusive analysis that separated the two groups based on the failure 

on at least one speech-in-noise test (Table 9A). However, the mean efferent-induced changes in 

composite DPOAE was higher in our impaired group compared with the control group in the 

analysis with more restrictive inclusion criteria to separate the two groups. A comparison of 

efferent-mediated changes in the overlap component between the present study and Butler et al. 

(2011) is not possible since Butler et al. (2011) did not separate the two DPOAE components. 

 Comparison of efferent strength between the present study and APD studies (Muchnik et 

al., 2004; Sanches and Carvallo, 2006; and Burguetti et al., 2008), as well as other studies that 

investigated the efferent anti-masking hypothesis in individuals with auditory listening problems 

(Yalcinkaya et al., 2010) using TEOAE, is limited because the composite DPOAE and the 

overlap component used in our study and TEOAE are generated by different mechanisms 

(reviewed in Shera and Guinan, 2007). Muchnik et al. (2004) and Sanches and Carvallo (2006) 

all used a behavioral APD test battery that included only one speech-in-noise test. Some APD 

studies did not specify their inclusion criteria (Burguetti et al., 2008) for APD diagnosis and 

others did not match their APD and control subjects for age and gender (Sanches and Carvallo, 
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2006; Burguetti et al., 2008). Matching subjects is crucial as performance on the APD test 

battery is influenced by maturation (Moore et al, 2011; O’Beirne et al., 2012). 

 Furthermore, in some of the TEOAE studies, individuals with APD (Muchnik et al., 2004) 

or those with auditory listening problems (Yalcinkaya et al., 2010) had significantly lower 

estimates of efferent activation than controls, but this difference was not significant in other 

studies (Sanches and Carvallo, 2006; Burguetti et al., 2008). With the exception of Burguetti et 

al. (2008) study in which the click level used to elicit TEOAE was not specified, all of these 

studies used a click level that was high enough to potentially activate the MOC system in the 

ipsilateral ear, which affects the estimation of efferent activity (Veuillet et al., 1991; Guinan et 

al., 2003). Taken together, differences in inclusion criteria to separate the APD from the control 

group, the lack of subject matching, and the use of high click levels might explain the different 

findings in previous TEOAE studies investigating efferent effects in both the APD populations 

or in individuals with auditory listening problems. Finally, none of these studies that investigated 

individuals with APD or those with auditory listening problems monitored MEMR activation 

during testing. Instead they relied on MEMR threshold measurements done by clinical 

equipment, which are not always able to detect small changes in middle ear pressure (Guinan, 

2006). We implemented a much more sensitive method to detect possible MEMR activation by 

monitoring changes in ear can primary level with and without CAS during data collection.  

4.4. Implications for Future Studies 

4.4.1. Developing a Potential Comprehensive Procedure to Optimize the Evaluation of the 

MOC Function: Considering Bottom-Up vs. Top-Down Processing 

 The influence of top-down factors, such as the state of attention must be considered when 

investigating the MOC function as one would assume that the degree of attention needed to 
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perform a behavioral task would increase when the difficulty of the task’s parameters mentioned 

in section 4.2 increases (e.g., decreasing SNR and increasing the complexity of stimulus type). 

Thus, in order to optimize the evaluation of MOC system, one must consider the influence of 

both bottom-up and top-down processes on estimation of the MOC function. Figure 12 illustrates 

the complex interaction between bottom-up and top-down factors as they relate to the MOC 

system. Although bottom-up processing (sensory) dominates at a level prior to top-down 

processing (e.g., cognition, attention, memory), there is a constant exchange of neural 

information between the two processes. This is crucial since the MOC system receives 

projections from the inferior colliculus (Thompson and Thompson, 1993; Vetter et al., 1993) and 

OAE measurements were altered by deep brain stimulation indicating input from higher brain 

centers (Perrot et al., 2006). In addition, there were greater changes in auditory nerve responses 

when inferior colliculus and acoustic stimulation were combined (Mulders and Robertson, 2002). 

Furthermore, frequency-specific changes in efferent magnitude were seen when attention to the 

auditory modality was manipulated alone (Giard et al., 1994; Maison et al., 2001) and with 

combined manipulations of both the auditory and visual modalities (Froehlich et al., 1993; 

Ferber-Viart et al., 1995). 

 Thus, considering the influence of top down factors, such as attention, might help to 

uncover if the interaction between bottom-up and top- down processes would result in either the 

summation or cancellation of MOC effects. This is because the efferent anti-masking effect 

might have an inhibitory effect, whereas the influence of the state of attention may have an 

excitatory effect on estimating MOC function.  

 The same issues related to the influence of top-down control on optimizing the detection of 

efferent effects are also important when investigating the efferent anti-masking hypothesis in 
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individuals suspected of having APD because there is much controversy regarding the validity of 

APD diagnosis when it co-occurs with ADHD (ASHA, 2005; AAA, 2010). In our study, subjects 

suspected of having APD were a very heterogamous group whose performance varied 

considerably on APD tests and some had existing morbid conditions (see individual subject data 

in Tables 4, 3A, 4A). The hypothesized dual role of the MOC system in providing an anti-

masking effect and in selective attention maybe a common denominator that can be investigated 

to better understand the neurophysiological processing underlying the co-morbidity of APD with 

other disorders.  

4.4.2. Recruiting Healthy Controls without Existing Morbid Conditions 

 We realize that we labeled our subjects and placed them in either the impaired or control 

groups based solely on performance on two speech-in-noise tests. This resulted in some subjects 

suspected of having APD who had an existing morbid condition (e.g., ADHD, autism) being 

placed in both the impaired or control groups. Therefore, it would be optimal to recruit a control 

group of healthy individuals with normal auditory performance based on more comprehensive 

testing and without existing morbid conditions. This would permit extending the investigation of 

the efferent anti-masking hypothesis to determine whether significant differences in DPOAE 

level and efferent activation can be detected for individuals with speech-in-noise problems and 

two control groups (with and without morbid conditions).   

