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Clinical audiometric measures can only partially account for older adults’ speech 

perception performance in difficult listening situations, such as in noise.  Speech perception in 

noisy situations is the primary complaint of most individuals seeking hearing health care.  It is 

not surprising, therefore, that clinical methods perform poorly in predicting self-reported hearing 

handicap.  Two factors that have been proposed to account for this disconnect between 

audiometric hearing loss and speech perception difficulty are auditory temporal resolution and 

working memory.  The role of these factors in speech perception performance in noise and in 

self-report of hearing handicap were examined for a group of middle-aged and older adults 

reporting a hearing loss.  Experimental measures were chosen for their potential ease of 

implementation into a clinical setting.  Declines in hearing sensitivity, temporal resolution, and 

working memory were found to be significantly correlated with decreased speech perception 

ability and increased hearing handicap.  Loss of hearing sensitivity was the strongest predictor of 

speech perception difficulty.  When hearing sensitivity was controlled, temporal resolution 

threshold was only significantly related to speech perception for the oldest participants.  Self-
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reported hearing handicap was weakly associated with declines in hearing sensitivity, temporal 

resolution, and speech perception ability.  The strongest predictor of hearing handicap was 

speech perception ability in noise.  Previously unreported increases were seen in right-ear / left-

ear asymmetry of temporal resolution threshold independent of decline in hearing sensitivity.  In 

addition, more than two-thirds of participants were classified as having abnormal temporal 

processing according to published normative data.  These findings suggest a need for re-

evaluation of the temporal resolution task and establishment of age- and hearing-loss-appropriate 

normative values. 
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CHAPTER 1 

INTRODUCTION 

The impact of hearing loss on the everyday listening situations of each individual is of 

primary interest to professionals in audiology and otolaryngology.  While a diverse array of 

procedures exist to measure the function of the auditory system—pure-tone audiometry, 

otoacoustic emissions, and aural immittance measures, for example—these tests often neglect the 

complex and often highly individual factors that mediate the effect of hearing loss on daily 

function.  The standard clinical audiologic test battery, including simple speech-perception tasks 

and a handful of other primarily physiologic measures, fails to address these factors.  As a result, 

the same rehabilitation methods and treatments, including amplification selection, may be 

offered to two individuals who present with the same audiometric profile but have dissimilar 

cognitive and auditory processing abilities, listening experiences, and needs.   

The present study examined potential sources of the variance among individuals in the 

relation among hearing sensitivity, self-report of hearing handicap, and speech perception 

performance in difficult listening situations.  Data from the study may help to define the 

individual factors that affect the experience of hearing loss for older adults. Findings may also 

lead to improved clinical strategies taking into account important factors that lay outside the 

current audiologic clinical protocol. 
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CHAPTER 2 

REVIEW OF LITERATURE 

Hearing Impairment and Hearing Handicap  

The disconnect in older adult populations between hearing impairment, determined using 

audiometry and other psychoacoustic measures, and hearing handicap, as measured by personal 

experiences of difficulty in real-world listening situations or by speech perception testing in 

difficult listening environments, is well established.  Early examinations of the Hearing 

Handicap Inventory for the Elderly (HHIE), a commonly-used clinical questionnaire, found that 

pure-tone sensitivity and word-recognition scores explained less than 50% of the variance in 

HHIE score (Weinstein & Ventry, 1983).  Other studies have found even lower correlations 

between audiometric and self-report measures (Brainerd & Frankel, 1985; John & Kreisman, in 

preparation; Matthews, Lee, Mills, & Schum, 1990; McKenna, 1993; Newman, Jacobson, Hug, 

& Sandridge, 1997).  These studies typically find that audiometric measures tend to 

underestimate hearing handicap in individuals with more severe degrees of sensorineural hearing 

loss (SNHL), and that the relation between sensitivity and hearing handicap becomes more 

variable in older adults.   

The correlation between hearing impairment and self-reported hearing handicap is 

influenced by several non-auditory factors (Gatehouse, 1994, 1998; Gordon-Salant, Lantz, & 

Fitzgibbons, 1994; Lutman, 1991; Lutman, Brown, & Coles, 1987; Stephens & Hétu, 1991).  

Gatehouse (1998) found substantial variability in the correlation between self-reported hearing 

handicap and hearing loss, with significant effects of age and personality.  Lutman and 

colleagues (1987) noted that age, gender, and socioeconomic status are factors in hearing self-

report, with males reporting more disability than females and older individuals reporting less 

disability than younger individuals.  In another study, Lutman (1991) concluded that older 
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individuals tend to overrate disability, consistent with the findings of Gordon-Salant and 

colleagues (1994), who demonstrated that increased age correlated with increased disability as 

reported on the HHIE. 

Speech Perception  

Failure of the standard audiometric battery to fully account for the everyday listening 

difficulties reported by adults seeking treatment is likely due, at least in part, to the well-

established disconnect between peripheral hearing sensitivity, the primary focus of the typical 

audiologic evaluation, and speech perception in noisy, reverberant, or otherwise challenging 

listening situations.  Indeed, the most common complaint from individuals with hearing loss 

seeking audiologic care is difficulty understanding speech in noisy environments, such as busy 

restaurants, parties, or large group conversations (CHABA, 1988; Kim, Frisina, Mapes, 

Hickman, & Frisina, 2005; Koehnke & Besing, 2001).  These auditory problems are reported 

particularly widely by older adults, who have been shown to demonstrate significantly greater 

difficulty understanding and recalling spoken messages compared to younger adults, particularly 

in noisy and reverberant environments, even when younger and older adults with similar degrees 

and configurations of hearing loss are compared (Pichora-Fuller & Souza, 2003; Souza, Yueh, 

Sarubbi, & Loovis, 2000; Tun, O’Kane, & Wingfield, 2002).  For older adults, understanding 

speech in difficult environments is the primary consequence of hearing loss, and is thus likely to 

be a primary influence in self-report of hearing handicap and self-referral for audiologic care.  

Presumably, assessment of speech understanding in adverse listening conditions should be the 

primary focus of the audiologic test battery.  

However, speech perception in degraded listening conditions, such as in the presence of 

noise, is not well predicted by common audiometric measures.  Like self-reported hearing 

impairment, speech-perception-in-noise ability correlates weakly with hearing sensitivity, with 
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particularly low relations seen for individuals with more severe degrees of hearing loss 

(Crandell, 1991; Plomp & Mimpen, 1979; Smoorenburg, 1992).  Some studies have shown that 

hearing sensitivity accounts for about half of the variance in speech perception in noise 

(Middelweerd, Festen, & Plomp, 1990; Plomp, 1986; Plomp & Mimpen, 1979; Smoorenburg, 

1992).  The balance of this variance is not, however, explained well by tests in the classic clinical 

battery.  Tests of speech perception in quiet, commonly used as diagnostic tools, are poor 

predictors of speech perception in noise. Furthermore, speech perception scores in quiet do not 

add substantially to the predictive value of the audiogram—a finding that is explained by the 

high correlation usually found between speech perception in quiet and sensitivity measured using 

pure tones (Divenyi & Haupt, 1997; Festen & Plomp, 1986; Glasberg & Moore, 1989; Plomp, 

1986; Plomp & Mimpen, 1979; Smoorenburg, 1992; van Rooij & Plomp, 1990). 

Some researchers have suggested that speech-perception deficits in individuals with SNHL 

can be explained by portions of the speech signal being rendered inaudible by the decreased 

sensitivity that is a consequence of SNHL (Fabry & Van Tasell, 1986; Humes, Dirks, Bell, & 

Kincaid 1987; Humes, Espinoza-Varas & Watson, 1988).  The results of selected studies 

suggested that increasing the audibility of the most difficult to perceive parts of speech 

eliminates deficits in speech perception.  Humes et al (1994) compared the performance of 50 

listeners between the ages of 63 and 83 on a number of speech-recognition, auditory processing, 

and cognitive tasks. In this study, hearing sensitivity accounted for 70 to 75% of the total 

variance in speech-recognition performance. Auditory processing and cognitive function 

accounted for little or no additional variance.   

A study by Crandell and Needleman (1999) also found that individuals with normal 

hearing who were given a simulated hearing loss demonstrated similar speech-recognition 
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abilities to matched individuals with SNHL.  However, the error patterns of the individuals with 

simulated hearing loss differed from those of individuals with SNHL.  While some studies find 

that hearing sensitivity predicts most of the variance in speech perception in noise (i.e. Humes et 

al 1987, 1994), others find that sensitivity is inadequate to explain variance in speech perception 

(Plomp, 1978; Plomp & Mimpen, 1979).  Additional variables, such as age and temporal 

processing ability, consistently show a small but significant correlation with speech perception 

results even when hearing sensitivity is controlled (Gordon-Salant & Fitzgibbons, 1993, 1995; 

Halling & Humes, 2000).  Overall, predictions of speech perception performance in older adults 

that are based on audibility tend to be accurate for speech perception in quiet conditions but 

overestimate performance in noise (Hargus & Gordon-Salant, 1995; Pichora-Fuller & Singh, 

2006; Schum, Matthews, & Lee, 1991). 

Deficits in hearing sensitivity are also insufficient to explain other findings related to 

speech perception in noise.  For example, individuals with SNHL require a greater signal-to-

noise ratio (SNR) than individuals with normal hearing for perception of speech in noise.  Stated 

another way, not only do individuals with SNHL require a higher-intensity speech signal, these 

individuals also require that the difference between that speech and any background noise be 

greater in order to optimally perceive speech.  In one study illustrating this effect, Plyler and 

Hedrick (2002) administered a test of stop-consonant identification to groups of individuals with 

normal hearing and with hearing loss.  Even when the intensity of the stimulus phonemes was 

raised to a level at which all acoustic information was audible, a group of listeners with hearing 

loss still did not perform as well as listeners with normal hearing.   

To examine the effects of SNHL that are not explained by loss of sensitivity, researchers 

often have used spectrally-shaped masking noise to simulate threshold elevation, loudness 



 

19 

recruitment, and loss of spectral resolution that results from SNHL (Crandell & Needleman, 

1999; Humes, 1996; Humes & Jesteadt, 1991; Humes et al, 1988).  Crandell and Needleman 

(1999) examined sentence recognition in a multitalker babble background for individuals with 

SNHL and for matched individuals with normal hearing who were given a simulated noise-

masked hearing loss.  The simulated hearing loss was created by presenting spectrally-shaped 

masking noise.  When noise was present, the listeners with normal hearing demonstrated hearing 

thresholds similar to matched listeners with SNHL.  The individuals with simulated hearing loss 

performed significantly better than individuals with actual SNHL, suggesting that there was an 

effect of SNHL on speech perception that could not be simulated simply by raising threshold. 

However, an earlier study by Humes and Roberts (1990) found that older adults with 

presbyacusis and young adults with matched simulated hearing loss performed similarly in tests 

of nonsense syllable recognition in noisy and reverberant listening conditions.  It is notable that, 

unlike the later study by Crandell and Needleman (1999) cited above, Humes and Roberts (1990) 

used closed-set testing of nonsense syllable recognition, whereas Crandell and Needleman used 

an open-set protocol requiring repetition of sentences, a more complex stimulus.  The 

discrepancy in methodology and in findings between the two studies supports the contention that 

there is a component of suprathreshold distortion in SNHL for older adults that can not be 

explained by the audibility of the signal, and that the suprathreshold distortion is most evident 

with stimuli similar to those found in everyday listening situations (Crandell & Needleman, 

1999; Plomp & Mimpen, 1979). 

Age is a factor in speech perception ability in degraded listening conditions (Frisina & 

Frisina, 1997; Gordon-Salant & Fitzgibbons, 1993, 1995; Harris & Reitz, 1985; Nábĕlek, 1988; 

Pichora-Fuller, Schneider & Daneman, 1995).  Harris and Reitz (1985) found that, in tests of 
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word recognition, increases in reverberation caused a much greater performance decrease for 

older adults with nearly normal hearing than for young individuals with normal hearing.  These 

two groups performed similarly in quiet, in noise alone, and in reverberation alone; the group 

difference appeared when noise and reverberation were combined.  Gordon-Salant and 

Fitzgibbons (1993, 1995) also found that, on tests of speech stimuli degraded by reverberation 

and time compression, both age and hearing loss were significant predictors, and that age became 

a greater factor as the level of distortion increased.  Nábĕlek (1988) reported similar effects of 

age on perception of vowels degraded by noise and reverberation. 

In addition to environmental distortion, lengthy and more everyday-speech-like stimuli 

appear to elicit age effects in speech perception.  Jerger (1973) examined word recognition in a 

retrospective clinical study of 2,162 patients and found that, when hearing sensitivity was 

controlled, word recognition declines with age were consistent in individuals with moderate to 

severe hearing loss, but not for individuals with mild hearing loss.  Similarly, Bergman (1980) 

found that for a given threshold level, older individuals performed more poorly on speech-

perception tasks than younger individuals.  In another study by Jerger (1992), perception of 

sentence stimuli was characterized by more robust age effects than perception of word stimuli, a  

finding reported also by Jerger and Hayes (1977).  In general, studies of aging and speech 

perception show that increases in the difficulty of the speech-perception task (such as longer 

stimuli and more adverse listening conditions) tend to elicit more robust age effects (Gordon-

Salant & Fitzgibbons, 1993, 1995; Harris & Reitz, 1985; Jerger, Jerger, & Pirozollo, 1991; 

Weinstein, 2000). 

The investigation of auditory function for young versus elderly listeners presents 

significant methodologic challenges.  Older adults with thresholds comparable to young adults 
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are often difficult to locate and, even if found and enrolled in a study, older adults with good 

hearing sensitivity are atypical of their age group.  Older adult subjects with ―normal for their 

age‖ hearing sensitivity may have mild hearing loss or other unidentified auditory deficits that 

confound some research designs (Humes, 1996; Nábĕlek, 1988; Nábĕlek & Robinson, 1982).   

Not all age effects can be attributed to small threshold differences.  A study by Helfer and 

Wilber (1990) found a strong negative correlation between age and nonsense syllable perception 

in reverberation and noise consistent with other studies (Harris & Reitz, 1985; Nábĕlek, 1988).  

In this study, in a comparison of older and younger individuals with hearing loss, older 

individuals performed slightly worse despite actually having better thresholds than younger 

counterparts.  As the degree of distortion increased, elderly listeners with mild hearing loss 

performed less and less like young listeners with normal hearing, a finding confirmed by 

Nábĕlek and Robinson (1982), Harris and Reitz (1985), and Nábĕlek (1988). 

The reasons for age-related deficits in speech perception are not well understood.  

Researchers have hypothesized that age-related deficits in speech perception are related to 

peripheral pathology (Fabry & Van Tasell, 1986; Humes et al, 1987; Humes et al, 1988), to 

central auditory deficits (Jerger, Jerger, Oliver, & Pirozzolo, 1989; Jerger, Oliver, & Pirozzolo, 

1990; Ochs, 1990; Stach, Jerger, & Fleming, 1985; Wingfield, 1996), and/or to cognitive deficits 

(Kjellberg, 2004; Letowski & Poch, 1996; Pichora-Fuller et al, 1995; Rabbitt, 1991; 

Smoorenburg, 1992).  More recently, Pichora-Fuller and Singh (2006) integrated these 

hypotheses into a unified view of auditory processing that takes into account multiple etiologies 

and pathologies, and focuses on the interaction among peripheral hearing sensitivity, central 

auditory processing, and cognitive processing.   
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Within both the etiological and unified models of auditory processing, several potential 

sources of suprathreshold distortion and diminished speech perception have been identified.  The 

present investigation will examine two factors that have received recent attention in the hearing 

science literature:  auditory temporal resolution and working memory capacity. 

Temporal Resolution 

Auditory temporal resolution refers to the ability of an individual to detect differences in 

the duration of auditory stimuli and in the time intervals between auditory stimuli over time.  

Silent intervals and rapid modulations of intensity are important for speech understanding, 

providing cues at the phoneme, word, and sentence level, Examples of silent intervals include 

transitions between phonemes, voicing cues, cues signaling the end of a word, phrase, or 

sentence, and prosodic cues (Dorman, Marton, & Hannley, 1985; Greenberg, 1996; Pichora-

Fuller & Singh, 2006; Rosen, 1992; Schneider & Pichora-Fuller, 2001).  Several studies have 

noted an association between temporal resolution ability and perception of degraded or distorted 

speech (Bergman, 1980; Divenyi & Simon, 1999; Gordon-Salant & Fitzgibbons, 1999; Irwin & 

MacAuley, 1987; Pichora-Fuller, Schneider, MacDonald, Pass, & Brown, 2007; Pichora-Fuller 

& Souza, 2003; Schneider & Pichora-Fuller, 2000, 2001; Snell, Mapes, Hickman, & Frisina, 

2002; Tyler, Summerfield, Wood, & Fernandes, 1982).   

Although temporal resolution ability is highly variable among individuals with SNHL, 

listeners with SNHL have generally poorer temporal resolution ability than individuals with 

normal hearing (Arlinger & Dryselius, 1990; Buus & Florentine, 1985; Madden & Feth, 1992; 

Moore, Glasberg, Donaldson, McPherson, & Plack, 1989).   

Temporal resolution ability can be measured using several methods, including modulation 

detection, perception of compressed speech, and perception of interrupted speech. However, 

temporal resolution is most commonly tested using gap detection measures.   
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Auditory gap detection measures test the ability of a listener to detect the presence of a 

temporal gap (silent period created by an absence of energy) within a tone or, more commonly, 

noise burst.  Performance on a gap detection measure is assumed to be related to speech 

perception because silent gaps in speech signals can serve as phonetic cues.  For example, a 

silent gap is a cue for the presence of the stop consonant phoneme /p/ in the word "spoon," in 

contrast to the word "soon" in which there is no gap.  Because psychoacoustic gap detection 

thresholds measure a listener's ability to perceive the shortest detectable gap in a sound signal 

and the detection of such gaps is relevant to speech perception, it is logical to assume that a 

strong relationship exists between measures of gap detection threshold and speech perception 

ability (Pichora-Fuller, Schneider, Benson, Hamstra, & Storzer, 2006).  There is experimental 

evidence of significant correlations between measures of gap detection in noise or tone stimuli 

and word identification in noise (Snell et al, 2002; Tyler et al, 1982) and reverberation (Gordon-

Salant & Fitzgibbons, 1993). 

Gap detection ability is generally poorly predicted by the audiogram, as individuals with 

similar degrees and configurations of hearing impairment often show widely varying ability to 

perceive temporal gaps (Glasberg, Moore, & Bacon, 1987; Moore & Glasberg, 1988; Schneider, 

Pichora-Fuller, Kowalchuk, & Lamb, 1994; Schneider, Speranza, & Pichora-Fuller, 1998).  

Several studies have also found gap detection ability to be independent of frequency selectivity 

of auditory filters (Eddins, Hall, & Grose, 1992; Grose, Eddins, & Hall, 1989; Moore, Peters, & 

Glasberg, 1993). 

The correlation between gap detection threshold and speech perception is not clear, even 

when accounting for hearing sensitivity and spectral resolution.  While several studies have 

noted an association between temporal resolution ability when controlling for audibility 
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(Glasberg & Moore, 1989; Glasberg et al, 1987; Haubert & Pichora-Fuller, 1999; Irwin & 

McAuley, 1987; Phillips, Gordon-Salant, Fitzgibbons, & Yeni-Komshian, 2000; Snell et al, 

2002; Souza, Boike, Withrell & Tremblay, 2007; Tyler et al, 1982) , others have failed to find 

such an association (Dubno & Dirks, 1990; Festen & Plomp, 1983; Snell & Frisina, 2000; 

Strouse, Ashmead, Ohde, & Grantham, 1998; van Rooij & Plomp, 1991).  The discrepancy in 

findings among studies may be due to differences in the stimulus and procedure used for gap 

detection testing.  Gap thresholds are affected by characteristics of the carrier stimulus (the tone 

or noise burst that contains the gap) including duration, intensity, and spectrum of the carrier 

(Fitzgibbons, 1983; Fitzgibbons & Gordon-Salant, 1987; Jesteadt et al, 1982; Pichora-Fuller et 

al, 2006).   

Several investigations demonstrated a significant influence of carrier spectrum on gap 

detection.  A decrease in gap-detection threshold has been observed with increases in signal 

frequency for groups of individuals with normal hearing and groups with SNHL (Fitzgibbons & 

Gordon-Salant, 1987).  The faster response of more broadly-tuned high-frequency auditory 

filters may account for this increase in temporal acuity at higher frequency, but according to 

some researchers gap-detection threshold is independent of frequency within certain ranges, 

including 400 and 2000 Hz (Moore et al, 1989) and 500 and 4000 (Formby & Forrest, 1991).  

The reason for frequency independence within certain ranges is not well understood, but the 

existence of that independence may help to explain why gap detection studies using tonal stimuli 

of varying spectral content and studies using noise stimuli often differ in findings. 

There is also evidence that within-channel gap detection (detection of gaps bordered by 

like carriers, such as identical tones or noise bursts) is a distinct process from between-channel 

gap detection (detection of gaps bordered by different carriers, such as tones at different 
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frequencies) (Divenyi & Danner, 1977; Formby, Gerber, Sherlock, & Magder, 1998; Grose, 

Hall, Buss, & Hatch, 2001; Heinrich & Schneider, 2006; Phillips & Hall, 2000, 2002; Phillips & 

Smith, 2004; Pichora-Fuller et al, 2006).  The between-/within-channel discrepancy is most 

pronounced in older adults (Fitzgibbons & Gordon-Salant, 1994, 1995; Grose, Hall, & Buss, 

2001; Lister, Koehnke, & Besing, 2000; Lister & Tarver, 2004).  Age effects for across-channel 

gap detection may be related to difficulties experienced by older adults in resolving temporal 

envelope information and integrating that information across channels (Souza et al, 2007).   

Gap detection can also be confounded by other factors, including contribution of off-

frequency listening regions, placement of the gap within the carrier (i.e. midpoint of the carrier 

vs. near stimulus onset or offset), and presentation and response mode (He, Horwitz, Dubno, & 

Mills, 1999; Pichora-Fuller et al, 2006; Schneider & Hamstra, 1999).  In addition, the association 

between gap detection ability and speech perception is affected by speech perception materials 

and presentation method (Lister, Roberts, Shackelford, & Rogers, 2006; Ochs, 1990; Snell et al, 

2002).  Generally, more complex speech perception stimuli elicit stronger temporal resolution 

influences. 

Several gap detection studies have demonstrated that older adults do not detect a gap in the 

signal until the size of the gap is about twice as large as the smallest gap detectable by younger 

adults (about 6 vs. 3 ms in tonal stimuli) with gap detection threshold poorly predicted by pure-

tone hearing thresholds in listeners with good audiograms (Gordon-Salant & Fitzgibbons, 1993; 

Haubert & Pichora-Fuller, 1999; Schneider et al, 1994; Snell, 1997; Strouse et al, 1998).  Also, 

as listeners age they experience diminished ability to resolve simple temporal cues in speech, a 

finding which may partially explain age effects on speech perception not explained fully by loss 

of sensitivity (Fitzgibbons & Gordon-Salant, 1994; Gordon-Salant & Fitzgibbons, 1993; Snell & 
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Frisina, 2000; Strouse et al, 1998).  Age effects on temporal processing appear more consistent 

and strong when measures are made with complex stimuli in difficult listening conditions 

(Fitzgibbons & Gordon-Salant, 1996; Nábĕlek, 1988; Pichora-Fuller et al, 2006).  Deficits in 

temporal processing may be evident as early as middle age (Grose, Hall, & Buss, 2001, 2006). 

In order to minimize the confounds of stimulus frequency, task complexity, and age in 

temporal resolution testing, researchers at the University of Connecticut recently developed a 

new temporal resolution test called the Gaps-In-Noise (GIN) test.  The GIN consists of series of 

6-second segments of broadband (white) noise containing between zero and three silent gaps per 

segment.  These gaps range in length from two to 20 ms.  For each set of noise segments, a total 

of 60 gaps are presented with six gaps each of 2, 3, 4, 5, 6, 8, 10, 12, 15, and 20 ms.  Listeners 

are instructed to press a response button whenever a gap is detected.  When administration of the 

GIN procedure is complete, a gap threshold is calculated (Musiek, Shinn, Jirsa, Bamiou, Baran, 

& Zaidan, 2005). 

