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Series Preface

Springer Handbook of Auditory Research

The Springer Handbook of Auditory Research presents a series of comprehensive 
and synthetic reviews of the fundamental topics in modern auditory research. The 
volumes are aimed at all individuals with interests in hearing research including 
advanced graduate students, postdoctoral researchers, and clinical investigators. 
The volumes are intended to introduce new investigators to important aspects of 
hearing science and to help established investigators to better understand the fun-
damental theories and data in fields of hearing that they may not normally follow 
closely.

Each volume presents a particular topic comprehensively, and each serves as a 
synthetic overview and guide to the literature. As such, the chapters present neither 
exhaustive data reviews nor original research that has not yet appeared in peer-
reviewed journals. The volumes focus on topics that have developed a solid data 
and conceptual foundation rather than on those for which a literature is only begin-
ning to develop. New research areas will be covered on a timely basis in the series 
as they begin to mature.

Each volume in the series consists of a few substantial chapters on a particular 
topic. In some cases, the topics will be ones of traditional interest for which there 
is a substantial body of data and theory, such as auditory neuroanatomy (Vol. 1) 
and neurophysiology (Vol. 2). Other volumes in the series deal with topics that 
have begun to mature more recently, such as development, plasticity, and compu-
tational models of neural processing. In many cases, the series editors are joined 
by a coeditor having special expertise in the topic of the volume.

Richard R. Fay, Chicago, IL
Arthur N. Popper, College Park, MD
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Volume Preface

Age-related hearing loss (ARHL) is one of the top three most common chronic 
health conditions affecting individuals aged 65 years and older. The high preva-
lence of age-related hearing loss compels audiologists, otolaryngologists, and audi-
tory neuroscientists alike to understand the neural, genetic, and molecular 
mechanisms underlying this disorder. A comprehensive understanding of these 
factors is needed so that effective prevention, intervention, and rehabilitative strate-
gies can be developed to ameliorate the myriad of behavioral manifestations. This 
volume presents an overview of contemporary research trends on ARHL from 
interrelated disciplines whose studies aim to meet this compelling need.

The overall objective of this volume is to bring together noted scientists who 
study presbycusis from the perspective of complementary disciplines for a review 
of the current state of knowledge on the aging auditory system. In Chapter 1, 
Gordon-Salant and Frisina provide an overview to the volume and put the material 
in the perspective of the field in general. In Chapter 2, Schmiedt presents the mor-
phology and physiology of age-related changes in the auditory periphery, with a 
description of animal models that control for the effects of known acquired disor-
ders (e.g., noise exposure and ototoxicity) on peripheral auditory system function.  
In Chapter 3, Canlon, Illing, and Walton describe the direct effects of biological 
aging at each major level of the ascending central auditory nervous system, with a 
focus on anatomical, physiological, and neurochemical alterations. This is fol-
lowed by Chapter 4 by Ison, Tremblay, and Allen that reviews definitive evidence 
of ARHL in animals and compares findings with those obtained from humans, for 
whom control of diet, environment, genetics, and other factors is not possible. 
Chapter 5, by Fitzgibbons and Gordon-Salant, begins a series of chapters on 
behavioral manifestations of presbycusis in human listeners. Fitzgibbons and 
Gordon-Salant review changes in hearing sensitivity over time as well as age-
related alterations in the perception of the spectral, intensive, and temporal attri-
butes of simple and complex nonspeech acoustic signals. Results of masking and 
suppression studies are also presented. This is followed in Chapter 6 by Eddins 
and Hall who discuss binaural processing and temporal asymmetries in aging for 
both speech and nonspeech signals. In Chapter 7, Schneider, Pichora-Fuller, and 
Daneman present an integrated systems approach to explain the levels of process-
ing required for spoken language comprehension in communication situations 
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encountered in daily life. In Chapter 8, Humes and Dubno review the effects of 
aging on speech perception, with an effort to distinguish the effects of peripheral 
hearing loss from those attributed to higher-level processing problems on speech 
perception performance of older people. The epidemiology of ARHL is presented 
in Chapter 9 by Cruickshanks, Zhan, and Zhong. Finally, in Chapter 10, Willott 
and Schacht consider chemical and environmental strategies for delaying the onset 
and progression of ARHL. 

Although this volume focuses on hearing in aging adult humans, there are chap-
ters in other volumes of the Springer Handbook of Auditory Research that provide 
additional related material. Many chapters in Auditory Trauma, Protection, and 
Repair (Volume 31, edited by Schact, Popper, and Fay) and Hair Cell Regeneration, 
Repair, and Protection (Volume 33, edited by Salvi, Popper, and Fay) consider 
issues of damage to hearing and to the ear and methods by which some of these 
problems might arise. One technical intervention for treating changes in hearing 
with age that is gaining momentum is fitting presbycusic listeners with cochlear 
implants, and these are considered in depth in Cochlear Implants: Auditory 
Prostheses and Electric Hearing (Volume 20, edited by Zeng, Popper, and Fay). 
Issues related to general perception sounds by humans are also considered at length 
in chapters in Auditory Perception of Sound Sources (Volume 29, edited by Yost, 
Popper, and Fay) and in an early volume in the series on Human Psychophysics 
(Volume 3, edited by Yost, Popper, and Fay). Other volumes with considerable 
bearing on this include Clinical Aspects of Hearing (Volume 7, edited by Van De 
Water, Popper, and Fay), Speech Processing in the Auditory System (Volume 18, 
edited by Greenberg, Ainsworth, Fay, and Popper), and Plasticity of the Auditory 
System (Volume 23, edited by Parks, Rubel, Popper, and Fay).

Sandra Gordon-Salant, College Park, MD
Robert D. Frisina, Rochester, NY

Arthur N. Popper, College Park, MD
Richard R. Fay, Chicago, IL
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S. Gordon-Salant et al. (eds.), The Aging Auditory System,  
Springer Handbook of Auditory Research 34,  
DOI 10.1007/978-1-4419-0993-0_1, © Springer Science + Business Media, LLC 2010

1.1  Introduction

Age-related hearing loss (ARHL) is one of the top three most common chronic health 
conditions affecting individuals aged 65 years and older (Pleis and Lethbridge-Çejku 
2007). Applying a conservative estimate of the prevalence rate of ARHL (50%) among 
the population 65 years and older to US Census Bureau projections of the population, 
there are approximately 20 million senior citizens in the United States with significant 
hearing loss at present, and this number will soar to 36 million by the year 2030 
(Agrawal et al. 2008; US Census Bureau 2008; note that in Cruickshanks, Zhan, and 
Zhong, Chapter 9, the prevalence of ARHL projected for the year 2030 is higher 
because it includes those aged 45 years and older). The high prevalence of ARHL 
compels audiologists, otolaryngologists, and auditory neuroscientists alike to under-
stand the neural, genetic, and molecular mechanisms underlying this disorder so that 
effective prevention, intervention, and rehabilitative strategies can be developed to 
ameliorate the myriad of behavioral manifestations. This volume presents an overview 
of contemporary research trends on ARHL from interrelated disciplines whose studies 
aim to meet this compelling need. The intended audience includes advanced under-
graduate and graduate students, basic and applied biomedical and communication 
sciences researchers, and practicing clinicians who are concerned with understanding 
auditory mechanisms and improving hearing health care for elderly individuals.

Historically, the term presbycusis has been used to describe hearing loss attributed to 
the aging process. The impetus for investigations of presbycusis was Harvard Professor 
Harold Schuknecht’s description of four classic types of presbycusis (1955, 1974). 

S. Gordon-Salant (*) 
Department of Hearing and Speech Sciences, University of Maryland, College Park, MD 20742, 
e-mail: sgordon@hesp.umd.edu

R.D. Frisina 
Department of Otolaryngology, University of Rochester Medical Center,  
601 Elmwood Avenue, Rochester, NY 
e-mail: Robert_Frisina@urmc.rochester.edu

Chapter 1
Introduction and Overview

Sandra Gordon-Salant and Robert D. Frisina
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In his book Pathology of the Ear, Schuknecht (1974) attempted to link case 
histories and hearing loss patterns in elderly individuals with temporal bone 
analyses demonstrating deterioration of specific structures in the cochlea and 
auditory nerve. His observations have underscored that presbycusis is a complex 
phenomenon that is manifested in various forms among individuals. This basic 
premise continues to be held today; investigators recognize that hearing abilities in 
advancing age result from a combination of possible factors involving morpho-
logical, chemical, physiological, perceptual, and cognitive processes. Application of 
sophisticated neurobiological and behavioral techniques to the study of presbycusis 
has led to a broader understanding of the problem. Schuknecht also recognized that 
the onset of presbycusis may begin during middle adulthood, with progression into 
advanced age, and men and women tend to exhibit different types of presbycusis. 
Cross-sectional and longitudinal studies in humans have clarified the nature of 
the onset and progression of presbycusis throughout the adult life span and under-
score gender differences in behavioral manifestations (e.g., Pearson et al. 1995). 
The observation of gender and heritability differences also points to a genetic 
component in at least some cases of presbycusis. More recently, animal models have 
proven essential in explaining the sequence of altered morphology and subsequent 
physiological events that lead to hearing loss with aging when diet and environment 
are carefully controlled.

1.2  Overview

The overall objective of this volume is to bring together noted scientists who study 
presbycusis from the perspective of complementary disciplines for a review of the 
current state of knowledge on the aging auditory system. Schmiedt (Chapter 2) 
and Canlon, Illing, and Walton (Chapter 3) have a principal focus on anatomy, 
neurochemistry, and physiology of the aging auditory system based on animal models. 
Schmiedt (Chapter 2) presents the morphology and physiology of age-related 
changes in the auditory periphery with a description of animal models that control 
for the effects of known acquired disorders (e.g., noise exposure and ototoxicity) 
on peripheral auditory system function. Compelling evidence is presented to 
suggest that the principal effects of aging in a leading animal model of ARHL 
(the Mongolian gerbil) are morphologic changes in the lateral cochlear wall, including 
the stria vascularis, which degrade the endocochlear potential with age. These 
changes then can induce additional pathology involving damage or loss of hair cells 
and reduction of neurons in the spiral ganglion. Schmiedt carefully demonstrates 
that these changes produce patterns of sensitivity shifts in the gerbil that reflect 
common audiometric profiles observed with human presbycusis by considering the 
key roles of the cochlear amplifier, endocochlear potential, and sensorineural 
transduction process while signals are coded across frequency. Promising methods 
to halt, or even reverse, the progression of age-related hearing loss at the auditory 
periphery are also presented in Chapter 2.
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In Chapter 3, Canlon, Illing, and Walton describe the direct effects of biological 
aging at each major level of the ascending central auditory nervous system, with a 
focus on anatomical, physiological, and neurochemical alterations. Age-dependent 
changes in the efferent olivocochlear system and secondary effects on the central 
system of alterations in the auditory periphery are also described. Research on 
senescent alterations in the central nuclei and pathways derive primarily from two 
animal models: mice and rats. Contrasts between CBA mice, which exhibit hear-
ing loss near the end of their life span, like most humans, and C57 BL/6J mice, 
which exhibit early-onset, progressive hearing loss, are extremely useful for distin-
guishing between direct aging effects in the central pathways and derivative effects 
of peripheral dysfunction over time, sometimes referred to as peripherally induced 
central effects (Frisina et al. 2001). The other animal model of central auditory 
aging, the Fischer 344 rat, has been used by investigators to elucidate the multi-
faceted neurochemical alterations that accompany the aging process. Data pre-
sented in Chapter 3 converge on a theory of reduced inhibitory neurotransmission 
that is pervasive throughout the aging central auditory pathway. Evidence for age-
related changes in auditory neuroplasticity and mitochondrial function and their 
implications for central auditory system regulation are also presented in Chapter 
3. Supportive data from physiological studies of central auditory function in ani-
mal models demonstrate the consequences of morphological and neurochemical 
alterations with age and form a basis for understanding the mechanisms underlying 
some of the behavioral manifestations of human presbycusis. In particular, coding of 
intensive and temporal attributes of sound deteriorates in the auditory midbrain 
(inferior colliculus) of older animals, whereas localization appears to be less 
affected by age.

Ison, Tremblay, and Allen (Chapter 4) review definitive evidence of ARHL in 
animals and compare the findings to those obtained from humans for whom control 
of diet, environment, genetics, and other factors is not possible. Studies are 
presented in which investigators experimentally manipulated structures in the auditory 
periphery or the central auditory pathway of healthy animals to produce comparable 
anatomical changes to those observed with human aging and then to catalog the 
functional consequences. This strategy attempts to establish cause-and-effect 
associations underlying ARHL. Additionally, both behavioral data and electrophysi-
ological data are examined, where comparable paradigms have been employed with 
both animals and humans. Threshold sensitivity data for pure-tone stimuli are available 
across the life span for monkeys, rats, gerbils, mice, and humans and show remarkably 
similar patterns of mean changes in audiometric thresholds over time. Similar threshold 
data are also available from auditory evoked potential studies (i.e., auditory brainstem 
responses [ABRs]), although some differences across species are noted. Comparable 
symptoms of ARHL are evident on ABR latency-intensity functions and otoacoustic 
emissions as measured in humans and animals of varying ages. Despite the 
correspondence in average data across species, Ison, Tremblay, and Allen are 
 careful to highlight that individual differences in performance are a prominent 
characteristic of auditory aging and should be exploited for a comprehensive 
understanding of the aging process. Intriguing comparisons between humans and 
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animals in processing abilities for spectral, temporal, and binaural cues as a function 
of age are also presented. Overall, the findings from animal and human studies appear 
to converge on similar manifestations of ARHL, including variation between 
individuals within a group. This translational chapter therefore provides the critical 
link between the morphological and neurochemical findings in animal models of 
auditory aging reported in Chapters 2 and 3 and the psychophysical and evoked potential 
studies conducted in humans across the life span in the laboratory or clinical setting.

Fitzgibbons and Gordon-Salant (Chapter 5) begin a series of chapters on the 
behavioral manifestations of presbycusis in human listeners. In Chapter 5, changes in 
hearing sensitivity over time as well as age-related alterations in perception of the 
spectral, intensive, and temporal attributes of nonspeech acoustic signals are reviewed. 
Results of masking and suppression studies are also presented. Performance on 
basic psychoacoustic measures is thought to subsume speech processing because 
perception of speech requires the listener to process rapid changes in spectral and 
intensity cues occurring in a sequence, sometimes in the presence of an interfering 
background noise (i.e., masking). Thus performance deficits of older listeners on 
psychoacoustic measures may be useful in explaining the underlying factors related 
to their difficulty in understanding speech, particularly in degraded conditions such 
as noise or reverberation. One important issue in the investigations of aging effects 
on auditory behavior is the possible confounding of acquired hearing loss on 
performance. That is, differences in performance between young listeners (who usually 
have normal hearing) and older listeners (who usually have some hearing loss) 
could be attributed as much to the loss of sensitivity as to other factors associated 
with age. Chapter 5 considers alternative experimental paradigms that have been 
used to unravel the independent and interactive contributions of hearing loss and age 
to auditory performance. In general, the review of senescent changes in signal 
detection and discrimination presented in Chapter 5 indicates that perceptual 
judgments of some types of acoustic signals appear to be affected primarily by 
aging, with minimal impact of peripheral hearing loss. For example, age-related 
differences, independent of hearing loss effects, have been reported for detection of 
silent gaps of varying duration (i.e., gap detection) and discrimination of stimulus 
duration (Fitzgibbons and Gordon-Salant 1994; Snell 1997). Evidence is also 
presented for reduced suppression within the aging auditory system (Sommers and 
Gehr 1998; Dubno and Ahlstrom 2001). Such findings underscore the notion that 
aging produces effects on auditory processing that extend beyond those attributed 
exclusively to reduced signal audibility. Alterations in central auditory processes, 
discussed in Chapters 3 and 4, are the likely locus of this age-specific type of deficit.

Eddins and Hall (Chapter 6) review binaural processing and temporal asymme-
tries in aging for both speech and nonspeech signals. They present a comprehensive 
tutorial on temporal, spectral, and intensive cues that are necessary for sound 
source location in the free field. The few investigations of age-related effects on 
measures of source location are reviewed and indicate changes in judgments of 
sound localization and discrimination of minimum audible angle as a function  
of age (e.g., Chandler and Grantham 1991; Abel and Hay 1996). Similarly, the effects 
of ARHL on binaural processing under earphones are presented, with an emphasis 
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on studies demonstrating a performance deficit for older listeners on the processing 
of interaural time differences and on the binaural masking-level difference. These 
findings are interpreted in light of age-related changes in the morphology and 
neurophysiology of the central auditory system, as presented in Chapters 3 and 4. 
The influence of sound reflection in enclosed spaces on speech perception also 
point to age-related performance differences; similar age differences are suggested 
on measures of the precedence effect. Higher level binaural processes, such as 
laterality on dichotic listening tasks, also may be affected by aging, although some 
of the investigations reviewed are difficult to interpret because of the confounding 
of hearing loss and aging, as noted above. In contrast, studies of the binaural spatial 
release from informational masking suggest a minimal impact of age. Taken together, 
the analyses provided in Chapter 6 indicate that although some binaural processing 
abilities may be preserved in older listeners, at least some diminish with aging. 
Counseling older people regarding the benefit of specific hearing aid options in 
light of these findings is also discussed in Chapter 6.

Cognitive decline may occur in advancing age and affect an older individual’s 
ability to perceive and respond appropriately to acoustic stimuli. However, certain 
cognitive abilities are well preserved in later adulthood, and plasticity may also 
occur in the older brain. In Chapter 7, Schneider, Pichora-Fuller, and Daneman 
present an integrated systems approach to explain the levels of processing required 
for spoken language comprehension in communication situations encountered in 
daily life. The contributions of sensory, perceptual, and cognitive abilities within 
this approach are described, with particular emphasis on the cognitive skills that are 
required for language processing but that may decline with age. These skills include 
working memory, executive function, and speed of processing. Chapter 7 reviews 
the age-related effects observed on a range of speech recognition measures, including 
source segregation, scene analysis, and release from informational masking. 
The findings suggest that age-related declines in central processing emerge in concert 
with age-related sensory limitations. However investigations that attempt to identify 
the independent contributions of sensory decline, cognitive decline, or interactions 
between the two indicate that deficits in targeted cognitive abilities can influence 
speech understanding performance among older listeners, even those with normal 
to near-normal hearing sensitivity, but the strongest effects emerge as the complexity 
of the listening task increases. The importance of tailoring the auditory rehabilita-
tion process, including amplification, to accommodate the cognitive limitations of 
older people is also discussed.

Chapter 8 reviews the effects of aging on speech perception, with an effort to 
distinguish the effects of peripheral hearing loss from those attributed to higher 
level processing problems on speech perception performance of older people. To that 
end, Humes and Dubno provide considerable tutorial information on the principles 
of articulation index (AI) theory (French and Steinberg 1947; ANSI 1969), which 
quantifies predicted speech recognition performance based on signal audibility 
across a range of frequency bands that are important for speech, and use the AI as 
a framework for interpreting the speech understanding problems of older adults as 
assessed on a range of experimental tasks. They clearly convey the current thinking 
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that audibility issues primarily limit older listeners’ performance for speech recog-
nition in quiet and noise. They discuss various central-auditory and cognitive factors 
that may contribute to observed age-related deficits for understanding specific types 
of speech materials and listening conditions (i.e., time-compressed or rapid speech, 
speech with temporally varying noise, and dichotic speech). Chapter 8 culminates 
with an explanation of the issues limiting older listeners’ speech understanding 
performance while using current hearing aid technology, again by applying principles 
of AI theory. Areas where further research is needed are also described.

The epidemiology of age-related hearing loss is presented in Chapter 9 by 
Cruickshanks, Zhan, and Zhong, commencing with a review of large, population-
based studies that converge on the prevalence and incidence rates of hearing loss 
among men and women of advanced age from industrialized societies. Age-related 
hearing loss may be associated with a host of risk factors, including endogenous 
(genetic) factors and acquired exogenous factors. Cruickshanks, Zhan, and Zhong 
review epidemiological data pointing to hereditability patterns for ARHL, although 
specific genes have not yet been identified in humans. In contrast, numerous modi-
fiable risk factors have been identified from epidemiological research on ARHL. 
Prominent among these is noise exposure because most people in industrialized 
societies are exposed to intense noise, either through work-related exposure (e.g., 
equipment noise, subway noise) or leisure activities (e.g., loud music, sporting 
events in public arenas, hunting). Cardiovascular disease is another documented 
risk factor for ARHL. There is some evidence to suggest that other lifestyle issues, 
such as cigarette smoking, excessive alcohol consumption, and diet, may elevate 
the relative risk for ARHL. Although certain medications (e.g., aminoglycosides, 
chemotherapeutic agents such as cisplatin, loop diuretics) have a well-known oto-
toxic effect, exposure to some solvents and chemicals in the environment may also 
cause hearing loss. In contrast, some dietary supplements appear to have a protective 
effect against the onset and progression of ARHL. In addition, there are comor-
bid medical conditions of aging that may contribute to apparent ARHL, such as 
Type II diabetes mellitus and hormonal changes in blood chemistry. This array of 
conditions that may occur over the course of adulthood, reviewed in Chapter 9 from 
an epidemiological perspective, underscores the observation that age-related hear-
ing loss is a multifactorial disorder in terms of causation, and this likely contributes 
to the frequent report of considerable variability in the performance of older human 
participants in listening experiments. Congruence in causative factors of ARHL 
identified from animal models and epidemiological studies strengthens our under-
standing of key modifiable risk factors for this disorder.

In Chapter 10, Willott and Schacht consider chemical and environmental strategies 
for delaying the onset and progression of age-related hearing loss. Chapter 10 reviews 
some of the known mechanisms of ARHL in the cochlea, auditory nerve, and 
central auditory pathways, as discussed in Chapters 2–4, to provide a basis for 
evaluating the range of possible interventions that hypothetically should halt some 
of these progressive changes with aging. Experimental data from animal models are 
presented that demonstrate the benefits of the use of antioxidant therapy, hormonal 
therapy, dietary restrictions, repair of neural circuits in the central nervous system, 
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and augmented acoustic environments. However, for each of these interventions, 
there are also detrimental effects on auditory system function depending on the 
specific animal species and strain, gender, and experimental paradigm. Although 
many of these therapeutic approaches hold great promise for treating ARHL, at 
present, none of them has emerged as a strong candidate for reversing the course of 
presbycusis in humans, in part because of the multiple causes and etiological loci 
of ARHL in humans. Nevertheless, continued research with animal models is 
essential for accomplishing the ultimate goal of identifying chemical or environ-
mental biomedical interventions that will relieve the extensive and diverse symptoms 
that characterize human presbycusis.

1.3  Future Research

Research on ARHL has advanced dramatically over the last 20 years as amply 
demonstrated in this volume. The impetus for these advances has derived from 
three sources: the support of basic research on the mechanisms of hearing loss 
from the National Institute on Deafness and Other Communication Disorders at the 
NIH that has been applied to understanding mechanisms of ARHL, the support of 
sensory and cognitive research from the National Institute on Aging at the NIH that 
has permitted extensive assessment of the consequences of aging using behavioral, 
neuroscientific, and molecular biological experiments, and classic literature in the 
1980s and early 1990s that called for research on presbycusis to accommodate the 
anticipated graying of America in the early 21st century (e.g., Committee on Hearing, 
Bioacoustics, and Biomechanics [CHABA] 1988; Willott 1991). An extensive 
array of experimental paradigms has been developed to clarify the morphological 
changes in the periphery and CNS observed in animal models of ARHL, the 
manifestations of age-related changes in the cochlea, auditory nerve, auditory brainstem, 
and auditory cortex utilizing electrophysiological measures of auditory function, 
and behavioral effects on auditory sensitivity and suprathreshold auditory pro-
cessing of simple and dynamic nonspeech and speech signals over time, including 
binaural processing in complex listening environments. The nature of cognitive 
abilities as people age and the impact of possible changes on speech understanding 
tasks have also been studied extensively. Each chapter of the present volume 
provides an overview of these experimental findings and their potential implications 
in these related areas of inquiry, and it is hoped that the critical background is 
provided for investigators from a variety of disciplines to identify new avenues of 
promising research from their own unique perspectives.

What is needed as we look toward the future of research on ARHL is a more 
definitive analysis of the links between the extensive anatomical, structural, 
electrophysiological, and molecular genetic findings in animal models and the 
broad range of behavioral manifestations of ARHL, in addition to formulating a 
better understanding of the principal sources of individual variation on auditory 
performance in humans, including cognitive changes with age. It is only through a 
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comprehensive understanding of these factors that better diagnostic procedures for 
distinguishing different etiologies of presbycusis will be developed and more 
effective biomedical therapeutic interventions will be introduced that are tailored 
to individual needs. Such therapeutic techniques span the range from biochemical 
interventions, including gene therapy and stem cell therapy, to better electroa-
coustic devices (hearing aids and cochlear implants designed specifically for aged 
persons) and behavior modification strategies. We hope that this volume provides 
a renewed impetus toward these visionary objectives.
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2.1  Introduction

The effects of pure aging on the physiology and morphology of the human peripheral 
auditory system are difficult to study given the variability inherent in genetics and 
the environment with which the system must cope. Environmental exposures accu-
mulated over a lifetime often combine mild, continuous noise exposures occurring 
daily, with occasional punctate episodes of very high decibel trauma associated with 
loud music, power equipment, and small arms fire. Moreover, the human experience 
includes many drugs that often have unintended side effects on the auditory periphery. 
Some drugs have well-known ototoxic properties; others are more insidious, like 
the continuous high-level use of some narcotics. Noise and drug injuries tend to 
preferentially damage the hair cells in the cochlea.

Genetics must then respond to an individual’s environment, resulting in the very 
large variability present in the hearing capabilities of elderly humans. It is clear that 
animal models of age-related hearing loss are required to tease out the effects of 
aging alone from the effects of environment and genetics. Yet up until ~25 years ago, 
much of the research in presbycusis was accomplished by using human temporal 
bones and clinical data (Bredberg 1968; Schuknecht 1974; Gates et al. 1990; 
Schuknecht and Gacek 1993). Only in the last 30 years or so have animal models 
been established where the environment, diet, and genetics are strictly controlled 
(Keithley and Feldman 1979, 1982; Henry 1982; Keithley et al. 1989; Mills et al. 
1990; Hequembourg and Liberman 2001; Ohlemiller and Gagnon 2004; for reviews 
see Willott 1991; Frisina and Walton 2001, 2006; Gates and Mills 2005; Canlon, 
Illing, and Walton, Chapter 3). Animals raised under these controlled conditions 
nonetheless show age-related declines in auditory function, consistent with the 
notion that presbycusis includes effects unique to aging and is not just the result of 
the combined effects of noise and other ototoxic factors over a lifetime.
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The deleterious effects of aging are often seen first in highly metabolic tissues 
in the body, coincident with a degradation of mitochondrial function. Mitochondrial 
dysfunction with age has been attributed to the buildup of reactive oxygen species 
(ROS), although this hypothesis still elicits controversy (Gruber et al. 2008). In the 
cochlea, it is the lateral wall where aerobic metabolism is extremely high because it 
is needed for maintenance of the K+gradient between the endolymph and perilymph 
and the generation of the endocochlear potential (EP). The high K+ and EP are both 
present in the endolymph of the scala media. It is not surprising then that there is now 
substantial evidence that age-related hearing loss uncomplicated by environmental 
and genetic variables is largely the result of pathologies in the cochlear lateral wall 
rather than just a general loss of hair cells. This chapter reviews some of the current 
literature on peripheral presbycusis and how lateral wall dysfunction, leading to a 
lowered EP, can result in audiograms in animal models that mimic those obtained 
from elderly humans.

2.2  Overview of Normal Mammalian Auditory Physiology

A concise yet accurate way of understanding normal cochlear physiology and how 
it breaks down with age is to segregate its functional aspects into three interlocking 
systems: the cochlear amplifier, its power supply, and the transduction mechanism. 
The three systems and their relationships are schematized in Fig. 2.1. The discussion 
here is necessarily brief and relates only to those ideas important for understanding 
the pathologies relating to presbycusis. Further details can be found in the cited 
references.

2.2.1  Cochlear Amplifier

The cochlear amplifier relies on an active process located in the outer hair cells 
(OHCs) to physically amplify the traveling wave vibrations along the basilar membrane 
(Davis 1983; Russell 1983; Cooper and Rhode 1997; Robles and Ruggero 2001). 
The amount of amplification is highly dependent on a potential (voltage) between 
the scala media and scala tympani, thereby present across the OHCs. This voltage is 
the EP, which is ~90 mV within the scala media when referenced to a neck muscle 
ground. Indeed, the amplification dependency is logarithmic-linear such that about 
a 1-dB decrease in amplification (corresponding to a 1-dB increase in threshold) 
results from a 1-mV decrease in EP (Sewell 1984; Ruggero and Rich 1991; Schmiedt 
1993). The basilar membrane amplification from the active OHCs also shows a 
strongly compressive nonlinearity: vibrations from low-level sounds are amplified 
most, whereas those from intense sounds are amplified least. This compression of 
dynamic range at the level of the basilar membrane results in a relatively constant 
vibratory stimulus exciting the inner hair cells (IHCs) over a wide range of acoustic 
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intensities (Robles and Ruggero 2001) and is also the basis for two-tone suppression. 
Thus a healthy cochlea is strongly nonlinear in its response to signal intensity and 
multiple frequencies, resulting in various suppression phenomena and otoacoustic 
emissions (OAEs). (OAEs are acoustic distortion products that can be measured in 
the ear canal at frequencies that result when two tones are combined in a nonlinear 
fashion [Probst 1990]. The strongest in the ear are the cubic difference tones 
corresponding to frequencies of 2f

1
−f

2
.)

A final factor in understanding the normal cochlear amplifier is that its maximum 
gain varies along the basilar membrane. In the cochlear apex tuned to lower frequen-
cies, the gain is only ~20 dB, yet in the base, the gain can be as high as 50-70 dB 
(Ruggero and Rich 1991; Mills and Rubel 1994; Cooper and Rhode 1997; Robles and 
Ruggero 2001; see Fig. 2.2a, b). Thus if cochlear amplification is totally lost, either 
from OHC loss or from a very low EP, one would expect to see the least effect at low 
frequencies and the most at high frequencies. This relationship is borne out in gerbil 
ears treated chronically with furosemide to artificially reduce the EP as well as in 
quiet-aged ears with a naturally reduced EP (Schmiedt et al. 2002b; Fig. 2.2c, d).

Fig. 2.1 Schematic cross section of a single turn of the cochlea. The three systems underlying 
basic cochlear function are outlined (circles). The left circle focuses on the lateral wall and stria 
vascularis and the production of the 90-mV endocochlear potential (EP) present in scala media. 
The middle circle centers on the outer hair cells (OHCs) and the micromechanics involved in the 
cochlear amplifier. The right circle is drawn around the inner hair cell (IHC) and the associated 
primary afferent nerve fibers that make up the transduction process where mechanical vibrations 
are transduced to neural impulses that are sent to the brain via the auditory nerve. (Adapted 
with permission from Mills et al. 2006b.)
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Fig. 2.2 Effects of cochlear location and condition on the vibration amplitudes of the basilar 
membrane in the apex of a chinchilla cochlea (a) and the base of the guinea pig cochlea (b). Two 
species were used to allow the best recordings from the apex and base. The top lines were obtained 
first with the OHC amplifier in good condition. The bottom lines were obtained after cochlear 
death. Note that the apical gain from the OHC amplification is ~20 dB, whereas that from the base 
is 50 dB. BF, baseline frequency. (Adapted with permission from Cooper and Rhode 1997). 
Neural shifts in threshold derived from the compound action potential (CAP) response at 1 and 
2 kHz (apical) and 16 kHz (basal) are plotted against shifts in the corresponding EP measured in 
gerbil ears chronically treated with furosemide (c) and ears aged 36 months (d). Furosemide is a 
drug that reversibly decreases the EP and allows studying cochlear function under conditions of 
lowered EP but with normal hair cells and neurons in a young adult animal (see text; Schmiedt 
et al. 2002b). c and d emphasize the points made in a and b; i.e., the OHC amplifier gain at low 
frequencies is only ~20 dB, whereas at higher frequencies, it is around 50-60 dB. Additionally, 
c and d show that the gain in decibels is a linear function of the EP in millivolts at basal locations 
in the cochlea. The straight lines are not best fits but have slopes of one to show the asymptotic 
threshold shift for the low-frequency data and unity to show the linear relationship with EP for the 
high-frequency data. (Adapted with permission from Schmiedt et al. 2002b.)
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2.2.2  Cochlear Power Supply

The second system is the cochlear power supply comprising the lateral wall tissues, 
including those of the stria vascularis where the EP is generated. This power supply 
is intimately related to the K+-recycling pathway, which actively pulls K+ back into 
the endolymph as it is effluxed from the hair cells into the perilymph. The pathway 
uses a network of supporting cells and fibrocytes (specialized cells that can turnover 
and often have stem cell precursors) along the basilar membrane and lateral wall, 
respectively, connected by gap junctions (Spicer and Schulte 1991, 1996; Marcus 
and Chiba 1999). A final step in K+ recycling is the actual generation of the EP 
within the stria vascularis (Salt et al. 1987; Wangemann et al. 1995; Marcus et al. 
2002; Wangemann 2002; Schulte 2007).

Note that K+ recycling works against both concentration and electrical gradients: 
the K+ concentration in the endolymph is ~150-170 mM compared with ~1 mM in 
the perilymph, and the potential present in the endolymph is ~90 mV (the EP) as 
compared with the 4-mV potential in the perilymph (Salt et al. 1987; Schmiedt 1996). 
Thus pushing K+ along this route takes energy that is largely generated by Na+-K+-
ATPase pumps in concert with the Na+-K+-2Cl− (NKCC) transporter (Wangemann 
2002). The NKCC transporter is an important tool in our studies of the effects of EP 
changes on auditory function in that furosemide, a fairly specific, reversible antagonist 
against NKCC, provides a means to experimentally turn off and on the recycling 
pathway and subsequently the EP (Evans and Klinke 1982; Sewell 1984; Schmiedt 
et al. 2002b; Mills and Schmiedt 2004). Furosemide delivered either intravenously or 
via a round window application can reduce the EP to near 0 mV, with recovery from 
a single dose taking between tens of minutes to over a month if osmotic pumps are 
used for delivery (Sewell, 1984; Mills and Rubel 1994; Schmiedt et al. 2002b).

The EP serves as the cochlear battery. It is generated within the stria across the 
intrastrial space and is present in the endolymph along the entire cochlear duct 
(Wangemann 2002). (Note that EP generation in the stria is dependent on the ion flux 
provided by the fibrocytes in the lateral wall. In this context, strial and lateral wall 
pathologies can both result in a lowered EP.) The EP is produced largely by the stria in 
the basal turn where it is the highest and drops by ~10 mV in the more apical turns 
of the cochlea. Destruction of the stria or lateral wall in the basal turn results in a 
significantly lowered EP throughout the cochlear spiral, whereas destruction of the 
stria in the higher turns with an intact basal stria yields relatively minor reductions 
in the overall EP (Salt et al. 1987; Wu and Hoshino 1999). Thus apical strial pathology, 
as often seen with presbycusis, does not necessarily correlate with significantly 
lowered EP values, whereas basal atrophy is highly correlated with a reduced EP.

2.2.3  Cochlear Transduction

The third system in the transduction of cochlear vibration to neural impulses 
comprises the IHCs and the afferent fibers of the auditory nerve (see Fig. 2.1). 
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The IHCs function as passive detectors of basilar membrane vibration and excite 
afferent fibers via ribbon synapses around the base of the cell (Robles and Ruggero 
2001). IHCs are more resistant to noise and chemical trauma than the OHCs and 
tend to survive with comparatively less pathology in aged ears. Even so, in animals 
raised their entire lives in quiet (quiet-aged ears), there is a significant loss and 
shrinkage of the afferent nerve fibers and their cell bodies, the spiral ganglion cells 
(SGCs) in Rosenthal’s canal. The loss and shrinkage with age occur even with the 
IHCs present and seemingly normal both in animal models and in humans 
(Schuknecht 1974; Keithley and Feldman, 1979, 1982; Mills et al. 2006a).

In young healthy ears that have been raised in quiet, afferent fibers can be 
segregated into two or three groups corresponding to spontaneous rates (spont) and 
sensitivity (Liberman 1978; Schmiedt 1989). Typically, the most sensitive fibers 
have high rates of spontaneous activity (high-spont, 18 spikes/s and higher), with 
somewhat less sensitive fibers forming a middle group with spontaneous rates from 
0.5 to 18 spikes/s (medium spont). The third group comprises the low-spont fibers 
with sensitivities that can be up to 50-60 dB lower than those of the high-spont 
group and have spontaneous rates below 0.5 spikes/s. Thus the sensitivity range of 
the three groups of afferents in young ears largely covers an intensity range between 
0 and 90 dB SPL.

2.3  Schuknecht’s Four Types of Presbycusis

Schuknecht (1974) has described four types of human presbycusis: (1) sensory, 
mainly affecting the cochlear hair cells and supporting cells; (2) neural, typified by 
the loss of afferent neurons in the cochlea; (3) metabolic, where the lateral wall and 
stria vascularis of the cochlea atrophy; and (4) mechanical, where there seemed to 
be a so-called “stiffening” of the basilar membrane and organ of Corti. To date, no 
real evidence has been found that the mechanical structure of the organ of Corti 
stiffens with age. The diagnoses of a mechanical presbycusis was derived from a 
flat loss of 30-40 dB in hearing threshold and was often coupled with degeneration 
in the spiral “ligament” along the cochlear lateral wall. The spiral ligament originally 
was thought to offer structural support to the basilar membrane (thus the descriptive 
term ligament); however, the spiral ligament is now known to consist largely of 
ion-transport fibrocytes involved in the recycling of K+ efflux from the hair cells 
back to the endolymph. Thus it is very likely the mechanical presbycusis described 
by Schuknecht is simply a severe case of metabolic presbycusis. Indeed, animals 
with very low EP often show a flat audiometric loss of 40 dB and greater at low 
frequencies, similar to that ascribed to mechanical presbycusis.

In a later report, Schuknecht and Gacek (1993) described atrophy of the stria to 
be the predominant lesion in the temporal bones of elderly humans and sensory cell 
loss as being the least important cause of hearing loss in older humans, especially if 
the confounding factors of noise, drug exposure, and genetic defects are eliminated. 
The recent results of Gates et al. (2002) using distortion product otoacoustic 



152 The Physiology of Cochlear Presbycusis

BookID 139876_ChapID 2_Proof# 1 - 12/10/2009

emission (DPOAE) and audiogram data support the conclusion that sensory loss is 
not as prevalent in the aging population as once thought. Indeed, Gates et al. (2002) 
and Gates and Mills (2005) conclude that metabolic presbycusis is the predominant 
cause of human hearing loss with age. Many animal models that exclude noise 
history or genetic mutations lend support to that conclusion. These models include 
chinchilla (Bhattacharyya and Dayal 1985), rabbit (Bhattacharyya and Dayal 
1989), and CBA mice (Spongr et al. 1997). Even C57 and other mutant mice, if 
actually aged, develop strial pathologies (Ichimiya et al. 2000; Hequembourg and 
Liberman 2001; Ohlemiller and Gagnon 2004; Ohlemiller et al. 2008). CBA/J 
mice, however, seem to show only a hair cell loss with a fairly intact lateral wall 
with age as discussed in Section 2.4 below (Sha et al. 2008).

2.4  Sensory Presbycusis

Loss of sensory hair cells in the human aging ear is well documented (Bredberg 
1968; Schuknecht 1974; Gates and Mills 2005). Indeed, morphologically, hair cell 
loss is one of the most apparent changes in temporal bones both in humans and in 
animals of advanced age (Dayal and Bhattacharyya 1989). Species studied include 
rabbit, guinea pig, cat, rats of various genetic backgrounds, chinchilla, mice of 
various genetic backgrounds, gerbil, and primate (see Willott 1991 for review). 
The other universally noticeable pathological change in aged temporal bones is the 
shrinkage and loss of SGCs in Rosenthal’s canal, so it is understandable that 
presbycusis is commonly thought to be of “sensorineural” origin by many in the 
field of hearing.

When human audiograms were matched to temporal bone pathologies, it seemed 
clear that the high-frequency loss so often seen in presbycusis matched the OHC 
loss in the basal coil of the cochlea (Bredberg 1968; Johnson and Hawkins 1972; 
Schuknecht 1974). A caveat here is that excess noise exposure is commonplace in 
western society, and many people, especially men, have been exposed throughout 
life. Thus the underlying cause of the hair cell loss is problematic. Animals aged in 
quiet also lose hair cells but more at the apex than at the base of the cochlea. Thus the 
cochleograms often take on the shape of an inverted “U” (Dayal and Bhattacharyya 
1989; Tarnowski et al. 1991). The OHC loss is typically scattered with most, if not 
all, the IHCs surviving. When neural or behavioral audiograms from the animal 
models are compared with the OHC loss, there is often a poor correlation.

Fig. 2.3 is an illustration of this last point. Shown in the four panels are the 
cochleograms and neural threshold shifts of four quiet-aged gerbils. The neural 
thresholds were obtained with the compound action potential (CAP) response. In 
all cases, there is a significant scattered OHC loss at the apex, with little or no IHC 
loss. All the threshold shifts have little relationship to the OHC loss.

Some mouse and rat models do show profound sensory losses with age. 
They are typically mice with a C57BL/6J background, which has a genetic 
mutation where hair cell loss begins a few months after birth (Spongr et al. 1997; 
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Hequembourg and Liberman 2001). The OHC loss is nearly 100% and progresses 
from base to apex, with the IHC survival somewhat more robust than that of the 
OHC. The C57 mouse has been used extensively as a model for sensory presbycusis 

Fig. 2.3 Plots of hair cell condition, hair cell loss, and neural threshold shifts in 4 quiet-aged 
gerbils at 36 months of age. Percent of IHCs (open circles) and OHCs present (+) and the dB shift 
of the CAP (open triangles) are plotted against frequency using a gerbil frequency-distance map 
(Schmiedt and Zwislocki 1977). Note that OHC abnormalities and losses can be significant but 
are scattered and located mostly in the cochlear apex. IHCs are well preserved throughout the 
cochlear spiral and CAP shifts have little relationship to hair cell loss, especially with regard to 
frequencies above 3 kHz. (Adapted with permission from Tarnowski et al. 1991.)
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and the genetic mutation responsible for the hair cell loss is often termed the 
“age-related hearing loss” mutation (Johnson et al. 1997). Although important as a 
model of sensory loss, the age-related hearing loss mutant is problematic with 
regard to being a true aging model. In the human situation, if a teenager is diagnosed 
with a progressive high-frequency loss caused by sensory cell degeneration, it is 
unlikely the condition would ever be called presbycusis.

The CBA/J mouse is a model with true sensory presbycusis (Sha et al. 2008). 
In this model, the sensory cells are progressively lost from the apex with some loss 
in the base, with little strial involvement (Lang et al. 2002). In both C57BL/6J and 
CBA/J mice, the EP remains normal throughout the life span of the animal, 
although subtle changes in the lateral wall of the C57BL/6 mice have been reported 
(Ichimiya et al. 2000; Hequemberg and Liberman 2001). Both these models with 
substantial IHC losses have neural losses with age similar to those found in other 
mutants without the increased IHC loss, i.e., the neural presbycusis seems not to 
depend directly on the survival of the IHCs. It is interesting to note that the hearing 
thresholds of the CBA/J model obtained from auditory brainstem recordings (ABRs) 
are often not well correlated with the hair cell loss, similar to findings obtained 
from the gerbil (Fig. 2.3). Finally, not all mice exhibit sensory presbycusis. There 
are some mutants, such as BALB/cj and NOD/ShiLtJ mice, that do show a decrease 
in EP with age (Ohlemiller et al. 2006, 2008). Given the mutant data, it is of great 
interest that wild-caught mice have similar patterns of hair cell loss with age as 
those of gerbils (Dazart et al. 1996).

2.5  Metabolic Presbycusis

2.5.1  Audiometric Data

For reference, audiograms from human subjects between the ages of 50 to more than 
85 years of age are shown in Fig. 2.4. The profile of the hearing loss comprises 
a flat loss of between 10 and 40 dB at frequencies below ~1.5 kHz, coupled with a 
sloping loss at higher frequencies. In men, the high-frequency hearing loss is greater 
than in the women with a correspondingly steeper slope. If subjects are screened 
for noise history, this gender discrepancy is minimized (Jerger et al. 1993). Thus 
the audiograms from men are probably a mix of pure aging and cumulative noise 
exposure with concomitant excessive OHC loss. Note from the discussion on the 
cochlear amplifier that a complete loss of the OHCs in the base should lead to a flat 
hearing loss of between 50 and 70 dB above ~4 kHz, which is evident in the male 
audiograms, but not in those of the females.

The audiogram profile found in humans is also found in many animal models. 
Fig. 2.5 shows audiograms from an aged chinchilla, aged SJL/J mice, and three 
groups of gerbils raised in quiet. All show a flat loss at low frequencies coupled 
with a sloping loss at higher frequencies.
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Individual hearing loss (HL) data are shown for five quiet-aged gerbils in 
Fig. 2.6 top. (Note that these data have been normalized to young-adult average 
thresholds that is represented by the 0-dB line and the 90-mV EP.) The EP decreases 
with age in the gerbil concomitant with a loss of strial volume and Na+-K+-ATPase 
activity along the lateral wall and stria (Schulte and Schmiedt 1992; Gratton et al. 
1996, 1997; Spicer et al. 1997). Again, we see the standard presbycusic profile, 
which is also evident in some of the threshold shift curves plotted in Fig. 2.3. There 
is little or no correlation of these curves to the OHC loss in any of these animals. 
However, if we plot the curves with regard to the EP values found in the basal turns 
of the individual cochleas, a clear pattern emerges. The high-frequency loss is 
highly correlated with the amount of EP reduction. It is rare that the EP falls below 

Fig. 2.4 Audiometric mean hearing losses (HL) in female (top) and male (bottom) participants in 
the ongoing study of age-related hearing loss at the Medical University of South Carolina (Lee 
et al. 2005; Dubno et al. 2008). The parameter is subject age at the time of enrollment. Note the 
characteristic profile of human age-related HL: a flat loss at low frequencies coupled with a slop-
ing loss at frequencies above ~1 kHz. These subjects were not screened for noise history, and men 
typically show more threshold shifts at high frequencies than women, presumably from additional 
noise exposure (Jerger et al. 1993). Screening for noise history tends to minimize the gender dif-
ference. (Adapted with permission from Mills et al. 2006b.)
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Fig. 2.5 Behavioral and neural hearing losses in three animal models. Top: neural evoked poten-
tials in an 11.6-year-old chinchilla (data redrawn from McFadden 1997a). Middle: mean thresh-
olds from the auditory brainstem response (ABR) in a group of SJL/J mice at 400 days of age (data 
redrawn from Henry 1982). Bottom: mean CAP thresholds of 3 groups of 36-month-old, quiet-
aged gerbils (adapted from Schmiedt et al. 2002b). The early and late groups of gerbils were raised 
from different genetic stock, whereas the 38-month-old group comprised 11 animals from the late 
group that were aged an additional 2 months. These models show the classic profile of age-related 
hearing loss seen in humans: a small flat loss at low frequencies coupled to a sloping loss at higher 
frequencies. Some of the increased loss at low frequencies in the 38-month group may be the 
result of excess losses of apical OHCs seen with extreme age (see Fig. 2.3).
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Fig. 2.6 HL profiles for individual ears from 36-month-old gerbils (top) and furosemide-
treated ears from young gerbils (bottom). The aged and furosemide curves are normalized to the 
mean thresholds of young adult control animals. The EP recorded in the base of the cochlea is 
shown in mV for each animal. Note that young normal control animals have an EP of ~90 mV 
in the base of the cochlea as represented by the 0-dB HL abscissa. Furosemide was delivered to 
the round window of one ear via a cannula led from an osmotic pump. The opposite ear served 
as a control. The HL at high frequencies is well ordered by the amount of EP loss, whereas the 
loss at low frequencies is largely independent of EP as suggested by Fig. 2.2c, d. When EP 
drops below 25 mV, the thresholds even at low frequencies correspondingly increase, probably 
because the very low EP inhibits the IHC transduction process (Schulte and Schmiedt 1992). 
These 40-dB and greater flat losses may be analogs to the mechanical presbycusis described by 
Schuknecht (1974). 
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~40 mV, but when it does, the hearing loss even at low frequencies is greater than 
the 20-dB loss ascribed to the OHC amplifier. One hypothesis is that this excess 
loss is probably caused by an IHC transduction process that has been desensitized 
by the very low EP. The resulting flat 40-dB loss at low frequencies is similar to 
that seen in some cases of “mechanical” and neural presbycusis. One hypothesis is 
that these profiles represent an extreme form of metabolic presbycusis.

To test the hypothesis that the EP is the main variable in metabolic presbycusis 
and in the shaping of the audiogram in age-related hearing loss, furosemide was used 
to chronically lower the EP in one ear of a young gerbil (Schmiedt et al. 2002b). 
Furosemide is a potent but reversible inhibitor of the NKCC transporter and is well 
known to specifically block generation of the EP. Furosemide was applied to the intact 
round window via a cannula attached to an osmotic pump. The pump was placed 
between the scapulae, the cannula was led through the bulla, and the bulla was resealed 
with dental cement. The pumps could be sized to deliver the furosemide for up to one 
month. Cochleograms obtained from the pump animals showed almost no loss of 
hair cells and fairly normal strial morphology after several days of chronic exposure. 
To best mimic the EP loss seen in the 36-month-old gerbils, 5 mg/ml of furosemide 
were chronically delivered for seven days at a flow rate of 0.25 µl/h. The result is 
an animal model with essentially one young ear and one old ear. The similarity of 
the furosemide ear to an aged ear is remarkable in its breadth, from single-fiber 
responses and otoacoustic emissions to audiometric data (Schmiedt et al. 2002b).

Audiometric data obtained from the furosemide model are shown in the bottom 
panel of Fig 2.6. The audiometric profiles match those of the quiet-aged data in 
Fig. 2.6, top. Likewise, the profiles are ordered by the EP parameter. Another inter-
esting point is that the furosemide dose was the same for all the young animals, yet 
the variation between the treated animals is similar to that seen with quiet-aged 
gerbils at 36 months of age. Perhaps the resistance or lack thereof to the furosemide 
threshold shift is somehow predictive of the amount of age-related hearing loss of 
an individual at a given age?

If the mean CAP threshold shifts obtained from the quiet-aged and furosemide-
treated gerbils are compared, there is good quantitative agreement between the two 
groups (Fig. 2.7, top). The slope of the high-frequency roll-off for the furosemide 
data is −8.4 dB/octave, with a breakpoint of 4.2 kHz. If the hypothesis of the 
EP-controlled OHC amplifier gain is correct, this slope and breakpoint represent 
the distribution of the OHC amplifier gain along the cochlear spiral. This gain 
distribution may be expected to differ among species depending on the frequency-
distance map of the particular cochlea.

Fitting the mean furosemide gerbil data to that of the human audiometric profile 
is shown in the bottom panel of Fig. 2.7. The human data are from two sources and 
have been screened for noise history to minimize the effects of OHC loss. The 
breakpoint for the human data appears to be around 0.9 kHz and the slope might be 
somewhat steeper than that of the gerbil data, suggesting that the OHC ampli-
fier gain distribution along the cochlear spiral for the human is biased toward lower 
frequencies than in the gerbil. The main point of comparison, however, is that the 
overall audiometric profiles of the quiet-aged and furosemide-treated gerbils and 
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the human data are remarkably similar. These data are strong evidence that the 
greatest factor underlying human presbycusis is EP loss arising from lateral wall 
degeneration with age. In other words, true age-related hearing loss in humans is 
largely of metabolic origin.

Fig. 2.7 Hearing loss profiles of three groups of quiet-aged and one group of furosemide-treated 
gerbils (top; adapted with permission from Schmiedt et al. 2002b.) and two groups of non-noise-exposed 
humans (bottom; adapted with permission from Mills et al. 2006a). The overall profile of the 
gerbil data arising from EP reduction from chronic furosemide treatment has been fitted to the 
human data (bottom panel). The flat loss at low frequencies is shifted to 20 dB, and the breakpoint for 
the shallow high-frequency roll-off has been shifted to ~0.9 kHz. It is clear that the metabolic model 
comprising EP reduction explains much of the HL profile of human presbycusis screened for noise 
and genetic histories.
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2.5.2  Suprathreshold Data

2.5.2.1  Single Tones

Suprathreshold measures obtained from animals are most often in the form of behavioral, 
neural, acoustic reflex, or otoacoustic data. A very clear suprathreshold result of 
aging in all animals is seen in the neural CAP response, an evoked electrical waveform 
recorded from the auditory nerve to either a click or tone pip. The CAP depends 
on a large number of auditory nerve afferents firing synchronously, resulting in a 
single negative wave as monitored by a gross electrode near the nerve. Fig. 2.8 

Fig. 2.8 Effects of metabolic presbycusis on suprathreshold measures of neural responses. CAP 
response amplitudes as a function of tone pip intensity (input/output [ I/O] functions) at 1 and 4 
kHz are shown for aged gerbils (left; values are means ± SE) and from a gerbil treated with chronic 
furosemide (right) at 2 and 4 kHz. Characteristics of the I/O function shared by both the aged and 
furosemide-treated ears are shallow slopes and diminished maximum amplitudes as compared 
with their control curves. Note that the furosemide-treated ears are in young animals with a full 
complement of hair cells and primary fibers. Thus the minimized CAP response with lowered EP is 
not simply from an anatomical reduction in the numbers of fibers available for excitation (see text).
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show curves of CAP amplitude as a function of sound intensity in response to 
tone pips (an input/output function or I/O function) from control, quiet-aged, and 
furosemide-treated ears. There are the expected threshold shifts along the x axis; 
however, the most apparent changes with age and with EP reduction are the 
shallower slopes and marked reduction in the maximum amplitudes of the response 
waveform (Hellstrom and Schmiedt 1990, 1991, 1996; Mills et al. 1990; Schmiedt 
1993; McFadden et al. 1997b; Schmiedt et al. 2002b).

Given that the furosemide model is obtained in a young gerbil, the populations 
of auditory hair cells and nerve fibers are assumed to be intact; however, the reduc-
tion in the CAP waveform is similar to that of the aged ear (which almost certainly 
has an age-related loss of primary fibers). Thus either the number of excited fibers 
or their synchronicity or both are affected both by age and by a decreased EP. 
Because the EP is instrumental in driving K+ through the IHC for the transduction 
process, it is tempting to hypothesize that it is fiber synchrony that is being com-
promised by increased age and reduced EP. (Note that single-fiber data from 
quiet-aged gerbils showed no differences in spike rate intensity functions from 
young control animals; however, synchrony was not examined in those studies 
[Hellstrom and Schmiedt 1991]). On the other hand, aging and reduced EP may 
also affect the responsivity of individual populations of afferent fibers. In particu-
lar, the activity of the low-spont fiber population drops out with age and lowered 
EP (Schmiedt et al. 1996). These single-fiber results are similar for furosemide-
treated gerbils, suggesting that it is truly a phenomenon of decreased EP alone and 
not necessarily just of age. Thus metabolic presbycusis may have dramatic conse-
quences to higher-order processing if the low-spont fibers are not functioning 
properly at high levels of sound intensity. Much of the processing of speech by 
human listeners is accomplished in the intensity region where the low-spont sys-
tem is active, so an obvious hypothesis is that the speech understanding problems 
in the elderly listener may be in part derived from a lowered EP as a consequence 
of metabolic presbycusis.

A caveat to the above hypotheses concerning the effects of EP changes on the 
neural response is that the CAP I/O functions of the C57BL/6J mouse after four 
months of age also show a shallow slope and much diminished maximal response 
compared with littermates one month of age (Lang et al. 2002). Because the mutation 
in this phenotype affects the cochlear hair cells and not the EP, the decreased 
CAP responses in this model may be of different origins than those in the 
metabolic models. Perhaps in this model, the shrinkage and loss of the SGCs are 
responsible for the decreased evoked potentials, unlike the metabolic model. 
Conversely, the cochlear amplifier may indeed be reduced in gain as a result of 
the scattered OHC loss, thereby yielding results similar to those of metabolic 
presbycusis and lowered EP. This hypothesis would assume that decreased 
OHC amplification implicitly results in CAP I/O functions with flattened slopes. 
However, in animals with OHC loss from noise or drug exposure, CAP thresholds 
are shifted, but the slopes of the I/O function can be normal or even steeper than 
normal (Bobbin 1992).
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2.5.2.2 Multiple Tones

OAEs are a direct consequence of a properly functioning cochlear OHC amplifier 
(Probst 1990). As such, they are an excellent tool for the noninvasive investigation 
of the OHC system (Schmiedt 1986; Boettcher et al. 1995; Mills 2003, 2006; 
Mills and Schmiedt 2004). Gerbils have very robust OAEs, and they are only 
somewhat diminished in furosemide-treated animals with a lowered EP as 
shown in Fig. 2.9, top. OAEs are similarly diminished in quiet-aged gerbils as 
shown in Fig. 2.9, middle (Mills et al. 1993; Schmiedt et al. 2002b). Note from 
Fig. 2.9, bottom, that lowered EP effectively mimics the age-related loss in DPOAEs.

Similarly, emissions are diminished but present in non-noise-exposed elderly 
humans exhibiting signs of metabolic presbycusis. Indeed, the fine structure of 
OAEs can survive in these subjects (He and Schmiedt 1996). The point is that the 
OHC amplifier is still active in metabolic presbycusis with a lowered EP, but it is 
just not as robust as in the young animal. Conversely, cumulative noise and drug 
injury to the OHCs as found in many, if not most elderly, humans will drastically 
decrease OAEs. As a result, there are many reports showing significant loss of 
OAEs with age (e.g., Dorn et al. 1998).

That the OHC amplifier is still functional under quiet-aged conditions is also 
borne out in single-fiber studies in the auditory nerve that show tuning curve tips 
that are reduced somewhat in threshold but are still sharp at high characteristic 
frequencies (CFs; Schmiedt et al. 1990). Moreover, two-tone suppression is present 
on the low- and high-frequency sides of the tuning curves in quiet-aged animals. 
Conversely, animals aged in a continuous, low-level noise field have little OHC 
function remaining, and single fibers affected by the noise show tuning curves with 
no sharply tuned tips and no suppression (Schmiedt et al. 1990). Thus metabolic 
presbycusis is not necessarily as traumatic to the OHC system as sensory presbycusis 
where the hair cell loss is significantly higher or in noise trauma where the func-
tionality of the stereocilia and OHC motor may be compromised.

2.6  Neural Presbycusis

Neural presbycusis seems to be a universal finding among all aging models, including 
those exhibiting sensory and metabolic characteristics. As illustrated in Fig. 2.10, top, 
there is an obvious shrinkage of the SGCs in Rosenthal’s canal. Additionally, the 
number of ganglion cells typically decrease ~15–25% along the entire cochlear duct 
(Mills et al. 2006a; Fig. 2.10, bottom). Why this neuropathy comes about with age 
is still unknown, but a model of auditory neuropathy using ouabain is available that 
may be useful in studying the apoptosis and regeneration of auditory nerve fibers, 
especially when the hair cells and stria are still intact (Schmiedt et al. 2002a). 
Ouabain is a cardiac glycoside that irreversibly blocks the activity of Na+-K+-ATPase, 
thereby largely stopping the transport of Na+ and K+ across the cell membrane. 
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Fig. 2.9 Mean distortion product otoacoustic emission s (DPOAEs) obtained with 50-dB SPL 
primaries in the gerbil. DPOAEs are reduced but not absent with furosemide treatment (top) or 
age (middle) as compared with control values. Indeed, the absolute levels of the emissions are 
almost identical between the quiet-aged and furosemide-treated animals (bottom). Thus whereas 
the OHC amplifier may be diminished with reduced EP, it is still effective at higher levels with 
regard to the production of OAEs. (Adapted with permission from Schmiedt et al. 2002b.)
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In this model, ouabain is applied to the round window niche in gerbils or mice, 
similar to the furosemide model described previously. Nerve fibers have large 
amounts of Na+-K+-ATPase, and the ouabain selectively targets the type I afferents 
in the auditory nerve while sparing all hair cells and cochlear lateral wall. All type 
I afferents undergo apoptosis, whereas the type II fibers going to the OHCs are 
spared (Lang et al. 2005). This ouabain model also has been used to explore the 
use of stem cells in the regeneration of auditory ganglion cells (Lang et al. 2006a, 
2008). Unfortunately, because all type I afferents degenerate in this model, it is not a 
good one for neural presbycusis where only 15–25% of the ganglion cells typically 
degenerate with age.

Fig. 2.10 Cross sections of Rosenthal’s canal in the first turn of a young adult gerbil (a) and a 
36-month-old gerbil (b). There is a marked reduction in the number and size of the spiral ganglion 
cells (SGCs) in the aged animal. c: SGC counts along the cochlear spiral in young adult and old 
gerbils. Typically there is about a 20% reduction of SGCs along the spiral at 36 months of age. 
(Adapted with permission from Mills et al. 2006a.)
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A very real problem with neural presbycusis is that functionally the neurons in 
aged animals seem to have grossly similar responses to sound as the neurons 
in young animals. One of the few studies of single fibers in aged animals revealed 
the difference between younger and older animals was with regard to the loss of 
activity of the low-spont system (Schmiedt et al. 1996; Lang et al. 2002). 
Interestingly, the loss of activity in this fiber group was not related to the shrinkage 
and disappearance of either the SGCs or the radial fiber population as predicted by 
another study on cats (Kawase and Liberman 1992; Suryadevara et al. 2001). 
The only correlation of the loss of the low-spont activity was with decreased EP. 
Thus aging effects on the EP may have a direct impact on the responsivities of 
different fiber populations in the auditory nerve. This scenario may possibly associate 
basal strial degeneration in the cochlea with diminished suprathreshold capabilities 
in elderly humans.

In another avenue of research, there has been some discussion that the cochlear 
lateral wall may be trophic (supplies support) to the hair cells, supporting cells, and 
neurons. This hypothesis arises simply from the fact that in the gerbil model, there 
was never a case where the hair cells and neurons were still present without survival 
of some section of the lateral wall. Conversely, whenever there was no lateral wall 
present in an ear, the hair cells and neurons were completely absent and the ear was 
functionally dead. Similarly, some new data suggest that certain fibrocytes in the 
lateral wall may have trophic influences on auditory afferents (Lang et al. 2006b; 
Adams et al. 2007; Adams 2008). This could be a significant development in our 
understanding of neural presbycusis.

Among the most difficult aspects in understanding neural presbycusis is that 
there is still no known functional change given relatively minor fiber losses. One of 
the best examples are the experiments of Schuknecht and Woellner (1955) where 
the auditory nerves of cats were partially sectioned before behavioral testing. Most 
of the treated cats showed little deficit in their thresholds, suggesting that the central 
nervous system probably needs only a few neurons to detect a sound. The data 
also speak to the redundancy of the afferent system, especially with regard to 
threshold loss. On the other hand, older humans show more problems than just their 
hearing loss, so neural presbycusis could help explain age-related changes in 
psychophysical performance with suprathreshold stimuli (see Fitzgibbons and 
Gordon-Salant, Chapter 5). The causes and effects of neural presbycusis are still 
very much a puzzle at this point.

2.7  Future Directions

2.7.1  Regeneration of Hair Cells

There is now a huge literature of hair cell regeneration (for reviews, see 
Martinez-Monedero et al. 2007; Stone and Cotanche 2007). These efforts are in 
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part the result of the somewhat erroneous concept that age-related hearing loss in 
humans is largely sensory in nature. As this review hopefully has shown, human 
presbycusis is more likely metabolic than sensory. Certainly, it would be of great 
advantage to regrow hair cells in ears deafened by noise or ototoxic drugs; 
however, with regard to pure aging, it is the EP that must be regenerated before 
replacing lost hair cells. Two ways to reestablish the EP come to mind: using external 
currents to jump start the cochlear battery or regenerating the cells along the lateral 
wall that are responsible for generation of the EP.

2.7.2  Current Injection for Metabolic Presbycusis

Glass pipettes filled with a K+ solution can be inserted into the scala media of 
quiet-aged and furosemide-treated gerbils with the purpose of passing a positive 
current to bolster the EP (Schmiedt 1993). When this is done, the EP does indeed 
increase, with concomitant increases in the slopes and maximum amplitudes of the 
CAP I/O functions as shown in Fig. 2.11, top. A positive current of ~10 µA can 
increase the EP by ~10-30 mV along the cochlear spiral. Negative currents will 
decrease the EP and will decrease the CAP response. Fig. 2.11, bottom, demon-
strates that thresholds also improve with positive current application in the quiet-aged 
ear. Unfortunately, the disadvantage to current injection in this manner is that the 
K+-recycling pathways function poorly in aged or furosemide-treated animals 
(which is why the EP is reduced). Passing a large K+ current through the electrode 
into the scala media gradually overwhelms the recycling pathways and after some 
period of time (about an hour at +10 µA), the K+ overwhelms the homeostatic 
mechanisms in the cochlea, whereupon the system dies. Thus, although promising 
at first, the K+ buildup in the scala media is problematic.