4.5 Conclusion 

 There were no significant differences in efferent-induced changes in composite DPOAE or 

the overlap component between our impaired group with speech-in-noise deficits and our control 

group with less speech-in-noise deficits. In addition, no significant correlations were found 

between estimates of efferent strength and speech-in-noise performance. Separation of the two 
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DPOAE components improved the estimation of efferent magnitude at high frequencies where 

DPOAE level was lowest. In addition, mean DPOAE level was lower in the impaired group than 

the control group, although this difference between groups was not significant. The failure to 

support the anti-masking hypothesis should be interpreted with caution, as the power of 

statistical analysis was mostly low due to the small number of subjects and the variability 

stemming from the subject selection. Implementing a procedure that takes into account the 

influence of the state of attention on both behavioral performance and the estimation of efferent 

strength may provide a better test for the efferent anti-masking hypothesis.   
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5. Tables 

 

Table 1. Stimulus parameters of threshold tasks (type of task, laterality of noise) and the MOC 

index used in several publications that investigated the correlation between masked threshold or 

masked threshold shifts (improvements with CAS) and the MOC function in human subjects. 

Publication Masking OAE 

Measurement Laterality 

of Noise 

MOC Index Correlation 

Micheyl et al. 

(1995) 

Threshold detection and 

threshold shift of multi- tone 

(1, 1.5, 2 kHz) 

Ipsilateral 

with CAS 

Difference in 

TEOAE I/O 

regression lines 

Significant negative 

correlation  

Micheyl and 

Collet (1996) 

Threshold detection and 

threshold shift (measured 

with CAS) using 1, 2 kHz 

tone pips. 

Ipsilateral 

 

Ipsilateral 

with CAS 

I/O equivalent 

attenuation of 

TEOAE 

Significant positive 

correlation between MOC 

and threshold shift at 1, 2 

kHz, and detection threshold 

at 2kHz. 

Micheyl et al. 

(1997) 

Intensity difference limen of 

masked thresholds of 1kHz 

pips 

Ipsilateral  

 

Ipsilateral  

with CAS 

 

Contralateral  

TEOAE I/O 

slope 

Significant positive 

correlation. 

Mukari and 

Mamat (2008) 

Sentence reception threshold 

under headphones simulating 

sound field environment 

(head-related function) 

Ipsilateral 

Contralateral 

Front 

dB DPOAE at 

discrete f2 

frequencies 

No significant correlations 

Wagner et al. 

(2008) 

Masked sentence recognition 

threshold in sound field. 

Ipsilateral dB DPOAE at 

fine structure 

minima. 

No significant correlation  

Garinis et al. 

(2011) 

Masked thresholds of 1kHz 

tone embedded in maskers 

(BBN, fixed, random). 

Ipsilateral dB in DPOAE 

at fine structure 

maxima 

Significant negative 

correlations between MOC 

and thresholds measured in 

random masker. 

Bhagat and 

Carter (2011) 

Difference between absolute 

and masked thresholds of 1, 2 

kHz tones. 

Ipsilateral I/O compression 

thresholds in 

composite 

DPOAE 

Significant positive 

correlation at 1 kHz only. 

Stuart and 

Butler (2012) 

Sentence reception threshold 

in interrupted and continuous 

noises 

Ipsilateral 

Bilateral 
dB TEOAE No significant correlations 
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Table 2. Stimulus parameters of speech-in-noise tasks (SNR, laterality of noise) and the MOC 

index used in several publications that investigated the correlation between performance in noise 

with CAS (shift) or without CAS and the MOC system in human subjects.  

Publication Masking OAE 

Speech-in-Noise Task SNR Laterality of 

Noise 

MOC 

Index 

Correlations Between 

Behavioral Testing and MOC 

Kumar and 

Vanaja (2004) 

Shift in speech scores 

between quite and 

noise conditions. 

+10, +15, 

+20  

Ipsilateral 

with CAS 

dB 

TEOAE  

Significant positive 

correlation. 

Harkrider and 

Smith (2005) 

Acceptable Noise 

Level (ANL)-

Phonemic Recognition 

in Noise 

0 dB 

(Phonemic 

Recogniti

on Task) 

Ipsilateral  

(Phonemic 

Recognition 

Task) 

dB 

TEOAE 

No significant correlation  

Yilmaz et al. 

(2007) 

Monosyllabic words in 

noise. 

+10 dB Ipsilateral  dB 

TEOAE 

Significant positive 

correlation at TEOAE bands 

at1 kHz in right ear and at 2 

kHz in left ear. 

de Boer et al. 

(2012) 

/d/, /g/ continuum +10 dB Ipsilateral  TEOAE 

I/O slope 

and dB 

Significant negative 

correlation  
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Table 3. The number of subjects, test battery (tasks and criteria for diagnosis) and the MOC 

index in several publications that investigated differences in efferent effects between individuals 

with APD or auditory listening problems (ALP) and controls. 

Publication Number of Subjects and Diagnostic Criteria OAE 

APD Test Battery Criteria for  
Subject 

Placement in 

APD Group 

Number of 
Subjects in 

APD and 

Control 
Groups 

MOC Index Statistical Difference 
in Efferent Magnitude 

between the APD-ALP 

and Control Groups 

Muchnik et al. 