The GIN procedure has several potential advantages over other temporal resolution tests.   

First, it can be administered with conventional clinical instrumentation.  That is, the GIN test is 

recorded to a compact disc and requires only a CD player with standard audio outputs, a two-

channel audiometer, and a response button, thus eliminating an obstacle to clinical assessment of 

temporal resolution ability and the reason why gap detection is infrequently performed by 

audiologists (Emanuel, 2002).  Second, as noted above, assessment of gap detection can be 

frequency- and age-dependent.  The GIN attempts to minimize these effects by using broadband 

noise, which is presumed by the authors to be unaffected by hearing for any single frequency 

because the noise contains energy over a range of frequencies.  Broadband noise stimuli have the 

additional advantage of masking the spectral splatter heard when a tonal or narrow-band signal is 
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rapidly switched off. The unwanted spectral energy could provide a cue for a gap that otherwise 

would not be detected (Trehub, Schneider, & Henderson, 1995).  Finally, the simple response 

method (pressing a button when a gap is heard, rather than verbally responding or counting gaps) 

is designed to place minimal cognitive and linguistic/verbal demands on the listener, a feature of 

the GIN test which may reduce age effects (Jerger & Musiek, 2000). 

Third, because it requires the listener to respond to the presence of a silent interval, the 

GIN is a true test of gap detection.  The two most common purported gap detection measures, the 

Random Gap Detection Test (RGDT; Keith, 2000) and the Auditory Fusion Test-Revised (AFT-

R; McCroskey & Keith, 1996) are actually auditory fusion tests.  Auditory fusion tasks require 

the listener to determine the point at which two stimuli (tones, noise bursts) fuse into one 

stimulus.  The fusion threshold, therefore, is the smallest gap between two stimuli that allows the 

listener to perceive the stimuli as distinct from one another (Lister, Besing, & Koehnke, 2002).  

Auditory fusion could be considered the inverse of gap detection.  The two terms are often used 

interchangeably to describe the same function (Keith, 2000); however, there is neurophysiologic 

evidence that the two abilities may have different underlying processes (Chermak & Lee, 2005).  

Finally, the GIN test is designed as a monaural auditory measure and, thus, provides laterality 

information about auditory function.  Preliminary studies of the GIN test have shown good 

reliability and sensitivity when administered to individuals with normal hearing and individuals 

with CANS lesions (Chermak & Lee, 2005; Musiek et al, 2005).  Temporal resolution ability is 

usually enhanced at higher presentation levels for listeners with normal hearing (e.g. Fitzgibbons 

& Gordon-Salant, 1987; Fitzgibbons, 1983; Jesteadt et al, 1982). In contrast, recent research 

suggests that the GIN test is insensitive to presentation level within a range of approximately 35-

50 dB SL re: threshold for GIN test noise (Weihing, Musiek, & Shinn, 2007). 
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Working Memory 

Cognitive performance is a possible explanation for suprathreshold speech-perception 

deficits.  However, research into this relation between cognitive function and speech perception 

has produced equivocal results, with some studies demonstrating a positive correlation between 

cognitive abilities and speech perception (Kjellberg, 2004; Pichora-Fuller & Singh, 2006; 

Pichora-Fuller et al, 1995; Rabbitt, 1991; Smoorenburg, 1992; van Rooij & Plomp, 1990; 

Wingfield, 1996) but others finding no such association (Humes & Floyd, 2005; Humes, Watson, 

Christensen, Cokely, Halling, & Lee, 1994; Stach, Loiselle, & Jerger 1991; Stach et al, 1985; van 

Rooij, Plomp, & Orlebeke, 1989).  This inconsistency is most likely due to the broad range of 

methods used by hearing researchers to assess cognition and speech perception.  For example, in 

two studies examining the association between speech perception and cognitive decline in older 

adult subjects, van Rooij and Plomp (1990) found that one-third of the variance in an adaptive 

sentence recognition task was related to cognitive status (measured by a combination of speed of 

processing, memory, and intellectual ability). On the other hand, Jerger et al (1991) found that 

cognitive status, as measured by a speed of processing task only, accounted for between 6 

percent (for word recognition) and 14 percent (for dichotic sentence recognition) of variance.  

There were differences in the two studies in the speech stimulus used to measure auditory 

processing and in the battery used to assess cognitive status.   

There is a bi-directional relation between peripheral processing status (such as hearing 

sensitivity) and cognitive processing.  Declines in peripheral sensory status, such as in loss of 

hearing sensitivity, may provide a distorted and impoverished signal for later states of cognitive 

processing, which may lead to declines in cognitive status (Appollonio, Carabellese, Magni, 

Frattola, & Trabucci, 1995; Gennis, Garry, Haaland, Yeo, & Goodwin, 1991; Lindenberger & 

Baltes, 1994; Ryan, Giles, Bartoloucci, & Henwood, 1986; Sands & Meredith, 1989; Uhlmann, 
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Larson, Rees, Koepsell, & Duckert, 1989; van Boxtel, van Beijsterveldt, Houx, Anteunis,  

Metsemakers, & Jolles, 2000).  In addition, age-related declines in cognitive processes may 

affect higher-order hearing processes such as speech perception, even when peripheral hearing 

status is unimpaired (Gordon-Salant, 2005; Gordon-Salant & Fitzgibbons, 1997; Helfer & 

Wilber, 1990; Lunner, 2003; Pichora-Fuller et al, 1995; Rabbitt, 1991).  However, the particular 

aspects of cognitive status and the mechanisms by which cognitive declines affect speech 

perception are still a topic of debate. 

Some studies have isolated individual components of cognitive function that appear to play 

a role in speech perception, including attention (Alain & Woods, 1999; Cameron, Dillon, & 

Newall, 2006; Noble & Gatehouse, 2006; Rakerd, Hartmann, & Hsu, 2000; Snell et al, 2002), 

speed of processing (Brebion, 2001; Fitzgibbons & Gordon-Salant, 1996; Gordon-Salant & 

Fitzgibbons, 1993, 2001; Strayer, Wichkens, & Braune, 1987; Wingfield, 1996), and memory 

(Gordon-Salant & Fitzgibbons, 1997; Kemper, 1992; Lunner, 2003; McCoy, Tun, Cox, 

Colangelo, Stewart, & Wingfield, 2005; Pichora-Fuller & Singh, 2006; Verhaegen, 1999; 

Wingfield & Tun, 2001).  A full analysis of all potential cognitive factors in speech perception is 

beyond the scope of the present investigation. However, working memory is a component that 

has received particular attention in recent research, and appears to hold significant potential for 

further study within the field of hearing science. Working memory, therefore, will be the primary 

cognitive focus of the present study. 

Working memory refers to the processes involved in temporary storage and processing of 

information used for complex cognitive tasks.  The term first appeared in the psychology 

literature in the 1960s.  Baddeley and Hitch (1974).proposed the most prominent accepted 

definition, which described working memory as a system with three components:  (1) the central 
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executive, which could be considered an attention-controlling system regulating the allotment of 

cognitive resources to the other two ―slave‖ components; (2) the visuospatial sketch pad, which 

manipulates and processes visual images; and (3) the phonological loop, which stores and 

rehearses verbal information.  Working memory is an active process by which data is maintained 

―online‖ for the purpose of problem solving, decision making, learning, and/or using language 

(Baddeley, 1992; Baddeley & Hitch, 1974). 

Each individual’s working memory has a finite capacity or memory span that is usually 

measured as the number of ―chunks‖ of information that individual can hold in memory at once.  

Miller (1956) found that young adults could hold an average of seven digits in memory at once.  

Later research has clarified that the number of items in working memory is dependent upon the 

nature of the stimulus items, such as whether they are numbers, letters, or words; the length and 

complexity of the items (i.e., short versus long words); and whether the stimuli are familiar to the 

individual tested (Hulme, Roodenrys, Brown, & Mercer, 1995). 

Working memory status is commonly measured using simple tests such as digit span and 

digit ordering.  In a digit span paradigm, an individual is presented verbally with a series of 

single-digit numbers and is asked to repeat them in the same sequence they were presented 

(forward digit span) or in reverse of the sequence they were presented (backward digit span).  

Digit span is available as a subtest of some intelligence scales, including all versions of the 

Wechsler Adult Intelligence Scale (WAIS-III; The Psychological Corporation, 1997).  The digit 

ordering test is conducted similarly to digit span, but requires the tested individual not only to 

retain series of numbers in memory and reproduce them, but to reproduce them in ascending 

numerical order (Cooper, Sager, Jordan, Harvey, & Sullivan, 1991).  For example, the tester 

might say ―10 – 1 – 8 – 2 – 4 – 7.‖  The correct response would be ―1 – 2 – 4 – 7 – 8 – 10.‖  
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Other working memory tasks include reading span, which requires individuals to read 

increasingly longer sets of sentences out loud while recalling the final word of each sentence in 

each set, n-back recall, in which individuals are asked to track the identity or location of a series 

of verbal or nonverbal stimuli and to indicate whether a stimulus is the same as the one presented 

n trials previously, and pattern or sequence recall tasks, which require an individual to monitor 

and replicate a pattern of visual or auditory stimuli. 

Working memory capacity declines over the course of the lifespan, with steepest declines 

seen in older adults after age 80 (Carpenter, Miyake, & Just, 1994; DeDe, Caplan, Kemtes, & 

Walters, 2004; Foos & Wright, 1992; Gilinsky & Judd, 1994; Hultsch, Hertzog, Small, 

McDonald-Miszczak, & Dixon, 1992; Norman, Kemper, & Kynette, 1992; Palladino & De Beni, 

1999; Salthouse, 1991; Wingfield, Stine, Lahar, & Aberdeen, 1988).  Working memory loss is a 

significant factor in the overall cognitive deterioration observed in older adults (Carpenter et al, 

1994; Moscovitch and Winocur, 1992; Salthouse, 1994). 

Speech is a complex, rapid acoustic signal.  Acoustic and linguistic information in a speech 

signal is processed, on average, at a rate between 200 and 270 words per minute, with substantial 

variability in speaking rate both between and within talkers (Stine, Wingfield, & Poon, 1986; 

Vaughan, Storzbach, & Furukawa, 2006; Wingfield, Poon, Lombardi, & Lowe, 1985).  Because 

speech is received at such a high rate, listeners are required to store and process incoming 

information very quickly, a function that is diminished in older adults compared to younger 

adults independent of the effects of peripheral hearing loss (Gordon-Salant and Fitzgibbons, 

2001; Stine & Wingfield, 1987; Vaughan & Letowski, 1997; Wingfield et al, 1985).   

Still, for most older adults, perception in ideal conditions is generally unaffected, as 

information is easily accessed and processed and little strain is placed on the cognitive resources 
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available to the individual for processing.  Reduced working memory capacity can be overloaded 

when information is more difficult to perceive, when distractors are present, or when efficiency 

of data transmission is reduced (Wingfield, 1996).   

A working memory overload might occur for individuals listening in difficult 

environments, such as those with high levels of noise.  Noise can cause speech signals to be 

distorted, reducing the quality and quantity of the information received by the listener.  If a 

listener has reduced ability to process acoustic information, perception of the speech signal is 

likely to be slow and inefficient and information may be lost (Kemper, 1992; Ryan et al, 1986).  

Cohen (1987) hypothesizes that lengthy messages show the most loss in noisy situations, because 

messages require storage of data and, also, the ability to relate early and late components of the 

message to comprehend it in entirety.  In addition to increased strain on working memory 

capacity, reallocation of cognitive resources to compensate for the inability of working memory 

to handle the incoming signal can cause a cascade effect in which higher processing is negatively 

affected (Larsby, Hallgren, Lyxell, & Arlinger, 2005; Pichora-Fuller et al, 1995; Tun et al, 

2002).  Some researchers have suggested that working memory deficits appear when speed of 

processing slows with aging, causing reallocation of resources to compensate and process rapidly 

changing signals, (Fry & Hale, 2000; Salthouse, 1992). 

Working memory may be a factor in age-related deficits in speech perception (Gordon-

Salant & Fitzgibbons, 1997; Kjellberg, 2004; Pichora-Fuller et al, 1995; Wingfield & Tun, 

2001).  Gordon-Salant and Fitzgibbons (1997) found that perception of sentence-length stimuli 

in noise showed stronger age effects (with older listeners performing significantly more poorly) 

compared to shorter (such as word-length) stimuli.  Altering a recall task to increase the load on 

memory during speech perception also had a greater detrimental effect on older listeners 
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compared to younger listeners.  The findings reported by Gordon-Salant and Fitzgibbons (1997) 

support a role of memory capacity in speech perception in difficult environments.  Other studies 

relating a loss of some cognitive ability to speech perception difficulty can also be explained in 

terms of working memory.  For example, in a study by van Rooij and Plomp (1990), one-third of 

the variance in speech-recognition ability by older adult listeners could be explained by cognitive 

factors such as processing efficiency and memory capacity.  This study used sentence-length 

stimuli presented in a background of noise and required listeners to retain and repeat each 

sentence in its entirety. 

Kjellberg (2004) hypothesized a model for the effect of memory load on speech perception 

in difficult situations, and suggested that listening in reverberant and noisy environments may 

affect storage in working memory, as more cognitive resources are required for phonological 

processing when distortion of speech is present.  Even when speech is understood, less 

information may be stored in memory, contributing to decreased understanding of speech over 

time and increased cognitive fatigue.  A general cognitive decline, therefore, might manifest as 

difficulty in speech perception in adverse conditions, as fewer cognitive resources become 

available for processing.  Lyxell and colleagues (2004) suggested that when components of the 

auditory signal are either altered or lost due to hearing loss or environmental distortion, more 

strain is placed on cognitive strategies such as making verbal inferences and disambiguating 

unclear sounds.  The success of the cognitive strategies depends upon the individual’s capacity to 

manipulate, process, and store information quickly and over short periods of time.  A large 

working memory capacity enables the individual to use more contextual information in the larger 

speech signal to aid in disambiguation and inference.  Thus, at least in theory, cognitive 

strategies may be more precise and limited to the topic of the conversation. 
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The cognitive hypotheses are supported also by Neils and colleagues (1991) who reported 

that a group of older adults with mean age of 80, but not a younger group of older adults (mean 

age of 70), performed significantly worse than a group of young adults (mean age of 25) on an 

auditory memory task (remembering sequences of tones), particularly for long sequences and 

with short intervals between tones. The performance deficit was not related to hearing 

sensitivity, suggesting age-related deficits beyond loss of hearing sensitivity and involving 

memory and rapid processing function.  In fact, an important feature of working memory from 

the perspective of the audiologist or hearing researcher is that declines in working memory 

appear to be independent of changes in hearing status (Lyxell, Andersson, Borg, & Ohlsson, 

2004). 

To date, the few studies that have examined closely the role of working memory in 

difficult speech perception have produced mixed results.  While several studies provide evidence 

for a role of working memory capacity in perception of difficult or degraded speech signals, 

others have failed to find an association.  Discrepancies in findings are likely a result of 

methodological differences in testing both working memory capacity and speech perception 

ability (i.e. Gordon-Salant & Fitzgibbons, 1997; Humes & Floyd, 2005; Lunner, 2003; Pichora-

Fuller & Singh, 2006; Pichora-Fuller et al, 1995; Tun, Wingfield, & Stine, 1991; Vaughan et al, 

2006).  For example, Humes and Floyd (2005) assessed working memory and sequence learning 

using a modified version of the Simon memory game, with participants measured on their ability 

to follow audiovisual cues and repeat a tapping pattern on the game panels.  Speech perception 

was measured using nonsense syllable repetition and the Connected Speech Test (CST) in 

backgrounds of noise.  The authors reported that an association between performance on the 
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Simon tasks and speech perception testing was ―generally not seen,‖ although certain memory 

tasks were moderately and significantly correlated with speech perception performance. 

In contrast, Vaughan and colleagues (2006) measured verbal working memory using a 

series of ―sequencing‖ and ―non-sequencing‖ tasks including n-back recall and digit span.  

Speech perception was evaluated using time-compressed IEEE and anomalous sentences.  The 

IEEE sentences are semantically and syntactically correct but have low predictability.  The 

anomalous sentences were designed to be similar in length and phonemic content to the IEEE 

sentences but to have no sensible content (i.e. ―Hang the wheel in the stupid air.‖).  The authors 

identified a significant correlation between working memory performance and speech 

perception. 

The methodological differences are clear between these two studies of working memory 

and speech perception.  These investigations were substantially different in their measures of 

both working memory (visual Simon game versus verbal digit span and word recall) and speech 

perception (nonsense syllables and connected speech versus time-compressed low-context and 

low-semantic-content sentences).  These studies also differ in age grouping criteria.   

Other investigations of working memory and speech perception have similar conflicts in 

methodology.  In hearing research literature, working memory is identified variously using 

measures such as digit span, word recall, sentence recall, subject/object pointing, digit symbol, 

and visual pattern recognition and repetition.  Some of these tasks do not appear to measure 

working memory effectively and independently of other cognitive functions, while other tasks 

are clearly tests of visual, and not verbal, working memory capacity (for example, the Simon 

game).  Furthermore, speech perception measures in the studies vary from identification at the 

syllable level to perception and repetition of connected sentence-length speech stimuli, from 
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listening in quiet to listening in noisy or reverberant environments, and from monaural 

headphone presentation to listening in diffuse sound fields.  Working memory effects should, in 

theory, be most apparent for difficult, lengthy speech stimuli and/or speech stimuli presented in 

difficult listening situations, such as in the presence of noise.  It would not be surprising, 

therefore, to find little or even no role for memory capacity in recall of simple stimuli, such as 

nonsense syllables or monosyllabic words, or when the auditory processing system is otherwise 

insufficiently taxed by the repetition task. 

As a result of the substantial methodological differences among investigations, it is 

difficult to be certain of the magnitude of the impact of working memory on speech perception.  

While several studies have revealed compelling evidence of a role for cognitive factors, 

including memory, in speech perception, laboratory findings do not consistently support a strong 

association.  It is likely that working memory capacity does play a role, at least in difficult 

listening situations for adults with impaired memory capacity and for lengthy, complex speech 

signals that place a greater strain on the individual’s ability to retain, process, and contextualize a 

message. 

However, it is less clear whether working memory effects influence speech perception for 

adults who do not have significant cognitive impairment.  For example, working memory might 

play a role in degraded speech perception for adults who have slight memory declines as a result 

of aging or who have age-normal memory abilities but rely upon them more heavily as a result of 

peripheral sensory impairment (i.e. sensorineural hearing loss).  If there is a role for working 

memory in adults who are generally cognitively intact, use of a simple working memory battery 

(such as the digit span and digit ordering measures described above) may help to account for the 
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commonly-seen speech perception difficulties which are not fully explained by loss of hearing 

sensitivity. 

Summary 

In summary, while audibility appears to be a primary explanatory factor for everyday 

listening difficulty in adults with hearing loss, other factors clearly play an important role in 

speech perception.  In fact, speech-perception predictions based on audibility perform poorly for 

complex speech perception tasks and simulations of real-world listening, such as inclusion of 

competing noise signals and other environmental distortions and distractions.  Peripheral, central 

auditory, and cognitive supra-threshold distortion factors account for a substantial portion of the 

variance in speech perception in difficult listening situations.  The peripheral/central factor of 

temporal resolution and the cognitive factor of working memory capacity are two such supra-

threshold determinants.  Each factor has been demonstrated to play some role in degraded speech 

perception ability and, significantly, each can be assessed using measures that (1) are simple to 

administer with minimal training; (2) do not require specialized personnel or equipment beyond 

that found in a standard audiometric test suite; and (3) are widely available and accepted as valid 

measurement tools.   

With these considerations in mind, the purpose of the present investigation is to evaluate 

the predictive ability and clinical efficacy of a temporal resolution measure, the Gaps-In-Noise 

test, and a working memory measure, the digit span and digit ordering battery.  The population to 

be investigated predominates among those persons self-referring for hearing health care:  adults 

ranging from late middle age to older adulthood who are aware of a hearing loss that interferes 

with daily communication activity.  A group of fifty-six adults in this population served as 

participants for the investigation. 
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Objectives for the Current Research 

The impetus for the present research is the well-established disconnect between measures 

of hearing impairment (i.e., diagnostic audiometry) and measures of hearing handicap (i.e., 

speech perception in noise) for adults experiencing hearing loss.  With that disconnect in mind, 

the goal of this study is to examine potential factors in hearing handicap, defined as the 

consequences and impact of hearing loss on daily living, that are not currently measured in a 

typical audiologic clinical protocol.  While no combination of tests and questionnaires is likely to 

account fully for each individual’s hearing difficulty, there is certainly room for improvement 

over current clinical methods, which insufficiently address the problems experienced by 

individuals in daily communication.  Two factors that may play a role in speech perception 

ability, and for which relations to communication function have been empirically demonstrated, 

are auditory temporal resolution ability and working memory capacity. 

The present study will incorporate clinically feasible tests for each factor into an 

audiologic test battery to determine what influence, if any, the factors have on hearing handicap 

above the influence of hearing sensitivity, and thus what benefit assessment of temporal 

resolution and working memory capacity might provide in clinical diagnosis and rehabilitation 

planning. 

Aims and Hypotheses 

AIM 1:  The investigator will evaluate the contributions of audibility, temporal resolution  

threshold, and working memory capacity in prediction of speech perception loss in quiet 

and in noisy environments. 

HYPOTHESIS 1a:  It is hypothesized that audibility, as measured by peripheral hearing  

sensitivity, is significantly correlated with speech perception ability in quiet.  Consistent 

with previous studies, it is hypothesized that neither temporal resolution, as measured by 
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a gap detection task; nor working memory, as measured by a digit span and ordering 

battery, will be correlated significantly with speech perception ability in quiet when 

controlling for audibility. 

HYPOTHESIS 1b:  It is hypothesized that audibility, as measured by peripheral hearing  

sensitivity; temporal resolution, as measured by a gap detection task; and working 

memory, as measured by a digit span and ordering battery, will be significantly correlated 

with speech perception ability in noise. 

AIM 2:  The investigator will determine whether the well-established discrepancy between  

objectively evaluated hearing impairment and subjective, self-reported hearing handicap 

can be partially explained by the supra-threshold distortions described above and their 

impact on listening in difficult environments. 

HYPOTHESIS 2:  It is hypothesized that audibility, as measured by peripheral hearing  

sensitivity; temporal resolution, as measured by a gap detection task; and working 

memory, as measured by a digit span and ordering battery, will be significantly correlated 

with self-reported hearing handicap, as measured by composite score on the Hearing 

Handicap Inventory for Adults (HHIA) or the Hearing Handicap Inventory for the 

Elderly (HHIE). 

AIM 3:  In order to evaluate the efficacy of the experimental measures in a clinical setting, the  

investigator will determine the degree to which temporal resolution threshold and/or 

working memory capacity is predictive of speech perception difficulty in noise and/or 

self-reported hearing handicap above the variance which is predicted by audibility. 

HYPOTHESIS 3:  It is hypothesized that, when controlling for audibility, temporal resolution  
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threshold and/or working memory capacity will remain significantly correlated with 

speech perception ability in noise. 
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CHAPTER 3 

METHODS 

Participants 

Fifty-six adults (17 male, 39 female) served as participants for this investigation.  