2.7.3  Cell Regeneration

Another way to approach the problem of increasing the EP in metabolic presbycusis 
lies in maintaining and regenerating the cells responsible for its production. Studies 
from several labs have shown that the lateral wall cells, including the intermediate 
cells in the stria vascularis, turn over, i.e., they have a normal cycle of cell renewal 
(Roberson and Rubel 1994; Lang et al. 2003; Fig. 2.12). If stressed by furosemide, 
the rate of turnover is greater, whereas aging slows it down. Thus perhaps the 
most promising way to approach the amelioration of metabolic presbycusis is 
by understanding lateral wall cell turnover and why it decreases with age. Most 
of the lateral wall cells are fibrocytes, so maintaining and regenerating these 
cells should be somewhat easier than finding ways to regenerate terminally 
differentiated cells like hair cells.
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Fig. 2.11 Effects of current injection into the scala media of quiet-aged gerbils. a: currents from 
−6 µA to 10 µA were passed with a constant-current generator through a micropipette filled with 
0.1M KCl inserted into the scala media in the basal coil. CAP I/O functions were enhanced with 
regard to threshold, slope, and maximum amplitudes with positive currents of up to 10 µA, whereas 
the CAP responses were diminished with negative currents. b: effect of current injection on CAP 
thresholds across frequency in the same animal. Although current was injected into the base, the 
effect was spread throughout the cochlear spiral (no current, open squares, with current solid tri-
angles). Note that this animal had substantial losses at high and low frequencies before the electrode 
placement (open squares). Despite these losses, the data suggest that the aged ear is energy starved 
and boosting the EP would ameliorate much of the age-related hearing loss seen in this model of 
presbycusis.
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2.8  Relating Animal Models to the Human Condition

Given what we now know about the physiology of the normal ear and aging ears 
with different types of presbycusis, is it possible to predict the underlying cause(s) 
of hearing loss by examination of the human audiogram? In other words, given 
what is known from animal models of presbycusis, is there enough information in 
an audiogram, coupled with suprathreshold hearing tests, to discriminate between 
sensory, metabolic, and possibly neural presbycusis?

Some simple phenotypical rules would include the following: pure OHC loss 
should result in a maximum of 50- to 60-dB HL at frequencies above ~2 kHz. 
Punctate OHC lesions should result in audiometric notches. OHC losses may have 
fairly steep slopes at frequencies above ~2 kHz. A positive noise history would be 
expected. Moreover, OHC loss in the base should have little or no effect on 
low-frequency thresholds. IHC loss should be linked to profound deafness as 
would a total loss of nerve fibers. Finally, OHC loss should profoundly affect 
cochlear nonlinearities, including compression phenomena and OAEs.

Conversely, metabolic presbycusis should be characterized by flat low-frequency 
HLs of between 10 and 40 dB, depending on the amount of EP loss. The flat loss 
should be coupled to a shallow high-frequency roll-off above ~1-2 kHz with a slope 

Fig. 2.12 Turnover or proliferation rates of different types of fibrocytes in the cochlear lateral 
wall. The turnover rates are indicated by the number of counted BrdU+ cells in the four regions of 
fibrocytes. The rates are increased by cochlear stress (furosemide application) and are decreased 
with age. There is evidence that these fibrocytes are involved in the recycling of K+ from the hair 
cells back to the stria vascularis where the EP is generated. Lateral wall fibrocytes are known to 
degenerate with age; however, they are continually renewed, probably by endogenous progenitor 
cells or hematopoietic stem cells from the bone marrow (Lang et al. 2006a, 2008). It may be possible 
to use various trophic factors or encourage their proliferation in the aged ear to restore proper 
numbers of fibrocytes with age. (Adapted with permission from Lang et al. 2003.)
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of ~10-20 dB/octave. No noise history would be expected. There should be no notches. 
With regard to suprathreshold phenomena, the OHC amplifier should still be functional, 
albeit somewhat less robust. Thus compression phenomena and OAEs should still 
be present but reduced.

Table 2.1 uses the above hypotheses and numbers derived from animal results to 
discriminate five phenotypes describing age-related hearing loss. Obviously, most 
human presbycusis involves both sensory and metabolic components in the presence 
of a universal but poorly understood partial neural degeneration seen with neural 
presbycusis.

As specified in Table 2.1 and illustrated in Fig. 2.13, older subjects who are 
classified as “normal” or “premetabolic” would have negative noise histories  
and thresholds £ 10-dB HL from 0.25 to 1.0 kHz and £ 25-dB HL at higher 
frequencies. Subjects classified as “metabolic” (mild to severe) would have 
negative noise histories, flat hearing loss in the lower frequencies ranging from 
10 to 40-dB HL, and gradually sloping hearing loss in the higher frequencies, 
with slopes ranging from 10 to 20 dB/octave. Subjects classified as “sensory” 
would have positive noise histories, thresholds in the lower frequencies £ 10-dB 
HL, and steeply sloping hearing loss in the higher frequencies with slopes > 20 
dB/octave. Notches may be present. Subjects classified as “metabolic+sensory” 
would have positive noise histories, characteristics of metabolic presbycusis in 
the lower frequencies (flat loss ranging from 10- to 40-dB HL), and characteristics 
of sensory loss in the higher frequencies (steeply sloping loss with slopes > 20 
dB/octave). The basic profile of these audiometric templates in Fig. 2.13 should 
be applicable to both human and animal models of hearing loss and presbycusis 
and is part of ongoing longitudinal studies of human presbycusis (Lee et al. 2005; 
Dubno et al. 2008).

Further definition of the phenotypes could be done by identifying audiologic or 
other characteristics beyond the audiograms that differentiate subjects in the five 
categories, e.g., OAE amplitudes and I/O functions; upward spread of masking; 
ABR thresholds, latencies, and amplitudes; and, in the future, genetic variations to 
discriminate the five phenotypes. This work is currently ongoing (Lee et al. 2005; 
Dubno et al. 2008).

Table 2.1 Phenotypes of age-related hearing loss as indicated by the audiogram.

Category
Noise 
History

Notch  
(4-8 kHz)

Low Frequency  
(0.25–1.0 kHz)

High Frequency  
(1.0–8.0 kHz)

Range  
(dB HL)

Slope  
(dB/octave)

Range  
(dB HL)

Slope  
(dB/octave)

Older-Normal No No £10 −5 to 5 0-20 −5 to 5
Premetabolic No No £10 −5 to 5 £25 0-10
Metabolic No No 10-40 −5 to 5 30-60 10-20
Sensory Yes Yes £10 >5 >40 ³20
Metabolic+Sensory Yes Yes 10-40 −5 to 5 >40 ³20
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Fig. 2.13 Ranges of audiogram profiles illustrating the five phenotypes of age-related HL in 
humans. The profiles are schematized from the results of animal models of presbycusis. In general, 
metabolic presbycusis results in a mild, flat loss at low frequencies coupled with a shallow 
high-frequency sloping loss above ~1 kHz. The maximum loss is ~60 dB. Sensory loss is typified 
by steep slopes and notches, with little loss at low frequencies. Maximum loss is ~60 dB if only 
OHCs are involved; if IHCs are lost, there will be profound deafness. Most humans, particularly men, 
given their typical noise history, fall under the “metabolic+sensory” profile where the damage 
is from sensory loss from excess noise exposure coupled with a metabolic loss from aging.
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2.9  Summary

Animal models have yielded insights as to the nature of hair cell function, the 
cochlear amplifier, the generation of the EP, the subsequent recycling of cochlear 
potassium, and the transduction process. All of those factors have roles in our 
understanding of presbycusis. It is clear from quiet-aged animal models where 
noise, drugs, and genetic mutations are strictly controlled, that (1) sensory loss is 
almost always present, but paradoxically the loss occurs largely at the apex or 
extreme base, is scattered, and often has little effect on gross auditory nerve 
thresholds to simple sounds; (2) there is a lowering of the EP as a consequence of 
the degeneration of the cochlear lateral wall including the stria vascularis; (3) the 
EP modulates the gain of the cochlear amplifier, yielding an audiometric profile 
commonly seen in humans and animals; and (4) auditory nerve ganglion cells shrink 
and are reduced in number throughout the cochlea. Although advances in tissue 
regeneration and invasive techniques to correct age-related cochlear physiology are 
of great interest to the research community, a real advance in the amelioration of 
the effects of presbycusis would be differentiating the types of presbycusis in older 
adults and relating this improved clinical differential diagnosis to novel biomedical 
interventions aimed at improving auditory function in aged listeners.
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3.1  Introduction

The most common manifestation of age-induced hearing loss, presbycusis, is the 
loss of sensitivity for high-frequency sounds, resulting in difficulties in speech 
perception, hearing in noisy backgrounds, and distorted loudness perception. These 
abnormalities typically involve progressive damage to the inner ear and spiral 
ganglion neurons, leading to a diminished input into the central auditory nervous 
system. The central components of the auditory system can also undergo direct 
morphological and physiological changes induced by the biological effects of aging. 
A combination of direct and secondary changes is most likely to contribute to the 
manifestations of the aging auditory system. This chapter describes the cell biological 
and physiological changes that occur during aging in experimental subjects.

3.2  Cochlear Nucleus

The cochlear nuclear complex is located on the lateral surface of the brain between 
the pons and the medulla at the cerebellopontine angle. All auditory afferent fibers 
from the cochlea terminate in the cochlear nucleus complex. The ascending branch 
proceeds rostrally to the anteroventral cochlear nucleus (AVCN); the descending 
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branch innervates the posteroventral cochlear nucleus (PVCN); and the dorsal 
cochlear nucleus (DCN) described the neuronal types in the cochlear nucleus and 
demonstrated that the AVCN contains a variety of neuronal types including spheri-
cal bushy cells, globular bushy cells, and multipolar cells. In the PVCN, there are 
octopus cells, multipolar cells, globular cells, and granule cells. The neurons in the 
DCN include cartwheel cells, fusiform cells, granule cells, stellate cells, and giant 
cells. The DCN is a laminated structure with three layers receiving direct input 
from primary auditory fibers. Layer III receives the majority of nerve fibers and 
contains large and small multipolar cells.

The morphology of the DCN as a function of age has been evaluated in terms of 
volume, neuronal number, and synaptic alterations for different species and strains 
by investigators who employed different analytical methods. The CBA/CaJ (CBA) 
mouse maintains relatively good hearing across most of its life span, whereas the 
C57BL/6J (C57) mouse demonstrates morphological and physiological auditory 
deficiencies earlier in life. Willott et al. (1992) found that the volume in layer III of 
the DCN decreased with age in C57 mice, whereas in the CBA mouse, a decrease 
was noted only in the oldest mice investigated. With increasing age, the total number 
of neurons in the DCN has been shown to decrease in the CBA mouse, whereas 
the PVCN remained stable as shown in Fig. 3.1. The age-related decrease in DCN 
neurons was correlated to changes in hair cells and spiral ganglion neurons in the 
peripheral organ (Idrizbegovic et al. 2001). When morphological analysis was 
made on the cochlear nucleus from C57 mice, an age-related decrease in the 
total number of neurons was found in both the DCN and the PVCN. These findings 
suggest that the more obvious changes observed in the DCN of C57 mice are a 
reflection of the greater peripheral degeneration that is noted in that strain com-
pared with the CBA mouse.

The spherical and globular cells of the AVCN receive major input from the 
auditory nerve in the form of end bulbs of Held, whereas multipolar cells do not 

Fig. 3.1 Quantification of the total number of neurons in Nissl-stained sections in the dorsal 
cochlear nucleus (DCN; a) demonstrated a significant decrease in the total number of neurons 
with increasing age. Quantification of the total cell number in the posteroventral cochlear nucleus 
(PVCN; b) did not show any change with increasing age. (From Idrizbegovic et al. 2001)
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(Brawer and Morest 1975; Cant and Morest 1979). The density and number of the 
AVCN neurons and the size of the neurons were studied in CBA and C57mice 
(Willott et al. 1987). Neither strain showed any age-related change in AVCN 
dimensions or volume. The number and packing density of AVCN neurons 
decreased with age in both strains of mice, yet the C57 mouse showed an earlier 
degeneration compared with the CBA mouse. The CBA mice showed a tendency 
toward decreased neuronal size for all cell types in the AVCN, whereas the C57 
mice showed a decrease in multipolar cells size and an increase in spherical and 
globular cells, suggesting that these neurons were swollen. In contrast to the age-
related changes found in the mouse cochlear nucleus, only minor changes were 
found in the rat. Fischer-344 rats showed age-related decreases in the size of the 
terminals contacting small-caliber dendrites. No changes were noted in this rat strain 
in the density or number of synaptic terminals or number of neurons in older 
animals. It remains to be determined why the rat AVCN remains stable in its 
morphology during aging.

3.2.1  Ion Channels

Neuronal excitability is primarily determined by the interaction between sodium 
and potassium conductances. Potassium channels are composed of four identical 
subunits, of which there are at least 23 variants. The specific variation of these 
subunits determines the dynamic properties of the channel, laying ground for a 
specific management of membrane currents. In particular, the pattern of expression 
of potassium channel subunits is thought to contribute to the establishment of the 
unique discharge characteristics exhibited by cochlear nucleus neurons. Fitzakerley 
et al. (2000) describe the developmental distribution of mRNA for the three 
subunits Kv4.1, Kv4.2, and Kv4.3 belonging to one subfamily of voltage-gated 
potassium channels within the cochlear nucleus of the mouse by in situ hybridiza-
tion and RT-PCR. They find that Kv4.1 is not present in the cochlear nucleus at any 
age. Kv4.2 mRNA is detectable as early as postnatal day (P) 2 in all subdivisions 
of the cochlear nucleus and continued to be constitutively expressed throughout 
development. Kv4.2 is massively expressed in all of the major projection neuron 
classes, including octopus cells, bushy cells, stellate cells, fusiform cells, and giant 
cells. By contrast, Kv4.3 is expressed at lower levels, by fewer cell types, and more 
abundantly in the ventral than in the dorsal nucleus. Compared with Kv4.2, Kv4.3 
expression was significantly delayed in development, emerging only after postnatal 
day 14. The authors infer from their study of mRNA that the differential distribution of 
Kv4 transcripts selectively indicates specific profiles of potassium channels among 
individual neurons throughout development. Looking at potassium channel proteins 
directly, Jung et al. (2005) found that among all auditory brainstem regions only the 
PVCN revealed age-related changes. With progressive age, Kv1.1 immunoreactivity 
is increased in the octopus cell bodies, whereas staining intensity is significantly 
decreased in the neuropil (unmyelinated neuronal processes within the gray matter). 
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In contrast, the immunoreactivity for Kv3.1 is decreased in the octopus cells 
and neuropil of the aged PVCN. The authors conclude that this necessarily affects 
ion channel activity and signal processing in the central auditory system with 
progressive age.

3.2.2  Glycine Receptors

The auditory system relies heavily on temporal coding. To achieve precision in the 
range of a couple of microseconds, extremely reliable and well-balanced neuronal 
interactions are a prerequisite. This balance rests, among others, on glutamatergic 
and cholinergic signaling to generate depolarization, and glycinergic and GABAergic 
interactions to generate hyperpolarization. The distribution of glycine receptors in 
adult C57 mice showing progressive cochlear pathology compared with aging CBA 
mice known to retain good hearing. In the cochlear nucleus of 18-month-old 
C57 mice with a severe hearing loss, the number of glycine-immunoreactive neurons 
decreased significantly compared with the control animals. Specifically, the number 
of strychnine-sensitive glycine receptors (GlyR) decreased significantly in the 
DCN of old C57 mice. Significant effects were not observed in the cochlear nucleus 
of middle-aged C57 mice that show less severe hearing loss or in very old CBA 
mice that retain good hearing. The data suggest that the combination of severe 
hearing loss and old age results in deficits in one or more inhibitory glycinergic 
circuits in the cochlear nucleus.

A faster deterioration of hearing function and density of glycine receptors in the 
cochlear nucleus with increasing age is found in Fischer-344 rats compared with 
Long-Evans rats. This will hamper glycinergic transmission and compromise the 
balance between excitation and inhibition that is essential for effective processing 
of auditory stimuli. This observation was confirmed by studying the expression of 
mRNAs for a1-, a2-, and b-subunits of the GlyR in the AVCN in three age groups 
(Krenning et al. 1998). Expression of mRNAs for a1- and b-subunits decreased 
significantly in AVCN in the 18- and 27-month-old age groups compared with younger 
rats, whereas mRNA expression for the a2-subunit increased. These changes are 
likely to quantitatively change the protein synthesis of GlyR subunits and may thus 
alter the function of GlyR, affecting binding to its ligands and changing inhibitory 
neurotransmission in the aging cochlear nucleus.

3.2.3  Gaba

To determine whether there are age-related alterations in the biosynthetic 
enzyme glutamic acid decarboxylase (GAD), and, the degradative enzyme GABA-
transaminase (GABA-T), the uptake system for GABA in the cochlear nucleus of 
Fischer-344 rats was studied (Raza et al. 1994). In contrast to other regions of the 
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auditory brainstem, no age-related changes were seen for any of these molecules in 
the cochlear nucleus. Along with their study of GABA metabolism, Raza and 
coworkers also looked for the acetylcholine-synthesizing enzyme ChAT in the 
cochlear nucleus but did not find any significant age-dependent changes.

3.2.4  Glutamate Receptors

Glutamatergic neurotransmission was studied at the end bulb of Held in the 
cochlear nucleus of DBA mice who have an early onset of an age-related hearing 
loss (Wang and Manis 2005). These authors examined synaptic transmission at 
the end bulb of Held between auditory nerve fibers and bushy cells in the AVCN. 
Synaptic transmission in the high-frequency areas of the AVCN, corresponding to the 
region of peripheral hearing loss, was altered in old DBA mice. The spontaneous 
miniature excitatory postsynaptic current frequency was substantially reduced, 
and miniature excitatory postsynaptic currents were significantly slower and smaller 
in high-frequency regions of old (average age 45 days) DBA mice compared with 
tonotopically matched regions of young (average age 22 days) DBA mice. 
Moreover, synaptic release probability was ~30% higher in high-frequency regions 
in young DBA than in old DBA mice. Auditory nerve-evoked EPSCs showed less 
rectification in old DBA mice, suggesting recruitment of GluR2 subunits into the 
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor) recep-
tor complex. No similar age-related changes in synaptic release or EPSCs were 
found in age-matched normal hearing young and old CBA mice. These findings 
suggest that auditory nerve activity plays a critical role in maintaining normal syn-
aptic function at the end bulb of Held synapse after the onset of hearing. Auditory 
nerve activity regulates both presynaptic (release probability) and postsynaptic 
(receptor composition and kinetics) function at the end bulb synapse after the 
onset of hearing and will be affected during the aging process.

3.2.5  Calcium-binding Proteins

The number of parvalbumin- (Fig. 3.2) and calbindin- (Fig. 3.3) positive neurons 
in the DCN have been found to increase with increasing age in CBA mice at a time 
when they show only moderate sensorineural pathology (Idrizbegovic et al. 2001). 
There is an age-related decrease in the total number of neurons in the DCN. At the 
same time, parvalbumin-positive neurons increase against a background of unchanged 
number of neurons. These changes may, in part, be induced by degenerative changes 
in the inner ear and are likely to modulate neuronal homeostatsis by increasing 
calcium-binding proteins in the PVCN and DCN during aging, protecting against 
age-related calcium toxicity (Idrizbegovic et al. 2003). A statistically significant 
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decrease in the density of DCN and PVCN neurons (25%) was found at 24 months 
of age in CBA/CBA mice compared with 1-month-old animals (Idrizbegovic et al. 
2006). The percentage of parvalbumin- and calretinin-positive neurons in the DCN 
and the PVCN in relation to the density of Nissl-stained neurons showed significant 
increases in 24-month-old compared with the 1-month-old animals. In the DCN, 
the percent increase in calretinin and parvalbumin was correlated to the loss of spiral 
ganglion neurons (SGNs), inner hair cells (IHCs), and outer hair cells (OHCs). In the 
PVCN, parvalbumin was correlated to SGN, IHC, and OHC loss. The percent increase 
in calbindin immunoreactivity was not correlated to any peripheral pathology. 
These data suggest an increase in calcium-binding protein immunoreactivity in the 
cochlear nucleus in the 24-month-old mice and probably reflect an endogenous 
protective strategy designed to counteract calcium overload that is prominent during 
aging and degeneration.

Glial fibrillary acid protein (GFAP) is an intermediate filament protein that 
helps maintain cell structure. The distribution of GFAP immunoreactivity in the 
young adult rat cochlear nucleus predominates in the granular cell region and 

Fig. 3.2 (a) There was a significant increase in the total number of parvalbumin-immunopositive 
neurons in the DCN with increasing age. (b) Percentage of parvalbumin-positive of neurons in the 
DCN, showing a significant positive regression with increasing age. (c) Quantitative analysis in 
the PVCN, showing a significant increase in the total number of parvalbumin-immunopositive 
neurons. (d) The percentage of parvalbumin-positive neurons in the PVCN did not show any 
significant regression with increasing age. (From Idrizbegovic et al. 2001)
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differs from old rats where GFAP immunoreactivity is homogeneously distributed 
in all parts of the nucleus (Jalenques et al. 1995). There was no change in the total 
number of GFAP neurons between these two ages in any part of the cochlear 
nucleus except for its anteroventral subdivision, where a decrease in neuronal 
number occurs with age. The increase in GFAP immunoreactivity is related to an 
increase in both GFAP-positive astrocyte number and processes. The increase of 
GFAP-positive astrocytes is thought to be due to an alteration of auditory nerve 
fibers, to a change in trophic interactions with postsynaptic cells, or to intrinsic 
alterations of neurons in the cochlear nucleus and local circuits reflecting 
age-related impairments. In a follow-up study, a significant increase in the 
number of GFAP-positive astrocytes was found during the first year of life, as was 
a significant decrease in GFAP immunoreactivity in the ventral cochlear nucleus 
of older rats (Jalenques et al. 1997). Aging was found to be associated with a 
significant increase in GFAP-positive astrocyte sizes, except for immunolabeled 
astrocytes in the granule cell layer. The different levels of GFAP expression 
occurring in the ventral cochlear nucleus (VCN) during normal aging are suggested 
to reflect a progressive decline in cellular activity in the VCN, without severe cell 
degeneration or synaptic loss.

Fig. 3.3 (a) There was a significant increase in the total number of calbindin-immunopositive 
neurons in the DCN with increasing age. (b) Percentage of calbindin-positive neurons in the DCN, 
showing a significant positive regression with increasing age. (c) Quantitative analysis in the 
PVCN, showing a significant increase in the total number of calbindin-immunopositive neurons. 
(d) Percentage of calbindin-positive neurons in the PVCN did not show any significant regression 
with increasing age. (From Idrizbegovic et al. 2001)
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3.2.6  Growth Factors

The insulin-like growth factor I (IGF-I) is a monomeric peptide with significant 
homology to proinsulin. It exerts potent effects on cultured neural tissue, including 
the stimulation of mitosis in sympathetic neuroblasts; the promotion of neurite 
outgrowth in cortical, sensory, and sympathetic neurons; and the induction of 
oligodendrocyte differentiation. IGF-I mRNA is localized in regions of synaptic 
transmission of the developing olfactory, auditory, visual, and somatosensory 
systems. In the auditory system, IGF-I appears to be involved in maturation and 
maintenance of spiral ganglion cells (Camarero et al. 2002), but its mRNA is 
abundant in the cochlear nucleus and other auditory brainstem regions. In these 
systems, IGF-I gene expression is found predominantly in long-axon projection 
neurons, appearing during a relatively late stage in their development at a time of 
maturation of dendrites and synapse formation (Bondy 1991). Mutations of the 
IGF-I gene with age are therefore expected to contribute to deterioration in all of 
these systems.

An analysis of the macrophage response using oligonucleotide probes for 
scavenger receptor-B mRNA indicated that differences in the macrophage response 
in young and old animals was the likely cause of an age related change in IGF-I 
and transforming growth factor-b1 mRNA expression patterns. On the basis of 
their data, Hinks and Franklin (2000) suggest a model of remyelination in which 
platelet-derived nerve growth factor (PDGF) is involved in the initial phase of 
oligodendrocyte progenitor recruitment, while IGF-I and transforming growth 
factor-b1 trigger the differentiation of the recruited cells into myelinating oligoden-
drocytes (Hinks and Franklin 2000).

Luo et al. (1995) found that the mRNA of the acidic fibroblast growth factor 
(aFGF) is strongly expressed in the principal neurons of the AVCNs and PVCNs 
but not in the octopus cells. In the DCN, aFGF mRNA was present only in scattered 
smaller vertical cells. Developmentally, low levels of aFGF expression appeared in 
the cochlear nuclei between the day of birth and the sixth day after birth. This 
expression increased rapidly during the onset of hearing, between P10 and P14 and 
reached adult level by P14 to P17. Labeling in collicular neurons appeared slightly 
later. The results suggest that the appearance of strong aFGF mRNA expression is 
related to the onset of function. An age-related loss would compromise  the main-
tenance of precisely firing neuronal networks in the auditory system.

A decline in brain-derived neurotrophic factor (BDNF) mRNA expression 
has been found within the dendritic projections from the cochlea toward the 
cochlear nucleus (Ruttiger et al. 2007). This localization was found to be lost in 
aged hearing-impaired animals and may suggest that BDNF protein targeting is 
reduced during aging (Fig. 3.4). These findings show that there is a specific 
targeting of BDNF protein from the SGNs to the cochlear nucleus and that this 
interaction is altered by aging. Specific targeting of BDNF protein to activated 
synapses and BDNF mRNA to dendritic processes has already been described for 
other systems.
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3.2.7  Growth-associated Proteins

High levels of the growth-associated protein (GAP)-43 are present in most regions 
of the young brain (Benowitz and Routtenberg 1997), including the cochlear 
nucleus (Illing et al. 1997). With age, the level of this protein is down-regulated in the 
cochlear nucleus as it is in most brain regions. Interesting exceptions are regions that 
have been involved in learning (Oestreicher and Gispen 1986; Benowitz et al. 1988; 
Masliah et al. 1991a, b). Because GAP-43 is involved in neuroplasticity, different 
levels of it against the developing brain in the adult are telling. There is evidence 
that the aged brain is characterized by the inability of GAP-43 biosynthesis. Schmoll 
et al. (2005) have shown that middle-aged rats are still capable of a sustained, 
though diminished, GAP-43 response to specifically patterned neuronal activity, 
whereas old rats lose this ability. Apparently, disruption of the temporal and 
anatomical coordination of expression of GAP-43 contributes to a general decline 
in brain plasticity with age.

3.2.8  Mitochondrial DNa Mutations

Mitochondrial respiratory chain dysfunction is an important contributor to human 
pathology. Several genetic syndromes caused by mutations of nuclear or mito-
chondrial (mt) DNA are known, and the clinical manifestations often include 
hearing impairment/deafness as well as symptoms from other organs. Mitochondrial 
dysfunction is also implicated in the pathophysiology of several age-associated 
degenerative diseases and in the normally occurring aging process (Fischel-Ghodsian 
2003; Pickles 2004). The mitochondrial respiratory chain performs oxidative 
phosphorylation to generate ATP, the main energy currency for a variety of metabolic 
processes in mammalian cells. The respiratory chain is located in the inner mito-
chondrial membrane and consists of 5 large protein complexes containing a total of 
~100 different proteins. The compact mtDNA encodes 13 respiratory chain subunits, 
whereas nuclear genes encode all of the remaining subunits. The biogenesis of 
the respiratory chain thus depends on the coordinated action of both nuclear and 
mitochondrial genes. In addition to energy production, mitochondria are directly 
involved in other processes such as regulation of apoptosis induction, calcium 
homeostasis, reactive oxygen species generation, and iron-sulfur cluster formation. 
Several lines of evidence implicate respiratory chain dysfunction in inherited and 
acquired forms of impaired hearing (Niu et al. 2007; Yamasoba et al. 2007).

Investigations of whether elevated levels of somatic mtDNA mutations affect 
the auditory system have been studied in mtDNA mutator mice (Niu et al., 2007). 
These mice have increased levels of somatic mtDNA point mutations causing 
phenotypes consistent with premature aging and development of a progressive 
impairment of hearing (Niu et al. 2007). A minor decrease in the number of 
neurons in the DCN was observed in wild-type mice between 2 and 10 months 
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of age. However, a significant reduction in the number of DCN neurons was 
observed in the mtDNA mutator mice between 2 and 10 months of age (Fig. 3.5). 
This reduction in DCN neurons in the mtDNA mutator mice was progressive start-
ing at 6 months of age. The total number of neurons from the PVCN of the wild-
type mice was constant between 2 and 10 months of age. In contrast, the mtDNA 
mutator mice showed a progressive loss of neurons in the PVCN with increasing 
age. Again, there was a significant reduction in the number of PVCN neurons over 
time. The mtDNA mutator mice developed a progressive hearing impairment with 
cell loss in both the peripheral and central auditory systems with increasing age 
(Niu et al. 2007). The observed auditory pathology of mtDNA mutator mice 
resembles the physiological and anatomical changes seen in human presbycusis. 
Mitochondrial dysfunction thus has the capacity to cause presbycusis pathology. 
The hypothesis can thereby be put forward that age-associated somatic mtDNA 
mutations may contribute to the development of human presbycusis.

3.2.9  Cochlear Nucleus Physiology

The diversity in anatomical and connectional architecture of the cochlear nucleus 
is mirrored in the diversity of different types of response properties to simple 
sounds found in each subnucleus. Two coding pathways are postulated to have their 
origin in the cochlear nucleus. The “what” pathway is composed of the AVCN and 
PVCN. Neurons in these areas perform simple and complex analyses of sound 
features such as frequency, intensity, duration, and envelope characteristics (for a 
review, see Rhode and Greenberg 1994). The “where” pathway originates in the 
AVCN and DCN. Spherical and globular bushy cells of the AVCN are involved in 

Fig. 3.4 Expression of brain-derived neurotrophic factor (BDNF) protein in peripheral and 
central neurites of gerbil cochlear neurons during aging. Cross section of young (a, c, e, g, j) and 
old (b, d, f, h, k) gerbil cochleae showing spiral ganglia (SG) and peripheral (Per Nerve) and 
central (Cent Nerve) nerve projections as well as the VIIIth nerve (VIII ne). The dotted line marks 
the Schwann cell/oligodendrocyte border. (c and d) Magnification of peripheral nerve area boxed 
in a and b showing BDNF antibody staining of the peripheral nervous projections in the osseous 
spiral lamina of a young (c) and old (d) gerbil. In young animals, BDNF immunoreactivity (red) is 
seen in peripheral spiral ganglion nerve fibers (arrow in c). In contrast, no immunoreactivity is seen 
in the corresponding sections in aged animals (arrow in d). (e-k) Magnification of the central 
nerve area boxed in A and B showing BDNF antibody staining of the central nervous projections 
of a young (e) and old (f) gerbil. BDNF immunoreactivity (red) is present in the central nerve 
projections of young gerbils (e) but absent in old gerbils (f). Staining with an antineurofilament 
antibody (anti-NF200, green) demonstrates that nerve fibers are maintained in aged animals 
(compare g and h). (j and k) Overlay of BDNF and NF200 immunohistochemistry in the central 
neurites. In young animals, there is a colocalization of BDNF and NF200 immunoreactivity (j), 
whereas the expression of BDNF (but not NF200) in central neurites is lost in aged animals (k). 
Nuclei are stained blue with DAPI. Scale bars: a and b, 500 mm; C-K, 50 mm. (From Ruttiger et al. 
2007.) 
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processing localization cues in the horizontal plane, whereas fusiform cells of the 
DCN have been implicated in the processing of elevation cues important for 
localization (May 2000). Unfortunately, neurophysiological studies searching for 
neural correlates of age-related dysfunction in the cochlear nucleus from aged animal 
models are lacking. There are two major explanations for this: (1) the difficulty and 
high rate of morbidity due to the surgical exposure necessary for access to the 
cochlear nucleus in older mice and (2) the oftentimes deleterious effects of general 
anesthesia in old animals.

Fig. 3.5 Progressive loss of cochlear nucleus neurons in mitochondrial (mt) DNA mutator mice. 
(a) Quantification of the total number of dorsal cochlear nucleus neurons (DCN) in wild-type and 
mtDNA mutator mice at 2, 6, and 10 months of age. Representative micrographs obtained from the 
DCN 10-month-old wild-type (b) and mtDNA mutator (c) mice are shown. (d) Quantification of 
the total number of PVCNs in wild-type and mtDNA mutator mice at 2, 6, and 10 months of age. 
Representative micrographs obtained from the PVCNs of 10-month-old wild-type (e) and mtDNA 
mutator (f) mice are shown. Values are means ±SE. ***P < 0.001 by two-sided t-test. (From Niu 
et al. 2007.)
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After pioneering studies in the inferior colliculus, Willott (1986) were the first 
to investigate neural encoding of basic sound properties in the cochlear nucleus of 
old CBA mice. CBA mice are thought to be an appropriate animal model of human 
aging because they display a very slow, progressive loss of hearing sensitivity 
beginning in midlife, with thresholds only elevated by 20-30 dB compared with 
young mice as measured by auditory brainstem responses. Willott et al. (1991) 
measured simple receptive fields from the VCN and DCN in mice of different ages 
and reported on alterations in minimum thresholds, best frequencies, and band-
width of the excitatory frequency response area (FRA). In CBA mice, they reported 
no significant age-related modifications in minimum thresholds and FRAs in old 
animals relative to young adults. The distribution of best frequencies, both in the 
VCN and DCN, was also comparable. They did however find that the width of the 
FRA measured at 80-dB SPL was decreased by 20-25% in both VCN and DCN 
units from old CBA mice.

In contrast to the CBA strain, the C57 strain undergoes rapid age-related high-
frequency hearing loss, which reaches the profound degree by midlife, due to the 
presence of the ahl gene. This allele (Cdh23 gene) disrupts the normal function of 
an otocadherin transmembrane adhesion protein located in the hair cell stereocilia, 
resulting in a rapid peripheral sensorineural hearing loss (Noben-Trauth et al. 2003; 
Zheng et al. 2005). In comparison to an age-matched CBA group, Willott et al. 
(1991), found significant increases in the proportion and number of units with 
thresholds greater than 60 dB in middle-aged (~1 year of age) C57 mice. In middle-
aged C57 mice, the sensitivity changes in the C57 VCN were more drastic than in 
the DCN or inferior colliculus. In contrast to VCN neurons, tuning curves for DCN 
neurons were statistically indistinguishable from those of the inferior colliculus. 
Perhaps the stability in the DCN is a reflection of the divergent inputs that sculpt 
the receptive fields of DCN principal neurons.

A major tenet in studies of age-related alteration in neural coding within the 
central auditory system is that the interplay between excitation and inhibition alters 
stimulus evoked activity. Age-related changes in intensity coding in the DCN of old 
Fischer-344 rats were recently reported by Caspary et al. (2005), and their major 
findings support the decline in inhibition that acts to shape neurophysiological 
response properties, such as the shapes of rate-level functions (RLFs) and response 
areas. Caspary et al. (2006) measured the RLFs from DCN principal cells, presumably 
fusiform cells, to best-frequency (BF) tones from young and old Fischer-344 rats. 
They found that the mean discharge rates of units from young rats showed greater 
nonmonotonicity compared with the mean data from old rats. More specifically, the 
data show that as intensity increases, the suprathreshold responses from units 
from older rats increase at a greater rate compared with the young data. The authors 
conclude that this finding is consistent with the loss of glycinergic inhibitory 
input from the vertical cells that provide input to fusiform cells. Vertical cells 
provide on-BF inhibition to fusiform cells via glycinergic circuitry. This important 
inhibitory output limiter could have consequences for complex sound coding 
(temporal or spatial processing) in the VCN that also receives glycinergic inputs 
from the DCN.
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3.3  Superior Olivary Complex

The superior olivary complex (SOC) has a variety of functions including localization 
of sound, encoding temporal features of complex sounds, and modulating descending 
information to the cochlear nucleus and cochlea (Heffner and Heffner 1989; 
Masterton 1992; Oliver 2000; Thompson and Schofield 2000). Inputs into the SOC 
arise in both the ipsilateral and contralateral cochlear nuclei, and the physiological 
response properties of many of the cells are the results of inputs to both ears 
(Brugge and Geisler 1978). The SOC is composed of three nuclei with different 
functional roles. These nuclei are the medial superior olive (MSO), the lateral 
superior olive (LSO), and the medial nucleus of the trapezoid body (MNTB). These 
nuclei have clear anatomical boundaries and cell types with distinct morphologies 
and are discussed separately.

3.3.1  Lso

The LSO receives signals from secondary sensory neurons in the cochlear nucleus 
on both sides of the brain. Together with neurons of the inferior colliculus, its neurons 
are the first to process binaural signals, indispensable for sound localization. 
To achieve the observed precision of auditory localization behavior, it is easily 
calculated that neuronal signals underlying this function must operate with a 
temporal precision of a few microseconds.

It has been demonstrated that the ability to localize sound is impaired in aged 
rats, and morphological changes in the SOC contribute to this deficit (Eddins and 
Hall, Chapter 6). Neuron counts were performed on the nuclei of the SOC in 
Fischer-344 rats at ages 3, 12, 24, and 30 months. Neuron number remained stable 
between 3 and 30 months of age in the LSO and MSO; however, in the MNTB, 
neuron number was significantly reduced at 24 and 30 months of age (Casey 1990). 
Neuron loss in the MNTB of 24-month-old Fischer-344 rats is not as prominent as 
that reported for 24-month-old Sprague-Dawley rats (8% loss vs. 34% loss), 
indicating a strain difference with regard to aging in the SOC.

During development, survival and maturation of the LSO neurons critically 
depend on synaptic activity and intracellular calcium signaling. Before hearing 
onset, glutamatergic synaptic inputs from the cochlear nucleus to the LSO activate 
metabotropic glutamate receptors, causing calcium release from intracellular stores 
and massive calcium influx from the extracellular space. During development, the 
contribution of extracellular calcium influx to metabotropic glutamate receptor-
mediated Ca2+ responses gradually decreased and was almost abolished by the end 
of the third postnatal week in mice. Over this period, the contribution of Ca2+ 
release from internal stores remained unchanged. The developmental decrease in 
transient receptor potential-like channel-mediated calcium influx was significantly 
less in congenitally deaf waltzer mice. This suggests that early auditory experience 
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is indispensable for the normal age-dependent downregulation of functional transient 
receptor potential channels (Ene et al. 2007).

In the LSO, the transmitter phenotype of neurons is not established early in 
development. Instead, its neurons undergo a characteristic transmutation early in 
development. Kotak et al. (1998) have demonstrated this striking switch during 
postnatal development in the gerbil. Although GABA and glycine elicit similar 
postsynaptic ionotropic responses, the results suggest that GABAergic transmission 
in neonates may play a developmental role distinct from that of glycine.

As data from humans provided evidence for an age-dependent impairment in 
sound localization, the question arose if this impairment might depend on 
GABAergic or glycinergic neurons of the LSO. In the gerbil animal model, the size 
of the LSO as well as the number and density of glycine- and GABA-immunoreactive 
neurons were not significantly different between young (<15 months) and old 
(>3 years) gerbils. However, the size of glycine- and GABA-immunoreactive 
neurons was reported to be significantly reduced in the high-frequency (medial) 
limb of the LSO in older subjects (Gleich 1994).

3.3.2  MNtb

The formation of the calyx of Held is one of the largest nerve terminals in the 
mammalian brain (Hoffpauir et al. 2006). In a quantitative ultrastructural study, 
Casey and Feldman (1985) looked for the effect of aging on axosomatic synaptic 
terminals in the rat MNTB. According to their measurements, the mean percentage 
of the surface area of principal cells covered by synaptic terminals is 61.7% in rats 
3 months of age. When these animals were 27-33 months old, the coverage went 
down to 43.7%. Similarly, a highly significant decrease takes place in old rats with 
respect to the average number of synaptic terminals present along a 100-mm length 
of principal cell surface, from 28.3 to 18.9. Only terminals derived from calyces of 
Held are lost in the aged animals, displaying a 37% reduction. Over the same period 
of aging, the length of apposition by synaptic terminals in the MNTB does not 
change significantly. These authors concluded that because of a significant loss of 
calycine synaptic endings, the structure of calyces of Held becomes less complex with 
advancing age (Casey and Feldman 1988). This is thought to result in an age-related 
partial deafferentation of principal cells, which entails significant alterations in the 
processing of auditory information in the MNTB.

Large cavitations emerge in the aging rat MNTB within capillary basal laminae 
(Casey and Feldman 1985). At the same time, membranous debris accumulated 
and indicated cellular degeneration within leaflets of the capillary basal lamina. 
The volume density ratio of capillaries decreases significantly between 6 and 33 
months of age.

Much of auditory signal processing depends on the tonotopic organization 
across almost all regions of the central auditory system in the mammalian brain. 
Von Hehn et al. (2004) found that the Kv3.1 potassium channel gene is expressed 
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in a tonotopic gradient within the MNTB, with levels of Kv3.1 being highest at its 
medial end that processes sound stimuli with high frequencies. The promoter for 
the Kv3.1 potassium channel gene is regulated by a Ca2+-cAMP responsive element, 
which binds the transcription factor cAMP response element-binding protein 
(CREB). Levels of Kv3.1, CREB, and phospho-CREB in the mouse strain CBA, 
which maintains good hearing throughout life, were compared with corresponding 
measurements on brain tissue of the strain C57BL/6 (BL/6), which suffers from 
early cochlear hair cell loss. A gradient of Kv3.1 immunoreactivity in the MNTB 
was detected in young (6 week) and older (8 month) CBA mice and young BL/6 
mice. However, by 8 months of age, when hearing is impaired in BL/6 mice, the 
gradient of Kv3.1 is lost. Moreover, in the older BL/6 mice, there was a decrease 
in CREB expression along the tonotopic axis, and the pattern of pCREB labeling 
was random. It appears that ongoing activity in auditory brainstem neurons is 
necessary for the maintenance of Kv3.1 tonotopicity through the CREB pathway 
and that the gradient falters when hearing fades.

Calbindin immunoreactivity has been compared in the MNTB of young and old 
CBA and BL/6 mice (O’Neill et al. 1997; Zettel et al. 1997). Although CBA mice 
show little change in peripheral sensitivity until very late in life, BL/6 mice exhibit 
progressively more severe peripheral (sensorineural) hearing loss between 4 and 12 
months of age. There was no significant change in the number of calbindin-positive 
cells or the total number of cells in MNTB of old CBA mice compared with young 
control mice. However, the mean number of calbindin-positive cells decreased by 
11% in middle-aged and 14.8% in old C57 mice. The decline in C57 mice was 
significant by 6.5-8.5 months of age and could be the consequence of a loss of input 
from the cochlear nucleus where cell numbers are known to decline by this age in 
this strain. The total number of neurons in MNTB showed a modest 7.1% decline with 
age in C57 mice. This suggests that the greater loss of calbindin-immunoreactive cells 
with age can only partially be attributed to a reduction in the total number of cells.

The soluble gas nitric oxide (NO) also appears to be involved in the aging 
processes of the SOC. The histochemical detection of NADPH-diaphorase activity 
(NADPH-d), a marker for neurons containing NO synthase, was used to determine 
the numbers of NO-producing cells in the SOC of adult and senile Djungarian 
dwarf hamsters (Reuss et al. 2000). The number of stained neurons almost doubles 
in the SOC of senile hamsters compared with young animals. The most distinct 
increase occurs in the MNTB. This increase of NO production in the aging auditory 
brainstem may be related to hearing impairments with increasing age.

3.3.3  olivocochlear Efferent systems

Several age-dependent changes in the central auditory system have been found to 
be a consequence of the deterioration of loss of inner ear hair cells. Conversely, 
integrity and survival of these hair cells could also depend on their innervation from 
the auditory brainstem originating in SOC. Both medial olivocochlear (MOC) and 
lateral olivocochlear (LOC) neurons contain GABA (Fex and Altschuler 1986; Fex 
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et al. 1986; Thompson et al. 1986; Schwarz et al. 1988; Eybalin and Altschuler 
1990), and cholinergic and GABAergic markers colocalize in most of their cochlear 
terminals (Maison et al. 2003). GABA

A
 receptors are present on cochlear nerve 

somata and OHCs and in the region of synaptic contact between LOC terminals and 
cochlear nerve afferents (Plinkert et al. 1989, 1993; Yamamoto et al. 2002). Maison 
et al. (2006) have suggested that the GABAergic component of the olivocochlear 
system contributes to the long-term maintenance of hair cells and neurons in the 
inner ear. GABA

A
 signaling has important long-term influences on the health of 

sensory cells and their innervation. The progressive degenerative changes seen after 
perturbation of GABAergic signaling suggests that GABA plays an important role 
in sensorineural hearing loss in general and age-related hearing loss in particular.

An age-related decline in Kv3.1b expression that correlates with functional deficits 
of the MOC system was observed (Zettel et al. 2007) in the mouse AVCN and 
MNTB (Fig. 3.6). Kv3.1b channel protein is widely distributed in the mammalian 
auditory brainstem. As temporal processing declines with age, this study was under-
taken to determine whether the expression of Kv3.1b also declines and if changes 
are specific to AVCN and MNTB. Immunocytochemistry using an anti-Kv3.1b 
antibody was performed, and the relative optical density of cells and neuropils was 
determined from CBA mice of four age groups. Middle age declines in expression 
in the neuropils of the AVCN (by 35%), MNTB (26%), and LSO (23%) were found. 
In contrast, cellular optical density declines were found in the superior paraolivary 
nucleus (by 24%), VNTB (29%), and LNTB (26%). These trapezoid body nuclei 
contain the origin of the MOC system. There were no age-related changes in the 
remaining regions of cochlear nucleus or in the inferior colliculus.

Contralateral suppression of distortion-product otoacoustic emission amplitudes 
of age-matched littermates declines by middle age as well and suggests a correlation 
between Kv3.1 expression and MOC function. Aiming for more direct evidence, 
Kv3.1b knockout mice were examined. Knockouts show poor MOC function 
compared with wild-type and heterozygous mice. Zettel et al. (2007) suggest that 
the decline in Kv3.1b expression in MOC neurons by middle age are causally related 
with functional declines in efferent activity.

GABA is an inhibitory neurotransmitter that is synthesized by two isoforms of 
GAD, GAD65 and GAD67. Using in situ hybridization and immunocytochemical 
techniques in hamsters, GAD isoforms within the LSO have been found during 
postnatal development (Jenkins and Simmons 2006). In the neonatal hamster, 
GAD67 immunoreactivity, GAD67 transcript labeling, and GABA immunostaining 
are at low levels. However, robust GAD65 mRNA expression is found throughout 
the LSO during the early postnatal period. The neonatal GABAergic expression 
patterns are in strong contrast to those in the adult where the LSO has robust GAD67 
mRNA expression and weak GAD65 mRNA expression. By retrograde axonal 
transport, GAD67-positive cells in the LSO were proven to be part of the lateral 
olivocochlear system. The late onset of GAD67 expression and intense GABA 
immunoreactivity in LSO neurons are consistent with a comparatively late maturation 
of the LOC system. The GABAergic portion of the LOC system is apparently 
distinguished by preferential GAD67 expression, intense GABA immunoreactivity, 
and relatively late postnatal onset.
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Fig. 3.6 Photomicrographs of Kv3.1b+ cells and neuropils in the CBA mouse. (a) Cross section 
of brainstem at the level of the DCN and VCN. DCN has heavily stained neuropil but no immu-
noreactive cells. VCN has numerous Kv+ cells and immunopositive neuropil. Scale bar: 75 µm. 
(b) Immunopositive neurons in the VCN. Scale bar: 50 µm. (c) Very lightly immunoreactive octo-
pus cells of the VCN. Scale bar: 25 µm. (d) Heavily reactive globular bushy cells and neuropil of 
the anterior division of the anteroventral cochlear nucleus (AVCNa). Scale bar: 50 µm. (e) Cross 
section of the brainstem at the level of the superior olivary complex (SOC). The lateral superior 
olive (LSO) is large and easy to distinguish by its intensely immunoreactive neuropil but lack of any 
immunopositive cells. In contrast, the medial superior olive (MSO) is small and indistinct. Scale 
bar: 200 µm. (f) Strongly Kv+ principal cells and neuropil of the medial nucleus of the trapezoid  
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3.3.4  soC Physiology

The SOC is the first major convergence of binaural information in the central audi-
tory nervous system and forms the first processing of differences in time and inten-
sity in binaural hearing. Three major nuclei are involved in the ascending pathway; 
the LSO, MSO, and MNTB. Neurons in the LSO and MSO receive and compare 
inputs from both ears after processing by the cochlear nuclei and appear to be espe-
cially suited for comparing intensity and timing differences between the two ears. 
For example, when a sound arises from the ipsilateral ear, the neural input to the 
LSO is excitatory and when the sound is located contralaterally, the input is inhibi-
tory. Only one study has investigated the effects of aging in single neuron correlates 
of binaural processing in the LSO. Because neural processing in the LSO of binau-
ral inputs is shaped by the interplay of excitatory and inhibitory circuits arising 
from each ear, one could hypothesize that a loss in inhibitory drive would alter 
binaural processing. Recordings from single neurons in the LSO from young and 
old Fischer-344 rats showed no apparent effects on binaural responses or in coding 
intensity differences (Finlayson and Caspary 1993). However, although the results 
did not reach statistical significance, they reported that a greater proportion of neu-
rons from old rats exhibited a lower inhibitory drive when the contralateral ear was 
stimulated. This trend is supportive of the idea that a decline in inhibition may 
reduce the contrast in binaural signals, resulting in the deficits observed in elderly 
human listeners (Fitzgibbons and Gordon-Salant, Chapter 5).

3.4 Inferior Colliculus

The inferior colliculus in the midbrain consists of three major subdivisions: the 
central nucleus (CIC), the lateral external nucleus (EIC), and the dorsal cortex 
(DCIC). In a light and electron microscopic study on neurons of the CIC in the 
CBA mouse across three age groups (young or 3 months, middle aged or 8 months, 
and old or 25 months), no changes were noted in the size of the principal neurons over 
the age range examined (Kazee and West 1999). Neither were there changes in 
synapses on the somata of the principal neurons in number or type nor in the length 
of synaptic apposition or the size of synaptic terminal area. Conforming to this 
finding, hearing is quite well preserved across the lifespan in the CBA mouse strain. 

Fig. 3.6 (continued) body (MNTB). Scale bar: 50 µm. (g) Darkly stained cells of the lateral 
nucleus of the trapezoid body (LNTB) intercalated between highly myelinated nonreactive fibers 
of the ventral acoustic stria. Scale bar: 25 µm. (h) Kv+ cells of the central division of the inferior 
colloculus (ICc). Scale bar: 25 µm. (i) Large immunoreactive cells of the superior paraolivary 
nucleus. Neuropil is only lightly stained. Scale bar: 25 µm. (j) Kv+ ventral nucleus of the trapezoid 
body (VNTB) cells intercalated between fibers of the acoustic stria. Scale bar: 25 µm. (From 
Zettel et al. 2007)
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In contrast, a moderately severe synapse loss was observed in the BL/6 mouse 
strain, a strain that has a genetic deficit producing progressive sensorineural hearing 
loss starting in young adulthood (Kazee et al. 1995).

A genetic defect of the BL/6 mouse causes a progressive sensorineural hearing 
loss that starts during young adulthood, or by ~2 months of age, in the high-frequency 
range of sounds. Over the second year of life, hearing is severely impaired, progres-
sively involving all frequencies. At the same time, a significant decrease in the size 
of principal neurons in the CIC and a dramatic decrease in the number of synapses 
of all morphologic types on principal neuronal somas take place. The percentage of 
somatic membrane covered by synapses decreased by 67%. These synaptic changes 
are likely to be related to the equally dramatic physiological changes that have been 
noted in CIC. The synaptic loss noted by Kazee et al. (1995) may represent altera-
tions of the complex synaptic circuitry related to the central deficits of presbycusis. 
The preservation of synapses on principal neurons in the CBA mouse suggests that 
synaptic loss is related to the preservation of peripheral auditory function and input 
to the neurons rather than being a direct effect of genetic malfunction.

3.4.1  Glutamate

As in most brain regions, glutamate functions as the main excitatory neurotransmitter 
in the central auditory systems. Changes in glutamate and glutamate-related genes 
with age may be an important factor in the pathogenesis of age-related hearing loss. 
Glutamate-related mRNA gene expression in the inferior colliculus of CBA mice 
was investigated using both genechip microarray and real-time PCR molecular 
techniques for four different age/hearing loss CBA mouse subject groups (Tadros 
et al. 2007). Two genes showed consistent differences between groups for both the 
genechip and real-time PCR. Pyrroline-5-carboxylate synthetase enzyme (Pycs) 
showed downregulation with age and a high-affinity glutamate transporter (Slc1a3) 
showed upregulation with age and hearing loss. Because Pycs plays a role in 
converting glutamate to proline, its deficiency in old age may lead to both gluta-
mate increases and proline deficiencies in the auditory midbrain, playing a role 
in the subsequent inducement of glutamate toxicity and loss of proline neuro-
protective effects. The upregulation of Slc1a3 gene expression could reflect a 
compensatory mechanism of neurons to protect against age-related glutamate or 
calcium damage.

3.4.2  Gaba

There is a substantial, selective, and age-related loss of the putative inhibitory 
neurotransmitter GABA in the CIC of rats (Caspary et al. 1990). Staining neurons 
of the CIC against a GABA conjugate in young adult (2- to 7-month-old) and aged 
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(18- to 29-month-old) Fischer 344 rats showed that the number of GABA-positive 
neurons decreases significantly by 36% in the ventrolateral portion of the CIC of aged 
animals (93 neurons/mm2) compared with matched young adults (145 neurons/
mm2). Concurrently, a significant age-related reduction in both basal (−35%) and 
K+-stimulated (−42%) efflux of GABA from tissue slices of the CIC was observed. 
A corresponding decrease in postrelease tissue content of GABA in the CIC of aged 
rats was observed (−30%). In contrast, tissue content as well as basal and evoked release 
of Glu, Asp, Tyr, and 3H-ACh was similar between the two age groups. These 
data provide evidence that GABA, glutamate, aspartate, and acetylcholine serve 
neurotransmission in the CIC. In addition, they indicate a pronounced region- and 
neurotransmitter-selective and age-related reduction of GABA in the CIC. The authors 
developed the hypothesis that impairment of inhibitory GABAergic neurotransmis-
sion in the CIC may contribute to abnormal auditory perception and processing 
seen in neural presbycusis.

Helfert et al. (1999) determined whether there is an age-related decline in 
GABAergic inhibition in the CIC and possibly excitant amino acid (EAA)-mediated 
excitation as well. They applied an electron microscopic method to locate GABA 
and EAAs known to be essential for signal processing in the inferior colliculus. 
Their study was done on Fischer-344 rats in three age groups (3, 19, and 28 months) 
and found an almost equal loss of excitatory and inhibitory synapses in the CIC. 
Comparing rats aged 28 months with rats aged 3 months, the authors observed a 
significant reduction in the density of GABA-positive synaptic terminals by ~30% 
and of GABA-negative terminals by ~24% in CIC. When adjusting these counts for 
the volume reduction of CIC occurring with age, a change of ~10% still remains. 
The authors suggest that GABA-positive neurons may have evolved patterns of 
synaptic and dendritic change during aging in which the distribution of synaptic 
terminals progressively shifts to dendrites of larger caliber. Because there were no 
neuronal losses detectable among the three age groups, the decrease in GABA and 
EAAs identified in the inferior colliculusby previous studies may be attributable to 
synaptic and dendritic declines rather than to cell loss.

Age-related alterations in the biosynthetic enzyme GAD, the degradative 
enzyme GABA-transaminase (GABA-T), and the uptake system for GABA in CIC 
of Fischer-344 rats has been studied (Raza et al. 1994). For comparison, the 
cholinergic neuronal system identified by choline acetyltransferase (ChAT) was 
also charted. Considering 3 age groups (young or 3-7 months, mature or 15-17 
months, and aged or 24-26 months), the investigators found that GAD activity was 
high in the young CIC (219 nmol/mg protein/h), whereas ChAT was low. Significant 
reductions in GAD activity are seen in the CIC of mature (−31%) and aged (−30%) 
rats. The neurotransmitter selectivity of this deficit becomes obvious by changes 
in ChAT activity (−22%, aged vs. mature) that occurred after the changes in GAD 
activity. In contrast, high-affinity uptake for 14C-GABA and 3H-d-aspartate is not 
significantly affected by ageing. There was also no age-related loss in GABA-T 
activity. The age-related loss in GABA-mediated inhibition in the CIC of Fischer-344 
rats is not attributable to changes in uptake or degradation of GABA but appears 
to be related to a loss in biosynthetic capacity of GAD.
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A selective age-related decrease in both the protein and mRNA levels of the 
most abundant GABA

A
 receptor subunits has been revealed in Fischer-344 and 

Sprague-Dawley rat inferior colliculi (Gutierrez et al. 1994). The number of the 
native and fully assembled GABA

A
 receptors assayed by 3H-muscimol binding 

decreases as well (35-49%). The decrease in GABA receptors was accompanied by 
a decrease in protein and mRNA of GAD. Among the other regions of the rat brain 
studied, there was none that showed comparatively large age-related changes in 
these synaptic molecules. In 24-month-old rats, the combination of ß2 and ß3 
peptide subunits was decreased by 55%, whereas the ß

2
 and ß

3
 mRNAs were 

decreased by 31 and 22%, respectively. The g
2S

 and g
2L

 subunit proteins decreased 
by 43 and 21%, respectively, whereas the g

2
 mRNA, including both short and long 

forms, declined by 61%. The a
1
 subunit protein decreased by 26%, whereas the a

1
 

mRNA decreased by 40%. The GAD protein decreased by 62% and GAD-65 
mRNA decreased by 42%. No age-dependent changes occurred in the CIC in the 
level of expression of glial and/or neuronal markers.

Similarly, an age-dependent decrease takes place for GABA
B
 receptors 

(Milbrandt et al. 1994). The 3 major subdivisons of the inferior colliculus were 
studied in 3 age groups (3, 18-20, and 26 months) of Fischer-344 rats. GABA

B
 

binding sites were localized using [3H]GABA in the presence of a saturating 
concentration of a selective GABA

A
 receptor agonist. In all subdivisions, GABA

B
 

receptor binding was significantly reduced in 26-month-old rats when compared 
with 3-month-old rats (DCC: −44%; EIC: −36%; CIC: −32%).

These studies again reveal those age-related changes in hearing that involve 
GABA neurotransmitter function. There is a decrease in the number of GABA-
immunoreactive neurons, a decreased basal concentration of GABA, a decreased 
GABA release, decreased GAD activity, decreased GABA

B
 receptor binding, and 

subtle changes in GABA
A
 receptor binding. Knowledge of such deviations from 

GABA metabolism in a fully functional auditory system is hoped to eventually lead 
to the development of pharmacotherapy.

3.4.3  Metabolism

Aging, either with or without a severe loss in hearing, is not associated with altered 
levels of glucose metabolism in the inferior colliculus and AVCN as indicated by 
the incorporation of 2-deoxyglucose in quiet (Willott et al. 1988).

The age-dependent protein complexity of the inferior colliculus reveals a pattern 
that is distinctly different from other brain regions (Illing 2004). Molecular 
complexity in the inferior colliculus is initially high but decreases soon after the 
onset of hearing to settle on a significantly lower adult level. Looking at specific 
proteins, Cosgrove et al. (1987) studied the brains of male Fischer-344 rats 
aged 3-4 months or 28-30 months and found two proteins, 44 kD pI 5.4 and 47 kD 
pI 5.2, that were present at increased levels in the inferior colliculus of 28- to 
30-month animals compared with 3- to 4-month animals. This result supports the 
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concept that the molecular mechanisms causing differential gene expression in 
different regions of the young adult rat brain are operative and maintained in the 
brains of senescent rats.

Studies using indicators for oxidative stress have identified biochemical and 
morphological changes in the inferior colliculus that may contribute to deficits in 
neurotransmitter functions of Fischer-344 rats in three age groups (Mei et al. 1999). 
Homogenates obtained from inferior colliculus tissue showed age-dependent 
reductions in activities of the antioxidant enzymes superoxide dismutase and 
catalase, with a concomitant increase in lipid peroxidation. Dephosphorylation of 
inferior colliculus homogenates with alkaline phosphatase reduced the activities of 
sodium dismutase and catalase in all age groups. This could be restored by protein 
kinase C (PKC)-dependent phosphorylation. Restoration of enzyme activity was 
specific to the PKC-a isozyme but not to the b

1
, b

2
, d, or g forms. No age-dependent 

change in the levels of PKC isoforms (a, b
1
, b

2
, and g) was detectable in inferior 

colliculus homogenates. Morphological analyses made by these authors indicate 
decreases in mitochondrial density and increase in matricial abnormalities in the 
somata of both GABA-positive as well as GABA-negative neurons in the colliculi 
of 19- and 28-month-old rats compared with 3-month-old rats. These data indicate 
age-related increases in oxidative stress in the inferior colliculus that could be 
partially counteracted by PKC. Obviously, the progressive increase in oxidative 
stress may entail morphological and functional impairment of the inferior colliculus 
with age as described above.

Specific changes in cellular metabolism in the auditory midbrain were observed 
under the pathology of Alzheimer’s disease (AD). Senile plaques and neurofi-
brillary tangles were distributed throughout the CIC in nine of nine AD patients 
while adjacent nuclei were consistently spared (Sinha et al. 1993). The degenerative 
changes pervading the entire inferior colliculus and medial geniculate body 
(MGB) suggest that the loss of neuronal function affects all frequency ranges in 
AD. In contrast, typical presbycusis preferentially includes high-frequency loss due 
to lesions peripherally in the cochlea or auditory centers.

3.4.4  Inferior Colliculus Physiology

The auditory midbrain is composed of the inferior colliculus and represents the 
first major convergence of both binaural and monaural neural processing in the 
auditory system. The cytoarchitectonics of the inferior colliculus forms the basis 
for a neural network devoted to parallel processing and is formed by laminar sheets 
analogous to the contours of an onion. Each sheet is formed by disc-shaped, principal 
neurons whose dendrites extend outward in a circular fashion, with the second type of 
principal neuron, the multipolar cell, acting to integrate processing across the laminar 
sheets. The incoming afferents form the tonotopic organization that is created by 
individual laminae, where only a very narrow range of frequencies is represented. 
Low frequencies are represented dorsally and high frequencies ventrally.
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Within a lamina, there is evidence to suggest that both low-level and more 
sophisticated sound processing occurs. For example, Langner and Schriener (1988) 
found that amplitude modulation, or the rapid fluctuation in stimulus intensity, was 
mapped in a systematic fashion onto individual lamina. A similar topographic map 
is also found for sound intensity, where the most sensitive (lowest thresholds) 
neurons are located near the center of an isofrequency lamina and neurons with 
increasingly higher thresholds fall on concentric isointensity contours around the 
center of the lamina (Stiebler and Ehret 1985). Thus the type of neuronal architec-
ture could provide the basis for parallel processing of complex signals so that 
multiple sound features, e.g., frequency, intensity, and frequency and amplitude 
modulation, could be analyzed simultaneously.

A pioneering study by Willott et al. (1988) was the first to examine age-related 
changes in simple response properties of auditory midbrain neurons using the CBA 
mouse model of presbycusis. They reported only mild age-related changes in 
fundamental response properties of inferior colliculus neurons in old CBA mice. 
Consistent with peripheral measures, a slight reduction in sensitivity across all 
frequencies was noted while tonotopic organization was maintained. They found an 
increase in the number of so-called “sluggish” units and neurons that behaved 
similarly throughout a range of intensities, with <50 action potentials for the entire 
recording period. Sluggish neurons were found to increase significantly with age 
from 3% in the young inferior colliculus to 22% in the old inferior colliculus. 
They also reported a decrease in the proportion of spontaneously active units in the 
dorsal, low-frequency region of the inferior colliculus and an increase in the num-
ber of spontaneously active ventrally located high-frequency units. Several param-
eters of single-unit response areas were measured, including BF or frequency 
corresponding to the lowest intensity to which a unit responded, upper and lower 
frequencies to which a unit was responsive at 80-dB SPL and BF for rate, or the 
frequency to which the unit exhibited the greatest number of spikes. This implies 
that the frequency selectivity of these units has been altered without affecting their 
threshold or rate BF.

Age-related changes in binaural response properties were studied by Palombi 
and Caspary (1993). In most neurons, no statistically significant differences in cod-
ing binaural responses properties were observed when comparing units from young 
and old animals. The authors did report a trend that there was a decline in the num-
ber of units excited by contralateral stimuli and inhibited by ipsilateral stimuli in 
the aged rat IC compared with units from young mice.

Although alteration in coding simple sound properties appears to be minimally 
affected by age, several studies have reported altered coding of temporal sound 
features. Temporal acuity can be defined as the speed at which the auditory system 
processes incoming acoustic signals and can be measured by one of several temporal 
processing tasks, one of which is gap detection. Because one of the key factors 
contributing to poor speech recognition in elderly listeners is a deficit in temporal 
resolution, neurophysiological correlates of gap detection may provide evidence of 
a central component (Schneider et al. 1994; Fitzgibbons and Gordon-Salant 1996; 
Snell et al. 2002). Barsz et al. (2002) and Walton et al. (1997) explored the relationship 
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between behavioral gap detection in mice and the neural correlates of gap detection 
in inferior colliculus neurons and found that the shortest gaps encoded by inferior 
colliculus neurons were in the range of behavioral minimal gap thresholds. 
Subsequently, Walton et al. (1998) reported that unit responses from old CBA 
mice showed a shift in the proportion of units having the shortest gap thresholds 
(Fig. 3.7) and were shifted to longer gap duration compared with neurons from 
young mice. The frequency distributions represent the minimal gap threshold 
data from over 100 inferior colliculus neurons in young and old CBA mice. 
The distribution shows that although the smallest gap thresholds of 1-3 ms were 
observed in units from both young and old animals, the frequency of occurrence of 
thresholds of the shortest gaps encoded by inferior colliculus neurons was signifi-
cantly lower in old CBAs. More specifically, roughly 50% fewer neurons had gap 
thresholds of 2 ms or less in the inferior colliculus in old CBA mice. Whether this 
magnitude of neuronal decline produces parallel behavioral deficits in old mice is 
not yet known, although behavioral data (Ison, Tremblay and Allen, Chapter 4) 
suggest that old mice suffer about the same deficit in detecting silent gaps presented 
in a noise background.