(2004) 

Speech-in-noise  

Competing Sentences  
Threshold interference 

Scoring 2 SD 

below the mean 
on at least one 

test. 

15 (controls) 

15 (APD) 
 

dB TEOAE 

 

Significant  

Sanches and 

Carvallo (2006) 

Speech-in-Noise (S/N) 

Staggered Spondaic Words (SSW) 
Pediatric Speech Intelligibility 

Nonverbal Dichotic Task 

Sound Localization 
Verbal Sequential Memory 

Nonverbal Sequential Memory 

< 85% on SSW 

<68% on S/N in 
APD-I and >68% 

in APD-II 

 
 

15 (controls) 

20 (APD-I) 
16 (APD-II) 

dB TEOAE 

 

Not Significant 

Burguetti et al. 

(2008) 

Speech-in-Noise 

Staggered Spondaic Word 

Not Specified. 

 
 

38 (controls) 

50 (APD) 
 

dB TEOAE Not Significant 

Yalcinkaya et 
al. (2010) 

Questionnaire N/A. 12 (controls) 
12 (APD) 

 

dB TEOAE 
 

Significant at 1, 2 kHz. 

Butler et 
al.(2011) 

Staggered Spondaic Words 
Auditory Fusion-Revised, 

Words Ipsilateral Competition  
Pitch Pattern Sequence 

Filtered Speech 

Scoring 2 SD 
below the mean 

on at least two 
tests. 

 

8 (controls) 
8 (APD) 

 

dB DPOAE 
at fixed f2: 2, 

3, 4 kHz. 

Not significant. 

 

 

 

 

 

 

 

 

 



 46 

Table 4. Behavioral performance on APD tests from the impaired and control subjects included 

in the more restrictive analysis. PTA = pure tone average (right Ear 1-4 kHz), SSW = staggered 

spondaic words, PS = phonemic synthesis, CID = CID-W22 in Noise-Right Ear, FW = filtered 

words, AFG = auditory figure ground, CW = competing words, CS = competing sentences, TCS 

= time compressed speech, C = composite, N/A = not administered, ID = identified, WNL = 

within normal limits. 

 Buffalo Test Battery 

(Raw Scores When Applicable) 

Scan-3 (Percentile Scores)  

Subject 

 

Group PTA 

 

SSW PS CID FW AFG CW CS TCS C Morbid 

Condition 

15 Impaired 5 ID 18 (WNL) 17 25 9 9 37 5 10  

22 Impaired 8.33 ID 20 (ID) 15 84 25 16 75 25 50 ADHD 

40 Impaired 6.67 N/A N/A 20 N/A 16 N/A N/A N/A N/A  

47 Impaired 10 ID 16 (ID) 13 2 0.1 1 9 0.4 0.2  

48 Impaired 13.33 ID 13 (ID) 14 2 0.1 1 25 5 0.1  

51 Impaired 8.33 N/A N/A 17 25 5 5 75 25 10 ADHD 

53 Impaired 6.67 ID 20 (WNL) 19 9 9 2 16 0.1 3  

55 Impaired 10 N/A N/A 12 N/A 16 0.4 9 2 N/A  

65 Impaired 8.33 WNL 18 (ID) 14 37 5 1 84 25 13  

70 Impaired 1.67 ID 20 (ID) 19 5 2 2 1 0.1 0.4 PDD.NOS 

Asperger 

13 Control 6.67 ID 18 (WNL) 20 50 75 9 16 50 25  

17 Control 6.67 ID 11 (ID) 20 84 37 50 37 37 53  

18 Control 10 ID 18 (ID) 21 37 25 16 37 5 19  

20 Control 11.67 N/A N/A 22 N/A 98 N/A N/A N/A N/A Autism 

29 Control 5 N/A N/A 24 N/A 75 N/A N/A N/A N/A  

34 Control 8.33 N/A N/A 22 N/A 37 N/A N/A N/A N/A  

35 Control 10 N/A N/A 20 N/A 75 N/A N/A N/A N/A Seizures 

39 Control 20 N/A N/A 20 N/A 25 N/A N/A N/A N/A  

46 Control 5 N/A N/A 21 63 91 9 16 37 39  

57 Control 1.67 ID 16 (ID) 22 25 63 5 9 0.1 13 PDD.NOS 
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Table 5. Range, mean, standard error of mean (SE) and standard deviation (SD) for the CID and 

AFG percentile test scores in the impaired and control groups (N=10).  

 

 

Statistic Control Impaired 

CID AFG CID AFG 

Range 85.77-24.51=61.26 98-25=73 18.67-0.01=18.66 25-0.1=24.9 

Mean       49.35 60.1 3.85 8.72 

SE       7.74 8.56 1.98                         2.57 

SD       24.46 27.07 6.27 8.11 
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Table 6. Pearson correlations coefficients between CID / AFG percentile test scores and dB 

OAE averaged across the frequency range within (N=10) and in the combined impaired and 

control groups (N=20) (p values are represented between parenthesis). 

 

 

MOC Index 

 

Control Impaired Combined  

CID AFG CID AFG CID AFG 

Composite  

dB OAE 

0.42 (0.22)      -0.08 (0.83) 0.13 (0.72)  -0.44 (0.21)                         0.21 (0.37)     -0.01 (0.98) 

Overlap      

dB OAE 

0.46 (0.18) -0.07 (0.85) 0.01 (0.99) -0.39 (0.27) 0.29 (0.21)    0.12 (0.63) 
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Table 7: Mean and standard error (SE) of the averaged up- and down-sweeps across the 

frequency range for composite DPOAE and the overlap component levels in dB SPL without 

(No-CAS) and with contralateral 60 dB SPL noise (CAS) in the impaired and control groups 

(N=10). 