Participants ranged in age from 50 to 89 years of age with a mean age of 66.4.  All participants 

were recruited from the Alachua county area by the investigator.  To be eligible to participate in 

this study, participants met the following inclusion criteria: 

1. Age 50 or older at the time of testing; 

 

2. Aware of a hearing problem that interferes with communication; 

 

3. Generally good health, with no condition preventing the participant from  

completing study measures; and 

 

4. English as primary language as reported by the participant. 

 

All inclusion criteria were satisfied by responses to questions from the investigator during 

a case history interview prior to the beginning of data collection or, if possible, during 

recruitment.  Three potential participants who responded to advertisements for this investigation 

subsequently revealed that they did not believe they had a hearing loss.  These individuals were 

excluded from this investigation, but were given a brief hearing test (pure-tone air-conduction 

threshold testing).  Participants were not enrolled in the study if they met any of the following 

exclusion criteria: 

1. Prior diagnosis of dementia or mild cognitive impairment, by history; 

 

2. Transient hearing loss, as ascertained during the pre-test interview (i.e. ―my  

hearing loss comes and goes‖); 

 

3. Conductive hearing loss, as ascertained using aural immittance testing  

 and, where indicated, bone-conduction audiometry; 

 

4. Current use of hearing aids; and 

 

5. Inability or unwillingness to complete all study measures. 
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All exclusion criteria were satisfied by responses to questions from the investigator during 

a case history interview prior to the beginning of data collection or, if possible, during the 

recruitment process.  Prior use of hearing aids, defined as a period of hearing aid use ending at 

least one year prior to recruitment, was not considered an exclusion criterion.  Four participants 

reported prior use of hearing aids, but none had used them within the last five years.   

Three potential participants were excluded from this investigation on the basis of presence 

of conductive hearing loss.  These participants were recommended to an otolaryngologist for 

evaluation and possible treatment. 

Prior to participating in the study, each participant was required to read carefully and sign 

an Informed Consent document approved by the University of Florida Institutional Review 

Board (IRB-02).  This investigation was approved in September 2006 as UF protocol 2006-U-

0754.  The informed consent form can be found in Appendix A.   

Cognitive Screening:  Mini-Mental State Examination 

In order to rule out the presence of dementia, each participant completed prior to data 

collection a cognitive screening instrument, the Mini-Mental State Examination, or MMSE 

(Folstein, Folstein, & McHugh, 1975).  The MMSE, a brief 30-item questionnaire commonly 

used in health research to screen for dementia, was administered by the investigator, face-to-face.  

The MMSE assesses various cognitive domains including arithmetic, memory, and orientation, 

and yields a total score calculated on a 30-point scale.  For the current investigation, the criterion 

for exclusion from participation was a score of 26 or less. However, no participant scored below 

a 27 on the MMSE. 

Hearing Evaluation 

Each participant underwent a comprehensive hearing evaluation, including the following 

procedures:   tympanometry, acoustic reflex screening, distortion-product otoacoustic emissions 



 

43 

(DPOAEs), and assessment of pure-tone air-conduction thresholds, speech reception thresholds, 

and word- recognition performance. 

Aural Immittance Measurement.  

Tympanometry measures the volume of the ear canal and compliance of the tympanic 

membrane (eardrum) and middle ear system as air pressure in the external ear canal is 

systematically varied from +200 decaPascals (daPa) to -200 daPa.  Aural immittance measures 

help to identify middle ear dysfunction that may be associated with conductive hearing loss.  

Measurement of acoustic reflexes evaluates the integrity of the auditory pathway including the 

middle ear, the cochlea, the auditory (8
th

 cranial) nerve, and lower brainstem (pons) by the 

detection of a reflex of the stapedius muscle within in the middle ear.  For this investigation, 

ipsilateral acoustic reflexes (measurement of stapedius muscle contraction in the same ear as the 

stimulus tone was presented) were screened at 90 dB HL bilaterally for pure-tone signals of 500, 

1000, 2000, and 4000 Hz.  Tympanometry and acoustic reflex screening were conducted using a 

Grason-Stadler GSI-16 immittance meter.   

Distortion-Product Otoacoustic Emissions 

Measurement of DPOAEs evaluates function of the outer hair cells in the cochlea. 

DPOAEs are elicited by the simultaneous presentation of two pure tones closely spaced in 

frequency.  When the cochlea is healthy and the outer hair cells are motile, introduction of the 

tone pair to the ear will activate the cochlea in the regions of the basilar membrane 

corresponding to the frequency of those tones.  When the resulting traveling waves along the 

basilar membrane overlap, energy peaks are produced at several discrete frequencies related to 

the frequencies of the stimulus tones.  This output (a distortion product or DP) can be used 

clinically as an objective test of cochlear health:  if the energy peak is sufficiently high, this 

suggests that the portion of the cochlea stimulated by the input tones is intact and responding 
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appropriately to sound (Hall, 2000).  Measurement of DPOAE status is highly site-specific as a 

measure of cochlear function.  Laboratory experiments have demonstrated that OAEs can be 

measured in ears which have had the auditory nerve completely severed, indicating that 

connection to the auditory cortex or the brainstem is unnecessary for OAEs to be present, and 

that OAEs therefore are uniquely dependent on cochlear status (Siegel & Kim, 1982). 

Distortion-product OAE measurement is made using a probe microphone placed in the ear 

canal.  For each DPOAE stimulus, a pair of pure tones is introduced into the canal at a specified 

intensity and frequency ratio.  Specifically, the intensity of the lower-frequency tone (L1) is 65 

dB sound pressure level (SPL) and the intensity of the higher-frequency tone (L2) is 55 dB SPL.  

The frequency ratio is held constant for each stimulus pair such that the frequency of the higher-

frequency tone (f2) is equal to 1.2 times the frequency of the lower tone (f1) when rounded to the 

nearest one-hundredth, which can be expressed as f2 / f1  = 1.2.  These approximate frequency 

and intensity ratios have been found to optimize the distortion response and to enhance the 

sensitivity of the DP measurement to cochlear deficit.  That is, using these parameters, the DP 

amplitude is maximally reduced when outer hair cell pathology is present (Hall, 2000). 

When the outer hair cells are intact, the introduction of the f1 and f2 tones produces 

distortion responses at several discrete frequencies.  These responses include harmonic tones, 

produced at the simple multiples of the stimulus tones (i.e. 2f2 ,2f1); summation tones, produced 

at various additive combinations of the stimulus tones (i.e. f1 + f2, 2f1 + f2); and difference tones, 

produced at various subtractive combinations of the stimulus tones (i.e. f1 - f2, 2f1 - f2).  For 

DPOAE testing, the difference tone at 2f1 - f2 is the principal measure. 

Repeated amplitude measurements of the distortion responses are made by the probe 

microphone.  For diagnostic purposes, these measurements focus on the amplitude of the DP 
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frequency (2f1 - f2) and the amplitude of the noise floor, or the average amplitude within a 

narrow frequency range surrounding the DP frequency.  The DP and noise floor amplitude are 

averaged and plotted on a graph often called a DPgram.  The DPgram displays the amplitude of 

the DP and the noise floor as a function of frequency.  The DP amplitude can then be compared 

to normative data to determine whether the DP meets criteria to be labeled as normal. 

A full diagnostic (University of Florida 65/55 protocol) DPOAE test was conducted in 

each ear.  The UF 65/55 protocol evaluates distortion products at nineteen test frequencies 

between 750 and 8000 Hz.  A numerical summary of this protocol including frequency and 

intensity levels for each stimulus tone pair can be seen in Table 3-1. 

Scoring of DPOAE data was conducted by examining the DPgram and labeling each DP 

response as either ―normal‖ (DP amplitude within the bounds of the normative data; noise floor 

below the maximum allowable amplitude); ―present but abnormal‖ (DP amplitude below the 

bounds of the normative data but at least 6 dB greater than the noise floor); or ―absent‖ (DP 

amplitude within 6 dB of the noise floor).  A normal response suggests good outer hair cell 

health in the area of the cochlea where the DP was produced.  An abnormal response suggests 

some outer hair cell pathology but enough structure remaining to produce a diminished response.  

In the absence of confounding factors (such as middle ear pathology or malfunctioning 

equipment), an absent response suggests a sufficient loss of outer hair cells in the measured 

portion of the cochlea to diminish the DP response to below measurable levels. 

Following labeling, findings for DPOAE data were summarized in three categories based 

on the frequency of each test frequency.  These categories were labeled ―low‖ (test frequencies 

below 1000 Hz), ―mid‖ (between 1000 and 4000 Hz), and ―high‖ (above 4000 Hz).  The set of 
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test frequencies in each category for each ear was analyzed and labeled as normal, abnormal, or 

absent overall.  See Table 3-2 for a summary of the DPOAE category grouping.  

All DPOAE recordings were replicated to assess reliability of results.  Responses were 

obtained using a Grason-Stadler Audera evoked emissions device.  Calibration of the Audera 

was conducted every two weeks during the data collection period using the system’s internal 

calibration program.  The probe was inserted into a test cavity and was activated using the 

calibration program, which measured the tone outputs from the probe in the frequency range 

used for DPOAE testing.  Output intensities were within normal tolerances for the duration of 

data collection. 

During the early stage of data collection (late September to November 2006), DPOAE 

measurement was conducted in the main area of the test room (Dauer Hall 23).  Due to high 

levels of background noise resulting from hallway traffic and a large adjacent construction 

project, low-frequency OAEs either could not be obtained or were confounded by high noise-

floor measurements for participants seen early in the investigation (a total of 16 participants).  In 

late November, an extension cable was installed allowing the Audera module to be moved 

adjacent to the single-walled sound-treated booth in the test room.  From December 2006 until 

the end of data collection in May 2007, DPOAE measurement was conducted inside the sound 

booth with the door closed as much as possible with the cord from the probe assembly within the 

door jam (approximately ¾ inch opening).  It should be noted that noise from the construction 

project did not affect any other testing.  All other tasks were completed inside of the sound booth 

with the door closed (i.e., pure-tone audiometry, Gaps-in-Noise test) or in a room from which the 

construction noise was inaudible (i.e. Hearing-in-Noise Test, Hearing Handicap Inventories). 
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Pure-Tone Audiometry 

Air- and bone-conduction thresholds were measured following a conventional clinical test 

procedure as recommended by Carhart and Jerger (1959) and by ASHA (1978).   Pure-tone 

thresholds were obtained via air conduction at 250, 500, 1000, 2000, 3000, 4000, and 8000 Hz 

bilaterally.  Where inter-octave differences in hearing thresholds were 20 dB or greater, inter-

octave frequency thresholds were obtained at 750, 1500, and/or 6000 Hz.  When conductive 

hearing loss was suspected (based on tympanometry, DPOAE findings, and/or air-conduction 

pure-tone thresholds), bone-conduction audiometry was conducted at the octave frequencies 

from 250 to 4000 Hz.  When indicated for either air- or bone-conduction testing, masking was 

performed using narrow-band noise in the non-test ear. 

Masking is used in audiometry when there is a possibility that the non-test ear can be 

stimulated by the acoustic signal due to ―crossover;‖ i.e., the signals presented are at intensity 

levels sufficient to reach the non-test ear by either air or bone conduction.  Presentation of 

appropriate levels of steady-state noise corresponding to the frequency of the test stimulus 

(narrow-band noise for pure-tone testing; speech-spectrum noise for speech testing) is used to 

raise the threshold of the non-test ear to minimize the likelihood of a response due to a crossover 

test signal. 

Pure-tone hearing thresholds were obtained with the subject in a single-walled sound-

treated booth using a Grason-Stadler GSI-61 audiometer with TDH-49 supra-aural headphones 

and a bone vibrator headband. 

For the purpose of audiologic data analyses, hearing sensitivity was quantified using the 

Articulation Index (AI), a measure derived from audiometric thresholds (ANSI, 1986; Fletcher & 

Galt, 1950; French & Steinberg, 1947). The AI is used to express the amount of speech 

information that is available to an individual based on hearing sensitivity level. Usually, the AI is 
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expressed as a number between 0 and 1.0, where 0 indicates that no speech information is 

received and 1.0 indicates that all speech information is received. The AI is typically calculated 

by dividing the frequency spectrum into several bands, and then weighting each band between 

250 and 4000 Hz based on the importance of that frequency region for understanding speech in 

quiet environments.  That is, unlike a simple mean of thresholds at speech frequencies, the AI 

weights audiometric frequency bands unequally to emphasize the frequency ranges that are most 

important for speech understanding.  Using the AI, the percentage of loss can be calculated in 

each band and combined into an index number representing the audibility of a typical speech 

signal in a quiet background for the measured ear.   

In the present study, articulation indices were calculated for the right and left ear for each 

participant, and an average AI was calculated based on the right and left ear AI values.  The 

higher AI of these two values for each participant was considered the better-ear AI, whereas the 

lower AI was considered the worse-ear AI.   

A common and longstanding difficulty in regression analysis of hearing data is the method 

by which audibility, the quality of a sound being perceptible, is quantified and controlled.  A 

review of literature was conducted to determine the most common practices for quantifying 

audibility and, specifically, in studies that include analysis of predictive factors for speech 

perception.   

This literature review identified several methods that have been used to quantify audibility 

for the purpose of regression analysis.  One common method of calculating audibility is use of 

the pure-tone average (PTA), or the arithmetic mean of the thresholds in dB hearing level (HL) 

at a given set of test frequencies.  The PTA is most commonly calculated as the average of 

hearing thresholds at 500, 1000, and 2000 Hz (e.g,. George et al, 2007; Jerger et al, 1989). 
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However, other speech-perception studies have calculated PTAs with thresholds at 500, 1000, 

2000, and 4000 Hz (e.g., Divenyi & Haupt, 1997; Vaughan et al, 2006); 1000, 1500, and 2000 

Hz (e.g., Plyler & Hedrick, 2002); 1000, 2000, and 4000 Hz (e.g., Gordon-Salant & Fitzgibbons, 

1993; Humes, 1996); 2000 and 4000 Hz (e.g., Arlinger & Dryselius, 1990); and 2000, 3000, 

4000, and 6000 Hz (e.g., Helfer & Wilber, 1990).  The PTA is generally the simplest way to 

quantify an individual’s hearing sensitivity and is commonly used to quantify audibility.  Despite 

the wide use of this technique, the substantial variability in frequencies chosen for the average 

illustrates the lack of agreement among researchers on a technique for quantifying audibility as a 

single-number variable.  

Audibility can also be quantified using the Articulation Index (e.g., Dubno & Dirks, 1989, 

1990; Dubno, Horwitz, & Ahlstrom, 2005; Festen & Plomp, 1990; Lee & Humes, 1992; Schum 

et al, 1991; Souza & Turner, 1999; Souza et al, 2000; Turner & Henry, 2002).  The AI is often 

chosen as an audibility measure instead of a PTA because the weighting built in to the index 

emphasizes the contribution of frequency bands most important for speech perception.   

For each of these methods, a binaural index measure for audibility is calculated using some 

combination of left-ear and right-ear threshold measures, PTA, or AI.  In most cases, this is 

accomplished by using only the best ear measure (e.g., Duquesnoy & Plomp, 1980; George et al, 

2007; Ventry & Weinstein, 1983).  Less common is use of a binaural index derived by averaging 

the left-ear and right-ear measures (e.g., Cokely & Humes, 1992; Humes and Floyd, 2005).  As 

with the PTA/AI methodology differences discussed above, no consensus exists for a preferred 

method for conversion of monaural hearing sensitivity to a single-number binaural measure. 

In everyday listening environments containing diffuse noise, it is likely that the better ear 

predominates in detecting and processing speech signals.  Thus, it is logical to presume that the 
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dominant ear in binaural listening is the better ear and, therefore, that the better ear’s hearing 

sensitivity should be emphasized when estimating total audibility.  However, it is equally certain 

that the better ear does not contribute independently to listening in these environments.  Except 

for cases of severe asymmetry (i.e., profound unilateral deafness), the worse ear does contribute 

to binaural listening. Specifically, the worse hearing ear is important for psychoacoustic 

functions, among them localization, i.e., the ability to locate a sound source in three-dimensional 

space (Hirsh, 1950; Kock, 1950; Litovzky & MacMillan, 1994; MacKeith & Coles, 1971); 

binaural summation, i.e, the increase in perceived loudness when a signal is heard with both ears 

(Festen & Plomp, 1986; Haggard & Hall, 1982; Hawkins, Prosek, Walden, & Montgomery, 

1987; Hawkins & Yacullo, 1984; Moncur & Dirks, 1967; Ricketts, 2000); and binaural squelch, 

i.e., the suppression of interfering sounds when listening to a single signal in a noisy 

environment (Kaplan & Pickett, 1981; Koenig, 1950; Koenig, Allen, Berkley, & Curtis, 1977; 

Nábĕlek & Robinson, 1982).   

Ideally, any index for audibility would account for these factors in a weighted better-ear / 

worse-ear average.  However, the appropriate weighting is unknown and may well be 

unknowable.  It is likely that the contribution of the worse ear is different depending on the 

degree of asymmetry, as well as the central auditory status of the individual and his or her ability 

to maximize dichotic cues.  The contribution of the worse ear to listening is important in the 

calculation of hearing impairment for medico-legal evaluation, such as for Worker’s 

Compensation.  As of 2006, the four calculations in active use in the United States at the state 

level for Worker’s Compensation claims weight the better ear either 5:1 or 7:1 over the worse ear 

in calculating binaural impairment (Dobie & Megerson, 2000; John & Kreisman, in preparation).  

As noted by Dixon Ward (1983), however, no empirical rationale exists for the choice of these 
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weighting schemes.  For example, the widely-used AMA-1947 formula, which uses a 7:1 better-

ear-to-worse-ear weighting, cites the ―composite judgment of the Consultants on Audiometers 

and Hearing Aids…based on both clinical experience and practical considerations‖ as its sole 

rationale (American Medical Association, 1947).  In fact, recent research suggests that weighting 

schemes heavily emphasizing the better ear may be inappropriate and may insufficiently account 

for the contribution of the worse ear to total hearing handicap (John & Kreisman, in preparation). 

For studies including participant groups that are restricted to individuals with essentially 

symmetrical hearing loss, the question of better-ear/worse-ear contribution is not a pressing one 

(e.g. George et al, 2007; Humes and Floyd, 2005).  That is, the better-ear AI or PTA and the 

binaural average AI or PTA are very similar in cases of symmetrical hearing loss.  The present 

investigation, however, was designed to evaluate the predictive value and clinical efficacy of the 

experimental measures for the predominant adult population that are likely to seek clinical 

services:  middle-aged and older adults who are aware that they have a hearing loss.  It is not 

uncommon for individuals in this population to present with asymmetrical hearing thresholds. 

In summary, the AI is a widely-used and validated method for accounting for the ability of 

the ear to detect sounds in the environment.  Furthermore, the AI offers an improvement over the 

various forms of the PTA, described above, each of which weights its component frequencies 

equally despite the fact that certain frequency regions certainly contribute more to speech 

understanding than others.  One potential advantage to using the PTA as the audibility measure 

in this analysis was that it can be easily and quickly calculated from the audiogram by clinical 

audiologists.  Determining the AI, by contrast, requires either an arithmetic formula or a visual 

analogue such as the ―count the dots‖ method employed by Mueller and Killion (1990).  While 

not difficult, this method is slower than calculating the PTA, and is rarely employed in the 
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clinical setting.  The distinction between the PTA and the AI can be summarized based on a 

choice between maximizing convenience or accuracy.  The AI is considered a gold standard 

measure for audibility in the hearing research community and is certainly a more accurate 

reflection of the relation between hearing sensitivity and speech perception in quiet 

environments.  For this reason, the AI was employed in this investigation as the audibility 

variable. Articulation indices were denoted for analysis as follows:  right ear AI (RAI), left ear 

AI (LAI), better-ear AI (BETAI), worse-ear AI (WRSAI), and binaural average AI (BINAI).   

The contributions of the better and worse ears to total auditory perception are difficult to 

quantify.  Because previous research has not yielded a well-validated ear-weighting mechanism 

and because, as stated previously, the predominant method for controlling audibility is use of a 

better-ear single-number index, in the present investigation the better ear AI (BETAI) was used 

as the principal measure of audibility. 

Speech Audiometry 

Speech reception thresholds were used to confirm pure-tone threshold results.  Participants 

were asked to repeat a series of spondaic (spondee) words at varying intensity levels until 

threshold for repetition (the lowest intensity level at which two out of three words were correctly 

repeated) was found.  Spondaic words are two-syllable words with equal stress on each syllable 

when spoken aloud.  Some sample spondaic words are baseball, airplane, cowboy, and 

greyhound.  Speech reception thresholds were obtained using a monitored live voice presentation 

with a descending method. 

Word-recognition testing was conducted using the Northwestern University Auditory Test 

number 6 (NU-6) ordered-by-difficulty word lists (Tillman & Carhart, 1966).  These lists consist 

of phonemically-balanced consonant-nucleus-consonant words commonly used in spoken 

English.  Some sample NU-6 words are mouse, knock, chat, and thin.  Words are presented using 
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a carrier phrase (―say the word‖) and are recorded to compact disc.  Each participant received 

one half-list of 25 words per ear, presented at the participant’s monaural most comfortable 

listening level (MCL).  If the first ten words of a list (the ten most difficult words from that list 

appear first) were repeated correctly, word recognition assessment was stopped and a word-

recognition score of 100% was assigned for the test ear.  Word-recognition measurement was 

conducted using CD recordings of the NU-6 stimuli ordered by difficulty.  

Speech reception thresholds and word-recognition scores were obtained using a Grason-

Stadler GSI-61 audiometer with TDH-49 supra-aural headphones.  The tests were conducted in a 

single-walled sound-treated booth.   

Speech Perception in Noise Testing:  Hearing In Noise Test (HINT) 

Assessment of speech perception in noise was conducted using the Hearing In Noise Test, 

or HINT (Nilsson, Soli, & Sullivan, 1994) in quiet and noise conditions.  The HINT consists of 

25 lists of 10 phonemically-balanced sentences spoken by a male voice and recorded to CD with 

speech spectrum noise matched to the long-term spectrum of the sentences serving as noise 

competition.  A typical HINT sentence is ―The boy fell from the window.‖  Sample HINT 

sentence lists can be found in the appendix of Nilsson et al (1994). 

Thresholds in noise were obtained using an adaptive procedure.  The noise was held steady 

at 65 dB SPL and the presentation level of the sentences was varied by the investigator based 

upon whether the participant was able to repeat each sentence correctly and in full.  Thresholds 

in quiet were obtained using a similar procedure, but without the noise competition.  For 

analysis, these variables are denoted as HINTQ for the threshold in quiet and HINTN for the 

threshold in noise.   

The HINT was administered in a double-walled sound-treated booth using a five-speaker 

array surrounding the seated participant.  One speaker (Tannoy System 600), located at 0 degrees 
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azimuth, 1 meter from the participant, was used to deliver the sentences.  Four speakers 

(Definitive BP-2X bipolar) located at 45, 135, 225, and 315 degrees azimuth (in the corners of 

the booth), 1 meter from the participant, were used to deliver the noise competition.  This 

speaker array simulated listening to a single talker within a diffuse noise field typically 

encountered in everyday listening environments.  Similar speaker configurations have been used 

in sound field speech perception studies both within the UF Department of Communication 

Sciences and Disorders and in other laboratories (see Hornsby & Ricketts, 2007; Kreisman & 

Crandell, 2002).  A diagram of the HINT sound field speaker presentation setup is illustrated in 

Figure 3-1.   

Sound levels were calibrated monthly using a Quest 2700 type II sound level meter with 

octave band filter and a 1000 Hz calibration tone modified from the HINT test CD.  The 

calibration tone recorded for use with the HINT is matched to the long-term root mean square 

intensity of the sentence stimuli.  Because use of a steady-state tone is not appropriate for sound-

field calibration due to the potential of developing standing waves, the tone was modified using 

Adobe Audition 1.5.  Specifically, the calibration tone was frequency modulated (warbled) by 

+/- 50 Hz at a modulation rate of 5 Hz, meaning the tone warbled from 950 to 1050 Hz five 

times per second.  Measurement was conducted using Audition to ensure that the long-term 

intensity of the warbled calibration tone was matched to the unmodified tone. 

Twenty-four HINT lists were paired (list 1 with list 2, list 3 with list 4, etc.) and randomly 

selected for each of the two presentation conditions.  No list was repeated for any participant.  