Walton et al. (1998) also noted a second, more striking age-related difference 
that is illustrated in the gap functions of Fig. 3.7b. They found that the majority of 
neurons with onset-type response patterns displayed a deficit in recovery. Neural 
recovery can be quantified by comparing the spike counts elicited by the control 
condition with the response elicited by the first noise burst marking the gap. 
In Figure 3.7, top, gap functions from young mice display rapid recovery, the 
majority increasing spike counts to near control values (1.0) by 10 ms. In contrast, 
in many old neurons, the gap response elicited by a second noise burst failed to 
recover to within 75% of the response to the first noise burst even after 10 ms.

That aging differentially affects the representation of first-spike latencies 
(presumably) along the tonotopic axis but not the spread of latencies within isofre-
quency slabs suggests that there are at least two mechanisms influencing latency in 
the inferior colliculus. One mechanism establishes a latency gradient for determin-
ing the shortest latencies along the tonotopic axis, and this mechanism appears to 
be affected by the aging process. The second mechanism establishes a latency 
spread within isofrequency slabs, and this representation of response latency 
appears to be preserved with age. One other metric of response latency, the variance 
of the first spike latency, was analyzed and remained stable with age. Previous 
reports indicate that variance in first-spike latency from inferior colliculus units 
should increase with the mean first-spike latency (Langner and Schreiner 1988). 
The data indicate that this relationship held true for units from both young and old 
mice. Finally, alteration in dynamic temporal processing, as measured by encoding 
of sinusoidal amplitude modulation (SAM), has also been reported (Walton et al. 
2002; Simon et al. 2004). In old mice, the upper limit of sinusoidal amplitude modu-
lation encoding is reduced compared with units from young mice.

To summarize the inferior colliculus results, key findings from single-cell 
recordings across multiple laboratories suggest that both intensity and temporal 
processing are disrupted in the inferior colliculus of the old rodent. Although 
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Fig. 3.7 Minimal gap thresholds of IC units recorded from young and old mice to silent gaps 
embedded in a noise carrier presented at 65 dB SPL (a). Thresholds were defined as the shortest 
gap duration in which a response to the second noise burst was detected by statistical comparison 
to the control (no gap) response. Gap thresholds tended to shift to longer durations in old mice, 
where 50% fewer units responded to gaps with durations of 3 ms or less. (b and c) Recovery func-
tions from units from young and old mice as shown by the magnitude of the response (normalized 
from spike counts) elicited by the second noise burst. A value of one indicates complete recovery. 
(From Walton et al. 1997)
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Finlayson and Caspary (1993) found no significant age-related changes in binaural 
response properties, aging does alter monaural temporal processing as seen as a 
shift to longer gap thresholds, increased recovery from prior stimulation, and 
alteration in the normal topographic map of first-spike latency. What are the impli-
cations of these findings? First, it must be reiterated that the temporal coding defi-
cits noted above are not associated with global changes in all inferior colliculus 
neurons in aged animals, e.g., some neurons are spared. The mechanisms respon-
sible for the alteration in temporal coding appear to be acting focally and totality. 
Second, the range of single neuron deficits that appears in gap encoding are on the 
order of those reported in human listeners (Fitzgibbons and Gordon-Salant, 
Chapter 5). Schneider et al. (1998), e.g., found that mean gap thresholds were 1-1.5 
ms greater in older subjects with near-normal audiometric thresholds than in the 
younger group. Finally, many of the neurophysiological observations fit within the 
framework of the loss of inhibition model. Walton et al. (1998) has shown that both 
inferior colliculus single-unit recovery functions and topographic latency gradient 
present in the inferior colliculus can be modified by blocking GABAergic and 
glycinergic circuits. Age-related alteration in recovery and the map of latency in 
single-neuron recordings could be a reflection of an imbalance in excitation and 
inhibition needed for normal cellular function.

3.5  Auditory Cortex

In a Golgi study of neocortical pyramidal cells, it was found that in rats more than 
30 months old, the density of the dendritic tree decreased significantly within a 
radius of ~150 µm of the perikaryon compared with that in 3-month-old animals 
(Vaughan 1977). In contrast, the extent of the dendritic domain did not change 
appreciably with age. Analysis of the dendritic branching suggests that not only has 
there been deterioration in the peripheral branches of the dendritic tree but also that 
entire dendrites have been lost. This loss of primary branches was confirmed through 
the reconstruction of layer V neuronal perikarya and their proximal dendrites from 
serial sections of auditory cortex.

An electron microscopic analysis of the size of cell bodies in layers 2 and 5 of 
the rat auditory cortex revealed that a size increase from 3 to 15 months of age is 
followed by a decrease falling below the 3-month value by 36 months of age 
(Vaughan and Vincent 1979). The nuclei of the cells did not change significantly in 
layer 2. In layer 5, the mean nuclear area decreased significantly in the old animals. 
The relative volume of dense bodies increased linearly with advancing age, with 
a slightly more accelerated rate in layer 2 cells. The relative volume of ground 
substance remained essentially constant through 27 months but decreased later 
to <90% of the 3-month level. The relative volume of the rough endoplasmic 
reticulum did not change significantly until after 15 months, at which time it began 
to occupy increasingly a larger fraction of the perikaryal cytoplasm. The relative 
volumes of mitochondria, multivesicular bodies, and Golgi apparatus did not 
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show clear trends of change during the 33-month period. Apparently, the major 
age-related change takes place in dendritic morphology and consequently in synaptic 
connectivity.

In a study on aged human brains (78 years and older) without any neuropsychic 
disorders, changes in the cytoplasm, neurocytes, dendrites, spines, axons, and their 
terminals in the sensory cortex (Brodmann area 40) were found (Iontov and Shefer 
1984). The same types of changes were found in the auditory cortex of old cats used 
for control of the degree of preservation of elements in the human cortex.

Vaughan and Cahill (1984) sectioned the corpus callosum in 3-, 12-, and 
24-month-old rats and examined the auditory cortex 3 months later to determine 
whether there were age-related differences in the morphological response to 
the partial deafferentation. Analysis focused on those cortical layers known to 
receive the heaviest callosal projection (layers 2 and 3) and those neurons known 
to be postsynaptic to callosal afferents (layer V pyramidal neurons). Although 
no age-related changes in cortical thickness or the relative thickness of the cortical 
layers were detected in control animals, the apical dendrites of layer V pyramidal 
neurons did lose dendritic spines and became thinner with age. In all three lesion 
groups, the cortex became thinner without altering the relative thickness of cortical 
layers. A decrease in the relative density of apical dendrite spines in layer 3 and an 
increase in the density of these spines in layer 4 occurred. Both effects varied with 
age. Spine decreases in layer 3 were greatest in older animals and spine increases 
in layer IV were greatest in younger animals. The mean diameters of apical dendrites 
decreased in the youngest group of lesioned animals but increased in the oldest 
group. These results indicate a complex pattern of age-dependent changes on 
callosal deafferentation.

During embryonic development, the cells of the brain migrate toward the 
surface, forming minicolumns in the cortex. These are grouped into larger macro-
columns to form the basis of the mapping of functions across the surface of the 
brain. Proliferation of radial minicolumnar units of cells was suggested to underlie 
the expansion of different cortical surface regions during development and across 
species. The minicolumnar organization of neurons was studied and found to be 
increasingly disrupted, with cognitive impairment in primates (Chance et al. 2006). 
These authors measured the minicolumn spacing and organization of cells in 
Heschl’s gyrus (primary auditory cortex A1), the planum temporale (Brodmann 
area 22), and middle temporal gyrus (Brodmann area 21) of 17 normally aged 
human adults. An age-associated minicolumn thinning was found in the auditory 
association cortex but not in the primary auditory cortex. Minicolumn thinning was 
also associated with greater plaque load, although this effect was present in all 
areas. The regional variability of age-associated minicolumn thinning reflects 
the regionally selective progression of tangle pathology in Alzheimer’s disease. 
The authors suggest that plaque load combines with age to increase minicolumn 
thinning, possibly reflecting an increasing risk for Alzheimer’s disease. Because 
old age is the greatest risk factor for dementia, the transition to dementia may 
involve an extension of normal aging processes.
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3.5.1  Neurochemistry

Neurons containing NADPH-d, a marker of neurons containing NO synthase, are 
readily detectable in the auditory cortex of rats (Ouda et al. 2003). Ouda et al. 
examined the auditory cortex of young (3-month-old) and very old (36-month-old) 
Long-Evans rats. In very old rats, a significant reduction was found in the thickness 
of the auditory cortex to almost half of that in young animals. They also noticed 
changes in the shape and configuration of diaphorase-positive nerve cell bodies and 
dendrites. Quantitative analysis demonstrated an age-related increase in the number 
of dendritic segments and dendritic branching points. The length of dendrites in 
NADPH-d-positive neurons and their density increased in very old rats, but the total 
number of NADPH-d-positive neurons within the Te 1 and Te 3 fields was 13% 
lower in the old rats than in the young rats.

Neuropeptide Y and NADPH-d in neurons of the cerebral cortex in young 
(3-month) and aged (24-month) Fischer-344 rats showed that the number of neurons 
containing both proteins were unchanged in all regions of the cerebral cortex com-
pared with the control group (Huh et al. 1998). However, the number of neurons 
containing neither of these markers was significantly decreased in frontal association, 
primary motor, secondary somatosensory, insular, ectorhinal, perirhinal cortex, and 
auditory cortex in the aged group. These results suggested that neuropeptide 
Y-containing neurons that do not contain NADPH-d are affected by aging and that 
aging influences neurons negative for both markers in a region-specific pattern 
within the cerebral cortex.

NO has been implied in age-related changes of the central auditory pathway 
(Sanchez-Zuriaga et al. 2007). These authors investigated whether the number of 
NO-producing cells and their morphometric characteristics in the inferior colliculus 
and the auditory cortex are changed with the increasing age of Wistar rats. Again, 
they based their study on the detection of NADPH-d. Their results showed that the 
cross-sectional area of the somas of stained neurons in the dorsal cortex of the 
inferior colliculus and a diffuse loss of NADPH-d-positive neurons in the senile IC 
and primary cortical auditory area (Te1) decreased with age. Because these authors 
have noticed an increased number of NO-producing cells in different parts of the 
ageing auditory pathway, age-related changes in NADPH-d-positive cells appear to 
follow a region-specific route. The observed changes are thought to be related to 
hearing impairments with increasing age.

Age-related changes within the auditory brainstem typically include alterations 
in inhibitory neurotransmission and coding mediated by GABA and glycinergic 
circuits. The impact of aging on neurotransmission in the higher auditory centers 
was examined. Age-related changes in the GABA synthetic enzyme and different 
isoforms of GAD, have been found in rat primary auditory cortex (A1), which 
contains a vast network of intrinsic and extrinsic GABAergic circuits throughout 
its layers (Ling et al. 2005). Significant age-related decreases in GAD65 and 
GAD67 mRNA were observed in A1 layers 2-6 of aged rats relative to their young 
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adult cohorts. The largest changes were identified in layer 2 for GAD65 and 
GAD67. The GAD67 protein expression decreased significantly in parallel with 
mRNA decreases in all layers of AI. Adjacent regions of parietal cortex showed 
no significant GAD67 protein changes among the age groups except in layer 6. 
Age-related GAD reductions likely reflect decreases in both metabolic and 
presynaptic GABA levels and suggest a downregulation in normal adult inhibitory 
GABA neurotransmission. Transferring these observations to humans, an age-
related loss of normal adult GABA neurotransmission in A1 is likely to alter 
temporal coding and could contribute to the loss in speech understanding observed 
in the elderly.

3.5.2  auditory thalamus and Cortex Physiology

In a series of studies, Mendelson et al. (2004) investigated the effects of aging on 
neural coding of frequency modulation (FM) in the medial geniculate body and 
primary auditory cortex. Certain features of complex signals, including species-
specific vocalizations, are composed of various rates of FM. For example, different 
components of speech contain formant transitions that can be characterized by 
different types of FM. Two fundamental components of tonal FM are the speed in 
which frequency is changing and the direction of change, either upward or 
downward. In comparing neuronal recordings from MGB neurons in young and 
old rats, Mendelson and Lui (2004) found no effects of age on coding of tonal FM. 
Neurons from both young and old animals preferred fast FM sweeps and were not 
found to be directional dependent. This was in agreement with an earlier study 
showing that there were no significant differences in processing FM in the inferior 
colliculus of young and old rats (Lee et al. 2002). The results in the inferior 
colliculus and MGB were in contrast to the finding that significant changes were 
found in the responses of auditory cortex neurons from old rats. Although neurons 
from young rats preferred medium and fast rates of FM, neurons from older rats 
could not encode these rates and were limited to much slower rates of frequency 
transitions. This temporal processing deficit in FM processing mirrors the deficit 
found in gap detection in that coding faster FM and shorter gaps is impaired in the 
aged animal.

More recently, age-related deficits in static frequency selectivity have been 
reported. Indeed, the frequency receptive fields of cortical layer V neurons in the 
primary auditory cortex have been shown to undergo major age-related changes in 
the old rats as shown in Fig. 3.8 (Turner et al. 2005). In addition to a decrease in 
the number of finely tuned V/U-shaped receptive fields and an increase in the 
poorly tuned complex receptive fields, the stimulus-driven activity of each unit 
type was altered with age. Thus aging is associated with functional changes in the 
AI layer V neurons, but the extent to which the decline in subcortical nuclei contributes 
to these alterations is unknown.
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3.6  Summary and Conclusions

Aging is accompanied by peripheral and central hearing loss as well as cognitive 
decline. Although there is a wealth of information about the cell biology and anatomy 
within the young central auditory nervous system, there are many questions that 
remain to be answered for the aging brain. The information that is presently available 
provides a limited understanding of how the different auditory regions are altered 
in the aged brain. However, a number of interesting age-related problems still need 
to be resolved before neuroprotective strategies can be developed. We have seen 

Fig. 3.8 Age-related change in tonal excitatory receptive field properties from layer V auditory 
cortex neurons in old rats. (a) Receptive field shape changes with age. The majority of units (54%) 
displayed complex-type shapes in the young rat and this increased with aging, whereas the propor-
tion of V/U-type receptive fields decreased with age. (b) Shape of the receptive field was more 
variable in units from old rats and this was independent of shape. Variability was determined by 
performing correlation analysis between three successive runs of acquiring the receptive field. 
(Adapted from Turner et al. 2005)
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that a recurrent motive of age-related hearing impairment is the progressive weak-
ening of GABAergic systems, noticeable in both neurochemical and physiological 
studies on virtually all levels of the central auditory system. It might therefore seem 
to be an obvious therapeutic approach against age-related deterioration of hearing 
to support GABAergic transmission pharmacologically. GABA-mimetic drugs 
have already been used against other neurological ailments (Green et al. 2000). 
However, an immediate success of such an approach is unlikely to be achieved 
because a systemic backup of GABAergic synapses will entail inacceptable side 
effects such as sedation and myorelaxation. Progress is needed for a more local 
support of selected transmitter systems in specific regions of the brain, and this 
might come with the maturation of cell and gene therapy.

This review has tried to integrate what is known about age-related central 
auditory changes and the physiological consequences that follow. In the future, a 
better understanding of basic molecular mechanism that underlie age-induced central 
auditory disorders is needed for both experimental and clinical purposes.
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4.1  Introduction

4.1.1  Contributions of Animal Models to Understanding  
Human Presbycusis

Any reader who has grown up with a pet dog cannot have failed to notice that the 
effects of advancing age in dogs are not very different from those apparent in aging 
grandparents, except that in calendar time they appear more rapidly. Although 
domesticated animals may present a special case compared with wild animals that 
hardly survive to the age of sexual maturity, a few wild animals do survive and they 
also exhibit these common effects of human aging. Very close to human sympathies 
are the observations of elderly chimpanzees by naturalists who, having followed 
their stable groups for many years, write that the rare creature that has successfully 
survived the challenges of the wild exhibits the same thinning hair, slow movements, 
and sagging and wrinkled facial skin as the elderly human (Hill et al. 2001). And 
given the laboratory studies of hearing in old monkeys (Bennett et al. 1983) 
and examinations of cochlear pathology in postmortem studies of aged pet dogs 
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(Shimada et al. 1998), this wrinkled and slowly moving chimpanzee and the graying 
and arthritic dear old pet must both suffer from poor hearing as do elderly humans.

This chapter is focused on the experimental evidence that will more definitively 
characterize age-related hearing loss (ARHL) in animals in comparison to human 
listeners. Both behavioral and noninvasive auditory evoked potential results (AEPs) 
are included, the latter so that animal data can be assessed relative to human data 
in very similar experimental paradigms. These laboratory experiments have most 
often had their rationale founded in the data either from audiology practice and 
psychophysical laboratory research with human listeners or from neurobiological 
findings of age-related changes in anatomical structure and connectivity, 
neurochemical and genetic expression, and physiological evidence observed in 
laboratory animals. The task of this chapter is to mediate between these separate 
disciplines. These functional studies of behavior and AEFs in old animals can 
provide a means of testing hypotheses about presbycusis that are not readily tested 
in the two flanking disciplines. They cannot be tested in the human psychophysical 
laboratory because humans cannot be subjected to stringent environmental, 
surgical, or genetic manipulations, and neither can they be tested in the neurobio-
logical laboratory because neurobiological end points, e.g., evidence of histopa-
thology and loss of neurons or changes in genetic expression with increasing age, 
have no direct a priori connection to the phenomena of sensory experience. Thus 
the behavioral and AEP data obtained from noninvasive procedures, often in the 
awake and behaving animal and in the similarly awake and behaving human 
research participant, are intended to provide different links back and forth between 
age-related neurobiological changes in animals using invasive techniques on the one 
hand and sensory-perceptual measures obtained in human listeners on the other. 
It is the convergence of their outcomes with each other and with those obtained in 
clinical practice that will contribute to understanding the common features of 
presbycusis and their neurobiological bases.

Realistic models of the various features of human presbycusis that are based in 
animal behavior and neurobiology will become even more valuable in the future 
with their further evolution and with the continuing development of translational 
research programs. Besides achieving an integrated multidisciplinary understand-
ing of presbycusis, the ultimate goal of the research on ARHL at each of these 
levels of analysis is to discover how this progressive deficit may be retarded or 
prevented or possibly reversed. These translational programs will almost certainly 
need to assess their validity in animal models of presbycusis before they are ready 
for clinical testing in humans.

4.1.2  Distinctions Between the Simple and the Complex  
in Signals and in Listening Environments

In most studies of human presbycusis, the investigators have focused on age-related 
changes in the audiogram, i.e., the loss of absolute sensitivity as given by the ability 
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to detect pure tones in quiet, measured across the normal frequency range of hearing. 
In other experiments, subjects are asked to detect, identify, or respond to suprath-
reshold, clearly audible signals that may be simple tones or noise bursts, may consist 
of patterned sequences of stimuli that vary in their spectral content and intensity 
over time, or may contain fragments of speech or sentences, sometimes in compli-
cated listening conditions that include competing messages or reverberation. These 
latter experiments variously simulate the characteristics of normal speech signals 
and the nonoptimal listening environments typical of everyday life. The basic finding 
in the first set of experiments is that absolute thresholds steadily increase with 
advancing age, and in the second set, that elderly human listeners are often less able 
than the young to detect or to identify signals when they are presented against 
a noisy or competing background, even though the signals and the background 
stimuli would all be audible if they were presented by themselves. Examples of 
these two types of experiments are shown in Fig. 4.1a (for simple stimuli) from 
a study by Allen and Eddins (2009) and Figure 4.1b (for complex stimuli) from a 
study on the effects of reverberation on speech perception published by Nabelek and 
Robinson (1982). Reduced performance with advancing age is apparent in both sets 
of data. The appearance of decrements in hearing ability as early as 30 to 40 years 
of age in these data and in other life-span studies of nonpatient populations such as 
those of Bergman et al. (1976) and Brant and Fozard (1990) indicate that hearing 
sensitivity and auditory processing apparently begin a gradual but significant 
progressive decline in middle-aged adults. Thus even though the word “presbycusis” 
was initially designed by Roosa (1885) to specifically label the clinically significant 

Fig. 4.1 (a) Age-related hearing loss (HL) across standard test frequencies from 250 Hz to 8 kHz 
between the ages of 20 to over 90 years (overall n = 1,209, 689 women, 520 men) presented as 
median absolute thresholds expressed relative to a group of subjects between the ages of 18 to 20 
years (Eddins and Allen 2009). (b) Age-related changes in correct word identification presented 
monaurally in listening environments having different degrees of reverberation (i.e., differences 
in the duration of a series of diminishing echoes of the stimuli) from 0 to 1.2 s during and after 
the presentation of a stimulus (groups of 10 for each age group, 46 women, 14 men). (Adapted 
from Nabelek and Robinson 1982.)
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hearing loss of elderly patients, these empirical data suggest the value of including 
intermediate middle-aged subjects, animals and humans alike, in laboratory studies, 
to identify and, one hopes, to understand and eventually learn to control the 
conditions that lead to early onset ARHL.

4.1.3  Chronological versus Biological Aging and Individual 
Differences in ARHL

A limitation of averaging group data across a time series is that the analysis cannot 
discriminate between an effect in which subjects are relatively homogeneous in their 
slow progression of hearing loss, or when each of the subjects displays a rapid 
increase in hearing loss for some particular frequency but differ in the age at which 
the deficit first appears. Indeed, all large-scale studies of ARHL have considerable 
scatter around the mean within an age group, and the distribution of individual 
differences is most often not a Gaussian distribution but is significantly skewed 
upward or downward depending on the test frequency and the age group. For example, 
in the group data depicted in Figure 4.1a, most middle-aged participants have a very 
small deficit compared with the young, but a few have a serious hearing loss more 
typical of the elderly. Also, the majority of elderly listeners have a serious hearing loss, 
especially for the higher test tones, but a few elderly participants have maintained 
a high level of sensitivity, close to that typical of the young listener. Hence, although 
increasing chronological (or “calendar”) age is obviously associated with greater 
hearing loss in human listeners, as can be seen most persuasively in the comparison 
of the extreme age groups, the scatter within the intermediate age groups shows that 
its onset and progression are highly variable from person to person.

One recurring theme in this chapter is that these individual differences should 
not be ignored but instead be more thoroughly studied because understanding their 
biological and environmental bases may provide useful clues to the general proper-
ties of presbycusis. One source of the scatter within an age group is that beginning at 
~40 to 50 years of age, women tend to have better high frequency thresholds (on 
the order of 5- to 10- dB) than men of the same age. This difference between men 
and women has been found in other large-scale studies (e.g., Pearson et al. 1995), 
and it is one of the findings that has been followed up in the animal laboratory but 
so far with mixed results. Henry (2004) found an advantage for female over male 
CBA mice but for male over female C57BL/6 mice; Guimaraes et al. (2004) found 
an advantage for female CBA mice but only in a group of senescent mice older than 
2 years of age, not at the ages at which Henry (2004) had found the CBA female 
advantage; and Ison and Allen (2007) found no sex difference in large groups of 
CBA mice at all ages between 2 and 25 months of age when cohorts of males and 
females were balanced for time of testing.

Other factors that may be responsible for scatter within age groups of humans are 
variation in the cumulative effect of noise exposure across the life span, the increasing 
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incidence of medical conditions that may affect hearing, variation in the reactions 
to the treatment for these conditions, dietary variables, and genetic differences that 
may directly impact hearing (van Eyken et al. 2007). Each of these isolated factors 
is now being investigated in the animal laboratory, and there is even one very 
interesting study of an interaction between early noise exposure and later ARHL by 
Kujawa and Liberman (2006); these investigators showed that an early noise 
exposure that had little immediate effect accelerated the progress of ARHL as 
assessed many months later. Other factors that influence ARHL may be similarly 
subtle and difficult to isolate because they too may interact in as yet unknown ways 
with other predispositions. For example, stable individual differences in the onset 
of hearing loss have been reported in inbred C57BL/6 mice (Ison et al. 2007) even 
though these mice have the same genetic background, were raised in the same 
controlled environment, and were even tested on the same day. However, it should 
also be noted that in this experiment, the within-strain variability of C57BL/6 mice 
was relatively small compared with the distribution of ARHL across populations of 
mice of different strains and different environmental conditions; i.e. genetic 
background and obvious environmental differences are responsible for much of the 
variability in mouse hearing.

Other researchers who work with large groups of human volunteers (e.g., Gates 
et al. 1999) have suggested that the differences not only in the time of onset of 
ARHL but also in the pattern of ARHL across spectral frequencies can be obscured 
in group data. These authors and others have provided data showing that the 
stereotypic profile of sharply increasing ARHL across frequency in the older age 
groups shown in Figure 4.1a may be characteristic of many but most certainly not 
all elderly listeners and, particularly, that many have a more serious low-frequency 
ARHL than the group data would suggest. To follow up these earlier observations, 
Allen and Eddins (2009) used an unbiased profile analysis of the data depicted 
in Figure 4.1a to partition the individuals into seven profiles that provided the 
best fit. They found that most participants, 80% of the men and 70% of the 
women, provided profiles that looked like an exaggeration of Figure 4.1a, with 
minimal ARHL for low-frequency test stimuli and a sharp rise for high frequencies, 
whereas the remaining participants were distinguished by their having relatively 
more severe ARHL for low-frequency test stimuli and then a less steep increase 
in ARHL for higher frequencies. This latter profile was apparent in 30% of the 
women and just 20% of the men, i.e., ~50% more common in women than in men. 
Jerger et al. (1993) similarly observed a more even pattern of ARHL across test 
frequencies in women than in men, in part because the women had a less severe 
loss for high frequencies but a more severe hearing loss at low frequencies. 
This latter effect was present in the Allen and Eddins data but was small and not 
significant. Past observation of this sex link between these two ARHL profiles 
has spurred attempts to determine their antecedents in the environment or in 
inherited or familial antecedents (Gates et al. 1999). The full treatment of this 
endeavor goes beyond the scope of this chapter, but it is clearly relevant to the 
general topic of animal models of ARHL.
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4.2  Are There Different Types of Hearing Loss, Different  
in Origin and in their Effects?

4.2.1  The Psychophysical Question: Is ARHL Simply  
a Loss of Absolute Sensitivity?

One presently unresolved issue in interpreting the two manifestations of ARHL 
shown in Figure 4.1 is whether they have a single source in the loss of absolute 
sensitivity or, instead, whether the data presented in Figure 4.1b reflect at least a 
partially independent deficit in complex sensory processing and perception. Tremblay 
and Burkard (2007) describe experimental approaches that have been used in 
ARHL research with human listeners to isolate the loss of threshold sensitivity from 
a possibly additional effect of age on the efficacy of complex auditory processing. 
Some classic research strategies have been developed to address this issue with 
human listeners, but their extensive review of the data led them to conclude that as 
yet there is no single manipulation that cleanly separates the two types of hearing 
loss. One method is to assemble a single large group of elderly listeners and then 
subject them to a rigorous testing schedule (e.g. Humes et al. 1994; Humes 2005) 
in which their scores on the test battery are used to develop a pattern of correlations 
among them. Humes (2005) tested over 200 elderly listeners with standard clinical 
audiograms, brainstem AEPs, intelligence scales, several measures of complex 
auditory processing, including discrimination of tone duration and temporal order, 
and several measures of speech recognition. The variable that was most important 
in accounting for individual differences in speech recognition scores was hearing 
loss as revealed in the audiogram, whereas significant but relatively minor contri-
butions were provided by IQ tests, differences in central processing, and age.

Another commonly used strategy is to compare two groups on some measure of 
auditory processing, one group of elderly listeners with so-called “golden ears” that 
have an unusually high sensitivity for at least the range of low- to mid-frequency 
test stimuli to be used in the experiment and so can be matched one-to-one with a 
second group of average young listeners (e.g., Snell 1997 for gap detection; Harris 
et al. 2008 for an evoked potential study of frequency discrimination). And last, two 
pairs of matched groups can be assembled, including two groups of young and elderly 
subjects with matched hearing sensitivity within the normal age plus two additional 
groups with carefully chosen “below average” young listeners with some degree of 
hearing loss that can be matched to elderly listeners with “average” hearing loss for 
their age. This classic “2 × 2” factorial design supports a type of statistical analysis 
that can separate out the independent contributions of hearing loss and of age and 
also assess the contribution of their interaction. Thus Gordon-Salant and Fitzgibbons 
(1995), in a study of advancing age and hearing loss on speech perception in rever-
berant environments with variously time-distorted speech signals, reported that 
both hearing loss and age have independent effects on performance and that the 
effect of age increased with the increasing degree of distortion in the stimuli.
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This same confounding of age and loss of absolute sensitivity is present in 
the animal laboratory, and the few experiments that have explicitly recognized the 
problem have resolved it using the same tools as in the human laboratory, to find 
similar outcomes. For example, May et al. (2006) found in a longitudinal behavioral 
study in mice that individual differences in the decline of frequency selectivity with 
increasing age did not covary with their loss of absolute sensitivity; i.e., age had an 
independent effect on performance. Barsz et al. (2002) reported that the individual 
differences in the loss of temporal acuity in a behavioral gap-detection study with 
aging mice were correlated not only with hearing loss but also with advancing age 
independent of hearing loss. And Walton and his colleagues found in an electro-
physiological study of temporal acuity that the near-senescent CBA mice was 
impaired compared with young mice (Walton et al. 1998), whereas temporal acuity 
was not impaired in middle-aged C57BL/6 mice that had more hearing loss than 
old CBA mice (Walton et al. 2008). All of these researchers cited above have con-
cluded that the effects of age on complex auditory processing are greater than 
would be expected just on the basis of age-related changes in audibility. Further 
converging support for this position is provided in neurobiological evidence of 
histopathology at both peripheral and central sites within the auditory system.

4.2.2  Neurobiology: Might the Type of ARHL Differ According 
to the Site of the Pathology?

Structural deterioration in the ear has been observed in all animal models of aging 
and also in humans in temporal bone histopathology in postmortem specimens 
(Schmiedt, Chapter 2). For example, changes in vascularity and in supporting 
structures and sensory-neural elements within the cochlea have been reported in 
humans (Johnsson and Hawkins 1972; Nelson and Hinojosa 2006) and in a great 
variety of laboratory and domesticated animals (e.g., rats, Keithley and Feldman 1982; 
rhesus monkeys, Hawkins et al. 1985; squirrel monkeys, Dayal and Bhattacharyya 
1986; chinchillas, Bohne et al. 1990; gerbils, Gratton and Schulte 1995; mice, 
Spongr et al. 1997; Ichimiya et al. 2000; Hequembourg and Liberman 2001; dogs, 
Shimada et al. 1998; guinea pigs, Ingham et al. 1999). Such peripheral deterioration 
might be conceived as resulting only in a loss of absolute sensitivity, but it has been 
suggested that it may also have a direct effect on central processing because it alters 
the quality of the neural information that is transmitted to the brain through the 
auditory nerve. Hellstrom and Schmiedt (1991) suggest that peripheral sensory damage 
could result in a loss of synchrony in spiral ganglion firing and thus indirectly 
influence central neural processing even in the absence of direct age-related 
deterioration in the central auditory nervous system (CANS). This is an important 
and plausible hypothesis, but there is as yet no direct evidence that advancing age 
reduces auditory nerve synchrony as measured, e.g., in the degree of jitter in its 
input to the cochlear nucleus.
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There is also abundant evidence for the presence of pathological changes in the 
auditory cortex, midbrain, and brainstem with advancing age (Canlon and Walton, 
Chapter 3). Changes in the human brain are apparent in postmortem studies; these 
are reviewed by Mrak et al. (1997). These authors describe the presence of gross 
changes in the size of the brain, number of cells, and dendritic fields and by more 
subtle changes in major neurotransmitters in the cholinergic, dopaminergic, 
serotonergic, and adrenergic systems. The more recent studies using in vivo nonin-
vasive imaging have but very rarely touched on the auditory system; one relevant 
report (Lutz et al. 2007) found changes in Heschl’s gyrus that suggested a disruption 
of fiber tracts and changes in the inferior colliculus (IC) but no changes in either 
the lateral lemniscus or the medial geniculate. In the animal laboratory, changes in 
vascular support structures have been reported in the medial trapezoid body of the 
auditory brainstem in old rats (Casey and Feldman 1985), and changes in synaptic 
connectivity have been reported at every level of the auditory system, in the auditory 
cortex (Vaughn 1977), in the IC (Helfert et al. 1999), in the superior olivary complex 
(Casey 1990), and in the cochlear nucleus (Helfert et al. 2003). There is also 
evidence provided by Zettel et al. (2007) that with advancing age in the mouse, 
there is less expression of potassium ion channels expressed by the Kcnc1 gene in 
the medial nucleus of the CBA trapezoid body, an effect that may be related to 
deficits in downstream control over cochlear sensitivity that these authors found in 
Kcnc1 null mutant transgenic mice. Furthermore, in the adult cat, there is evidence 
that synchrony at the level of the trapezoid body is greater than that provided by the 
auditory nerve to the cochlear nucleus, this being a beneficial result of central neural 
processing (Joris et al. 1994). There is as yet no evidence that such enhancement of 
synchrony by brainstem neural processing deteriorates with age, but the changes in 
the expression of potassium ion channels in the trapezoid body of the old mouse 
observed by Zettel et al. (2007) is consistent with this hypothesis.

4.2.3  Peripheral Hearing Loss Can Alter Both the CANS  
and Central Auditory Processing

There is a significant literature on the degree to which changes in the central 
auditory system with advancing age may in some cases be directly mediated by 
peripheral pathology and in other cases by increasing age alone. Most of our under-
standing of this phenomenon is the product of an extensive program of research 
conducted over the years by Willott and his colleagues that analyzed the relation-
ships between increasing age, the time course of histopathology, and associated 
changes in neural activity in CBA and in C57BL/6 mice (reviewed in Willott 1996). 
For example, cell loss in the high-frequency regions of the anterior ventral cochlear 
nucleus occurs at ~7 months of age in the C57BL/6 mouse after peripheral hearing 
loss but not until 2 years of age in the CBA mouse (Willott et al. 1987). In contrast, 
the loss of octopus cells in the posterior ventral cochlear nucleus becomes apparent 
in C57BL/6 mice at the same age that it is observed in CBA mice, when the mice 
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are ~2 years old (Willott and Bross 1990). Another very important finding is that 
the tonotopic maps of the IC (Willott 1986) and the auditory cortex (Willott et al. 
1993) are profoundly changed with increasing hearing loss in middle-aged 
C57BL/6, so that formerly high-frequency areas of these brain regions come to 
respond with great sensitivity to low-frequency stimuli. This electrophysiological 
sign of a more extensive representation of low frequencies in the middle-aged 
C57BL/6 mouse is accompanied by enhanced behavioral responsivity to these 
stimuli, as demonstrated, e.g., by Willott and Carlson (1995) and Ison et al. (2007).

4.2.4  Experimental Manipulations at Different Sites  
Can Produce Different Types of Hearing Loss

4.2.4.1  Manipulating the Integrity of the Cochlea

There is considerable evidence for extensive structural degeneration in the ear and 
the brain in all the animal models of aging that is confirmed in the available human 
evidence, but it must also be noted that most of these data are scattered across different 
species, and it is rare that different histopathological end points and functional 
measures are obtained in the same individual. And even at best, this evidence is 
correlational. For example, one very interesting set of findings by Kazee et al. 
(1995) is that regional loss of hair cells along the basilar membrane of the aging 
C57BL/6 mouse is associated with a frequency-specific increase in auditory thresholds 
and also with a loss of synaptic endings through the central nucleus of the IC. Although 
these observations are important, there is no direct evidence that these observations 
have uncovered a causal chain in which hair cell loss is the primary effective agent 
that leads directly to the rise in thresholds and hence to the loss of synapses in the IC. 
The search for causality is the rationale for trying to simulate some effects of age 
in young animals by directly producing structural or neurochemical changes in the 
auditory system and then determining the chain of effects of these manipulations.

A study that appears to simulate the effects of aging on regional hair cell loss in 
the cochlea and thus at least ties hair cell loss causally with absolute threshold 
changes was provided by Prosen and Moody (1991). These researchers trained 
young adult chinchillas in which one cochlea had been surgically destroyed to press 
a lever when test tones were presented, and training continued until the animals 
were able to generate stable, absolute, and differential thresholds across their range 
of hearing. Then the researchers destroyed just the apical (low-frequency) hair cells 
in the remaining cochlea of four of these chinchillas by freezing the area with a 
cryoprobe. The restricted effect of this manipulation on apical hair cells was later 
verified in a histopathological study, while the functional effect of the manipulation 
was assessed by the within-subject changes in behavioral thresholds that resulted 
after the second surgery, in quiet or in the presence of a high-pass masking noise. 
As could be expected given the known distribution of best frequencies along the 
basilar membrane, both the absolute and differential thresholds for low- but not 
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high-frequency test stimuli were increased by apical hair cell loss. However, the 
animals could still detect these low-frequency stimuli when they were presented at 
higher levels, and, to a limited extent, the animals were able to discriminate 
between different low-frequency test tones. An important additional finding was 
that high-frequency masking stimuli further reduced low-frequency hearing, an 
indication that the residual low-frequency sensitivity is mediated in part by more 
basal high-frequency regions of the cochlea. This finding agrees with the spread of 
excitation and receptivity of high-frequency hair cells in the basal areas of the cochlea 
to relatively intense low-frequency test stimuli reported by Cody and Russell (1987). 
It may also explain the common observation that there is not a simple one-to-one 
relationship between the position of a hair cell along the basilar membrane and its 
sensitivity to particular tonal stimuli, especially at high stimulus levels. It would also 
have been interesting to see if this manipulation would have changed the patterns 
of connectivity with the IC as has been observed in the C57BL/6 mouse.

The most recent method of manipulating the auditory periphery is by genetic 
engineering focused on specific stages of sensory processing in the ear. McCullough 
and Tempel (2004) studied the effects of deleting several related alleles of the gene 
that encodes the protein that is responsible for extruding calcium from stereocilia 
and spiral ligament cells (plasma membrane calcium ATPase isoform 2 [PMCA2]). 
They discovered that these different alleles produced phenotypes with varied 
degrees of hearing loss appearing in ABR thresholds at different onset times. These 
data certainly demonstrate the causal relationship between hair cell dysfunction and 
ABR thresholds and further raise the possibility that one cause of ARHL may result 
from a changing expression of PMCA2 with advancing age.

4.2.4.2  Manipulating the Central Auditory Nervous System

There are other reports that specific experimental administration of drugs or destruction 
of regions within the CANS can have substantial specific sensory-perceptual 
effects that are at least qualitatively similar to some aging effects. For example, 
scopolamine is a cholinergic antagonist best known in behavioral pharmacology for 
its deleterious effects on memory, but it has also been shown that the systemic 
administration of scopolamine adversely affects gap-detection measures of temporal 
acuity in human volunteers (Caine et al. 1981) and in rats (Ison and Bowen 2000). 
However, it does not affect absolute threshold sensitivity. Intracranial application 
of another cholinergic antagonist (atropine) directly onto the cochlear nucleus of 
cats increased the threshold at which these subjects could successfully perform a 
behavioral task in which tones were presented in noise (Pickles and Comis 1973). 
It is also important that this manipulation had little effect on responses to tones 
presented in quiet. Turning to another neurochemical manipulation, vigabatrin is a 
pharmacological compound that prevents the breakdown of GABA in the synaptic 
cleft and has been used clinically to alleviate epilepsy. Gleich et al. (2003) found a 
dose-sensitive enhancement of behavioral gap-detection thresholds by systemic 
administration of vigabatrin in old gerbils with unusually poor temporal sensitivity 
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before drug treatment, suggesting an important role for GABA in this task. It has also 
been shown that temporal acuity as measured by gap detection is very much dimin-
ished by bilateral lesions of the auditory cortex in human patients after vascular 
accidents (Buchtel and Stewart 1989) and in rats after surgery (Bowen et al. 2003). 
These lesions also did not affect absolute thresholds. And furthermore, there are 
reports (e.g., Kopp-Scheinpflug et al. 2003) that neurons of the medial nucleus of the 
trapezoid body in Kcna1 transgenic mice that lack the Kv1.1 ion channel show deficits 
in onset responding that would certainly degrade the neuronal synchrony of firing 
in this nucleus. There are no changes in absolute threshold in the null mutant mice. 
However, these same null mutant mice, like old mice, also have behavioral deficits in 
sound localization (Allen et al. 2003), which is in part mediated by the trapezoid body.

These experimental data show in both adult humans and laboratory animals that 
threshold sensitivity and frequency discriminations depend on the integrity of 
peripheral auditory structures and that the integrity of central neural and neuro-
chemical mechanisms is necessary for complex auditory processing but does not 
affect absolute threshold measures. They show, at a minimum, that altering the 
integrity of these structures does affect hearing, but they do not speak to the degree 
that, e.g., blocking cholinergic receptors by scopolamine simulates an age-related 
loss of cholinergic neurons or changes in the sensitivity of cholinergic receptors. 
These experimental data also suggest the possibility that age-related central pro-
cessing deficits may take a number of different forms depending on where deterio-
ration has occurred in the CANS. For the periphery, there are arguments that 
hearing loss attendant on stria vascularis dysfunction has a fundamentally different 
functional signature than does hair cell loss (Boettcher 2002). It is no less plausible 
to suspect that the anatomical targets of aging could vary among individuals, and if 
so, it is then conceivable that some elderly listeners could have a deficit only in the 
functions mediated by specific sites, such as spatial localization mediated by the 
nuclei of the superior olivary complex, but not in functions mediated by octopus 
cells in the cochlear nucleus, perhaps gap detection. Although it may seem more 
likely that the central degenerative effects of aging would appear consistently 
throughout the CANS rather than being restricted to one nucleus or another, this is 
an idea that has never been tested. It is possible that physiological/gene-expression 
examinations of the CANS carefully combined with the results of a battery of audi-
tory tasks tests would provide a useful test of this hypothesis.

4.3  Noninvasive Objective Methods for Studying ARHL  
in Animals and Humans

4.3.1  Introduction to the Methods

This section provides a closer examination of the nonverbal behavioral and nonin-
vasive AEP methods that have been used in both animal and human research. 
Following the earlier organization, the first part deals with age-related changes in 
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absolute thresholds related to Figure 4.1A, and the second examines changes in 
suprathreshold hearing, including both high-intensity simple test stimuli and the 
more complex hearing paradigms related to Figure 4.1B.

Psychoacoustic and audiological investigations rely on the willingness of 
research subjects to follow instructions and indicate that they heard a stimulus by 
making some voluntary response, such as pressing a button or pointing to a location. 
The experimenter’s careful control over the stimulus conditions ensures that the 
subject is listening for the intended stimuli. Elaborate statistical analyses are used 
to convert the responses into a single measure of sensitivity, these being complicated 
because even cooperative human volunteers will fail to respond to stimuli that were 
previously detected (a miss) or will report hearing a sound when there was none 
presented (a false alarm) and, at worst, human research participants sometimes 
appear to lose interest in the task at hand and may even fall asleep.

Each of these problems is magnified in animal research, beginning with the 
necessity of developing an indicator response that is sensitive to stimulus presenta-
tion. Procedures for measuring stimulus-evoked overt responding in the awake 
animal have all been developed over the course of about the last 100 years, starting 
with work by Yerkes on hearing in frogs (1905) and mice (1907). Some indicator 
responses are directly elicited by auditory stimuli as a built-in reflexive reaction to 
an acoustic stimulus, such as the Preyer reflex (studied in mice by Jero et al. 2001). 
Others are obtained by the modification of a reflex response by an auditory stimulus 
that has no built-in relationship to the response, this being an example of the prepulse 
inhibition phenomenon common to many reflexes and many species; its use in 
developmental and comparative sensory research has been described by Hoffman and 
Ison (1992). A third behavioral approach requires training the animal to make some 
more-or-less arbitrary response when an acoustic stimulus is presented and to refrain 
from responding in its absence. These training methods have been described, e.g., 
by Stebbins (1990) and Heffner et al. (2006), and their many contributions to 
auditory processing in animals have been described by Fay (1988) and Long (1994). 
The experiments by Pickles and Comis (1973) and Prosen and Moody (1991) cited 
above used training procedures, the experiments by Willott and Carlson (1995), 
Bowen et al. (2003), and Ison and Bowen (2000) used a prepulse inhibition paradigm, 
and the results of Ison et al. (2007) used the method of reflex elicitation.

Noninvasive electrophysiological responses that are evoked by auditory stimuli 
and now often used in both human and animal studies of hearing have evolved over 
the course of the last 40 years, beginning with the demonstration by Jewett et al. 
(1970) that very small bioelectric potentials can be measured with surface elec-
trodes in response to simple acoustic pulses. (This is most often called the ABR). 
Similar methods have been refined so that AEPs and neuromagnetic auditory 
evoked fields (AEFs) can be recorded not only to simple tone bursts in experiments 
intended to measure absolute thresholds in animals and in human infants too young 
to cooperate with the audiologist but also to examine the physiological reactions to 
complex stimuli such as speech signals (Tremblay et al. 2002) and interaural timing 
cues (Ross et al. 2007). Most commonly, AEPs are collected when animals are 
anesthetized rather than awake, while in convenient contrast, adult human research 



874 Closing the Gap Between Neurobiology and Human Presbycusis

BookID 139876_ChapID 4_Proof# 1 - 12/10/2009

participants can be awake and infants can be asleep. Depending on the stimulus 
paradigm, brain activity can be measured while participants are actively engaged in 
a listening task or, in contrast, passively exposed to the ongoing stimuli. Because of 
the different variations in AEP methods, it is possible to measure the physiological 
capacity of the human listener and animals either independent of the cognitive and 
emotional contributions to a behavioral response or dependent on these internal 
states, so as to conform to the needs of the experiment.

4.3.2  The Application of These Methods to the Study of ARHL

As described above, the most rapid behavioral technique to study hearing in animals 
is to take advantage of a built-in reflexive response to an abrupt and relatively 
intense sound burst, e.g., the rapid twitch of the ears that is called the Preyer reflex 
or the whole body startle reflex. Jero et al. (2001) measured the startle reflex in a 
group of young adult albino mice of the FVB strain that have substantial individual 
differences in hearing ability to determine whether startle elicitation could be used 
as a fast screening test of hearing. The startle reflex was recorded as “positive” or 
“negative” depending on a mouse making at least two visible startle responses 
to three presentations of either hand claps or the sound of two hammers hitting 
together and validated these scores against ABR click thresholds. They reported 
that the reflex test was successful in detecting all mice with a severe hearing loss, 
defined as an ABR threshold over 80 dB. The amplitude of the acoustic startle 
reflex (ASR) declines with age in humans as shown by Ford et al. (1995) in a study 
comparing two groups of subjects, one with a mean age of 22 years, the second a 
mean of 69 years. They also found that two components of AEPs evoked by startle 
stimuli were reduced in amplitude in the older subjects, N1 with a latency of 50 to 
150 ms and P3 with a latency of ~300 to 600 ms. Similar declines in the ASR have 
been observed in old rats (Krauter et al. 1981) and in three strains of mice, with 
the time course of the decline in the ASR corresponding to the time course of 
their developing hearing loss as measured by ABRs (Ison et al. 2008). However, 
age-related decrements in reflex strength by themselves do not necessarily implicate 
changes in auditory function without converging evidence from sensory threshold 
measurements because the motor system loses motor axons and muscle fibers with 
increasing age (Einsiedel and Luff 1992). And furthermore, at least in the middle-aged 
C57BL/6 mouse, hearing loss for high-frequency test stimuli as shown in ABR 
measures is correlated with exaggerated startle reflexes for low-frequency stimuli 
(Ison et al. 2007); this is thought to be a result of central tonotopic reorganization 
as described by Willott (1996).

Behavioral measures of absolute thresholds in trained animals often provide 
measures that rival the sensitivity of human psychophysical procedures. Fig. 4.2 
shows absolute thresholds obtained for young adult human listeners using the 
verbal instructions standard in clinical audiology (data kindly provided by 
David Eddins) and by adult laboratory animals: monkeys (Bennett et al. 1983), 



88 J.R. Ison et al.

BookID 139876_ChapID 4_Proof# 1 - 12/10/2009 BookID 139876_ChapID 4_Proof# 1 - 12/10/2009

gerbils (Ryan 1976), rats (Kelly and Masterton 1977), CBA mice (Birch et al. 
1968), and from the same laboratory, C57BL/6 mice (Mikaelian et al. 1974). All of 
these studies used training techniques in which the animals either worked for food 
or escaped shock, with the acoustic stimuli signaling the availability of food or 
predicting the presence of shock. The standard mammalian U-shaped audiogram is 
evident in these data, with greatest sensitivity in a mid-frequency region that differs 
across species but is correlated with the species-specific spectral frequency of their 
vocalization, then a progressive increase in thresholds for lower and higher 
frequencies. It may be noticed that humans, monkeys, rats, and gerbils all hear stimuli 
presented at ~0-dB SPL at their best frequency, whereas mice appear to have relatively 
poor sensitivity. This difference could indicate that mice have a species-specific 
hearing impairment, but the real problem may have been that the training/testing 
method was still being developed at that time and was not yet well suited for these 
mice. Birch et al. (1968) described the mice as spending much of their time grooming 
(a classic displacement activity in response to conflict; Spruijt et al. 1992) and that 
when they were grooming, they did not respond to the tones.

Two behavioral experiments have followed changes in absolute thresholds across 
the adult life span (Mikaelian et al. 1974 in C57BL/6 mice; Bennett et al. 1983 in 
rhesus monkeys). Mikaelian et al. (1974) used the same methods as Birch et al. (1968) 
but tested their C57BL/6 mice for many months. The results of these two experiments 
are presented in Fig. 4.3. Both show a profound effect of advancing age on auditory 
thresholds, and both exhibit the sharply rising hearing loss for high frequencies, 
with more modest loss at low frequencies. Mikaelian et al. (1974) documented the 
increasing cochlear damage in his mice by sacrificing small numbers of mice at 
various time points to show how the behavioral changes corresponded to patho-
logical changes in the ear. The monkeys tested by Bennett et al. (1983) were a subset 
from a group that were later sacrificed for an anatomical study that showed increasing 
cochlear damage in older animals (Hawkins et al. 1985). Unfortunately, the potential 
for studying the association of the individual differences depicted in the functional 

Fig. 4.2 Absolute thresholds obtained by the standard methods of clinical audiometry in young 
adult human listeners and by operant conditioning techniques in monkeys, gerbils, rats, and two 
mouse strains. (Animal data replotted from data in Fay 1988; human data kindly provided by 
David Eddins.)



894 Closing the Gap Between Neurobiology and Human Presbycusis

BookID 139876_ChapID 4_Proof# 1 - 12/10/2009

data provided by Bennett et al. (1983) with the individual differences in the coch-
leograms reported by Hawkins et al. (1985) seems not to have attracted attention. 
It is important to note that the over all profile of these two sets of behavioral data 
was similar to that shown for humans in Figure 4.1a, as was the cochlea pathology 
in old animals similar to those found in temporal bones from elderly humans.

A major obstacle to the greater use of training methods for assessing auditory 
thresholds in older animals has been the prolonged investment in training the 
animal to do the task so that it is best employed in life span experiments for 
which animals can be trained and then tested many times over with increasing age 
(Mikaelian et al. 1974; Brown 1984; May et al. 2006). In contrast, the ABR measures 
are much more efficient, so that the entire spectrum of hearing in an anesthetized 
animal can be collected in ~1 hour. The validity of the ABR measures is shown in 
their providing an audiogram that has the same shape as the behavioral audiogram, 
save often for a constant offset that probably reflects the fact that behavioral thresh-
olds benefit from greater temporal integration because behavioral test stimuli have 
a longer duration than ABR test stimuli. In general, ABR thresholds across species 
are near identical in their region of best sensitivity; this confirms the hypothesis that 
the higher behavioral thresholds of mice compared with those in gerbils and rats 
seen in Figure 4.2 resulted because it was difficult to control competing grooming 
behavior of the mouse, not because the mice were normally insensitive to sound. 
Fig. 4.4 shows ARHL for absolute thresholds measured by the ABR across age and 
across frequency in three laboratory animals commonly used in hearing research, 
the C57BL/6 mouse (adapted from Ison et al. 2007), the CBA mouse (adapted from 
Rivoli et al. 2005), and the Mongolian gerbil (adapted from Mills et al. 1990). 
The C57BL/6 and CBA mice obviously present very different profiles of ARHL. 
As noted in the behavioral data of Mikaelian et al. (1974) presented in Fig. 4.3, 
C57BL/6 mice undergo a progressive high-frequency hearing loss, but CBA mice 
have only a modest 10-dB hearing loss up to 20 months of age and then an additional 
5- to 10-dB loss as the mice approach their median life span at ~24 months of age. 
The small frequency dependence of the hearing loss for the CBA mice is seen in the 

Fig. 4.3 Changes in auditory thresholds as a function of frequency of the test stimulus and age in 
rhesus monkeys (a; replotted from Bennett et al. 1983) and C57BL/6 mice (b; replotted from 
Mikaelian et al. 1974). The mice were also tested at other ages, omitted here for the sake of clarity.
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comparison of the only slightly greater threshold loss for high- and low-frequency 
hearing compared with mid-frequencies. Erway et al. (1993) examined the ABR 
for 5 inbred mouse strains and all 10 of the F1 hybrid mice at different ages and 
found that the CBA mice had none of the three recessive alleles that lead to early 
ARHL, whereas the C57BL/6 mice had one such allele.

4.4  Peripheral Degeneration: A Major Source of ARHL  
in These Rodent Models

4.4.1  Cochlea Pathology and Its Relationship to Threshold 
Measures of ARHL

Spongr et al. (1997) provided quantitative measures of the patterns of hair cell 
loss in C57BL/6 and CBA mice that correspond with their disparate patterns of 
hearing loss evident in Figure 4.4. Hair cell loss began at the high-frequency base 

Fig. 4.4 Hearing loss with advancing age provided by changes in auditory brainstem response 
thresholds across frequency. (a) Longitudinal study of the C57 mouse (replotted from Ison 
et al. 2007). (b) Cross-sectional study of the CBA mouse (replotted from Rivoli et al. 2005). 
(c) Cross-sectional study of the gerbil (replotted from Mills et al. 1990).



914 Closing the Gap Between Neurobiology and Human Presbycusis

BookID 139876_ChapID 4_Proof# 1 - 12/10/2009

of the cochlea in the 3-month-old C57BL/6 mice, then progressed towards the 
low-frequency apex, whereas in the 18-month-old CBA mice, there was little evidence 
of hair cell loss, and at 25 months, hair cell loss was largely confined to the base 
and to the apex. Hearing loss in the gerbil was similar to that of the CBA mouse in 
its modest extent compared with the C57BL/6 mouse but had more definite mono-
tonic frequency dependence than that of the CBA mouse, with 10 dB separating 
their best hearing at the lowest frequency of 1 kHz from the highest at 16 kHz 
(Mills et al. 1990). This seemingly “high-frequency” test stimulus of 16 kHz is still 
in the broad range of best hearing in the gerbil (see Fig. 4.2), and so this experiment 
may be thought to have missed any more serious impairment for higher-frequency 
hearing in these animals. However, Henry et al. (1980) tested gerbils up to frequen-
cies of 64 kHz (but only up to 2 years of age) and did not find additional evidence 
of ARHL at high frequencies.

Tarnowski et al. (1991) tested ARHL in gerbils from the same colony used by 
Mills et al. (1990) and examined both hair cell loss and compound action potentials 
in the auditory nerve (roughly equivalent to wave I of the ABR) of young adult and 
3-year-old gerbils. The old gerbils had variable hearing loss, but as a group, the 
hearing loss was relatively flat at ~20 dB for 4 kHz and below, with a further 
increase in hearing loss of ~10 dB for the higher frequencies. Unlike the C57BL/6 
mouse (Spongr et al. 1997), the domestic dog (Shimada et al. 1998), or the monkey 
(Hawkins et al. 1985) but more like the CBA mouse (Spongr et al. 1997) and the 
guinea pig (Ingham et al. 1999), the old gerbil had its hair cell loss most pro-
nounced at the apex, then next at the base, and only modest loss in the middle turns. 
Tarnowski et al. (1991) reported that although there was no precise correspondence 
between the frequencies that were lost with age and the regional hair cell loss 
as there was in the C57BL/6 and CBA mice, the overall loss of hearing across 
individuals was correlated with their overall loss of hair cells. Later studies by this 
group confirmed the conclusion of Tarnowski et al. (1991) that age-related degen-
erative changes in the stria vascularis were primarily responsible for hearing loss in 
the gerbil (Schulte and Schmiedt 1992). Schmiedt (1993) showed that strial degen-
eration in the old gerbil produced a reduction in the endocochlear potential (EP), 
which serves as the electrochemical “battery” for outer hair cell (OHC) activity. He 
concluded that the reduction in the EP was responsible for reduced OHC activity in 
response to acoustic input, which in turn reduced sensory-neural activity in the 
inner hair cells and thus activity in the auditory nerve (see Schmiedt, Chapter 2, for 
further details).

In contrast to the gerbil, the EP of the C57BL/6 mouse does not change over the 
period of rapid hearing loss (Lang et al. 2002; Ohlemiller et al. 2006), although 
McCulloch and Tempel (2004) suggest that changing the ionic composition of 
the EP may also impair its function. And although the C57BL/6 mouse appears to 
provide a very different animal model than the gerbil in its most obvious faster 
onset and greater severity of high-frequency hearing loss as shown in Fig. 4.4, these 
ABR threshold data indicate the middle-aged C57BL/6 mouse appears to present 
the two developmental profiles simultaneously, so that the slow rate of develop-
ment of ARHL for relatively low-frequency test stimuli gives way progressively to 
the high rate of ARHL for the relatively high-frequency stimuli. Consistent with 
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these observations, Hequembourg and Liberman (2001) found that there are two 
types of cochlear degeneration in the C57BL/6 mouse, one in the spiral ligament 
that is associated in time with a slowly developing non-frequency-specific hearing 
loss and a later degeneration of regional OHC loss that is associated with a more 
severe frequency-specific loss of hearing. Other investigators have also found 
degenerative changes in the stria vascularis of the C57BL/6 mouse (e.g., Ichimiya 
et al. 2000; Di Girolamo et al. 2001). Considering all these data, it may be very 
reasonable to use this mouse model to study simultaneously both common pheno-
types of ARHL.

There is one other evoked response called an “otoacoustic emission” that is now 
the basis of a frequently used test of hearing in human infants and animal subjects. 
The test is based on the discovery by Kemp (1978) that weak sounds that originate 
in the inner ear can be recorded in the outer ear canal, with delays of several milli-
seconds after the presentation of an acoustic stimulus. These emissions are the 
result of an active increase in basilar membrane vibration as the OHCs contract and 
relax in phase with acoustic input, and their spectral frequencies as recorded in the 
outer ear canal include not simply the presented tone pips but also the frequency of 
the several distortion products produced by the OHCs. One particular large “distor-
tion product otoacoustic emission” (DPOAE) is generated when two tones, f

1
 and a 

higher f
2
, are simultaneously presented, and the DPOAE has the frequency [2f

1
 − f

2
]. 

This is the DPOAE that is the primary focus of hearing tests because it is understood 
to be a valid index of OHC activity. Age-related declines in DPOAEs have been 
observed in older laboratory animals, most extensively by Jimenez et al. (1999) 
who measured DPOAEs in four mouse strains (including CBA and the C57BL/6) 
and showed the correspondence of these measures with the different degrees of 
susceptibility to ARHL of these mice. Guimaraes et al. (2004) observed that female 
CBA mice maintained better DPOAE levels with advancing age than males, even 
though their samples of male and female mice had no differences in ABR thresh-
olds. Loss of DPOAEs has also been observed in middle-aged rhesus monkeys by 
Torre and Fowler (2000) and in middle-aged chinchillas by McFadden et al. (1997). 
The major benefits of DPOAE measures are that they measure OHC function in 
intact organisms, and in combination with the ABR, they provide an analysis of 
the relative contributions of OHCs, inner hair cells, and the auditory nerve fibers 
to ARHL. DPOAEs have also been studied in elderly human listeners, most often to 
find that the loss of absolute thresholds is primarily correlated with OHC loss 
(Oeken et al. 2000).

4.4.2  Suprathreshold Measures of ARHL

The ABR evoked by suprathreshold stimuli has been used to test the hypothesis 
that age and/or hearing loss alters central efficiency as measured by age-related 
changes in peak amplitude or in the latencies and interpeak intervals that are 
believed to represent ascending levels of brainstem processing. In their review of 
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these data, Tremblay and Burkard (2007) conclude that these suprathreshold 
measures of amplitude and latency may be sensitive to age-related differences in 
peripheral sensitivity and central processing efficiency. One effect of a loss in 
audibility is a slowing of the first wave generated at the level of the auditory nerve, 
and the subsequent waves may be affected by both intrinsic central delays and by 
their being “inherited” from the auditory nerve. Central changes have been 
hypothesized to be more noticeable when very high rates of stimulation are used, 
much higher than the usual ABR rate of a constant 10–20 brief tone pips or clicks 
in each second. A special presentation pattern called the maximum length sequence 
(MLS) allows for very fast repetition rates in quasi-random sequences of brief 
stimuli interspersed with short periods of silence, so that linear effects (for isolated 
stimuli) or nonlinear effects (for dyads or triads of stimuli) can be recorded. Using 
MLS, Burkard and Sims (2001) were able to test subjects with modest hearing loss 
using click rates as high as 500/s and found that both wave I and wave V were 
delayed by ~0.1 ms in elderly subjects, with no age difference in the central delay 
between waves I and V.

A comparison of the age effects for a regular presentation ABR and a MLS ABR 
for click rates up to 250/s was provided by Lavoie et al (2008), with results again 
suggesting that ARHL can be observed in middle-aged humans. These investigators 
studied three groups of women: young women and girls, a young middle-aged group, 
and an elderly group with a range of just 44 to 62 years of age that was much younger 
than most elderly groups of subjects. This last group had only a small (but significant) 
hearing loss at 8 kHz compared with the youngest group. In the regular ABR, the 
oldest group showed a significant amplitude decrement on wave V compared with 
the younger groups (perhaps a sign of their small but real high-frequency hearing 
loss), whereas in the more rapid presentation of the MLS condition, the middle 
group had a smaller wave I compared with the youngest group. The authors also 
reported that the interval between the nonlinear waves I and V was longer for the 
oldest group compared with the middle group. Overall, these data support three 
conclusions: age effects on AEPs may be most apparent when the CANS is stressed 
by high repetition rates, central as well as peripheral processing is disrupted with 
age, and age effects can be observed in relatively young middle-aged listeners. 
A research program that repeated these age-sensitive MLS tests in a battery of 
standard psychophysical measures might illuminate the types of functional deficits 
that correlate with these apparent deficits in very rapid central processing.

The results obtained with conventional ABR methods in laboratory animals 
reinforce the conclusions provided by human subjects that when age effects are 
found on ABR amplitude and latency measures, they can most parsimoniously be 
attributed to peripheral hearing loss (in the old cat, Harrison and Buchwald 1982; 
in C57BL/6 and CBA mice, Hunter and Willott 1987; in the old gerbil, Boettcher 
et al. 1993; in the guinea pig, Ingham et al. 1999). As yet, there seems to be no 
study on the effects of MLS presentation in laboratory animals, and this represents 
an important gap in the comparative literature that attempts to link the effects found 
in humans with those of animals. But it is also important to keep in mind that both 
ABR methods are selective measures of fast synchronous activity in response to 
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simple acoustic transients and that all of this neural activity is completed within just 
10 ms of the onset of the stimulus. Thus although the ABR provides a very useful 
noninvasive measure of peripheral hearing loss and additional insights concerning 
brainstem processing, its scope is limited even for brainstem activity and the ABR 
cannot illuminate function in more rostral regions.

4.5  Central Processing Deficits: Temporal, Spectral,  
and Spatial Dimensions

Speech signals are complex acoustic tokens that undergo rapid spectral and ampli-
tude modulations over time, and it is reasonable to hypothesize, as many have, that 
a diminished ability to track these modulations must affect speech perception. 
The psychophysical literature reveals that temporal acuity and frequency resolution 
are affected by both hearing loss and advancing age, with the effect of age increasing 
with stimulus complexity and background conditions. An example is gap detection, 
especially when combined with a spectral shift, if the task has an added fluctuating 
background, or when signals and noise are presented from different locations (see 
Fitzgibbons and Gordon-Salant, Chapter 5).