 

 

 

 

 

 

 

Statistic Control Impaired 

Composite Overlap Composite Overlap 

No-CAS CAS No-CAS CAS No-CAS CAS No-CAS CAS 

Mean 5.9 5.06 5.34 4.44 2.8              1.58           1.86                  0.59 

SE 1.62 1.74 1.73            1.86 1.62            1.74 1.73                 1.86 
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Table 8. Mean and standard error of the mean (SE) of the averaged up- and down-sweeps across 

the frequency range for composite DPOAE and overlap component in dB OAE and %Pa OAE 

in the impaired and control groups (N=10). 

 

 

Statistic Control Impaired 

 Composite Overlap Composite Overlap 

dB %Pa     dB %Pa     dB %Pa     dB %Pa     

Mean -0.47        -7.44            -0.82          -10.58 -0.61         -11.34         -1.21       -15.18 

SE 0.24          2.52              0.27            3.09 0.24           2.52             0.27        3.09 
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Table 9. Main effects and interactions of two-way repeated measures ANOVA for dB and 

%Pa in composite DPOAE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(* p<0.05) 

 

 

 

 

 

Statistic dB %Pa 

 F  Sig Power F  Sig Power 

Group 0.19      0.67 0.07 1.2  0.29      0.18 

Frequency 3.09  0.02* 0.79 2.22  0.09 0.57 

Group X 

Frequency 

 

1.32  0.27 0.4 0.55  0.67 0.16 
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Table 10. Main effects and interactions of two-way repeated measures ANOVA for dB and 

%Pa in the overlap component. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(* p<0.05) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Statistic dB %Pa 

 F  Sig Power F  Sig Power 

Group 1.04  0.32 0.16 1.11  0.31 0.17 

Frequency 2.7  0.05* 0.64 1.82  0.14 0.49 

Group X 

Frequency 

 

0.94  0.43     0.25 0.86   0.48 0.24 
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Table 11. Main effects and interactions of two-way repeated measures for composite DPOAE 

and the overlap component baseline level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(** p<0.01) 

 

 

Statistic Composite DPOAE  

Baseline Level 

Overlap Component  

Baseline Level 

 F  Sig Power F  Sig Power 

Group 1.83  0.19 0.25 2.03  0.17 0.27 

Frequency 61.31  0.00** 1.00 55.03  0.00** 1.00 

Group X 

Frequency 

 

0.61  0.6 0.16 0.76  0.48 0.17 
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Table 12. Main effects and interactions of two-way repeated measures ANOVA for the 

frequency bins analysis for dB and %Pa in composite DPOAE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(** p<0.01) 

Statistic dB %Pa 

 F  Sig Power F  Sig Power 

Group 0.19 0.67 0.07 1.2 0.29 0.18 

Frequency 7.29 0.00* 0.91 6.58 0.01* 0.87 

Group X 

Frequency 

 

2.84 0.07 0.52 0.74 0.47 0.16 
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Table 13. Main effects and interactions of two-way repeated measures ANOVA for the 

frequency bins analysis for dB and %Pa in the overlap component. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(*p<0.05) 

(** p<0.01) 

 

 

 

 

 

 

 

 

 

 

Statistic dB %Pa 

 F  Sig Power F  Sig Power 

Group 1.07 0.31 0.17 1.15 0.3 0.17 

Frequency 5.9 0.01** 0.77 3.56 0.05* 0.58 

Group X 

Frequency 

 

0.23 0.74 0.08 0.34 0.68 0.1 
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6. Figures 

 

 

 
 

 

Figure 1. Behavioral thresholds levels as a function of frequency for the impaired and control 

groups (error bars represent the stand error of the mean). 
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Figure 2. Composite DPOAE baseline level in 1/3-octave RMS bandwidths in the impaired and 

controls groups (error bars represent the standard error of the mean). 
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Figure 3. Signal-to-noise ratio (SNR) of the composite DPOAE signal in 1/3-octave RMS 

bandwidths in the impaired and controls groups (error bars represent the standard error of the 

mean). 
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          A 

 

 

 

           B 

 

 
Figure 4. RMS difference in 1/3-octave bandwidths between No-CAS and CAS conditions in dB 

(top) and percent Pascal (bottom) for composite DPOAE level in the impaired and control groups 

(error bars represent the standard error of the mean).  
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            A 

 

 
            B 

 

 

 
 

Figure 5. RMS difference between No-CAS and CAS conditions in dB (top) and percent Pascal 

(bottom) in 1/3-octave bandwidths binned into three frequency regions (low: up to 1 kHz; 

middle: 1.1-1.4 kHz; high: above 1.5.kHz) for composite DPOAE in the impaired and control 

groups (error bars represent the standard error of the mean).  
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           A 

 

          B 

 

Figure 6. Baseline level in 1/3-octave RMS bandwidths for the overlap component (top) and the 

reflection component (bottom) in the impaired and control groups (error bars represent the 

standard error of the mean). 
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           A 

 

          B 

 

 
Figure 7. Signal-to-noise ratio (SNR) of the overlap component (top) and the reflection 

component (bottom) in 1/3-octave RMS bandwidths in the impaired and control groups (error 

bars represent the standard error of the mean). 
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           A 

 

 

           B 

 

 

 

Figure 8. RMS difference in DPOAE level 1/3-octave bandwidths between No-CAS and CAS 

conditions in dB (top) and percent Pascal (bottom) for the overlap component in the impaired 

and control groups (error bars represent the standard error of the mean).  
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           A 

 

 

 

            B 

 