Administration of the procedure was conducted in a manner consistent with the instructions 

accompanying the HINT.  Briefly, the first sentence of the first of each pair of lists was 

presented at a low intensity level and re-presented, increasing the presentation level in 4-dB 
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steps, until the sentence was repeated correctly.  The second sentence was then presented at a 

level 4 dB below that intensity level.  The presentation level was then adapted according to 

whether the sentence was correctly repeated (by decreasing the intensity) or incorrectly repeated 

(increasing the intensity) in 4-dB steps through sentence 4 and in 2-dB steps thereafter.  After the 

twentieth sentence (tenth sentence in the second list) was presented and a response was given by 

the participant, the investigator noted what the presentation level would be for a twenty-first 

sentence if one were presented.  Though no further sentences were presented, this level was 

noted as the presentation level for sentence twenty-one. 

After HINT administration was complete, a reception threshold for sentences (RTS) in dB 

SPL was calculated by averaging the presentation level of the fifth through twenty-first 

sentences.  A correction factor of 1 dB was added to the presentation level to adjust for the actual 

measured sound pressure level of the sentences at the participant’s head.  This correction factor 

was determined by the investigator prior to beginning this investigation (and verified throughout 

the data collection period) by measuring the intensity of the calibration tone in dB SPL at the 

level of the participant’s head and comparing this measurement to the audiometer’s output level 

in dB HL. 

A signal-to-noise ratio (SNR) was calculated by subtracting the level of the noise (65 dB 

SPL) from the RTS.  The SNR indicates the difference in intensity between a stimulus voice and 

a typical level of diffuse environmental noise that is required by the subject to correctly perceive 

speech.   

Noise Competition 

Continuous speech-spectrum noise served as the noise competition for HINT testing.  This 

noise is matched to the long-term frequency spectrum of the HINT sentences and is included 

with the HINT test CDs.  For this investigation, the noise competition track was recorded to the 
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right and left channel of two CDs.  To control for the possible confound of comodulation 

masking release (Grose & Hall, 1992), the noise tracks were uncorrelated by shifting the starting 

point of each noise track fractionally so that, if all four tracks were started simultaneously, the 

four CD channels would produce noise signals identical in spectral content but out of phase.  

Each CD channel was routed separately through one channel of a Crown D-75A amplifier to a 

Definitive BP-2X bipolar speaker (see previous section for speaker configuration).  Each speaker 

was calibrated at the level of the amplifier to produce a noise signal at 59 dBA, measured at the 

head of a participant seated in the booth.  Thus, when all four speakers were driven 

simultaneously, the noise competition at the center of the room was 65 dB SPL.  Noise levels 

were calibrated monthly using a Quest 2700 type II sound level meter with octave band filter in 

the manner described above. 

Temporal Resolution Testing:  Gaps-In-Noise (GIN) Test 

Assessment of auditory temporal resolution was conducted using the Gaps-In-Noise test, 

or GIN (Musiek et al, 2005).  The GIN test is a recently-developed measure of temporal 

resolution designed to minimize the potential confounds of stimulus frequency, task complexity, 

and age in temporal resolution testing.  The GIN test consists of four lists of six-second segments 

of broadband (white) noise containing between zero and three silent gaps per segment.  These 

gaps range in length from two to 20 milliseconds (ms).  For each set of noise segments, a total of 

60 gaps were presented with six gaps each of 2, 3, 4, 5, 6, 8, 10, 12, 15, and 20 ms randomly 

distributed within 29 to 36 total noise bursts.  Listeners were instructed to press the audiometer’s 

response button whenever a gap was detected.  The GIN threshold was calculated as the shortest 

gap length at which the participant detected correctly at least four of six gaps and at least four of 

six gaps at the next longest gap length. 
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Two GIN lists were randomly selected from the four available lists for each participant.  

One list was presented to the right ear and one to the left ear in a random order.  Testing was 

conducted monaurally, using one list per ear.  The order of ear tested was alternated from 

participant to participant.  No GIN list was used twice for any participant.  Prior to administering 

the GIN test, the investigator explained the task according to the instructions provided with the 

test materials.  Each participant was then given several stimulus noise bursts from a practice list 

prior to the beginning the test scoring. Threshold measures were collected at each participant’s 

most comfortable listening level (MCL).  For all participants, MCL was between 35 and 50 dB 

SL re: SRT, the recommended presentation level parameters for the GIN.  Recent studies have 

indicated that GIN threshold is insensitive to presentation level within this range (Musiek et al, 

2005; Weihing et al, 2007).   

The GIN test was conducted in a single-walled sound-treated booth under supra-aural 

headphones.   Gap stimuli were presented monaurally via the headphones and responses were 

obtained using the audiometer’s response button.  To assist with scoring, the second (non-

stimulus) channel of the test CD provides beeps aligned with the gaps on the stimulus channel.  

The second channel of the CD player was routed through the second channel of the audiometer 

and to an absent transducer (speaker) to provide cues to the presence of the gaps to the tester, 

without being audible to the participant.  By monitoring the non-stimulus channel, the 

investigator could determine accurately whether a gap had occurred prior to each participant 

responding button press. 

Monaural GIN thresholds were calculated for each ear and are denoted as RGIN (GIN 

threshold in the right ear) and LGIN (GIN threshold in the left ear).  In addition, the better-ear 

GIN (BETGIN), worse-ear GIN (WRSGIN), and a composite binaural GIN (BINGIN) were 
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calculated.  The binaural GIN was created by averaging the GIN threshold in the right and left 

ear.  A GIN scoring form and the four stimulus lists are included in Appendix B. 

Working Memory Testing:  Digit Span and Digit Ordering Tests 

Working memory was assessed using a test battery consisting of forward digit span, 

backward digit span, and digit ordering tasks.  The digit span tasks were taken from the Wechsler 

Adult Intelligence Scale, version III (WAIS-III, The Psychological Corporation, 1997). The digit 

ordering task was adapted by Dr. Lori Altmann, head of the University of Florida Language 

Over the Lifespan Lab, from a test procedure developed by Cooper and colleagues (1991). 

Each digit memory task required the participant to repeat lists of numbers between 1 and 

10.  In forward digit span, the participant was asked to repeat the digit lists spoken by the 

investigator in the same sequence they were presented.  In the backward digit span task, the 

participant was asked to repeat the numbers in reverse of the sequence they were presented.  In 

the digit ordering task, the participant was asked to reproduce the series in ascending numerical 

order.  Each digit memory test was conducted with digit lists ascending in length until the 

participant could no longer correctly reproduce the number lists.  A score was obtained for each 

digit task based on the number of correctly-repeated digit lists.  Scores were standardized and 

summed to produce a total working memory score for analysis.  To ensure audibility of the lists, 

the working memory battery was conducted binaurally under supra-aural headphones in a single-

walled sound-treated booth at the participant’s binaural MCL.   

In order to obtain a composite working memory score, each participant’s scores on the 

digit forward (denoted as DIGFWD), digit backward (DIGBAK), and digit ordering (DIGORD) 

tests were standardized using the mean and standard deviation for the participant sample and 

added together, producing an overall standardized working memory score denoted for analysis as 

WM.   
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Self-Reported Hearing Handicap:  Hearing Handicap Inventory for Adults (HHIA) or for 

the Elderly (HHIE) 

Participants age 65 or older completed the Hearing Handicap Inventory for the Elderly 

(HHIE, Weinstein & Ventry, 1983), whereas participants under age 65 completed the Hearing 

Handicap Inventory for Adults or, HHIA, Newman, Weinstein, Jacobson, & Hug, 1990).  The 

HHIA/E is a 25-item inventory that assesses the consequences of hearing loss on the lives of 

adults.  Two sub-scales comprise the HHIA/E:  the HHIA/E Emotional subscale measures the 

mental and emotional effects of hearing loss on the individual, while the HHIA/E 

Social/Situational subscale measures the situational and interpersonal consequences of hearing 

loss.  Both scales are frequently used in audiologic clinics to document the need for, and benefit 

from, rehabilitation.   

The HHIE and HHIA are almost identical; three questions are slightly reworded in the 

HHIA to make the inventory more applicable to individuals under age 65.  For each item, the 

participant was asked to respond ―Yes‖, ―Sometimes‖, or ―No.‖  After participants completed the 

inventories, the investigator calculated Emotional and Social/Situational subscale scores as well 

as a total score on a 100-point scale.  The Emotional subscale score of the HHIA and HHIE 

measures the emotional impact of hearing loss on the individual.  The Social/Situational subscale 

score quantifies the situational impact of hearing loss (Weinstein & Ventry, 1983). 

The HHIA and HHIE scales were administered face-to-face with the answer forms marked 

by the investigator.  The participant was provided with a flash card containing the possible 

answers.  When necessary, a frequency-modulated (FM) listening system was used to ensure 

audibility of the investigator’s questions.  For the purpose of analysis, the HHIA/E Emotional 

subscale score was denoted as HHIEMOT and the Social/Situational subscale score was denoted 

as HHISOC.  The HHIA/E total score was denoted as HHITOT.
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Table 3-1.  Summary of the University of Florida 65/55 Distortion Product Otoacoustic 

Emissions (DPOAE) protocol. 

Point f1 (Hz) 
L1 

(dB SPL) 
f2 (Hz) 

L2 

(dB SPL) 
f2 / f1 ratio DP (Hz) 

1 6070 65 7277 55 1.20 4863 

2 5285 65 6340 55 1.20 4230 

3 4582 65 5496 55 1.20 3668 

4 4020 65 4816 55 1.20 3223 

5 3492 65 4184 55 1.20 2801 

6 3023 65 3621 55 1.20 2426 

7 2625 65 3152 55 1.20 2098 

8 2297 65 2754 55 1.20 1840 

9 2004 65 2402 55 1.20 1605 

10 1746 65 2098 55 1.20 1395 

11 1512 65 1816 55 1.20 1207 

12 1324 65 1594 55 1.20 1055 

13 1148 65 1371 55 1.20 926 

14 984 65 1184 55 1.20 785 

15 855 65 1031 55 1.20 680 

16 750 65 902 55 1.20 598 

17 656 65 785 55 1.20 527 

18 574 65 691 55 1.20 457 

19 504 65 598 55 1.20 410 

f1 = frequency of first stimulus tone in Hertz; L1 = intensity of first stimulus tone in 

decibels sound pressure level ; f2 = frequency of second stimulus tone in Hertz; L2 = 

intensity of second stimulus tone in decibels sound pressure level ; DP = distortion 

product frequency in Hertz 
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Table 3-2.  Assignment of DPOAE test points into high-, mid-, and low-frequency groups. 

Point Test Frequency (Hz) f1 (Hz) f2 (Hz) Group Group Range 

1 7277 6070 7277 High 4000 – 8000 Hz 

2 6340 5285 6340 High 4000 – 8000 Hz 

3 5496 4582 5496 High 4000 – 8000 Hz 

4 4816 4020 4816 High 4000 – 8000 Hz 

5 4184 3492 4184 High 4000 – 8000 Hz 

6 3621 3023 3621 Mid 1000 – 4000 Hz 

7 3152 2625 3152 Mid 1000 – 4000 Hz 

8 2754 2297 2754 Mid 1000 – 4000 Hz 

9 2402 2004 2402 Mid 1000 – 4000 Hz 

10 2098 1746 2098 Mid 1000 – 4000 Hz 

11 1816 1512 1816 Mid 1000 – 4000 Hz 

12 1594 1324 1594 Mid 1000 – 4000 Hz 

13 1371 1148 1371 Mid 1000 – 4000 Hz 

14 1184 984 1184 Mid 1000 – 4000 Hz 

15 1031 855 1031 Low 500 – 1000 Hz 

16 902 750 902 Low 500 – 1000 Hz 

17 785 656 785 Low 500 – 1000 Hz 

18 691 574 691 Low 500 – 1000 Hz 

19 598 504 598 Low 500 – 1000 Hz 

f1 = frequency of first stimulus tone in Hertz; f2 = frequency of second stimulus tone in 

Hertz 
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Figure 3-1.  Diagram of sound-field HINT test environment. 

 

 
 

 

BP-2X = Definitive BP-2x Bipolar Speaker (noise source) 

CD = Sony CDP-CE375 5-CD Changer (stimulus and noise routing) 

D-75A = Crown D-75A Two-Channel Amplifier (noise routing) 

GSI-61 = GSI-61 Clinical Audiometer (stimulus routing) 

T-600 = Tannoy System 600 Monitor Speaker (stimulus source) 
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CHAPTER 4 

RESULTS 

Participant Characteristics 

Fifty-six adults served as participants for the present investigation.  The mean age for the 

participant group was 66.4 years (SD = 9.4).  Participants ranged in age from 50 years, 1 month 

to 89 years, 11 months.  Seventeen participants were between 50 and 59 years of age (inclusive), 

19 participants were between 60 and 69, 15 were between 70 and 79, and 5 were between 80 and 

89.  Seventeen participants were male while 39 were female.  Four participants (two male, two 

female) were previous hearing-aid users.  Prior to completing the study measures, all participants 

were screened for cognitive impairment using the Mini-Mental State Examination (MMSE; 

Folstein et al, 1975).  The mean MMSE score for this group was 29.6 (SD = .8) with a range of 

27 to 30.  The cutoff for study participation was 26.  All participants were able to complete all 

measures administered.  

Statistical Analysis 

Participant data were compiled using Microsoft Excel 2003 for Windows.  Statistical 

analyses were performed using SPSS for Windows, release 11.5.0.  Stepwise multiple regression 

analyses were performed for the dependent variables (HINT threshold in noise or HINTN; HINT 

threshold in quiet or HINTQ; HHIA/E Emotional subscale score or HHIEMOT; HHIA/E Social 

subscale score or HHISOC; and HHIA/E total score or HHITOT) to determine which predictor 

variables could most effectively account for variance in speech perception ability and hearing 

handicap score.  The predictor variables examined were audibility, as measured by Articulation 

Index score in the better ear (BETAI); temporal resolution ability, as measured by the average of 

GIN thresholds in the right and left ears (BINGIN), and working memory capacity, as measured 

by a composite standardized working memory score (WM).   
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The SPSS 11.5.0 software package was also used to calculate descriptive statistics for the 

predictor variables, dependent variables, and other subject measures, such as age and gender, 

The following variables examined and discussed in this section were not included as predictor 

variables: GIN thresholds in the right ear (RGIN), left ear (LGIN), better ear (BETGIN), and 

worse ear (WRSGIN); and working memory scores on forward digit span (DIGFWD), backward 

digit span (DIGBAK), and digit ordering (DIGORD) tasks.  All analyses were tested at alpha (α) 

= .05.  A glossary of abbreviations and acronyms used for the variables studied can be found in 

Appendix C. 

Distortion-Product Otoacoustic Emissions (DPOAEs) 

Participant DPOAE data are summarized in Table 4-1 and Figure 4-1.  Table 4-1 provides 

a comparison table for DPOAE and audiometric status.  In this table, participants demonstrating 

normal audiometric data and normal DPOAE status within a frequency-range category were 

classified as normal/normal; participants with abnormal DPOAEs and audiometric thresholds 

were classified as abnormal/abnormal.  Participants with audiometric thresholds within normal 

limits but absent or abnormal DPOAEs were classified as normal/abnormal.   

DPOAEs are a more sensitive index of cochlear function than is the pure tone audiogram 

(Hall, 2000).  The group of individuals with audiometrically-normal hearing and abnormal 

DPOAEs can be interpreted as individuals who have cochlear dysfunction that is not yet detected 

by a decrease in pure-tone threshold.  Such individuals may demonstrate other difficulties 

resulting from loss of outer hair cells, such as diminished cochlear fine-tuning and spectral 

resolution ability, that are not apparent by pure-tone audiometry.   

Four left ears demonstrated normal DPOAEs but abnormal audiometric thresholds for the 

mid-frequency range only.  Closer inspection of these four ears revealed steeply sloping hearing 

loss in each of these ears, with thresholds below 2000 Hz within the normal range and thresholds 
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at 3000 and 4000 Hz abnormal.  For these four participants, DPOAE data were consistent with 

audiometric data.  The mismatch in this classification is an artifact of the grouping scheme.  In 

other words, if the mid-frequency range were further separated into low-mid and high-mid 

ranges and audiometric data were compared, the low-mid range (approximately 1000 to 2000 

Hz) would be normal both audiometrically and in DPOAE measurement, while the high-mid 

range (approximately 2000 to 4000 Hz) would be abnormal in both respects. 

Figure 4-1 provides a breakdown by ear of DPOAE status as a function of test frequency 

range (low, mid, and high) for this participant group.  Declines in cochlear status particularly 

affecting the high-frequency area of the cochlea are evident bilaterally.  As detailed in the 

methods chapter, low-frequency DPOAE measurement was confounded to some degree by high 

ambient noise levels in the test room for the first sixteen participants in this investigation.  These 

participants were tested prior to the installation of an extension cable allowing DPOAE 

measurement to be conducted within the sound booth.  As a result, low-frequency DPOAEs may 

not be a reliable measure in this investigation.  It is likely that some participants were classified 

as having absent low-frequency DPOAEs when responses were present but could not be 

measured due to the elevated noise floor.   However, examination of higher-frequency DPOAE 

data reveal declines from the mid- to high-frequency DPOAE test ranges.  These declines are 

consistent with the common findings of increased loss of cochlear function and high-frequency 

hearing loss with age.  Furthermore, comparison of DPOAE data to audiometric thresholds in 

Table 4-1 suggests that more cochlear dysfunction was present within the participant group than 

was apparent in pure-tone threshold testing.  

Audibility 

The composite audiogram for the fifty-six participants in this investigation revealed a 

moderate sloping high-frequency sensorineural hearing loss bilaterally (Figure 4-2).  Standard 
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deviation bars illustrate the substantial variability in hearing status among this rather unselected 

group of adults who thought they had a hearing problem.  Mean SRT and word-recognition 

scores (conducted at MCL) are reported along with mean pure-tone thresholds in Table 4-2.  

A repeated-measures within-subjects comparison between right- and left-ear thresholds 

revealed a significant difference at 4000 Hz only (F1, 55 = 9.36, p = .003), indicating that, overall, 

participants had slightly but significantly better hearing sensitivity at 4000 Hz in their right ears 

than in their left ears.  Right- and left-ear audiometric thresholds were not significantly different 

at any other test frequency.  Neither the SRT nor word-recognition scores were significantly 

different between the left and right ears in this participant group.  

The mean AI in the sample was 0.83 in the right ear (SD = .18) and 0.78 in the left ear (SD 

= .23).  The mean better-ear AI was .85 (SD = .17).  These AI scores predict generally good 

ability to perceive speech on average but with substantial variability within the sample.  

Variability in audibility was an expected finding given the recruiting strategy for this 

investigation, i.e., individuals within a wide age range and with no upper or lower limit on 

degree of hearing loss.  A repeated-measures within-subjects comparison of AI scores revealed 

significantly better AI in the right ears compared to the left ears in this participant sample (F1, 55 

= 4.02, p = .050).  While significant, this difference was small, with an average difference of 

0.05, equivalent to 5% speech intelligibility.  

Audibility was significantly correlated with age.  The Pearson’s product moment 

correlation (r) between right-ear AI (RAI) and age was -.75 (p < .001), and the correlation 

between left-ear AI (LAI) and age was -.57 (p < .001).  The principal audibility measure, better-

ear AI (BETAI), also was significantly correlated with age (r = -.76, p < .001).  The correlations 
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in this participant sample confirm the commonly-encountered strong negative association 

between hearing sensitivity and age in adults (worsening hearing with increasing age).  

Of the fifty-six participants in this investigation, three demonstrated a large asymmetry in 

hearing sensitivity, defined as a difference in AI of 0.25 or more between ears.  One participant 

presented with a congenital unilateral moderately severe hearing loss in her left ear; one 

participant presented with a severe left-ear hearing loss reportedly due to Ménière’s disease 

diagnosed in the 1970s.  Another participant presented with a moderate (20-25 dB) hearing loss 

in her right ear of unknown etiology, with an apparent onset in childhood. 

Temporal Resolution 

Temporal resolution threshold in each ear for each participant was calculated according to 

the prescribed threshold method for the GIN test.  Threshold was defined as the shortest gap the 

participant was able to identify in at least four out of six trials, while also identifying the next-

longest gap at least four out of six trials.  The average GIN thresholds for the participant group 

were 7.6 ms in the right ear (SD = 2.1 ms) and 8.4 ms in the left ear (SD = 2.8 ms).  Thresholds 

ranged from 5 to 15 ms in the right ear and from 5 to 20 ms in the left ear.  The distribution of 

GIN thresholds is graphed in Figure 4-3.  A repeated-measures within-subjects comparison 

between right- and left-ear GIN thresholds revealed that left-ear thresholds were significantly 

longer (worse) than right ear thresholds in this group (F1, 55 = 6.01, p = .017).   

Both right- and left-ear GIN thresholds were significantly correlated with age, with 

audibility (as measured by the AI in the same ear as the GIN threshold), and with each other.  

Better-ear, worse-ear, and binaural GIN threshold (calculated as the average of left- and right-ear 

thresholds) were also significantly correlated with age and audibility (see Table 4-3 for a 

correlation matrix for these variables).  Monaural GIN and AI variables were moderately 

correlated (LAI x LGIN:  r = -.64, p < .001; RAI x RGIN:  r = -.51, p < .001). 



 

68 

The negative r values indicated that individuals with serious hearing loss (lower AI scores) 

demonstrated significantly longer gap detection thresholds (higher GIN thresholds) than 

individuals with little or no hearing loss.  Monaural audibility measures accounted for about 26% 

of the variance in temporal resolution ability in the right ear and 41% in the left ear.  When 

controlling for audibility, GIN thresholds were not significantly correlated with age. 

Musiek et al (2005) reported a normal average GIN threshold of 4.9 ms in the right ear (SD = 1.0 

ms) and 4.8 ms (SD = 1.0 ms) in the left ear for a group of 50 normal hearing control subjects 

aged 13 to 46 years.  Using an upper limit for normal GIN test scores as two standard deviations 

above the mean, Musiek and colleagues defined normal performance as a threshold of 7 ms or 

better.  Of the 56 participants in the present investigation, 40 yielded at least one GIN threshold 

value greater than 7 ms.  According to the normative criterion suggested by Musiek et al (2005), 

therefore, 71% of the participants in the present study showed impaired auditory temporal 

processing.  Figure 4-4 and Table 4-4 display comparisons between the normative GIN data and 

participant data collected in the present investigation.    

Working Memory 

Working memory was assessed using a battery of commonly-employed digit tasks:  forward digit 

span, backward digit span, and digit ordering.  In order to create a composite working memory 

score, individual test scores were standardized at the conclusion of data collection and the 

resulting Z-scores were summed. 

For the forward digit span test, a score of 8 approximates successful repetition of a 

maximum six-digit string. The maximum possible score on forward digit span is 14. Forward 

digit span (DIGFWD) scores averaged 8.1 (SD = 2.1) and ranged from 5 to 13.   

Backward digit span (DIGBAK) scores averaged 6.8 (SD = 2.1).  A score of 7 

approximates successful repetition of a maximum four-to-five digit string, placing the digits in 
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reverse order.  Scores ranged from 3 to 13.  The maximum possible score on backward digit span 

is 14. 

Digit ordering (DIGORD) scores averaged 16.4 (SD = 4.0).  A score of 16 approximates 

successful repetition of a maximum five-digit string, placing the digits in numerical order.  

Scores ranged from 3 to 24.  The maximum possible score on digit ordering is 24.    

Working memory test scores were compared to normative data collected by the University 

of Florida Language over the Lifespan laboratory on community-dwelling older adults in the 

Alachua County area.  Data were available from this laboratory for age groups 60-64 (n=12), 65-

69 (n=32), 70-74 (n=48), 75-79 (n=58), 80-84 (n=41), and 85 or older (n=17).  No data for 

individuals between age 50 and 59 years were available.  Table 4-5 provides comparisons 

between the participant group in the present investigation and the normative group within these 

age ranges.   

Participants age 70 and up had mean scores slightly lower than normative means on all 

working memory measures.  However, paired-samples T-tests on all measures confirmed that the 

participant group did not differ significantly from the normative group on any of the working 

memory tests in any age group examined (α = .05).  Only one participant in the present 

investigation was over age 85.  This participant scored more than two standard deviations below 

the mean of the normative group on the digit ordering task.  In general, comparison of data from 

the present investigation to the local normative data suggests that the participant group had 

working memory status within the normal range for community-dwelling adults in the 

geographical area from which the group was sampled. 