4.5.1  Neurobiological Measures of Complex Processing

The neurobiological literature concerning age effects on more complex spectrotem-
poral and spatial auditory processing is limited. As described previously, two 
single-unit studies that focused on onset neurons in the IC of young vs. old CBA 
mice (Walton et al. 1998) and young vs. middle-aged C57BL/6 mice (Walton et al. 
2008) showed that neurons in the old CBA mouse had poorer gap thresholds 
and slower recovery functions than in the young mouse, whereas the cells of the 
middle-aged C57BL/6 mouse, with more hearing loss than the old CBA mouse, were 
not different in these measures of temporal acuity from those of the young C57BL/6 
mouse. Finlayson (2002) measured recovery functions to pairs of tone bursts in 
single units of the IC of young adult and old rats with minimal hearing loss and 
reported that the initial suppressive effect of the first stimulus on the second was 
not affected by age, but the subsequent recovery functions were ~50% delayed in 
the old rats. A more complex method of assessing temporal resolution is to present 
a stimulus that does not have a single gap but consists of a series of amplitude-
modulated (AM) waves that can be varied over time in their frequency or depth of 
modulation. Walton et al. (2002) measured single-unit activity in the IC of young and 
old CBA mice in response to AM stimuli and discovered that the younger cells were 
able to respond to faster rates. One additional finding in this experiment was that 
the older CBA mice had more vigorous neural responses than the young mice, this 
being understood as another instance of central auditory hyperactivity associated 
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with advancing age. In a similar experiment that was focused on spectral rather that 
amplitude modulation, Mendelson and Ricketts (2001) measured single-unit 
activity in the rat auditory cortex in response to frequency-modulated (FM) sweeps 
that changed in speed and extent from trial to trial in young adult and old rats. 
Differences that could be due to audibility were minimized by eliminating any 
animal with ABR thresholds more than 10-dB SPL above that of the average young 
rat and then by presenting all stimuli at 30 dB above threshold for each of the tested 
single units (this being very similar to the protocol of Nabelek and Robinson 1983 
that was described above). These authors reported that the majority of neurons of 
young rats responded best to faster rates of modulation than did the neurons in old 
rats, the majority of which responded best to slow rates of modulation.

There are just two published neurobiological studies of the effects of age on 
spatial location and on binaural unmasking, both from the same laboratory and both 
showing a spatial deficit in neurons of the IC in the middle-aged C57BL/6 mouse 
with high-frequency ARHL (McFadden and Willott 1994a, b). Specifically, they 
discovered a loss of directional sensitivity to best-frequency tone pips in the 
middle-aged mouse, a greater masking effect overall, and no benefit from providing a 
greater separation between the locations of the signal and the masking noise. It should 
be noted that mice depend on very high frequency hearing for distinguishing between 
sound source locations (Heffner et al. 2001), and these critical frequencies were no 
longer audible to the middle-aged C57BL/6 mouse.

4.5.2  AEP Studies of Complex Auditory Processing

The AEPs recorded at intervals of ~50 to 300 ms after stimulus onset are generated 
rostral to the brainstem, in the thalamus, in the thalamocortical pathways, and in 
the auditory cortex, and they are reliably evoked by stimuli having a complex 
time-varying spectral structure. One of the passive listening tasks is called “mismatch 
negativity” (MMN), which is seen in the AEP as a negative response that follows 
N1 ~200 to 300 ms after the presentation of a deviant stimulus (the “mis-match”) 
that is occasionally presented in a series of otherwise identical sounds. In a study 
of gap detection, Bertoli et al. (2002) compared elderly humans with near-normal 
hearing up to 3 kHz (mean age, 72 years) with young subjects (mean age, 26 years) 
on an active psychophysical task and in a passive listening MMN task in which the 
AEPs to test tones were recorded while the subjects read a book. Most of these tones 
(85%) had no gap, whereas other tones (15%) contained brief quiet gaps having 
durations of 6 to 24 ms. In the psychophysical task, the mean gap thresholds were 
7.8 ms for the elderly participants and 6.4 ms for the young participants, not quite 
a significant difference (the 2-tailed p = 0.09), whereas in the passive MMN 
procedure, the gap thresholds were significantly different, 15 ms for the elderly and 
9 ms for the young participant. The elderly listeners with a measurable MMN 
had smaller amplitudes and longer latencies than the young listeners, but four 
elderly subjects and one young subject had no measurable MMN for any gap duration. 
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Gap detection depends on high-frequency spectral components of the markers for 
the gap in humans (Snell et al. 1994) and the large failure rate in the MMN task 
found in these elderly subjects suggests the possibility that elderly listeners with 
high-frequency hearing loss can at least partially compensate for this loss with 
focused attention in the psychophysical task but not in passive MMN detection.

Tremblay et al. (2003) studied the effects of age on the P1, N1, and P2 AEP responses 
evoked by an ordered sequence of gap durations within speech syllables, with the 
AEP method accompanied by a psychophysical test. These seven syllables varied 
in voice-onset time (VOT) between /ba/ and /pa/, the extremes having a VOT of 0 and 
60 ms, respectively. Three groups were tested, young listeners (mean = 26 years), 
older listeners (mean = 68 years) with preserved hearing within 10 dB of the younger 
group, and older listeners (mean = 72 years) with high-frequency hearing loss, their 
thresholds being 50 dB above those of the young at 8 kHz. The psychophysical 
ability of the subjects to discriminate the different VOT cues was best in the young 
group, next in the elderly group with preserved hearing sensitivity, and poorest in 
the elderly listeners with hearing impairment. For the AEP measures, the latency of 
P1 did not differ among the groups and neither did its amplitude, but the amplitude of 
N1 was increased with hearing loss in the elderly hearing-impaired group, another 
apparent example of central hyperreactivity associated with hearing loss. Both 
elderly groups showed longer N1 latencies for the more delayed VOT stimuli in 
comparison to the young group, and P2 peaks were delayed for both elderly groups 
across the entire range of VOT times. These results indicate that the neural encoding 
of VOT is related to age alone, whereas the encoding necessary for perception is 
affected by both age and hearing loss. Speech perception is critically dependent on 
VOT, and the delayed response in older adults with mild hearing loss may explain 
their difficulties in understanding speech in difficult listening situations.

Another temporal cue that has been studied in older adults is the interaural phase 
difference (IPD), a cue that contributes to the perception of sound location. Using 
magnetoencephalography (a procedure that measures an auditory evoked magnetic 
field generated in the brain, yielding an AEF rather than an AEP), Ross et al. (2007) 
measured the P1-N1-P2 complex to assess the effects of aging on the physiological 
capacity to detect interaural timing cues Fig. 4.5. The passive recording paradigm 
included stimuli being presented through insert earphones that included a change in 
IPDs within a succession of simple stimulus onsets and offsets while the partici-
pants watched a silent movie. Three age groups were tested in this experiment, 
young adults (mean = 26.8 years), a middle-aged group (mean = 50.8 years), and 
an elderly group (mean = 71.4 years). The middle-aged mean hearing thresholds 
were no more than 5 to 10 dB poorer than those of the young group, whereas the 
old group had a relative hearing loss of ~10 to 15 dB for the low frequencies up to 
1,000 Hz, rising to 50 dB at 8 kHz. The stimuli were 40-Hz AM signals. For the 
first 2 seconds, the stimuli were diotic, i.e., the two ears received the same stimulus 
in phase, then for the last 2 seconds the presentation was dichotic, with the tone in 
one ear 180° out of phase with the other ear. The active psychophysical task 
consisted of listening to pairs of 1-second-long diotic and dichotic stimuli at 1 IPD 
presented in semirandom order and choosing which stimulus was separated between 
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the 2 ears (i.e., the dichotic presentation). This session began with the longest IPD 
and then adaptively converged on a threshold.

The AEF data are shown in Fig. 4.5. It is evident that clearly defined onset and 
offset responses were present and equal in all age groups and for all frequencies, 
suggesting that there were no age differences in the ability to detect the onset of the 
AM stimuli. The onset response was in fact largest in the oldest group, and this 
appears to be another example of hyperreactivity in elderly subjects. However, 
greater responsivity may also have resulted because these stimuli were presented at 
equal decibel SL for all groups: it is possible that (here and in some other studies) 
using SL as the reference level may result in a greater perceived loudness in the 
hearing-impaired group because of loudness recruitment. All age groups had their 
most prominent AEF amplitudes when the IPD was introduced for the lowest 
frequency. The amplitude of this response declined with an increase in tonal frequency, 
most rapidly in the oldest group with their threshold for responding between 750 
and 1,000 Hz, more slowly in the middle-aged group, with their threshold between 
1,000 and 1,250 Hz, and most slowly in the youngest group that overall was the most 
sensitive to these stimuli, with the group threshold between 1,250 and 1,500 Hz. 
In addition to these effects, old age had a much stronger impact on the latency 
measures for this IPD change condition, with P2 being especially delayed for the 
elderly group beyond the range of the younger groups.

Fig. 4.5 Grand averaged auditory evoked fields (AEFs) for 3 age groups and for each test fre-
quency. At the lowest frequency, all age groups provided an AEF to the phase shift that occurred 
at 2 s, but then the amplitude of the response diminished with increasing frequency and disappeared 
near each behavioral threshold frequency (circles connected by the arrow). (Reprinted from Ross 
et al. 2007, Fig. 3, with permission.)
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The physiological and the median perceptual thresholds for the IPD were similar 
in that both measures showed a decline with increasing age, but the variability in 
the perceptual measure was much higher. Although two members of the middle-aged 
and elderly groups performed as well as the best of the young subjects, four of the 
middle-aged group and five of the oldest group achieved no more than a chance 
performance on the psychophysical test while performing well on the physiological 
test. The contrast between perceptual and physiological thresholds found here is the 
opposite of that reported by Bertoli et al. (2002) who found the more expected 
result that active attentive listening provides lower detection thresholds than passive 
listening for the elderly listener. These data suggest the possibility that some older 
subjects were unable to make use of the neural response that could be measured as 
an AEF, although it is also possible that the difference between the way in which 
the stimuli were presented in the AEF and the psychophysical task was responsible 
for the differences in performance.

Harris et al. (2008) looked at the effect of age on frequency discrimination 
and measured the P1-N1-P2 complex in response to a brief change in a standard 
continuous tone. Two groups were tested under passive listening conditions: 
a young group ranging from 18 to 30 years of age and an older group ranging from 
65 to 80 years of age. There were two standard frequencies: 500 and 3,000 Hz. 
Pure-tone thresholds in the groups were nearly identical up to 3 kHz. As given by 
the AEP data, listeners in the younger group were able to detect smaller frequency 
excursions and, furthermore, the difference favoring the young group was greater 
for the 500-Hz standard than the 3,000-Hz standard: in the younger group, the 
relative threshold (i.e., DF/F) was lower for the 500-Hz standard, whereas in the 
older group, the relative threshold was lower for the 3,000-Hz standard. This effect 
had been found previously in a psychophysical study from the same laboratory 
(He et al. 2007), where it had been reasonably interpreted as revealing a deficit in 
temporal processing in the elderly listeners who were less able to make use of 
changes in the small differences in the fine structure of the low-frequency standard. 
This interpretation is similar to that of Ross et al. (2007) for the effect of age on 
encoding an IPD. Similar age effects were evident as well in latency and amplitude 
measures, with longer latencies in the older group and also higher amplitudes at 
500 Hz but lower amplitudes at 3,000 Hz.

4.5.3  Behavioral Studies of Complex Auditory Processing

Behavioral studies in old animals parallel these AEP studies in humans, including 
the effects of increased age on gap detection, on spatial location and spatial release 
from masking, and, finally, on frequency selectivity. Barsz et al. (2002) described a 
set of three comparable experiments concerned with gap detection that fits very 
well with the theme of this chapter, providing comparisons of psychophysical gap 
thresholds in young and old human listeners (young between 17 and 40 years of age 
and old between 61 and 82 years of age); behavioral gap thresholds in young and 
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old CBA mice (young mice between 2 and 3 months compared with old mice 
between 24 and 25 months); and electrophysiological gap thresholds in phasic IC 
neurons from young CBA mice (between 2 and 4 months) and old CBA mice 
(between 25 and 30 months old). The details of the procedures are presented in 
Barsz et al. (2002): humans were tested in a standard adaptive procedure to 
determine thresholds, the mice were tested in a reflex modification procedure, and 
the mouse neurons were tested with brief gaps placed near the center of noise 
bursts. The mean gap thresholds for young vs. old humans were 2.6 vs. 3.7 ms; the 
thresholds for young vs. old mice were 2.9 vs. 4.9 ms; and the thresholds for young 
vs. old IC cells were 2.7 vs. 26 ms. All three of the gap threshold age comparisons 
were statistically significant. Absolute hearing thresholds were also significantly 
different between young and old subjects, both mice and humans, in each case better 
in the younger group. Hearing thresholds for the human listeners and response 
thresholds for the cells were not significantly correlated with gap thresholds, but for 
young and old mice combined, the correlation was significant, r = 0.45; i.e., the 
greater the hearing loss, then the higher was the gap threshold. A second regression 
analysis performed after the effect of absolute sensitivity was removed from the 
data revealed a significant effect of increased age on the gap threshold that was 
independent of hearing loss.

Turning from gap detection to sound localization, Heffner et al. (2001) reported 
that middle-aged C57BL/6 mice with high-frequency hearing loss were less able 
to discriminate between sounds from different locations in young mice; this is 
consistent with the observations of McFadden and Willott (1994a, b) that in contrast 
to young C57BL/6 mice, single cells in the IC of middle-aged C57BL/6 mice are 
less sensitive to differences in sound source along the azimuth and also show less 
benefit in signal detection from increasing the spatial separation between signals 
and maskers. In mice, sound location primarily depends on the interaural level 
differences that are provided only by high-frequency stimuli, and these are no 
longer available to the middle-aged C57BL mouse.

It is thus of interest to determine whether an old mouse with maintained 
high-frequency hearing would show these deficits. Ison and Agrawal (1998) exam-
ined the effect of having a signal and its masker presented from the same location 
or separated 180° apart in the free field as a function of signal frequency and 
level (4 and 25 kHz, presented at 10-dB intervals between 30 and 80 dB) and of 
age (4 vs. 20 months). The masker was a 1-octave narrow-band noise centered on 
either 4 or 25 kHz and presented at 50-dB SPL. The mice were the F

1
 hybrid offspring 

of a CBA male and a C57BL/6 female, mice known to have less hearing loss with 
advancing age than even the CBA parent. Compared with the young mice, the older 
mice had a greater ABR hearing loss of just 5 dB at 24 kHz, ~12 dB at 4 kHz, and 
near 0 dB at 20 kHz. The effectiveness of the signals was measured in their inhibition 
of the startle reflex elicited by a noise burst. The effect of spatial separation depended 
on the stimulus and the masker frequency, so that the inhibitory effect of the 24-kHz 
stimulus was greater when this signal and its 24-kHz masker were separated in 
space, whereas the effect of the 4-kHz stimulus was not affected by the relative 
position of this stimulus from its 4-kHz masker. It is noteworthy that these effects 
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were the same in young and old mice, indicating that in the absence of peripheral 
hearing loss, there was no loss of spatial localization ability. It is generally thought 
that this benefit of spatially separating the masker from high-frequency signals 
results because the subject, usually a human rather than a mouse, is able to selec-
tively attend to the ear with the better signal-to-noise ratio, and the results of this 
experiment suggest that these older mice had maintained this ability. The data are 
similar to those provided by Gelfand et al. (1988) showing that aged human listeners 
with good high-frequency hearing benefit from the separation of noise from signal 
as much as the young do.

In contrast to the mouse, the rat has a more distinct and substantially larger 
medial superior olivary nucleus (Harrison and Irving 1966) and so may be expected 
to make better use of IPDs to locate low-frequency stimuli. Brown (1984) studied 
the trained performance of rats when they pressed bars to the right or left of a center 
orienting bar. Which bar was pressed depended on the location of a brief noise 
pulse from a speaker that was 1 meter to the left or right of the orienting bar. Brown 
used a longitudinal life-span experimental design in which he began training the rats 
at 3 months of age and continued testing for 5 times/week (save for school vacations) 
until they neared the end of their life span at 21 months of age. Their discrimination 
performance was stable from 10 to 14 or 15 months of age, averaging ~90% correct 
responses, and then steadily declined as they approached 21 months of age to an 
average below 70%. In contrast, performance was maintained over this time interval 
at 100% success in a visual discrimination task. The author noted that these rats would 
have little absolute threshold loss (which agrees with the more recent data of 
Stenqvist (2000) that were obtained in the same strain) and thus concluded that the 
performance decrement resulted from a decline in the ability to use binaural timing 
cues. He pointed out that this conclusion was consistent with the histopathology 
data in the auditory nerve, cochlear nucleus, and superior olivary complex observed 
in the rat by Feldman and his associates (see section 2.2 above) and consistent also 
with the results of a study of elderly human listeners by Herman et al. (1977).

May et al. (2006) provided a study of changes in the auditory processing of 
spectral cues in old mice that is also important because it is another of these rare 
longitudinal studies of “life-span” ARHL. These authors began training and testing 
a group of mice at ~1 month of age and then continued the experiment until the mice 
were close to 30 months, i.e., beyond the average life span of mice. The specific 
rationale was based on the possibility that age may increase the width of the spectral 
filter in mice as had been previously shown in human listeners by Patterson et al. 
(1982). This phenomenon seems particularly useful for understanding the problems 
of signal detection in noise (which is one of the signature complaints of the elderly 
listener) because a filter centered on a particular signal is also sensitive to the 
immediately surrounding noise, which will serve to mask the signal; thus a wider 
filter must allow greater masking of a central signal in the presence of broadband noise. 
But although auditory filters are typically conceived as a peripheral mechanism 
that, e.g., occupies a particular swath on the basilar membrane, filter bandwidth can 
also be affected by a central cholinergic-based mechanism as the previously 
described experiment of Pickles and Comis (1973) has shown. May et al. (2006) 
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measured the width of the auditory filter by looking at the degree of masking of a 
tone by a flat broadband noise and measured the relief from masking provided by 
inserting quiet notches into the noise centered on the signal. Tracking the loss of 
masking with the increasing width of the notch provides an estimate of the filter 
width, given well-established algorithms developed in the human psychophysical 
laboratory. Fig. 4.6 presents the data for masking and derived filter shape as a func-
tion of the gap width at 2 ages, the baseline taken when the mice were less than 12 
months and the final data when the mice were over 24 months of age. For the 11.2-
kHz test tone, masking increased by ~10 dB overall as a function of age, but for the 
16-kHz test tone the initial 15-dB masking effect increased as the notch widened 
from near 0 to 50% of its center frequency. The effect seen at 11.2 kHz may be an 
indication that the efficiency of signal-to-noise processing has weakened in the old 

Fig. 4.6 Masked threshold in groups of mice tested when young (baseline) and near the end of 
their life span (final) at 11.2 (a) and 16 kHz (c). (b and d) Calculated filter shapes at these 2 ages. 
(Reprinted from May et al. 2006, Fig. 7, with permission.)
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mouse, but the shape of the auditory filter has not (Patterson et al. 1982), whereas 
the effect at 16 kHz can be interpreted as showing both a loss of efficiency and a 
widening of the filter in the near-senescent mouse. It is of additional interest that 
changes in the filter shape did not correlate with the severity of absolute hearing loss, 
as the mouse that showed the largest degree of hearing loss at 16 kHz had a well-
preserved filter shape for that frequency, whereas a mouse that had an extreme 
increase in filter width had only an average threshold change.

4.6  A Summary of Past Research and Its Implications  
for Moving Forward

Different animal species have been variously proposed as being the most appropriate 
animal model for human ARHL based on different criteria. Factored into these 
decisions may be a set of practical criteria favoring rodents with their relatively 
short life span that are reasonably inexpensive to acquire and maintain and that 
remain healthy in a vivarium setting. Another criterion is the similarity between the 
appearance of ARHL in the animal model and the common phenotypes obtained in 
human studies of ARHL, although there is some disagreement about the “true” 
phenotype of pure ARHL. As described in section 1.3 above, although many 
investigators would accept the pattern of steeply rising hearing loss for the high-
frequency hearing seen in Figure 4.1A as representative of human ARHL, others 
point to the potential confound between chronological age and the cumulative 
effect of noise exposure, e.g., that may contribute to high-frequency hearing loss. 
This approach suggests that the less sharply rising profiles of hearing loss that were 
also present in the data of Allen and Eddins (2009) better represent biological 
aging. Other criteria reflect the similarity between the animal’s genome and that of 
humans, in which case primates would be preferred (Bennett et al. 1983), or their 
having a long life span because some effects of aging might well differ with chron-
ological rather than biological time; this favors an animal such as the cat or the 
chinchilla that have life spans approaching 20 years (McFadden et al. 1997). 
And most recently, new criteria to be considered are the opportunity to study the 
genetics of ARHL in inbred and hybrid strains of mice (e.g., Erway et al. 1993) and 
the relative ease of manipulating the mouse genome by genetic engineering (e.g., 
McCullough and Tempel 2004). This is no doubt the reason why the mouse model 
has in the last decade become the most preferred animal model of ARHL, although 
economy of upkeep and a relatively short life span have always added to its attrac-
tiveness. Fortunately, the basic phenomena of human ARHL have been found in all 
mammalian models for both absolute thresholds and complex auditory processing 
and including animals that provide both sharply rising and flatter profiles of hearing 
loss. This is a reassuring finding because it means that animal models can be chosen 
freely for their best fit to the needs of hypothesis testing; thus a hypothesis about 
the effect of high-frequency hair cell loss on central tonotopic reorganization could 
be tested in the C57BL/6 mouse (Willott 1986), a hypothesis about the interaction 
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of age and noise exposure could be tested in the CBA mouse (Kujawa and Liberman 
2006), and a hypothesis concerning the effects of age on sensitivity to interaural 
time differences and spatial localization could use the rat (Brown 1984) or the 
gerbil in an extension of the research on gerbils by Heffner and Heffner (1988).

Most impressive in both the animal and the human literature is that all of the 
functional data show substantial variation among individuals in hearing ability 
within an age group, perhaps not surprising in humans because of the great diversity 
in genetic background and experience in our species but also present in at least a 
reduced form between inbred animals of the same age that have been maintained in 
well-regulated environments (Ison et al. 2007). This pattern of variation suggests 
there may be significant effects on hearing of seemingly insignificant differences 
in the pre- or postnatal environment and raises as well the possibility of different 
patterns of epigenetic gene expression even between animals with seemingly identical 
genes. Not surprisingly, most experimental reports in hearing science focus on the 
significant differences between different age groups rather than the presence of 
individual differences within a group, but some researchers have shown that it is 
possible to use these individual differences to advantage. There are exemplary 
attempts to address the problem of individual differences in the animal laboratory 
by looking for their correlates in other neurobiological indices. For example, 
Tarnowski et al. (1991) examined the association between threshold measures at 
specific frequencies and counts of regional hair cells in a large group of old gerbils 
with varied degrees of hearing loss. These authors concluded that overall differences 
in thresholds among animals were correlated with their overall hair cell loss, and 
careful readers of their very informative figures will note also that the gerbils that 
were outliers in the degree of frequency-specific hearing loss appeared also to be 
outliers in their site-specific hair cell loss. Ison et al. (2007) were able to correlate 
individual differences in age-related low-frequency hyperreflexia in the aging 
inbred C57BL/6 mice with their degree of high-frequency hearing loss, suggesting 
that the degree of peripheral hearing loss was in part responsible for their individual 
differences in this abnormal behavior. Hequembourg and Liberman (2001) found that 
degeneration of fibrocytes in the spiral ligament was associated with a small decline 
in the ABR and predated the loss of hair cells in the C57BL/6 mice associated with the 
rapid progression of hearing loss, raising the interesting hypothesis that the compo-
sition of the cochlear endolymph may have some interactive role in the genetically 
determined progression of hair cell loss in this mouse strain. The lesson of these 
examples is that unique insights can be realized in multidisciplinary research projects 
that have a broad range of end points, including the correlations between and within 
functional and neurobiological measures that may then suggest causative hypotheses 
to be tested. Individual differences in neurobiological measures have only infre-
quently been noted, but it would be of great benefit to document their extent and 
their co-occurrence with individual differences in functional end points, as searched 
for in a study of human temporal bones by Nelson and Hinojosa (2006).

The major goal of this chapter was to provide the behavioral link between 
auditory psychophysics in aging humans and neurobiology research in aging 
animals. This link has been established most strongly for the deterioration of 
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absolute thresholds in aging animals and aging human listeners, in some measure 
because many of the indices of cochlear pathology seen in animals are also open to 
investigation in human temporal bone specimens, and there are many studies of 
absolute thresholds in both humans and animals. The link has been less well devel-
oped between neurobiology and age-related deficits in complex auditory processing 
in humans and animals because the range of neurobiological observations available 
in humans is as yet much less developed than it is in animal models, whereas in 
contrast, the range of complex tasks completed in studies with human listeners is 
much greater than has been available for animal models. There are well-documented 
neurobiological indices of both peripheral and central deterioration with advancing 
age in animals in neurochemistry, connectivity, synaptic counts, and gene expression, 
but the evidence for similar effects of aging on the central auditory system in humans 
is at present limited and the further development of noninvasive methods for studying 
these end points in both animals and in humans would be very useful.

It is also clear that certain conditions accelerate ARHL (or perhaps mimic ARHL), 
e.g., exposure to loud noises and ototoxic drugs and systemic pharmacological 
manipulations and brain-lesion effects, all of which can also be demonstrated in 
animal models and observed in human research participants or, sometimes, patients. 
But it must be acknowledged that many of the neurobiological and functional studies 
of aging in animals and in humans have not been sufficiently well coordinated to 
foster integration across disciplinary lines or across species. A full accounting of 
presbycusis is best approached in a multidisciplinary and comparative research 
program in which data for multiple functional and multiple neurobiological end 
points are gathered not just in the same species or strains but in the same individual 
subjects to more directly establish the association between neurobiology and 
auditory processing. The search for an explanation of individual differences in the 
effects of age on auditory ability must rest on the assumption that their foundation 
is in individual differences in the neurobiological substrate.

Further advances may profit from borrowing a research design from functional 
programs that accumulate data for each participant on many auditory tests to study 
their pattern of intercorrelations (e.g., Humes 2005). At present, the results of 
“neurobiological tests” are typically reported separately for different end points and 
different neural sites, no doubt because each test result has required a major invest-
ment in time and resources. But it seems most sensible in the long-term plan to map 
out, e.g., how age-related neurobiological changes in one nucleus are correlated 
with changes in other nuclei in that same animal and whether any individual differ-
ences in these measures are correlated with individual changes in functional 
measures, again in the same animal. A program of this sort would depend on there 
being much more interaction between researchers in different disciplines than is 
common at present. But it is reasonable to think that translational research programs 
will advance most rapidly when multiple measures are taken in the same individual 
subjects, both animals and humans, to directly examine the empirical association 
between neurobiological and functional variables. A better understanding of 
individual differences in ARHL will help to suggest the types of interventions that 
will result in a beneficial functional outcome.
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5.1  Introduction

Historically, the study of human aging and hearing has focused on problems of 
speech perception and comprehension experienced by older listeners. An earlier 
comprehensive review of these problems (Committee on Hearing, Bioacoustics, 
and Biomechanics [CHABA] 1988) outlined the scope of the age-related listening 
difficulties and pointed to several areas of interest where information was lacking 
and greater study was needed. Some of the research needs cited are specific to 
speech processing and aging (see Humes and Dubno, Chapter 8) and to general 
aspects of cognition and audition (see Schneider, Pichora-Fuller, and Daneman, 
Chapter 7). Equally important are questions about the extent to which aging of the 
auditory system compromises listeners’ ability to process simple and complex 
nonspeech sounds. This topic is explored in the present chapter by a review of 
recent psychoacoustic studies that were conducted to identify those auditory 
abilities and processes that appear to be affected by aging. Where possible, 
age-related alterations in processing mechanisms associated with spectral, intensive, 
and temporal aspects of sound are linked to known anatomical and physiological 
changes with age in the auditory system (see Schmiedt, Chapter 2; Canlon, Illing, 
and Walton, Chapter 3). A related goal of the psychoacoustic investigations is 
to identify some of the possible contributing factors that underlie the speech 
understanding difficulties of older listeners.
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5.1.1  Methodology

Most of the psychophysical experiments are designed to examine sensory and 
perceptual processing in audition by conducting behavioral measurements on 
human listeners. For experiments cited in the present chapter, the sound stimuli are 
usually delivered to listeners monaurally through a headphone in an acoustically 
isolated environment (for studies in binaural processing, see Eddins and Hall, 
Chapter 6). Some of the listening tasks involve detection of a sound presented in a 
quiet background or in the presence of other sounds, usually referred to as maskers. 
In either case, a stimulus threshold value (e.g., in decibels) is measured that 
corresponds to a given percent-correct detection performance by the listener. Other 
tasks require listeners to compare two or more sounds that differ along a specific 
acoustic dimension such as frequency or duration. These discrimination tasks 
typically seek to measure the smallest physical difference between sounds that 
allows some predetermined level of listener performance in terms of percentage of 
correct responses. This measured stimulus difference then becomes an estimate of 
the difference threshold, or “difference limen (DL),” for the stimulus attribute that 
is varied, such as frequency, intensity, or duration. DLs can be expressed either in 
absolute physical units (e.g., in hertz) or in terms of a relative difference in which 
the absolute DL is expressed as a proportion of the baseline stimulus value. Some 
of the psychophysical experiments also utilize a “method of constant stimuli,” in 
which each of a preselected series of stimuli featuring different physical values are 
presented to listeners an equal number of times. The percentage of correct listener 
responses to each stimulus in the series is then recorded to derive a performance 
curve, known as a “psychometric function,” which displays percent correct as a 
function of stimulus value.

The study of auditory processing and aging faces certain obstacles that need to 
be addressed in the design of experiments. One factor of concern is the prevalence 
of hearing loss among older listeners (see Cruickshanks, Zhan, and Zhong, Chapter 9). 
A related issue is the hearing sensitivity of individual older listeners that generally 
varies as a function of age, gender, and frequency, as described in Section 2. As such, 
it is not uncommon for psychoacoustic performance measures collected from older 
listeners to contain confounding influences of both hearing loss and age effects. 
Current methodologies in psychoacoustic research on aging attempt to unravel this 
potential confounding of variable effects in one of several ways. For example, some 
studies attempt to recruit older listeners with normal or near-normal hearing, defined 
audiometrically, and compare their listening performance with that of younger 
listeners with normal hearing. Other studies utilize multiple groups of listeners and 
compare the performance of younger and older listeners with normal hearing 
and also compare the performance of younger and older listeners who exhibit 
matched degrees of hearing loss. Also available are statistical analysis tools, such 
as analysis of covariance, that have been applied in some studies to factor out the 
influence of individual variables that might contribute to the performance measures 
collected from older listeners.
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Another general issue of relevance to the study of aging and auditory processing 
concerns the appropriate definition of the elderly listener. At present, the chrono-
logical age of an individual is the primary selection criterion used to assign listeners 
to an older subject group for a given psychophysical task. Thus 60-65 years is 
frequently stated as the minimum age of listeners who comprise the older groups 
of subjects in many studies on aging. However, it is already evident from this research 
that the elderly, when defined primarily by age, constitute a rather heterogeneous 
group in terms of their listening performance and, quite likely, the degree and 
nature of age-related deterioration to sensory structures within the auditory nervous 
system. As research on aging advances, alternative definitions of auditory aging 
may emerge, perhaps ones that characterize listener groups according to different 
functional and diagnostic criteria. Toward that goal, various psychoacoustic inves-
tigations have been conducted to explore some of the basic auditory abilities of 
older listeners. Listener sensitivity to the changing characteristics of sound in terms 
of variables such as frequency, intensity, and duration is considered essential to the 
accurate processing and understanding of the complex time-varying sounds of 
human speech.

5.2  Basic Hearing Sensitivity

Pure-tone detection thresholds elevate with increasing age during the adult life 
span. Corso (1963) published a classic study of hearing sensitivity data for a large 
sample of men and women, aged 18 to 65 years, who were screened for otologic 
disease and history of noise exposure. The cross-sectional data for men indicated 
that hearing thresholds were poorer at each successive age decade above age 32 years, 
particularly in the higher audiometric frequencies of 2 and 4 kHz. Women showed 
a decline in hearing sensitivity above age 37 years, but thresholds did not vary 
widely across frequency. Significant differences in hearing thresholds between men 
and women were observed most notably at 3 kHz and above, with the men exhibiting 
poorer thresholds and greater variability than the women. However, women had 
poorer hearing and greater variability than men at frequencies below 1 kHz. 
The crossover point for this “gender reversal” was 1 kHz, a frequency where the 
thresholds of men and women were not significantly different.

5.2.1  Cross-Sectional Epidemiologic Studies

Subsequent investigations employed an epidemiologic approach and extended the 
age range of participants to those over 65 years (Moscicki et al. 1985; Gates et al. 
1990; Cruickshanks et al. 1998). Participants in these studies included all 
individuals residing in a particular town for whom audiometric data were available; 
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there were no exclusions on the basis of otologic disease or noise history. 
Representative data from the Epidemiology of Hearing Loss Study are shown in 
Fig. 5.1 (Cruickshanks et al. 1998), although data from the Framingham Heart 

Fig. 5.1 Mean pure-tone air conduction thresholds (hearing level) in the right ear as a function 
of age, gender, and frequency from the Epidemiology of Hearing Loss Study. (Adapted from 
Cruickshanks et al. 1998.)
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Cohort were highly similar (Moscicki et al. 1985; Gates et al. 1990). Each of these 
studies reported that hearing thresholds of both men and women were poorer in the 
higher frequencies than the lower frequencies, thresholds for men were poorer 
than those for age-matched women in the high frequencies, and hearing sensitivity 
declined with age at each frequency (Moscicki et al. 1985; Gates et al. 1990; 
Cruickshanks et al. 1998). The mean audiometric data of individuals over 65 years 
indicate a mild-to-moderately severe, sloping sensorineural hearing loss, which is 
more gradual in women than in men. However, Gates et al. (1990) reported that the 
audiometric configuration varied between individuals in the Framingham Heart 
Cohort. The most common audiometric configuration for men was sharply sloping 
(53.2%), followed by a gradually sloping loss (30.3%); in women, the most common 
configurations were gradually sloping (39.3%), followed by flat (38.6%). Notched 
audiometric configurations also were observed in a large proportion of individuals 
in these unscreened samples (Gates et al. 1990). In addition to gender, race appears 
to play a role in age-related hearing loss. One recent investigation of over 2,000 
individuals, aged 73-84 years, reported that black men and women exhibited 
significantly lower (better) hearing thresholds than white men and women, particu-
larly at 2 and 4 kHz (Helzner et al. 2005).

Hearing sensitivity in the frequency region above 8 kHz (sometimes referred to 
as extended high-frequency thresholds) is also affected by aging. Hearing thresh-
olds in this extended frequency range are not tested routinely in the clinical setting 
but may provide early indications of damage to the cochlea. Indeed, samples of 
normal-hearing young and middle-age adults demonstrate deterioration in hearing 
thresholds at 14 kHz and higher above age 30 years and at all frequencies from 8 to 
20 kHz above age 40 years (Stelmachowicz et al. 1989). Older listeners aged 60-79 
years with normal hearing sensitivity in the standard audiometric range (0.25-8 kHz) 
also show significantly poorer hearing thresholds above 8 kHz compared with younger 
listeners with normal hearing (Matthews et al. 1997). Although women exhibit better 
hearing thresholds than men in the 8–to 12-kHz range, these gender differences are 
no longer observed at 14 kHz and above, in large part because thresholds in both 
groups exceed 100 dB SPL. Hearing thresholds in the extended high-frequency 
range generally increase with advancing age between 48 and 92 years (Wiley et al. 
1998) at frequencies where hearing thresholds are measurable. Moreover, hearing 
sensitivity in the standard audiometric range is correlated with thresholds measured 
in the ultra-high frequency range (Wiley et al. 1998).

5.2.2  Longitudinal Data

The cross-sectional data described above compare hearing thresholds across different 
age groups at a fixed point in time but do not indicate the changes in hearing thresholds 
in individuals over time. Longitudinal studies track performance measures obtained 
from individuals over a period of time and may vary in the total time period of the 
measures, the frequency of testing, the number of repeated measures, the age of 
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individuals at entrance to the study, and the number of individuals in a specified age 
category at any one period of time. One large-scale longitudinal study of aging 
examined hearing thresholds from 0.1 to 10 kHz biannually for 1,247 men and 588 
women over a period of 23 and 13 years, respectively (Pearson et al. 1995). 
Individuals entered the study at any age, with the total sample ranging in age from 
20 to 90 years. A screening protocol was used to eliminate data from participants 
who had significant otologic disease, history of noise exposure, or evidence of a 
notched audiogram either at the start of the study or at any subsequent visit. 
Threshold data from 0.5-8 kHz showed that the rate of change in hearing thresholds 
differs by gender and frequency. Fig. 5.2 shows the longitudinal change in hear-
ing thresholds of the men and women. The longitudinal change in hearing acceler-
ates above age 20-30 years in men, and above age 40-50 years in women. 
Thresholds in men decline twice as fast as those of women at most ages and 
frequencies, with the rate of change for both genders converging above age 60 years. 
At any age and frequency, however, men exhibit poorer thresholds than women at 
frequencies >1 kHz, but women exhibit poorer thresholds than men at frequencies 
<1 kHz. Considerable individual variability in the rates of change in hearing threshold 
also was reported. A subsequent investigation (Lee et al. 2005) reported longitudinal 
changes in hearing thresholds measured in the ultra-high audiometric frequencies 
among a sample of primarily older individuals (60-81 years at entrance to the study). 
Significant effects of age and gender were reported, with women showing faster rates 
of change (1.34-1.55 dB/year) than men (0.81-1.05 dB/year) at 6 to 12 kHz. Overall, 
the average rate of change in thresholds for both genders combined was greater at 
the high frequencies (1.2 dB/year at 8 and 12 kHz) than at the low frequencies 
(0.7 dB/year at 0.25 kHz). In general, both longitudinal studies found that older 
subjects had a faster rate of decline in hearing thresholds than younger subjects.

One potential confounding factor in all of these investigations is the effect of 
noise exposure on hearing thresholds. Even when methods are used to eliminate 
individuals with a significant history of noise exposure (such as in military service 
or hunting), most people in our industrialized society are exposed to noise or loud 
sounds during everyday activities (e.g., hairdryers, traffic noise, cell phones). Gates 
et al. (2000) examined longitudinal changes in hearing thresholds over a 15-year 
period in 203 men from the Framingham Cohort, aged 58-80 years, to track the natural 
history of notching in the 3-to 6-kHz region as well as at adjacent frequencies. Data 
from women were not examined because only 4% of the women developed a notch 
during the test period. Participants were assigned to notch groups, depending on the 
depth of the notch (no notch, >15-dB notch, >35-dB notch). The three groups differed 
in the rate of change in threshold in the 2-to 8-kHz region across the 15-year study 
period, and the pattern of group differences varied with frequency. At 2 kHz, the 
rate of change in hearing threshold increased with increasing notch group. However, 
at 3 and 4 kHz, the group with the deepest notch showed a decelerating pattern in which 
the rate of change was slower than that observed for the other two groups. Above 4 
kHz, the two groups with notches showed an increase in the rate of change in hearing 
threshold, but the change was ~10 dB slower in the deeper notch group compared 
with the shallower notch group. The group with no evidence of notching generally 
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showed a more gradual longitudinal change in these high-frequency thresholds. 
Taken together, the findings indicate that the rate of change in hearing thresholds in the 
region of the notch decelerates over time compared with individuals without notching. 

Fig. 5.2 Average 10-year changes in hearing levels (HL) for men and women from the Baltimore 
Longitudinal Study on Aging. (Adapted from Pearson et al. 1995.)
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This longitudinal pattern suggests that the cochlear damage associated with aging 
is mediated by preexisting hair cell damage attributed to noise exposure.

In summary, hearing thresholds decline with increasing age across the adult life 
span for both men and women, and the greatest change in threshold occurs in the 
frequency region above 2 kHz. Although average audiograms of elderly individuals 
suggest a mild-to-moderately severe hearing loss, these mean audiograms do not 
necessarily reflect the hearing sensitivity of all individuals within a given age 
group. That is, some older people may exhibit relatively normal hearing sensitivity, 
better than that depicted in Fig. 5.1, whereas others may exhibit greater degrees of 
hearing loss. Indeed, wide individual variability in hearing thresholds between 
subjects is a common observation across studies.

5.3  Frequency/Intensity Discrimination

The ability of listeners to discriminate changes in the frequency or intensity of 
simple sounds has been explored in numerous studies, although relatively few 
experiments have examined age-related changes in these discrimination tasks. In 
addition, the potential for confounding influences of hearing loss is a concern 
because several investigations reveal that sensorineural hearing loss is a known factor 
that can diminish listener performance on various auditory discrimination tasks 
(Turner and Nelson 1982; Freyman and Nelson 1991; Florentine et al. 1993; Simon 
and Yund 1993). 

Despite this situation, recent evidence from studies that controlled potential 
influences of hearing loss indicates that aging is an important factor that can act 
to diminish listeners’ discrimination abilities. For example, He et al. (1998) used a 
same-different discrimination procedure with tonal stimuli of four different frequen-
cies (500 to 4000 Hz) and measured the DL for changes of stimulus frequency (Df Hz) 
and intensity (DL dB), with testing in each discrimination task conducted at stimulus 
levels of 40-and 80-dB SPL. Listeners in this study included groups of younger (age 
20-33 years) and older (age 76-77 years) subjects, who exhibited normal hearing sen-
sitivity and thresholds that were matched within 5 dB across frequencies of 250-4000 
Hz. The findings from the discrimination testing in these experiments are summarized 
in Figs. 5.3 and 5.4. The frequency discrimination results are displayed in Figure 5.3, 
which shows the relative DLs in percent (Df/f) for the group of aged listeners as a func-
tion of the standard test frequency at the two stimulus test levels. Figure 5.4 displays 
the intensity DLs (DL dB) measured at the two standard stimulus levels for the aged 
listeners at each of the four tonal stimulus frequencies. Shaded regions in both figures 
reflect the range of corresponding DLs reported in the literature for young listeners, 
including those tested by He et al. (1998).

The frequency discrimination results reported by He et al. (1998) indicated clearly 
that the DLs of the older listeners were larger than those of the younger listeners, with 
the magnitude of the age-related performance differences being greater at the lower 
stimulus frequencies; results were essentially the same at each stimulus level tested. 
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The intensity DLs of both younger and older listeners decreased as stimulus level 
increased. However, the intensity DLs of the older listeners were larger than those 
of the younger listeners, with the magnitude of the age-related differences being 

Fig. 5.3 Mean relative frequency difference limens (DLs; Df/f) as a function of standard tone 
frequency for the aged listeners at stimulus levels of 40-and 80-dB SPL. Shaded region represents 
range of DLs for young listeners from He et al. (1998) and previous literature. (Adapted from He 
et al. 1998.)

Fig. 5.4 Mean intensity DLs (DL) of the aged listeners as a function of standard stimulus level, 
with the parameter representing the stimulus frequency. Shaded region represents range of 
intensity DLs for young listeners from He et al. (1998) and previous literature. (Adapted from 
He et al. 1998.)
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greatest at the lower test frequencies. Thus the age effects observed by He et al. (1998) 
for both frequency and intensity discrimination exhibit a strong frequency dependency. 
A similar frequency dependency was observed more recently by He et al. (2007) 
in a frequency-modulation (FM) detection task involving younger and older listeners. 
This experiment also revealed that FM detection among older listeners was diminished, 
with the largest age-related performance differences observed for stimuli with 
lower carrier frequencies. Moore and Peters (1992) also cited examples of older 
listeners with relatively normal hearing showing large frequency DLs at low 
stimulus frequencies. Similarly, intensity discrimination results reported by 
Florentine et al. (1993) indicated that the DLs for two older listeners in their task 
were larger than those of young listeners with equivalent hearing sensitivity.

The processing mechanisms underlying frequency and intensity discrimination 
are not fully understood, although models involving the role of peripheral auditory 
filtering and the phase-locking properties of auditory nerve fibers have been applied 
successfully to describe large bodies of discrimination data (e.g., Moore 1973; Sek 
and Moore 1995). However, the frequency-dependent effects showing large age-related 
discrimination differences in the lower frequency regions suggests that temporal 
mechanisms may be involved, perhaps as a result of age-related changes in the 
phase-locking properties of auditory nerve fibers (see Schmiedt, Chapter 2).

5.4  Frequency Selectivity

Another important aspect of auditory spectral processing concerns the ability of 
listeners to distinguish perceptually among sounds that differ in frequency. Indeed, 
a diminished ability among older listeners to resolve spectral aspects of sound 
stimuli is often suggested as a possible source of age-related difficulty in under-
standing speech in noisy backgrounds (CHABA 1988). It is generally known that 
active nonlinear processing mechanisms within the cochlea function to enhance 
sensitivity, spectral contrasts, and sharpening of neural and psychophysical tuning 
curves (Yates 1995). It is also known that healthy cochlear structures (e.g., outer 
hair cells, stria vascularis) are essential to the active nonlinear processes (Schmiedt 
et al. 1980; Liberman and Dodds 1984). A central question is whether aging alters 
these nonlinear processes in a manner that diminishes the tuning of auditory filtering 
or the suppression mechanisms that serve to enhance spectral contrasts.

5.4.1  Auditory Filtering

Behavioral estimates of frequency selectivity are derived primarily from masking 
experiments that measure either the sharpness of psychophysical tuning curves 
(PTCs) or the shape of peripheral auditory filters. As was the case for measures of 
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frequency discrimination, the investigation of age effects on frequency resolution is 
hindered by potential independent influences associated with the presence of sen-
sorineural hearing loss. For example, various studies report that listeners with 
sensorineural hearing loss exhibit reduced frequency selectivity (de Boer and 
Bouwmeester 1974; Pick et al. 1977; Glasberg and Moore 1986). Other masking 
studies that measured PTCs in listeners with hearing loss found abnormally broad 
tuning curves at each of several different test frequency regions (Wightman et al. 
1977; Florentine et al. 1980; Tyler et al. 1982). Many of the listeners with hearing 
loss in these earlier studies were also older than the younger normal-hearing control 
subjects, although the specific contribution of age effects in the psychophysical 
measures were not usually examined. One study that did examine age effects in 
frequency selectivity was reported by Patterson et al. (1982), who conducted simul-
taneous masking experiments using a spectrally notched noise masker and tonal 
probe signal with a frequency that coincided with the center frequency of the 
masker spectral notch. In this procedure, probe-tone detection thresholds were 
measured as a function of the masker notch width, and the threshold data were used 
to derive auditory filter shapes according to procedures described by Patterson 
(1976) and later by Glasberg and Moore (1990). Results of Patterson et al. (1982) 
revealed that auditory filter widths increased progressively with the age of their 
listeners (23-75 years), indicating a progressive age-related loss in frequency selec-
tivity. These results, however, may have been influenced in part by factors related 
to hearing loss in the listeners because sensitivity loss exhibited by the participating 
subjects was also correlated with listener age. A number of subsequent experiments 
that used similar notched-noise masking procedures to examine frequency selectiv-
ity have found no significant differences in the derived auditory filter bandwidths 
between younger and older listeners when tested at frequency regions with normal 
hearing sensitivity (e.g., Peters and Moore 1992; Sommers and Humes 1993; 
Sommers and Gehr 1998; Gifford and Bacon 2005). Thus the cumulative evidence 
to date indicates that in the absence of sensorineural hearing loss, aging alone does 
not appear to have a significant influence on cochlear mechanisms involved in audi-
tory filtering.

5.4.2  Suppression

Suppression is another cochlear nonlinear process whereby stronger sensory and 
neural activity associated with one stimulus frequency can inhibit, or suppress, 
weaker activity associated with nearby frequency regions. Psychophysical evidence 
for suppression phenomena in hearing is documented in a number of past studies 
(Houtgast 1972; Shannon 1976; Terry and Moore 1977; Weber and Green 1978). 
Such evidence indicates that suppression plays an important role in determining the 
sharpness of psychophysical and neural tuning curves and auditory filter band-
widths (Moore and Vickers 1977) and may act to enhance spectral contrasts of 
certain phoneme features to aid listener processing of speech sounds. Although the 
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mechanisms of suppression are not fully understood, there is clear evidence 
showing that subjects with a hearing loss of cochlear origin exhibit reduced 
suppression, as evidenced by poorer frequency selectivity depicted in PTCs and 
forward masking patterns (Wightman et al. 1977; Dubno and Ahlstrom 2001a). 
Additionally, normal-hearing listeners on a regimen of aspirin ingestion can also 
display abnormal nonlinear processes, as evidenced by psychophysical observa-
tions of broader auditory filtering and reduced two-tone suppression (Hicks and 
Bacon 1999). These findings revealed that even small temporary aspirin-induced 
shifts in hearing sensitivity are sufficient to disrupt the functioning of various 
nonlinear cochlear processes.

A small number of recent studies have explored the effects of listener age on 
psychophysical measures of auditory suppression. One of these (Sommers and 
Gehr 1998) tested younger and older listeners with normal hearing and compared 
auditory filter widths derived from data collected in simultaneous and forward 
masking tasks. Auditory filters derived from forward masking data typically reveal 
sharper tuning than seen with simultaneous masking, a result that is often attributed 
to suppression (Houtgast 1972; Moore and Glasberg 1981). That is, under forward 
masking, suppressive effects are thought to reduce the effective level of the noise 
masker but not the later occurring probe tone, whereas, in simultaneous masking, 
both the masker and probe signal are similarly suppressed. Thus the net effect of 
suppression operating in the two masking paradigms is to enhance the signal-to-masker 
ratio in forward masking, leading to improved probe detection and narrower filter-
width estimates relative to those obtained from simultaneous masking. Sommers 
and Gehr (1998) found similar filter shapes for younger and older listeners with 
simultaneous masking but significant age-related differences in the degree of filter 
narrowing observed with forward masking; i.e., the narrowing of filter widths from 
simultaneous to forward masking was significantly greater for the younger listeners 
compared with the older listeners. These results are supportive of the conclusion 
that aging is associated with reduced suppression within the auditory system.

Subsequent investigation by Dubno and Ahlstrom (2001b) also indicated that 
auditory suppression may be reduced in older listeners with normal hearing. This 
psychophysical experiment examined suppression in younger and older listeners 
using a forward-masking procedure with noise maskers of different bandwidths and 
tonal probe signals centered at a lower-and higher-frequency region. In this proce-
dure, suppression effects acting on the masker are expected to increase with masker 
bandwidth, thus reducing the effective masking, leading to lower (better) probe 
tone thresholds. A single estimate of suppression can be obtained by comparing the 
magnitude of change in probe threshold in decibels observed between conditions 
featuring the narrowest and widest noise masker bandwidths. Dubno and Ahlstrom 
observed that the magnitude of suppression exhibited by older listeners with normal 
hearing was reduced relative to that of younger normal-hearing listeners. A different 
conclusion about aging and auditory suppression was reported recently by Gifford 
and Bacon (2005). These investigators used essentially the same forward-masking 
procedure as Dubno and Ahlstrom (2001b) to measure probe-tone thresholds in 
younger and older listeners with normal hearing in conditions featuring different 
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noise masker bandwidths. The masking results of Gifford and Bacon (2005) 
revealed no significant age-related differences in the magnitude of suppression 
shown by their young and older listeners. Clearly, these conflicting results indicate 
that questions remain concerning the influence of aging on the mechanisms of audi-
tory suppression. It is possible that even small differences in hearing sensitivity or 
cochlear function among older normal-hearing listeners can produce different out-
comes on psychophysical measures of auditory suppression.

5.5  Temporal Sensitivity: Simple Stimuli

A larger number of the psychophysical studies on age effects in audition have 
investigated temporal aspects of hearing. The reason for this research emphasis 
perhaps stems from the predominant complaints among older listeners regarding 
perceptual difficulties with temporally altered or accelerated speech. Additionally, 
various early research experiments that used temporally degraded speech stimuli 
(e.g., time compressed, reverberant, interrupted) demonstrated consistent age-
related perception difficulties (Sticht and Gray 1969; Bergman et al. 1976; Konkle 
et al. 1977; Helfer and Wilbur 1990). The cumulative evidence from these and other 
speech studies suggested that aging was associated with a decline in time-dependent 
auditory-processing abilities. This hypothesis was also consistent with research 
findings from studies on cognition and aging, which postulated an age-related slowing 
of information processing (Salthouse 1985; Wingfield et al. 1985). Psychophysical 
studies on aging and temporal aspects of auditory processing are relatively recent 
and provide additional information about the specific components of the temporal 
processing that appear to undergo changes with aging. Some of the experiments 
used relatively simple stimuli and assessed the limits of auditory temporal acuity 
and discrimination capacity, whereas others used more complex stimulus patterns 
to examine the sequential processing abilities of older listeners. As with all 
psychoacoustic studies on aging, careful attention to subject selection for experi-
ments is required to eliminate, or minimize, potential influences of listener hearing 
loss on the measure of temporal sensitivity under investigation.

5.5.1  Temporal Resolution

Estimates of temporal resolution in hearing have been measured with a variety of 
tasks and stimuli to determine the shortest time period in which listeners are 
capable of detecting a change in the waveform of a sound without the aid of spectral 
cues. Green (1971) reviewed much of the early research and reported that most 
estimates of auditory temporal acuity tend to converge on values of ~2-3 ms for the 
young trained listener with normal-hearing sensitivity. Acuity estimates of this 
general magnitude were also observed by Plomp (1964), who measured the smallest 
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detectable silent interval (temporal gap) between a pair of broadband noise bursts, 
typically referred to as stimulus markers. This gap-detection procedure has proven 
to be a useful tool in assessing auditory temporal resolution, perhaps because it is 
relatively easy to administer, and has produced fairly consistent resolution esti-
mates, at least for broadband stimulus markers presented to young normal-hearing 
listeners at clearly audible signal levels (Abel 1972; Penner 1977).

It is noteworthy, however, that estimates of temporal gap resolution can vary 
considerably from those observed by Plomp (1964) if the stimulus markers 
surrounding a gap differ from broadband noise bursts. For example, several studies 
since Plomp (1964) used a variety of filtered noise bursts as stimulus markers and 
observed that gap thresholds tend to decrease in magnitude with increases in 
noise bandwidth, center frequency, and, within limits, signal level (Fitzgibbons 
and Wightman 1982; Fitzgibbons 1983; Shailer and Moore 1983; Green and 
Forrest 1989). Additionally, with tonal stimulus markers, a systematic influence 
of tonal frequency on gap detection is observed in one study(Green and Forrest 
1989) but not in others (Shailer and Moore 1987; Moore and Glasberg 1988). 
Finally, most reports agree that temporal resolution can become considerably 
more difficult for all listeners if stimulus markers surrounding a temporal gap 
differ substantially in frequency (Williams and Perrott 1972; Formby and Forrest 
1991; Phillips et al. 1997).

Several studies have begun to investigate the possibility that aging may compro-
mise listeners’ temporal resolving capacity. One motivation for the studies stems 
from awareness among investigators that any reduction in temporal sensitivity of 
older listeners could hamper their ability to detect and discriminate many of the 
temporal properties of speech waveforms that provide perceptual cues to phoneme 
identity. Factors related to hearing loss are also important to consider in an assessment 
of any potential age effects in temporal resolution. This is the case because several 
studies report significant reductions in temporal gap resolution among listeners 
with sensorineural hearing loss (Fitzgibbons and Wightman 1982; Tyler et al. 1982; 
Florentine and Buus 1984; Glasberg et al. 1987). One study that focused on age 
effects in temporal resolution was conducted by Snell (1997), who compared temporal 
gap thresholds in groups of younger (age 17-40 years) and older (age 64-77 years) 
listeners with normal hearing and closely matched audiometric thresholds. Using 
various low-pass noise bursts as stimulus markers, Snell observed diminished 
gap-resolution abilities in about one-third of the older listeners. Another study by 
He et al. (1999) also used relatively broadband noise to measure gap thresholds in 
normal-hearing younger and older listeners with matched hearing sensitivity. This 
study also reported elevated gap thresholds among older listeners, but the 
age-related effects were apparent only for temporal gaps located near the onset or 
offset of a noise burst and not when gaps were centered within the noise burst.

Additional information about temporal resolution and aging has come from 
gap-detection experiments conducted with tonal stimulus markers. With tonal 
stimuli, introduction of a temporal gap will introduce a sudden spread of energy 
(spectral splatter), which could be used by listeners to cue the presence of a gap. To 
prevent this possibility, investigators frequently use a spectrally shaped background 



1255 Behavioral Studies With Aging Humans

BookID 139876_ChapID 5_Proof# 1 - 12/10/2009

noise to eliminate audibility of the spectral splatter while preserving sufficient 
audibility at the signal frequency. Moore et al. (1992) used this approach with 400-ms 
tone bursts to compare gap thresholds in younger and older listeners with relatively 
normal hearing. Gap thresholds collected from the older listeners were generally 
observed to be larger than those of the younger listeners, but most of the age-related 
differences were attributed to the poor resolution performance of a few older listeners. 
Subsequent measurements of gap resolution using pairs of brief tone pips (Schneider 
et al 1994) or pairs of longer 200-ms tone bursts (Strouse et al. 1998) revealed that 
many older listeners with normal hearing do exhibit elevated gap thresholds. More 
recently, Schneider and Hamstra (1999) suggested that the observation of age-related 
effects in temporal gap resolution may depend on the duration of stimulus markers 
surrounding a gap. These investigators varied marker durations using pairs of 
Gaussian-shaped tone bursts to measure gap thresholds in groups of younger (mean 
age 21.9 years; n = 20) and older (mean age 72.4 years; n = 20) listeners with nearly 
equivalent degrees of normal hearing at the stimulus frequency of 2 kHz. The main 
findings of Schneider and Hamstra are shown in Fig. 5.5, which displays the mean 
gap thresholds measured for the younger and older adults as a function of tonal 
marker duration (2.5-500 ms). These results revealed significant age-related differ-
ences in gap thresholds, with the size of the age effect being a decreasing function 
of tone duration; resolution performance of the two listener groups was nearly 
equivalent at the longest tone duration of 500 ms.

In summary, the collective results of gap-detection studies reveal that many 
older listeners exhibit diminished temporal resolution, even when potential 
influences of hearing loss are absent or deemed negligible by data analysis. 
However, several of the reports cite large variability in the performance measures 
collected from older listeners and point to observations revealing that the resolution 
performance of some older listeners is quite similar to that of younger listeners. 

Fig. 5.5 Mean gap detection thresholds as a function of marker duration for the younger and 
older adults. (Adapted from Schneider and Hamstra 1999.)
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Also, it appears that stimulus factors, such as marker duration and intensity; 
gap location within markers; and type of marker, noise or tones, can influence the 
magnitude of gap thresholds and age-related performance differences in any given 
resolution task. Finally, a gap threshold is simply one operational definition of 
auditory temporal resolution and does not indicate the underlying processes 
involved in detection. That is, the presence of a gap between stimulus markers 
reflects a waveform amplitude shift, and thus resolution of brief intensity decrements 
are needed for gap detection, as discussed and modeled by Plack and Moore (1990). 
The potential influence of nerve fiber adaptation and offset-onset response effects 
on gap detection is also cited (e.g., Schneider and Hamstra 1999). The influence of 
aging on some of these underlying processes is a focus of much ongoing research 
(see Schmiedt, Chapter 2).

5.5.2  Duration Discrimination

Another aspect of auditory temporal sensitivity concerns the ability of listeners to 
detect and discriminate changes in the duration of a sound. Stimuli used in these 
measurements have included samples of both shorter and longer noise or tone 
bursts, and some experiments measured listeners’ discrimination of changes to 
duration of a silent interval bounded by a pair of stimulus markers. Stimuli for the 
these measurements are usually presented at intensity levels that are sufficient to 
ensure adequate signal audibility for the listener. Collective findings from early 
studies of duration discrimination with young listeners reveal that duration DL 
increases monotonically as a function of the reference stimulus duration, with 
relatively little effect of stimulus type over a broad range of reference durations 
exceeding ~10-20 ms (Creelman 1962; Small and Campbell 1962; Abel 1972; 
Divenyi and Danner 1977).

The investigation of age-related changes in listeners’ sensitivity to changes in 
stimulus duration has been the focus of several studies in recent years. In one 
experiment, Fitzgibbons and Gordon-Salant (1994) measured duration DLs in 
younger and older listeners with and without hearing loss using reference stimuli 
consisting of 250-ms tones or silent intervals (gaps) of equal duration bounded by 
a pair of 250-ms tones. Results of this experiment indicated the duration DLs for 
the tones and gaps were about the same, but the DLs of the older listeners were 
significantly larger than those of the younger listeners; factors related to hearing 
loss and stimulus frequency did not have a significant influence on discrimination 
performance in any of the listener groups. Other measures of duration discrimination 
collected with band-limited noise (Abel et al. 1990) or tone bursts (Bergeson et al. 
2001) also showed diminished temporal sensitivity among older listeners, with the 
magnitude of age-related discrimination deficits being greater when measured 
using shorter duration reference stimuli. An effect of the reference stimulus duration 
on duration discrimination was observed also in the results of a recent experiment 
(Fitzgibbons et al. 2007) that measured duration DLs for changes in the inter-onset 
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interval separating a pair of successive 20-ms tone pulses separated by a silent 
interval. Fig. 5.6 shows the mean relative DLs in percent as a function of the refer-
ence tonal inter-onset interval for the groups of participating younger and older 
listeners with normal hearing. These results revealed that the mean relative DLs of 
older listeners were larger than those of the younger listeners for all values of the 
reference interval, but the magnitude of the age-related discrimination difference 
became progressively larger as the reference tonal inter-onset interval was reduced 
below ~200 ms.

Another potentially important influence on duration discrimination among older 
listeners is the spectral composition of stimulus markers surrounding a reference 
silent interval. That is, for many older listeners, difficulties in discriminating 
changes in the duration of a brief silent interval are observed to be exaggerated in 
conditions that feature a wide frequency disparity between leading and trailing 
stimulus markers (Lister et al. 2002; Pichora-Fuller et al. 2006). Other studies that 
used frequency-disparate stimulus markers also observed age-related differences in 
gap discrimination (Grose et al. 2006), with the influence of marker frequency 
disparity on discrimination being greater for brief reference gaps compared to 
longer reference intervals (e.g., 250 ms). Evidence from these gap discrimination 
studies also indicates that age effects in duration discrimination may extend 
to normal-hearing middle-aged listeners (e.g., 40-55 years) who were observed to 
perform more like older listeners than younger listeners (Grose et al. 2006). 
Generally, studies on duration discrimination and aging are conducted using 
clearly audible stimuli and report negligible effects of hearing loss on listener 
performance measures.

Fig. 5.6 Mean relative difference limens as a function of the tonal inter-onset interval for the 
younger listeners and older listeners with and without hearing loss. (Adapted from Fitzgibbons  
et al., 2007.)
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Collective evidence from the various experiments indicates that older listeners 
are less sensitive to changes in stimulus duration than younger listeners. The pro-
cessing mechanisms implicated in these effects of aging are not well specified and 
may include both peripheral and central auditory components. For example, most 
theoretical accounts of the processing of stimulus duration invoke the operation of 
central timing mechanisms that are modeled as counters that code duration by sum-
ming the neural firings elicited during stimulation. The models have been applied 
successfully to account for a large body of empirical data on duration discrimina-
tion collected from young trained listeners (Creelman 1962; Abel 1972; Diveny and 
Danner 1977). In this theoretical account, the accuracy of counting would depend 
also on the precision in sensory coding of stimulus onsets and offsets. Thus the 
observed decrements in duration discrimination for older listeners could be a con-
sequence of diminished central processing mechanisms or of impoverished periph-
eral coding of stimulus onsets and offsets that might result from a reduced 
synchronous response of auditory nerve fibers. These more peripheral sensory 
effects would seem to be particularly relevant toward explaining some of the age-
related deficits in discrimination seen for brief tones and noise stimuli or in brief 
temporal gaps bounded by markers featuring both similar and dissimilar spectral 
characteristics.

5.6  Temporal Sensitivity: Complex Stimuli

Most of the evidence for an age-related reduction in auditory temporal sensitivity 
has come from measurements collected with relatively simple stimuli, as described 
in Section 5.2. A question of particular interest to investigators concerns the extent 
to which the estimates of temporal sensitivity derived for simple sounds generalize 
to listening situations featuring more complex time-varying stimuli. For example, 
Watson and Foyle (1985) reviewed several experiments that used word-length 
sequences of brief tone pulses and examined the abilities of young listeners to dis-
criminate changes in the properties of a single tonal component of a stimulus 
sequence. Results of the studies with the multitone sequences demonstrated clearly 
that listeners’ discrimination performance depends not only on peripheral auditory 
sensitivity but also on a number of factors related to stimulus complexity, discrimi-
nation learning, and the degree of listener uncertainty regarding the number and 
location of variable target components. Thus discrimination DLs (frequency, inten-
sity, or duration) measured for individual components of a sequence could be sub-
stantially larger than corresponding DLs measured for the same components 
presented in isolation.

There is some evidence indicating that older listeners also exhibit an exaggerated 
degree of difficulty in discrimination tasks involving complex sequential stimuli. 
Humes and Christopherson (1991) compared the auditory abilities of older and 
younger listeners using a battery of discrimination tests that featured both simple 
tonal stimuli and more complex sequences of tone bursts. Most of the age-related 
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performance decrements were observed with the complex stimulus sequences that 
measured temporal aspects of hearing, such as duration discrimination, perception 
of sequence rhythm, or the discrimination of temporal order. Later, Fitzgibbons and 
Gordon-Salant (1995) measured duration DLs for a target tone or a silent interval 
that was embedded as a single target component in a sequence of five tones that 
differed in frequency. For older listeners participating in this study, the duration 
DLs measured for the embedded targets (tones or silent intervals) were substantially 
larger than the DLs measured for the same targets measured in isolation. The duration 
DLs for younger listeners in the study were significantly smaller than those of the 
older listeners, and for embedded tonal targets, discrimination performance was 
essentially the same as observed for isolated tones of equal reference duration. 
Thus these results indicate that stimulus complexity can have an important 
influence on the discrimination performance of older listeners.