 
Figure 9. RMS difference in DPOAE level 1/3-octave bandwidths between No-CAS and CAS 

conditions in dB (top) and percent Pascal (bottom) for the reflection component in the impaired 

and control groups (error bars represent the standard error of the mean).  
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             A 

 

 
           B 

 

 
 

Figure 10. RMS difference between No-CAS and CAS conditions in dB (top) and percent Pascal 

(bottom) in 1/3-octave bandwidths binned into three frequency regions (low: up to 1 kHz; 

middle: 1.1-1.4 kHz; high: above 1.5.kHz) for the overlap component in the impaired and control 

groups (error bars represent the standard error of the mean). 
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Figure 11. The primary level of f1 with (red line) and without CAS (black line) measured in the 

ear canal in control subject 29 using narrowband analysis (note the overlap between the lines in 

the two conditions suggesting that the MEMR effect, if present, was minimal). 
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Bottom-Up and Top-Down Processing (MOC Model) 

   Cognitive Processing 

      Top-Down 

   Attention Centers (Global)  

 

Auditory Attention 

 

      

 

 

 

 

 

 

 

 

        Bottom-Up                                                                                                                             

 

             Central               Peripheral 

Figure 12. Simplistic schematic of a proposed MOC model as it relates to bottom up and top 

down processes. OHC = Outer hair cell, IHC = Inner hair cell, VCN = Ventral cochlear nucleus, 

SOC = Superior olivary complex, LOC = Lateral olivocochlear, MOC = Medial olivocochlear, 

IC = Inferior colliculus. 

LOC MOC 

SOC VCN 

IHCs OHCs 

Cochlea 

   Sound 

 IC 
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7. Appendices 

 

Table 1A. Baseline, noise floor and dB OAE values of composite DPOAE binned into three-

frequency regions (low = up to 1 kHz, middle = 1.1-1.4 kHz, high = more than 1.5 kHz) from 

subjects included in the more restrictive analysis. C = Control, I = Impaired. 

 

Composite DPOAE 

Baseline Level (dB SPL) 

Composite DPOAE Noise 

Floor (dB SPL) 

Composite DPOAE  

dB OAE 

Subject Low Mid High Low Mid High Low Mid High 

I.15 14.58 9.59 3.56 -13.07 -13.48 -20.28 -0.82 -0.86 -0.73 

I.22 9.33 5.68 -1.93 -15.75 -18.82 -21.16 -0.38 -0.99 0.12 

I.40 -4.39 -2.52 -12.03 -16.16 -20.42 -22.76 -2 -4.09 -0.98 

I.47 6.47 0.4 -2.95 -14.07 -16.54 -21.25 -1.51 -0.28 -0.59 

I.48 7.7 3.62 -3.64 -11.98 -18.52 -22.21 -0.83 0.35 1.16 

I.51 5.43 -1.32 -4.53 -10.53 -15.38 -18.1 -1.66 -1.04 -0.23 

I.53 10.22 4.14 -4.78 -10.22 -8 -19.82 0.03 0.94 0.76 

I.55 12.97 8.62 1.21 2.02 -3.86 -14.3 -1.5 -2.42 -1.19 

I.65 10.2 7.43 -2.39 -9.04 -12.44 -16.7 -0.65 -1.02 0.53 

I.70 6.25 2.12 -5.06 -13.64 -16.83 -21.44 -0.55 -0.39 2.47 

C.13 2.8 5.18 -0.34 -12.61 -15.98 -20.62 -1.2 -1.92 -1.1 

C.17 11.11 5.53 2.37 -15.62 -16.58 -21.54 -0.74 -0.75 0.23 

C.18 13.52 12.66 3.46 -12.99 -16.26 -20.29 -0.59 -0.52 -0.25 

C.20 17.84 10.96 0.96 -15.35 -17.85 -22.04 -0.54 -0.59 -0.01 

C.29 21.4 16.39 9.19 -14.76 -21.27 -21.53 -0.72 -0.78 -0.49 

C.34 13.61 8.39 2.28 -11.38 -13.62 -19.53 -0.54 0.12 -0.32 

C.35 14.98 10.21 0.76 -14.9 -17.62 -21.63 -0.93 -0.75 -0.75 

C.39 0.27 2.18 -5.11 -9.11 -15.34 -20.6 -0.07 -1.37 -0.42 

C.46 4.95 -5.11 -11.32 -12.11 -18.43 -21.74 -1.29 0.08 0.49 

C.57 1.73 2.15 3.9 -4.49 -7.12 -13.2 1.87 0.16 -0.28 
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Table 2A. Baseline, noise floor and dB OAE values of the overlap component binned into 

three-frequency region (low = up to 1 kHz, middle = 1.1-1.4 kHz, high = more than 1.5 kHz) 

from subjects included in the more restrictive analysis. C = Control, I = Impaired. 

 

Overlap Baseline Level 

(dB SPL) 