Moderate collinearity was calculated among all working memory measures (DIGFWD x 

DIGBAK:  r = .49, p < .001; DIGFWD x DIGORD:  r = .37, p = .006; DIGBAK x DIGORD:  r 
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= .60, p < .001).   These relations suggest an association among these measures, but substantial 

variance in each unexplained by the others.   

There was a significant negative correlation between age and all working memory 

measures:  DIGFWD (r = -.33, p = .012), DIGBAK (r = -.32, p = .017), DIGORD (r = -.48, p < 

.001), and total WM (r = -.47, p < .001), suggesting an age-related decrease in working memory 

status.  When controlling for age, none of the working memory variables (DIGFWD, DIGBAK, 

DIGORD, and WM) were significantly correlated with BETAI.   

Collinearity Testing 

Collinearity testing was conducted for each experimental variable (GIN thresholds and 

working memory scores) to determine whether the variance each predicted in HINT or HHIA/E 

score, if any, was shared with the other experimental variables.  A correlation matrix for the 

variables RGIN, LGIN, BETGIN, WRSGIN, BINGIN, DIGFWD, DIGBAK, DIGORD, and 

WM can be seen in Table 4-6.  A small but significant negative correlation was seen between 

RGIN and DIGORD (r = .27, p = .046).  No other correlations were significant. 

Because independence between the temporal resolution and working memory measures was 

anticipated, the unexpected correlation between right-ear GIN threshold and digit-ordering 

ability was examined further.  As described previously, all GIN and working memory variables 

were significantly correlated with age.  When age was controlled, the correlation between RGIN 

and DIGORD disappeared (r = -.11, p = .440).  It is likely that the association between RGIN 

and DIGORD is a spurious correlation caused by the influence of age on each of the 

experimental variables.   

Speech Perception 

Speech perception thresholds with and without noise competition were obtained 

according to the recommended procedure for the HINT as described in Chapter 3.  Thresholds in 
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noise (HINTN) and quiet (HINTQ) were calculated by averaging the presentation level of HINT 

sentences five through twenty-one and adding a 1-dB correction factor for the conversion to dB 

SPL.  A signal-to-noise ratio (SNR) for threshold in noise was calculated by subtracting 65 (the 

intensity level of the competition noise in dB SPL) from the corrected HINT threshold in noise. 

The average speech perception threshold in the quiet listening condition was 38.7 dB SPL 

(SD = 9.3).  Thresholds ranged from 26.1 to 63.5 dB SPL, indicating large variance within the 

participant group in ability to perceive spoken speech in quiet environments.  As expected, 

HINTQ showed a strong and significant negative correlation with BETAI (r = -.86, p <.001) 

indicating that the majority (about 73%) of the variance in speech perception in quiet is 

explained by loss of hearing sensitivity.  With hearing sensitivity controlled, age was not a 

significant predictor of speech perception performance in quiet.   

The average speech perception threshold in the noise condition was 72.2 dB SPL (SD = 

2.6).  Thresholds ranged from 68.7 dB to 81.7 dB SPL.  That is, participants perceived the 

sentence stimuli correctly at an average SNR of 7.2 and in a range from 3.7 to 16.7 dB. 

A strong and significant negative correlation was seen between HINTN and BETAI (r = -.72, p < 

.001), indicating that hearing sensitivity accounted for about 52% of the variance in speech 

perception in noise.  With hearing sensitivity controlled, age was not a significant predictor of 

speech perception performance in noise. 

Both HINTQ and HINTN were positively correlated with temporal resolution threshold 

when audibility was not controlled.  Quiet-condition HINT thresholds were significantly 

correlated with RGIN (r = .36, p = .006); BETGIN (r = .32, p = .018); WRSGIN (r = .28, p = 

.040); and BINGIN (r = .31, p = .019).  Noise-condition HINT thresholds were significantly 

correlated with RGIN (r = .42, p = .001); LGIN (r = .39, p = .003); BETGIN (r = .42, p = .001); 
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WRSGIN (r = .41, p = .002); and BINGIN (r = .44, p = .001).    However, when controlling for 

BETAI, no significant associations were seen between temporal resolution variables and HINT 

thresholds in quiet or in noise.   

Few significant associations were found between HINT scores and working memory 

variables.  HINTQ was weakly but significantly correlated with DIGORD (r = -.31, p = .018) 

and with WM (r = .29, p = .034), while HINTN was weakly correlated with DIGORD only (r = -

.31, p = .019).  When controlling for BETAI, no significant associations were seen between 

working memory variables and HINT thresholds in quiet or in noise. 

Because there were no significant partial correlations between any temporal resolution or 

working memory measure and HINTQ or HINTN, it was expected that none of those variables 

would contribute significantly to a multiple regression on either HINTQ or HINTN in the 

presence of BETAI.  Stepwise linear regression procedures were conducted separately for 

HINTQ and for HINTN to confirm this expectation.  The predictor variables included were 

audibility (BETAI), temporal resolution (BINGIN), and working memory (WM).  The bivariate 

correlations between HINT scores and the various measured (RGIN, LGIN) and derived GIN 

variables (BETGIN, WRSGIN, BINGIN) were small; therefore the model was simplified to 

include only the average binaural GIN threshold. 

Only BETAI was retained as a predictor variable in the regression equation for HINTQ 

(R= .86, F1, 54 = 150.82, p < .001).  Inclusion of BINGIN and WM increased the correlation 

coefficient from .858 to .863, which was not a significant change (F2, 52 = .79, p = .459).  

Similarly, only BETAI was retained in the regression equation for HINTN (R = .72, F1, 54 = 

58.67, p < .001).  Inclusion of temporal resolution and working memory variables increased the 

correlation coefficient from .722 to .731, which was not a significant change (F2, 52 = .74, p = 
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.482).  As noted above, audibility accounted for the majority of variance in HINT score:  74% in 

quiet and 52% in noise.  The results of the regression indicate that no experimental variable 

contributed a significant increase in predictive power. 

Hearing Handicap 

Self-reported hearing handicap was assessed using the age-appropriate version of the 

Hearing Handicap Inventory:  the Hearing Handicap Inventory for Adults (HHIA) for individuals 

under age 65 and the Hearing Handicap Inventory for the Elderly (HHIE) for individuals age 65 

and up.  Scores on the HHIA/E varied widely:  Emotional subscale scores (HHIEMOT) ranged 

from zero to 44 with a mean of 10.8 and a standard deviation of 9.5.  Social subscale scores 

(HHISOC) ranged from 2 to 40 with a mean of 10.5 and a standard deviation of 6.9.  Total scores 

(HHITOT) ranged from 2 to 74 with a mean of 21.3 and a standard deviation of 15.1.   

According to published reports, total scores of 18 or higher on the HHIE and 11 on the 

HHIA indicate presence of a significant hearing handicap (Jerger et al, 1990; Weinstein, 2000; 

Weinstein & Ventry, 1983).  Of the 56 participants in the present investigation, 32 scored at or 

above the level indicating handicap.  On the HHIA, 14 of 27 participants scored above 11 (mean 

= 16.4, SD = 12.1); on the HHIE, 18 of 29 participants scored above 18 (mean = 22.4, SD = 

13.9).   

All participants reported difficulty in at least one HHIA/E domain.  The most commonly-

reported difficulties were in understanding when others speak in a whisper; when listening to 

conversation while eating at a restaurant; and when listening when at a party. 

Audibility was a significant predictor of both HHISOC (r = -.45, p = .001) and HHITOT (r 

= -.35, p = .008).  The negative valence of these correlations indicates that decreasing AI score 

was correlated with increasing hearing handicap, particularly the social and situational aspect of 

hearing handicap.  No correlation was seen between HHIEMOT and BETAI. 
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A significant positive correlation was seen between age and HHISOC (r = .49, p < .001) 

and between age and HHITOT (r = .34, p =.01), but not between age and HHIEMOT, indicating 

that perceived social and situational impact of hearing loss, but not the emotional consequences 

of that hearing loss, increased slightly with age.  When controlling for BETAI, no significant 

correlation was seen between age and HHIA/E scores, indicating that age did not contribute 

significant predictive power for HHIA/E score when controlling for hearing sensitivity.   

Because listening in difficult, noisy environments is the principal complaint of most 

individuals seeking help for a hearing problem, it seems logical to assume that self-report 

measures of hearing handicap would correlate with speech perception ability in noise.  To test 

this assumption, bivariate correlations were calculated between each pair of speech perception 

measures (HINTQ and HINTN) and HHIA/E scales (HHIEMOT, HHISOC, and HHITOT).  In 

addition, the correlations among these variables were compared to the independent correlations 

between each variable and BETAI to evaluate the relative strength of associations.  A correlation 

matrix for these variables is displayed in Table 4-7. 

Significant correlations were seen between HINTQ and HHISOC (r = .37, p = .004) and 

between HINTQ and HHITOT (r = .30, p = .024).  Performance on the HINT in quiet was not 

significantly correlated with HHIEMOT (p = .128).  Correlations were also seen between 

HINTN and HHIEMOT (r = .33, p = .012), between HINTN and HHISOC (r = .45, p < .001), 

and between HINTN and HHITOT (r = .42, p = .001).  Overall, HHIA/E scores were better 

predicted by HINTN (r = .33, .45, and .42 for HHIEMOT, HHISOC, and HHITOT respectively) 

than by HINTQ (r = .21, .38, and .30) or by BETAI (r = -.23, -.45, and -.35). 

There were significant correlations among all temporal resolution measures (RGIN, LGIN, 

BETGIN, WRSGIN, and BINGIN) and all HHIA/E subscale and total scores as displayed in the 
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correlation matrix in Table 4-8.   Correlation coefficients for HHIA/E scales ranged from .41 to 

.45 for RGIN, .30 to .32 for LGIN, .34 to .39 for BETGIN, .34 to .38 for WRSGIN, and .38 to 

.41 for BINGIN.  When controlling for audibility using BETAI, HHIEMOT was significantly 

correlated with RGIN (r= .34, p = .010), WRSGIN (r = .29, p = .034), and BINGIN (r = .31, p = 

.023).  Significant correlations were also calculated between HHITOT and RGIN (r = .34, p = 

.012) and between HHITOT and BINGIN (r = .28, p = .037). 

There was only one significant association between HHIA/E scores and working memory 

variables.  Social/Situational HHI/E subscale score was weakly correlated with DIGORD (r = -

.27, p = .048). 

Stepwise linear regression procedures were conducted separately for HHIEMOT, 

HHISOC, and HHITOT.  The predictor variables included were audibility (BETAI), temporal 

resolution (BINGIN), and working memory (WM).  This procedure is identical to the procedure 

described above which regressed the explanatory variables on HINTQ and HINTN.   

Only the temporal resolution factor BINGIN was retained as a factor in the regression 

equation for HHIEMOT (R = .38, F1, 54 = 8.85, p = .004).  Inclusion of BETAI and WM 

increased the correlation coefficient from .375 to .380, which was not a significant change (F2, 52 

= .11, p = .895).  The audibility factor BETAI was retained as a factor in the regression equation 

for HHISOC (R = .45, F1, 54 = 13.56, p = .001).  Inclusion of BINGIN and WM increased the 

correlation coefficient from .448 to .506, which was not a significant change (F2, 52 = 1.94, p = 

.155).  Only the temporal resolution factor BINGIN was retained as a factor in the regression 

equation for HHITOT (R = .41, F1, 54 = 11.19, p = .002).  Inclusion of BETAI and WM increased 

the correlation coefficient from .414 to .453, an insignificant change (F2, 52 = 1.09, p = .345).  
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Gender 

A post hoc analysis of variance (ANOVA) was conducted to determine whether gender 

differences existed on any measure examined in the present investigation.  Using SPSS, data for 

male participants (N=17) was compared to data for female participants (N=39), yielding the 

ANOVA results in Table 4-9.  No difference was seen between the male and female participants 

in this investigation on any of the measures compared:  age, audibility (RAI, LAI, BETAI, 

WRSAI, BINAI), working memory (DIGFWD, DIGBAK, DIGORD, WM), temporal resolution 

(RGIN, LGIN, BETGIN, WRSGIN, BINGIN), speech perception in quiet or in noise (HINTQ, 

HINTN), and self-reported hearing handicap (HHIEMOT, HHISOC, HHITOT).  Because gender 

differences were absent for all measures, no further analysis of gender effects was necessary. 

Analysis of Variance I:  Grouping by Age 

As demonstrated in the present investigation, both temporal resolution (e.g., Gordon-Salant 

& Fitzgibbons, 1993; Schneider et al, 1994; Strouse et al, 1998) and working memory (e.g., 

Carpenter et al, 1994; Hultsch et al, 1992; Wingfield et al, 1988) show declines in older 

adulthood.  In addition, previous studies have detected changes in middle age for both temporal 

resolution (e.g., Grose et al, 2006) and working memory (e.g., Palladino & De Beni, 1999).  The 

nature of change in each of these abilities within late aging, for example between ―young-old‖ 

adults and ―old-old‖ adults as opposed to in ―young age‖ versus ―old age‖, is less clear.  In 

particular, some studies have found that working memory declines in early adulthood and then is 

stable from middle age to older adulthood until very late in life (e.g., Fisk & Sharp, 2004; 

Parente, de Taussik, Ferreira, and Kristensen, 2005; Pelosi & Blumhardt, 1999), while others 

have found more consistent declines across the lifespan (Salthouse, 1991; Palladino & De Beni, 

1999).   
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Because the participant sample from the present investigation spans almost four decades 

within the adult age range (50 to 89), it might be useful to examine age differences within the 

sample to identify possible age differences in associations among the variables studied.  For this 

analysis, the participant sample was divided into three groups by age. 

Group 1 (late middle-aged adults) was composed of participants age 50 to 59.  This group 

had 17 total members (6 male, 11 female) with a mean age of 56.0 years (SD = 3.1) (Figure 4-5).  

Group 2 (young-old adults) was composed of participants age 60 to 69.  This group had 19 total 

members (5 male, 14 female) with a mean age of 64.7 years (SD = 2.7) (Figure 4-6).  Group 3 

(old-old adults) was composed of participants age 70 to 89.  This group had 20 total members (6 

male, 14 female) with a mean age of 76.9 years (SD = 4.8) (Figure 4-7).  Mean audiometric data 

for each age group is displayed in Table 4-10.  A comparison of the three groups on the 

experimental measures and dependent variables can be seen in Table 4-11.   

An ANOVA was conducted to test for group differences on each of the experimental 

measures and dependent variables (Table 4-12).  Group 1 (late middle-aged adults) had 

significantly higher audibility scores compared to Group 2 (young-old adults) as measured by 

RAI, WORSAI, and BINAI (p < .05); significantly higher DIGORD scores (p < .05); 

significantly shorter GIN thresholds as measured by LGIN and WRSGIN (p < .05); and 

significantly lower HINTQ thresholds (p < .05).  No significant differences were seen between 

Groups 1 and 2 for LAI, BETAI, DIGFWD, DIGBAK, WM, RGIN, BETGIN, BINGIN, 

HINTN, HHIEMOT, HHISOC, or HHITOT. 

Group 1 had significantly higher audibility scores compared to Group 3 (old-old adults) on 

all AI measures (p < .001); significantly higher working memory scores as measured by 

DIGFWD (p < .05), DIGBAK (p < .05), DIGORD (p < .01), and WM (p < .01); significantly 
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shorter thresholds on all GIN measures (p < .01); significantly lower thresholds on HINTQ (p < 

.001) and HINTN (p < .05); and significantly lower scores on HHISOC (p < .01).  No significant 

differences were seen between Groups 1 and 3 for HHIEMOT or HHITOT. 

Group 2 had significantly higher audibility scores compared to Group 3 as measured by 

RAI (p < .01), LAI (p < .05), BETAI (p < .01), WORSAI (p < .05), and BINAI (p < .01); 

significantly higher working memory scores as measured by DIGFWD (p < .01) and WM (p < 

.01); significantly lower thresholds on HINTQ (p < .01) and HINTN (p < .05); and significantly 

lower scores on HHISOC (p < .05).  No significant differences were seen between Groups 2 and 

3 for DIGBAK, DIGORD, any GIN measure, HHIEMOT, or HHITOT. 

Multiple Regression, Grouping by Age 

Separate stepwise regression analyses were conducted for Groups 1 through 3 to determine 

whether the set of measures best predicting the dependent variables (HINTQ, HINTN, 

HHIEMOT, HHISOC, HHITOT) differed between age subsets.  Each group regression analysis 

was conducted in the same manner as the analyses conducted on the entire participant group as 

described above. 

HINT in Quiet Condition 

For Group 1 (age 50 – 59), only BETAI was retained as a predictor variable in the 

regression equation for HINTQ (R = .50, F1, 15 = 4.95, df = p = .042).  Inclusion of BINGIN and 

WM increased the correlation coefficient from .498 to .513, which was not a significant change 

(F2, 13 = .13, p = .881).  

For Group 2 (age 60 – 69), only BETAI was retained as a predictor variable in the 

regression equation for HINTQ (R = .81, F1, 17 = 33.40, p < .001).  Inclusion of BINGIN and 

WM increased the correlation coefficient from .814 to .839, which was not a significant change 

(F2, 15 = 1.05, p = .375). 
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For Group 3 (age 70 - 89), both BETAI and BINGIN were retained as predictor variables 

in the regression equation for HINTQ (R = .86, F2, 17 = 23.99, p < .001).  Inclusion of WM 

increased the correlation coefficient from .859 to .863, which was not a significant change (F1, 16 

= .35, p = .565). 

HINT in Noise Condition 

For Group 1, no significant correlation was seen between any predictor variable (BETAI, 

BINGIN, WM) and HINTN; therefore, no regression model was computed. 

For Group 2, only BETAI was retained as a predictor variable in the regression equation 

for HINTN (R = .47, F1, 17 = 4.74, p = .044).  Inclusion of BINGIN and WM increased the 

correlation coefficient from .467 to .469, which was not a significant change (F2, 15 = .02, p = 

.982). 

For Group 3, only BETAI was retained as a predictor variable in the regression equation 

for HINTN (R = .90, F1, 18 = 77.76, p < .001).  Inclusion of BINGIN and WM increased the 

correlation coefficient from .901 to .911, which was not a significant change (F2, 16 = .83, p = 

.452). 

HHIA/E Emotional Subscale 

For Group 1, no significant correlation was seen between any predictor variable (BETAI, 

BINGIN, WM) and HHIEMOT; therefore, no regression model was computed. 

For Group 2, only BINGIN was retained as a predictor variable in the regression equation 

for HHIEMOT (R = .50, F1, 17 = 5.54, p = .031).  Inclusion of BETAI and WM increased the 

correlation coefficient from .496 to .532, which was not a significant change (F2, 15 = .39, p = 

.681). 

For Group 3, only BINGIN was retained as a predictor variable in the regression equation 

for HHIEMOT (R = .45, F1, 18 = 4.62, p = .046).  Inclusion of BETAI and WM increased the 
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correlation coefficient from .452 to .481, which was not a significant change (F2, 16 = .29, p = 

.754). 

HHIA/E Social/Situational Subscale 

For Group 1, no significant correlation was seen between any predictor variable (BETAI, 

BINGIN, WM) and HHISOC; therefore, no regression model was computed. 

For Group 2, only BETAI was retained as a predictor variable in the regression equation 

for HHISOC (R = .60, F1, 17 = 9.69, p = .006).  Inclusion of BINGIN and WM increased the 

correlation coefficient from .603 to .639, which was not a significant change (F2, 15 = .58, p = 

.574). 

For Group 3, no significant correlation was seen between any predictor variable (BETAI, 

BINGIN, WM) and HHISOC; therefore, no regression model was computed. 

HHIA/E Total 

For Group 1, no significant correlation was seen between any predictor variable (BETAI, 

BINGIN, WM) and HHITOT; therefore, no regression model was computed. 

For Group 2, only BINGIN was retained as a predictor variable in the regression equation 

for HHITOT (R = .49, F1, 17 = 5.25, p = .035).  Inclusion of BETAI and WM increased the 

correlation coefficient from .486 to .586, which was not a significant change (F2, 15 = 1.23, p = 

.319). 

For Group 3, no significant correlation was seen between any predictor variable (BETAI, 

BINGIN, WM) and HHITOT; therefore, no regression model was computed. 

Analysis of Variance II:  Grouping by Hearing Loss 

A second ANOVA was conducted after dividing the participant sample into two groups by 

degree of hearing loss, as measured by BETAI.  This division was intended to separate those 

participants classified clinically as audiometrically normal from those classified as having a 
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hearing loss.  A cutoff BETAI of .98 was used to separate the participant sample into two groups.  

An AI score of .98 (.976 unrounded) or greater equates to hearing thresholds within normal 

limits (better than or equal to 20 dB HL) at all frequencies included in the AI calculation (250, 

500, 1000, 2000, and 4000 Hz).  A .98 AI also corresponds to a prediction of 98% or better 

speech intelligibility in quiet environments.  That is, participants with BETAI greater than or 

equal to .98 (Group 1) would be considered to have hearing within normal limits and, according 

to the theory underlying AI, excellent speech intelligibility.  This group contained 24 participants 

(5 male, 19 female) with a mean BETAI of .99 (SD = .02) (Figure 4-8).  Participants with 

BETAI less than .98 (Group 2) would be considered to have at least a mild hearing loss in the 

better ear and poorer than 98% predicted speech intelligibility.  This group contained 32 

participants (12 male, 20 female) with a mean BETAI of .73 (SD = .14) (Figure 4-9).  Table 4-13 

summarizes mean audiometric data for each group.  A comparison of the two groups on the 

experimental measures and dependent variables can be seen in Table 4-14.   

Previous studies have suggested that listeners with SNHL are especially susceptible to 

environmental distortions of speech such as noise (e.g., Plomp & Mimpen, 1979).  It is possible 

that limiting the analysis to only those participants with measurable loss of hearing sensitivity 

might reveal relations among between the predictor and dependent variables that are not as clear 

when participants with normal or near-normal audiograms are included. A one-way ANOVA 

was conducted to test for group differences on the experimental measures and dependent 

variables (Table 4-15).   

Not surprisingly, Group 1 was significantly younger than Group 2.  Group 1 had mean age 

59.4 (SD = 5.6) while Group 2 had mean age 71.6 (SD = 8.2). 
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Group 1, the group with audiometrically-normal or near-normal hearing had significantly 

higher scores on all AI measures (p < .001); significantly shorter thresholds on all GIN measures 

(p < .01), significantly lower thresholds on HINTQ (p < .001) and HINTN (p < .01); and  

significantly lower scores on HHISOC (p < .05) than Group 2, the group with some 

audiometrically-measurable hearing loss.  There were no significant group differences on any 

working memory measure (DIGFWD, DIGBAK, DIGORD, and WM) or on HHIA/E Emotional 

subscale or total scores. 

Multiple Regression, Grouping by Hearing Loss 

Separate stepwise regression analyses were conducted for Group 1 and Group 2 to determine 

whether the set of measures best predicting the dependent variables (HINTQ, HINTN, 

HHIEMOT, HHISOC, HHITOT) differed between the set of participants with audiometrically-

measurable hearing loss (thresholds worse than 20 dB) and those without.  Each group regression 

analysis was conducted in the same manner as the analyses conducted on the entire participant 

group as described above. 

HINT in Quiet Condition 

For Group 1 (BETAI ≥ .98), only BINGIN was retained as a predictor variable in the 

regression equation for HINTQ (R = .60, F1, 22 = 12.40, p = .002).  Inclusion of BETAI and WM 

increased the correlation coefficient from .600 to .636, which was not a significant change (F2, 20 

= .73, p = .492).  