Other aspects of aging and temporal processing can be examined by asking 
listeners to discriminate changes in the rhythm of sequential stimulus patterns. In 
one such study, Fitzgibbons and Gordon-Salant (2001) used isochronous sequences 
of five brief tones separated equally by silent intervals to examine the abilities of 
younger and older listeners to discriminate changes in the temporal spacing of tones 
in the sequence. Duration DLs for changes of the tonal onset-to-onset intervals 
were measured for each of several baseline sequence presentation rates. Results 
showed that older listeners were consistently poorer than younger listeners at 
discriminating changes in sequence rate over a broad range of baseline-sequence 
rates. Other conditions of this experiment revealed even greater age-related 
discrimination differences for localized changes of sequence rhythm imposed by 
modifications to a single tone interval within the stimulus sequence. None of the 
measured duration DLs with the stimulus sequences were influenced by factors 
related to hearing loss.

5.7  Temporal Order Perception

Listener sensitivity to the order of sounds in a sequence is considered a basic aspect 
of auditory processing and one that is essential to understanding a number of complex 
stimulus patterns, such as those found in speech or music. Additionally, the 
processing and recall of temporal order associated with sound sequences undoubtedly 
involves the contribution of various central processing mechanisms that may 
undergo changes with aging. Indeed, there is some evidence in the research 
literature indicating that older listeners do experience difficulty in discrimination 
and recognition tasks that require temporal order judgments (e.g., Trainor and 
Trehub 1989; Humes and Christopherson 1991). Moreover, the task demands 
and processing-time requirements associated with temporal order discrimination and 
recognition appear to be quite different. For example, in one study, Fitzgibbons 
and Gordon-Salant (1998) used contiguous three-tone stimulus sequences and 
observed that listeners could discriminate changes in tone order at sequence rates that 
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permitted only chance-level performance for tone-order recognition. This study 
also compared the performance of younger and older listeners on the ordering tasks 
and found significantly reduced ordering abilities among the older listeners. Closer 
examination of stimulus factors in a subsequent experiment (Fitzgibbons and 
Gordon-Salant 2006) revealed that the age-related limitations in temporal order 
processing were determined primarily by stimulus presentation rate; i.e., older 
listeners required slower sequence rates than younger listeners to achieve equivalent 
levels of temporal order recognition.

5.8  Summary

The study of aging and auditory processing does not have a long history and is best 
viewed as being in its early stages. Nevertheless, progress has been made in 
understanding the processing difficulties experienced by older listeners. Some of 
these problems are undoubtedly attributed to the consequences of age-related 
sensorineural hearing loss, but some are not. In this chapter, an attempt was made 
to cite psychophysical studies that were specifically designed to separate hearing 
loss and age as independent variables that could influence a listener’s auditory 
processing. A summary of the research findings indicates that some aspects of 
auditory processing appear to be minimally affected by age, whereas others show 
large effects. For example, there appears to be little influence of aging on frequency 
selectivity as measured by auditory filter bandwidths derived from simultaneous 
masking experiments. Also, the cochlear nonlinear processing mechanisms associated 
with auditory suppression appear to exhibit diminished function in some older 
listeners but not in other listeners. One aspect of spectral processing that does 
appear to undergo changes with aging is frequency discrimination but only for 
relatively low-frequency stimuli. Similarly, age effects are observed for intensity 
discrimination, again for low-frequency sounds. The restriction of these discrimination 
problems to lower-frequency regions has led investigators to suspect the involvement 
of temporal mechanisms, primarily those associated with phase-locked responses 
of auditory nerve fibers.

Age effects are more consistently observed in measures of auditory temporal 
sensitivity. However, for some temporal resolution measures, particularly gap 
detection, the observation of age-related performance differences seems to depend 
on parameters of the stimuli used in the measurements. Present evidence indicates 
that older listeners demonstrate the greatest difficulty in resolving temporal gaps 
surrounded by relatively brief stimulus markers, or markers that differ substantially 
in spectral characteristics. Temporal measures of duration discrimination show the 
most consistent effects of aging. This is the case for reference stimuli defined by 
tone or noise bursts and for empty intervals defined by temporal gaps. The age-related 
difficulties with duration discrimination have been observed for stimuli of various 
reference durations, although the largest age effects are evident for short-duration 
stimuli. Also, unlike many auditory measures, most estimates of duration discrimination 
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appear to be relatively unaffected by hearing loss as long as the stimuli are clearly 
audible to the listener. This outcome points to a probable role of central auditory 
mechanisms in the processing of stimulus duration, although diminished sensory coding 
of stimulus boundaries may contribute to some of the age-related discrimination 
problems observed for short-duration sounds. Additionally, the discrimination of 
complex sequential stimuli and the processing of auditory temporal order seem 
particularly difficult for older listeners. Listener performance with these more complex 
stimulus patterns may be influenced by a combination of sensory and central 
factors that undergo changes with aging.

Much work remains to be done to advance understanding of the processing 
changes associated with aging. It is evident from the existing body of research that 
older listeners can be quite variable on several measures of auditory performance. 
This variability indicates a need for better ways to define auditory aging because 
chronological age appears to be an imperfect predictor of listening performance. It 
is clear also that many of the listening problems among older listeners are likely to 
involve central processing mechanisms and cognitive factors that influence 
performance measures in several of the psychophysical tasks, particularly those 
featuring complex sounds and greater task demands. Better understanding of 
these factors will emerge as the number and scope of investigations on aging and 
audition continue to grow.
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6.1  Introduction

Many aspects of peripheral and central auditory processing peak by adolescence 
(Maxon and Hochberg 1982; Hall et al. 2004, 2005) and a growing body of 
evidence indicates a substantial decline in audition in presenescent adults (Gates et al. 
1990; Lee et al. 2005; Grose et al. 2006) that continues to deteriorate with advancing 
age (for reviews, see Schneider 1997; Divenyi and Simon 1999; Chisholm et al. 
2003). The functional significance of this decline is often gauged in terms of the 
accurate perception of speech in complex acoustic backgrounds (e.g., Committee 
on Hearing, Bioacoustics, and Biomechanics [CHABA] 1988; van Rooij and 
Plomp 1990; Humes et al. 1994; Pichora-Fuller 1997; Divenyi et al. 2005), which, 
in turn, relies on both monaural and binaural auditory processing. Declines with age 
in monaural and binaural auditory processing are often compounded by concomitant 
peripheral hearing loss, resulting in reduced audiometric sensitivity, reduced frequency 
selectivity, and increased linearity of coding of intensity.

For young listeners with normal hearing, the accurate perception of many 
sounds can be accomplished on the basis of the input from a single ear. Monaural 
coding of intensity, frequency, and time leads to an acute perception of changes in 
loudness, pitch, timbre, and sound duration as well as the recognition of patterns of 
intensity changes across time and frequency. Such monaural processing supports 
the perception of speech, music, and environmental sounds and the ability to 
integrate related acoustic features and parse other acoustic features. With identical 
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input from both ears (diotic listening), modest improvements in signal detection 
and discrimination may be observed. The most important benefits of binaural hearing, 
however, result from the comparison of disparate inputs from the two ears that are 
analyzed centrally. Binaural hearing greatly improves our ability to locate sound 
sources in space, judge source distance, focus on the momentarily desirable sounds 
in the environment to the exclusion of other simultaneously occurring sounds (i.e., 
signal versus background), and to quickly develop an awareness of the physical 
characteristics of the listening environment. Age-related deficits in monaural 
processing (as detailed in Fitzgibbons and Gordon-Salant, Chapter 5) along with 
deficits in binaural processing combine to gradually reduce the advantages of bin-
aural hearing with increasing age.

Investigations of binaural processing span a wide range of psychophysical tasks. 
Sound localization involves the identification of the position of the sound source 
in space relative to the position of the listener and is measured in the free field. 
The importance of sound source localization is obvious and includes enhancements 
in safety, environmental awareness, and communication. When listening with head-
phones or insert phones, sounds may appear as diffuse images within the head, may 
be lateralized to a specific location somewhere within the head, or may be perceived 
as emanating from the center of the head. Dichotic presentation may provide an 
internalized spatialization of the sound stage having important counterparts to the 
externalized spatialization that occurs for music in the free field. Auditory scientists 
realized many years ago that the presentation of stimuli via headphones permits very 
precise control of interaural parameters, including parameters that cannot occur in 
free-field listening, allowing systematic investigation of those parameters to better 
understand binaural hearing and underlying mechanisms (e.g., Jeffress 1948; Klump 
and Eady 1956). Thus much of what we know about binaural hearing has emerged 
from a variety of binaural listening tasks performed under headphones.

Although many studies of binaural hearing have involved the localization, 
lateralization, detection, or discrimination of contrived laboratory stimuli to 
explore the nature of the binaural system, an equally large body of research has 
focused on the perception of speech sounds in various binaural conditions under 
headphones and in the free field to better understand the nature of speech perception 
in natural environments.

The potential effects of aging per se on binaural hearing have received much less 
attention to date than the effects of hearing loss on binaural hearing. Furthermore, 
because hearing sensitivity declines with increasing age, separating the effects of 
aging and hearing loss on binaural processing suffers from the same problems 
discussed by Fitzgibbons and Gordon-Salant (Chapter 5) in the context of monaural 
processing. The most common experimental approaches to age-related changes in 
hearing include evaluating (1) younger and older listeners with normal hearing, (2) 
younger and older listeners with hearing loss, (3) older listeners with hearing loss 
and younger listeners with simulated hearing loss, or (4) unselected older listeners 
followed by statistical analyses used to separate the effects of age and hearing loss. 
The following overview of age-related changes in binaural processing includes 
examples of each of these approaches. Where data are sparse or not available, 
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consideration will be given to known age-related changes in binaural processing and 
other aspects of the aging auditory system to provide insight into potential age effects.

6.2  Perception of Auditory Space in the Free Field

6.2.1  Duplex Theory

Sound originating from a point source in an anechoic space may differ in terms 
of the time of arrival at the two ears, resulting in interaural time differences 
(ITDs), and may differ in the intensity at the two ears, resulting in interaural 
intensity differences (IIDs). If one considers the head to be a simple sphere, then 
ITDs are dependent on the speed of sound in air, the distance between the ears, 
and the angle of incidence of the sound source relative to the head. The percep-
tion of the ITDs is dependent on the time resolution of the binaural system and 
the frequency of the sound. For low-frequency sounds with relatively long 
wavelengths, the delay between ears translates to a direction-dependent phase 
shift within a single cycle of the waveform. For high-frequency sounds with 
shorter wavelengths, the phase shift can span more than one cycle and thus provide 
ambiguous directional information.

IIDs are dependent on the angle of incidence, the size of the head, and the 
resulting acoustic shadow cast by the head as well as the frequency of the 
incoming sound. The wavelengths of high-frequency sounds are small relative to 
the diameter of the head and are diffracted to a greater extent, producing larger 
IIDs than low-frequency sounds, where the wavelengths are large relative to the 
diameter of the head. Lord Rayleigh (Strutt 1907) championed the notion of a 
duplex theory of sound localization, surmising that high-frequency sounds 
would be localized on the basis of IID cues and low-frequency sounds on the 
basis of ITD cues.

The position of a sound source is generally specified relative to horizontal and 
vertical planes that both bisect the head and cross in the center of the head. As 
shown in Figure 6.1, locations in the horizontal plane are specified as the difference 
in angle (azimuth) between a given location and the median plane. Locations in the 
vertical plane are specified as the difference in angle (elevation) between a given 
location and the horizontal plane. For sources positioned at 0° elevation, horizontal 
localization is largely dependent on ITD and IID cues, whereas for sources located 
in the median plane (0° azimuth), vertical localization primarily depends on spectral 
cues. The localization of sources off the 0° azimuth and 0° elevation references 
depends on a combination of ITD, IID, and spectral cues. Despite the strong 
empirical and theoretical evidence supporting the basic tenets of duplex theory of 
sound localization, it should be emphasized that although the sound from a single 
source may produce different inputs at the two ears, the binaural system integrates 
those inputs into a single percept.
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6.2.2  Spectral Cues in Sound Localization

Monaural spectral cues arise from the direction-dependent filtering functions of the 
pinnae. Such cues are a by-product of the complex delay-and-add network 
produced by the individual ear-specific convolutions of the pinnae and are colored 
somewhat by the direction-dependent features of the head, neck, and torso. To 
optimally use the spectral changes imposed on the sound source by the pinnae, the 
spectrum of the original sound source must be known by the listener. In laboratory 
settings, this is straightforward, but in the real world, the source spectrum is uncer-
tain. The use of spectral cues, therefore, relies on a sort of template matching and 
most likely a knowledge base of the spectral features of common sounds. For a 
given source location, the position-dependent filtering consists of a series of inten-
sity peaks and valleys across audiofrequency. Changes in source elevation result in 
systematic changes in the location of those peaks and valleys of the filter function 
(e.g., Mehrgart and Mellert 1977).

Spectral cues are known to be important for elevation localization, both in the 
median plane where spectral cues dominate and off the median and horizontal 
planes where ITD and IID cues define azimuthal position but not elevation (Roffler 
and Butler 1968; Blauert 1969; Gardner and Gardner 1973; Wright et al. 1974; 
Butler and Planert 1976). The importance of pinna cues in sound localization was 
highlighted in a pinna occlusion experiment (Oldfield and Parker 1984), in which 
the insertion of a mold in the curves of the pinna produced poorer localization 
of sound elevation but no corresponding change in azimuthal localization. Although 
sound localization is generally considered in the context of binaural hearing, listen-
ers with unilateral deafness have limited sound localization abilities, even in the 
absence of head movements, which has been attributed to the use of monaural 
spectral cues (e.g., Oldfield and Parker 1986; Butler et al. 1990). Furthermore, 

Fig. 6.1 Coordinate system for localizing sounds in free field. (Adapted from Blauert 1983 with 
permission.)



1396 Binaural Processing and Auditory Asymmetries

BookID 139876_ChapID 6_Proof# 1 - 12/10/2009

studies of both monaural and binaural spectral cues (Gardner 1973; Butler and 
Planert 1976) have shown more accurate binaural than monaural sound localization 
in the median plane, which implies the use of combined binaural spectral cues by 
the auditory system.

6.2.3  Effects of Age and Hearing Loss on Sound Localization

6.2.3.1  Horizontal Sound Localization

Despite the fact that rigorous investigations of sound localization have been ongoing 
since the pioneering work of Stevens and Newman (1936), remarkably few inves-
tigations have addressed the possible changes in sound localization ability with 
advancing age. Several studies have included younger and older listeners in the 
context of investigating the relationship between sound localization ability and 
sensorineural hearing loss, of which presbycusis is the most common etiology. One 
of the few studies that directly addressed aging and sound localization was con-
ducted in the context of assessing the effects of hearing protection devices on 
localization in groups (n = 24) of younger and older listeners with clinically normal 
hearing and older listeners with sensorineural hearing loss (Abel and Hay 1996). 
Listeners identified the apparent location of the sound source by button press on a 
response box, with buttons positioned in a circle that represented the array of 
6 speakers separated by 60° (30°, 90°, 150°, 210°, 270°, and 330°). Percent correct 
identification in the forced-choice task was computed for one-third octave noise 
bands centered at 500 and 4,000 Hz. In their quiet condition without any hearing 
protection device, localization accuracy in the 500- and 4,000-Hz conditions was 
significantly worse, by 8% for older (41 to 58 years) listeners with normal-hearing 
than for younger (18-38 years) listeners with normal hearing. Performance was 
significantly worse for the hearing-impaired than for the older normal-hearing 
group. Age was not a significant factor in left/right discrimination ability. For front/
back discrimination in the quiet, unoccluded condition, localization accuracy was 
better for the 4,000- than for the 500-Hz condition and was significantly worse, by 
10% for older listeners with normal hearing than the younger group. Poorer perfor-
mance by the older than the younger normal-hearing group at both frequencies is 
consistent with potential age-related deficits in the use of both ITD (i.e., 500 Hz) 
and IID (i.e., 4,000 Hz) cues.

Perhaps the most comprehensive study to date investigating the effects of aging 
on sound localization was an extension of the work of Abel and Hay (1996) by Abel 
et al. (2000), who focused exclusively on localization in the horizontal plane. 
In that study, listeners heard broadband or one-third octave band noise bursts from 
one of an array of loudspeakers surrounding the listener in the horizontal plane using 
the same task as described above. Experimental conditions varied in terms of the 
number of speakers in the array, the separation between adjacent speakers (in azimuthal 
angle), and the stimulus type. A total of 112 listeners were separated by age in 
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decades into 7 groups of 16 listeners ranging from 10-19 to 60-69 years, with the 
final group ranging from 70 to 81 years. Inclusion criteria permitted mild 
high-frequency hearing loss, primarily in the older groups. Collapsing across 
experimental conditions, localization accuracy declined 15% from the youngest to 
the oldest age range and nearly all of that decline was attributed to listeners 40 years 
and older. To determine the extent to which age rather than hearing sensitivity 
contributed to the apparent age-dependent decline in localization accuracy, a series 
of multiple linear regressions was reported, and in all but one condition, age accounted 
for a significant proportion of the variance above and beyond the contributions 
of hearing thresholds. Subsequent analyses revealed that accuracy did not decline 
significantly between the first and the third age groups but did decline significantly 
from the third to the seventh age groups. Significant age-related declines in local-
ization accuracy were reported for the broadband noise as well as the one-third octave 
bands centered at 500 and 4,000 Hz; however, there were differences across the 
three noise conditions. The age effects observed for the broadband and 4,000-Hz 
noises were largely attributable to errors in the localization of sources behind the 
listener, whereas the age effects for the 500-Hz condition indicated an increased 
number of errors for stimuli located on the right than on the left side. The primary 
acoustic difference between sources located in front and in back of the listener is 
the spectral shape resulting from pinna filtering. Because front/back confusions 
increased with age, one possibility is that the ability to process spectral-shape cues 
declines with age. Such a conclusion based on localization data is supported by the 
work of Weinrich (1982) who showed that moving a broadband source from the 
front to the rear results in the introduction of a low-frequency spectral notch 
(~1,200 Hz) and a broad midfrequency peak (~5.000 Hz) to the sound reaching the 
ear canal. When considering front versus back classifications, Abel et al. (2000) 
noted that substantially more front/back errors occurred for stimuli on the right than 
on the left side. They suggested that, consistent with the observations of Butler 
(1994), these results might point to an advantage for processing spectral-shape 
information in the right versus left cerebral hemifield. A similar right hemisphere 
advantage was revealed by positron emission tomography (PET) imaging during an 
active spectral-shape classification task under conditions of minimal spectral uncer-
tainty (Eddins et al. 2001).

Noble et al. (1994) showed that older listeners with moderate flat versus moderate, 
gradually sloping sensorineural hearing loss differed in their ability to localize 
sources in the lateral horizontal plane and suggested that this might reflect a reduced 
ability to use spectral cues associated with such source positions. Because the two-
subject subgroups differed in their pure-tone thresholds in the 5,000-Hz but not in the 
1,000-Hz region, the role of mid- to high-frequency spectral cues is emphasized in 
lateral horizontal localization. Interestingly, Noble et al. (1994) concluded that 
although older listeners with hearing loss clearly show declines in localization perfor-
mance relative to younger listeners with normal hearing, performance differences are 
not well predicted by the degree or configuration of hearing loss alone, allowing for 
the possibility that age-related factors may contribute substantially to individual 
differences. Unfortunately, age was not considered in their data analysis.
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6.2.3.2  Vertical Sound Localization

The ability to perceive changes in source elevation is a fundamental component of 
sound localization and binaural processing in general. To date, there are no 
published studies on vertical sound localization that have specifically addressed 
potential changes with advancing age separate from hearing loss. Here, several 
studies that have explored vertical sound localization in older listeners with hearing 
loss are discussed. It has been known since the pioneering work of Batteau (1967), 
Butler (1969), and Blauert (1969) that relatively high-frequency (>6,000 Hz) spectral 
information in broadband sounds provides the primary cue for vertical sound localization. 
The logical extension that high-frequency hearing loss might lead to poorer vertical 
localization was confirmed by Butler (1970). Because typical presbycusic hearing 
loss is characterized by a gradually sloping high-frequency sensorineural 
hearing loss, it stands to reason that such listeners should have poorer than normal 
vertical localization ability.

The older listeners with sensorineural hearing loss who participated in the Noble 
et al. (1994) study demonstrated poor sound localization in the median vertical 
plane that was correlated with high-frequency (6,000 and 8,000 Hz) pure-tone 
thresholds. Their localization in the lateral vertical plane also was poor and was 
correlated with pure-tone thresholds from 4,000 to 8,000 Hz. Analysis of the same 
two subgroups of listeners mentioned above revealed that localization accuracy of 
the subgroup with moderate, flat sensorineural hearing loss was worse than that in 
the normal-hearing group in the median vertical plane but was clearly above chance 
levels, whereas the accuracy of listeners with moderate, sloping sensorineural hear-
ing loss was close to chance. The latter group apparently mapped sources in the 
median vertical plane to positions in the horizontal plane. Localization of sources 
in the lateral vertical plane by the same two subgroups was poorer than for localiza-
tion of sources in the median vertical plane; however, the subgroup with flat hearing 
losses again was more accurate in their localization than the group with sloping 
hearing loss. These results are consistent with later work by Noble et al. (1997) and 
in combination serve to confirm the importance of high-frequency hearing sensitivity 
to localization in the vertical plane. Noble and colleagues concluded that although 
high-frequency hearing sensitivity played a major role in sound localization in the 
vertical plane, knowledge of the audiogram alone was insufficient to predict local-
ization performance in either the frontal or lateral horizontal or vertical planes. 
Unfortunately, the relationship between age and sound localization among the 144 
middle-aged to older listeners was not considered.

Rakerd et al. (1998) also investigated median plane sound localization in 25 
presbycusic listeners ranging in age from 66 to 88 years with sloping high-
frequency sensorineural hearing losses of varying degrees. These investigators 
examined three localization tasks, each involving only three distinct sound source 
positions. Figure 6.2 shows the results of their elevation task in which speakers 
were located at elevations of −15, 0, and 15°. The data for each subject are labeled 
with a letter from A to Y and are ordered from the least to the greatest hearing loss 
based on a pure-tone average, progressing from left to right and top to bottom. 
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Fig. 6.2 Sound localization in the median plane as a function of degree of hearing loss. Percent 
correct location identification is shown for 25 subjects labeled A to Y. For each subject, localization 
was measured at three stimulus levels, shown by connected symbols. Note that the best performance 
was not always at the highest level. The important feature to note is that subjects are ordered by 
degree of hearing loss based on a pure-tone average from subject A (least loss) to Y (most loss). The 
fact that localization performance is not so ordered is indicative of the weak relationship between 
degree of hearing loss and localization performance. (From Rakerd et al. 1998 with permission.)

For each subject, there are 3 data points reflecting test levels of 48-, 66-, and 84-dB 
SPL. The shaded area indicates the 5% confidence interval above and below chance 
performance. The best performance corresponded to different levels for different 
listeners. More importantly, note that the percent correct performance was not a 



1436 Binaural Processing and Auditory Asymmetries

BookID 139876_ChapID 6_Proof# 1 - 12/10/2009

monotonic function of hearing level, providing strong evidence that something in 
addition to degree of hearing loss contributes substantially to sound localization. 
Given that the average performance (data not shown) for their normal-hearing 
group (mean age = 23.5 years) ranged from 78 to 84% correct across the 3 test 
levels, it is clear that the hearing loss associated with presbycusis results in a 
severely impaired vertical localization.

6.2.4  Minimum Audible Angles

In addition to evaluating sound localization accuracy and associated errors, a 
common measure of binaural hearing is the minimum audible angle (MAA) or the 
smallest change in perceived location along a single dimension (e.g., azimuth or 
elevation). As noted by Wightman and Kistler (1993), determination of the just-
noticeable difference in the angular separation between speaker positions is useful 
in the context of understanding and characterizing binaural hearing but may 
provide little useful information about the apparent position of a sound source. In 
a study of the relationship between binaural processing and hearing impairment, 
Hausler et al. (1983) investigated the MAA for broadband noise presented from 
speakers located at multiple reference locations in the horizontal and vertical 
planes. In the horizontal plane, the listeners with sensorineural hearing loss had 
MAAs that ranged from well within the range of MAAs for normal-hearing listeners 
to MAAs that were considerably worse than normal. Interestingly, the listeners with 
MAAs within the normal range also had relatively good speech perception abilities, 
whereas the listeners with worse than normal MAAs generally had poorer speech 
perception abilities. When measuring MAAs in the vertical plane, listeners wore 
ear plugs in the ear contralateral to the test ear, permitting an evaluation of the use 
of monaural spectral-shape cues. Again, one subset of listeners with sensorineural 
hearing loss had MAAs that were within the range of MAAs obtained by the normal-
hearing listeners as well as relatively good speech perception abilities. For other 
listeners with sensorineural hearing loss, MAAs could not be measured and 
those listeners generally had relatively poor speech perception abilities. Because 
listeners with hearing loss spanned a wide age range, the apparent relationship 
between performance on the MAA and speech perception tasks raises the interesting 
possibility of a complex relationship among etiology, age, and underlying central 
auditory mechanisms required for the two tasks.

The potential effect of aging on the discrimination of MAAs in the horizontal 
plane was investigated by Chandler and Grantham (1991) in listeners with normal 
or near-normal hearing ranging in age from 60 to 80 years. These results can be 
compared with the performance of younger listeners with normal hearing reported 
by Chandler and Grantham (1990). Measurements were made in a darkened 
anechoic chamber to minimize visual cues and the potential effects of reverbera-
tion. MAAs for narrowband noise bursts of different bandwidths and center fre-
quencies were larger for the older than for the younger listeners, reflecting an 
age-related decline in binaural processing.
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6.2.5  Distance Perception

The perception of sound source distance is dependent on a complex set of monaural 
and binaural acoustic cues. To our knowledge, investigations of the potential declines 
in distance perception with increasing age have not been published. As summarized 
by Grantham (1995), the primary cues for distance perception are sound level, the 
ratio of direct to reverberant energy, spectral shape, and binaural (IID and ITD) cues. 
Based on these cues alone, one may speculate as to possible changes in distanced 
perception with advancing age. For example, He et al. (1998) showed that intensity 
discrimination by listeners with clinically normal hearing was worse for older than 
for younger listeners and that the difference between age groups increased for stimu-
lus frequencies from 500 to 4,000 Hz. Poorer intensity discrimination would be 
consistent with reduced ability to use sound level cues to distance perception. A 
growing body of evidence indicates that perception in reverberant conditions declines 
with age (e.g., Nabelek and Robinson 1982; see Section 4.1). If the ability to code or 
process the ratio of direct to reverberant energy declines with age in a similar manner, 
then one would expect this aspect of distance perception to be negatively affected by 
age as well. The dependence of distance perception on spectral cues results from the 
fact that attenuation over distance is greater for high- than for low-frequency sounds. 
Thus changes in relative spectral tilt are interpreted as changes in source distance. The 
sound localization experiments reviewed above as well as others in the literature 
clearly indicate that the use of spectral cues in sound localization is worse for older 
than for younger listeners, although the relative contributions of hearing loss and age 
per se are not well understood. Interestingly, Eddins et al. (2006) showed that older 
listeners with clinically normal hearing had thresholds that were comparable to young 
listeners with clinically normal hearing on a spectral-modulation detection task with 
a noise carrier ranging from 400 to 3,200 Hz. Spectral-shape perception for higher-
frequency ranges in older adult listeners with good high-frequency hearing have not 
been reported. Finally, as reviewed in Section 2.1, age-related declines in the use of 
interaural cues would also lead to reductions in distance perception. Combining these 
results, it may be expected that distance perception declines substantially with 
increasing age, particularly when hearing loss is present.

6.3  Binaural Processing Under Headphones

6.3.1  ITDs

The human auditory system is acutely sensitive to ITDs of sounds presented over 
headphones, with the just-noticeable difference being on the order of 10 µs (Klump 
and Eady 1956; Zwislocki and Feldman 1956) when performance is based on the 
coding of the temporal fine structure of relatively low-frequency (<1,200 to 1,500 Hz) 
stimuli. The subjective percept is a lateralization toward the ear associated with the 
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temporally leading sound. The auditory system is insensitive to interaural dif-
ferences in the ongoing temporal fine structure for stimulus frequencies above 
1,200 to 1,500 Hz. However, if a high-frequency stimulus has a pronounced 
low-frequency envelope (e.g., a high-frequency carrier amplitude modulated by 
a low-frequency tone), ITDs can be discriminated on the basis of interaural differ-
ences in the temporal envelope (Henning 1974; McFadden and Pasanen 1976, 
1978; Bernstein and Trahiotis 2002). It has been hypothesized that the processing 
of interaural fine structure and interaural envelope differences are processed by 
essentially the same binaural neural mechanisms (Colburn and Esquissaud 1976; 
Bernstein and Trahiotis 2002).

The study of sensitivity to ITDs is of interest from the perspective of human 
aging for several reasons. First, because the coding of the temporal cues underlying 
sensitivity to ITDs is so acute in young adults, the ITD paradigm offers a highly 
sensitive measure of age-related decline. It is thought that neural mechanisms from 
the auditory nerve to the brainstem must function with a high degree of temporal 
precision to account for the sensitivity to ITDs that is observed in young adults 
(e.g., Jeffress 1948; Goldberg and Brown 1969). A second reason that sensitivity 
to ITDs is of particular interest is that the cues for performance on the task are 
restricted specifically to the timing domain (and, for low-frequency pure tones, restri-
cted further to temporal fine structure). Although many other tasks (e.g., some 
aspects of frequency discrimination and speech understanding) may depend 
strongly on the coding of temporal fine structure, few, if any, tasks depend as 
clearly and exclusively on temporal coding as the ITD task. The ITD task, there-
fore, has the potential to provide insights about the effects of aging on a particular 
type of important auditory cue. Third, ITDs provide the dominant cue for sound 
localization in the free field (Wightman and Kistler 1992) and interaural time 
discrimination may therefore provide important insights about the ability of binaural 
cues to provide benefit to older listeners in natural environments.

Although the literature pertaining to the effect of age on sensitivity to ITDs is not 
large, the available data are consistent with some age-related decline in this binaural 
ability (Matzker and Springborn 1958; Kirikae 1969; Herman et al. 1977; Strouse 
et al. 1998; Babkoff et al. 2002; Ross et al. 2007). Although some studies have not 
controlled the factor of hearing loss carefully, clear age effects appear to occur even 
when criteria are adopted to match audiometric sensitivity between age groups 
(Herman et al. 1977; Strouse et al. 1998). For example, Strouse et al. found that the 
threshold ITD for a 100-Hz pulse train was approximately twice as large for a group 
of older listeners (mean age of ~71 years) in comparison to a group of young adults. 
In addition, the Strouse et al. study reported an interaction between age and the inten-
sity at which the stimulus was presented; compared with the young adults, the older 
listeners showed particularly poor performance for stimuli presented at a low sensa-
tion level. In addition to older listeners being generally less sensitive to ITD cues, the 
results of Babkoff et al. (2002) indicate that the ITD necessary to lateralize a sound 
one subjective unit increases with increasing age of the listener.

A study by Ross et al. (2007) provides some further insight about ITD processing 
with aging, particularly in terms of stimulus frequency and the age range over 
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which effects are likely to occur. This study examined cortical evoked potentials 
to changes in interaural phase from diotic to binaurally antiphasic amplitude 
modulated tones as a function of the frequency of the sound. Responses to this 
phase change occurred up to an average frequency of 1,225 Hz in young listeners 
but occurred up to a frequency of only 760 Hz in older listeners (~71 years old). 
Interestingly, the response occurred in listeners of middle age (~51 years old) up 
to a frequency of only 940 Hz. Behavioral data on a related task indicated the 
same general trend but with more variability. Ross et al. suggested that a decline in 
the ability to use ITD cues for sound lateralization may begin well before what 
is typically viewed as old age.

Overall, the available results indicate a strong likelihood that sensitivity to ITDs 
decreases in older people due to factors beyond those related to audiometric sensi-
tivity. Areas of interest for further research include possible frequency effects over 
the range for which listeners are sensitive to interaural differences in fine structure 
timing and possible age effects related to fine structure versus envelope cues for 
ITDs. It is also of interest to determine the underlying reason for poor ITD coding 
in older listeners. For example, poor sensitivity to ITDs in older listeners might 
arise due to a smaller number of neural elements contributing timing information, 
imprecise coding of timing within peripheral neural elements, or some other factors 
or combination of factors.

6.3.2  IIDs

Another stimulus feature that can change the lateralization of a sound presented bin-
aurally over headphones is an IID of the sound. In cases where the level of stimulation 
is unequal between the ears, the sound is lateralized toward the side with the higher 
intensity. In a listener with normal hearing, a stimulus is lateralized fully to the ear 
associated with the more intense sound when the IID is ~10 dB. In young adults, 
sensitivity to the IID is ~0.5 dB. Although only a few studies have investigated sen-
sitivity to IIDs in older listeners, there is some indication that sensitivity to IIDs may 
not show much degradation with increasing age. Whereas the results of studies by 
Herman et al. (1977) and Babkoff et al. (2002) were consistent with an interpretation 
of poor sensitivity to ITDs in older listeners (see Section 2.1), neither of these studies 
found an age effect for the processing of IIDs in their listeners.

Another clue to the effect of age on IID processing versus ITD processing may 
be evident in results reported by Kirikae (1969). One of the factors addressed in 
that study was a phenomenon that is referred to as time/intensity trading. In the 
time/intensity trading paradigm, lateralization due to a time lead in one ear can be 
approximately offset by an intensity increase in the opposite ear (Yost et al. 1971; 
Hafter and Carrier 1972). The Kirikae study (1969) reported that compared with 
young adults, older listeners appeared to weight IIDs more than ITDs in the time/
intensity trading paradigm. This result is consistent with a broad interpretation that 
deleterious effects related to advancing age may be greater for ITD processing 
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than for IID processing. Such an interpretation would have significance for the 
idea that ITDs and IIDs are ultimately coded by the same auditory process. For 
example, it has been speculated that the effects of IIDs in binaural lateralization 
could be driven by the decrease in latency of neural responses for increases in 
stimulus level (Jeffress 1948; David et al. 1958) and, therefore, that both IIDs and 
ITDs are coded in terms of interaural differences in the latency of neural firing. 
The finding that there is an age effect for ITDs but not for IIDs would not support 
such a hypothesis and would be consistent with psychophysical data indicating 
that time and intensity sometimes do not trade completely in lateralization 
paradigms (Hafter and Carrier 1972).

An issue that should be pointed out is that in tests of IID sensitivity, it is important 
to rule out the possibility that performance is influenced by the processing of 
monaural intensity difference cues. For example, if the intensity is increased in one 
ear and decreased in the other to create an IID, it is possible that the listener could 
track the level change in a single ear and base performance on that ear alone. This 
has not been addressed carefully in previous research on aging and greater insight 
into the question of possible aging effects related to the processing of IID cues 
might be obtained in future research that takes this factor into account.

6.3.3  Binaural Masking-Level Difference

The binaural masking-level difference (BMLD) is a masking release paradigm in 
which the threshold of a signal presented in noise is improved by the availability of 
binaural difference cues that result when the signal is added to the masker (Hirsh 
1948; Licklider 1948; Webster 1951). In the most common BMLD paradigm, the 
reference condition consists of a diotic noise that masks a diotic pure-tone signal 
and the masking release condition consists of a diotic noise that masks a pure-tone 
having an interaural phase shift of 180° (binaurally out of phase). Conventional 
shorthand terms for these reference and masking release conditions are N

o
S

o
 and 

N
o
Sp, respectively, where N refers to the noise, S refers to the signal, and the 

subscript refers to the interaural phase difference expressed in radians. The magnitude 
of the masking release (N

o
S

o
 threshold minus the N

o
Sp threshold) depends on many 

factors but is ~15 dB for a 500-Hz tone presented in a moderately intense broad-
band masking noise in listeners with normal hearing. Although the BMLD usually 
refers to a detection advantage, it can also refer to a recognition advantage for 
speech where the speech recognition threshold (SRT) is better for N

o
Sp than for 

N
o
S

o
 presentation (e.g., Levitt and Rabiner 1967).

One factor that strongly affects the magnitude of the BMLD for a wideband 
noise masker is the frequency of the signal. The BMLD is ~15 dB for low-frequency 
signals, decreases to ~6 dB at 1,000 Hz, and asymptotes near ~3 dB for frequencies 
above ~1,500 Hz (Hirsh 1948). The reduction in BMLD magnitude with increasing 
signal frequency is generally believed to result from a loss in the ability to encode 
fine temporal information at higher frequencies. However, it is important to bear in 
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mind that most BMLD paradigms are associated with the availability of both interaural 
time and interaural amplitude cues and that performance may be affected by each 
cue or by a combination of the two cues.

The BMLD is of interest from the perspective of aging for several reasons. One 
reason is that the BMLD may be viewed as an indicator of the advantage that 
binaural hearing may provide in natural environments for the processing of signals 
in noise. The BMLD may therefore be informative about the effect of age on 
this important auditory ability. Furthermore, because large BMLDs in many paradigms 
probably depend on sensitivity to interaural timing cues and because sensitivity to 
such cues may well be reduced in older listeners, it follows that the BMLD may be 
reduced in older listeners. Although the data on this question are limited, the available 
findings are consistent with some reduction in the BMLD in older listeners for 
pure-tone detection and speech reception (Pichora-Fuller and Schneider 1991; 
Grose et al. 1994; Strouse et al. 1998). Figure 6.3 summarizes this basic BMLD 
finding across the tonal and speech signal paradigms. Note that in these studies, the 
BMLD was reduced in older listeners due to an elevated N

o
Sp threshold (N

o
S

o
 

thresholds are approximately the same in young and older listeners). It should also 
be noted that not all studies have found reduced BMLDs with increasing age. Both 
Wilson and Weakley (2005) and Dubno et al. (2008) found trends for generally 
higher masked thresholds in elderly listeners, but no age effect for the BMLD.

Because the magnitude of the BMLD is often reduced in listeners with sensorineu-
ral hearing loss (Olsen et al. 1976; Hall et al. 1984; Jerger et al. 1984; Gabriel et al. 
1992), it is informative to determine whether reduced BMLDs that are sometimes 
found in older listeners are associated with an age factor that is separate from factors 
related to hearing loss. Importantly, two of the studies that found significant reduc-
tions in the BMLD in older listeners (Grose et al. 1994; Strouse et al. 1998) matched 

Fig. 6.3 Average binaural masking-level differences (BMLDs) for young (Y) and older (O) lis-
teners for continuous noise maskers. Data sets 1 and 2 show data for tonal signals and data sets 3 
and 4 show data for speech signals. Data set 1 shows data from Grose et al. (1994) where the 
signal was a 500-Hz pure tone and the masker was a 100-Hz-wide noise band centered on 500 Hz. 
Data set 2 shows data from Pichora-Fuller and Schneider (1991) where the signal was a 500-Hz 
pure tone and the masker was a band of noise from 100 to 5,000 Hz. Data set 3 shows data from 
Grose et al. (1994) where the signals were spondaic words and the masker was a speech-shaped 
noise. Data set 4 shows data from Strouse et al. (1998) where the signals were spondaic words and 
the masker was a speech-shaped noise.
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audiometric sensitivity between age groups relatively closely. Although the mecha-
nisms responsible for reduced BMLDs that are sometimes found in older listeners 
have not been identified, one hypothesis is that poorer performance in older listeners 
may be related to increased temporal jitter in the neural elements that underlie sensi-
tivity to ITD cues (Pichora-Fuller and Schneider 1991).

6.4  Additional Temporal Aspects of Binaural Perception

The age-related decline in the perception of ITDs (Sections 3.1 and 3.3) is one 
manifestation of a general decline in auditory temporal processing in older lis-
teners (see Fitzgibbons and Gordon-Salant, Chapter 5). Although the physiological 
mechanisms underlying such a decline are not clear, there is evidence that 
temporal-processing deficits in older listeners extend to other aspects of binaural 
processing, including perception in reverberant environments, the phenomenon known 
as the precedence effect, and possibly to the perception of motion.

6.4.1  Effects of Reverberation

Reverberation resulting from reflective surfaces in the environment colors the 
acoustic signal with fluctuations in intensity over time. In many cases, reverberation 
goes unnoticed, yet the distortion that results from reverberation may alter the 
perception of source location and the spectrotemporal details of the stimulus. 
Reverberation differentially affects auditory perception in younger and older 
listeners (Bergman et al. 1976; Duquesnoy and Plomp 1980; Nabelek and Robinson 
1982; Gordon-Salant and Fitzgibbons 1993,1999; Roberts and Lister 2004) and 
marked effects can been seen in presenescent listeners (Nabelek and Robinson 
1982). The effects of reverberation are more pronounced in listeners with hearing 
loss (Helfer 1992; Halling and Humes 2000). However, the relationships among the 
acoustic and perceptual effects of reverberation, spectrotemporal processing, and 
the underlying mechanisms of aging are as yet unknown.

Effects of reverberation are typically explored either by making audio recordings 
in real rooms having various degrees of reverberation or by simulating the acoustical 
effects of reverberation using mathematical algorithms (e.g., Moorer 1979; 
Schroeder 1962, 1970; Smith 2006) and then replaying stimuli to listeners via 
headphones. To gauge the effect of reverberation on speech perception in quiet 
across the life span, Nabelek and Robinson (1982) measured performance on the 
modified rhyme test (Bell et al. 1972) as a function of level, degree of reverberation, 
monaural versus binaural presentation, and age with 6 groups of 10 listeners ranging 
in mean age from 10 to 72 years. As is true in many studies, average pure-tone 
thresholds, particularly at moderate-to-high audiofrequencies, increased gradually 
with increasing age. Figure 6.4 shows the relationship between age, word identification 
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score, and reverberation time constant for speech presented at an overall level of 
70-dB SPL in quiet. Clearly, monaural word identification declines with reverbera-
tion time and varies with age, gradually decreasing from 27 to 72 years. Furthermore, 
the perception of reverberant speech was better for binaural than for monaural lis-
tening and this binaural advantage was present for all age groups. After arcsine 
transformation and averaging across reverberation times, Nabelek and Robinson 
(1982) reported binaural advantages that were slightly higher for older (72 years; 
6.7 percentage points) than for younger (10 to 45 years; 4.0 percentage points) 
listeners. Although reverberation has a greater impact on older than on younger 
listeners in both monaural and binaural listening conditions, it appears that older 
listeners may benefit more from the information gained via binaural listening.

Subsequent research (Nabelek 1988; Gordon-Salant and Fitzgibbons 1993) has 
sought to provide a clearer delineation between the relationship of age and hearing 
loss on the perceptual effects of reverberation. Nabelek (1988) investigated vowel 
identification in quiet, with reverberation (reverberation time = 1.2 s), or in the 
presence of multitalker babble with four listener groups including a younger group 
with normal hearing and three older groups with either slight, mild, or moderate 
high-frequency hearing losses. Although partial correlations revealed significant 
effects of age and hearing loss for the noise and reverberant conditions, subsequent 
multiple comparisons failed to indicate a significant difference between the three 
better hearing groups in the quiet and reverberant conditions despite substantial 
differences in group mean performance. In a similar study, Gordon-Salant and 
Fitzgibbons (1993) investigated speech recognition using sentences with limited 
contextual cues, yielding low predictability (R-SPIN, Bilger et al. 1984) in four 
listener groups including younger and older listeners with normal hearing or 
mild-to-moderate sloping hearing losses. Using analyses of covariance to control 
for differences in performance across the four groups in the condition without 

Fig. 6.4 Word identification score as a function of age (numbers in years) from Table III of 
Nabelek and Robinson (1982). Monaural word identification (left) is shown for three degrees of 
reverberation (0.4-, 0.8-, and 1.2-s delay) and without reverberation. Binaural word identification 
(right) is shown for three levels of reverberation.
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reverberation, they reported significant effects of both age and hearing loss on 
speech perception in reverberation. Subsequent canonical correlations indicated 
that age and gap duration discrimination contributed significantly to the variance 
associated with recognition of speech in reverberation. Taken together, these studies 
provide some evidence of age-related declines in the perception of speech in quiet 
in the presence of reverberation.

Communication in realistic situations often involves a combination of reverberation 
as well as background competition. Thus age-related declines in speech perception 
in noise, as discussed by Humes and Dubno (Chapter 6), might be exacerbated by 
the presence of reverberation. Helfer and Wilber (1990) explored this possibility in 
four groups of listeners, including groups of young listeners with and without 
hearing loss and older listeners with minimal hearing loss and mild hearing loss that, 
on average, was less severe than in the younger group with hearing loss. They found 
marked decreases in performance on the nonsense syllable test (NST; Resnick et al. 
1975) as a function of both age and hearing loss. In quiet, performance decrements 
were largely dominated by the degree of hearing loss. In noise, however, the 
performance by the younger and older listeners with hearing loss was nearly the same 
despite the fact that the younger listeners had substantially greater hearing loss than 
the older group. The results indicated a significant correlation between age and the 
ability to understand speech under conditions of noise and reverberation, a rela-
tionship that remained significant even when the effects of hearing loss were 
statistically controlled.

In an effort to experimentally control for age-related change in hearing 
sensitivity, Gordon-Salant and Fitzgibbons (1999) investigated age-related declines 
in the perception of reverberant speech in quiet and in the presence of multitalker 
babble in groups of younger and older listeners with either normal hearing or a 
mild-to-moderate sloping hearing loss. Speech perception in quiet and with minimal 
reverberation (0.4 s) did not differ significantly across age groups, whereas speech 
perception for the older listeners was significantly worse than for the younger 
listeners for moderate reverberation in quiet and mild (0.4 s) and moderate (0.6 s) 
reverberation in multitalker babble.

Gordon-Salant and Fitzgibbons (1999) suggested that the age-related decline in 
speech perception associated with reverberant conditions might be more closely 
related to susceptibility to temporal masking (e.g., Zwicker and Schorn 1982) 
rather than declines in temporal acuity per se. To explore this possibility, Halling 
and Humes (2000) measured modulation preservation and speech perception in 
noise under anechoic, reverberant, and intermediate conditions. Modulation preser-
vation was estimated using a masking paradigm in which the detection of a pure-
tone was measured in the presence of an amplitude-modulated noise. Significant 
effects of aging were reported for both types of listening task; however, analyses 
using a modified power law that models hearing loss as an independent noise 
source were able to account for the age effects and may be interpreted as an indica-
tion that slight differences in pure-tone threshold between the younger and older 
listeners with normal hearing could account for the differences in both speech per-
ception under reverberant conditions and modulation preservation.
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The overview provided here supports the conclusion that there are age-related 
declines in the perception of speech in reverberant conditions. Reverberation functions 
as a delay-and-add network that produces changes in both the temporal and spectral 
characteristics of the speech signal. The negative effects of reverberation on speech 
perception are greater when listening monaurally than binaurally; however, it 
appears that binaural listening rather than monaural listening may be more benefi-
cial for older than for younger listeners. The perceptual and physiological mecha-
nisms underlying reduced speech perception that occurs with increased age and 
reverberation have not been explored in depth; however, it is likely that audibility 
resulting from age-related changes in hearing sensitivity as well as age-related 
changes in the central auditory pathway combine to make it more difficult for older 
listeners to process sound accurately under reverberant conditions.

6.4.2  Precedence Effect

In a typical acoustic environment, the sound from a single sound source arrives 
at the ears of the listener as a combination of direct waves from the source com-
bined with reflections from the surfaces in the room. In large rooms (e.g., audi-
toria), the reflections are heard as echoes, but in smaller rooms, the echoes are 
present but are not perceived. Suppression of the later arriving reflections is nor-
mal and is governed by the coding of interaural time and level cues by the central 
auditory system. In a common laboratory study of such binaural processing, 
sounds from two speakers are presented in an anechoic space. If the two sound 
sources are positioned in the horizontal plane and equidistant from the median 
plane, then the perceived location depends critically on the relative delay between 
the sounds from the two speakers. When the interspeaker delay is close to 0 ms, 
the percept is a single sound source at the midline. For brief clicks, as the delay 
is increased from 0 ms to ~0.7 ms, the percept is a single sound source, the loca-
tion of which is shifted toward the leading speaker. Blauert (1983) refers to this 
as “summing localization,” reflecting the fact that the perceived source position 
is a joint function of the position of the two speakers and the delay. For longer 
delays (e.g., 1 to 6 ms), the source position is perceived to correspond to the lead-
ing speaker. The latter has often been referred to as the “precedence effect” 
because the position of the first speaker takes precedence over the second (e.g., 
Wallach et al. 1949). This phenomenon is also referred to as the law of the first 
wave front and the Haas effect after the work by Haas (1951). For long inter-
speaker delays, the fusion between the two sounds begins to fail and the percep-
tion evolves into two distinct sound sources. Summing localization and the 
precedence effect are governed by factors such as stimulus type and timing and 
possibly by different neural processes (e.g., Blauert 1983). It has been suggested 
that summing localization under conditions of equal-level sounds from the two 
sources reflects interaural timing cues most likely coded at the level of the brainstem 
or midbrain. The precedence effect, on the other hand, is much more susceptible 
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to stimulus manipulations as well as to practice effects and such “echo suppres-
sion” may reflect processing at the level of the auditory cortex.

Taking into consideration age-related declines in temporal processing (see 
Fitzgibbons and Gordon-Salant, Chapter 5), including the perception of interaural 
time cues (see Section 2.1), it is reasonable to expect some age-related differences 
in summing localization and/or the precedence effect. In perhaps the most com-
prehensive study of this effect, Cranford et al. (1993) studied apparent source loca-
tion as a function of interspeaker delay for groups of younger and older listeners with 
clinically normal hearing or sensorineural hearing loss. Figure 6.5 summarizes the pri-
mary results for the four listener groups averaged across left- and right-leading 
conditions. Note that the younger groups with and without hearing loss judged 
apparent source location in a similar delay-dependent manner, reflecting the grad-
ual onset of the precedence effect from a midline percept at 0-ms delay to accurate 
identification of the leading speaker over interspeaker delays from 0.1 to 0.5 ms. The 
onset of the precedence effect was slower for older listeners without hearing loss 
than for their younger counterparts and that onset was slower still for older listeners 
with hearing loss. The fact that the precedence effect was present but delayed for the 
older group with clinically normal-hearing sensitivity was interpreted by Cranford 
et al. (1993) as reflecting a loss of auditory temporal acuity rather than a deficit in 
cortical processing. These results are similar to the earlier work of Cranford et al. 
(1990) showing an age effect for younger listeners with clinically normal hearing 
and older listeners with slight-to-mild, presumably age-related hearing loss.

In the context of a more comprehensive study of auditory temporal processing 
in younger and older listeners, Roberts and Lister (2004) measured fusion perception 
using 4-ms noise bursts presented bilaterally with variable interaural delays. 
There was no effect of age or hearing loss on their “lag-burst” thresholds in condi-
tions without reverberation. Interestingly, in reverberant conditions, the older 
listeners with normal hearing performed worse than younger listeners with normal 

Fig. 6.5 Leading speaker identification as a function of interspeaker delay in four different listener 
groups: young normal hearing (YN); young hearing impaired (YHI); older normal hearing (ON); 
older hearing impaired (OHI). Individual data points represent the average across left-leading and 
right-leading speaker conditions. (Adapted from Cranford et al. 1993 with permission.)
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hearing and worse than older listeners with moderate sensorineural hearing loss. 
These results, combined with the lack of an age effect for fusion perception using 
trains of Gaussian-shaped tone bursts (Schneider et al. 1994), may be indicative of 
a fundamental difference between the fusion perception and the classic click-based 
studies of summing localization and the precedence effect. Although neither para-
digm is fully understood, it is clear that the former relies on trial-by-trial labeling 
of the number of perceived sound sources, whereas the latter relies on the identifi-
cation of an apparent source location. Such perceptual tasks are quite different and 
may interact with any age-related change in binaural processing.

6.4.3  Binaural Perception of Dynamic Stimuli

Many sound sources change position over time, leading to the perception of motion 
based on the acoustic signal even in the absence of reliable visual cues. The percep-
tion of auditory motion has been studied using a variety of different stimulus 
parameters and measurement techniques, including the use of actual moving sound 
sources as well as simulated motion via manipulation of interaural cues. A common 
measure is the minimum audible movement angle (MAMA) in which listeners 
discriminate a moving from a stationary source to determine the smallest discrim-
inable angular change between the two (e.g., Harris and Sargeant 1971). One may 
also measure the smallest detectible change in the velocity of a moving standard 
stimulus (e.g., Grantham 1986). Mechanisms underlying motion detection are not 
well understood, and there is evidence to suggest that multiple mechanisms likely 
combine to yield the perception of auditory motion (e.g., Chandler and Grantham 
1992; Grantham 1995; Saberi and Hafter 1997; Griffiths et al. 1996; Lutfi and 
Wang 1999). Furthermore, some measures of sensitivity to dynamically changing 
binaural cues indicate poorer temporal resolution than that associated with monau-
ral hearing, a result that has been termed “binaural sluggishness” (e.g., Grantham 
and Wightman 1979).

Because motion perception can depend on underlying timing cues, it might be 
speculated that increased age should be associated with deficits in auditory motion 
perception. To date, no behavioral studies of auditory motion perception have 
directly addressed potential age-related changes. The one published study on aging 
and motion perception in humans used event-related auditory evoked potentials 
(ERPs) to compare simulated auditory motion across the life span (Jerger and Estes 
2002). The investigation included three listener groups: children (9-12 years), 
young adults (18-34 years), and older adults (65-80 years). The two younger groups 
had clinically normal hearing, whereas, on average, the older listeners had typical 
presbycusic-sloping, high-frequency sensorineural hearing loss. The ERP occur-
ring in the 500- to 700-ms latency range was used as the index of motion sensitivity. 
Based on minimal group-average differences in the amplitude of the earlier audi-
tory evoked potentials, the authors reasoned that hearing loss per se was not likely 
to be a major factor in the ERP of interest. Examination of group-average waveforms 
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revealed a gradual decline in the amplitude of the ERP response with age and no 
change with age in ERP latency. Importantly, however, the multiple-electrode 
recording system used by Jerger and Estes allowed the revelation of hemispheric 
differences in brain activity across the age groups. Movement to the left or right 
evoked greater activity in the right than in the left hemisphere for the youngest and 
oldest groups and slightly greater activity in the left than in the right hemisphere in 
the young-adult group. It was suggested that the hemispheric differences as a func-
tion of age might reflect the use of different brain mechanisms for the perception 
of motion in the different age groups, with the young-adult group employing a 
“velocity change” rather than a “positional change” strategy for detecting the pres-
ence of auditory motion. Clearly, much more work is needed to determine and 
understand possible age-related changes in the perception of auditory motion.

6.5  Perception of Masked Speech in the Free Field

An essential high-level binaural process for communication in natural environments 
is sound source segregation. This allows the listener to focus on a desired sound and 
deemphasize less desirable sounds. As discussed by Schneider, Pichora-Fuller, and 
Daneman (Chapter 7) and Humes and Dubno (Chapter 8), sound source segregation 
is easier when the target (desired sound) and masker (less desired sound) are spatially 
separated than when colocated in space. Segregation based on spatial separateness 
depends in large measure on binaural processing of the input sounds.

Measures of speech perception in background competition are frequently 
employed in clinical and laboratory settings and can be used to gauge the ability to 
perform sound source segregation. Speech perception in the presence of background 
sounds depends on the acoustic characteristics of the background sounds and 
improves when the sources of the target and background sounds are separated in 
space (e.g., Freyman et al. 2001). This improvement, termed a spatial release from 
masking, results from at least three factors, two of which are reasonably well under-
stood (i.e., improvements in signal-to-noise ratio as a result of the head shadow 
effect and benefits gained from binaural hearing via the processing of interaural 
time and level cues; e.g., Zurek 1993). The third factor is more complex and con-
cerns non-energetic masking that may arise from the failure of central hearing 
mechanisms to differentiate auditory sources on the basis of a variety of sound 
segregation cues.

Kim et al. (2006) used the hearing in noise test (HINT; Nilsson et al. 1994) to 
evaluate the use of spatial hearing cues in the free field in young and older adult 
listeners with normal hearing below 4,000 Hz. In this test, SRTs were measured in 
broadband noise filtered to match the long-term spectrum of speech. The masking 
noise was either colocated with the speech or was spatially separated by 90° 
(speech in front, noise to the side of the listener). Older adults had higher SRTs for 
colocated speech and noise and demonstrated less spatial release from masking 
when the speech and noise were separated. Dubno et al. (2002) have also reported 
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a smaller benefit arising from spatially separated speech and speech-shaped noise 
in older listeners with relatively good hearing thresholds. Dubno et al. (2008) also 
investigated a “binaural squelch” phenomenon that can be characterized as the 
benefit conferred by the ear with the poorer signal-to-noise ratio. In this testing, the 
speech signal had an orientation of 0° and the noise had an orientation of 90° with 
respect to the listener. To determine the magnitude of the squelch effect, the SRT 
was determined with the ear on the same side as the noise plugged or unplugged. 
The outcome of interest was whether the benefit due to the binaural difference cues 
in the unplugged condition outweighed any benefit of plugging the ear with the 
poorer signal-to-noise ratio. The results indicated that the addition of the ear with 
the poorer signal-to-noise ratio resulted in improved performance (binaural 
squelch) for young but not for older adult listeners with normal hearing below 
4,000 Hz. Overall, the available results for free-field listening appear to suggest that 
the elderly may have a reduced benefit related to binaural difference cues for 
speech recognition in speech-shaped noise. Such an impairment may help account 
for the fact that older individuals frequently complain that speech is difficult to 
understand in noisy environments.

The masking effects in the free-field speech studies considered up to this point 
are interpretable in terms of the overlap of the energy of the signal and the 
background noise and can be conceptualized in terms of “energetic masking.” 
However, the results of several studies have demonstrated that factors other than 
energetic masking can sometimes result in significant degradations in the percep-
tion of sound. Such masking is sometimes referred to as “informational masking” 
and can be conceptualized as a failure of central auditory analysis to segregate 
target and background acoustical components (e.g., Watson 1987; Kidd et al. 1994). 
Several studies have shown that in complex speech masking studies, informational 
masking can occur wherein the identification of a target word is hampered by the 
presence of nontarget speech (Brungart 2001; Freyman et al. 2001, 2004; Arbogast 
et al. 2002). Although some of the masking in such studies arises from energetic 
factors (where it is assumed that the signal and masker stimulate an overlapping set 
of peripheral sensorineural elements), much of the masking results from an inability 
of the central auditory system to separate peripheral activity that is associated 
with the target speech from peripheral activity that is associated with the nontarget 
speech masker. It has been shown that substantial release from this kind of 
informational masking can occur when binaural cues are provided that result 
in a perceived spatial separation between the target and interfering material 
(e.g., Freyman et al. 2001; Johnstone and Litovsky 2003).

It is possible that spatial release from informational masking can provide 
insights into an important binaural hearing benefit that occurs in acoustically 
complex natural environments. A recent study by Helfer and Freyman (2008) found 
that although older listeners were likely to demonstrate a reduced release from 
informational masking when the target and masker were derived from talkers of the 
opposite sex, older and young listeners did not seem to differ greatly in terms of 
informational masking release based on spatial cues. These results are similar to 
reports by Li et al. (2004) and Marietta et al. (2007). Thus although the results of 
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some studies indicate that older listeners are likely to have reduced sensitivity for 
some binaural cues, such a finding may not necessarily translate into a reduced 
benefit to use spatial cues for informational masking release in complex listening 
situations involving multiple talkers. The issue of spatial release from masking is 
discussed at length by Schneider, Pichora-Fuller, and Daneman (Chapter 7) and 
Humes and Dubno (Chapter 8).

6.6  Effects of Laterality

Many paradigms indicate a right ear advantage for the understanding of words 
under some monaural masking conditions where performance is compared for right 
ear versus left ear presentation or conditions where different words are presented 
simultaneously to the two ears and one or both words must be reported (Kimura 
1961; Broadbent and Gregory 1964; Gerber and Goldman 1971). These laterality 
effects are typically interpreted in terms of cortical hemispheric asymmetries in 
speech processing, with the analysis of speech hinging critically on processing in 
the left cortical hemisphere. Although some results have indicated little effect of 
age on related asymmetries (e.g., Gelfand et al. 1980), the results of several studies 
have been interpreted in terms of an increasing right ear advantage in older listeners 
due to increasingly poor processing for the left ear with advancing age (e.g., Jerger 
and Jordan 1992; Alden et al. 1997; Divenyi and Haupt 1997a; Hallgren et al. 2001; 
Divenyi et al. 2005; Roup et al. 2006). There is some evidence that the right ear 
advantage (or left ear disadvantage) in older listeners may be particularly likely to 
occur under listening conditions that are relatively complex and conditions where 
the listener is asked to focus attention on a particular ear (Alden et al. 1997; 
Hallgren et al. 2001). Figure 6.6 shows data adapted from Alden et al. (1997) and 
Hallgren et al. (2001) that support such an interpretation. Hallgren et al. also suggested 

Fig. 6.6 Dichotic speech perception. In these conditions, two different consonant-vowels (CVs) 
were presented simultaneously (one to each of the two ears) and observers were directed to focus 
attention on the left ear. Average percent correct CVs for young (Y) and older (O) listeners are 
shown as a function of ear. (Data on left adapted from Hallgren et al. 2001 and data on right 
adapted from Alden et al. 1997.)
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that decline in left ear performance was likely to be particularly notable in older 
listeners showing cognitive decline. The factors underlying an increased right ear 
advantage (or a left ear disadvantage) with advancing age have not been well 
accounted for, and it is not clear whether they might be conceptualized better 
in terms of changes in anatomy, auditory processing, general memory, or some 
other factors. As discussed by Humes and Dubno (Chapter 8) and noted above, the 
older listeners in many studies of age-related hearing loss, including dichotic 
speech perception, often have greater high-frequency hearing loss than their 
younger counterparts, and this factor often accounts for some proportion of the 
performance difference between younger and older listeners. It seems likely that 
the laterality effects demonstrated with advancing age are driven by central rather 
than peripheral factors (e.g., Jerger et al. 1991; Divenyi and Haupt 1997b; Hallgren 
et al. 2001).

In passing, it should be noted that a peripheral asymmetry effect, the slight right 
ear advantage in terms of a higher amplitude of otoacoustic emissions (Bilger et al. 
1990; McFadden et al. 1996), also appears to be affected by age. Tadros et al. 
(2005) found that older listeners had a reversal of this asymmetry, with otoacoustic 
emissions having higher amplitude in the left ear.

6.7  Practical Considerations

As described above, there are several indications that age, independent from a loss 
of audiometric sensitivity, can have a deleterious effect on the ability of human 
listeners to take advantage of binaural cues both under headphones and in the free 
field. Because hearing loss can also have negative effects on the ability to benefit 
from binaural cues (e.g., Olsen et al. 1976; Hall et al. 1984; Jerger et al. 1984; 
Gabriel et al. 1992) and because advanced age is often associated with some degree 
of hearing loss, there is good reason to consider what the practical considerations 
may be with regard to binaural hearing abilities for older listeners. Unfortunately, 
this is a very challenging task. Binaural hearing benefits in everyday environments 
depend on multiple cues (and also the integration of those cues), and just because a 
listener may have a deficit in one or more particular aspects of binaural analysis does 
not mean that the listener will not, overall, reap important benefits from binaural 
hearing in many natural listening situations. One important factor to consider in 
this regard is the head shadow. Benefits derived from the head shadow can be sub-
stantial and depend simply on the possession of a head rather than on any fancy 
neural circuitry inside the head. It may also be instructive to consider the results of 
Helfer and Freyman (2008) in considering the possible practical implications of 
binaural deficits for older listeners. Although, as indicated in Sections 6.2.1, 
6.3.2.1, and 6.4.2, there is evidence that older listeners may often have abnormal 
performance on specific tasks such as localization, the use of interaural timing cues, 
and the precedence effect, the results of Helfer and Freyman (2008) indicate that 
older listeners may perform similarly to younger listeners with normal hearing on 
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complex tasks where spatial cues are used to help separate a signal from a complex 
informational masker. In light of these studies, one possible interpretation is that 
some specific binaural hearing abilities are impaired in older listeners, whereas the 
remaining capabilities may sometimes be sufficient to support very important 
aspects of binaural benefit.