Overlap Noise Floor  

(dB SPL) 
Overlap dB OAE 

Subject Low Mid High Low Mid High Low Mid High 

I.15 13.54 8.8 3.45 -17.76 -18.13 -24.05 -0.88 -0.9 -0.68 

I.22 8.5 5.37 -3.61 -23.46 -26.97 -27.65 -0.55 -1.05 -0.65 

I.40 -7.24 -4.92 -13.01 -24.87 -25.25 -28.9 -3.11 -4.71 -3.49 

I.47 6.01 -0.27 -4.44 -20.42 -22.75 -27.58 -1.83 -0.55 -1.03 

I.48 7.23 1.88 -6.04 -16.36 -22.73 -28.86 -0.78 -0.76 -0.64 

I.51 4.43 -2.13 -5.03 -18.21 -20.15 -22.5 -2 -1.36 -0.6 

I.53 9.74 3.71 -5.78 -17.88 -14.36 -27.01 0.01 -0.08 -0.1 

I.55 12.83 8.15 1.32 -0.86 -6.3 -18.61 -2.53 -2.75 -1.8 

I.65 9.56 5.03 -2.85 -14.74 -16.64 -23.29 -0.92 -0.99 0.11 

I.70 4.82 1.83 -7.23 -21.02 -23.12 -28.08 -0.71 -0.61 -0.04 

C.13 2.83 4.71 -0.31 -17.16 -21.33 -25.13 -2.35 -2.04 -1.42 

C.17 9.25 5.06 0.36 -23.51 -22.31 -28.29 -0.73 -0.81 -0.29 

C.18 13.63 12.08 4.19 -19.39 -21.88 -26.86 -0.71 -0.53 -0.33 

C.20 17.76 10.61 0.74 -21.22 -22.32 -28.32 -0.6 -0.64 -0.09 

C.29 21.23 15.86 9.35 -20.39 -28.02 -25.32 -0.77 -0.78 -0.53 

C.34 13.6 7.39 1.71 -17.95 -20.13 -26.53 -0.56 -0.56 -0.46 

C.35 14.64 9.13 0.92 -18.57 -22.09 -25.14 -0.98 -0.82 -0.92 

C.39 -1.43 1.57 -5.4 -15.38 -19.79 -27.36 -0.71 -1.8 -1.22 

C.46 4.47 -5.74 -12.95 -18.49 -26.08 -29.27 -1.55 -0.77 -0.15 

C.57 -0.93 0.8 2.97 -10.55 -11.5 -16.19 0.52 -1.24 -0.48 
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Table 3A. Behavioral performance on APD tests from subjects included in the more inclusive 

analysis. PTA = pure tone average (right Ear 1-4 kHz), SSW = staggered spondaic words, PS = 

phonemic synthesis, CID = CID-W22 in Noise-Right Ear, FW = filtered words, AFG = auditory 

figure ground, CW = competing words, CS = competing sentences, TCS = time compressed 

speech, C = composite, N/A = not administered, ID = identified, WNL = within normal limits. 

 

 Buffalo Test Battery 

(Raw Scores When Applicable) 

Scan-3 (Percentile Scores)  

Subject Group PTA SSW PS CID FW AFG CW CS TCS C Morbid 

Condition 

14 Impaired Not Done WNL N/A 23 75 5 37 50 84 30  

15 Impaired 5 ID 18 (WNL) 17 25 9 9 37 5 10  

16 Impaired 6.67 ID 14 (ID) 19 37 2 2 16 0.1 3 ADHD 

22 Impaired 8.33 ID 20 (ID) 15 84 25 16 75 25 50 ADHD 

31 Impaired 10 N/A N/A 22 N/A 1 N/A N/A N/A N/A  

40 Impaired 6.67 N/A N/A 20 N/A 16 N/A N/A N/A N/A  

42 Impaired 13.33 ID 22 (WNL) 24 25 1 16 16 25 4 ADHD 

44 Impaired 10 ID 20 (ID) 21 37 5 50 37 25 19 ADHD 

47 Impaired 10 ID 16 (ID) 13 2 0.1 1 9 0.4 0.2  

51 Impaired 8.33 N/A N/A 17 25 5 5 75 25 10 ADHD 

53 Impaired 6.67 ID 20 (WNL) 19 9 9 2 16 0.1 3  

54 Impaired 10 N/A 11 (ID) 18 0.4 9 0.1 0.1 N/A <0.1 Abnormal 

brain MRI 

55 Impaired 10 N/A N/A 12 N/A 16 0.4 9 2 N/A  

61 Impaired 6.67 ID 15 (ID) 18 2 9 5 25 5 3 Articulati
on 

Problem 

66 Impaired 5 WNL 21 (ID) 20 16 25 2 50 16 10 ADHD 

70 Impaired 1.67 ID 20 (ID) 19 5 2 2 1 0.1 0.4 PDD.NOS 

Asperger 

80 Impaired 6.67 WNL 24 (WNL) 20 50 37 50 75 25 53 ADHD 

13 Control 6.67 ID 18 (WNL) 20 50 75 9 16 50 25  

17 Control 6.67 ID 11 (ID) 20 84 37 50 37 37 53  

18 Control 10 ID 18 (ID) 21 37 25 16 37 5 19  

19 Control 3.33 ID 24 (WNL) 21 63 16 16 63 37 30  

20 Control 11.67 N/A N/A 22 N/A 98 N/A N/A N/A N/A Autism 

21 Control 10 ID 11 (ID) 19 37 25 0.1 0.1 1 1  

23 Control 6.67 ID 14 (ID) 21 84 16 0.4 5 37 7  

29 Control 5 N/A N/A 24 N/A 75 N/A N/A N/A N/A  

30 Control 5 N/A N/A 21 N/A 25 N/A N/A N/A N/A  

34 Control 8.33 N/A N/A 22 N/A 37 N/A N/A N/A N/A  

35 Control 10 N/A N/A 20 N/A 75 N/A N/A N/A N/A Seizures 

36 Control 6.67 N/A N/A 19 N/A 37 N/A N/A N/A N/A ADHD-
Autism 

38 Control 5 N/A N/A 22 N/A 25 N/A N/A N/A N/A Blood 

Pressure 

39 Control 20 N/A N/A 20 N/A 25 N/A N/A N/A N/A  

46 Control 5 N/A N/A 21 63 91 9 16 37 39  

57 Control 1.67 ID 16 (ID) 22 25 63 5 9 0.1 13 PDD.NOS 

63 Control 6.67 ID 24 (WNL) 20 63 16 25 25 37 23  
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Table 4A. Behavioral performance on APD tests from all 51 subjects participated in the study 

and who were placed in either the impaired or the control group based on the more inclusive 

analysis before matching. PTA = pure tone average (right Ear 1-4 kHz), SSW = staggered 

spondaic words, PS = phonemic synthesis, CID = CID-W22 in Noise-Right Ear, FW = filtered 

words, AFG = auditory figure ground, CW = competing words, CS = competing sentences, TCS 

= time compressed speech, C = composite, N/A = not administered, ID = identified, WNL = 

within normal limits. 