For Group 2 (BETAI < .98), only BETAI was retained as a predictor variable in the 

regression equation for HINTQ (R = .74, F1, 30 = 37.18, p < .001).  Inclusion of BINGIN and 

WM increased the correlation coefficient from .744 to .769, which was not a significant change 

(F1, 28 = 1.28, p = .294). 
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HINT in Noise Condition 

For Group 1, no significant correlation was seen between any predictor variable (BETAI, 

BINGIN, WM) and HINTN; therefore, no regression model was computed. 

For Group 2, only BETAI was retained as a predictor variable in the regression equation 

for HINTN (R = .78, F1, 30 = 45.27, p < .001).  Inclusion of BINGIN and WM increased the 

correlation coefficient from .776 to .804, which was not a significant change (F2, 28 = 1.76, p = 

.190). 

HHIA/E Emotional Subscale 

For Group 1, no significant correlation was seen between any predictor variable (BETAI, 

BINGIN, WM) and HHIEMOT; therefore, no regression model was computed. 

For Group 2, only BINGIN was retained as a predictor variable in the regression equation 

for HHIEMOT (R = .40, F1, 30 = 5.71, df = 1, 30, p = .023).  Inclusion of BETAI and WM 

increased the correlation coefficient from .400 to .451, which was not a significant change (F2, 28 

= .76, p = .476). 

HHIA/E Social/Situational Subscale 

For Group 1, no significant correlation was seen between any predictor variable (BETAI, 

BINGIN, WM) and HHISOC; therefore, no regression model was computed. 

For Group 2, only BETAI was retained as a predictor variable in the regression equation 

for HHISOC (R = .36, F1, 30 = 4.43, p = .044).  Inclusion of BINGIN and WM increased the 

correlation coefficient from .359 to .502, which was not a significant change (F2, 28 = 2.31, p = 

.118). 

HHIA/E Total 

For Group 1, no significant correlation was seen between any predictor variable (BETAI, 

BINGIN, WM) and HHITOT; therefore, no regression model was computed. 
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For Group 2, only BINGIN was retained as a predictor variable in the regression equation 

for HHITOT (R = .39, F1, 30 = 5.28, p = .029).  Inclusion of BETAI and WM increased the 

correlation coefficient from .387 to .493, which was not a significant change (F2, 28 = 1.74, p = 

.195). 

Summary 

To review, the participant group showed the expected relations among predictor and 

descriptor variables.  Significant declines in hearing sensitivity, temporal resolution, and working 

memory were seen with increasing age.  Hearing sensitivity was correlated with temporal 

resolution threshold, with speech perception ability, and with self-reported hearing handicap, but 

not with working memory ability.   

As anticipated, declines in hearing sensitivity, temporal resolution, and working memory 

were significantly correlated with decreased speech perception ability and increased hearing 

handicap.  Loss of hearing sensitivity was the strongest predictor of speech perception difficulty, 

accounting for the majority of the variance in HINT threshold both in quiet and in noise 

conditions.  When hearing sensitivity was controlled, neither temporal resolution ability nor 

working memory capacity was significantly correlated with speech perception threshold. 

Self-reported hearing handicap was significantly but weakly associated with declines in 

hearing sensitivity, temporal resolution, and speech perception ability.  No association was seen 

between working memory and hearing handicap score.  The strongest predictor of hearing 

handicap was speech perception ability in noise.  Multiple regression procedures revealed that, of 

the experimental variables, temporal resolution threshold was the best predictor of total HHIA/E 

score, although no combination of predictors could account for more than approximately 17% of 

the variance in hearing handicap. 
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Analysis of the participant sample separated into three age groups confirmed significant 

age-related declines in all measures except HHIA/E Emotional subscale and total scores.  

Separate regression procedures for these three groups revealed changing associations between 

the experimental and dependent variables with increasing age.   

For the two older groups, speech perception thresholds in quiet and in noise were predicted 

increasingly well by hearing sensitivity and, in the case of the oldest group for speech perception 

in quiet, by hearing sensitivity and temporal resolution together.  For the youngest group, speech 

perception was not well predicted by any measure.  Hearing handicap scores were predicted 

poorly or not at all by the experimental measures in each age group. 

A second grouped analysis of the sample separated participants with normal hearing from 

participants with hearing loss as determined by pure-tone thresholds.  Restricting the analysis 

only to those participants with audiometrically-measurable hearing loss did not significantly 

improve the predictive ability of the experimental variables for speech perception or hearing 

handicap. 
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Table 4-1.  Comparison of pure-tone audiogram status to DPOAE status in each DPOAE 

frequency group. 

 

Normal 

DPOAE, 

Normal  

Pure-Tone 

Normal 

DPOAE, 

Abnorm al 

Pure-Tone 

Abnormal 

DPOAE, 

Normal  

Pure-Tone 

Abnormal 

DPOAE, 

Abnormal. 

Pure-Tone  

Total 

Right – High 4 0 5 47 56 

Left – High 3 0 4 49 56 

Right – Mid 25 0 6 25 56 

Left – Mid 21 4 5 26 56 

Right – Low 16 0 25 15 56 

Left – Low 14 0 26 16 56 
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Table 4-2.   Mean audiometric data (N= 56). 

 
250 

Hz 

500 

Hz 

1000 

Hz 

2000 

Hz 

4000 

Hz 

8000 

Hz 
PTA SRT WRS 

Right Ear Mean 12.7 12.8 13.2 18.5 34.0 49.3 14.8 15.5 94.3 

Right Ear SD   9.3   8.4 10.6 15.2 22.5 27.0 10.4 10.7 10.0 

          

Left Ear Mean 12.3 13.7 14.7 20.6 39.6 48.9 16.3 17.0 93.1 

Left Ear SD 11.8 13.0 16.0 18.2 21.6 24.2 14.6 14.6 12.5 

PTA = pure tone average (500, 1000, 2000 Hz) in dB HL; SRT = speech reception threshold 

in dB HL; WRS = word recognition score in % 
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Table 4-3.  Correlation matrix for age, audibility, and GIN variables (N = 56). 

 

 
AGE RAI LAI BETAI BINAI RGIN LGIN 

BET 

GIN 

WRS 

GIN 

BIN 

GIN 

AGE 
r 1 -.751 -.571 -.765 -.715  .366  .444  .393  .447  .455 

Sig. .  .000  .000  .000  .000  .006  .001  .003  .001  .000 

            

RAI 
r -.751 1  .655  .963  .888 -.509 -.452 -.554 -.440 -.524 

Sig.  .000 .  .000  .000  .000  .000  .000  .000  .001  .000 

            

LAI 
r -.571  .655 1  .717  .929 -.386 -.635 -.441 -.629 -.589 

Sig.  .000  .000 .  .000  .000  .003  .000  .001  .000  .000 

            

BET 

AI 

r -.765  .963  .717 1  .908 -.531 -.485 -.562 -.484 -.555 

Sig.  .000  .000  .000 .  .000  .000  .000  .000  .000  .000 

            

BIN 

AI 

r -.715  .888  .929  .908 1 -.484 -.608 -.539 -.598 -.615 

Sig.  .000  .000  .000  .000 .  .000  .000  .000  .000  .000 

            

R 

GIN 

r  .366 -.509 -.386 -.531 -.484 1  .632  .939  .703  .862 

Sig.  .006  .000  .003  .000  .000 .  .000  .000  .000  .000 

            

L 

GIN 

r  .444 -.452 -.635 -.485 -.608  .632 1  .744  .971  .938 

Sig.  .001  .000  .000  .000  .000  .000 .  .000  .000  .000 

            

BET 

GIN 

r  .393 -.554 -.441 -.562 -.539  .939  .744 1  .733  .907 

Sig.  .003  .000  .001  .000  .000  .000  .000 .  .000  .000 

            

WRS

GIN 

r  .447 -.440 -.629 -.484 -.598  .703  .971  .733 1  .951 

Sig.  .001  .001  .000  .000  .000  .000  .000  .000 .  .000 

            

BIN 

GIN 

r  .455 -.524 -.589 -.555 -.615  .862  .938  .907  .951 1 

Sig.  .000  .000  .000  .000  .000  .000  .000  .000  .000 . 

* All correlations are significant at the 0.01 level (2-tailed). 
 

RAI = Articulation Index in right ear; LAI = Articulation Index in left ear; BETAI = Articulation 

Index in better ear; BINAI = average binaural Articulation Index; RGIN = Gaps-In-Noise threshold 

in right ear; LGIN = Gaps-In-Noise threshold in left ear; BETGIN = Gaps-In-Noise threshold in 

better ear; WRSGIN = Gaps-In-Noise threshold in worse ear; BINGIN = average Gaps-In-Noise 

threshold in right and left ears 
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Table 4-4.  Comparison of participant mean Gaps-In-Noise threshold values to normative data 

collected by Musiek et al (2005) on 50 subjects (age 13 to 46 years). 

 Participant Group Normative Group 

 Right Left Right Left 

Mean GIN 7.6 ms 8.4 ms 4.9 ms 4.8 ms 

SD 2.1 3.0 1.0 1.0 

Max GIN 15 ms 20 ms 8 ms 8 ms 

Min GIN 5 ms 5 ms 4 ms 3 ms 

Mean PTA 14.8 dB 16.3 dB 3.1 dB 4.1 dB 

N 56 50 

Mean Age 66.4 24.6 

SD = standard deviation of mean; Max GIN= highest GIN threshold in 

group; Min GIN= lowest GIN threshold in group; Mean PTA = group 

mean pure tone average (500, 1 k, 2 kHz); N = number of participants in 

sample 
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Table 4-5.  Comparison of participant working memory scores to UF Language Over the 

Lifespan Laboratory normative data. 

  Participant Group Normative Data   

 Age Mean SD N Mean SD N t df 

          

DIG 

FWD 

50 – 54 8.63 2.26 8 -- -- -- -- -- 

55 – 59 8.33 2.06 9 -- -- -- -- -- 

60 – 64 8.20 1.81 10 7.92 2.70 12 0.2793 20 

65 – 69 9.78 2.17 9 8.75 2.70 32 1.0499 39 

70 – 74 6.78 1.92 9 8.02 2.50 48 1.4081 55 

75 – 79 7.50 1.22 6 8.02 2.20 58 0.5672 62 

80 – 84 7.00 1.63 4 7.63 2.40 40 0.5105 42 

85 and up 5.00 n/a 1 7.44 2.50 16 n/a n/a 

          

DIG 

BAK 

50 – 54 7.38 2.72 8 -- -- -- -- -- 

55 – 59 7.56 1.67 9 -- -- -- -- -- 

60 – 64 6.70 2.26 10 6.08 1.80 12 0.7168 20 

65 – 69 7.33 1.41 9 7.63 2.70 32 0.3193 39 

70 – 74 6.00 1.87 9 7.13 2.50 48 1.2862 55 

75 – 79 6.00 2.61 6 7.00 2.30 58 1.0023 62 

80 – 84 6.00 1.83 4 6.35 1.80 40 0.3703 42 

85 and up 4.00 n/a 1 6.88 1.70 16 n/a n/a 

          

DIG 

ORD 

50 – 54 18.63 3.81 8 -- -- -- -- -- 

55 – 59 18.44 2.70 9 -- -- -- -- -- 

60 – 64 16.60 2.95 10 16.50 3.20 12 0.0756 20 

65 – 69 16.33 2.24 9 18.37 3.40 32 1.6914 39 

70 – 74 15.44 3.84 9 17.23 3.00 48 1.5713 55 

75 – 79 14.83 6.79 6 17.34 3.30 58 1.5796 62 

80 – 84 14.25 2.22 4 16.27 3.80 41 1.0390 43 

85 and up 5.00 n/a 1 15.41 4.70 17 n/a n/a 

DIGFWD = forward digit span; DIGBAK = backward digit span; DIGORD = digit 

ordering; SD = standard deviation of mean; N = number of participants in sample; t 

= two-tailed t-statistic for difference between participant and normative data; df = 

degrees of freedom 
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Table 4-6.  Correlation matrix for GIN and working memory variables (N = 56). 

 

 

DIG 

FWD 

DIG 

BAK 

DIG 

ORD 
WM RGIN LGIN 

BET 

GIN 

WRS 

GIN 

BIN 

GIN 

DIG 

FWD 

r 1  .492**  .366**  .764**  .033  .095  .078  .068  .077 

Sig. .  .000  .006  .000  .807  .486  .569  .620  .572 

           

DIG 

BAK 

r  .492** 1  .598**  .859**  .023  .131  .072  .103  .096 

Sig.  .000 .  .000  .000  .865  .336  .599  .450  .481 

           

DIG 

ORD 

r  .366**  .598** 1  .808** -.268* -.146 -.222 -.185 -.215 

Sig.  .006  .000 .  .000  .046  .285  .100  .172  .111 

           

WM 
r  .764**  .859**  .808** 1 -.087  .033 -.030 -.006 -.017 

Sig.  .000  .000  .000 .  .524  .809  .827  .965  .900 

           

RGIN 
r  .033  .023 -.268* -.087 1  .632**  .939**  .703**  .862** 

Sig.  .807  .865  .046  .524 .  .000  .000  .000  .000 

           

LGIN 
r  .095  .131 -.146  .033  .632** 1  .744**  .971**  .938** 

Sig.  .486  .336  .285  .809  .000 .  .000  .000  .000 

           

BET 

GIN 

r  .078  .072 -.222 -.030  .939**  .744** 1  .733**  .907** 

Sig.  .569  .599  .100  .827  .000  .000 .  .000  .000 

           

WRS 

GIN 

r  .068  .103 -.185 -.006  .703**  .971**  .733** 1  .951** 

Sig.  .620  .450  .172  .965  .000  .000  .000 .  .000 

           

BIN 

GIN 

r  .077  .096 -.215 -.017  .862**  .938**  .907**  .951** 1 

Sig.  .572  .481  .111  .900  .000  .000  .000  .000 . 

* = correlation is significant at the .05 level. 

** = correlation is significant at the .01 level. 

 

DIGFWD = forward digit span; DIGBAK = backward digit span; DIGORD = digit ordering; WM 

= composite working memory score; RGIN = Gaps-In-Noise threshold in right ear; LGIN = 

Gaps-In-Noise threshold in left ear; BETGIN = Gaps-In-Noise threshold in better ear; WRSGIN 

= Gaps-In-Noise threshold in worse ear; BINGIN = average Gaps-In-Noise threshold in right and 

left ears 
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Table 4-7.  Correlation matrix for HINT, HHIA/E, and audibility variables (N = 56). 

 

 
HINTQ HINTN 

HHI 

EMOT 
HHISOC HHITOT BETAI 

HINTQ 
r 1  .660**  .206  .375**  .302* -.858** 

Sig. .  .000  .128  .004  .024  .000 

        

HINTN 
r  .660** 1  .332*  .452**  .417** -.722** 

Sig.  .000 .  .012  .000  .001  .000 

        

HHI 

EMOT 

r  .206  .332* 1  .679**  .942**  -.231_ 

Sig.  .128  .012 .  .000  .000  .087 

        

HHISOC 
r  .375**  .452**  .679** 1  .886** -.448** 

Sig.  .004  .000  .000 .  .000  .001 

        

HHITOT 
r  .302*  .417**  .942**  .886** 1 -.351** 

Sig.  .024  .001  .000  .000 .  .008 

        

BETAI 
r -.858** -.722** -.231_ -.448** -.351** 1 

Sig.  .000  .000  .087  .001  .008 . 

* = correlation is significant at the .05 level. 

** = correlation is significant at the .01 level. 
 

HINTQ = HINT threshold in quiet; HINTN = HINT threshold in noise; HHIEMOT = 

HHIA/E Emotional subscale score; HHISOC = HHIA/E Social/Situational subscale 

score; HHITOT = HHIA/E total score; BETAI = Articulation Index score in the 

better ear 
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Table 4-8.  Correlation matrix for GIN and HHIA/E variables (N = 56). 

 

 
RGIN LGIN BETGIN 

WRS 

GIN 
BINGIN 

HHI 

EMOT 
HHISOC HHITOT 

RGIN 
r 1  .632**  .939**  .703**  .862**  .406**  .432**  .454** 

Sig. .  .000  .000  .000  .000  .002  .001  .000 

          

LGIN 
r  .632** 1  .744**  .971**  .938**  .295*  .297*  .322* 

Sig.  .000 .  .000  .000  .000  .027  .026  .015 

          

BET 

GIN 

r  .939**  .744** 1  .733**  .907**  .342**  .389**  .394** 

Sig.  .000  .000 .  .000  .000  .010  .003  .003 

          

WRS 

GIN 

r  .703**  .971**  .733** 1  .951**  .356**  .341*  .381** 

Sig.  .000  .000  .000 .  .000  .007  .010  .004 

          

BIN 

GIN 

r  .862**  .938**  .907**  .951** 1  .375**  .388**  .414** 

Sig.  .000  .000  .000  .000 .  .004  .003  .002 

          

HHI 

EMOT 

r  .406**  .295*  .342**  .356**  .375** 1  .679**  .942** 

Sig.  .002  .027  .010  .007  .004 .  .000  .000 

          

HHI 

SOC 

r  .432**  .297*  .389**  .341*  .388**  .679** 1 .886** 

Sig.  .001  .026  .003  .010  .003  .000 .  .000 

          

HHI 

TOT 

r  .454**  .322*  .394**  .381**  .414**  .942**  .886** 1 

Sig.  .000  .015  .003  .004  .002  .000  .000 . 

* = correlation is significant at the .05 level. 

** = correlation is significant at the .01 level. 
 

RGIN = Gaps-In-Noise threshold in right ear; LGIN = Gaps-In-Noise threshold in left ear; BETGIN 

= Gaps-In-Noise threshold in better ear; WRSGIN = Gaps-In-Noise threshold in worse ear; 

BINGIN = average Gaps-In-Noise threshold in right and left ears; HHIEMOT = HHIA/E Emotional 

subscale score; HHISOC = HHIA/E Social/Situational subscale score; HHITOT = HHIA/E total 

score 
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Table 4-9.  ANOVA table for comparison of male and female participant data on age, audibility, 

GIN, working memory, HINT, and HHIA/E variables. 

 Female (N = 39) Male (N = 17) ANOVA Results 

 Mean SD Mean SD F Sig. 

AGE 66.16   8.99 66.91 10.44   .074 .787 

RAI     .85     .18     .78     .19 1.342 .252 

LAI     .78     .25     .77     .18   .042 .839 

BETAI     .87     .16     .81     .18 1.228 .273 

WRSAI     .76     .26     .74     .18   .101 .752 

BINAI     .82     .19     .78     .18   .474 .494 

DIGFWD   8.13   2.13   8.00   2.10   .043 .836 

DIGBAK   6.92   2.23   6.35   1.69   .886 .351 

DIGORD 16.31   4.22 16.59   3.66   .057 .813 

WM     .08   2.58    -.18   2.11   .139 .711 

RGIN   7.56   2.14   7.71   1.93   .055 .815 

LGIN   8.33   2.77   8.47   3.63   .024 .877 

BETGIN   7.28   2.20   7.12   1.90   .072 .790 

WRSGIN   8.62   2.60   9.06   3.40   .284 .596 

BINGIN   7.95   2.25   8.09   2.50   .043 .837 

HINTQ 38.72   9.29 38.53   9.64   .005 .946 

HINTN 72.03   2.31 72.65   3.27   .664 .419 

HHIEMOT 11.08   9.85 10.24   8.97   .091 .764 

HHISOC 10.05   5.53 11.41   9.48   .455 .503 

HHITOT 21.13 14.16 21.65 17.48   .014 .907 

RAI = Articulation Index in right ear; LAI = Articulation Index in left ear; BETAI = 

Articulation Index in better ear; WRSAI = Articulation Index in the worse ear; BINAI = 

average binaural Articulation Index; DIGFWD = forward digit span; DIGBAK = 

backward digit span; DIGORD = digit ordering; WM = composite working memory 

score; RGIN = Gaps-In-Noise threshold in right ear; LGIN = Gaps-In-Noise threshold 

in left ear; BETGIN = Gaps-In-Noise threshold in better ear; WRSGIN = Gaps-In-

Noise threshold in worse ear; BINGIN = average Gaps-In-Noise threshold in right and 

left ears; HINTQ = HINT threshold in quiet; HINTN = HINT threshold in noise; 

HHIEMOT = HHIA/E Emotional subscale score; HHISOC = HHIA/E 

Social/Situational subscale score; HHITOT = HHIA/E total score 
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Table 4-10.  Mean audiometric data, separated by age group. 

Right Ear 

Age 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz 8 kHz PTA SRT WRS AI 

50 – 59   8.5   7.7   7.9   8.5 16.2 26.8   8.0   9.4 98.8 .95 

SD   6.8   5.9   5.6   9.0 13.6 16.8   5.6   6.1   2.7 .09 

           

60 – 69 10.0 11.1 11.1 16.6 29.7 47.4 12.9 13.4 95.1 .86 

SD   7.6   7.0   9.8 13.1 17.2 22.4   9.0 10.0   6.5 .16 

           

70 – 89 18.8 18.8 19.8 28.8 43.3 53.3 22.4 22.8 89.8 .68 

SD   9.7   7.9 11.6 15.3 17.9 18.3 10.2 10.5 14.2 .18 

 

Left Ear 

Age 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz 8 kHz PTA SRT WRS AI 

50 – 59   7.1 10.0   7.1   9.7 25.3 32.1   8.9 11.5 97.8 .92 

SD   5.9   6.4   5.9   7.6 12.8 17.5   5.7   7.2   4.0 .09 

           

60 – 69 12.9 13.7 14.5 18.2 36.1 46.3 15.4 15.0 95.7 .80 

SD 15.0 14.8 19.1 17.4 23.3 23.7 16.2 16.3   6.1 .24 

           

70 – 89 16.3 16.8 21.5 32.3 46.5 55.0 23.5 23.8 86.8 .64 

SD 10.8 14.9 16.3 19.2 19.7 15.9 15.4 15.6 18.2 .22 

PTA = pure tone average (500, 1 k, 2 kHz); SRT = speech reception threshold; WRS = word 

recognition score (in %); AI = articulation index 
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Table 4-11.  Comparison across participant age groups for descriptive factors, experimental measures, and dependent variables. 

 Age Male Female N 
DIG 

FWD 

DIG 

BAK 

DIG 

ORD 
RGIN LGIN 

HINT

Q 

HINT

N 

HHI 

EMOT 

HHI 

SOC 

HHI 

TOT 

50 – 59 56.0 6 11 17 8.5 7.5 18.5 6.8 6.7 31.9 71.3 10.2   7.2 17.4 

SD   3.1    2.1 2.2   3.2 1.4 1.6   4.1   1.8   9.9   5.0 13.7 

               

60 – 69 64.7 5 14 19 9.0 7.0 16.5 7.6 8.4 37.4 71.6   9.5   9.6 19.1 

SD   2.7    2.1 1.9   2.6 2.6 3.0   7.9   1.8   6.5   5.4 10.7 

               

70 – 89 76.9 6 14 20 7.0 5.9 14.5 8.3 9.9 45.6 73.5 12.6 14.1 26.7 

SD   4.8    1.6 2.0   4.9 1.8 3.3   9.2   3.4 11.6   8.1 18.5 

N = number of participants in group; DIGFWD = forward digit span; DIGBAK = backward digit span; DIGORD = digit ordering; 

RGIN = Gaps-In-Noise threshold in right ear; LGIN = Gaps-In-Noise threshold in left ear; HINTQ = Hearing In Noise Test 

threshold in quiet condition; HINTN = Hearing In Noise Test threshold in noise condition; HHIEMOT = Hearing Handicap 

Inventory for Adults / for the Elderly Emotional subscale score; HHISOC = Hearing Handicap Inventory for Adults / for the Elderly 

Social/Situational subscale score; HHITOT = Hearing Handicap Inventory for Adults / for the Elderly Emotional aggregate score 
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Table 4-12.  ANOVA table for comparison of participant data, grouped by age, on age, 

audibility, working memory, HINT, and HHIA/E variables. 

 
Age 50 – 59  

(N = 17) 

Age 60 – 69 

(N = 19) 

Age 70 – 89  

(N = 20) 
ANOVA Results 

 Mean SD Mean SD Mean SD F Sig. 