Not withstanding the relatively optimistic point of view just presented, there is 
probably sufficient evidence to indicate that global binaural hearing abilities in real 
environments may be at least somewhat diminished in older listeners due to reduced 
sensitivity to one or more types of binaural cues. One implication of this observation 
is that it might be reasonable to counsel older hearing-impaired listeners that the 
benefit of bilateral and binaural hearing aids might be at least somewhat limited, not 
only due to sensorineural hearing loss but also due to factors related to aging. 
Investigators have even suggested that in some cases, the increased right ear advan-
tage (or left ear disadvantage) that is sometimes seen with advancing age may make 
bilateral hearing aids inferior to monaural amplification (Chmiel et al. 1997; Henkin 
et al. 2007; see also Schnieder, Pichora-Fuller, and Daneman, Chapter 7). Likewise, 
independent automatic gain control in bilateral hearing aids may reduce the natural 
head-shadow effect, diminishing the cues for binaural hearing. Audiologists working 
with older patients should be aware of these possibilities. A final practical consider-
ation is the possibility that amplification processing might mitigate the consequences 
of poor binaural processing in older listeners. For example, it is possible that older 
listeners who have difficulty separating spatially discrete signals might get particular 
benefit from directional hearing aids. Although some older (and perhaps younger) 
hearing aid wearers may not prefer to manually switch to a directional from an omni-
directional mode (e.g., Walden et al. 2000; Cord et al. 2002) and may not notice 
benefit from the directional mode in real-world listening (e.g., Cord et al. 2004), the 
degree to which older adults benefit from or prefer directional microphone settings in 
automatic-switching instruments is not known (see also Humes and Dubno, Chapter 8). 
It is possible that more advanced directional features may prove to be more beneficial 
and, in paired comparisons, preferable to full-time omnidirectional mode, even in 
older listeners. Such features may include context-specific automatic switching from 
omnidirectional to directional mode, automatic frequency-specific directionality, and 
binaural instruments in which decisions about the moment-by-moment settings of 
various automatic features, including microphone directionality, are linked between 
the two hearing aids. In this regard, microphone array strategies aimed at spatial filter-
ing (e.g., Saunders and Kates 1997) could prove to be valuable to older listeners with 
reduced binaural hearing capacities.
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7.1  Introduction

Older individuals often find it difficult to communicate, especially in group situations, 
because they are unable to keep up with the flow of conversation or are too slow in 
comprehending what they are hearing. These communication difficulties are often 
exacerbated by negative stereotypes held by their communication partners who 
often perceive older adults as less competent than they actually are (Ryan et al. 
1986). Sometimes, older adults’ communication problems motivate them, often at 
the prompting of their family and friends, to seek help from hearing specialists 
(O’Mahoney et al. 1996). Quite often, however, older adults and/or their family 
members wonder if these comprehension difficulties are a sign of cognitive decline. 
Such uncertainty on the part of both older adults and their family members with 
respect to the source of communication difficulties is understandable given that 
age-related changes in the comprehension of spoken language could be due to age-
related changes in hearing, to age-related declines in cognitive functioning, or to 
interactions between these two levels of processing. To participate effectively in a 
multitalker conversation, listeners need to do more than simply recognize and 
repeat speech. They have to keep track of who said what, extract the meaning of 
each utterance, store it in memory for future use, integrate the incoming informa-
tion with what each conversational participant has said in the past, and draw on the 
listener’s own knowledge of the topic under consideration to extract general themes 
and formulate responses. In other words, effective communication requires not only 
an intact auditory system but also an intact cognitive system.
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Previous chapters have identified a number of age-related changes in cochlear, 
retrocochlear, and central auditory processing that could interfere with a listener’s ability 
to understand, memorize, integrate, and recall heard information (Schmiedt, Chapter 2; 
Canlon, Illing, and Walton, Chapter 3; Ison, Tremblay, and Allen, Chapter 4; Fitzgibbons 
and Gordon-Salant, Chapter 5). To comprehend spoken language in complex listening 
situations, a person needs to overcome peripheral (energetic) masking (Humes and 
Dubno, Chapter 8), parse the auditory scene into different sources of information (e.g., 
different talkers) to be able to keep track of who said what, focus attention on the target 
talker, suppress the processing of irrelevant information, and, when appropriate, switch 
attention from one talker to another. Clearly, a person’s ability to carry out these 
functions in complex environments will depend not only on the status of that person’s 
auditory system but also on the status of their cognitive system.

Cochlear pathology could reduce the audibility of speech sounds and increase a 
listener’s susceptibility to energetic masking, leading to errors in speech perception 
(see Humes and Dubno, Chapter 8). These errors, in turn, could cascade upward, 
making it more difficult for listeners to use higher order processes to extract mean-
ing, store information in memory, or perform any of the other necessary cognitive 
operations. Central auditory deficits (e.g., declines in binaural processing or 
declines in the synchrony of neural firing at various levels of the auditory system, 
discussed in Schmiedt, Chapter 2; Canlon, Illing, and Walton, Chapter 3; Eddins 
and Hall, Chapter 6) will interfere with scene analysis to make it more difficult for 
the listener to keep track of different auditory sources and to separate streams of 
information for subsequent processing. At the cognitive level, age-related declines 
in speed of processing, working memory capacity, and the ability to suppress irrel-
evant information might make it more difficult for the listener to handle multiple 
streams of information, rapidly switch attention from one talker to another, and 
comprehend and store information extracted from speech for later recall.

In other words, to acquire and use the information contained in spoken language 
requires the smooth and rapid functioning of an integrated system of perceptual and 
cognitive processes. This chapter begins by introducing some concepts important 
to an integrated systems approach in studying spoken language comprehension. It 
then reviews how this integrated system is affected by (1) age-related auditory 
declines, (2) age-related cognitive declines, and (3) the interaction between age-
related auditory and cognitive declines. Finally, it ends by considering how the 
system functions in different clinical populations (e.g., users of hearing aids and 
those with some form of dementia).

7.2  An Integrated Approach to Investigating Spoken  
Language Comprehension

Taking an integrated approach to investigating sources of age-related declines in 
spoken language comprehension requires the introduction of a number of concepts 
that although well known to cognitive scientists, may be less familiar to those in the 
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hearing sciences. These include the notion of “levels of processing” as well as the 
interrelated concepts of “executive control,” “limited working memory and atten-
tional resources,” and “processing speed.”

7.2.1  Levels of Processing

In their seminal paper, Craik and Lockhart (1972) argued that cognitive functions 
such as memory flow from a perceptual analysis of the stimulus but that the degree 
or elaborateness of information processing depends on the task demands. This 
approach, rather than viewing perception and cognition as separate modules (or 
boxes in a flow chart), treats the sensory and cognitive systems as an integrated 
whole in which those processes one calls sensory or perceptual occur relatively 
early in the processing sequence, whereas those that are labeled cognitive could be 
considered as elaborations of these early processes. Importantly, it assumes that the 
depth to which a stimulus is processed will depend on the task demands. To repeat 
a sentence does not require the same depth of processing that is required, e.g., to 
decide whether a statement is true or false or to extract the theme from a short 
lecture. To repeat a sentence, the listener need only process the acoustic stream to 
the point at which he or she is able to identify and repeat the words, i.e., up to the 
lexical stage of processing. Understanding and remembering a short lecture requires 
more than lexical processing; it requires that the listener integrate the successively 
encountered words with one another and with world knowledge as well as storing 
a coherent representation of the lecture in memory for later use. Hence, processing 
of the information carried in the stimulus when the task is to understand and 
remember what has been heard is likely to be much more elaborate than it would 
be when the task is simply to repeat a word.

7.2.2  Executive Control

Implicit in the levels of processing approach is the notion of executive control (see 
Baddeley 1993; Shallice and Burgess 1993; West 1996 for reviews). If tasks require 
different kinds or different levels of processing, there must be an executive function 
that organizes and controls how the acoustic stimulus is processed. For example, at 
a more cognitive level, the executive would identify what the main themes are, 
separate relevant from irrelevant information, exclude the latter from further pro-
cessing, decide what should be stored in memory, and marshal and organize the 
required resources to accomplish these tasks. At a more perceptual level, it may 
decide that it is has to focus attention on the talker to the left of the listener rather 
than the one on the right. At an even lower level of processing, it might decide 
that the important information is coming through the auditory filters serving the 
coding of low-frequency components of the signal. If the manner in which an 
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acoustic stimulus is processed has such flexibility, there must be executive 
control over stimulus processing. If so, one interesting question is how extensive is 
this control; i.e., does executive control extend all the way down to very early perceptual 
processes? A second question of interest is how aging affects executive control at the 
various levels of information processing during spoken language comprehension.

There is evidence to suggest that aging is associated with declines in the control 
processes involved in coordinating distinct tasks (see McDowd and Shaw 2000; 
Verhaeghen et al. 2003 for recent reviews) and switching between tasks (Mayr et al. 
2001; Verhaeghen et al. 2005), although the extent to which such age deficits contribute 
to age declines in spoken language comprehension has been relatively unexplored. 
There is also evidence to suggest that aging is associated with declines in the inhibitory 
control mechanisms that ordinarily prevent irrelevant information from interfering 
with the processing of relevant information (Hasher and Zacks 1988; Zacks and 
Hasher 1994). Research that has addressed the extent to which an inhibition deficit 
can account for age-related declines in spoken language comprehension is 
discussed in Section 7.5.2.

7.2.3  Limited Working Memory Resources

If processing and storage resources were unlimited, then one could imagine an 
executive function that would simply assemble all of the resources required for 
any task no matter how difficult the task and how many different resources were 
required. Moreover, an unlimited resource model would permit several tasks to be 
conducted in parallel without any performance decrements in any of the tasks. The 
more likely scenario is that processing and storage resources are limited (e.g., 
Craik and Byrd 1982; Baddeley 1986). As a result, one might expect that perfor-
mance on one or more aspects of a task would deteriorate as (1) the complexity of 
the acoustic scene is increased (e.g., through the addition of competing sound 
sources), (2) the semantic or syntactic difficulty of the speech material is increased 
(e.g., switching from a narrative story to a lecture on non-Euclidean geometry), or 
(3) the task demands are increased (e.g., attempting to answer e-mail while carrying 
on a phone conversation).

Current information processing models use the term “working memory” to refer 
to the limited-capacity system that is responsible for the processing and temporary 
storage of task-relevant information during the performance of everyday cognitive 
tasks such as language comprehension (Daneman and Carpenter 1980; Baddeley 
1986; Daneman and Merikle 1996; Miyake and Shah 1999). In some models, the 
executive control functions described earlier are part and parcel of the working 
memory system, see, e.g., “the central executive” component of Baddeley’s (1986) 
model of working memory. There is considerable evidence to suggest that aging is 
associated with reductions in working memory resources (Van der Linden 
et al.1994, 1999; Bopp and Verhaeghen 2005). The extent to which a working 
memory deficit can account for age-related declines in spoken language comprehension 
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and how hearing deficits can alter the operation of the working memory system are 
discussed in Section 7.5.1.

7.2.4  Speed of Processing

Older adults are 1.5 to 2 times slower than younger adults at performing even the 
simplest of tasks, such as pressing a button in response to a tone or deciding 
whether two stimuli are perceptually alike (Cerella 1990). Given the ubiquity of 
age-related slowing, it is not surprising that one of the most dominant theories 
among aging researchers is that a generalized slowing in brain function with age is 
associated with most, if not all, of the age-related declines in performance on com-
plex cognitive tasks such as problem solving, reasoning, and language comprehen-
sion (Salthouse 1996; for a meta-analysis, see Verhaeghen and Salthouse 1997). 
According to this theory, older adults would find it difficult to understand someone 
who is talking rapidly or to follow a conversation when there are multiple overlap-
ping talkers because the rate of flow of information approaches or exceeds the 
maximum rate that can be accommodated by the cognitive processes involved in 
language comprehension (Wingfield 1996). The extent to which processing speed 
deficits can account for age-related declines in spoken language comprehension is 
discussed in Section 7.5.3.

7.2.5  Evaluating How Age Affects the Comprehension  
of Spoken Language

An integrated model of how listeners process speech and other complex acoustic 
stimuli is one in which the labels “sensory” and “cognitive” are simply conve-
nient ways of referring to the earlier and later stages of a processing system in 
which the level or depth of processing depends on task demands (for a related 
model, see Wingfield and Tun 2007). Moreover, it is assumed that there is an 
executive function capable of marshalling and organizing the different resources 
required when a listener processes speech and that these resources are limited. 
In taking an integrated approach to understanding how adult aging affects spoken 
language comprehension, the following questions will be considered. How do 
age-related changes in sensory processes affect comprehension and memory? 
How do age-related changes in cognitive mechanisms such as working memory 
resources, inhibitory control, and processing speed affect comprehension and 
memory? How do sensory and cognitive processes interact in the context of spoken 
language comprehension? Section 3 begins by reviewing how age-related 
changes in the early (sensory and perceptual) processes might affect the compre-
hension and memory of complex auditory signals.
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7.3  The Effects of Age-Related Changes in Sensory Processes 
on the Comprehension of Spoken Language

7.3.1  Listening in Quiet

As earlier chapters have indicated, aging is associated with elevated thresholds 
(especially in the high-frequency region, see Fitzgibbons and Gordon-Salant, 
Chapter 5), losses in spectral and temporal acuity (see Fitzgibbons and Gordon-
Salant, Chapter 5), and possible losses of neural synchrony in the auditory pathways 
(see Schmiedt, Chapter 2; Canlon, Illing, and Walton, Chapter 3). Provided that 
these losses are not too severe and that the signal level is adequate, they have little 
or no effect on simple speech recognition tasks in quiet. However, even though 
word recognition accuracy measures may be at ceiling in such situations, there is 
no guarantee that all of the individual speech sounds or words are easily identified 
or that listening is effortless. For example, high-frequency hearing losses will lead 
to errors in identifying isolated phonemes in quiet (e.g., van Rooij and Plomp 1992; 
Humes 1996). However, when these phonemes are embedded in a sentence, the 
listener is able to make use of sentential context to correct such errors. Hence, if 
the listener did not clearly hear the final phoneme (was the last word “risk” or 
“wrist”), she or he could use semantic context to eliminate the ambiguity. In other 
words, the listener can use his or her knowledge of the language to enhance 
phoneme or word identification. Moreover, there is some evidence that older adults 
are at least as good, if not better, than younger adults at using sentential context to 
reduce ambiguity (Pichora-Fuller et al. 1995; Dubno et al. 2000; Sheldon et al. 
2008b; Pichora-Fuller, 2008).

Such use of sentence context would be an example of how top-down cognitive-level 
resources can be deployed to enhance or support lower-level perceptual processes. 
However, within our current model, the allocation of higher-level processes to support 
phoneme or word identification could reduce the pool of resources available for 
higher-order tasks. Hence, although older adults in the early stages of presbycusis 
might be able to perform as well as younger adults when there is sufficient contextual 
support and minimal task demands, age-related losses in hearing could potentially 
lead to age differences in performance on more demanding tasks. For example, 
older listeners are able to identify 100% of the high-context sentence-final words 
of the revised speech perception in noise (R-SPIN) test (Pichora-Fuller et al. 1995) 
at moderate-to-high signal-to-noise ratios (SNRs) but are unable to remember 
detailed information or deduce and report themes as well as younger adults when 
listening to a short lecture in a quiet background (Schneider et al. 2000). Part of the 
reason why performance might be poorer in the latter than in the former situation 
may be that older adults, because they are more likely to suffer from peripheral 
auditory processing deficits, need to engage higher-order cognitive processes for 
word recognition more frequently than younger adults, thereby depleting the pool 
of resources available for integrating information across words, extracting themes, 
and storing relevant information for later recall.
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Of course, it could equally well be the case that the reason why older adults may 
find it more difficult to comprehend and recall information presented in short lec-
tures is that they are also experiencing cognitive declines in the processes that have 
to be engaged for comprehension and recall of lecture material or that the executive 
is not as efficient in marshalling the resources required for this task. How one can 
assess the relative contributions of these two sources (age-related hearing declines 
versus cognitive declines) is considered in Section 7.6.

7.3.2  Listening in Noise

Although hearing loss can account for most of the speech-recognition problems 
experienced by healthy older adults in quiet (see Humes and Dubno, Chapter 8), the 
elevated thresholds and reduced spectral acuity associated with presbycusis can 
only account for part of the difficulties that older adults experience in noisy situa-
tions. This has led a number of investigators to examine the potential contribution 
of age-related declines in temporal acuity to the speech-recognition problems of 
older adults in noisy situations.

Temporal cues relevant to speech processing have been described at three main 
levels (Greenberg 1996): subsegmental (phonetic), segmental (phonemic), and 
suprasegmental (syllabic and lexicosyntactic). Subsegmental fine-structure cues 
include periodicity cues based on the fundamental frequency and harmonic structure 
of the voice. Some types of segmental information are provided by local gap and 
duration cues in the envelope that contribute to phoneme identification (e.g., presence 
of a stop consonant, voice onset time). Suprasegmental cues, such as amplitude 
fluctuations in the region of 3- to 20-Hz, convey prosodic information related to 
the rate and rhythm of speech and support both syntactic and lexical processing 
of the information in the speech signal. For example, Shannon et al. (1995), in their 
classic study of noise-vocoded speech, showed that speech could still be recognized 
when most of the segmental and subsegmental information in the speech signal was 
largely removed by (1) breaking the speech signal into a relatively small number of 
frequency bands, (2) extracting the amplitude envelope in each band, and (3) using 
these amplitude envelopes to modulate bands of noise whose bandwidths were 
identical to those in (1). Shannon et al. were able to show that speech recognition 
was possible even when as few as two to four bands were used in vocoding. This 
study clearly demonstrates that listeners can use the envelope characteristics of the 
speech signal in different spectral regions for word recognition. Recently, Sheldon 
et al. (2008a) have shown that good-hearing older adults need a larger number of 
frequency bands in the vocoded speech to perform as well as younger adults 
in a speech-recognition task. Hence, there is some evidence to indicate that at 
least some older adults are beginning to experience difficulties at this level of 
temporal processing.

Over the past few decades, a large number of studies (see Fitzgibbons and 
Gordon-Salant, Chapter 5) have shown that older adults find it more difficult to 
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detect gaps, to discriminate between different gap durations, or to detect a change 
in the duration of a sound. Losses in temporal acuity at this level have obvious 
implications for phoneme recognition. Reduced gap discrimination ability could 
lead to problems detecting stop consonants and loss of sensitivity to vowel duration 
removes an allophonic cue to vowel identity. Hence, there is good reason to believe 
that losses in temporal acuity at a segmental level would make speech recognition 
more difficult for older than for younger adults.

Finally, a few studies are beginning to suggest that some older adults may be 
experiencing losses in neural synchrony (e.g., Boettcher et al. 1996; Mills et al. 
2006). It has long been known the firing pattern in primary auditory afferents is 
phase locked to the signal, with the degree of phase locking decreasing as frequency 
increases (see Schmiedt, Chapter 2). Age-related losses in synchrony would, for 
example, make it more difficult for an older adult to identify a talker or discriminate 
between talkers based on their characteristic fundamental frequency and/or to track 
that talker’s voice in a complex auditory scene. Recently, Pichora-Fuller et al. 
(2007) were able to reduce young adults’ performance on the R-SPIN test to that 
characteristic of older adults by artificially increasing the degree of asynchrony in 
the speech signal, thereby mimicking a loss of neural synchrony. Hence, losses in 
neural synchrony, especially in noisy situations, could make it more difficult for 
older than for younger adults to comprehend and remember speech in difficult or 
noisy situations.

7.4  Effects of Age-Related Changes in More Central Auditory 
Processes on the Comprehension of Spoken Language

To fully comprehend the auditory scene, listeners have to locate and perceptually 
segregate the sound sources in their environment (auditory scene analysis; Bregman 
1990) so that they can focus their attention on target sources and ignore or suppress 
the processing of information from irrelevant sources. This is especially difficult to 
accomplish in reverberant environments because listeners in such situations typi-
cally receive not only the direct wave from each sound source but also myriad 
reflections off environmental surfaces. To successfully parse the auditory scene in 
these environments, the auditory system has to be able to recognize when, for 
example, a waveform arriving at one ear is a filtered and time-delayed version of 
the same waveform that arrived at the other ear a few milliseconds earlier, so that 
the information available in both waves can be fused into a single source and 
distinguished from other sound sources (see Eddins and Hall, Chapter 6).

The ability to successfully parse auditory scenes is influenced by a number of 
factors. First, the greater the spectral differences among sources, the easier it will 
be to segregate them. Brungart (2001) has shown that it is easier to segregate one 
talker from another when the two talkers differ substantially with respect to their 
fundamental frequencies and other acoustic features of their voices. Second, differ-
ences in harmonic structure between two sound sources can facilitate source segregation. 
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For example, changing the frequency of one of the harmonics of a complex tone 
leads to its emergence as a second auditory event (Alain et al. 2001, 2006). Third, 
spatially separating sound sources also will lead to improved source separation (see 
Freyman et al. 1999). In general, the more two sounds differ with respect to their 
acoustic properties and the greater their separation in space, the easier it is to per-
ceptually segregate them.

Once the auditory scene has been parsed into its component sound sources, lis-
teners find it easier to focus their attention on the target talker and disregard or 
suppress information from competing talkers. Otherwise, the intrusion of informa-
tion from irrelevant talkers might interfere with the target talker’s message. Such 
interference is often referred to as perceptual or informational masking (see 
Freyman et al. 1999; Schneider et al. 2007).

Several cognitive theories suggest that older adults might be more susceptible to 
intrusions from irrelevant or distracting stimuli than younger adults because of age-
related changes in cognitive functioning (e.g., the inhibitory deficit hypothesis; 
Hasher and Zacks 1988; Hasher et al. 1999). If older adults are more susceptible to 
distraction, then even if they are able to segregate sources as well as younger adults, 
they may still benefit less from cues (such as spatial separation) that release 
younger listeners from informational masking. Alternatively, signal degradation 
that results from a deteriorating sensory system may make it more difficult to per-
ceptually segregate the target talker from irrelevant talkers, thereby leading to a 
greater degree of informational masking in older listeners (also discussed in Humes 
and Dubno, Chapter 8).

Finally, successful scene analysis could be adversely affected by age-related 
processing limitations in central auditory processes (Snyder and Alain 2007; 
Canlon, Illing, and Walton, Chapter 3). For example, an age-related diminution in 
the ability to fuse left ear and right ear correlated signals could significantly reduce 
the ability of an older person to parse an auditory scene. This, in turn, would lead 
to greater interference by competing talkers, i.e., to a greater degree of informa-
tional masking. This section focuses first on how age-related changes in more 
central auditory processes might hamper perceptual segregation of sound sources. 
Then it explores the effects of age on source segregation and informational 
masking.

7.4.1  Effects of Age on Processing Capacity and Executive 
Control Over Auditory Processes

Spoken language comprehension requires the integration of information coming 
from different auditory channels. For example, to segregate and correctly identify 
two simultaneously spoken vowels that differ in fundamental frequency, the listener 
groups together all frequencies that are harmonically related. The ability to do this 
could be limited by age-related declines in the capacity of the auditory system 
to process and integrate information from several auditory filters. In addition, 
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age-related declines in the ability to control the gain in these auditory channels 
or to control other aspects of auditory processing could also lead to age-related 
comprehension problems in situations where there are multiple talkers and/or other 
sound sources. What is known about how age affects auditory channel capacities 
and influences how information processing is controlled in these channels is 
discussed in this section.

7.4.1.1  Age Differences in Channel Capacity

Miller (1956) showed that the ability of listeners to identify stimuli varying along 
a single dimension is limited by that dimension’s bandwidth or channel capacity. 
Murphy et al. (2006b) measured the channel capacities of younger and older adults 
by having them identify pure tones that differed only in intensity by pressing a but-
ton corresponding to the intensity of the tone (an absolute identification paradigm). 
If older adults were less able to distinguish intensities because of cochlear degen-
eration, then their ability to identify the tones would have been poorer than that of 
younger adults. To avoid possible confounds arising from such age-related sensory 
declines, the intensity differences between adjacent tonal intensities were always 
large enough that they were nearly perfectly discriminable to both younger and 
older adults. When the adjacent tones were perfectly discriminable, there were no 
age differences in the accuracy with which individuals were able to identify among 
two to eight pure tones. Hence, with respect to stimulus intensity, it does not appear 
that there is any diminution in channel capacity with age.

There is some evidence suggesting that the bandwidth and/or the processing 
strategy differs between younger and older adults when they are asked to identify 
the temporal duration of pure tones by pressing a button corresponding to the dura-
tion. Specifically, McCormack et al. (2002) reported that older adults were less 
accurate than were younger adults in identifying pure tones that varied only in dura-
tion. However, the tonal durations used by these investigators were such that some 
of the pairs of adjacent stimuli were likely to be below the discrimination thresh-
olds of older adults (Bergeson et al. 2001). Hence, the poorer performance of older 
adults in identifying tones differing only in duration could have reflected the inabil-
ity of older adults to distinguish between pairs of adjacent stimuli rather than age-
related diminution in the channel capacity for stimulus duration. Further studies are 
needed to see if there are significant reductions in the bandwidth of this and other 
kinds of auditory channels.

7.4.1.2  Age-Related Differences in Top-Down Control Over Auditory Gain

A number of studies have documented the existence of a nonlinear cochlear ampli-
fier (see Nobili et al. 1998; Schmiedt, Chapter 2). This mechanism is thought to 
amplify low-intensity sounds and compress high-intensity sounds (Dallos 1997; 
Robles and Ruggero 2001). Parker et al. (2002) and Gordon and Schneider (2007) 
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have presented evidence that this nonlinear amplifier is under top-down control and 
argued that the gain of the amplifier is set to maximize discriminability and to pro-
tect the auditory system from overload. Specifically, these investigators argued that 
the degree of compression imposed on a stimulus was modulated by the partici-
pant’s expectations concerning how intense the stimulus to be presented might be. 
In other words, the listener’s expectations appeared to control, in a top-down fash-
ion, the gain of the nonlinear amplifier. Hence, loss of top-down control over this 
nonlinear amplifier could limit the ability of the auditory system to function over a 
wide range of amplitudes and could lead to declines in discriminability. Because 
there is a widespread loss of outer hair cells and changes in endocochlear potentials 
in aging, it is possible that there is a loss in gain control with age. Nevertheless, 
Murphy et al. (2006b) did not find any age-related changes in top-down control 
over this system in older adults with good hearing. Hence, it appears that top-down 
control is preserved in older adults with good hearing.

7.4.1.3  Age-Related Changes in Automatic Versus Controlled Processing

Although age-related decrements in early auditory processing should lead to an 
impoverished representation of the signal, it is always possible that the perception 
of the signal can be enhanced and performance improved by exerting compen-
satory top-down control over how information is processed. For example, atten-
tion could be focused on the signal’s frequency components (auditory attention 
bands; Dai et al. 1991) or spatial position (e.g., Mondor et al. 1998; Boehnke 
and Phillips 1999), thereby enhancing signal quality. Hence, when hearing 
becomes difficult, either because of poor acoustics or because of hearing loss, 
one would expect listeners to rely more heavily on controlled processing to 
compensate for poor signal quality. Accordingly, one might expect older adults 
to more frequently engage in controlled processing than younger adults because 
of age-related deficiencies in the automatic (bottom-up) processing of speech 
in competing noise.

Evidence for support of this notion comes from a study by Alain et al (2004) that 
compared the mismatched negativity (MMN) wave elicited when young, middle-
aged, and older adults listened for a deviant stimulus in an oddball paradigm. The 
standard stimulus was a tone pip; the deviant stimulus was a gap in an otherwise 
continuous tone pip. Event-related potentials (ERPs) were collected under two 
conditions: (1) when the listeners were instructed to ignore the auditory stimulus 
and perform a concomitant visual serial-choice reaction-time task (passive listening) 
and (2) when the listeners were instructed to pay attention to the stimulus and to 
respond as quickly and as accurately as possible by pressing a button whenever they 
heard a stimulus with a silent gap (active listening). Figure 7.1 shows average 
MMN waves in the passive listening condition for young, middle-aged, and old 
adults to a deviant stimulus that could be easily detected under active listening 
conditions. Specifically, the gap duration of the deviant stimulus presented to an 
individual in this passive listening condition was the shortest gap duration that 
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produced a hit rate for that individual in the active listening condition that was 
within 2% of the asymptotic value of her or his psychometric function, relating hit 
rate to gap duration. Figure 7.1 shows that a significant MMN in the passive listen-
ing condition was observed for younger adults when the deviant stimulus was one 
that they could easily detect in the active listening condition. In contrast to the find-
ings of a clear MMN for younger adults, in middle-aged and older adults, stimuli 
that were clearly detectable in active listening conditions failed to produce an 
MMN in the passive listening condition. The lack of a clear MMN in all but 
younger adults in this passive listening condition indicates an age-related decre-
ment in automatic processing. However, under active listening conditions, in which 
listeners presumably engage in controlled processing, the same near-threshold 
stimuli were readily detected by all age groups. This pattern of results suggests that 
older adults are able to use top-down processing to compensate when they are 
actively listening to detect the auditory signal, whereas younger adults apparently 
do not need to engage such processes. Although such compensation during active 
listening may overcome age-related problems in passive listening, the increase in 
effort required to listen in this way may deplete limited cognitive resources in older 
adults (Pichora-Fuller 2006).

7.4.2  Effects of Age on Source Segregation

The most comprehensive study to date of age-related changes in the ability to 
segregate two competing speech sources was conducted by Humes et al. (2006). 

Fig. 7.1 Mismatched negativity waves for young, middle-aged, and older adults in the passive 
listening condition. The gap size in the deviant stimulus was the shortest gap duration that pro-
duced a hit rate within 2% of the asymptotic value reached by the psychometric function relating 
hit rate to gap detection from the active listening condition. Even though all deviant stimuli were 
approximately equally detectable in the active listening condition, a significant mismatched nega-
tivity (MMN) was only observed for young listeners in the passive condition. (Adapted from Alain 
et al. 2004 with permission of the author.)
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These investigators pitted two sentences from the coordinate response measure 
(CRM; Bolia et al. 2000) against each other. The sentences were of the form “ready 
(call sign), go to (color and number) now” and were played simultaneously. The 
listener was instructed to attend to the sentence containing the designated call sign 
and to report the color and number associated with that call sign. The call sign to 
be attended was presented before or after the two CRM sentences were played. 
For example, in the before condition, the call sign (e.g., “baron”) was presented for 
three seconds before the two sentences were played (e.g., “ready baron, go to red 
eight now” vs. “ready charlie, go to green one now”). In the after condition, the 
call sign was presented for three seconds immediately after the two sentences 
were played. In both conditions, the correct response for this example is “red 
eight.” Note that the after condition places a greater load on working memory 
because the listener must retain the information from both sentences until the 
call sign is presented, whereas in the before condition, listeners can focus their 
attention on the sentence containing the call sign and either inhibit the processing 
of the competing sentence or delete its content from working memory. Hence, as 
seen in Section 7.5.1, according to the prevailing view concerning age-related 
changes in working memory, age differences should be larger in the after condition 
than in the before condition.

All sentences were spectrally shaped to adjust for any hearing loss that a participant 
might be experiencing. This manipulation significantly reduces the probability that 
any age-related differences in performance on this task are due to age-related 
cochlear pathologies. The two CRM sentences used in a trial could also be 
presented to the same ear or to different ears and be spoken by talkers of the same 
or different genders. Hence, there were four conditions and two age groups. Figure 
7.2 depicts the rationalized arcsine transform of the percentage of correct identifi-
cations in the before condition. Three features of these data should be noted. First, 
for both age groups, performance is lowest for same gender sentences presented 
monaurally; i.e., accuracy is lowest when there are no spatial or gender cues to support 
source segregation. Second, for both age groups, switching from monaural to 
dichotic presentations produces a larger improvement in performance for same 
gender than for different gender talkers. Thus the beneficial effect of spatial separation 
is larger when there are fewer cues of other sorts to support source segregation. 
Third, the only significant age difference occurred when the presentation was 
monaural but the two talkers differed in gender. This suggests that younger adults 
benefit more than older adults from differences in voice characteristics. However, 
this age difference in sensitivity to voice characteristics only becomes evident in the 
absence of other cues to support source segregation.

Figure 7.3 presents the equivalent data in the after condition. As was the case for 
the before condition, the worst performance is observed when the cues for source 
segregation are minimal (same gender, monaural presentations) and the effect of 
spatial separation is larger for same gender than for different gender speakers. Here, 
however, there are significant age effects in three of the four conditions, suggesting 
that older adults find it more difficult than do younger adults to retain information 
in working memory until the call sign cue is presented.
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The results of this experiment indicate that both younger and older adults experience 
a great deal of difficulty in attending to the target sentence when the cues supporting 
source segregation are minimal (same gender for target and competitor, monaural 
presentation). When a gender cue is included (but the presentation is monaural), 
younger adults benefit more from this cue than do older adults. One possibility is 
that age-related losses in temporal synchrony make it more difficult for older adults 
to discriminate between two voices based on their fundamental frequency and 
harmonic structure. An explanation of this sort implies that the failure to be able to 
segregate the voices based on gender reflects age-related deficiencies in the earlier 
stages of auditory processing rather than a failure in the later stages of processing 
involving attention and/or working memory.

Finally, as might be expected from studies of working memory, age differences 
appear to be greater when the call sign is given after CRM sentence presentation as 
opposed to before it. Note, however, that age differences in performance in the 
before case under dichotic listening conditions may have been limited by ceiling 
effects in the young (see Fig. 7.2). Hence, older adults appear to be able to perform 
as well as younger adults on speech-recognition tasks, provided that there are 

Fig. 7.2 Transformed percentage correct scores (means ± SE) for the coordinate response measure 
(CRM) target for each of 8 listening conditions when the call sign was presented before the target 
and competing sentence. RAU, rationalized arcsine unit. *Significant difference between the young 
and old listeners (p < 0.01). (Adapted from Humes et al. 2006 with permission of the author.)
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sufficient cues to source segregation and that the working memory requirements of 
the task do not exceed their working memory capacity.

In a recent study, Singh et al. (2008) explored the effects of location certainty in 
younger and older listeners in a paradigm developed by Kidd et al. (2005). In one 
condition of their study, three sentences were presented simultaneously from three 
different “perceived” locations (perceived location of a sentence in the sound field 
was manipulated using the “precedence” effect; see Eddins and Hall, Chapter 6). 
Again, the task was to identify the color and number associated with a particular 
call sign. The effects of two within-subject factors were explored: (1) temporal 
position of the call sign (before or after the three sentences were presented) and (2) 
probability (100%, 80%, 60%, 33%) of the target sentence appearing at the central 
location (announced before a block of trials). Interestingly, although there was a 
main effect of age, the effects of location certainty and prior knowledge of the target’s 
call sign were identical for younger and older adults. Because Singh et al. did not 
compensate for possible cochlear declines, the most likely reason for the poorer 
performance of older adults was an age-related decline in peripheral auditory 
processing. The lack of any age interaction suggests that both younger and older 

Fig. 7.3 Transformed percentage correct scores (means ± SE) for the CRM target for each of 8 
listening conditions when the call sign was presented after the target and competing sentence. 
*Significant difference between the young and old listeners (p < 0.01). (Adapted from Humes 
et al. 2006 with permission of the author.)
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adults benefit equally from prior knowledge of target location and target call sign. 
Hence, although younger adults may outperform older adults when there is competing 
speech, older adults appear in some cases to be able to utilize information as 
effectively as younger adults, suggesting that the ways in which listeners handle 
competing auditory information streams may be relatively unaffected by age.

However, before reaching the conclusion that older adults may be as adept 
at source segregation as younger adults once age-related changes in cochlear 
processes have been taken into account, it would be prudent to consider how 
age might affect other factors that are known to facilitate auditory scene analysis 
and source segregation.

7.4.2.1  Source Segregation Based on Harmonic Structure

The auditory system tends to interpret frequencies that are harmonically related as 
belonging to a single source. Hence, age-related changes in the ability to determine 
whether a single frequency or a group of frequencies are harmonically related to 
another group of frequencies might be expected to affect scene analysis. Alain et al. 
(2001) tested the ability of younger and older adults to detect a mistuned harmonic. 
They found that older adults required a greater degree of mistuning than younger 
adults to detect a change, with the age difference greater for shorter than for longer 
sounds. Hence, older adults would presumably require a greater separation in 
fundamental frequency (and, correspondingly, in harmonic structures) to segregate 
two voices. Indeed, when two vowels are presented simultaneously, the ability of 
listeners to correctly identify both vowels increases with the separation between the 
fundamental frequencies of the two vowels (e.g., Summerfield and Assmann 1991; 
de Cheveigné 1997; Summers and Leek 1998). A recent study found that older 
adults benefit less than younger adults from differences in fundamental frequency 
between two concurrent voices, pointing to age differences in bottom-up auditory 
processes (Vongpaisal and Pichora-Fuller 2007). Interestingly, an examination of 
the pattern of brain activity in a different group of participants performing the same 
task indicated that there was top-down engagement of compensatory cognitive 
processes in older adults compared with younger adults (Snyder and Alain 2005). 
Hence, it appears that older adults are less sensitive to differences in the harmonic 
structure of voices and engage compensatory mechanisms to partially offset age-
related peripheral deficits. This would help explain why, in the Humes et al. (2006) 
study, younger adults profited more than older adults from gender differences 
between the target and competitor CRM sentences.

7.4.2.2  Source Segregation Based on Attentional Focus

Another possible reason why older adults might not be as efficient as younger 
adults in using the acoustic cues associated with gender differences to segregate 
voices or in capitalizing on differences in fundamental frequency when identifying 
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simultaneously presented vowels is that they might not be able to focus their attention 
on specific-frequency regions as well as younger adults. Studies of auditory atten-
tional focus (e.g., Dai et al. 1991; Hafter and Schlauch 1991) have shown that 
younger adults are capable of focusing their attention on a specific frequency region 
if they are expecting a target to have energy in that region. This capacity is usually 
demonstrated using a probe-frequency paradigm. In this paradigm, the listener 
is asked to detect a pure tone of a known frequency in a background of bandlimited 
Gaussian noise. Typically, the intensity of the pure tone (e.g., 1 kHz) is adjusted so 
that the listener is performing at a targeted degree of accuracy (usually between 
85 and 90% correct). The experimenter then occasionally replaces the target 
tone (e.g., 1 kHz) with a probe tone of another frequency but at the same SPL 
(for instance, a 980-Hz tone), and then computes how accurate listeners were in 
detecting the probe tone. Typically, performance on those trials containing a 
probe decreases with increasing separation between the probe tone’s frequency and 
the target tone’s frequency.

Because older adults are often thought to have attention deficits, one might 
expect their attention bands to be broader than those of younger adults. A possible 
physiological basis for a broader attentional focus has come from the work of 
Scharf et al. (1994, 1997), who found that individuals who have had their olivoco-
chlear bundle severed do not demonstrate attentional selectivity. The olivocochlear 
bundle is believed to be important in allowing for the top-down control of the 
micromechanical properties of the cochlea and may play a significant role in detecting 
signals in noise (Pickles 1988). Because the olivocochlear bundle synapses mostly 
with outer hair cells and because outer hair cells are known to suffer widespread 
damage with age and/or noise exposure over the lifespan (Willott 1991), one might 
expect a broadening of attentional focus in older adults. However, Ison et al. (2002) 
and Murphy et al. (2006b) have shown that the attentional filter has the same 
bandwidth in younger and older adults. Figure 7.4 plots the percentage of tones 
correctly detected as a function of the difference in frequency between the probe 
and target tones for younger and older adults. Clearly, the greater the separation 
between the probe tone’s frequency and the frequency of the target tone, the less 
likely it is that the probe tone will be detected. Note also that the bandwidth of this 
“attentional” filter is quite narrow. As Figure 7.4 shows, a probe tone that differs in 
frequency from the target tone by as little as 100 Hz simply is not detected (the 
detection rate for a probe tone whose frequency is 100 Hz less than that of the target 
tone is the same as the probability of reporting a tone when no tone was presented). 
Hence, both younger and older adults are equally capable of narrowing their atten-
tional focus to a very small region on the basilar membrane (approximately the size 
of a critical band).

7.4.2.3  Source Segregation Based on Spatial Separation

Perhaps one of the most important cues to source segregation is spatial separation. 
Consider the case in which there is a single talker in a noisy background, with the 
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location of both the talker and the noise source being to the listener’s left. When 
both talker and noise are colocated, the SNR in each ear will be approximately 
the same. However, if the talker moves to the right of the listener, with the noise 
remaining on the left, there will be a significant increase in the SNR ratio in 
the right ear, which could readily facilitate source segregation. In addition, the 
change in target position could lead to interaural timing differences that might 
unmask the talker’s voice. Hence, spatial separation should be a powerful cue to 
source segregation.

Because a number of studies have indicated that older adults are less sensitive to 
binaural cues than are younger adults (see Eddins and Hall, Chapter 6), one might 
expect that older adults would be less able to use such cues to achieve the same 
degree of source segregation as younger adults. Hence, age-related changes in bin-
aural processing could lead to poorer source segregation. This issue is addressed in 
Section 7.4.3 on informational masking.

7.4.2.4  Source Segregation Based on Prior Knowledge

Listening to a conversation in a noisy environment is much easier when the listener 
is familiar with the topic of conversation. The most likely reason for this is that a 
priori knowledge of the topic creates expectations about the semantic content 
and linguistic structure of the unfolding speech signal that facilitates processing. 

Fig. 7.4 Percent detection (means ± SE) for the signal and for off-frequency probes at the same 
level that deviated from the signal by ±25 to 100 Hz in younger and older listeners. Also shown 
are the false alarm rates (responding signal present when no signal was presented). (Adapted from 
Ison et al. 2002 with permission of the author.)
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In particular, if listeners miss some of the words or phrases because the listening 
situation is difficult, they may be able to recover the lost information from the 
context provided by the parts of the conversation they have heard and knowledge 
stored in long-term memory. However, it also is possible that such knowledge helps 
the listener to focus attention on the relevant voice. For example, if the topic of the 
conversation of interest is the impending marriage between Emily and Tom and 
the listener perceives the following sentence fragment “the bridesmaids will,” it is 
quite likely that this voice is a relevant part of the conversation. Hence, it would 
make sense for listeners to focus their attention on this auditory stream.

Knowledge and expectations regarding aspects of the unfolding speech signal 
can also be used to advantage by listeners. Such benefit is illustrated in a study 
by Freyman et al. (2004) showing that the final word of a masked phrase was 
recognized better if listeners had already heard the initial part of a phrase than if 
they were hearing the phrase for the first time. Hence, partial knowledge of the 
sentence improved recognition of the sentence-final word. It is possible that 
listeners derived some benefit from priming because they acquired knowledge of 
the acoustical properties of the initial portion of the utterance; however, the same 
reduction in informational masking was obtained when the participant read the 
prime instead of listening to it. Clearly, knowledge of the words alone is suffi-
cient to lead to an improvement in performance, independent of the modality in 
which that knowledge is acquired. Another possibility is that knowing part of the 
sentence helps the listener to identify and focus in on the target stream. Hence, it 
is reasonable to hypothesize that a listener in a complex acoustic environment is 
capable of using knowledge about the nature of conversation to identify and focus 
in on the talkers participating in a discussion. It would be very interesting to 
determine whether older adults are as good as are younger adults in using this 
kind of prior knowledge to achieve source segregation. To our knowledge, there 
are no published studies in this area.

7.4.2.5  Source Segregation Based on Other Aspects of the Acoustic Scene

Bregman (1990) has argued that the auditory system will capitalize on virtually any 
features of the auditory scene that will aid in source segregation. One additional cue 
for source segregation that should be mentioned is “auditory image size.” Freyman 
et al. (1999) demonstrated the usefulness of this cue in a study in which they compared 
performance when both masker and target were presented over the same frontal 
loudspeaker to performance when the target was presented over the frontal loud-
speaker but the masker was presented over both the frontal loudspeaker and 4 ms 
later over a loudspeaker located to the listener’s right. Note that in the latter 
condition, the masker was perceived to be frontally located because of the precedence 
effect (see Section 7.4.3). The target sentences were repeated with much greater 
accuracy in the latter condition. Even though the location of all images in both 
conditions remained in the frontal position, the image of the target in the latter 
condition was more compact than that of the masker, whereas the masker and target 
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had the same degree of compactness when both were presented only over the frontal 
loudspeaker. This comparison suggests that differences in the compactness of target 
and masker will improve speech recognition, presumably because it enables a 
listener to more accurately parse the auditory scene into two different sound sources. 
How age might alter the effectiveness of this cue to source segregation is not 
currently known.

In general, there are likely to be a number of acoustic features that could be used 
to achieve source segregation. How source segregation enhances spoken language 
comprehension, i.e., how it helps to unmask the speech signal, is considered next.

7.4.3  Effects of Age on Informational Masking

Before discussing the effects of age on informational masking, it is important to 
distinguish informational masking from energetic masking. When the SNR is low 
in a spectral region, the energy in competing sound sources can simply overwhelm 
(mask) the energy in the signal, making it difficult for the listener to extract the 
target signal from the noise background. This kind of masking is often referred to 
as “energetic” or “peripheral” masking, and it has been studied extensively (see, 
e.g., Plomp and Mimpen 1979). In contrast, “informational” or “perceptual” masking 
occurs when competing signals and background noises interfere with speech recog-
nition at more central auditory- and/or cognitive-processing levels. For example, 
consider the case in which someone is attempting to attend to one person who is 
talking when there are two other people who are also talking. To understand what 
is being said in this situation, the listener must either 1) focus attention on one 
stream and suppress the other streams of information or 2) attempt to simultane-
ously process more than one stream at a time. If it becomes difficult for the listener 
to inhibit the processing of irrelevant information or to simultaneously process 
more than two information streams, the listener may require a higher SNR for 
speech recognition and comprehension than would be required if the maskers were 
acoustically matched nonspeech maskers. Clearly, any factor that facilitates source 
segregation should make it easier to either (1) focus attention on one source and 
ignore or suppress the processing of information from the other sources or (2) 
simultaneously process more than one source at a time. Hence, source segregation 
should facilitate the release from informational masking more than it would facili-
tate release from energetic masking.

Many competing sound sources are likely to give rise to some combination of 
both energetic and informational masking. A common approach to determining 
what portion of total masking is due to informational versus energetic masking is 
to compare performance for speech and nonspeech maskers in conditions manipulating 
auditory or cognitive factors. For instance, spatial separation of the target and 
masker is one factor that reduces speech-on-speech masking. This release from 
masking could be due to a reduction in peripheral (energetic) masking and/or a 
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reduction in the amount of interference produced at more central (cognitive) levels. 
To determine how much of the release from masking is due to the binaural advantage 
in overcoming acoustical masking versus improved attentional focus in overcoming 
distraction, the release in speech-on-speech masking seen in conditions of spatial 
separation may be compared with release when the masker is an unmodulated 
speech-spectrum noise. It is assumed that there will be equivalent energetic mask-
ing by the speech and spectrally matched speech-spectrum maskers. Because 
speech-spectrum noise is unlikely to initiate any competing phonetic, semantic, or 
linguistic processing, it should not interfere with speech processing at these more 
central levels. Therefore, if the release from masking due to spatial separation is 
larger when the masker is speech than when the masker is speech-spectrum noise, 
one can infer that the manipulation is effective in reducing interference at more 
central levels, i.e., in reducing informational masking. Presumably spatial separation 
is beneficial in reducing energetic masking for both the speech and speech-spectrum 
noise maskers because interaural cues enable the listener to better segregate the 
target and masker. In addition, presumably spatial separation is beneficial in reducing 
informational masking because it enables the listener to better isolate the target 
speech signal from competing speech in the auditory scene.

An important question is the degree to which age-related changes in either 
peripheral or central processes reduce the effectiveness of source segregation (however 
achieved) in providing relief from informational masking. Given that age-related 
losses in peripheral auditory functioning are likely to reduce the effectiveness of 
cues to source segregation, one might expect to find less of a release from informa-
tional masking in older than in younger adults.

An alternative explanation for possible age differences in release from informa-
tional masking could be that older adults are less able than younger adults to benefit 
from source segregation once it has been achieved because of declines in cognitive 
capacity. To directly test cognitive theories of age-related declines in spoken 
language comprehension and bypass age-related differences in sensory processing, 
Li et al. (2004) used the paradigm developed by Freyman et al. (1999) in which 
younger and older adults were asked to repeat meaningless target sentences (e.g., 
“A rose could paint the fish.”) presented in either a noise background (energetic 
masker) or a background in which two other people were also speaking nonsense 
sentences (informational masker). The target and masker were perceived as coming 
from the same spatial location or from different spatial locations. Rather than 
actually changing the physical location of two loudspeakers to achieve the percep-
tion that the target and masker were spatially separated, the paradigm capitalizes on 
the precedence phenomenon to change the perceived locations. In the precedence 
paradigm, all stimuli were presented over each of two loudspeakers. If a signal is 
presented simultaneously from both loudspeakers, it is perceived to be located 
centrally; however, if the signal presented from one loudspeaker leads the same 
signal presented from a second loudspeaker, the listener perceives that there is only 
a single source located at the position of the loudspeaker from which the leading 
sound was presented (see Zurek 1987 for a review). In the experiment of Li et al. 



188 B.A. Schneider et al.

BookID 139876_ChapID 7_Proof# 1 - 12/10/2009 BookID 139876_ChapID 7_Proof# 1 - 12/10/2009

(2004), the target sentence was presented over both loudspeakers, with the right 
speaker leading the left by 3 ms so that the target sentence was always perceived as 
coming from the right. The masker was presented either in the same fashion as the 
target or with the lag between the presentation of the masker from one loudspeaker 
relative to the other changed so that the masker was perceived as originating from 
a different location. Because changing the perceived location in this way does not 
change the acoustic stimulation at either ear in any significant way (see the 
Appendix in Li et al.), the amount of energetic masking should not change in any 
significant way with perceived spatial separation. Nevertheless, changing the 
perceived location of the masker should provide a release from informational masking 
if it facilitates segregation of the target and masker.

Li et al. (2004) found that both younger and older adults benefited equally from 
spatial separation when spatial separation was induced using the precedence effect. 
Interestingly, the only age difference in their experiment was that older adults 
required a 2.8-dB higher SNR to perform equivalently to younger adults in all 
conditions. Hence, once age-related differences in peripheral auditory processing 
are controlled for, the two age groups appear to benefit by the same amount from 
spatial separation of target and masker.

The fact that older adults in this experiment needed a higher SNR to perform 
equivalently to younger adults suggests that it should be possible to compensate 
for a number of age-related deficits in processing speech by improving the SNR 
for older adults either by improvements in the acoustic environment or by the 
appropriate use of noise-reduction algorithms in assistive listening technologies.

7.4.4  Tentative Conclusions Concerning Age-Related Changes  
in More Central Auditory Processes

The available studies of how age-related changes in more central auditory 
processes might affect spoken language comprehension suggest that older adults 
with clinically normal audiometric thresholds throughout most of the speech range 
may be as good as younger adults at source segregation, scene analysis, and 
release from informational masking once the effects of subclinical age-related 
deficits in lower-level processing are taken into account. Moreover, there do not 
appear to be any significant declines in these good-hearing older adults with 
respect to the bandwidths of auditory channels, ability to focus attention, and/or 
top-down control over auditory processing. In contrast, a number of findings do 
point to age-related declines in the automatic processing of near-threshold stimuli. 
Importantly, it seems that older adults may make more extensive use of controlled 
top-down processing to compensate during listening. Thus it appears that many 
central auditory processes are preserved in aging but that they may play a more 
extensive compensatory role because of age-related declines in lower-level 
(peripheral or brainstem) auditory processing.



1897 Effects of Senescent Changes in Audition

BookID 139876_ChapID 7_Proof# 1 - 12/10/2009

7.5  Effects of Age-Related Changes in Cognitive Processes  
on Comprehension of Spoken Language

Although there is a fairly large body of research aimed at investigating the extent 
to which age-related changes in cognitive mechanisms account for age-related 
declines in language processing (for reviews, see Light 1990; Kemper 1992; Stine 
1995; Johnson 2003), it is important to keep in mind that most of the research has 
focused on the comprehension and recall of written discourse rather than spoken 
discourse (although see, e.g., Tun et al. 1991; Wingfield and Stine 1992; Titone 
et al. 2000). As will be seen, there is evidence to suggest that declines in working 
memory capacity, inhibitory control, and processing speed play a role in the effects 
of aging on language processing. However, there are vigorous debates as to which 
of the three plays the primary role (for a review, see Van der Linden et al. 1999).

7.5.1  Working Memory

In most contemporary models of language comprehension, working memory 
represents “the critical bottleneck in which signals are decoded, concepts are 
activated, linguistic constituents are parsed, thematic roles are assigned and coherence 
among text-based ideas is sought” (Stine et al. 1995, p. 1). Consequently, it is not 
surprising that age-related declines in language comprehension are frequently 
attributed to age-related declines in working memory capacity. The working 
memory deficit hypothesis is well supported in the literature. Older adults perform 
more poorly than their younger counterparts on tasks that assess the combined 
processing and storage capacity of working memory (see Bopp and Verhaeghen 
2005 for a meta analysis), and these age-related working memory span differences 
account for a significant proportion of the age-related variance on written and 
spoken language comprehension tasks (e.g., Van der Linden et al. 1999; Brébion 
2003; DeDe et al. 2004).

7.5.2  Inhibitory Control

Some researchers prefer to attribute age-related declines in language comprehension 
to age-related declines in the ability to inhibit the processing of irrelevant stimuli. 
According to the inhibition-deficit hypothesis, aging is associated with reduced 
inhibitory mechanisms for suppressing the activation of goal-irrelevant information 
(Hasher and Zacks 1988), allowing interfering information to intrude into working 
memory or preventing no longer relevant information from being purged from 
working memory. The irrelevant information squanders working memory resources 
and disrupts the processing of goal-relevant information (Hasher et al. 1999), thereby 
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impairing the reader’s or listener’s ability to construct a coherent representation of 
the discourse. Support for the inhibition-deficit hypothesis comes from several 
studies that have shown that measures of inhibition efficiency (e.g., interference 
on the Stroop color-word task) appear to mediate age-related differences in written 
language comprehension (Zacks and Hasher 1994; Kwong See and Ryan 1995; 
Van der Linden et al. 1999). However, not all the reported data are consistent with 
the inhibition-deficit hypothesis and even the consistent data are compatible 
with alternative interpretations (see Burke 1997 for a critical review).

7.5.3  Processing Speed

Finally, in all models of language comprehension, the processes involved in the 
construction of a complete and coherent discourse representation are assumed to be 
time-consuming. Consequently, it is not surprising that age-related slowing is 
frequently viewed as the primary contributor to age-related declines in language 
comprehension. The processing-speed hypothesis is well supported in the literature 
for both written and spoken language comprehension (e.g., Cohen 1979; Wingfield, 
et al. 1985; Tun et al. 1992; Stine and Hindman 1994; Stine et al. 1995). Studies of 
reading comprehension have shown that age differences in text memory are much 
larger when reading is experimenter paced rather than self paced (Verhaeghen et al. 
1993; Stine-Morrow et al. 2001; Johnson 2003). Fine-grained analyses of self-paced 
reading times suggest that older adults need to allocate more processing time to 
new information (Stine et al. 1995) and propositionally dense sentences (Stine and 
Hindman 1994) than do their younger counterparts.

The contribution of speed of processing to spoken language comprehension has 
been studied by comparing the performance of younger and older adults when 
speech is artificially speeded (Wingfield et al. 1985; Gordon-Salant and Fitzgibbons 
1993, 1997, 1999; Wingfield 1996), and the typical finding has been that compre-
hension declines more rapidly for older adults than for younger adults as speech 
rate increases. Although such a finding is consistent with a slowing hypothesis, 
there is another possible reason for why older adults find it more difficult to handle 
rapid rates of speech. Speeding speech, in addition to increasing the rate of flow of 
information, also tends to degrade and/or distort consonant phonemes in the speech 
signal (Gordon-Salant and Fitzgibbons 1999; Wingfield et al. 1999). Therefore, it 
is possible that the reason why older adults are more affected by speeding is that 
the auditory systems of older adults are less able to handle these distortions than are 
the auditory systems of younger adults. Indeed, recent studies have found that if 
speech is speeded in a way that minimizes the adverse effects of speed-induced 
acoustic distortions on the auditory systems of older adults, increasing the rate of 
speech has the same effect on speech recognition (Schneider et al. 2005) and spoken 
language comprehension (Gordon et al. 2009) in younger and older adults. These 
results support the view that auditory decline rather than cognitive slowing may be 
responsible for older adults’ poorer performance in speeded-speech conditions.
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7.5.4  Tentative Conclusions Concerning Cognitive Mediators of 
Age-Related Changes in Spoken Language Comprehension

Although there is a significant body of evidence to suggest that deficits in working 
memory capacity, inhibition control, and processing speed could all contribute to 
age-related differences in spoken language comprehension performance, there is 
conflicting evidence concerning the relative contributions of the three factors. Most 
researchers acknowledge that these three indices of processing efficiency are inter-
dependent, but the debate continues as to which of the three plays the primary role 
in accounting for age-related declines in comprehension. For example, Kwong See 
and Ryan (1995) have argued that the influence of working memory is secondary 
to the influences of inhibition control and processing speed. On the other hand, Van 
der Linden et al. (1999) argue that age-related reductions in processing speed and 
resistance to interference have an indirect influence on comprehension that is medi-
ated by reductions in working memory capacity. Unraveling the relative and inde-
pendent contributions of these cognitive mechanisms remains a tricky enterprise.

7.6  Auditory-Cognitive Interactions

Equally tricky is the task of investigating the complex interactions between the 
aging auditory and cognitive systems and how these interactions contribute to the 
speech-understanding difficulties of older listeners (e.g., van Rooij and Plomp 
1992; Humes 1996; Schneider et al. 2000; Murphy et al. 2006a; George et al. 
2007). In this section, correlational and experimental approaches to investigating 
these complex auditory-cognitive interactions are described.

Several studies have used a correlational approach to investigate the relative 
contributions of auditory and cognitive factors to speech-understanding difficulties 
in older adults (e.g., van Rooij and Plomp 1992; Humes 1996). To assess auditory 
and cognitive competence, younger and older listeners were administered tests of 
basic auditory abilities (e.g., pure-tone sensitivity, frequency, and duration discrimi-
nation) and basic cognitive function (e.g., digit span, Wechsler Adult Intelligence 
Scale-revised). Scores on these auditory and cognitive tests were then correlated 
with performance on a number of tests of speech recognition in which listeners 
were required to detect, discriminate, or identify nonsense syllables, phonemes, 
spondees, isolated words, words presented in sentences, or whole sentences in quiet 
and noise. The best single predictor of word and sentence recognition across the 
studies was the listener’s pure-tone threshold function. Most of the cognitive 
measures correlated poorly with speech recognition. Results such as these led 
Humes (1996) to conclude that auditory declines are primarily responsible for 
age-related declines in speech-understanding performance. As provocative as these 
findings are, there is always the concern about making causal inferences from 
correlational designs. Moreover, it is possible that these particular correlational studies 
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underestimated the contribution of cognitive factors because (1) the particular 
choice of cognitive measures may not have been the most appropriate and (2) it is 
unlikely that simple speech detection and discrimination tests fully engage the 
linguistic and cognitive processes that operate in everyday listening situations.

Some of the limitations found in correlational studies can be redressed by taking 
an experimental approach that controls for age-related hearing differences and uses 
more natural listening tasks. For example, Schneider et al. (2000) approximated 
more naturalistic listening conditions in the laboratory by having participants listen 
to complex single-talker discourse in quiet or in a background of conversational 
noise (12-talker babble), conditions that would be similar to attending a 10- to 
15-minute lecture with an audience that is either very attentive or a lot less so. The 
methodology involved presenting the monologues and noise under identical physi-
cal conditions to the younger and older listeners, which is the typical approach in 
cognitive aging research, or adjusting the listening conditions to compensate for the 
poorer hearing abilities of the older listeners. When the younger and older adults 
listened to the monologues under identical stimulus conditions (passages were 
presented at the same sound pressure level to all participants and the noise, when 
present, was identical for all participants), the older adults provided fewer correct 
responses to questions about the discourse than did the younger adults. One might 
be inclined to attribute the negative age difference in this study to declines in cognitive 
mechanisms such as working memory capacity, inhibition control, or processing 
speed. However, the notion that age differences were due primarily to cognitive 
factors was challenged by the results of a second experiment that adjusted the 
listening situation to make it equally difficult for both young and old adults to identify 
individual words. In conditions in which it was equally difficult for young and old 
to recognize individual words, age-related differences in comprehension and recall 
of the monologues were largely eliminated. The latter finding suggested that the 
speech-understanding difficulties of older adults may be largely a consequence of 
age-related auditory declines rather than age-related cognitive-linguistic declines. 
Presumably, perceptual declines in older adults result in inadequate or error-prone 
representations of external events. These inadequacies and errors at the perceptual 
level then cascade upward and lead to errors in comprehension (see also McCoy 
et al. 2005).

Of course, natural listening situations do not simply involve listening to a single 
talker in a noisy background. Murphy et al. (2006a) investigated potential interac-
tions between perceptual and cognitive demands on central resources by asking 
younger and older adults to comprehend and remember details from two-person 
conversations when there were varying degrees of spatial separation between the two 
talkers. In this study, younger and older adults listened to 2-person plays against a 
background of 12-speaker babble. The voices of the two actors were presented either 
over the same central loudspeaker (colocation condition) or over separate loudspeakers 
located 45° to the left and the right of the listener (spatial separation condition). In 
addition, in both conditions, 12-talker babble could be presented over the central 
loudspeaker only. The SNR in this situation was individually adjusted so that all 
individuals, both young and old, were equally able to recognize individual words 
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presented over the left, right, or central loudspeakers when these words were unsupported 
by context. Thus, in both conditions, younger and older adults were tested in conditions 
in which they performed equivalently well with respect to word recognition.

Figure 7.5 plots the percentage of detailed information correctly recalled as a 
function of noise level for both younger and older adults when the two voices were 
spatially separate versus colocated. When spatial position cues are absent (Talker 
1, Talker 2, and babble played over the central loudspeaker), younger and older 
adults performed equivalently, suggesting that younger and older adults are equally 
adept at executing the cognitive processes that are required for comprehension, 
memory, and recall in this task. However, older adults were not as good as younger 
adults in the same task when the two voices were spatially separate from each other 
and from the source of the babble.

One possible explanation of this result is that perceived spatial segregation in 
older adults is not as robust and stable as it is in younger adults. Alternatively, 
because adding spatial separation to the auditory scene could increase the cognitive 
load (by requiring listeners to switch attention between spatial positions), older 
listeners might find it more difficult than younger listeners to handle the increased 
cognitive demands because of resource limitations. In general, because complex 
listening tasks (such as comprehending a conversation in a noisy environment with 
competing talkers) requires the smooth integration of a number of perceptual and 
cognitive components, one is more likely to observe age-related deficits in spoken 
language comprehension in such situations.

In the beginning of this section, it was suggested that the study of auditory-
cognitive interactions using more ecologically valid stimuli is a tricky business. So 
far it appears that when the auditory scene is rather simple (all sound sources origi-
nating from the same location) and once one controls for age differences in hearing 
(by making individual words equally difficult for younger and older adults to rec-
ognize), age differences in word recognition and in comprehension of spoken dis-
course tend to disappear. However, when the auditory scene becomes more complex 
(spatial separation between talkers and masking noise), age differences emerged, 
presumably because the task of integrating information coming from two different 
spatial locations while suppressing the processing of information from a third loca-
tion placed additional demands on working memory and attentional resources. 
Hence, to the extent that processing resources are more limited in older than in 
younger adults, one would expect to find that age differences increase as the com-
plexity of the auditory scene increases.

The interpretation above implies that increasing the complexity of the auditory 
scene either indirectly or directly draws on some of the resources that are involved 
in spoken language comprehension. A recent study (Heinrich et al. 2008) on the 
effects of noise on memory suggests that this is indeed the case. Previous studies 
(Rabbitt 1968, 1991; Murphy et al. 2000) have shown that a continuous background 
noise or babble (12 people talking simultaneously) affects memory even when the 
words are clearly audible. Heinrich et al. (2008), in a series of studies (using young 
adults) designed to determine why background babble interfered with memory 
consolidation, concluded that listeners were attending to the auditory stream to 
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facilitate the extraction of the signal from the background babble, thereby diverting 
attentional resources from the task of memory consolidation. Thus the results of 
this study support the notion that the diversion of attentional resources to the task 
of parsing the auditory scene leaves fewer resources available for more higher-level 
processing of the information in the signal.

In conclusion, these studies indicate a rather complex pattern of interdependency 
between peripheral and central processing of speech. Age-related changes in periph-
eral processing degrade the speech signal and impede auditory scene analysis. When 
the listening situation is simple (all sound sources emanating from the same loca-
tion) and the processing demands light (e.g., speech recognition, processing a mono-
logue), it is possible to show that once these age-related peripheral auditory declines 
are taken into account, age differences in performance become minimal or disappear 
altogether. Some evidence has also been presented that central attentional resources 
may be required, in some instances, either to parse the auditory scene or to 
make effective use of the information in the parsed scene. This draw on resources, 
in turn, may deplete the pool of resources available for the processing of language. 

Fig. 7.5 Percentage of detailed information correctly recalled for younger and older adult listeners 
in quiet and in noise for two conditions of spatial separation between the voices. (Adapted from 
Murphy et al. 2006a with permission of the author.)
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Hence, if older adults have a smaller pool of available resources (e.g., a reduced 
working memory capacity), one would expect negative age differences to emerge as 
auditory scenes become complex. Alternatively, one might expect such age differ-
ences to emerge when the cognitive demands placed on the individual are increased 
(e.g., listening to a lecture while responding to e-mail). In all cases, it appears that, 
in the presence of age-related declines in lower-level auditory processing, there is, 
correspondingly, a greater need to deploy central processing resources to compen-
sate for these lower-level auditory processing deficiencies. This, in turn, leaves 
fewer resources available for the processing of spoken language. Conversely, if there 
are age-related declines in higher-level processes, this could have an adverse effect 
on auditory scene analysis and signal extraction. The limited number of studies 
currently available suggest that higher-level, more central auditory processes (atten-
tion bands, channel capacity, etc.) may be spared in healthy older adults. Moreover, 
age-related declines in the cognitive-level processes deemed essential for language 
comprehension do not appear to have any substantial effect on performance when 
the auditory scene is simple and the task requirements are not excessively demanding. 
Importantly, age differences begin to emerge as the auditory scene becomes more 
complex and/or the comprehension task becomes more demanding.