 

 Buffalo Test Battery 

(Raw Scores When Applicable) 

Scan-3 (Percentile Scores)  

Subject Group PTA SSW PS CID FW AFG CW CS TCS C Morbid 

Condition 

14 Impaired Not Done WNL N/A 23 75 5 37 50 84 30  

15 Impaired 5 ID 18 (WNL) 17 25 9 9 37 5 10  

16 Impaired 6.67 ID 14 (ID) 19 37 2 2 16 0.1 3 ADHD 

22 Impaired 8.33 ID 20 (ID) 15 84 25 16 75 25 50 ADHD 

28 Impaired Audiogram not 

clear* 

ID 17 (WNL) 19 50 9 0.1 9 9 3 ADHD 

31 Impaired 10 N/A N/A 22 N/A 1 N/A N/A N/A N/A  

32 Impaired Audiogram not 

clear* 

ID 20 (WNL) 22 16 5 37 91 1 25  

40 Impaired 6.67 N/A N/A 20 N/A 16 N/A N/A N/A N/A  

42 Impaired 13.33 ID 22 (WNL) 24 25 1 16 16 25 4 ADHD 

44 Impaired 10 ID 20 (ID) 21 37 5 50 37 25 19 ADHD 

45 Impaired 6.67 N/A N/A 23 N/A 2 N/A N/A N/A N/A  

47 Impaired 10 ID 16 (ID) 13 2 0.1 1 9 0.4 0.2  

48 Impaired 13.33 ID 13 (ID) 14 2 0.1 1 25 5 0.1  

50 Impaired 8.75 ID 9 (ID) 13 0.1 0.4 0.1 9 0.1 <0.1  

51 Impaired 8.33 N/A N/A 17 25 5 5 75 25 10 ADHD 

53 Impaired 6.67 ID 20 (WNL) 19 9 9 2 16 0.1 3  

54 Impaired 10 N/A 11 (ID) 18 0.4 9 0.1 0.1 N/A <0.1 Abnormal 

brain MRI 

55 Impaired 10 N/A N/A 12 N/A 16 0.4 9 2 N/A  

59 Impaired Audiogram not 

clear* 

WNL 20 (WNL) 17 16 84 50 95 16 73  

61 Impaired 6.67 ID 15 (ID) 18 2 9 5 25 5 3 Articulation 

Problem 

65 Impaired 8.33 WNL 18 (ID) 14 37 5 1 84 25 13  

66 Impaired 5 WNL 21 (ID) 20 16 25 2 50 16 10 ADHD 

67 Impaired 3.33 ID 21 (WNL) 17 5 25 5 5 2 3 ADHD 

70 Impaired 1.67 ID 20 (ID) 19 5 2 2 1 0.1 0.4 PDD.NOS 

Asperger 

72 Impaired 0 ID 20 (ID) 20 50 37 16 75 37 37  

73 Impaired 5 ID 22 (WNL) 18 37 9 5 25 25 9  

80 Impaired 6.67 WNL 24 (WNL) 20 50 37 50 75 25 53 ADHD 

81 Impaired 5 ID 22 (ID) 20 37 37 9 25 1 16 Autism 

13 Control 6.67 ID 18 (WNL) 20 50 75 9 16 50 25  

17 Control 6.67 ID 11 (ID) 20 84 37 50 37 37 53  

18 Control 10 ID 18 (ID) 21 37 25 16 37 5 19  

19 Control 3.33 ID 24 (WNL) 21 63 16 16 63 37 30  

20 Control 11.67 N/A N/A 22 N/A 98 N/A N/A N/A N/A Autism 

21 Control 10 ID 11 (ID) 19 37 25 0.1 0.1 1 1  

23 Control 6.67 ID 14 (ID) 21 84 16 0.4 5 37 7  



 72 

24 Control 6.67 WNL 25 (WNL) 21 63 25 37 84 84 53 ADHD 

29 Control 5 N/A N/A 24 N/A 75 N/A N/A N/A N/A  

30 Control 5 N/A N/A 21 N/A 25 N/A N/A N/A N/A  

34 Control 8.33 N/A N/A 22 N/A 37 N/A N/A N/A N/A  

35 Control 10 N/A N/A 20 N/A 75 N/A N/A N/A N/A Seizures 

36 Control 6.67 N/A N/A 19 N/A 37 N/A N/A N/A N/A ADHD-

Autism 

38 Control 5 N/A N/A 22 N/A 25 N/A N/A N/A N/A Blood 

Pressure 

39 Control 20 N/A N/A 20 N/A 25 N/A N/A N/A N/A  

43 Control Audiogram not 

clear* 

ID 10 (WNL) 

picture 

18 5 16 N/A N/A N/A N/A  

46 Control 5 N/A N/A 21 63 91 9 16 37 39  

52 Control 8.33 WNL 25 (WNL) 23 50 16 50 50 N/A 93  

57 Control 1.67 ID 16 (ID) 22 25 63 5 9 0.1 13 PDD.NOS 

63 Control 6.67 ID 24 (WNL) 20 63 16 25 25 37 23  

75 Control 0 N/A N/A 22 N/A 37 N/A N/A N/A N/A  

76 Control 1.67 N/A N/A 22 N/A 16 N/A N/A N/A N/A  

77 Control 5 N/A N/A 21 N/A 50 N/A N/A N/A N/A  

 

[* Although original audiograms showed threshold levels within 20 dB HL (500-4000 Hz), there 

is no access to original audiograms for these subjects and copies of audiograms put in subjects’ 

files did not clearly indicate threshold levels]. 
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Table 5A. Range, mean, standard error of mean (SE) and standard deviation (SD) for the CID 

and AFG percentile test scores in the impaired and control groups from the more inclusive 

analysis (N=17)*. 