AGE 55.99   3.10 64.67   2.73 76.86  4.83 148.19 .000** 

RAI     .95     .09     .86     .16     .68    .18   16.09 .000** 

LAI     .92     .09     .80     .24     .64    .22     9.53 .000** 

BETAI     .96     .07     .89     .14     .71    .16   18.19 .000** 

WRSAI     .92     .10     .77     .24     .61    .22   10.51 .000** 

BINAI     .94     .08     .83     .16     .66    .18   15.94 .000** 

DIGFWD   8.47   2.10   8.95   2.10   6.95   1.64     5.62 .006** 

DIGBAK   7.47   2.15   7.00   1.89   5.90   2.00     3.03 .057 

DIGORD 18.53   3.17 16.47   2.57 14.50   4.94     5.34 .008** 

WM   1.06   2.34     .55   1.83  -1.42   2.42     6.64 .003** 

RGIN   6.76   1.44   7.63   2.59   8.30   1.75     2.71 .076 

LGIN   6.65   1.58   8.37   3.04   9.85   3.25     6.14 .004** 

BETGIN   6.29   1.40   7.26   2.66   8.00   1.72     3.30 .045* 

WRSGIN   7.12   1.50   8.74   2.83 10.15   3.08     6.22 .004** 

BINGIN   6.71   1.38   8.00   2.56   9.08   2.20     5.69 .006** 

HINTQ 31.91   4.08 37.35   7.88 45.64   9.18   15.79 .000** 

HINTN 71.32   1.80 71.63   1.74 73.54   3.38     4.55 .015* 

HHIEMOT 10.24   9.90   9.47   6.49 12.60 11.59      .56 .573 

HHISOC   7.18   4.95   9.58   5.44 14.10   8.07     5.68 .006** 

HHITOT 17.41 13.73 19.05 10.65 26.70 18.53     2.14 .127 

* = difference is significant at the .05 level. 

** = difference is significant at the .01 level. 
 

RAI = Articulation Index in right ear; LAI = Articulation Index in left ear; BETAI = Articulation Index in 

better ear; WRSAI = Articulation Index in the worse ear; BINAI = average binaural Articulation Index; 

DIGFWD = forward digit span; DIGBAK = backward digit span; DIGORD = digit ordering; WM = 

composite working memory score; RGIN = Gaps-In-Noise threshold in right ear; LGIN = Gaps-In-Noise 

threshold in left ear; BETGIN = Gaps-In-Noise threshold in better ear; WRSGIN = Gaps-In-Noise 

threshold in worse ear; BINGIN = average Gaps-In-Noise threshold in right and left ears; HINTQ = HINT 

threshold in quiet; HINTN = HINT threshold in noise; HHIEMOT = HHIA/E Emotional subscale score; 

HHISOC = HHIA/E Social/Situational subscale score; HHITOT = HHIA/E total score 
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Table 4-13.  Mean audiometric data, separated by hearing loss group. 

Right Ear 

 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz 8 kHz PTA SRT WRS AI 

Group 1   7.3   7.1   6.3   7.5 13.5 29.2   6.9   7.3 98.7 .99 

   6.6   5.3   4.2   6.4   7.9 13.8   3.9   5.5   2.6 .03 

Group 2 16.7 17.0 18.4 26.7 49.4 66.4 20.7 21.7 91.1 .71 

   9.0   7.7 11.0 14.7 16.8 25.4   9.9   9.3 12.1 .16 

 

Left Ear 

 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz 8 kHz PTA SRT WRS AI 

Group 1   8.5 10.8   9.2 10.4 21.9 29.6 10.1 11.9 98.0 .92 

 12.1 13.0 16.1 14.4 15.2 16.4 14.0 15.0   4.6 .20 

Group 2 15.2 15.8 18.9 28.3 52.8 67.5 21.0 20.9 89.5 .68 

 10.8 12.7 14.9 17.1 15.2 20.9 13.4 13.3 15.1 .19 

PTA = pure tone average (500, 1 k, 2 kHz); SRT = speech reception threshold; WRS = 

word recognition score (in %); AI = articulation index 
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Table 4-14.   Comparison across participants, grouped by hearing loss (Group 1:  BETAI ≥ .98; Group 2:  BETAI < .98) on descriptive 

factors, experimental measures, and dependent variables. 

 Age Male Female N 
DIG 

FWD 

DIG 

BAK 

DIG 

ORD 
RGIN LGIN 

HINT

Q 

HINT

N 

HHI 

EMOT 

HHI 

SOC 

HHI 

TOT 

Group 

1 
59.4 5 19 24 8.4 6.9 17.4 6.6 7.1 31.2 71.0   9.5   7.8 17.3 

SD   5.6    2.3 2.2   3.6 1.3 2.2   3.7   1.4   8.8   4.8 12.1 

               

Group 

2 
71.6 12 20 30 7.8 6.6 15.6 8.3 9.3 44.2 73.1 11.8 12.4 24.3 

SD   8.2    1.9 2.0   4.3 2.2 3.3   8.3   3.0 10.0   7.6 16.6 

               

N = number of participants in group; DIGFWD = forward digit span; DIGBAK = backward digit span; DIGORD = digit ordering; RGIN = Gaps-

In-Noise threshold in right ear; LGIN = Gaps-In-Noise threshold in left ear; HINTQ = Hearing In Noise Test threshold in quiet condition; HINTN 

= Hearing In Noise Test threshold in noise condition; HHIEMOT = Hearing Handicap Inventory for Adults / for the Elderly Emotional subscale 

score; HHISOC = Hearing Handicap Inventory for Adults / for the Elderly Social/Situational subscale score; HHITOT = Hearing Handicap 

Inventory for Adults / for the Elderly Emotional aggregate score 
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Table 4-15.  ANOVA table for comparison of participant data, grouped by hearing loss (Group 

1:  BETAI ≥ .98; Group 2:  BETAI < .98), on age, audibility, GIN, working memory, 

HINT, and HHIA/E scale scores. 

 Group 1 (N = 24) Group 2 (N = 30) ANOVA Results 

 Mean SD Mean SD F Sig. 

AGE 59.43   5.61 71.60   8.16 39.35 .000** 

RAI     .99     .03     .71     .16 75.42 .000** 

LAI     .92     .20     .68     .19 21.40 .000** 

BETAI   1.00     .01     .74     .14 82.49 .000** 

WRSAI     .91     .20     .64     .19 25.17 .000** 

BINAI     .95     .10     .69     .16 51.33 .000** 

DIGFWD   8.42   2.30   7.84   1.94   1.02 .317 

DIGBAK   6.92   2.17   6.63   2.04     .27 .609 

DIGORD 17.38   3.56 15.66   4.25   2.57 .115 

WM  - .36   2.39     .48   2.46   1.66 .204 

RGIN   6.62   1.28   8.34   2.24 11.35 .001** 

LGIN   7.12   2.15   9.31   3.26   8.14 .006** 

BETGIN   6.17   1.05   8.03   2.34 13.25 .001** 

WRSGIN   9.63   3.06   7.58   2.06   7.97 .007** 

BINGIN   6.88   1.35   8.83   2.52 11.80 .001** 

HINTQ 31.24   3.68 44.23   8.31 51.01 .000** 

HINTN 71.03   1.44 73.11   2.96 10.02 .003** 

HHIEMOT   9.50   8.81 11.81 10.04     .81 .373 

HHISOC   7.83   4.79 12.44   7.63   6.73 .012* 

HHITOT 17.33 12.07 24.25 16.57   2.99 .090 

* = correlation is significant at the .05 level. 

** = correlation is significant at the .01 level. 
 

RAI = Articulation Index in right ear; LAI = Articulation Index in left ear; BETAI = 

Articulation Index in better ear; WRSAI = Articulation Index in the worse ear; BINAI = 

average binaural Articulation Index; DIGFWD = forward digit span; DIGBAK = backward digit 

span; DIGORD = digit ordering; WM = composite working memory score; RGIN = Gaps-In-

Noise threshold in right ear; LGIN = Gaps-In-Noise threshold in left ear; BETGIN = Gaps-In-

Noise threshold in better ear; WRSGIN = Gaps-In-Noise threshold in worse ear; BINGIN = 

average Gaps-In-Noise threshold in right and left ears; HINTQ = HINT threshold in quiet; 

HINTN = HINT threshold in noise; HHIEMOT = HHIA/E Emotional subscale score; HHISOC 

= HHIA/E Social/Situational subscale score; HHITOT = HHIA/E total score 
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Figure 4-1.  Distribution of distortion-product otoacoustic emissions results within low, middle, 

and high frequency ranges. 
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Figure 4-2.  Mean audiogram with standard deviation bars. 
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Figure 4-3.  Comparison of Gaps-In-Noise test thresholds between right and left ears. 
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Figure 4-4.  Comparison of participant mean Gaps-In-Noise threshold values (with standard 

deviation bars) to normative data collected by Musiek et al (2005) on 50 subjects (age 

13 to 46 years). 
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Figure 4-5.  Mean audiogram for participants age 50-59 (N = 17). 
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Figure 4-6.  Mean audiogram for participants age 60-69 (N = 19). 
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Figure 4-7.  Mean audiogram for participants age 70-89 (N = 20). 
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Figure 4-8.  Mean audiogram for HL Group 1 (BETAI ≥ .98) (N = 24). 
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Figure 4-9.  Mean audiogram for HL Group 2 (BETAI < .98) (N = 32). 
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CHAPTER 5 

DISCUSSION 

The inability of the standard audiometric test battery to account well for speech perception 

ability in difficult listening situations and self-reported hearing handicap is well-known.  

Audiologists commonly encounter patients whose hearing problems are not well explained by 

the audiogram, or for whom certain listening situations are more difficult than would be expected 

based on measurable loss of hearing.  Two patients evaluated by the same audiologist, and with 

similar audiometric profiles, may report and experience everyday listening difficulties that are 

quite different in nature and in severity.  Without appropriate test criteria to distinguish these 

difficulties, the audiologist may manage both patients similarly. The outcome for each patient 

may, however, vary substantially.  

It is likely that both audiologic and non-audiologic factors contribute to hearing handicap 

and success with rehabilitation.  An audiologist may be able to identify some of the differences 

among patients using good, sensitive tests of complex auditory capabilities.  However, factors 

that are not dependent on hearing status (such as attention and memory are generally) may be 

more difficult to measure.  In addition, the influence of both audiologic and non-audiologic 

factors may be very different from person to person.  A construction foreman whose job requires 

him to communicate in very noisy situations may rely heavily on his eyesight to compensate for 

his hearing loss by speechreading.  A receptionist at a busy law practice may depend on attention 

and working memory to listen and take messages rapidly on the phone.  An elderly retiree might 

have severe difficulty keeping up in evening conversations with her husband due to her inability 

to focus on a single speech signal in the presence of auditory and visual distractions from the 

television. 
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To what degree can an audiologist account for the uniqueness of each of his or her 

patients’ listening difficulties and needs?  While it is unreasonable to expect the audiologist to 

account for all individual variations using any combination of tests or questionnaires, there is 

certainly room for improvement over standard clinical methods by examining factors that are not 

tested in the typical clinical battery.  The present investigation examined the roles of two of these 

potential factors, auditory temporal resolution and working memory capacity, in prediction of 

speech perception performance and self-reported hearing handicap.  Previous investigations had 

suggested that both of these factors may explain part of the variance in speech perception 

performance which is not accounted for by loss of hearing sensitivity.   

In this investigation, both factors were tested using clinically-applicable measures.  That is, 

each measure could be added easily to a clinical audiologic test battery with minimal additional 

training to the audiologist or costly equipment.  The fundamental aim of this study was to 

determine whether the GIN test and a simple working memory battery could replicate or 

approximate the explanatory value of the factors shown in previous studies using more complex 

testing.  If so, these simple tests might be valuable tools both for audiologic diagnosis and 

rehabilitation planning.   

Sampling Method 

Fifty-six community-dwelling adults age 50 to 89 who were aware of a hearing problem 

served as participants.  This group represented a fairly unselected sample of upper-middle-aged 

and older adults with a range of hearing losses.  The mean audiogram (Figure 4-2) shows that, on 

average, this group had a generally symmetrical moderate sloping hearing loss bilaterally, with 

substantial variance within the group.  The hearing loss profile for participants in the 

investigation was representative of an older adult population.  Unlike most previous studies of 

hearing impairment and hearing handicap, the sample in the present investigation was not taken 
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from a clinical population. Perhaps for this reason, participants had better hearing thresholds and 

less evidence of auditory dysfunction than patients in a typical clinic population.  

Many similar studies examining the role of suprathreshold factors or set of factors in 

hearing function employ a group comparison design.  Usually the groups consist of a ―young‖ 

group and an ―old‖ group, often with narrow and widely-separated age ranges.  For example, as 

cited several times in this dissertation, Humes and Floyd (2005) studied the role of working 

memory in speech perception.  Subjects were a group of 12 ―young normal-hearing‖ adults, age 

21 or 22 years, and a group of 24 ―elderly hearing-impaired‖ adults, age 62 to 86 years.  Humes 

and Floyd’s design, that is, comparing very disparate groups (in this case, groups mismatched in 

terms of size, gender makeup, age, width of age range, and hearing status), enhances detection of 

group differences.  With the two-group design, however, it is difficult to determine which factors 

contribute contributing to the easily-detected differences since the groups differ along so many 

dimensions. 

In contrast, in the present study data were examined for a single group with age treated as a 

continuous variable.  All participants were within a relatively limited range of approximately 39 

years, spanning late-middle and old age.  This strategy allowed for analysis of change in hearing 

sensitivity, auditory temporal resolution, and working memory within a period when deficits in 

all of these abilities are known to appear. 

Using a single group sample and treating age as a continuous variable has one immediate 

disadvantage.  Unless hearing loss and age are independent in the sample, the influences of these 

variables can be difficult to separate. Hearing loss and age are actually correlated in most 

populations, including an unselected volunteer group.  As a result, variable interactions may be 

hard to detect or obscured completely.  Using statistical controls for hearing loss and/or age, 
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rather than grouping a sample categorically, can reveal changes or trends across a continuous 

range of ages or increments of hearing loss.  This data analysis method also allows for 

examination of the way variable associations change across age ranges, for example, determining 

whether the association between speech perception and audibility is comparable for individuals 

in their 50s as it is for individuals in their 70s and 80s. 

Gaps-in-Noise (GIN) Test Findings 

Results of GIN testing were consistent with previous studies finding that individuals with 

serious hearing loss (lower AI scores) demonstrate significantly longer gap detection thresholds 

(higher GIN thresholds) than individuals with little or no hearing loss (Arlinger & Dryselius, 

1990; Buus & Florentine, 1985; Madden & Feth, 1992; Moore et al, 1989).  Similar to findings 

of most auditory temporal resolution studies, in the present study declining temporal resolution 

ability was associated with decreased hearing, but much of the variance in temporal resolution 

ability was unexplained by hearing sensitivity.  Monaural audibility measures accounted for 

about 26% of the variance in temporal resolution ability in the right ear and 41% in the left ear.  

The apparent independence of GIN threshold and age, with hearing loss controlled, was also 

consistent with previous research (e.g., He et al, 1999). 

Importantly, analysis of the GIN test data revealed that more than 70% of the participant 

group (40 of 56) demonstrated temporal thresholds outside of the normative range in at least one 

ear.  Of these 40 participants, 19 had worse-ear GIN thresholds of 8 ms, the gap iteration just 

above the 7 ms norm (Musiek et al, 2005).  Gap lengths evaluated with the GIN test are 2, 3, 4, 

5, 6, 8, 10, 12, 15, and 20 ms.  There is no 7 ms gap.  The omission of the 7 ms gap increment 

leaves open the possibility that individuals with borderline-normal temporal resolution might be 

classified as abnormal.  For example, in this investigation participant #2 correctly identified 6 ms 

gaps two out of six times (33%) and 8 ms gaps five out of six times (83%) in his right ear.  
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According to scoring criteria for the GIN test, this participant’s threshold of 8 ms is outside of 

the normal range.  However, his ability to identify correctly some gaps at 6 ms indicates that his 

actual gap threshold may be closer to 7 ms and, according to the normative criterion, within 

normal limits.  It appears, therefore, that the current version of the GIN needs to be revised to 

test gaps closer to the normative cutoff if it is to be used as a diagnostic tool. 

The high percentage of participants with GIN thresholds outside of the 7 ms cutoff 

suggests that the normative data published by Musiek et al may not be appropriate for adults 

above age 50 or for adults with SNHL.  As of this writing, no GIN test normative data have been 

published for individuals in the age range recruited for this investigation or for any other sample 

of older adults.  The youngest participant recruited, at 50 years, 1 month of age, was still four 

years older than the oldest participant in the normative group.  Perhaps more importantly, no 

normative data have been published for individuals with confirmed SNHL.  As noted above, it 

appears that the elevated GIN thresholds in this sample are a result of hearing loss and not of 

age.  However, no firm conclusion can be drawn from these data because, in comparison to the 

normative subject sample (Musiek et al, 2005), the sample in the present study had greater 

hearing loss and was older. 

As expected based on the recruitment criteria (individuals who believed they had a hearing 

problem), few participants presented with audiometrically-normal hearing.  In all, six 

participants’ right ears and six left ears in the had pure-tone sensitivity at 20 dB HL or better at 

all frequencies.  The average GIN thresholds for these ―normal‖ ears (mean age 55.1) were 6.2 

ms on the right (mean age 55.1), and 5.8 ms on the left (mean age 58.8).  These data, although 

clearly limited, suggest that the average elevation in GIN threshold in the whole sample is 

primarily a function of hearing loss.  However, mean gap thresholds for these individual ears 
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with ―normal‖ hearing were still elevated compared to the normative averages of 4.9 and 4.8 ms, 

suggesting the possibility of a small age effect.  Further study is needed to separate the effects of 

age and hearing loss on GIN threshold.  Larger samples of age-matched groups with varying 

levels of hearing loss, or hearing-loss-matched groups differing in age, might provide insight into 

the role of each factor. 

Age- and hearing-loss-appropriate normative criteria are needed for the GIN test.  The 

number of participants who would be classified abnormal under the original norms is quite 

high—over 70% of a group of a non-clinical population.  In fact, no participant had GIN 

threshold in either ear better than 5 ms, which is marginally above the average thresholds seen in 

the normative group.  A second indication of a need for expanded normative data is the finding 

of an apparent age-related left-ear disadvantage on the GIN.  This increase is most apparent in 

Table 4.12, where right- and left-ear differences in hearing sensitivity (RAI vs. LAI) and GIN 

threshold (RGIN vs. LGIN) are displayed for groups of participants in their 50s (Group 1), 60s 

(Group 2), and 70s and 80s (Group 3).  Left-ear GIN threshold showed a more rapid decline with 

age than did right-ear threshold:  Inter-ear differences were 0.11 ms in Group 1, 0.64 in Group 2, 

and 1.55 in Group 3.  While the inter-ear difference in GIN threshold was significant only 

between Group 2 and Group 3, an increase in asymmetry is evident across the age range of the 

sample.  This increase in asymmetry is apparently unrelated to audibility:  the inter-ear 

difference in AI was stable and did not change significantly between groups.  If this ear 

asymmetry is seen consistently in future GIN investigations, development of both clinical norms 

that are both age-appropriate and ear-appropriate would be indicated. 

Asymmetry favoring the right ear is common in hearing studies on older adults.  Research 

confirms enhanced function for the right ear, i.e., a left-ear disadvantage, in aging for selected 
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measures of hearing including hearing sensitivity (Kannan and Lipscomb, 1974), otoacoustic 

emissions (Khalfa, Morlet, Michey, Morgon, & Collet, 1997), and dichotic speech perception 

(Bellis & Wilber, 2001; Jerger et al, 1994; Musiek, Wilson, & Pinheiro, 1979).  One explanation 

offered for auditory asymmetry is noise exposure.  Examples of unbalanced noise exposures 

include rifle shooting, which, for right-handed individuals, places the left ear closer to the barrel 

than the right ear, or driving a car with the window down, where the left ear is closer to the 

window and thus more susceptible to wind noise.  However, asymmetry in auditory abilities 

within and beyond the peripheral hearing system can not always be explained by noise exposure.  

Numerous studies have identified a left-ear disadvantage in dichotic listening that increases with 

age even when controlling for changes in hearing sensitivity (Bellis & Wilber, 2001; Clark & 

Knowles, 1973; Jerger & Jordan, 1992; Jerger et al, 1990; Jerger et al, 1994; Johnson, Cole, 

Bowers, Foiles, Nikaido, Patrick, & Wolliver, 1979). 

Auditory system asymmetry is likely related to physiological changes with age that affect 

the right and left auditory structures and pathways unequally.  One hypothesis to explain 

auditory asymmetry is that the right ear’s connection to the left hemisphere of the brain, where 

for most individuals the centers for language and verbal processing are found, provides that ear 

with privileged access to speech-perception resources (Jerger et al, 1994).  Moreover, neuro-

imaging studies show greater atrophy in the right cerebral hemisphere (to which the left ear has 

superior access) compared to the left hemisphere (to which the right ear has access) (Goldstein & 

Shelly, 1981; Levy-Agresti & Sperry, 1968).   

Deterioration in function of the corpus callosum in older adults may also affect auditory 

pathways by reducing inter-hemispheric communication (Duffy, McAnulty, & Albert, 1996; 

Goldstein & Braun, 1974; Hellige, 1993; Jerger et al, 1994).  This deterioration can reduce the 
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efficiency of left-ear auditory pathways, which decussate at the level of the brainstem and then 

must pass through the pathways of the corpus callosum to reach the left-hemisphere auditory 

processing centers.   

The increasing asymmetry seen on the GIN test in the present investigation may be related 

to physiological changes that affect the right and left auditory pathways differently.  Most of the 

previous studies using gap detection paradigms have focused on a single-number, binaural 

measure of temporal resolution ability.  It is likely that, in these studies, only the best ear is 

responding, making ear differences undetectable.  Further research is needed to confirm and 

explain the apparent asymmetrical aging of gap detection ability. 

Working Memory Findings 

Performance on all working memory tasks declined with age, consistent with much of the 

previous literature on memory and aging (Carpenter et al, 1994; Hultsch et al, 1992; Salthouse, 

1991; Wingfield et al, 1988).  Interestingly, the rate of change for each working memory task 

was different within the range of this age sample.  For example, age sub-group comparison 

showed significant declines in forward digit span ability only from the seventh decade on; that is, 

no performance difference between participants in their 50s and participants in their 60s.  Digit 

ordering ability, by contrast, declined between the sixth and seventh decades, but not afterward.  

Some recent working memory studies have similarly shown different age-related decline patterns 

among working memory measures (Meguro, Fujii, Yamadori, Tsukiura, Suzuki, Okuda, & 

Osaka, 2000; Parente, de Taussik, Ferreira, and Kristensen, 2005).  Inconsistencies in age effects 

may be explained by differences in the cognitive abilities accessed for different working memory 

tasks.  Declines in digit span ability late in the aging process are likely to be related to loss of 

short-term memory capacity (Palladino & De Beni, 1999).  Digit ordering, which requires more 

manipulation of information than do digit span tasks, may be more sensitive to declines in 
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executive function, one of the earliest cognitive processes to show changes with aging (Fisk & 

Sharp, 2004; Meguro et al, 2000).  The varying patterns of age-related change are notable in that 

they suggest that the method of combining the three measures into a single working memory 

score may have helped to balance these differing age effects across the sample. 

One concern in designing the present investigation was the possible collinearity among the 

predictor variables of audibility, temporal resolution, and working memory.  While an 

association between temporal resolution ability and hearing loss was anticipated (as described 

above), no association was expected between working memory and either audibility or temporal 

resolution.  When controlling for age, there was no correlation between hearing loss and working 

memory change.  Previous research has also found independence between hearing status and 

working memory when memory testing is conducted at an audible level (Gordon-Salant & 

Fitzgibbons, 2001; Lyxell et al, 2004).   

All temporal resolution variables were independent of working memory variables when 

age was controlled.  The lack of association among the predictors confirms that the GIN and 

digit tasks accessed different abilities, and that testing their partial correlation with a separate 

independent variable should not be confounded by any spurious collinearity, (e.g., correlation of 

both variables with overall intelligence).   