7.7  Auditory-Cognitive Interactions in Different Populations

The argument has been advanced that age differences in speech recognition and 
spoken language comprehension in a population of healthy and cognitively-intact 
individuals are largely due to age-related changes in auditory processes. The avail-
able evidence also suggests that age differences are more likely to emerge as the 
auditory scene becomes more complex and/or the comprehension task becomes 
more demanding because listeners in such situations will have to depend more and 
more on the top-down deployment of attentional resources to compensate for 
adverse listening situations and/or subclinical declines in auditory processing. 
Moreover, because hearing does not decline at a uniform rate in all individuals, one 
would also expect larger variations in performance in older than in younger indi-
viduals, with some older individuals performing as well as their younger counter-
parts. Finally, one might expect to find the extent of the decline in both speech 
recognition and comprehension and the nature and/or kind of top-down compensa-
tory mechanisms that will be engaged when listening becomes difficult to differ 
depending on the specific nature of the auditory or cognitive decline (Pichora-
Fuller 2007). In general, regardless of age, any listener will shift from automatic 
processing of incoming speech information to more effortful or controlled processing 
when the listening conditions or task demands become sufficiently challenging. 
The key questions are when does this breaking point occur (see Rönnberg et al. 
(2008) for a possible model of this process) and what are the consequences of 
switching from automatic to controlled processing in older populations with 
hearing and/or cognitive losses.
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Previous studies have shown that older adults with good audiograms require a 
SNR that is ~3 dB higher than that needed by their younger counterparts to perform 
equivalently on tests of speech recognition and comprehension. Presumably, the 
additional 3 dB are needed to overcome the effects of subclinical age-related audi-
tory declines. Older adults with relatively good hearing, however, are not represen-
tative of the general population because their linguistic (e.g., vocabulary) and 
cognitive (e.g., working memory spans) abilities as well as their general health 
status are likely to be much better than the average or median of older adults in the 
general population. Such high-performing older adults may excel in using compen-
satory processing to an extent that is beyond the capabilities of other older adults 
in the general population. Hence, speech recognition and comprehension are likely 
to be more drastically affected in older adults with hearing losses or with declining 
cognitive capacities. The remainder of the chapter considers how auditory-processing 
deficits associated with presbycusis may interact with cognition during spoken 
language comprehension in populations of older adults who have clinically signifi-
cant levels of hearing loss and/or who may not be as cognitively competent as those 
older adults typically studied in the laboratory. Before doing so, however, it is 
important to note that competence at the two levels of processing (sensory and 
cognitive) are strongly linked in older adults.

In a seminal study, Lindenberger and Baltes (1994) reported a very strong link 
between sensory and cognitive functioning in a large-scale correlational study of 
adults aged 70 to 103 years (the Berlin Aging study). Specifically, basic measures 
of hearing sensitivity and visual acuity accounted for 93.1% of the age-related 
variance in cognitive functioning (for a review, see Schneider and Pichora-Fuller 
2000). This strong linkage, irrespective of reasons for its existence, is quite likely 
to affect the nature of the interaction between the auditory and cognitive systems in 
any individual with either auditory or cognitive problems. The Berlin group pro-
posed four hypotheses concerning possible explanations for the powerful intersys-
tem connections between perception and cognition in aging: (1) the declines are 
symptomatic of widespread neural degeneration (common cause hypothesis); (2) 
cognitive declines result in perceptual declines (cognitive load on perception 
hypothesis); (3) perceptual declines result in long-term cognitive declines (depriva-
tion hypothesis); or (4) impoverished perceptual input results in compromised 
cognitive performance (information degradation hypothesis). A number of studies 
have been conducted to evaluate the contributions of each of these explanations to 
the linkage between perception and cognition in aging (for a review, see Gallacher 
2005) with many of the laboratory studies described earlier, providing evidence in 
support of the information degradation hypothesis. Nevertheless, when dealing with 
an aging individual, it could be that the nature of the interaction between hearing and 
cognition in speech processing has been altered because of widespread neural 
degeneration, because cognitive declines have led to inefficient sensory processing 
(e.g., lack of top-down control over perceptual processes), because long-term sensory 
deprivation has led to cognitive deterioration, or because information degradation 
has compromised cognitive performance. Whatever the reason, it is likely that the 
pattern of auditory-cognitive interaction will differ depending on the specific 
subpopulation of older adults being studied.
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In addition, “presbycusis” is a catchall term that refers to hearing loss in an older 
adult with no known specific cause (e.g., disease, trauma). Recently, researchers 
have begun to distinguish among a number of different subtypes of presbycusis (see 
Schmiedt, Chapter 2). Therefore, it is likely that the interplay between auditory and 
cognitive factors will vary with the particular subtype. Better diagnosis of various 
subtypes of presbycusis should reduce the apparent hetereogeneity seen in older 
groups tested in the lab and in the clinic. Furthermore, if the nature of the auditory-
cognitive interactions in spoken language comprehension can be determined for 
each of the different subtypes, rehabilitation strategies could be developed that are 
specifically tailored to the abilities and potentials of older adults. In the meantime, 
without being able to differentiate patterns that might be associated with different 
subtypes of presbycusis, one should proceed with caution in considering the litera-
ture regarding the interactions between auditory and cognitive processing in older 
adults with clinically significant hearing impairment, including research regarding 
the experiences of older adults using hearing aids or other assistive technology.

7.7.1  Interaction of Auditory and Cognitive Factors in Older 
Listeners With Hearing Loss

In studies where simple signals and tasks are used to measure speech understand-
ing, audiometric thresholds explain more of the variance than is explained by cog-
nitive variables (see Humes and Dubno, Chapter 8). However, as the listening 
situation and/or the task becomes more difficult, cognitive factors appear to account 
for more of the variance in performance of older adults (for a review, see Humes 
2007). For example, in the study concerning source segregation described in detail 
in Section 7.4.2 (Humes et al. 2006), in which amplification was used to compensate 
for hearing loss, individual differences within the older group with hearing loss 
were associated with a measure of working memory (digit span) when the call sign 
was presented after the CRM sentences were played (a condition that placed a high 
load on working memory) but not when the call sign was presented before the sen-
tences were played (low load on working memory). By way of contrast, perfor-
mance on the CRM tasks did not correlate significantly with high-frequency 
hearing loss in either the low- or high- working memory load conditions. The latter 
result is not too surprising because amplification was used to compensate for high-
frequency hearing losses. The former result, however, supports the notion that 
cognitive factors, such as working memory load, play an increasingly important 
role as the demands of the task increase.

7.7.2  Interventions

Over the last half century, those with sensorineural hearing loss, especially presbycusics, 
were considered to present special problems as candidates for audiological rehabilitation 
(Davis and Silverman 1970, pp. 321-322). When treating older adults, clinicians 



198 B.A. Schneider et al.

BookID 139876_ChapID 7_Proof# 1 - 12/10/2009 BookID 139876_ChapID 7_Proof# 1 - 12/10/2009

must frequently reckon with poor health and the gradual failure of other faculties, 
particularly vision, which is quite helpful as a supplement to hearing. Not only do 
older people often become very dependent on others, but they may also find them-
selves unable to “keep up with the times.” In addition, many of them live alone or 
with children who “have their own lives to lead.” All these factors may lead to ten-
sions, fears, and anxiety, which may discourage the use of new technologies (Czaja 
et al. 2006). All of these factors might lead to less successful interventions and 
hearing aid outcomes in older than in younger adults.

Tremendous technological advances have resulted in present-day hearing aids 
being more effective than past technologies in overcoming the peripheral auditory 
deficits associated with sensorineural hearing loss. However, overcoming the central 
auditory-processing and cognitive-processing problems that affect older listeners is 
an ongoing topic of research concerning hearing aid design (Edwards 2007). 
Furthermore, in addition to needed improvements in hearing aid technology, older 
adults continue to require other rehabilitation approaches that are tailored to their 
specific needs and ecologies (e.g., Kiessling et al. 2003; Kricos 2006; Willott and 
Schacht, Chapter 10). Some of the issues that can modulate the effectiveness of inter-
ventions in older populations with hearing losses are consideredin Section 7.7.2.

7.7.2.1  Hearing Aids

A typical finding is that there may be a decade or more delay between when a per-
son becomes aware of hearing problems and when the first hearing aid is obtained 
(e.g., Hétu 1996). The stigma and negative stereotypes associated with wearing a 
hearing aid and being old, along with other psychological and social factors, seem 
to conspire to promote the denial of hearing loss, prolong the period before reha-
bilitation is sought, and foster the rejection and discontinuation of hearing aid use 
(Kochkin 1993; Garstecki and Erler 1998). Consequently, the average first-time 
hearing aid user has already reached retirement age (see Cruickshanks, Zhan, and 
Zhong, Chapter 9).

Not surprisingly, the rate of hearing aid use is even lower in those with dementia 
than it is in those whose with normal cognitive function (Cohen-Mansfield and 
Infeld 2006). Indeed, those with no prior hearing aid experience are often consid-
ered to be unlikely candidates for a first-time hearing aid fitting. Those with demen-
tia who learned to use a hearing aid before suffering cognitive loss need increasing 
support from others to maintain hearing aid use as their general health and cognitive 
abilities continue to deteriorate (Hoek et al. 1997; Jennings 2005). Therefore, it 
seems that early audiological intervention is worthwhile not only because of the 
immediate benefits to the older person with hearing loss but also because early 
intervention may alleviate some of the negative consequences of further age-related 
declines in auditory and cognitive abilities. The importance of early intervention for 
age-related hearing loss has led to the development of new rehabilitative strategies 
that, in addition to providing a hearing aid, also include a health promotion component 
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and new training techniques that are tailored to fit the needs of the individual 
(Chisolm et al. 2003; Gates and Mills 2005; Kricos 2006).

A basic hope today is that audiological intervention and rehabilitation in older 
adults will not only improve auditory function and spoken language comprehension 
but also increase competence in performing activities of daily living (e.g., Brennan 
et al. 2005) and result in improvements in an individual’s overall quality of life 
(e.g., Stark and Hickson 2004; Chia et al. 2007; Chisolm et al. 2007). Indeed, on 
the basis of a large-scale longitudinal study of a comprehensive set of outcome 
measures administered to older adults who had been fit with hearing aids, Humes 
(2003) concluded that improvements could be demonstrated in three distinct cate-
gories: speech perception, hearing aid use, and satisfaction. There is also some 
evidence that sensory-focused interventions, such as hearing aid fitting (or cataract 
surgery to correct vision), result in significant posttreatment improvements on cog-
nitive measures administered in the same modality as the sensory intervention 
(Mulrow et al. 1990; Van Boxtel et al. 2000; Valentijn et al. 2005). However, 
improvements after hearing aid fitting have not been seen on cognitive tests admin-
istered using visual stimuli (Tesch-Romer 1997; van Hooren et al. 2005). It is worth 
noting that within-modality improvements provide further evidence for the infor-
mation degradation hypothesis.

Whether the strong correlation between auditory and cognitive functioning is 
explained in terms of the common-cause hypothesis, the information-degradation 
hypothesis, or a combination of these hypotheses, another emerging assumption 
motivating rehabilitative approaches is that compensation for sensory loss may slow 
or attenuate the symptoms of cognitive decline (Wahl and Heyl 2003). In turn, both 
perceptual and cognitive declines have been linked to emotional and psychosocial 
problems and even longevity (e.g., Appolonio et al. 1996; Cacciatore et al. 1999). 
Thus it seems that audiological rehabilitation may have positive consequences for 
cognitive and social function in older communicators (e.g., Mulrow et al. 1992).

Another perspective on the connection between hearing aid use and cognition 
that has gained recent attention among rehabilitative audiologists is that cognitive 
function may influence the suitability of candidates for particular types of hearing 
aid processing. In recent landmark studies, it has been shown that an individual’s 
cognitive capacity is significantly related to the degree to which he or she benefits 
from more demanding types of signal-processing algorithms used in hearing aids 
when more demanding speech and background signals are used to test performance 
(Gatehouse et al. 2003, 2006; Lunner 2003; Lunner and Sundewall-Thorén 2007). 
Importantly, traditional measures of hearing such as pure-tone average account for 
most of the variance in speech understanding when the signal-processing and back-
ground signals are less challenging, but cognitive measures account for most of the 
variance in performance when the listening situation is more challenging. The con-
nection between cognitive ability and candidacy for different types of hearing aids 
has compelled audiologists to begin to consider which cognitive measures could be 
incorporated into audiological practice and how such measures could be used to 
either guide hearing aid fitting or to evaluate outcomes of rehabilitation (see 
Pichora-Fuller and Singh 2006).
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7.7.2.2  The need for Comprehensive Rehabilitation

Given the inevitable failure of technology to solve all communication problems 
experienced by an older adult with hearing loss, a more comprehensive approach 
to rehabilitation is required, especially for older adults who have central auditory 
and cognitive declines in addition to cochlear hearing loss. Moreover, communi-
cation difficulties due to hearing loss (cochlear or central) are often exacerbated 
by the attitudes and behavior of communication partners and by the context 
within which communication takes place (Pichora-Fuller and Robertson 1997). 
Therefore, comprehensive rehabilitation would necessarily include training and 
counseling components that would improve the communicative behavior of both 
the impaired listener and his or her communicative partners and the ecology or 
situations in which they communicate (Pichora-Fuller and Schow 2007). 
Specifically, intervention may be required to enable the person with hearing loss 
to cope with their reactions to communication difficulties, to develop self-efficacy, 
and to use contextual information and conversational strategies to circumvent or 
compensate for the poor quality of perceptual input. Intervention may also be 
required to enable the person’s communication partners to support them in a 
variety of ways including producing more easily understood speech and language. 
In addition, it may be important to optimize environmental factors such as reducing 
ambient noise and distraction or improving lighting. The effectiveness of these 
forms of intervention has been convincingly documented (e.g., Hickson and 
Worrall 2003; Kramer et al. 2005; Boothroyd 2007).

In general, the value of a more comprehensive approach to audiological rehabili-
tation has received renewed attention as the importance of the interactions between 
auditory and cognitive factors has become better understood (see Willott and 
Schacht, Chapter 10).

7.7.3  Interaction of Auditory and Cognitive Factors in Older 
Listeners with Cognitive Loss

7.7.3.1  Prevalence

As with hearing loss, reports on the prevalence of cognitive impairment vary depending 
on many research parameters. For Alzheimer’s disease, prevalence estimates range 
from 1% at age 65 years to 75% at age 90 years (Hy and Keller 2000). In a sample 
of over 1,800 adults living in the community who participated in the Canadian 
Study of Health and Aging (Ebly et al. 1994), the prevalence of dementia increased 
with age, with ~15% being affected in the age group from 75 to 84 years, 23% in 
the group aged 85 to 89 years, 40% in those 90 to 94 years, and 58% in those 95 
years and older. Probable or possible Alzheimer’s disease accounted for 75% of the 
cases of dementia, and vascular etiology alone accounted for another 13%. Of 
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course, these figures would be much higher in the segment of the population who 
are living in residential care.

7.7.3.2  Correlations Between Sensory and Cognitive Impairment  
in Population Studies

Hearing impairment is associated with cognitive function even when the sample is 
deemed to be clinically normal on cognitive screening tests such as the Mini-Mental 
State Examination (MMSE) (Golding et al. 2006). Hence, there is an obvious practical 
need for taking sensory function into account when assessing cognitive function 
(e.g., Uhlmann et al. 1989b). Hearing impairment may even contribute or accelerate 
clinically significant cognitive decline and it has been suggested that sensory 
intervention could slow cognitive decline (Peters et al. 1988; Wahl and Heyl 2003). 
In a large-scale study, Uhlmann et al. (1989a) examined the relationship between 
hearing loss and cognitive decline in 100 people with and 100 people without 
Alzheimer’s type dementia. (The two groups were matched with respect to age, sex, 
and education.) These investigators found that cognitive function was correlated 
with hearing loss in both the demented and nondemented groups, with the preva-
lence of hearing loss being greater in the demented group. These results led the 
investigators to identify hearing loss (especially in the moderate-to-severe range) as 
a risk factor for Alzheimer’s type dementia. In a large-scale, multicenter longitudinal 
study of older women who were participating in research concerning osteoporotic 
fractures, combined vision and hearing loss was associated with the greatest odds for 
cognitive decline on the MMSE and functional decline in five everyday activities 
over a period of four years (Lin et al. 2004). In a smaller longitudinal study of 
patients with dementia of various etiologies, cognitive decline in Alzheimer’s 
patients with impaired hearing over a period of about one year was more rapid than 
in Alzheimer’s patients with relatively good hearing (Peters et al.1988).

It is noteworthy that in the studies investigating the relationships between cognitive 
impairment and sensory impairment, the criterion for vision impairment is typically 
based on measures of corrected vision; however, the criterion for hearing impair-
ment is usually based on unaided audiometric thresholds. This may be a conse-
quence of a relatively small percentage of participants who are hearing aid users 
and the reluctance on the part of the researchers to obtain performance measures 
from them. In addition, only a handful of studies have included tests of central 
auditory processing. Those that have included such tests have indicated that people 
with probable Alzheimer’s disease performed worse on the tests of central auditory 
processing even though they were matched to a nondemented control group with 
respect to age, gender, and pure-tone average (Strouse et al. 1995). In a recent large-
scale longitudinal study, speech tests, which were employed to measure central 
auditory dysfunction, proved to be predictive of the likelihood of developing 
Alzheimer’s disease even after the contribution of audiometric sensitivity had been 
taken into account (Gates et al. 2002). Further work is clearly needed to identify the 
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nature of the linkage between hearing losses of various types and cognitive declines 
and to determine the effectiveness of audiological interventions in stemming the 
tide of cognitive decline in the population.

7.7.3.3  Intervention

The literature suggests that providing comprehensive audiological rehabilitation 
may be especially important for older adults with cognitive impairment. As cognitive 
impairment progresses, more responsibility for communication will shift from the 
listener with hearing loss to the communication partners, and it will become even 
more important to prevent communication problems by optimizing communication 
contexts rather than simply relying on technology to overcome auditory problems. 
Importantly, hearing aid use should not be precluded by dementia. Indeed, reduced 
rate of decline in MMSE scores over a six-month period has been documented after 
intervention with hearing aids (Allen et al. 2003). Use of hearing aids has also been 
related to reduced caregiver-identified problem behaviors in patients with 
Alzheimer’s disease living in the community (Palmer et al. 1999).

7.8  Summary and Recommendations for Future Research

7.8.1  Summary

Spoken language comprehension requires the smooth and rapid functioning of an 
integrated system of perceptual and cognitive processes. Studies of high-function-
ing younger and older adults with good hearing have shown that the pattern of 
interdependency between lower-level and higher-level processing of speech can be 
quite complex. It also appears that any factor (such as background noise, competing 
speech) that degrades the speech signal will place a greater processing burden on 
the higher-level components involved in speech processing and most likely will 
engage working memory and other attentional processes as the listener attempts to 
process impoverished or distorted speech signals. Conversely, any cognitive-level 
demands (such as trying to compose an e-mail while listening over the telephone) 
will also lead to poorer spoken language comprehension because it divides atten-
tion between two tasks. The importance of these interactions has been demonstrated 
in highly selected experimental samples of younger and older adults. However, 
relatively little is known about the nature of these sensory-cognitive interactions in 
the general population where there is a much broader range of both auditory and 
cognitive abilities. Because of the strong linkages that exist between auditory and 
cognitive functioning, one might expect to find more complex and varied patterns 
of sensory-cognitive interactions in the general population than those found in 
high-functioning, good-hearing older adults.
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7.8.2  Recommendations for Future Research

First, systematic laboratory research is needed to more fully understand the nature 
of the complex interactions that occur between the auditory and cognitive processes 
involved in spoken language comprehension. This could be done in two parts: (1) 
continuing to explore interactions in high-functioning older adults and (2) extend 
these laboratory studies to include specific impaired subpopulations having different 
degrees and types of both auditory and cognitive impairments. Special attention 
should be paid to individuals with different subtypes of presbycusis, different 
subtypes of cognitive impairment, or combinations of more precisely subtyped 
auditory and cognitive impairments.

Second, more research is needed on how to translate experimental findings into 
clinical practice and models of health service delivery. Experimental research has 
advanced our knowledge of interactions between auditory and cognitive factors and 
developed experimental tools to measure various aspects of auditory and cognitive 
processing. Research is needed on how to develop cost-effective, clinically feasible 
versions of these experimental techniques. Assuming that this new generation of 
auditory and cognitive measures has been developed, they could be used to devise 
better and more individually tailored interventions.
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8.1  Introduction

This chapter reviews various factors that affect the speech-understanding abilities of 
older adults. Before proceeding to the identification of several such factors, however, 
it is important to clearly define what is meant by “speech understanding.” This term 
is used to refer to either the open-set recognition or the closed-set identification of 
nonsense syllables, words, or sentences by human listeners. Many years ago, Miller 
et al. (1951) demonstrated that the distinction between open-set recognition and 
closed-set identification blurs as the set size for closed-set identification increases. 
When words were used as the speech material, Miller et al. (1951) demonstrated that 
the closed-set speech-identification performance of young normal-hearing listeners 
progressively approached that of open-set speech recognition as the set size doubled 
in successive steps from 2 to 256 words. Clopper et al. (2006) have also demonstrated 
that lexical factors (e.g., word frequency and acoustic-phonetic similarity) impacting 
word identification and word recognition are very similar when the set size is reason-
ably large for the closed-set identification task and the alternatives in the response are 
reasonably confusable with the stimulus item. Thus the processes of closed-set 
speech identification and open-set speech recognition are considered to be very simi-
lar and both are referred to here as measures of “speech understanding.”
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Additional insight into what is meant by “speech understanding” in this chapter 
can be gained by considering some of the things that it is not. For example, consid-
erable speech-perception research has been conducted over the past half century in 
both young and old adults in which the discrimination of minimally contrasting 
speech sounds, often consonant-vowel or vowel-consonant syllables, has been 
measured. To illustrate the differences between speech recognition, speech identi-
fication, and speech-sound discrimination as used here, consider the following 
three tasks using the same consonant-vowel syllable, /ba/, as the speech stimulus. 
In open-set speech recognition, the listener is asked to say or write down the 
syllable that was heard after the /ba/ stimulus was presented. The range of alternative 
responses is restricted only by the experimenter’s instructions or the listener’s 
imagination. In closed-set speech identification, the same /ba/ stimulus is presented, 
but the listener is given a list of possible answers, such as /ba/, /pa/, /ta/ and /da/, 
only one of which corresponds to the stimulus that was presented. Finally, in minimal 
contrast speech-sound discrimination, some acoustic characteristic of the /ba/ 
stimulus is altered systematically, with the altered and one or more unaltered  
/ba/ stimuli presented in random sequence. The listener simply indicates whether 
the stimuli presented in the sequence were the same or different or may be asked to 
select the “different” stimulus from those presented in the sequence. In the 
discrimination task, the listener is never asked to indicate the sound(s) heard, only 
whether they were the same or different. As a result, this task is considered to be 
conceptually distinct from the processes of speech recognition and speech identifi-
cation, and we do not consider this form of speech-sound discrimination to be a part 
of “speech understanding” as used here.

Finally, although definitions of the terms “understanding” and “comprehension” 
may be similar, speech comprehension is not used interchangeably with speech 
understanding in this review. Most often, comprehension is assessed with phrases 
or sentences and involves the deciphering of the talker’s intended meaning behind 
the spoken message. For example, consider the following spoken message: “What 
day of the week follows Thursday?” An open-set recognition task making use of 
this question might ask the listener to repeat the entire sentence and a speech-
recognition score could be determined by counting the number of words correctly 
repeated (or the entire sentence could be scored as correct or incorrect). A closed-
set identification task making use of this same speech stimulus might have seven 
columns of words (one for each word in the sentence), with four alternative words 
in each column, and the listener would be required to select the correct word from 
each of the seven columns. Or, for sentence-based scoring, four alternative 
sentences could be displayed orthographically from which the listener must 
select the one matching the sentence heard. For a comprehension task, either an 
open-set or closed-set version can be created. In the open-set version, the listener 
simply answers the question and a correct answer (“Friday,” in this example) 
implies correct comprehension. Likewise, four days of the week could be 
listed as response alternatives and the listener asked to select the correct 
response to the question (“Friday”) from among the alternatives. Comprehension 
is a higher-level process than either speech recognition or speech identification. 
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Whereas it is unlikely that accurate comprehension can occur without accurate 
recognition or identification (e.g., imagine that “Tuesday” was perceived by the 
listener instead of “Thursday” in this example), accurate recognition or identifi-
cation does not guarantee accurate comprehension.

In summary, the term “speech understanding” is used here to refer to the task of either 
open-set speech recognition or closed-set speech identification. It does not include tasks 
of minimal-contrast speech-sound discrimination or speech comprehension. (The latter 
topic is treated by Schneider, Pichora-Fuller, and Daneman, Chapter 7).

8.2  Peripheral, Central-Auditory, and Cognitive Factors

As noted in earlier chapters, as humans age, several changes may take place in their 
auditory systems that could have a negative impact on speech understanding. At the 
periphery, although age-related changes may occur in the outer and middle ears, 
these are largely inconsequential for everyday speech communication by older 
adults. On the other hand, age-related hearing loss (presbycusis) occurs in ~30% of 
persons over the age of 60 (see Cruickshanks, Zhan, and Zhong, Chapter 9), which 
has serious consequences for speech understanding for most individuals. For 
example, functional deficits that accompany age-related hearing loss (elevated 
thresholds, reduced cochlear compression, broader tuning) can result in reduced 
speech understanding. These are related to anatomic and physiological changes in 
the auditory periphery, primarily affecting the cochlea and auditory nerve of older 
adults (reviewed in detail by Schmiedt, Chapter 2).

As noted by Canlon, Illing, and Walton, (Chapter 3), age-related changes can 
also occur at higher centers of the auditory portion of the central nervous system. 
These modality-specific deficits can, in turn, have a negative impact on speech 
understanding in older listeners. Moreover, as noted by Schneider, Pichora-Fuller, 
and Daneman (Chapter 7), there may be amodal changes in the cortex of older 
listeners that impact cognitive functions, such as speed of processing, working 
memory, and attention. These changes alone may result in reduced speech under-
standing in older listeners. However, age-related changes to the auditory periph-
ery also degrade the speech signal delivered to the central nervous system for 
cognitive and linguistic processing so that the speech understanding problems of 
older listeners may represent the combined effects of peripheral, central-auditory, 
and cognitive factors.

In fact, prior reviews of the speech-understanding problems of older adults have 
framed their reviews around a similar “site of lesion” framework, with peripheral 
(primarily cochlear), central-auditory, and cognitive “sites” hypothesized as the 
primary contributors (Committee on Hearing, Bioacoustics, and Biomechanics 
[CHABA] 1988; Humes 1996). Although there is probably little disagreement 
among researchers as to the extent of speech-understanding difficulties experienced 
by older adults, the challenge has been in identifying the nature of the underlying 
cause(s) of these difficulties.
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Of the peripheral, central-auditory, and cognitive explanations of age-related 
speech-understanding declines, the peripheral explanation in its simplest form 
(elevated hearing thresholds) is probably the most straightforward. In addition, 
given that the prevalence of hearing loss in older adults is greater than either 
central-auditory deficits (Cooper and Gates 1991) or mild cognitive impairment 
(Lopez et al. 2003; Portet et al. 2006), peripheral hearing loss is the most likely 
explanatory factor of the speech-understanding problems observed in older adults. 
If the peripheral explanation fails to account for the measured speech-understanding 
performance of older adults, then alternative and more complex mechanisms can 
be considered further.

8.2.1  Peripheral Factors

When evaluating the extent to which hearing loss of cochlear origin accounts for 
speech-understanding problems in older adults, several approaches have been 
pursued. Some of the more commonly pursued approaches are reviewed here.

8.2.1.1  Articulation Index Framework

One of the most powerful approaches used to explain the average speech-under-
standing performance of human listeners is the Articulation Index (AI) framework 
championed by Harvey Fletcher and his colleagues at Bell Labs in the 1940s and 
1950s (French and Steinberg 1947; Fletcher and Galt 1950; Fletcher 1953). There 
have been many variations of the AI framework developed in the intervening 50 to 
60 years. Although too numerous to review in detail here, notable variations include 
the first American National Standard of the AI (ANSI 1969); the Speech 
Transmission Index, which used the modulation transfer function to quantify the 
signal-to-noise ratio (SNR; Steeneken and Houtgast 1980; Houtgast and Steeneken 
1985); and the most recent version of the American National Standard (ANSI 
1997), in which the index was modified and renamed the Speech Intelligibility 
Index. Because there is more in common among these various indices than differ-
ences, the general expression “AI framework” will be used throughout this review 
to refer to any one of these indices.

Regardless of the specific version of the AI framework, the key conceptual 
components are very similar across versions. Central to this framework, for 
example, is the long-term average spectrum for speech, illustrated by the line 
labeled “rms” in Figure 8.1. This idealized spectrum represents the root-mean-square 
(rms) amplitude at each frequency measured using a 125-ms rectangular window 
and averaged over many seconds of running speech for a large number of male 
and female talkers. If this framework is to be used to estimate or predict speech-
understanding performance of groups of individuals listening to specific speech 
stimuli, the long-term average spectrum of the actual speech materials spoken 
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by the talker(s) used in the measurements should be substituted for the generic 
version shown in Figure 8.1. For comparison purposes, the average hearing 
thresholds for young normal-hearing (YNH) adults have also been provided 
in Figure 8.1

A second critical concept in the AI framework is the identification of the range 
of speech sound levels above and below the rms long-term average spectrum that 
contribute to intelligibility. One way in which this range has been established has 
been strictly from acoustical measurements of the distribution of speech levels 
measured with the 125-ms window during running speech. The acoustical range is 
then described in terms of the 10th and 90th, 5th and 95th, or 1st and 99th percen-
tiles from these speech-level distributions. Depending on the definition of speech 
peaks and speech minima used, the ranges derived have varied typically between 
30 and 36 dB, with the speech peaks represented in an idealized fashion at either 
12 or 15 dB above the long-term average spectrum (French and Steinberg 1947; 
Fletcher and Galt 1950; Pavlovic 1984). In the current American National 
Standard (ANSI 1997), a 30-dB range from 15 dB to −15 dB re the long-term 
average speech spectrum has been adopted, and this is illustrated in Figure 8.1. 

Fig. 8.1 Root-mean-square (rms) long-term average speech spectrum for normal vocal effort 
from ANSI (1997) and the 30-dB range of speech amplitudes, 15 dB above and below the rms 
spectrum, which contribute to speech understanding according to the Articulation Index frame-
work. For comparison, average hearing thresholds for young normal-hearing (YNH) adults along 
the same coordinates are shown.
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The basic concept behind the AI framework and its successors is that if the entire 
30-dB range of speech intensities is audible and undistorted (i.e., heard and useable 
by the listener) from ~100 to 8,000 Hz, then speech understanding will be optimal 
(typically >95% for nonsense syllables). As the area represented by this 30-dB 
range from 100 to 8,000 Hz, referred to here as the “speech area,” is reduced or 
distorted (meaning that portions of the speech are not heard or useable), then the AI 
decreases, which predicts a decrease in speech understanding. There are many ways 
in which the speech area can be diminished, including filtering, masking noise, and 
hearing loss. The power of this approach is that these multiple forms of degradation 
can be combined and reduced to a single metric, the AI, which is proportional to 
speech understanding regardless of the specific speech stimuli or the specific form 
of degradation or combination of degradations.

Before considering two other concepts central to the AI framework, perhaps an 
example of its application would be useful here. Imagine spectrally shaping a 
steady-state random noise so that its rms long-term average spectrum matches that 
of the speech stimulus. Given the matching of the long-term spectra, the adjustment 
of the overall level of the speech or noise to produce a specific SNR results in an 
identical change in SNR across the entire spectrum (i.e., the SNR is the same at 
each frequency). When using nonsense syllables as stimuli to minimize the contri-
butions of higher-level processing, it has generally been found that speech-under-
standing performance increases above 0% at a SNR of −15 dB and increases 
linearly with increases in SNR until reaching an asymptote at 15 dB (Fletcher and 
Galt 1950; Pavlovic 1984; Kamm et al. 1985). SNRs of 10, 0 and −10 dB are illus-
trated in Figure 8.2, along with the AI values for these conditions (ANSI 1997). In 
this special case of identical long-term spectra between the noise and the speech 
stimuli (and no other factors limiting the speech area), the AI can be easily calcu-
lated from the SNR alone as follows: AI = (SNR [in dB] + 15 dB)/30 dB. In this 
case, the AI is the proportion of the speech area in Figure 8.2 that remains visible 
(audible) in the presence of the competing background noise.

Another central concept in this framework is acknowledging that actual speech-
understanding performance for a given acoustical condition (such as any of the 
three conditions illustrated in Fig. 8.2) will vary with the type of speech materials 
used to measure speech understanding. This is illustrated by the transfer functions 
relating percent correct performance by YNH adults to the AI in Figure 8.3. The 
functions in the top panel were derived for nonsense syllables, using either an open-set 
speech-recognition task (Fletcher and Galt 1950) or a closed-set speech-identifica-
tion task having seven to nine response alternatives per test item (Kamm et al. 
1985). The two functions for nonsense syllables in the top panel are very similar 
and both show monotonic increases in speech understanding with increases in the 
AI. The functions in Figure 8.3, bottom, were derived from those developed by 
Dirks et al. (1986) for the Speech Perception in Noise (SPIN) test (Kalikow et al. 
1977; Bilger et al., 1984). This test requires open-set recognition of the final word 
in the sentence. The words preceding the final word provide either very little 
semantic context (predictability-low [PL] sentences) or considerable semantic 
context (predictability-high [PH] sentences). The dotted vertical lines in Figure 8.3 
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Fig. 8.2 Audibility of the 30-dB speech area across frequency as the signal-to-noise ratio (SNR) 
is varied from 10 dB (top) to 0 dB (middle) to −10 dB (bottom). The competing noise is steady 
state and is assumed to have a spectrum identical to that of the speech stimulus. Its amplitude is 
represented by the shaded grey area. The values calculated for the Articulation Index (AI) frame-
work from ANSI (1997) are also shown.
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Fig. 8.3 Transfer functions relating the percent correct speech-understanding score to the AI for 
nonsense syllables (top) and the predictability-low (PL) and predictability-high (PH) sentences of the 
Speech Perception in Noise (SPIN) test (bottom; Kalikow et al. 1977; Dirks et al. 1986). Dotted 
vertical lines are the AI values corresponding to those in Figure 8.2 for SNRs of −10, 0, and 10 dB.
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correspond to the AI values of 0.17, 0.5, and 0.83 associated with the SNRs of −10, 0, 
and 10 dB displayed previously in Figure 8.2. The intersections of these dotted 
vertical lines with the various transfer functions in Figure 8.3 indicate the predicted 
speech-understanding scores for these conditions and speech materials. Thus when 
desiring to map AI values to scores for specific sets of speech materials, the transfer 
function relating the AI to percent correct speech understanding for those materials must 
be known. In all cases, however, there is a monotonic increase in speech-understanding 
performance, with increases in AI (except for AI values > ~0.6 where the SPIN-PH 
function asymptotes at 100%).

The final central concept of the AI framework reviewed here is referred to as the 
band-importance function. As noted, in addition to the noise masking illustrated in 
Figure 8.2, another way to reduce the audible speech area is via low-pass or 
high-pass filtering. Early in the development of this framework, based largely on 
extensive studies of low-pass and high-pass filtered speech, it was recognized that 
certain frequency regions contributed more to speech understanding than others 
(French and Steinberg 1947; Fletcher and Galt 1950). For example, for the open-set 
recognition of nonsense syllables, acoustic cues in the frequency region from 1,000 
to 3,000 Hz contribute much more to speech understanding than do higher- or 
lower-frequency regions. This is managed within the AI framework by dividing the 
horizontal (frequency) dimension of the speech area in Figure 8.1 into a specific 
number of bands and then weighting each band according to its empirically 
measured importance. The weights assigned to each band sum to 1.0 and are used 
as multipliers of the SNR measured in each of the bands.

One approach to partitioning the frequency axis would be to simply adjust the 
upper and lower frequencies of each band so that each band contributed equally to 
speech understanding; for example, with 20 bands from 100 to 8,000 Hz, each 
would contribute 1/20 or 0.05 AI (French and Steinberg 1947). If a low-pass filter 
rendered the 10 highest-frequency bands inaudible while the SNR was 15 dB in the 
remaining lower-frequency bands, there would be 10 bands with full contribution 
(0.05) and 10 with no contribution, for a total AI value of 0.5 [(10 × 0.05) + (10 × 
0.0)]. Note that the same would hold true for a complementary high-pass filter that 
rendered the lowest 10 bands inaudible while keeping the SNR optimal (15 dB) in 
the 10 higher-frequency bands. As demonstrated by the 0-dB SNR in Figure 8.2, 
middle, this condition also yielded an AI of 0.5. Thus given a single transfer func-
tion relating the value of the AI to speech-understanding performance in percent 
correct (e.g., Fig. 8.3), all three of these conditions (low-pass filtering, high-pass 
filtering, and 0-dB SNR) resulted in an AI value of 0.5 and would be expected to 
yield the same speech-understanding score. This again is the power behind the AI 
framework. Different acoustical factors that impact speech understanding in vari-
ous ways can be reduced to a single value that is predictive of speech-understanding 
performance regardless of the way in which the speech area has been modified. It 
is important to recognize, however, as did the developers of the AI framework, that 
the predictions are made for average speech-understanding scores for a group of 
listeners (YNH listeners when initially developed). The index was not designed to 
predict performance for an individual, although it has been used in this manner, and 
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it does not suggest that specific errors resulting from a given form of distortion 
will be the same for all listeners, even though their speech-understanding scores 
might be identical.

How can the sensorineural hearing loss associated with aging be included in the 
AI framework? This is illustrated in Figure 8.4, top, where the median hearing 
thresholds for males 60, 70, and 80 years of age (ISO 2000) have been added to the 
information shown previously in Figure 8.1. In this situation, with conversational 
level (62.5-dB SPL) speech presented in quiet, the loss of high-frequency hearing 
with advancing age progressively reduces the audibility of the speech area and 
decreases speech understanding. The bottom panel illustrates a situation with 
speech at the same level and the level of a speech-shaped steady-state background 
noise set to achieve a 0-dB SNR. AI values were calculated from ANSI (1997)  
for each of the three age groups and both of the listening conditions shown in 
Figure 8.4, and appear in Table 8.1. The SPIN transfer functions in Figure 8.3, 
bottom, were then used to estimate speech-understanding scores for low- and 
high-context sentences from the calculated AI values and these also are provided in 
Table 8.1. With regard to the low-context SPIN-PL materials, note that as age and 
corresponding high-frequency hearing loss increase, the AI decreases and so do the 
predicted speech-understanding scores. This is true for both quiet and noise and is 
consistent with the progressively diminishing portions of the speech area available 
to the listener, as illustrated in Figure 8.4. Note that the pattern is somewhat different, 
however, for the high-context sentences (SPIN-PH). In this case, even though the 
value of the AI for the 80 year olds in quiet is about half that of the young adults 
in quiet, the estimated speech-understanding performance is 99-100% for all 
listener groups. This is because of the broad asymptote at 100% performance in the 
transfer function for the SPIN-PH materials (Fig. 8.3, bottom). When noise is 
added, however, a considerable decline in performance is observed for the oldest 
age group. If one considers the high-context sentences to be most like everyday 
communication, then the latter pattern of predictions for the 80 year olds is consistent 
with their most frequent clinical complaint: they can hear speech but can’t understand 
it, especially with noise in the background.

There have been numerous attempts to make use of the AI framework in research 
on speech understanding in older adults. In general, for quiet or steady-state 
background-noise listening conditions, including multitalker babble (≥8 talkers), 
group results have been fairly well captured by the predictions of this framework 
(e.g., Pavlovic 1984; Kamm et al. 1985; Dirks et al. 1986; Pavlovic et al. 1986; 
Humes 2002). Even here, however, large individual differences have been observed 
(Dirks et al. 1986; Pavlovic et al. 1986; Humes 2002). In a study of 171 older 
adults listening to speech (nonsense syllables and sentences) with and without 
clinically fit hearing aids worn in quiet and background noise (multitalker babble), 
Humes (2002) found that 53.2% of the variance in speech-understanding perfor-
mance of the older adults could be explained by the AI values calculated for these 
same listeners. An additional 11.4% of the total variance could be accounted for 
by measures of central-auditory or cognitive function. For clinical measures of 
speech understanding, including those used by Humes (2002), test-retest correla-
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Fig. 8.4 Depiction of the speech area in quiet (top) and in a background of speech-shaped 
noise (bottom). Also shown are median hearing thresholds of 60-, 70- and 80-year-old men 
from ISO (2000).
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tions for the scores are typically between 0.8 and 0.9. This suggests that the total 
systematic variance (nonerror variance) that one could hope to account for would 
vary between 64 and 81%. Accounting for 53.2% of the total variance in this con-
text suggests that the primary factor impacting speech-understanding performance 
in these 171 older adults was the audibility of the speech area. The AI concept only 
takes into consideration speech acoustics and the hearing loss of the listener. Other 
peripheral dysfunction, such as reduced cochlear nonlinearities (Dubno et al. 2007; 
Horwitz et al. 2007) or higher-level deficits such as central-auditory or cognitive 
difficulties, are not incorporated into this conceptual framework. Thus to the extent 
that the AI framework provides accurate descriptions of the speech-understanding 
performance of older adults in these listening conditions, age-related threshold 
elevation and resulting reductions in speech audibility underlie their speech-
understanding performance. (As noted, however, higher-level factors did account 
for significant, albeit small, amounts of additional variance in Humes [2002].)

When the AI framework largely explains performance for older adults and the 
only listener variable accounted for by the framework is hearing loss, strong 
correlations should be observed between measured hearing loss for pure tones 
and speech understanding in older adults. This is consistent with the notion that 
the listener variable of age contributes substantially less, if at all, to speech under-
standing. This has, in fact, been observed in many correlational studies of speech 
understanding in older adults (van Rooij et al. 1989; Helfer and Wilber 1990; 
Humes and Roberts 1990; van Rooij and Plomp 1990, 1992; Humes and 
Christopherson 1991; Jerger et al. 1991; Helfer 1992; Souza and Turner 1994; 
Humes et al. 1994; Divenyi and Haupt 1997a, b, c; Dubno et al. 1997; Jerger and 
Chmiel 1997; Dubno et al. 2000; Humes 2002; George et al. 2006, 2007). In such 
studies, the primary listening conditions have been quiet or steady-state background 
noise (occasionally including multitalker babble). Hearing loss was the primary 
factor identified as a contributor to the speech-understanding performance of the 
older adults in each of these studies and typically accounted for 50-90% of 
the total variance.

Table 8.1 Percent correct speech-understanding scores for young normal-hearing adults and 
three age groups of older adults with high-frequency hearing loss as predicted from transfer functions 
in Figure 8.3. Conversational speech level (62.5-dB SPL) is assumed.

Condition Group AI % SPIN-PL % SPIN-PH

Quiet YNH 1.00 96 100
60 year olds 0.84 93 100
70 year olds 0.66 85 100
80 year olds 0.53 74  99

0-dB SNR YNH 0.47 68  98
60 year olds 0.43 63  96
70 year olds 0.36 53  90
80 year olds 0.28 39  75

YNH, young normal hearing; SNR, signal-to-noise ratio; SPIN, Speech Perception in Noise; PL, 
predictability low; PH, predictability high. AI, Articulation Index
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Given the primacy of hearing loss as an explanatory factor for the speech-
understanding performance of older adults and the fact that hearing loss is the only 
listener-related variable entered into typical AI frameworks, why bother with a 
more complex AI framework? There are several reasons to do so. First, there are 
special listening situations that might dictate the entry of other listener-related 
variables to obtain a more complete description of speech-understanding perfor-
mance in noise. For example, Dubno and Ahlstrom (1995a, b) have measured the 
speech-understanding performance of older adults in the presence of intense 
low-pass noise. Rather than relying on acoustic measures of SNR in each frequency 
region, the AI framework provides a means to incorporate expected upward spread 
of masking from intense low-pass noise and its impact on the speech area when 
calculating AI values. This has been a feature of this predictive framework from the 
outset. However, Dubno and Ahlstrom (1995a, b) found that AI predictions were 
more accurate when the actual masked thresholds of the listener in the presence of 
the low-pass noise were used rather than relying solely on expected masked thresh-
olds and hearing thresholds. This means that the higher-than-normal masked 
thresholds of older listeners with hearing loss further reduced their audible speech 
area, which accounted for their poorer-than-normal speech understanding. Note that 
these results are consistent with the earlier conclusion that elevated thresholds (in this 
case, masked thresholds) and limited audibility of the speech area are the primary 
factors underlying the speech-understanding performance of older adults.

Another example of the utility of the AI framework relates to the dependence of 
speech-understanding performance on speech presentation level. From the outset, 
Fletcher and colleagues built into the framework a decrease in the AI and, therefore, 
speech understanding, at high presentation levels. This has been confirmed more 
recently by Studebaker et al. (1999), Dubno et al. (2005a, b), and Summers and 
Cord (2007). For a fixed acoustical SNR, as the speech presentation level exceeds 
~70-dB SPL, speech-understanding performance decreases in YNH listeners 
(Dubno et al. 2005a,b) as well as in older listeners with mildly impaired hearing 
(Dubno et al. 2006). With SNR held constant, declines in performance with 
increases in level were largely accounted for by higher-than-normal masked thresh-
olds and concurrent reductions in speech audibility, as explained earlier. In some 
studies conducted previously, a constant SPL might be used that is either the same 
for all listeners, young and old, normal hearing, and hearing impaired or varied with 
hearing status (lower levels for YNH listeners and higher levels for those with hear-
ing loss). In the latter case, level differences across groups may result, and these 
level differences may impact the measured speech-understanding performance. In 
other studies, a constant sensation level might be employed such that individual 
listeners within a group receive different presentation levels. In such cases, it is 
critical to model the corresponding changes in speech presentation level and the 
parallel changes in the AI.

Aside from these specific cases for which the complete AI framework might be 
needed, the central concepts of the framework are critical to obtaining a clear 
picture of the impact of various listening conditions on the audibility of the speech 
area (e.g., Humes 1991; Dubno and Schaefer 1992; Dubno and Dirks 1993; Lee and 
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Humes 1993; Dubno and Ahlstrom 1995a, b; Humes 2002, 2007, 2008). To illustrate 
this, consider the following common misconception in research on speech under-
standing in older adults. It is commonly assumed that increasing the presentation 
level of the speech stimulus without changing its spectrum can result in optimal 
audibility of the speech area. This misconception is illustrated in Figure 8.5, which 
is basically identical to Figure 8.2 except that the speech presentation level has been 
increased to 90-dB SPL. Clearly, although speech energy at this level is well above 
the low- and mid-frequency hearing thresholds, the median high-frequency thresh-
olds for 70- and 80-year-old men render portions of the speech area inaudible, even 
at this high presentation level of 90-dB SPL. Furthermore, the reader should keep 
in mind that median thresholds are shown in Figure 8.5. That is, for 50% of the 
older adults with hearing thresholds higher than those shown for each age group, 
still less of the speech area will be audible in the higher frequencies. It should also 
be kept in mind that this illustration is for undistorted speech in quiet. Recall, moreover, 
that use of high presentation levels alone can result in decreased speech-under-
standing performance, even in YNH adults (e.g., Studebaker et al. 1999). It is 

Fig. 8.5 Median hearing thresholds for 60-, 70- and 80-year-old men superimposed on the speech 
area when the level of speech has been increased from normal vocal effort (62.5-dB SPL) to a 
level of 90-dB SPL. Note that even at this high presentation level the high-frequency portions of 
the speech stimulus are not fully audible.
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apparent that use of a high presentation level alone is insufficient to ensure the full 
audibility of the speech area for listeners with high-frequency hearing loss.

In summary, the AI framework is capable of making quantitative predictions of 
the speech-understanding performance of older listeners, which are reasonably accu-
rate for quiet listening conditions and conditions including steady-state background 
noise. To the extent that the AI framework provides an adequate description of the 
data, elevated thresholds and a reduction in speech audibility (the simplest of the 
peripheral factors) explain the speech-understanding difficulties of older adults.

Although the AI framework has proven to be an extremely useful tool in 
understanding the speech-understanding problems of older adults, it is not without 
limitations. For example, it has primarily been developed from work on speech in quiet 
at different presentation levels, filtered speech, and speech in steady-state 
background noise. It has also been applied to reverberation, either alone or in 
combination with some of the factors noted in the preceding statement, but with 
less validation of this application. It has not been developed for application to many 
other forms of temporally distorted speech, such as interrupted or time-compressed 
speech, or for temporally fluctuating background noise, although there have been 
attempts to extend the framework to at least some of these cases (e.g., Dubno et al. 
2002b; Rhebergen and Versfeld 2005; Rhebergen et al. 2006). Moreover, the AI 
framework has not been applied and validated on a widespread basis to sound-field 
listening situations in which binaural processing is involved, although, again, there 
have been attempts to extend it to some of these situations (e.g., Levitt and Rabiner 
1967; Zurek 1993; Ahlstrom et al. 2009). Finally, the framework makes identical 
predictions for competing background stimuli as long as their rms long-term average 
spectra are equivalent, but performance can vary widely in these same conditions. For 
example, AI predictions would be the same for speech with a single competing 
talker in the background whether that competing speech was played forward or in 
reverse, yet listeners find the latter masker to be much less distracting and have 
higher speech-understanding scores as a result (e.g., Dirks and Bower 1969; Festen 
and Plomp 1990; Humes et al. 2006).

8.2.1.2  Plomp’s Speech-Recognition Threshold Model

The focus in this review thus far has been on listening conditions that are acousti-
cally fixed in terms of speech level and SNR, with the percent correct speech-
understanding performance determined for nonsense syllables, words, or sentences. 
An alternate approach is to adaptively vary the SNR (usually, the noise level is held 
constant and the speech level varied) to achieve a criterion performance level, such 
as 50% correct (Bode and Carhart 1974; Plomp and Mimpen 1979a; Dirks et al. 
1982). Plomp (1978, 1986) specifically made use of sentence materials and a spec-
trally matched competing steady-state noise and developed a simple, but elegant, 
model of speech-recognition thresholds (SRTs) in quiet and noise. Briefly, the SRT 
(50% performance criterion) for sentences is adaptively measured in quiet and then 
in increasing levels of noise in a group of YNH listeners. This provides a reference 
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function that is illustrated by the solid line in Figure 8.6. Next, comparable measurements 
are made in older adults with varying degrees of hearing loss. Hypothetical functions 
for two older hearing-impaired listeners (HI1 and HI2) are shown as dashed lines in 
Figure 8.6. Note that both have somewhat similar amounts of hearing loss for speech 
(elevated SRTs) in quiet and in low noise levels (far left) but that as noise level 
increases, HI1’s SRT is equal to that of the YNH adults, whereas HI2’s SRT runs 
parallel to but higher than the normal-hearing function. The elevated parallel 
function reflects the observation that at high noise levels, HI2 needs a better-than-normal 
SNR to achieve 50% correct. Plomp (1978, 1986) argued that this reflected 
additional “distortion” above and beyond the loss of audibility, most likely associated 
with other aspects of cochlear pathology such as decreased frequency resolution. 
This SRT model was subsequently supported by a large amount of data on the SRT 
in quiet and in noise in older adults obtained by Plomp and Mimpen (1979b). The 
need for a better-than-normal SNR by some older adults for unaided SRT in noise 
has been clearly established in these studies. However, the need to invoke some form 
of “distortion,” other than that associated with reduced speech audibility due to hearing 
loss in the high frequencies, is much less clear.

Fig. 8.6 Plomp’s speech reception threshold (SRT) model for YNH and two hearing-impaired 
(HI) listeners. Hearing loss for speech in quiet and in noise is indicated by the gray arrows.
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The AI framework described in Section 2.1.1 offers an alternate interpretation 
of the higher-than-normal SRT in noise observed in some older adults. Van Tasell 
and Yanz (1987) and Lee and Humes (1993), for instance, argued that, given the 
high-frequency sloping nature of the hearing loss in older adults, the “distortion” 
could instead be a manifestation of the loss of high-frequency portions of the 
speech area. The argument presented by Lee and Humes (1993) is illustrated sche-
matically in Figure 8.7. For the SRT in noise measurements, YNH listeners typi-
cally reach SRT (50% correct) for sentences at a −6-dB SNR. This is shown in 
Figure 8.7, top, in which the rms level of the noise (shaded region) exceeds the rms 
level of the speech by 6 dB. This corresponds to an AI value of 0.3. When the 
speech and noise remain unchanged and are presented to a typical 80-year-old 
man, his high-frequency sensorineural hearing loss makes portions of the speech 
spectrum inaudible, as shown in Figure 8.7, middle. This reduction in audible 
bandwidth lowers the AI to a value of 0.2 and performance can be expected to be 
below 50% (SRT). As a consequence, the speech level must be raised or the noise 
level reduced to improve the SNR and reach an AI value of 0.3 for 50% correct 
performance (or SRT). Using the AI (ANSI 1997) and reducing the noise level to 
improve the SNR (Fig. 8.7, bottom) resulted in a SNR of −1 dB for the 80-year-old 
man to achieve 50% correct performance (SRT). Thus the AI framework indicates 
that to achieve an AI value equal to that of the YNH adults, the 80-year-old man 
will require a 5-dB better SNR. This can be accounted for entirely, however, by 
the reduced audibility of the higher frequencies due to the peripheral hearing loss. 
There is no need to invoke other forms of “distortion” to account for these findings. 
In fact, Plomp (1986) presented data that support this trend for YNH listeners 
undergoing low-pass filtering of the speech and noise, with cutoff frequency 
progressively decreasing in octave steps from 8,000 Hz to 1,000 Hz. That is, as the 
low-pass filter cut away progressively more of the speech area, the speech level 
needed to reach SRT (i.e., 50% correct recognition in noise) increased proportionately. 
The amount of increase in SNR, moreover, is in line with that observed frequently 
in older adults with high-frequency hearing loss. Identical patterns of results have 
been observed for YNH listeners listening to low-pass filtered speech using 
versions of Plomp’s test developed using American English speech materials, such 
as the Hearing in Noise Test (HINT; Nilsson et al. 1994) and the Quick Speech in 
Noise (Quick-SIN) test (Killion et al. 2004). This audibility-based explanation of 
“distortion” is also consistent with the findings of Smoorenburg (1992) from 400 
ears with noise-induced hearing loss, a pattern of hearing loss primarily impacting 
the higher frequencies similar to presbycusis in which hearing thresholds at 2,000 
and 4,000 Hz were found to be predictive of SRT in noise. Moreover, Van Tasell 
and Yanz (1987) demonstrated in young adults with moderate-to-severe high-frequency 
sensorineural hearing loss that if the audibility of the speech area was restored 
through amplification, the need for a better-than-normal SNR disappeared in most 
listeners. Thus the “distortion” and “SNR loss” reported in older adults with 
high-frequency hearing loss may, in fact, simply be manifestations of the restricted 
bandwidth or loss of the high-frequency portion of the speech area experienced 
by older listeners.
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Fig. 8.7 Schematic illustration of the need for a better-than-normal SNR at SRT for listeners with 
high-frequency hearing loss. Top: based on SRT for YNH listeners in Figure 8.6, for a speech
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Of course, the elevated SRT in noise could be a manifestation of some other 
form of distortion (peripheral or central in origin), but it is not possible to isolate 
these two possibilities from the basic SRT in noise paradigm alone. Use of the AI 
framework, together with the SRT in noise measurements, could help disentangle 
bandwidth restriction from true “distortion.” Another way in which this could be 
accomplished is to make use of low-pass-filtered speech and noise (with comple-
mentary high-pass masking noise) in both YNH and older hearing-impaired adults 
with the cutoff frequency set to ~1,500 Hz. In this case, the high frequencies are 
inaudible to normal-hearing and hearing-impaired listeners alike and a SNR that is 
higher than that required for broadband speech should be required for the younger 
listeners with normal hearing. If older hearing-impaired adults still require a better-
than normal SNR under the same test conditions, then it should not be due to the 
restricted bandwidth that was limiting performance in the broadband listening con-
dition but some other “distortion” process. In fact, Horwitz et al. (2002) did just this 
experiment in six young adults and six older adults with high-frequency sen-
sorineural hearing loss. For broadband (unfiltered) speech in noise, the older group 
needed about a 12-dB better SNR than the younger adults. When low-pass-filtered 
speech and noise were used, however, the older adults only needed a SNR that was 
~3-6 dB better than that of the younger group. The interpretation of these results, 
within the framework described above, is that about half or more of the initial “distortion” 
measured in the broadband conditions was attributable to bandwidth restriction 
(high-frequency hearing loss) but that the balance of the deficit could not be 
accounted for in this way. On the other hand, Dubno and Ahlstrom (1995a, b) found 
a close correspondence between the performance of YNH and older hearing-
impaired listeners for low-pass speech and noise, whereas Dubno et al. (2006) 
found ~40-50% of older adults with very slight hearing loss in the high frequencies 
had poorer performance for low-pass speech and noise than YNH adults. These 
conflicting group data suggest that there may be considerable individual variation 
in the factors underlying the performance of older adults. This, in turn, suggests that 
the use of low-pass-filtered speech in noise might prove helpful in determining 
whether elevated SNRs in older adults with impaired hearing result from restricted 
bandwidths or from true “distortion.” Differentiating these causes is important 
because bandwidth restrictions could be more easily addressed via well-fit amplification 
than other forms of distortion.

Fig. 8.7 (continued) level of 62.5 dB SPL (normal vocal effort), a noise level of 68.5 dB SPL 
would correspond to SRT (50% correct). This corresponds to a SNR of −6 dB and yields an AI 
value of 0.3. Middle: median hearing thresholds for an 80-year-old man are added to the same 
−6-dB SNR shown in top panel. Because the high-frequency hearing loss has rendered some of the 
speech (and noise) inaudible, the AI for this older adult has been reduced to a value of 0.2. Given 
that an AI of 0.3 was established as corresponding to 50% correct or SRT in top panel, the older 
adult would perform worse than 50% correct under these conditions. Bottom: keeping the speech 
level the same as in top and middle panels, the noise level was decreased 5 dB (to an SNR of −1 dB) 
to make the AI equal to that of the top panel (0.3) and restore performance to SRT (50% correct). 
Thus the 80-year-old adult needed a 5-dB better-than-normal speech level to reach SRT.
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Another approach to disentangling these two explanations for elevated SRTs in 
noise in older adults is to make sure that the experimental conditions are selected 
so that the background noise rather than the elevated quiet thresholds is limiting 
audibility at the higher frequencies in broadband test conditions. This can be 
accomplished either by the right combination of high noise levels and milder 
amounts of hearing loss (Lee and Humes 1993) or through spectral shaping of the 
speech and noise (George et al. 2006, 2007).

8.2.1.3  Simulated Hearing Loss

Another approach to evaluating the role played by peripheral hearing loss in the 
speech-understanding problems of older adults is more empirical in nature and 
attempts to simulate the primary features of cochlear-based sensorineural hearing 
loss in YNH listeners. In most of these studies, noise masking was introduced into 
the YNH adult’s ear to produce masked thresholds that matched the quiet thresh-
olds of an older adult with impaired hearing. According to the AI framework, these 
two cases would yield equivalent audibility of the speech area and equivalent 
performance would be predicted. This has been the case in many such studies measur-
ing speech understanding in quiet and steady-state background noise (Fabry and 
Van Tasell 1986; Humes and Roberts 1990; Humes and Christopherson 1991; 
Humes et al. 1991; Dubno and Ahlstrom 1995a, b; Dubno and Schaefer 1995) 
as well as in several studies using this approach to study the recognition of rever-
berant speech (Humes and Roberts 1990; Humes and Christopherson 1991; Halling 
and Humes 2000).

When attempting to simulate the performance of older adults in quiet, 
however, one of the differences between the older adults with actual hearing 
loss and the young adults with noise-simulated hearing loss is that only the 
latter group is listening in noise. The noise, audible only to the younger group 
with simulated hearing loss, could tax cognitive processes, such as working 
memory (Rabbit 1968; Pichora-Fuller et al. 1995; Surprenant 2007), and impair 
performance even though audibility was equivalent for both the younger and 
older listeners. Dubno and colleagues (Dubno and Dirks 1993; Dubno and Ahlstrom 
1995a, b; Dubno and Schaefer 1995; Dubno et al. 2006) addressed this by 
conducting a series of studies of the speech-understanding performance of 
YNH and older hearing-impaired listeners in which a spectrally shaped noise 
was used to elevate the hearing thresholds of both groups. In particular, a spectrally 
shaped noise was used elevated the hearing thresholds of the (older) hearing-
impaired listeners slightly (3-5 dB) and then elevated the pure-tone thresholds 
of the YNH listeners to those same target levels. This produces equivalent 
audibility and conditions involving listening in noise for both groups. The 
results obtained by Dubno and colleagues using this approach have generally 
revealed good agreement between the performance of young adults with simu-
lated hearing loss and older adults with impaired hearing, with some notable 
exceptions (Dubno et al. 2006).
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8.2.1.4  Factorial Combinations of Age and Hearing Status

Probably the experimental paradigm that has yielded results most at odds with the 
simple peripheral explanation, especially for temporally degraded speech and 
complex listening conditions, has been the independent-group design with facto-
rial combinations of age (typically, young and old adults) and hearing status 
(typically, normal and impaired). This approach provides the means to examine 
not only the main effects of age and hearing loss but also their interaction. 
Although the details vary across studies, the general pattern that emerges is that 
hearing loss primarily determines performance in quiet or in steady-state back-
ground noise but that age or the interaction of age with hearing loss impacts 
performance in conditions involving temporally distorted speech (i.e., time 
compression, reverberation) or competing speech stimuli (Dubno et al. 1984; 
Gordon-Salant and Fitzgibbons 1993, 1995, 1999, 2001; Versfeld and Dreschler 
2002). It should be noted that the effects of age or the combined effects of age 
and hearing loss on auditory temporal processing (e.g., Schneider et al. 1994; 
Strouse et al. 1998; Snell and Frisina 2000) or the understanding of temporally 
degraded speech (especially time-compressed speech; e.g., Wingfield et al. 1985, 
1999) have been observed using other paradigms as well.

Figure 8.8 illustrates some typical data for each of the four groups common to 
such factorial designs for quiet (top) and 50% time compression (bottom). Note that 
the pattern of findings across the four groups differs in the two panels. Figure 8.8, 
top, illustrates the pattern of mean data observed for a main effect of hearing loss 
and no effect of age (and no interaction between these two variables). Both hearing-
impaired groups perform worse than the two normal-hearing groups on speech-
understanding measures in quiet. This pattern has been typically observed in such 
factorial independent-group studies for speech understanding in quiet, in steady-
state noise, and, occasionally, in reverberation. Figure 8.8, bottom, shows the mean 
speech-understanding scores from the same study (Gordon-Salant and Fitzgibbons 
1993) for 50% time compression. A similar pattern of results was obtained in this 
same study for reverberant speech and interrupted speech (with several values of 
time compression, reverberation, and interruption examined). The pattern of mean 
data in Figure 8.8, bottom, clearly reveals that both age and hearing loss have a 
negative impact on speech-understanding performance. Interestingly, even in this 
study by Gordon-Salant and Fitzgibbons (1993), correlational analyses revealed 
strong associations between high-frequency hearing loss and the speech-understanding 
scores for time-compressed speech and mildly reverberant speech (reverberation 
time of 0.2 s).

It can be very challenging to find sufficient numbers of older adults with hearing 
sensitivity that is precisely matched to that of younger adults. One way to address 
this limitation is using the factorial design in conjunction with the AI framework to 
account for effects of any differences in thresholds between groups of younger and 
older subjects with normal or impaired hearing (as in Dubno et al. 1984).

In the factorial-design studies cited above, for example, there were differences 
in high-frequency hearing thresholds between the YNH adults and the elderly 
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Fig. 8.8 Speech-understanding scores from four listener groups for speech in quiet and 50% 
time-compressed speech. Values are means ± SD. YNH, young normal hearing; ENH, elderly 
normal hearing; YHI, young hearing impaired; EHI, elderly hearing impaired. Data are from 
Gordon-Salant and Fitzgibbons (1993).
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normal-hearing adults, especially at the higher frequencies reported. Speech 
stimuli, however, were presented at stimulus levels that were sufficient to ensure 
full audibility of the speech stimuli for the normal-hearing groups through at 
least 4,000 Hz. This assumes that, consistent with the AI framework and the 
simple peripheral explanation, reduced audibility of the higher frequencies is the 
only consequence of slight elevations in high-frequency hearing thresholds in 
the older adults. If, however, elevated thresholds were considered “markers” of 
underlying cochlear pathology, then use of high presentation levels will not 
compensate for this difference between the young and old “normal-hearing” 
groups (Humes, 2007). That is, the young group has no apparent cochlear 
pathology based on hearing thresholds <5- to 10-dB hearing loss through 8,000 
Hz, whereas the older “normal-hearing” group has high-frequency hearing 
thresholds that often are elevated to at least 15- to 20-dB hearing loss at 4,000 
Hz and still higher at 6,000 and 8,000 Hz. Thus although the pattern of findings 
from factorial independent-group designs for temporally distorted speech are not 
consistent with the simplest peripheral explanation, given significant differences 
in high-frequency hearing thresholds between the young and old normal-hearing 
groups, it is not possible to rule out that second-order peripheral factors were 
contributing to the age-group differences.