 

Statistic Control Impaired 

CID AFG CID AFG 

Range 85.77-18.67=67.1 98-16=82     96.25-0.01=96.24 37-0.1=36.9 

Mean 42.83 44.76 22.02 10.36 

SE 5.45 6.82 7.53 2.51                         

SD 22.49 28.13 31.04 10.36 

 

(* Three subjects complained about static during the administration of the CID-W22 and AFG 

tests. Two of these complained about static during the administration of CID-22 test in noise. 

The test was repeated once for one subject and 4 times for the other subject in order to obtain 

results not contaminated by static. The third subject complained about static during the 

administration of both CID-W22 and the AFG tests in noise and both tests were repeated without 

static. In all cases, the scores from the static-free tests were included in the analysis).
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Table 6A. Range, mean, and standard deviation (SD) for subjects’ age in each of the impaired 

and control groups from the more inclusive analysis (N=17)*. 

Statistic  Range 

 

Mean 
 

SD 
 

APC 10.91 11.17  3.36 

APD 9.59 10.98  3.02 

 

(* According to parent report, 10 impaired subjects had morbid conditions: Asperger-pervasive 

developmental disorder-not otherwise specified, articulation and abnormal MRI brain scan. The 

remaining seven impaired subjects had ADHD. Five controls had morbid conditions: pervasive 

developmental disorder-not otherwise specified, autism, seizures, blood pressure and the 

remaining subjects had both ADHD and autism).    
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Table 7A. Pearson correlations coefficients from the more inclusive analysis between CID / AFG 

percentile test scores and dB OAE averaged across the frequency range within (N=17) and in 

the combined impaired and control groups (N=34) (p values are represented between 

parenthesis).  

 

MOC 

Index 

 

Control Impaired Combined  

CID AFG CID AFG CID AFG 

Composite  

dB OAE 

0.25 (0.32) -0.02 (0.93)             0.18 (0.48)   0.07 ( 0.79)               0.2 (0.26)     0.01 (0.94) 

Overlap      

dB OAE 

0.38 (0.13)      0.23 (0.37)     0.23 (0.37)   0.01 ( 0.98)     0.24 (0.17)     0.06 (0.72) 
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Table 8A. Mean and standard error (SE) of the averaged up- and down-sweeps across the 

frequency range for composite DPOAE and the overlap component levels in dB SPL without 

(No-CAS) and with contralateral 60 dB SPL noise (CAS) in the impaired and control groups 

from the more inclusive analysis (N=17). 

 

Statistic Control Impaired 

Composite Overlap Composite Overlap 

No-CAS CAS No-CAS CAS No-CAS CAS No-CAS CAS 

Mean 5.08 4.06 4.28 3.21 2.87 1.81 1.87 0.8 

SE 1.51 1.55 1.62 1.69 1.51 1.55 1.62 1.69 
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Table 9A. Mean and standard error of the mean (SE) of the averaged up- and down-sweeps 

across the frequency range for composite DPOAE and the overlap component in dB OAE and 

% Pa OAE in the impaired and control groups from the more inclusive analysis (N=17).  

 

Statistic Control Impaired 

 Composite Overlap Composite Overlap 

dB % Pa     dB % Pa     dB % Pa     dB % Pa     

Mean -0.45        -8.48         -0.99      -12.38 -0.47         -9.09          -0.96       -11.91 

SE 0.22          2.04           0.2         2.28 0.22           2.04            0.2          2.28 
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Table 10A. Main effects and interactions of two-way repeated measures ANOVA for dB and 

%Pa in composite DPOAE from the more inclusive analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Statistic dB %Pa 

 F  Sig Power F  Sig Power 

Group 0.01  0.94 0.05 0.05  0.83 0.06 

Frequency 2.07  0.12 0.47 1.52  0.22 0.38 

Group X 

Frequency 

 

0.59  0.59 0.16 0.99     0.4 0.25 
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Table 11A. Main effects and interactions of two-way repeated measures ANOVA for dB and 

%Pa in the overlap component from the more inclusive analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Statistic dB %Pa 

 F  Sig Power F  Sig Power 

Group 0.02  0.9 0.05 0.02  0.89 0.05 

Frequency 1.36  0.26 0.35 0.94  0.42 0.25 

Group X 

Frequency 

 

1.34  0.27 0.35 1.62 0.19 0.41 
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Table 12A. Main effects and interactions of two-way repeated measures ANOVA for composite 

DPOAE and the overlap component baseline level from the more inclusive analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      (** p<0.01) 

 

 

 

Statistic Composite DPOAE  

Baseline Level 

Overlap Component 

Baseline Level 

 F  Sig Power F  Sig Power 

Group 1.08  0.31 0.17 1.1  0.3 0.18 

Frequency 85.62  0.00** 1.00 71.09  0.00** 1.00 

Group X 

Frequency 

 

0.66  0.57 0.18 0.5  0.64 0.14 
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