A review of the literature was conducted to identify reported relations among temporal 

resolution and working memory variables.  Three articles, all from a single research group, 

described ―temporal resolution of auditory perception‖ and verbal working memory in children 

with language impairment (Fernell, Norrelgen, Bozkurt, Hellberg, & Löwing, 2002; Norrelgen, 

Lacerda, & Forssberg, 2001, 2002).  Like the present study design, each of these investigations 

tested the separate predictive ability of a temporal resolution task and a working memory task on 
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speech perception.  None of the three articles published by Norrelgen and colleagues reported 

any association among these predictor variables, supporting the finding of the present 

investigation that temporal resolution and working memory measures are independent. 

Speech Perception 

The association between audibility and speech perception in the present investigation was 

remarkably consistent with the results of previous studies.  In the quiet test condition, audibility 

(as measured by the better-ear AI) accounted for about 72% of the variance in HINT threshold.  

The strength of this correlation was consistent with previous speech perception research (Divenyi 

& Haupt, 1997; Glasberg & Moore, 1989; Humes et al, 1994; Plomp & Mimpen, 1979).  In a 

slightly older age group (63 to 83), Humes and colleagues (1994) found that audibility accounted 

for between 70 and 75% of the variance on a series of speech recognition tasks.   

In the noise condition, audibility explained about 52% of the variance in HINT threshold.  

Other speech perception studies also found that loss of hearing sensitivity explains about half of 

the variance in speech perception in some noisy environments (Crandell, 1991; Middelweerd et 

al, 1990; Smoorenburg, 1992).  Participants in the present investigation required a signal-to-

noise ratio (SNR) of 3.7 to 16.7 dB (mean = 7.2) for perception of the HINT sentences in noise.  

Previous research has indicated that listeners with sensorineural hearing loss, the type of hearing 

loss demonstrated by the individuals participating in this study, require SNRs from about 4 to 12 

dB for speech perception (Crandell & Smaldino, 2002; Killion, 1997; Moore, 1997). 

When hearing sensitivity was statistically controlled for the full participant sample, none of 

the temporal resolution or working memory predictor variables accounted for additional variance 

in HINT threshold (in quiet or in noise).  The absence of an association was confirmed when the 

participant sample was separated into two groups by audiometric hearing status, as well as when 

the sample was divided into age groups, with one exception.  When the oldest participant group 
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(age 70 to 89 years) was analyzed separately, binaural average GIN threshold was a significant 

partial predictor of HINT threshold in the quiet condition only.  That is, temporal resolution 

ability explained an additional 12% of the variance in speech perception above the 62% 

explained by hearing sensitivity.   

The overall lack of association between HINT and GIN variables suggests that the GIN 

does not significantly contribute to prediction of HINT threshold, except for a modest 

explanatory contribution for the oldest participants examined.  Because previous research 

indicated an association between temporal resolution and speech perception in noise, a partial 

correlation between GIN threshold and HINTN was anticipated in the present study.  However, 

other investigations also have found weak or no correlations between temporal processing and 

speech perception when hearing sensitivity was controlled (Dubno & Dirks, 1990; Festen & 

Plomp, 1983; Snell & Frisina, 2000; Strouse et al, 1998; van Rooij & Plomp, 1991).  While it 

seems likely that auditory temporal resolution ability is a factor for certain populations when 

listening in difficult environments, the present investigation produced little evidence of such an 

association. 

As noted in the review of literature, previous attempts to find an association between 

working memory and difficult speech perception have produced widely varying results (Gordon-

Salant & Fitzgibbons, 1997; Humes & Floyd, 2005; Lunner, 2003; Pichora-Fuller & Singh, 

2006; Pichora-Fuller et al, 1995; Tun et al, 1991; Vaughan et al, 2006).  A correlation between 

working memory and HINT threshold was cautiously anticipated, but the conflicting findings in 

the cited studies made this association far from certain.  As with temporal resolution ability, the 

present investigation produced no evidence of any role for working memory in speech 

perception. 
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Analyses of the data set by age group revealed changing regression models from group to 

group. The age related changes suggest that the degree to which speech perception performance 

can be predicted by audibility (or any other predictor variable) is different for adults in their 

sixth, seventh, and eighth decade, and above.  In fact, for the youngest participants (age 50 to 59 

years), HINT thresholds in noise could not be predicted at all using audibility, temporal 

resolution, or working memory variables.  Audibility increased in strength as a predictor of 

HINT scores as mean group age increased.  For speech perception testing in quiet, the correlation 

between HINT threshold in quiet and audibility was .50 for participants in their fifties and .81 for 

participants in their sixties.  The group of participants in their seventies and eighties showed a 

correlation of .86 between HINT threshold in quiet and a combination of audibility and temporal 

resolution threshold.   

For speech perception testing in noise, the correlation between HINT threshold and 

audibility was not significant for participants in their fifties (0.10) but was significant for 

participants in their sixties (0.47), and for participants in their seventies and eighties (0.90).  A 

clear trend is evident in these data:  the role of audibility in speech perception performance, both 

in quiet and in noise, increased with age. 

Notably, age was not significantly correlated with speech perception performance in quiet 

or in noise when hearing sensitivity was controlled.  This was a somewhat surprising finding 

given that many other speech perception investigations found an effect of age for listening in 

noisy or otherwise difficult environments.  However, in some of the other studies examining the 

role of age in speech perception, comparisons were made between groups of listeners chosen as 

―young,‖ usually defined as between ages 18 and 40 years (if not younger), and ―old,‖ usually 

defined as over age 60 or 65 years.  For example, Divenyi and Haupt (1997) compared a 
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―young‖ group aged 18 to 30 years to an ―old‖ group aged 60 to 81 years.  Snell (1997) 

compared two groups with age ranges of 17 to 40 and 64 to 77 years.  It is possible that age 

effects are only detectable when comparing such disparate age groups, and that age effects are 

minimized when data are compared within a group of older adults.  Treating age as a continuous 

variable within a narrow age range, as in the present investigation, may obscure these effects.  In 

all likelihood, age influences speech perception performance, particularly in difficult listening 

situations.  

Hearing Handicap 

Not surprisingly, none of the predictor variables predicted self-reported hearing handicap 

well.  Both age and audibility were significantly, albeit weakly, correlated with HHIA/E total 

score and Social/Situational subscale score, but not correlated with Emotional subscale score.  

The associations among age and Social/Situational measures were quite weak, explaining only 

11 to 24% of the variance in HHIA/E scores.  Diminished hearing sensitivity (lower AI) was 

associated with increased hearing handicap (higher HHIA/E score), as would be expected.  

However, as with age, the relationship was weak, with audibility accounting for 12 to 20% of the 

variance in hearing handicap score.  In fact, there was no difference in HHIA/E Emotional 

subscale or total score when comparing audiometrically normal participants with those having a 

hearing loss.  The absence of an association suggests that the emotional impact of hearing loss on 

the individual is so variable that it can not even be distinguished between individuals with and 

without clinically-significant hearing loss. 

When controlling for hearing sensitivity, the correlation between HHIA/E score and age 

disappeared, indicating that the association between objective and subjective measures of hearing 

loss was similar for younger and older participants.  Notably, the correlations between age and 

HHIA/E score and between audibility and HHIA/E score were almost identical in strength.  In 
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other words, a clinical audiologist would appear to have just as much success in predicting a 

patient’s self-perceived hearing difficulty after asking that patient’s age as he/she would after 

conducting an audiometric examination.   

Within this group of adults, there was no evidence that older participants reported a greater 

social or emotional impact of hearing loss than younger (late-middle-aged) participants.  

Previous studies have yielded varying results on the relationship of age to hearing self-report.  

Some researchers found that older adults report more disabling effects of hearing loss than 

younger individuals with similar audiograms (e.g. Lutman et al, 1987), whereas in other studies 

older adults tended to underrate their hearing difficulties in comparison to the ratings of hearing 

difficulties by younger adults (e.g. Gordon-Salant & Fitzgibbons, 1994).  Data from the present 

investigation suggest that the association between hearing loss and hearing handicap is stable 

above age 50. 

Overall, audiometric hearing sensitivity only weakly predicted the situational and social 

impact of hearing loss, and did not predict the emotional consequence of the hearing loss.  Early 

validation studies of the HHIE confirmed that hearing sensitivity only explained about half of the 

variance in HHIE total score (Weinstein & Ventry, 1983).  Low correlations between objective 

and subjective measures of hearing loss, as found in the present investigation, are common in 

studies of hearing (Brainerd & Frankel, 1985; Matthews et al, 1990; McKenna, 1993; Newman 

et al, 1997). 

The well-established disconnect between audiometric hearing status and hearing handicap 

by self-report may be related to the weak association between hearing sensitivity and speech 

perception in the presence of noise or other distortion.  Difficulty when listening in noisy and 

reverberant environments is the most common complaint from individuals reporting a hearing 
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loss (CHABA, 1988; Kim et al, 2005; Koehnke & Besing, 2001).  Speech perception problems 

are particularly common in older adults.  Older adults demonstrate disproportionately more 

difficulty listening in noisy environments when compared to younger adults with similar degrees 

and configurations of hearing loss (Pichora-Fuller & Souza, 2003; Souza et al, 2000; Tun et al, 

2002).    

In the present investigation, HINT threshold in noise was more closely related to HHIA/E 

score than were HINT threshold in quiet or audibility.  That is, speech perception in noise was a 

better predictor of hearing handicap than hearing sensitivity or speech perception in quiet.  This 

important finding supports the contention that speech perception in noise is a primary factor in 

individuals’ perception of their hearing loss.  Moreover, audiologists should routinely include 

speech perception in noise measures, such as the HINT, in a clinical test battery, particularly for 

adults who may be candidates for hearing aids.   

Hearing handicap score was weakly correlated with measures of auditory function.  

Temporal resolution threshold accounted for about 14% of the variance in HHIA/E Emotional 

subscale score and about 17% of the variance in total score.  Audibility accounted for about 20% 

of the variance in Social/Situational subscale score.  Both GIN threshold and hearing sensitivity 

were less closely associated with HHIA/E scores than the HINT threshold in noise. 

The finding that GIN threshold was a better predictor than audibility for HHIA/E 

Emotional subscale and total scores was unexpected.  One possible explanation is that HHIA/E 

scores may have been particularly influenced by participants’ impressions of their own ability to 

perceive speech in background noise, which has been shown to be related to temporal resolution 

(Glasberg & Moore, 1989; Glasberg et al, 1987; Irwin & McAuley, 1987; Snell et al, 2002; Tyler 

et al, 1982).  Several of the questions on the HHIA/E ask either directly or indirectly about 
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listening in the presence of other talkers (i.e., ―Does a hearing problem cause you to avoid 

groups of people?;‖ ―Does a hearing problem cause you difficulty when attending a party?‖).  

Hearing loss accompanied by loss of temporal resolution ability is particularly detrimental to 

speech perception in the presence of fluctuating noise, such as many voices speaking 

simultaneously (Gustafsson & Arlinger, 1994; Hygge, Rönnberg, Larsby, & Arlinger, 1992).   

The Emotional subscale of the HHIA/E was significantly correlated with GIN threshold 

and with HINT threshold in noise but not with audibility or HINT threshold in quiet.  Emotional 

subscale items are framed to reflect the way the individual feels about his or her hearing 

problems.  Many of these questions ask whether certain situations make the answerer feel 

irritable, embarrassed, nervous or frustrated (i.e. ―Does a hearing problem cause you to feel left 

out when you are with a group of people?‖).  Participants may experience these emotions most 

when listening in noisy situations or when many people are speaking at once.  Therefore, the 

emotional impact of hearing loss may be most salient for listening in noise. 

Limitations 

Lack of variance in HINT thresholds in the noise condition in the present investigation 

may have obscured some variable relations, specifically the influence of temporal resolution on 

speech perception ability.  The standard deviation for thresholds in the noise condition was only 

2.6 dB, compared to 9.3 dB in the quiet condition.  It is not surprising that HINT threshold was 

more invariant when in noise than in quiet.  In the quiet condition, HINT threshold was closely 

related to hearing sensitivity, and hearing sensitivity was highly variable among participants in 

the present investigation.  However, the HINT presentation level in noise was well above hearing 

threshold.  In order to be audible to a participant in the present investigation, with or without 

hearing loss, the speech stimulus needed to be presented at the intensity level of the noise (65 dB 

SPL) or higher.  Average HINT threshold in noise in this investigation was 72.2 dB SPL.  At this 
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intensity level, without the noise competition, the sentences were clearly audible to almost all of 

the participants.  Thus, elevation of HINT threshold was presumably due to some interference 

effect from the noise, and not a function of the audibility of the sentences.  However, because 

thresholds in noise fell in a very narrow range, an interference effect may have been obscured. 

In addition, using the steady-state HINT competition noise rather than a modulated masker 

may have contributed to threshold invariance.  Several speech perception studies have noted an 

increase in temporal resolution effects when the intensity of the competing noise is modulated, 

either using some fixed modulation rate or by employing a multi-talker noise that contains 

random fluctuations in intensity (Bacon et al, 1998; Dubno, Horwitz, & Ahlstrom, 2002; 

Eisenberg, Dirks, & Bell, 1995; Festen & Plomp, 1990; Glasberg et al, 1987; Gustafsson & 

Arlinger, 1994; Howard-Jones & Rosen, 1993; Jin & Nelson, 2006; Miller & Licklider, 1950; 

Nelson & Freyman, 1987).  Individuals who have normal hearing and normal temporal 

resolution are able to take advantage of ―troughs‖ (periods of lowest intensity and therefore least 

masking) in background noise.  These periods of low intensity are common when listening to 

several people who are speaking at once.  Individuals with hearing loss and impaired temporal 

resolution lose the ability to take advantage of these modulations and do not show speech 

perception improvement when modulated and steady noises are compared (Bronkhorst & Plomp, 

1990; Jin & Nelson, 2006; Middelweerd et al, 1990).  It is possible that temporal resolution 

differences within this sample of adults with hearing loss were obscured by the use of the 

standard HINT competition, which remains at a constant intensity throughout testing.  A 

modulated competition noise, such as a multi-talker babble or a modified version of the HINT 

competition noise, may have increased the variance in HINT threshold and made temporal 

resolution effects on speech perception more apparent. 
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Little is known about the association between speech perception in noise and working 

memory capacity.  As detailed in the introduction, studies examining the role of working 

memory in speech perception, using widely varying measurement methods, have not surprisingly 

yielded widely varying results.  Following the advice of Lunner (2003), sentence-length speech 

stimuli were used in the present investigation in an attempt to identify working memory effects 

that are not evident for simpler, word- or syllable-level stimuli (e.g., Humes et al, 1994; Humes 

and Floyd, 2005).  However, no working memory effects were apparent in HINT performance in 

quiet or in noise.  It is possible that the HINT sentences did not tax memory ability sufficiently 

because they are, by design, simple in vocabulary and structure and fairly high in context (i.e., 

―The boy fell from the window;‖ ―Strawberry jam is sweet.‖).  Findings reported by Lunner 

(2003) and Vaughan and colleagues (2006) support this possibility.  These researchers reported 

working memory effects for speech perception using low-context and nonsense sentences.  

Furthermore, Tun and colleagues (1991) noted apparent working memory effects for recall of 

portions of lengthy expository passages.  Use of more complex or lower-context speech stimuli 

may have revealed working memory effects not seen using the simpler HINT sentences.   

A major potential sample limitation in the present investigation was the gender imbalance 

seen among the participant group (17 male, 39 female).  Because participants were recruited as 

young as the sixth decade, it is unlikely that the gender imbalance reflects a survival effect.  

Moreover, the direct recruitment method was not overtly gender-biased.  Participants were 

recruited from the Alachua county area principally using flyers posted on campus and at 

recruitment talks given at locations around Gainesville.  The best explanation for the high 

proportion of female participants is that women enrolled early during the data collection period 

were more likely to ask their friends and neighbors to participate.  Approximately one-half of the 
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participant pool was obtained by word-of-mouth recruitment, and a large majority of both the 

recruiters and recruits were female.  At least three female participants recruited from the 

membership of their social groups, skewing this secondary recruitment population.  Regardless 

of the reason, no gender differences were evident on any measure, suggesting that the gender 

imbalance did not distort the data set. 

It should be noted that, while the sample of fifty-six adults was adequate for statistical 

analysis of the group as a whole, sample sizes for post-hoc group tests were as small as 

seventeen participants.  The separate analyses on these groups certainly are limited by their small 

group size and no strong evidence should be inferred from these data alone.  In addition, 

reducing the participant sample in this way exacerbated the gender imbalance problem noted 

above.  In the examination of age groups, the number of male participants was reduced to five or 

six per group.  Future investigations examining group differences will attempt to recruit larger 

participant samples with more even gender distribution.   

Recruitment of participants was limited to individuals who could transport themselves to 

the University of Florida campus for one appointment for completion of all study measures.  

Caution should be exercised in extrapolating any findings to populations who might not have 

been able to satisfy these requirements, such as individuals with dementia or other cognitive 

impairment, or whose health prevented them from traveling to the test site.  Participants were 

also required to speak English as a first language in order to eliminate possible linguistic 

confounds in HINT testing or speech audiometry.  The findings of the present investigation 

cannot, therefore, be generalized to individuals who speak a language other than English or for 

whom English is a second language. 
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Finally, while the GIN test appears to have good face validity as a gap detection measure, 

it is a new tool with limited published data on reliability and accuracy.  As noted above, the 

current version of the test appears to lack gap stimuli of appropriate length (specifically 7 ms) for 

precise diagnosis of impaired temporal resolution according to published norms.  In addition, 

GIN normative data are lacking for populations other than young adults with normal hearing.  

Future versions of the GIN test, and future clinical investigations, may address these issues. 

Future Directions 

This investigation provides a starting place for future research into the factors influencing 

speech perception in older adults.  First, the associations between both of the predictor variables 

(temporal resolution and working memory) should be tested with updated speech perception 

measures.  Specifically, the steady-state HINT competition noise should be replaced by 

modulated noise in an attempt to identify temporal resolution effects.  The present investigation 

focused on the role of a single distortion (noise) of the speech signal.  Follow-up studies might 

use reverberation effects to further distort the stimulus signal and/or the noise.  Previous 

researchers have suggested that a combination of noise and reverberation is not only more 

reflective of real-world environments, but also may affect speech perception to a greater degree 

than either of the distortions alone (Danhauer and Johnson, 1991; Gelfand and Silman, 1979; 

Helfer, 1992, 1994; Helfer and Huntley, 1991; Johnson, 2000). 

Second, working memory effects should be examined using more complex speech stimuli, 

such as low-context sentences or extended passages from which the participant must recall 

information heard early in the reading.  Low-context or nonsense sentences are likely to be more 

difficult to recall because linguistic knowledge can not be used to compensate for sounds or 

words that are not heard.  Long speech passages may be a more effective test of working 

memory than are the shorter HINT sentences as they would require the listener to retain 
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information while continuing to listen and process auditory input.  There are few published 

studies examining working memory effects on speech perception and, within those few, variable 

measures are inconsistent (i.e., n-back recall, reading and digit span, visual sequence learning).  

Substantial future research is needed to reconcile conflicting findings among published studies 

and to more accurately measure the role that working memory plays in everyday listening. 

Summary 

As in many prior investigations, loss of hearing sensitivity was the principal factor 

explaining speech perception performance in quiet and in noise.  However, substantial variance 

in speech perception was unexplained by loss of signal audibility, particularly for subjects below 

70 years of age.  No strong evidence was found to support the hypothesis that temporal 

resolution and/or working memory accounted for any of this additional variance when 

controlling for loss of hearing sensitivity.  This finding of no additional variance explained by 

these central auditory and cognitive measures runs contrary to much of the prevailing literature, 

particularly in the case of temporal resolution research.  It is likely that the hypothesized variable 

relations, which have been demonstrated robustly and repeatedly in prior studies, were obscured 

by invariance in HINT threshold in the noise condition, as well as by the simplicity and brevity 

of the HINT sentences.   

While the sound-field HINT protocol employed in this investigation was intended to 

represent listening in a diffuse noisy environment, the testing method clearly falls short of 

replicating real-life listening situations.  For a listener with hearing loss attempting to carry on 

conversation in a difficult environment such as a busy restaurant, speech perception and 

comprehension are likely to be affected by several factors that the HINT can not simulate.  Two 

such factors are attention span and attention switching, which may be influenced by multiple-

modality distractors (i.e., both visual and auditory stimuli).  Another factor is the presence of 
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multiple talkers, as in a group conversational setting, which creates fluctuating and varying noise 

competition that masks not only acoustically by obscuring speech signals, but also 

informationally in that the noise has verbal content.  Further investigation is needed to determine 

whether more complex speech perception measures, such as tasks using more difficult stimuli, 

modulated noise maskers, or reverberant test environments, may reveal variable associations not 

seen here.  In addition, speech perception tasks that purport to simulate real-world listening 

environments should better account for factors described above such as multi-modal distraction 

and increased load on speech processing in the presence of multiple verbal signals. 

Clearly factors beyond peripheral hearing sensitivity contribute to the commonly-seen 

speech perception difficulties of older adults.  The failure to find all of the hypothesized variable 

relations in the present investigation should by no means be considered a definitive refutation of 

the associations hypothesized and demonstrated in prior research.  In all likelihood, limitations 

both in the sampling methodology and in the speech perception measure made the anticipated 

and previously-demonstrated correlations more difficult to detect.   

The current findings are instructive in that they demonstrate the difficult of simulating 

everyday listening environments in a laboratory setting, or even many clinical settings.  Indeed, a 

primary goal of the present investigation was to attempt to replicate significant laboratory 

findings of the influence of temporal resolution and working memory on speech perception using 

simpler clinical measures.  That is, this investigation attempted to bridge the gap between 

laboratory results, frequenly obtained on selected samples and with complex equipment and test 

methods, and clinical testing, which must necessarily be brief, easy to implement (with minimal 

cost, equipment installation, or training to clinicians), and easy to interpret.  The difficulty in 
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accomplishing that goal is illustrated well by the finding that the GIN and digit span tests could 

not successfully translate laboratory findings to a clinical protocol. 

An important, although hardly surprising finding of this investigation was that self-

reported hearing handicap was better predicted by HINT threshold in noise than by loss of 

hearing sensitivity.  This suggests that listening in difficult environments was a primary element 

of participants’ own perception of their hearing handicap, reinforcing the need for speech-

perception-in-noise testing as a standard part of the audiologic clinical battery.  Routine use of a 

test such as the HINT may provide the audiologist with valuable information to aid in providing 

appropriate rehabilitation services for adults with hearing loss. 

The finding of an apparent asymmetrical aging effect on GIN threshold is an important one 

that requires future study.  Central auditory changes that affect right- and left-ear auditory input 

processing differently are likely to contribute substantially to dichotic listening and auditory 

abilities that rely upon binaural input such as localization and binaural squelch.  Difficulties 

affecting all auditory input—right and left ear—are a consequence of the overall decline in 

central auditory and cognitive function seen in aging.  These difficulties may be seriously 

compounded if central processing capabilities age differently between ears, and if the relative 

efficiency with which auditory signals are processed is in flux with age.  That is, auditory aging 

exists multidimensionally:  overall worsening of auditory function with age affecting both ears is 

exacerbated by decreasing symmetry in auditory processing.  As a result, additional strain is 

likely to be placed upon central and cognitive processing to reconcile incoming signals that 

arrive and are processed at different rates, and which become more and more out of synchrony as 

with increasing age.  In this respect, disordered central auditory processing in older adults may 

differ from the pattern of disorder in children who do not experience age-related loss of 
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interhemispheric communication or deterioration of neural pathways.  Asymmetric loss of 

central auditory function is not a new concept in hearing research.  The present findings 

emphasize the need to account for this unique feature of older adult auditory processing when 

attempting to explain the nature of hearing loss with age. 
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APPENDIX A 
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APPENDIX B 

GAPS IN NOISE TEST 
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