8.2.1.5  Longitudinal Studies

Nearly all of the studies of the speech-understanding difficulties of older adults 
conducted to date have used cross-sectional designs and multivariate approaches. 
As noted in this review, these laboratory studies indicate that hearing loss or 
audibility is the primary factor contributing to individual differences in speech 
recognition of older adults, with age and cognitive function accounting for only 
small portions of the variance. These results are consistent with those of large-scale 
cross-sectional studies reporting that age-related differences in speech recognition 
were accounted for by grouping subjects according to audiometric configuration or 
degree of hearing loss (e.g., Gates et al. 1990; Wiley et al. 1998).

Different conclusions were reached by Dubno et al. (2008b), however, in a 
longitudinal study of speech understanding using isolated monosyllabic words in 
quiet (n = 256) and key words in high- and low-context sentences in babble (n = 85). 
Repeated measures were obtained yearly (words) or every 2-3 years (sentences) over 
a period of (on average) 7 years (words) to 10 years (sentences). To control for 
concurrent changes in pure-tone thresholds and speech levels over time for each 
listener, speech-understanding scores were compared with scores predicted using 
the AI framework. Recognition of key words in sentences in babble, both low and 
high context, did not decline significantly with age. However, recognition of words 
in quiet declined significantly faster with age than predicted by declines in speech 
audibility. As shown in Figure 8.9, the mean observed scores at younger ages were 
better than predicted. whereas the mean observed scores at older ages were worse 
than predicted. That is, as subjects aged, their observed scores deviated increasingly 
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from their predicted scores but only for words in quiet. The rate of decline did not 
accelerate with age but increased with the degree of hearing loss. This suggested 
that with more severe injury to the auditory system, impairments to auditory 
function other than reduced audibility resulted in faster declines in word recogni-
tion as subjects aged. 

These results were consistent with the small (n = 29) longitudinal study of 
Divenyi et al. (2005), which found that speech-recognition measures in older sub-
jects declined with increasing age more rapidly than their pure-tone thresholds. In 
the Divenyi et al. (2005) study, however, all 29 older adults selected for follow-up 
evaluation were among those who had “above-average results” on the large test 
battery during the initial assessment. Thus it is possible that the decline over time 
could have been exaggerated by statistical regression toward the mean. In Dubno 
et al. (2008), on the other hand, all the assessments of speech understanding were 
unaided, but 31% of the subjects reported owning and wearing hearing aids (only 
55% were considered to be hearing-aid candidates). Declines in unaided performance 

Fig. 8.9 Top: observed word-recognition scores and scores predicted by the AI for laboratory 
visits 1-13 at which NU#6 scores were obtained plotted as a function of mean age during those 
visits. Values are means ± SE in percent correct. Bottom: mean differences between observed 
(obs) and predicted (pred) scores (triangles) for the same laboratory visits plotted as a function of 
mean age during those visits. A linear regression function fit to obs-pred differences is shown 
(solid line) along with the slope (%/year). *Significant difference. (Reprinted with permission 
from Dubno et al. 2008. Copyright 2008, Acoustical Society of America).
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have been observed more frequently among older hearing-aid wearers, even though 
aided performance remained intact, at least for longitudinal studies over a 2- to 
3-year period (Humes et al. 2002; Humes and Wilson 2003). In addition, even 
though the declines in speech understanding over time observed by Dubno et al. 
(2008) were more rapid than concomitant declines in pure-tone hearing thresholds, 
the correlations between high-frequency hearing sensitivity and speech-understand-
ing scores were still −0.60 and −0.64 for the initial and final measurements, respec-
tively (accounting for 36-41% of the variance). More longitudinal studies of speech 
understanding in older adults are needed before it will be possible to determine if 
the trends that emerge from this research design are compatible with those from the 
much more common cross-sectional designs.

8.2.1.6  Limitations of the Peripheral Explanation

To recap, for speech in quiet or speech in steady-state background noise, with the 
speech presented at levels ranging from 50- to 90-dB SPL, the evidence clearly 
supports the simplest form of the peripheral explanation (i.e., audibility) as the 
primary factor underlying the speech-understanding problems of older adults. Even 
for some forms of temporally distorted speech, such as time compression and rever-
beration, high-frequency hearing loss is often the primary factor accounting for 
individual differences in speech-understanding performance among older adults 
(Helfer and Wilber 1990; Helfer 1992; Gordon-Salant and Fitzgibbons 1993, 1997; 
Halling and Humes 2000; Humes 2005, 2008). This has also been the case when 
undistorted speech is presented in temporally interrupted noise (Festen and Plomp 
1990; Dubno et al. 2002b, 2003; Versfeld and Dreschler 2002; George et al. 2006, 
2007; Jin and Nelson 2006).

In general, however, the relationship between measured speech understanding 
and high-frequency hearing loss is weaker for temporally distorted speech than 
for undistorted speech in quiet or steady-state noise. Thus in these conditions 
involving temporally distorted speech or temporally varying background mask-
ers, high-frequency hearing loss alone accounts for significant, but smaller, 
amounts of variance, leaving more variance that potentially could be explained by 
other factors. As noted, the strongest evidence for this probably has come from 
the studies using independent-group designs with factorial combinations of age 
and hearing status. In this case, however, given significant differences in high-
frequency hearing sensitivity between the younger and older adults with normal 
hearing, it is possible that second-order effects associated with even mild cochlear 
pathology (Halling and Humes 2000; Dubno et al. 2006) as well as central or 
cognitive factors could play a role.

There is other evidence, however, that also supports the special difficulties that 
older adults have with temporally distorted speech or temporally varying back-
grounds. Dubno et al. (2002b, 2003), for example, used a simple modification of the 
AI to predict speech identification in interrupted noise and ensured that audibility 
differences among younger and older adults during the “off” portions of the noise 



236 L.E. Humes and J.R. Dubno

BookID 139876_ChapID 8_Proof# 1 - 12/10/2009 BookID 139876_ChapID 8_Proof# 1 - 12/10/2009

were minimized. Although the benefit of masker modulation was predicted to be 
larger for older than younger listeners, relative to steady-state noise, scores 
improved more in interrupted noise for younger than for older listeners, particularly 
at a higher noise level. In this case, factors other than audibility were limiting the 
performance of the older adults, which may relate to recovery from forward mask-
ers. Similarly, George et al. (2006, 2007) demonstrated that the speech-understand-
ing performance of older adults listening to spectrally shaped speech and noise 
could not be explained by threshold elevation for fluctuating noise. In addition, they 
found that other factors such as temporal resolution and cognitive processing could 
account for significant amounts of individual variations in performance.

Another listening condition for which high-frequency hearing thresholds 
account for much smaller amounts of variance is the use of dichotic presentation of 
speech, although, again, hearing sensitivity still accounts for the largest amount of 
variance among the factors examined (Jerger et al. 1989; Jerger et al. 1991; Humes 
et al., 1996; Divenyi and Haupt 1997b; Hallgren et al. 2001). For example, in a 
study involving 200 older adults and 5 measures of speech understanding by Jerger 
et al. (1991), 3 of the measures included speech in a steady-state background (noise 
or multitalker babble). Correlations between speech-understanding scores on these 
three measures and high-frequency hearing loss ranged from −0.73 to −0.78 
(accounting for 54-61% of the variance). With monaural presentation of sentences 
in a background of competing speech (discourse), the correlation with hearing loss 
decreased slightly to −0.65, accounting for 42% of the variance. Finally, when the 
latter task was administered dichotically, the correlations with hearing loss dropped 
further, to −0.55, accounting for 30% of the variance. Interestingly, for these latter 
two measures of speech understanding, age or a measure of cognitive function 
emerged as an additional explanatory variable in subsequent regression analyses, 
whereas hearing loss was the only predictor identified for the three measures of 
speech understanding in steady-state noise.

8.2.2  Beyond Peripheral Factors

In general, across various studies, pure-tone hearing thresholds account for significant, 
but decreased, amounts of variance in speech-understanding performance for tem-
porally distorted speech, temporally interrupted background noise, and dichotic 
competing speech. Therefore, for these conditions, factors beyond simple audibility 
loss may need to be considered when attempting to explain the speech-understand-
ing problems of older listeners. For example, age-related changes in the auditory 
periphery (e.g., elevated thresholds, broadened tuning, reduced compression) may 
reduce the ability to benefit from temporal or spectral “dips” that occur for a single-
talker or other fluctuating maskers, beyond simple audibility effects. For each of 
these listening conditions, higher-level deficits in central-auditory or cognitive pro-
cessing have also been suggested as possible explanatory factors. For example, 
older adults have been found to perform more poorly than younger adults on various 
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measures of auditory temporal processing (Schneider et al. 1994; Fitzgibbons and 
Gordon-Salant 1995, 1998, 2004, 2006; Strouse et al. 1998; Gordon-Salant 
and Fitzgibbons 1999). Older adults have also demonstrated a general trend 
toward “cognitive slowing” with advancing age (Salthouse 1985, 1991, 2000; 
Wingfield and Tun 2001). Either a modality-specific auditory temporal-processing 
deficit related to auditory peripheral or central changes or general cognitive slowing 
could explain the difficulties of older adults with temporally degraded speech or 
temporally interrupted noise.

They could, for that matter, also contribute to the difficulties observed for dichotic 
processing of speech, but other factors could also be operating here. For example, 
there are specific auditory pathways and areas activated in the central nervous 
system when processing dichotic speech and age-related deficits in these areas or 
pathways could lead to speech-understanding problems (Jerger et al. 1989, 1991; 
Martin and Jerger 2005; Roup et al. 2006). In addition, there is evidence in support 
of age-related declines in attention, a cognitive mechanism, which could contribute 
to the decline in dichotic speech-understanding performance (McDowd and Shaw 
2000; Rogers 2000). Furthermore, one could argue that it is not these age-related 
declines in higher-level auditory or cognitive processing alone but the combination 
of a degraded sensory input due to the peripheral hearing loss and these higher-level 
processing deficits that greatly increases the speech-understanding difficulties of 
older adults (Humes et al. 1993; Pichora-Fuller et al. 1995; Wingfield 1996; 
Schneider and Pichora-Fuller 2000; Pichora-Fuller 2003; Humes and Floyd 2005; 
Pichora-Fuller and Singh 2006). In this case, the hypothesis is that there exists a 
finite amount of information-processing resources and if older adults with high-
frequency hearing loss have to divert some of these resources to repair what is oth-
erwise a nearly automatic resource-free process of encoding the sensory input, then 
fewer resources will be available for subsequent higher-level processing.

One of the challenges in identifying the nature of additional factors contributing 
to the speech-understanding problems of older adults beyond elevated thresholds 
is the ability to distinguish between “central-auditory” and “cognitive” factors. 
Many tests designed to assess “central-auditory” function, for example, are, for 
the most part, considered to be “auditory” because they make use of sound as the 
sensory stimulus. As one might imagine, this ambiguity can lead to considerable 
diagnostic overlap between those older adults considered to have “central-auditory” 
versus “cognitive” processing problems. For example, Jerger et al. (1989), in a 
study of 130 older adults, identified half (65) of the older adults as having “central-
auditory processing disorder,” but within that group, 54% (35) also had “abnormal 
cognitive status.”

It has been argued previously (Humes et al. 1992; McFarland and Cacace 1995; 
Cacace and McFarland 1998, 2005; Humes 2008) that one way of distinguishing 
between central-auditory and cognitive processing deficits would be to examine the 
modality specificity of the deficit. A strong correlation between performance on a 
comparable task performed auditorily and visually argues in favor of a cognitive 
explanation rather than an explanation unique to the auditory system. Likewise, the 
lack of correlation between performance in each modality on similar or identical 
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tasks is evidence of modality independence. The “common cause” hypothesis was 
put forth by Lindenberger and Baltes (1994) and Baltes and Lindenberger (1997) 
to interpret the relatively high correlations observed among sensory and cognitive 
factors in older adults. These authors proposed that the link between sensory and 
cognitive measures increased with age because both functions reflect the same 
anatomic and physiological changes in the aging brain.

Most often, speech has been the stimulus used to assess central-auditory func-
tion in older adults. As noted, the inaudibility of the higher-frequency portions of 
the speech stimulus can have a negative impact on speech-understanding perfor-
mance and the presence of such a hearing loss in a large portion of the older popula-
tion (especially the older clinical population) can make it difficult to interpret the 
results of speech-based measures of central-auditory function (Humes et al., 1996; 
Humes 2008). To address this, several recent studies have attempted to eliminate or 
minimize the contributions of the inaudibility of the higher-frequency regions of the 
speech stimulus by amplifying or spectrally shaping the speech stimulus (Humes 
2002, 2007; George et al. 2006, 2007; Humes et al. 2006, 2007; Zekveld et al. 
2007). Moreover, three of these studies also developed visual analogs of the audi-
tory speech-understanding measures to examine the issue of modality specificity 
(George et al. 2007; Humes et al. 2007; Zekveld et al. 2007) in older adults. For the 
latter three studies, the trends that emerged were as follows. First, for the recogni-
tion of sentences in either a babble background or modulated noise, there was 
~25-30% common variance between the auditory and visual versions of the tasks 
in older adults. Second, even though speech was made audible in these studies, the 
degree of high-frequency hearing loss was still the best predictor of speech under-
standing in all conditions, accounting for ~40-50% of the variance. This suggests 
that the hearing loss not only represents a limit to audibility when speech is 
not amplified but may also serve as a perceptual “marker” for an increased likeli-
hood of other (peripheral) processing deficits in these listeners that might have an 
impact on aided speech understanding. George et al. (2007) observed a significant 
correlation between a psychophysical measure of temporal resolution and speech-
understanding performance in modulated noise, a finding also observed recently 
by Jin and Nelson (2006). In addition, Dubno et al. (2002b) observed excessive 
forward masking in older adults with near-normal hearing and also found negative 
correlations between forward-masked thresholds and speech-understanding in 
interrupted noise.

Humes et al. (2007) examined the performance of older listeners using two 
acoustic versions of “speeded speech.” One version made use of conventional time-
compressed monosyllabic words. As noted by Schneider et al. (2005), however, 
implementation of time compression can sometimes lead to inadvertent spectral 
distortion of the stimuli and it may be the spectral distortions that contribute to the 
performance declines of older adults for time-compressed speech. As a result, the 
other version of “speeded speech” used by Humes et al. (2007) was based on short-
ening the length of pauses between speech sounds. In this approach, brief but 
clearly articulated letters of the alphabet were presented that could be combined in 
sequence to spell various three-, four-, or five-letter words. The duration of the silent 
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interval between each spoken letter was manipulated to vary the overall rate of 
presentation. The listener’s task was to write down the word that had been spelled 
out acoustically. Another advantage of this form of speeded speech, in contrast to 
time compression, was that a direct visual analog of the auditory speeded-speech 
task could be implemented (i.e., speeded text recognition). In this study, there was 
again ~30% common variance between the auditory and visual analogs of “speeded 
speech” and this common variance was also negatively associated with age. Given 
the more complex nature of the task, these results could be interpreted as a general 
age-related cognitive deficit in the speed of processing. There was, however, an 
additional modality specific component and this was again related (inversely) to the 
amount of high-frequency hearing loss.

Additional study of commonalities across modalities is needed, but the work 
completed thus far is sufficient to at least urge caution when interpreting poor 
speech-understanding performance of some older adults on speech-based tests of 
“central-auditory processing” as pure modality-specific deficits. The use of sound 
as the stimulus, or spoken speech in particular, does not make the task an “auditory 
processing” task. In fact, significant amounts (~30%) of shared variance have been 
identified between auditory and visual analogs of some tasks thought to be auditory-
specific tasks. Further evaluation of some of the visual analogs developed by 
Zekveld et al. (2007) and Humes et al. (2007) with older hearing-impaired listeners 
may result in the development of clinical procedures to help determine how much 
of an individual’s speech-understanding deficit is due to a modality-specific audi-
tory-processing problem or a general cognitive-processing problem. At the moment, 
however, there is no specific treatment for either form of higher-level processing 
deficit and both would likely constrain the immediate benefits provided by ampli-
fication designed to overcome the loss of audibility due to peripheral hearing loss.

As noted, dichotic measures of speech understanding represent another area 
often considered by audiologists to be within the domain of “central-auditory processing” 
but for which amodal cognitive factors could also play a role. Clearly, the hemi-
spheric specialization for speech and language that gives rise to a right ear advan-
tage in many dichotic listening tasks can be considered auditory specific, or at least 
speech specific (Kimura 1967; Berlin et al. 1973). However, there is also a general 
cognitive component to the processing of competing speech stimuli presented con-
currently to each ear (e.g., Cherry 1953). Specifically, the ability to attend to a 
message in one ear or the other can impact performance. Several studies of dichotic 
speech understanding in older listeners, which also measured some aspect of gen-
eral cognitive function, have reported significant correlations between these mea-
sures (Jerger et al. 1991; Hallgren et al. 2001; Humes 2005; Humes et al. 2006). 
Humes et al. (2006) measured the ability of young and older adults to identify 
words near the end of a sentence when a competing similar sentence was spoken 
by another talker. Various cues signaling the sentence to which the listener should 
attend were presented either immediately before each sentence pair (selective atten-
tion) or immediately after each sentence pair (divided attention). One type of cue, 
a lexical cue, was used in both a monaural and a dichotic condition. The expected 
right ear advantage was obtained when the results for the dichotic condition were 
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analyzed. However, there were very strong and significant correlations (r = 0.87 
and 0.94) between the monaural scores and dichotic scores for both the 10 YNH 
listeners and the 13 older adults with various degrees of hearing loss. (Stimuli were 
spectrally shaped in this study to minimize or eliminate the contributions of 
audibility loss.) Because there is no modality-specific or speech-specific interhemi-
spheric advantage for the monaural condition, the strong correlations must reflect 
some other common denominator, perhaps cognitive in nature (attention). In fact, the 
measures of selective attention were found to be significantly correlated (r = 0.6) 
with digit-span measures from the older adults, a pattern observed frequently in 
studies of aging and cognition (Verhaeghen and De Meersman 1998a, b). Again, 
more work is needed in this area, but there is enough evidence to urge caution 
in the interpretation of results from dichotic speech-understanding measures. 
The use of speech does not make such measures “pure” measures of auditory 
processing and performance may be determined by other amodal cognitive (or 
linguistic) factors.

To summarize the review to this stage, the peripheral cochlear pathology com-
monly found in older adults is the primary factor underlying the speech-understanding 
problems of older adults. The restricted audibility of the speech stimulus, primarily 
due to the inaudibility of the higher frequencies, is the main contributor, especially 
for typical conversational listening conditions in quiet and in steady-state noise 
without amplification. Because the peripheral hearing loss in aging is sensorineural 
in nature, however, there may also be a reduction in nonlinearities and broadened 
tuning, and these peripheral factors may also contribute to the speech-understanding 
problems of older adults. In addition to these second-order peripheral effects, higher-
level auditory and cognitive factors can also contribute to the speech-understanding 
problems of older adults, especially when speech is temporally degraded or presented 
in a temporally varying background. In fact, it has been argued that these higher-
level factors are likely to play a more important role once the speech has been made 
audible through amplification (Humes 2007).

8.3  Amplification and Speech Understanding

According to the AI framework described previously, speech understanding will be 
optimal when the entire speech area (long-term average speech spectrum ± 15 dB 
from ~100 to 8,000 Hz) is audible. This theoretical objective is illustrated in 
Figure 8.10 for a hypothetical typical 80-year-old man. For simplicity, it is assumed 
that the upper end of the dynamic range (loudness discomfort level) for this listener 
is 95 dB SPL/Hz at all frequencies, the same as that for YNH listeners (Kamm et al. 
1978). For the hypothetical case illustrated in Figure 8.10, an 80-year-old man with 
median hearing loss for that age has sufficient dynamic range to accommodate the 
full 30-dB range of the speech area (with speech in quiet), except at the very highest 
frequency (8,000 Hz). For reference purposes, the unaided long-term average 
speech spectrum is also shown in this panel and the difference between the aided 
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and unaided long-term average spectra provides an indication of the gain at each 
frequency. The approach described here, one of making the full speech area just 
audible in aided listening, forms the basis of one of the most popular clinical hear-
ing aid fitting algorithms, the desired sensation level (DSL) approach (Seewald 
et al. 1993, 2005; Cornelisse et al. 1995). It should be noted, however, that as long 
as the full speech area is audible and does not exceed discomfort at any frequency, 
there are many ways in which the speech may be amplified to yield equivalent 
speech-understanding performance (Horwitz et al. 1991; Van Buuren et al. 1995).

Of course, conversational-level speech is not the only input stimulus of impor-
tance to consider for the older adult with impaired hearing. The speech level, for 
example, may change with vocal effort or distance from the talker, with differing 
amounts of gain needed to position the amplified sound within the listener’s 
dynamic range. In addition, many sounds of importance, such as environmental and 
warning sounds, span a wide range of levels and need to be amplified such that they 
are within the listener’s dynamic range. Using the thresholds and loudness discom-
fort levels (LDLs) in Figure 8.10, Figure 8.11 illustrates the rationale behind the 
DSL input/output (I/O) method noted previously (Cornelisse et al. 1995), which 
positions aided stimuli within a listener’s dynamic range. Given that this hypothetical 
listener’s dynamic range is very narrow in the high frequencies (3,500-7,000 
Hz), near normal in the low frequencies (100-1,000 Hz), and between these two 

Fig. 8.10 Schematic illustration of the hearing aid gain needed to raise the rms level of unaided 
speech in quiet to a level 15 dB above the hearing thresholds of the 80-year-old man and below 
his loudness discomfort levels (LDLs).
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Fig. 8.11 Desired sensation level input/output (DSL I/O) hearing aid fitting approach. Top: output 
level as a function of the input level. Bottom: relative gain (output-inputs) as a function of input level. 
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extremes in the middle frequencies (1,000-3,500 Hz; Fig. 8.10), each of these fre-
quency regions has been considered separately in Figure 8.11. In Figure 8.11, top, 
the average hearing thresholds (in dB SPL) of YNH adults for each frequency 
region are plotted against the corresponding hearing thresholds for the hypothetical 
80 year old (circles; illustrated previously in Fig. 8.10). Thus, for each circle, the 
input level corresponding to hearing threshold for YNH adults is aligned with an 
output level generated by the hearing aid that corresponds to the hearing threshold 
of the older adult. In Figure 8.11, top, the square represents a similar alignment of 
the top end of the dynamic ranges of the YNH and older hearing-impaired listeners. 
Because, for simplicity, we’ve assumed that the LDL is the same at all frequencies 
and for both YNH and older hearing-impaired adults, only a single square at an I/O 
level of 95 dB SPL/Hz appears in Figure 8.11, top. In this implementation of the 
DSL approach, the circle representing the lower ends of the dynamic ranges for 
each frequency region are connected by a straight line to the square representing 
the upper end of the dynamic ranges.

The thin solid line along the positive-going diagonal in Figure 8.11, top, illus-
trates unity gain or output = input. Values above the diagonal reflect positive gain 
or amplification and functions running parallel to the diagonal represent linear 
increases in gain with input level. Linear I/O functions with slopes < 1, such as the 2 
broken lines in Figure 8.11, top, represent decreasing gain with increasing input or 
amplitude compression. The dependence of gain on input level associated with each 
of three I/O functions in Figure 8.11, top, is illustrated in Figure 8.11, bottom. 
Because it is never desirable to have the output exceed the listener’s LDL, peak 
clipping or output-limiting compression is typically implemented. In this case, the 
maximum output has been limited to 95 dB SPL/Hz.

Several things are noteworthy from the DSL illustrations in Figure 8.11. First, 
note that a considerable amount of gain (65 dB) is required in the higher frequen-
cies for lower input levels. Before the advent and widespread of use of digital hear-
ing aids in recent years, this amount of gain was very difficult to achieve without 
generating electroacoustic feedback. Although still challenging to obtain the full 
amount of gain needed to restore the entire speech area in older listeners with high-
frequency hearing loss, one of the key advances in the transition to digital hearing 
aid circuitry was the development of sophisticated feedback-cancellation systems 
that significantly increased the amount of high-frequency gain that could be realized 

Fig. 8.11 (continued) The spectrum was divided into three frequency regions or channels and the 
filled circles are the coordinates that correspond to the hearing thresholds of YNH adults, plotted 
along the input axis, and the corresponding hearing thresholds of an 80-year-old man, plotted 
along the output axis (from data in Figure 8.10). The filled circles basically align the low ends of 
the listeners’ dynamic ranges in each frequency region or channel. The upper end of the dynamic 
range is based on the LDL and is assumed here to be constant over frequency and across listeners. 
As a result, the upper ends of the dynamic ranges are represented by a single point (filled square). 
Straight lines are then drawn from the low end (filled circles) to the upper end (filled square) of 
the dynamic range in each channel and represent the desired I/O function to map the wide dynamic 
range of the YNH adult to the narrower dynamic range of the older adult with impaired hearing.
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in cases such as this (Dyrlund et al. 1994; Kates 1999). Because about two-thirds 
of hearing aid sales in the United States are to people over age 65 (Skafte 2000), 
most of whom have typical high-frequency sloping sensorineural hearing loss, 
resolution of the feedback problem is critical. With insufficient high-frequency 
gain, older listeners will never get beyond the channel width-restriction form of 
distortion noted above.

Second, note that the variations in gain with input level in Figure 8.11 are much 
more apparent in the higher frequencies than in the lower frequencies. In fact, rather 
than fitting a sloping line between the circles and square for the low frequencies in 
Figure 8.11, top, this is simply approximated by a constant gain of 13 dB up to 
LDL. Linear gain, however, would not be appropriate in the other two frequency 
regions. Instead, amplitude compression would be needed over a wide range of 
input levels, referred to as wide-dynamic-range compression, in the mid- and high-
frequency regions. When different compression characteristics are desirable for 
different frequency regions, the spectrum is divided into compression channels for 
this purpose. Because the normal dynamic range is constant along the x-axis, as the 
listener’s dynamic range narrows, the amount of compression needed to squeeze a 
wide range of inputs into a small range of outputs increases. Research has examined 
the number of compression channels needed for optimal aided speech understand-
ing and, in general, four or fewer channels appear to be sufficient (Dillon 1996, 
2001; Woods et al. 2006).

The I/O functions in Figure 8.11, top, were applied to the long-term average 
speech spectrum for input levels of 50- to 90-dB SPL, and the results obtained are 
illustrated in Figure 8.12. The thick solid line in Figure 8.12 represents positioning 
of the rms speech spectrum at 15 dB above threshold, which would be the minimum 
output needed to optimize the AI for speech in quiet. Note that, with the exception 
of the highest frequencies, the speech spectra have been amplified above this target 
while remaining comfortably (>15 dB) below LDL. Thus this approach, if realized 
in the wearer’s ear, would come close to achieving the goal of making speech (in 
quiet) fully audible over a wide frequency range and for a wide range of speech 
levels while not being uncomfortably loud. Adjustments in the gain or frequency 
shaping of the highest frequency channel would lead to an even better match to this 
desired objective.

There are several other parameters used to specify the compression systems used 
in hearing aids, including the compression threshold (the input or output level at 
which compression begins), the compression ratio (the extent of compression 
expressed as the change in input, in decibels, divided by the change in output, in 
decibels), and temporal parameters, such as the time it takes for the compression to 
be activated (attack time) and the time it takes to deactivate (release time) (Dillon 
1996, 2001). Values for each of these compression parameters are determined, in 
large part, by the wearer’s dynamic range and considerations of the acoustical input 
(e.g., speech, music, noise).

Although Figure 8.12 presents only speech in quiet at several different presenta-
tion levels, it is important to note that if there is noise in the background, the noise 
will undergo equivalent amounts of amplification. Consider, for example, the 
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unaided case in which the noise level results in a 0-dB SNR and the noise has the 
same spectrum as the long-term spectrum of speech, as illustrated previously in the 
middle panel of Figure 8.2. In this unaided case, half of the 30-dB speech area is 
available to the normal-hearing listener at the input (Fig. 8.2, middle; AI = 0.5), but 
less than half of the speech area is available to the hearing-impaired listener (AI = 
0.28; see Fig. 8.4, bottom, as an example). If the speech and noise undergo the same 
amplification (i.e., the same gain applied to the speech and noise) and the gain is 
designed to restore full audibility of the speech area in quiet, as illustrated in Figure 
8.12, half of the speech area will be available to the hearing-impaired listener at the 
output. That is, an aided SNR of 0 dB (AI = 0.5), same as at the input, will be 
restored. Thus well-fit amplification, such as that in Figure 8.12, will, at best, 
restore the SNR to that of the input but not improve it. Because the 0-dB SNR has 
been restored over the full bandwidth for the hearing aid wearer, speech audibility 
has been improved relative to the unaided condition (from AI = 0.28 to AI = 0.5). 
In fact, if completely successful in restoring the full bandwidth of the speech 

Fig. 8.12 Schematic illustration of the application of the gain derived from DSL I/O in Figure 
8.11 to the speech spectrum (in quiet) when the speech varies from 50 to 90 dB SPL in 10-dB 
steps. The aided target corresponds to an aided rms long-term average speech spectrum that is 15 
dB above hearing threshold in the region of hearing loss. Note that, with the exception of the 
highest frequencies and lower speech levels, the aided speech spectra are above the targeted 
minimum and below the LDL of the listener.
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(and noise) for the hearing aid wearer, the aided AI (0.5) for this listener will be the 
same as that of a normal-hearing listener without amplification (Fig. 8.2, middle). 
Given that the AI values for unaided listening in adults with normal hearing and 
aided listening in older adults with impaired hearing are the same (0.5), perfor-
mance for these individuals should also be the same. (However, this argument 
ignores the slight level-dependent decreases in the AI that would likely occur for 
aided speech and noise.)

Do, in fact, older listeners with well-fit amplification of speech (and noise) 
perform like young adults under acoustically identical conditions? Several recent 
laboratory studies have been conducted in which speech understanding was mea-
sured in the presence of various competing stimuli, ranging from steady-state noise 
to a single competing talker, with the audibility of the speech and competing stimuli 
optimized through at least 4,000 Hz and acoustically identical (same overall levels 
and spectral shaping) listening conditions used for young and old alike (George et al. 
2006, 2007; Humes et al. 2006, 2007; Amos and Humes 2007; Humes 2007; 
Horwitz et al. 2008). Consistently, if the study made use of an adaptive adjustment 
of SNR, a higher-than-normal SNR was needed by the older adults, even with the 
full bandwidth and input SNR restored. Interestingly, in a study of the same kind 
conducted with young hearing-impaired adults, a better-than-normal SNR was not 
needed when the audibility of the speech area had been restored fully (Van Tasell 
and Yanz 1987). For the studies with older adults that fixed the SNR and measured 
performance, group differences were observed in performance, with the older adults 
performing worse than the younger adults. Thus, in these studies, several of which 
were reviewed earlier in this chapter, restoring the audibility of the speech area, and 
the input SNR in the process, did not restore speech-understanding performance to 
normal (although, if data for unshaped speech were also obtained in a given study, 
performance improved when shaped). As was also noted, there could be second-
order peripheral explanations (i.e., abnormal temporal resolution or frequency reso-
lution) or higher-level central-auditory or cognitive explanations for this observation 
and additional research is needed to identify the nature of the underlying causes. 
Regardless of the specific underlying mechanism(s), the practical consequence is 
that many older adults need a better-than-normal SNR even when the audibility of 
the speech area has been restored with spectral shaping and amplification. This 
appears to be the case when the competition is more complex or meaningful, such 
as one or two competing talkers or fluctuating noise, and less so for simpler back-
grounds such as steady-state noise. When speech understanding is assessed in quiet 
or in steady-state noise, on the other hand, results with spectral shaping have been 
consistent with the simple peripheral explanation in most cases, once audibility of 
the speech (and noise) has been fully restored (i.e., rms speech level at least 15 dB 
above threshold through at least 4,000 Hz). Specifically, older adults with impaired 
hearing perform like YNH adults in quiet or in steady-state noise when audibility 
has been restored. This does not appear to be the case, however, for temporally 
distorted speech, fluctuating noise competition, or speech competition.

Large-scale (n > 100) clinical studies of older hearing aid wearers also have 
observed less than optimal speech-understanding performance, especially when 
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assessed in higher levels of background noise (Humes et al. 1999, 2001; Larson 
et al. 2000; Humes 2002, 2003; Shanks et al. 2002). As noted by Humes (2002), it 
is often the case that the audibility of the speech area has not been fully restored 
through 4,000 Hz in clinical studies of hearing aids, at least those using clinical 
fitting protocols and technology available at the time of the study. Even when this 
less than optimal audibility was accounted for through use of the AI framework, 
however, Humes (2002) still found many of the 171 older hearing aid wearers to be 
performing well below expected levels of performance with their hearing aids, 
especially in backgrounds of multitalker babble. In general, the less-than-optimal 
speech-understanding performance measured in these studies has been corroborated 
by parallel self-report measures of benefit, satisfaction, and use from the same hearing 
aid wearers (Larson et al. 2000; Humes et al. 2001; Humes 2003). In summary, 
many older adults with hearing loss appear to not only need a fully audible speech 
area for speech in quiet but also a better than normal SNR to optimize speech-
understanding performance with amplification, especially in fluctuating noise or 
competing speech.

8.4  Improving the SNR

There have been many approaches to improving the SNR for older adults with 
impaired hearing, but most fall into one of two categories: (1) electroacoustic or 
technology approaches and (2) perceptual learning or training approaches. 
Regarding the first type of approach, the incorporation of sophisticated digital 
feedback-suppression circuitry in contemporary hearing aids has already been 
noted. This helps to increase the amplification in the high frequencies so that an 
otherwise restricted audible bandwidth won’t require compensation in terms of a 
higher SNR. Directional microphones represent another technological approach to 
improving the SNR electroacoustically. Although initial evaluations of modern-day 
reincarnations of this technology suggested improvements in SNR of 7-8 dB (e.g., 
Valente et al. 1995), more recent evaluations suggest that the improvements are 
much smaller (2-3 dB) in typical listening conditions (Ricketts and Dittberner 
2002) and that directional microphones are often not preferred by older hearing aid 
wearers (Walden et al. 2000; Surr et al. 2002; Cord et al. 2004). Noise-reduction 
algorithms have also been incorporated into many modern digital hearing aids, but 
the evidence supporting their benefit in listening situations that older adults typi-
cally find challenging, such as speech in the presence of other competing speech, 
is not compelling (Bentler 2005).

One could probably also place the trend to fit hearing aids to both ears of older 
adults (Strom 2006) in this category of technology-based solutions to improving the 
SNR. At a minimum, use of two well-fit hearing aids ensures that at least one ear 
will have the most favorable SNR in situations in which the target and competing 
speech stimuli originate from opposite sides of the head (Carhart 1965; Dirks and 
Wilson 1969; Bronkhorst and Plomp 1988, 1989, 1992; Festen and Plomp 1990). 
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Use of two hearing aids may also enable binaural processing that would lead to an 
improved perceptual SNR, as in binaural release from masking (Carhart et al. 
1967), although there is some evidence that older listeners with hearing loss do not 
benefit from spatially separated sound sources to the same degree as younger listen-
ers (Dubno et al. 2002a). With speech presented from a loudspeaker in front of the 
listener (0° azimuth) and noise presented from one side (90° azimuth), the level of 
the noise at higher frequencies is decreased in the ear away from the noise due to 
the effect of “head shadow.” However, hearing-impaired listeners may not benefit 
from this improved SNR because speech information at higher frequencies that 
could be made audible remains inaudible due to high-frequency hearing loss. 
Because differences in audibility among listeners were accounted for in Dubno 
et al. (2002a), poorer performance by older listeners suggested an age-related deficit 
in the use of interaural difference cues to produce binaural advantages for speech 
recognition in noise. Dubno et al. (2008a) also found that spatial separation benefit 
was smaller than predicted by the AI framework for older adults with near-normal 
thresholds. In this experiment, binaural listening (speech at 0° azimuth, speech-
shaped steady-state noise at 90° azimuth) was compared with monaural listening 
(speech and noise in the same orientation, but the ear closer to the noise was 
plugged). In this case, the only difference between monaural and binaural listening 
was the contribution of a second ear with an unfavorable SNR. Although a larger 
binaural listening benefit for speech in noise was predicted using the AI framework 
for older than younger adults, binaural benefit was observed for younger adults 
only. Thus, for younger listeners, the advantage of interaural difference cues provided 
by a second ear outweighed that ear’s poorer SNR (an effect sometimes referred to 
as binaural “squelch”).

To the extent that spatial benefit is improved by audibility of high-frequency 
amplitude-difference cues, providing amplification should improve spatial benefit 
by restoring these cues. However, differences between a listener’s two hearing aids 
could reduce aided spatial benefit by altering these cues (e.g., Van den Bogaert 
et al. 2006). Ahlstrom et al. (2009) used the AI framework modified for aided 
sound-field conditions (aided audibility index; Souza and Turner 1999; 
Stelmachowicz et al. 2002) to predict hearing aid benefit and unaided and aided 
benefit of spatial separation of speech and multitalker babble for older hearing-
impaired listeners wearing two hearing aids. Aided audibility indices provided a 
means to determine the extent to which listeners benefited from high-frequency 
audibility provided by the hearing aids. Speech recognition in noise improved with 
hearing aids, especially when speech and noise sources were separated in space. 
Thus, restoring mid- to high-frequency speech information with amplification 
allowed these older listeners to take advantage of the improved SNR in the higher 
frequencies provided by head shadow. Although aided performance was better than 
unaided, hearing aid benefit was less than predicted. In contrast, spatial benefit was 
measurable, better than predicted, and improved with hearing aids. Spatial benefit 
that is greater than predicted by the AI framework is expected because simple esti-
mates of audibility do not take into account binaural advantages such as interaural 
level and time difference cues that improve speech recognition in noise. Measurable 



2498 Factors Affecting Speech Understanding in Older Adults

BookID 139876_ChapID 8_Proof# 1 - 12/10/2009

spatial benefit suggested that older hearing-impaired subjects were able to take 
advantage of these cues.

Another technological solution designed to improve the SNR for older adults 
with hearing aids involves moving the microphone closer to the desired sound 
source. These systems today typically make use of wireless connections between a 
remote microphone and the amplification device worn by the older individual with 
impaired hearing. The wireless connection is typically accomplished using FM or 
infrared carriers. These devices are often referred to as “assistive listening devices” 
when used with older adults. The amplification device may be a free-standing sys-
tem and the only system worn by the older adult or it may be a system designed to 
be integrated into the personal hearing aids worn by the listener. In a typical listen-
ing environment with some amount of reverberation, as the distance between the 
remote microphone and the sound source is halved, the SNR is increased by 6 dB 
(following inverse square law behavior and assuming the distance traversed is 
entirely within the critical distance for the room). The biggest disadvantage to such 
systems is that they require a single sound source that is not varying over time, such 
as a speaker at a lecture or a loudspeaker on a television. Nonetheless, for some 
older adults with limited communication needs, these devices may be sufficient or 
they may complement the conventional hearing aid, which can be used in challeng-
ing listening situations.

In addition to technology-based approaches to improving the SNR for amplified 
speech in the case of older adults with hearing aids, various attempts have been 
made to train older adults to extract more information from existing acoustical 
SNRs. A complete review of all the approaches is beyond the scope of this chapter, 
but these approaches can generally be classified as being auditory based or visually 
based. Auditory-based approaches are commonly referred to as “auditory training” 
and may focus on improved discrimination, identification, or recognition of speech 
sounds, words, or sentences. In general, early attempts were adaptations of similar 
approaches developed for use with more severely hearing-impaired individuals and 
often focused on speech sounds in quiet. The study by Walden et al. (1981) repre-
sents one of the few successes for this approach when applied to adults with moder-
ate high-frequency hearing loss. More recently, auditory training with older 
hearing-impaired adults have made use of word- or sentence-based speech materi-
als and typically have focused on training in the presence of competing stimuli 
(Burk et al. 2006; Burk and Humes 2007). Another more comprehensive approach 
that focuses on auditory and cognitive training has been shown to improve speech-
understanding in older hearing aid wearers (Sweetow and Sabes 2006). In general, 
the rationale behind these approaches is that older adult hearing aid candidates typi-
cally wait 10-15 years after first suspecting a hearing loss to seek treatment (Brooks 
1979; Kyle et al. 1985). During this time, the hearing loss may have served as a 
passive means of eliminating competing background stimuli. In the process of 
restoring the audibility of speech with well-fit amplification, the audibility of 
competing background stimuli has also been restored. Training may be needed for 
the hearing aid wearer to relearn to extract the desired cues from the speech 
signal as well as to extract the speech signal from the competing background sounds. 
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Thus auditory training should occur with amplified speech signals immersed in 
competing background sounds. Much more work is needed, however, to demonstrate 
that such auditory training efforts lead to improved speech-understanding 
performance in older adults wearing hearing aids.

8.5  Summary

For unaided listening, the speech-understanding performance of older adults is 
determined primarily by the simplest peripheral factor: inaudibility of portions of 
the speech area due to the presence of high-frequency hearing loss. This is true 
regardless of the listening conditions (quiet, noise, reverberation, etc.). For tempo-
rally degraded speech or temporally varying competition, other factors may com-
bine with the peripheral hearing loss to produce further declines in unaided 
performance. When the loss of audibility is compensated for by well-fit amplifica-
tion, hearing loss is no longer the primary determiner of performance and the aided 
performance of older adults approaches that of younger listeners under acoustically 
equivalent conditions for quiet listening conditions and listening conditions with 
steady-state noise in the background. This is often not the case, however, when 
older adults listen to spectrally shaped speech that is temporally degraded or in a 
competing background that is temporally varying. This includes the very common 
listening condition of target speech produced by one talker with one to three com-
peting talkers speaking in the background. For conditions such as these, audibility 
of the entire speech area must be restored with amplification and the SNR must be 
made better than normal for the aided performance of most older adults to approach 
that of their younger counterparts.
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9.1  Introduction

Hearing loss in older adults is an important problem affecting communication and 
quality of life, yet few epidemiological studies have been conducted to evaluate the 
magnitude of the problem, identify modifiable factors contributing to the risk of 
hearing impairment, or test potential prevention strategies. The purpose of this 
chapter is to summarize the available epidemiological data about the prevalence 
and incidence of age-related hearing loss (ARHL) and its risk factors. Although 
prevalent cases of hearing impairment in older adults may represent a wide range 
of causes or disorders, prospective studies of older adults that can identify new 
cases occurring at older ages offer great promise for identifying modifiable factors 
for ARHL. Longitudinal epidemiological studies can identify ways to reduce the 
burden of hearing loss among older adults.

Although most hearing scientists use the term ARHL to imply hearing loss caused 
by aging, it is likely that hearing loss that develops in humans at older ages has a 
multifactorial etiology and does not represent an inevitable consequence of getting 
older. Dementia, cardiovascular disease, and even prostate cancer once were viewed 
as normal aging processes but now are considered preventable disorders; it is likely 
that one day ARHL also will be accepted as a preventable disorder. In this chapter, 
the evidence that ARHL is a potentially preventable health problem is reviewed.
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9.2  Classification/Definition of ARHL

The first challenge for reviewing the epidemiology of age-related hearing impairment 
is the lack of a standardized definition of hearing impairment. Some studies used 
self-reported hearing loss, assessed through a variety of questionnaires, although it 
has been shown that self-report results in significant misclassification because 
many people with measurable impairments do not report hearing problems (Ries 
1994; Nondahl 1998). In addition, the variety of questions used further hampers 
comparisons of the prevalence across study populations.

Studies relying on audiometric measures also differed in the definitions of hearing 
impairment used because of averaging different combinations of frequencies or ears 
to arrive at a person-level measure or employing different criteria for the magnitude 
of the threshold or pure-tone average required to be classified as hearing impaired 
(Table 9.1). Some studies used automated audiometry, but most studies employed 
conventional manual bracketing procedures for threshold determinations; some 
studies included bone conduction testing but most did not. Differences in equipment 
(including transducers), frequency of calibration, training and certification of testers, 

Table 9.1 Selected Studies of the Prevalence of Hearing Impairment.

Author/ Study Sample
Hearing Loss 
Definition Prevalence

Ries 1985 National 
Health and Nutrition 
Examination Survey 
1974-1975, USA

Nationwide probability 
sample, n = 6,805, 
25-74 years

Better ear 
PTA

0.5,1,2
 > 

26-dB HL

8%

Moscicki et al. 1985 
Framingham Heart Study 
1978-1979, MA, USA

n = 2,293, 57-89 years. Better ear 
PTA

0.5,1,2,4
 > 

25-dB HL

47%

Davis 1989 British National 
Study on Hearing 1980-
1986, UK

n = 2,708, 17-80 years PTA
0.5,1,2,4

 ³ 
25-dB HL

16.1% better ear 
26.1% worse ear

Cruickshanks et al. 1998b 
Epidemiology of 
Hearing Loss Study 
1993-1995, WI, USA

Population-based,  
n = 3,753, 48-92 
years

Either ear 
PTA

0.5,1,2,4
 

>25-dB HL

45.9%

Borchgrevink et al. 2005 
Nord-Trøndelag (NT) 
Norway Audiometric 
Survey 1996-1998, NT, 
Norway

n = 50,723, 20-101 
years

PTA
0.5,1,2,4

 
³25-dB HL

18.8% better ear 
27.2% worse ear

Chia et al. 2007 Blue 
Mountains Hearing 
Study 1997-2000, 
Sydney, Australia

Population-based,  
n = 2,431, 49+ 
years

PTA
0.5,1,2,4

 >25-
dB HL.

Unilateral: 13.3% 
Bilateral: 31.3% 
Combined: 
44.6%

Agrawal et al. 2008 
National Health and 
Nutrition Examination 
Survey 1999-2004, USA

Nationwide probability 
sample, n = 5,742, 
20-69 years

Either ear 
PTA

0.5,1,2,4
 

³25-dB HL

15.7%

PTA, pure-tone average; HL, hearing level.
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and other quality assurance methods that may affect measurement variability com-
plicate the task of comparing results.

Most commonly in epidemiological studies, a pure-tone average of thresholds at 
500, 1,000, 2,000, and 4,000 Hz that is >25-dB hearing level (HL) has been used 
to define hearing impairment, with studies differing between usage of either 
(worse) ear or better ear approaches. Defining hearing impairment as a hearing loss 
affecting one or both ears is consistent with definitions in other chronic disorders 
affecting paired organs such as lung, kidney, or breast cancer, where the interest is 
in whether the person is affected or not. Although functionally the person may 
derive benefit from the remaining organ, reducing the handicap associated with the 
condition, the disorder is present once a single organ is affected. In age-related 
hearing impairment, most losses are symmetrical and affect both ears, but due to 
measurement error and the use of cut-points, they may appear to be unilateral at one 
point in time. Discounting unilateral losses (both age related and from other causes 
such as trauma) will result in lower prevalence estimates of hearing impairment in 
populations. Recent studies in patients receiving cochlear implants reinforce the 
importance of two-ear hearing for optimal function (Brown and Balkany 2007).

Audiogram shape has been suggested as a way to subclassify hearing impairments 
into distinct etiologic pathways such as strial or metabolic, neural, or sensory, but 
these systems have not been validated by population level data (Schuknecht 1964) 
(see Schmiedt, Chapter 2, for a further discussion of these forms of presbycusis and 
their associated audiograms). Indeed, in one large population-based cohort study of 
>3,900 older adults with a high prevalence of hearing impairment, only one partici-
pant had a flat hearing impairment proposed by Schuknecht (1964) to suggest strial 
presbycusis (Cruickshanks, unpublished data). In Chapter 2, Schmiedt suggested 
that strial changes in the cochlea may produce a sloping hearing loss pattern, the 
more typical pattern of hearing loss seen in population-based studies of older adults 
(Cruickshanks et al. 1998b). Threshold testing with bone and air conduction may 
help to distinguish conductive from sensorineural hearing losses, but even then 
there is variation in the definition of a conductive hearing loss. Few longitudinal 
studies of hearing in adults have been conducted so the natural history of small air-
bone gaps at individual frequencies is unknown. Although audiometric thresholds 
provide a reliable and repeatable measure of hearing sensitivity, there remains a 
need for standardized definitions of hearing impairment to facilitate comparisons 
across populations and the search for etiologic pathways. For the purposes of this 
review, studies using audiometric measures are included when available, and when 
possible, the definition of ARHL employed is noted.

9.3  Evaluating the Evidence for Causal Associations: 
Identifying Risk Factors

In the field of hearing science, many advances in understanding human age-related 
auditory pathology have been derived from studies using animal models because of 
the difficulty of studying intact auditory systems in humans and ethical limitations 
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for experimental designs in humans (see Schmiedt, Chapter 2). In addition, human 
pathology studies and small cross-sectional studies of humans have contributed to 
ideas about key mechanisms of age-related changes. These important lines of evi-
dence generate hypotheses that should be tested through longitudinal studies in 
humans using analytical observational or randomized controlled trial designs. 
Epidemiological data are important components of the evidence considered by 
systematic systems evaluating causal factors. As reviewed by Evans (1995), many 
current guidelines have their origins in the Henle-Koch postulates, a systematic 
approach for determining if a virus or strain of bacteria was the cause of an infectious 
disease. Although many variations exist, these criteria for causal associations are 
frequently summarized as consistency, strength, specificity, temporal relationship, 
and coherence of the association (Table 9.2) (Evans 1995). Combined with systems 
weighing the quality of the studies including strengths and weaknesses of the 
design, measurement methods, analytic approach, attempts to control for potential 

Table 9.2 Criteria for Causation.

Factor Definition* Comments

Consistency Close conformity between findings 
in different samples, strata, or 
populations; at different times; 
in different circumstances; 
or in studies conducted by 
different methods or different 
investigators

Replication suggests that the finding 
is not due to chance, inherent 
limitations of one study design, or 
selection factors. Animal models 
and small experimental human 
studies contribute, but stronger 
evidence is from population-based 
prospective analytical studies and 
randomized, controlled trials.

Strength The size of the risk as measured 
by appropriate statistical tests.

Although larger effects may be more 
stable and reproducible, small 
effects may be clinically important. 
Greater precision of the estimates 
is reflected in small confidence 
intervals. Evidence of a dose-
response relationship adds to the 
evidence.

Specificity A single [factor] produces a 
specific effect.

This is often not the case in chronic 
diseases. For example, cigarette 
smoking does not just cause lung 
cancer but cardiovascular disease 
as well.

Temporal 
Relationship

Exposure precedes the outcome. 
This is the only absolutely 
essential criterion.

Cross-sectional studies are not 
sufficient because the onset of 
disease can alter exposures and 
biomarkers. Prospective designs 
are required.

Coherence The association should be 
compatible with existing theory 
and knowledge.

A biologically plausible explanation 
for the association based on clinical 
experience and current scientific 
knowledge.

Adapted from Evans 1995. *Adapted from Last 2001.
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confounders, sample selection, and completeness of follow-up, these guidelines 
have been used widely in epidemiology and health policy decision-making. 
However, audiological research has rarely incorporated epidemiological method-
ologies, and few epidemiologists have engaged in hearing research, leading to 
significant gaps in the body of evidence critical for determining causal pathways in 
humans and developing prevention strategies. For the purposes of this chapter, 
evidence for risk factors from epidemiological studies in humans is reviewed 
because the evidence from animal models and small cross-sectional studies are 
discussed in other chapters.

9.4  Descriptive Epidemiology

9.4.1  Prevalence

A number of epidemiological studies of the prevalence of ARHL have been 
conducted (Table 9.1) using a pure-tone average (PTA)-based definition of ARHL, 
although cut-points and other details may vary. Hearing was tested as part of the 
1974-75 National Health and Nutrition Examination Survey (NHANES), a nation-
ally representative sample of the United States population aged 25-74 years (Ries 
1985). In this study, 29% of adults aged 65-74 years and 8% of adults aged 25-74 
years had hearing impairments in the better ear. In the Framingham Heart Study, 
hearing was first measured in 1978-79; the prevalence of ARHL among adults aged 
57-89 years was 47% based on PTA from 0.5 to 4 kHz >25-dB HL (Moscicki et al. 
1985). In the population-based Epidemiology of Hearing Loss Study (EHLS) of adults 
aged 48-92 years, the prevalence of hearing impairment was 45.9% (Cruickshanks 
et al. 1998b). The Australian Blue Mountains Hearing Study was similar to the 
EHLS in study design and measurement methods and reported a prevalence of 
44.6% among adults aged 49 years or older (Chia et al. 2007). Recent reports from 
NHANES 1999-2004 indicated that the prevalence of hearing impairment among 
adults 60-69 years was 49% (Agrawal et al. 2008). These studies demonstrate that 
ARHL is a common disorder among older adults. Direct comparisons of geographic 
and temporal variations are difficult because of the methodological differences, 
including differences in the distributions of age and gender, but the studies consis-
tently report a high prevalence of ARHL among older adults.

9.4.2  Incidence

Few studies have followed cohorts over time to determine the incidence of ARHL. 
Prevalence studies, as summarized in Section 4.1, count the number of people with 
a disorder at a point in time. Incidence studies require studying people who are 
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initially healthy to determine the incidence rate or number of new events that 
develop in a given population at risk during a specified period of time. These pro-
spective studies are used to measure the risk of developing a health problem and 
identify factors that predict the onset of that disorder.

The Framingham Heart Study tested hearing in the same participants six years 
later (Gates and Cooper 1991). They reported the incidence of hearing impairment 
was 13.7% in left ears and 8.4% in right ears but did not provide person-level esti-
mates. A short-term pilot study in Great Britain and Denmark reported a two-year 
incidence rate of 12% (Davis et al.1991). The Baltimore Longitudinal Study of 
Aging (BLSA) measured hearing repeatedly in men without a history of noise 
exposure or middle ear disease (Brant et al. 1996). Among men aged 60-69 years 
at baseline, 13% developed ARHL, with a mean follow-up time of 7.8 years. The 
incidence was slightly higher (17%) among older men (aged 70+ years). In the 
EHLS, among adults aged 48-92 years at the baseline, the 5-year incidence of hear-
ing impairment was 21% and the cumulative 10-year incidence was 37.2% 
(Cruickshanks et al. 2003). All of these studies primarily studied non-Hispanic 
white (NHW) subjects. There are no reliable estimates of the incidence of ARHL 
in African American, Latino, or other racial/ethnic groups. Nonetheless, the inci-
dence of hearing impairment among older NHW adults in each study was high. 
Using the EHLS data and projecting to the US population, it is estimated that there 
will be 69 million adults aged 45 years or older with hearing impairment by 2030. 
Because <15% of people with hearing impairment are currently treated, this figure 
represents a large unmet future need for hearing health care; 58 million of these 
individuals would likely be untreated if current trends continue (Popelka et al.1998; 
Cruickshanks et al. 2003).

9.4.3  Age, Gender, Ethnicity/Race, Geographic Location,  
and Temporal Trends

It is well established that age and male gender are associated with the prevalence 
of ARHL. In the EHLS, the risk of developing ARHL increased with age (the odds 
of having ARHL were 81% higher for every 5 years of age) and men were more 
than twice as likely to have ARHL as women (Cruickshanks et al. 2003). Figure 9.1 
illustrates the 5-year incidence of ARHL in the EHLS by age at the baseline exami-
nation and gender. The incidence was higher for men than women in each age 
group, although the gender difference was small among the oldest group, perhaps 
due to the small sample sizes in the oldest age group (22 adults aged 80-92 years 
without hearing impairment at baseline).

As noted above, there are no incidence data for minority populations. However, 
the NHANES data suggest that the prevalence of ARHL is lower among black non-
Hispanic participants than NHW subjects (8.2 vs. 18%, aged 20-69 years) (Agrawal 
et al. 2008). The Health, Aging, and Body Composition Study (Health ABC) found 
ARHL was more common among white than black participants (Helzner et al. 2005). 
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In the Hispanic Health and Nutrition Examination Survey, the prevalence of hearing 
impairment appeared to differ by Latino subgroups (Lee et al. 1991). The ongoing 
Hispanic Community Health Study of 16,000 Latinos from different origins (http://
www.cscc.unc.edu/hchs/about.php) and an ongoing study of hearing in African-
American participants in the Jackson Heart Study will provide important information 
about the prevalence of hearing impairments among minority groups, but incidence 
data are not likely to be available in the near future.

Early epidemiological studies by Rosen et al. (1962) demonstrated that hearing 
was better among Africans living in the Sudan than expected based on hearing loss 
patterns in industrial societies (also Rosen and Olin 1965). In this study, older 
African men thought to be 60-69 years of age had median hearing thresholds <20-
dB HL through 6 kHz. In contrast, NHW men of similar ages participating in the 
Framingham Heart Study and the EHLS had average hearing thresholds >25-dB 
HL at 2 kHz and above (Gates et al. 1990; Cruickshanks et al. 1998b).

Doll and Peto (1981) developed an important model for evidence that a disorder 
has environmental or modifiable causes. They suggested that disorders are likely to 
be preventable when (1) the incidence is different between countries or geographic 
regions (geographic variation), (2) some groups of people are more or less likely to 
have the disorder than others, (3) rates of disease change over time (temporal 
trends), and (4) risk changes as people move from areas with low rates to areas with 
high rates or vice versa (rates change with migration). There have been too few 
longitudinal studies with comparable methods and populations to permit conclu-
sions about the patterns of ARHL by race, ethnicity, and geographic location and 
there are no published data on temporal trends or migration effects. Fundamental 
epidemiological evidence is still needed to understand the patterns of ARHL across 
countries, geographic regions, race/ethnicity, and time to help identify modifiable 
factors contributing to the etiology of ARHL. These types of data have been useful 
in understanding cancer and hold great promise for reducing the burden of hearing 
impairment in aging populations (Doll and Peto 1981).
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Fig. 9.1. The 5-year incidence of age-related hearing loss by age and gender: The Epidemiology 
of Hearing Loss Study, Beaver Dam, WI. (From data published in table form in Cruickshanks et al. 
2003.)
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9.5  Risk Factors

There is a growing body of evidence from cross-sectional epidemiological studies 
of ARHL that modifiable factors are associated with the prevalence of ARHL. 
However, longitudinal data are needed because cross-sectional data cannot establish 
that the exposures to potential risk factors preceded the development of the disorder 
(temporal sequence; see Table 9.2). Identifying etiologic factors may require study-
ing younger adults for many years because the changes in the auditory system that 
contribute to ARHL may occur over a long period of time. ARHL may develop 
slowly through pathological changes affecting multiple components of the auditory 
system (Willott 1991; Jennings and Jones 2001; Schmiedt, Chapter 2; Canlon, 
Illing and Walton, Chapter 3). Aging changes occur primarily within the cochlea 
and may affect the central auditory system as described by Schmiedt (Chapter 2) 
and Canlon, Illing and Walton (Chapter 3). Although age-related changes in cellular 
function (i.e., oxidative stress) may lead to decrements in hearing function, it is also 
likely that other factors such as genes, trauma (e.g., noise, vibration), direct toxic 
effects of medications and smoking, and ischemia contribute to auditory dysfunc-
tion in aging (Van Eyken et al. 2007a).

9.5.1  Genetic Factors

Epidemiological studies have found that ARHL clusters within families, with 
estimates of the heritability ranging from 25 to 75% (Karlsson et al. 1997; Gates 
et al. 1999; Christensen et al. 2001; Viljanen et al. 2007). Some of the variability in 
these estimates may be due to differences in the age and gender distributions of 
the subjects studied. Although these data suggest that ARHL is partially a genetic 
disorder, the genes involved are not known. Many studies of nonsyndromic forms 
of hearing loss have been completed, but there have been few genomewide linkage 
studies of ARHL. The Framingham Study found several regions suggestive of 
linkage: chromosomes 10q, 11q13.5, and 18q (DeStefano et al. 2003). Huyghe 
et al. (2008) detected significant linkage on chromosome 8 in a study of 200 
sibships. A multicenter European study found only one gene (grainyhead-like 2 
[GRHL2]) significantly associated with ARHL (Van Laer et al. 2008). Candidate 
gene associations studies of ARHL have also reported positive associations for 
N-acetyltransferase 2 (NAT2), glutathione S-transferase M1 (GSTM1), glutathione 
S-transferase T1 (GSTT1), and apolipoprotein E (APOE) (Unal et al. 2005; O’Grady 
et al. 2007; Van Eyken et al. 2007b; Van Laer et al. 2008).

In the only genomewide association study published to date, Huyghe et al. 
(2008) tested 169,154 single-nucleotide polymorphisms (SNPs) and found no vari-
ants that reached genomewide significance for hearing impairment. Thus although 
it is likely genetic factors contribute significantly to the risk of ARHL, the genes 
responsible are unknown. Large-scale collaborative studies are needed to identify 
the genetic markers for ARHL.
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9.5.2  Cardiovascular Disease and Cardiovascular  
Disease Risk Factors

Rosen suggested that the better hearing he observed in Mabaan men living in the 
Sudan region of Africa might be due to less noise exposure and healthier life-
styles (Rosen et al. 1962; Rosen and Olin 1965). These people had little heart 
disease, hypertension, or diabetes; consumed diets high in fruits and fiber; did not 
smoke; and were very physically active. Results from recent epidemiological 
studies have been conflicting. In Framingham and the Health ABC Study, car-
diovascular disease (CVD) and hearing loss were cross-sectionally associated 
(Gates et al. 1993; Helzner et al. 2005). There was no association between blood 
pressure and hearing loss. The BLSA found systolic blood pressure was associated 
with the incidence of hearing loss in men (Brant et al. 1996). Some population-
level studies have shown that the prevalence of hearing loss is higher in areas 
with high rates of CVD compared with areas with low rates of CVD (Rosen 1966; 
Rosen et al. 1970).

Results from some animal and histopathological studies have demonstrated that 
atherosclerosis can affect blood vessels supplying the inner ear and that a reduc-
tion in blood supply may lead to degeneration of hair cells and other components 
of the auditory system (Johnsson and Hawkins 1972; Willott 1991; Jennings and 
Jones 2001). A case-control study of women found the odds of having a hearing 
impairment were eightfold higher among the cases with ischemic heart disease 
compared with the control subjects with normal coronary arteries (Susmano and 
Rosenbush 1988). In the EHLS, history of CVD was associated with prevalence 
of ARHL and with cochlear function in women but not men (Cruickshanks et al. 
1996; Torre et al. 2005).

Cigarette smoking was not associated with prevalent ARHL in the Framingham 
Heart Study or the BLSA (Gates et al. 1993; Brant et al. 1996). In the EHLS, cur-
rent smokers were more likely to have a hearing impairment than nonsmokers 
(Cruickshanks et al. 1998a). A recent multicenter study in Europe and the 
NHANES reported associations between smoking and ARHL (Agrawal et al. 
2008; Fransen et al. 2008). In the Health ABC Study, the odds of hearing impair-
ment were higher among smokers than nonsmokers (Helzner et al. 2005). These 
findings are consistent with earlier clinical studies, but prospective data are needed 
to confirm them.

In the EHLS, moderate alcohol consumption also was associated with ARHL 
and was recently reported in the European study, providing weak evidence of a 
protective effect (Popelka et al. 2000; Fransen et al. 2008). Similarly, socioeco-
nomic status (income or education), a known CVD risk factor, also has been associ-
ated with ARHL in several studies, with higher socioeconomic status having a 
modest protective effect (Cruickshanks et al. 2003; Helzner et al. 2005; Agrawal 
et al. 2008). Participants in the EHLS with less than a high school education were 
more than twice as likely to develop a hearing impairment as participants with a 
college education (Cruickshanks et al. 2003).



268 K.J. Cruickshanks et al.

BookID 139876_ChapID 9_Proof# 1 - 12/10/2009 BookID 139876_ChapID 9_Proof# 1 - 12/10/2009

Diabetes and CVD share many risk factors, and Type 2 diabetes has been found 
to be associated with ARHL in the EHLS, adjusting for age (Dalton et al. 1998). 
Diabetes also was associated with hearing impairment in the Health ABC Study 
and, more recently, in the NHANES (Helzner et al. 2005; Bainbridge et al. 2008). 
These studies suggest that diabetes and ARHL may share common risk factors or 
similar underlying etiologic pathways.

Although strong evidence is not available because few longitudinal studies have 
been conducted, taken together, these studies suggest that cardiovascular risk factors 
may play important roles in ARHL.

9.5.3  Noise

It is well known that occupational exposure to loud noise can damage hearing over 
many years of exposure. However, the role of noise exposure in the etiology of 
ARHL is unclear. The onset of ARHL is most frequent over age 60 when most occu-
pational exposure to noise has ceased due to retirement. In the EHLS, leisure noise 
exposure to loud hobbies such as woodworking was associated with the prevalence 
of ARHL (Dalton et al. 2001). In addition, occupation, a marker of socioeconomic 
status, as well as potential noise exposure was associated with ARHL (Cruickshanks 
et al. 1998b). The 5-year incidence of ARHL was almost twice as high among people 
employed in production, operations, and fabrications than people employed in 
management and professional occupations (Cruickshanks et al. 2003). Understanding 
the contribution of noise exposure to ARHL will be difficult given the challenges of 
measuring past and current noise exposure and disentangling the potential confounding 
effects of socioeconomic status, lifestyle, and health factors.

9.5.4  Solvents and Other Environmental Chemical Exposures

There is good evidence from animal models that some chemicals, particularly 
solvents such as toluene and styrene, may damage the auditory pathway (Fuente 
and McPherson 2006; Morata and Campo 2002).  In humans, the best evidence 
comes from cross-sectional studies in occupationally exposed middle-aged workers 
(Morata et al. 2002; Moshe et al. 2002;  Sliwinska-Kowalska et al. 2003). These 
studies have been limited by small samples sizes, analyses inadequately controlling 
for other potential confounding factors, methodological challenges in measuring 
exposures, abbreviated audiometric threshold testing, differences in definitions of 
hearing impairment, and their cross-sectional designs.

The Copenhagen Male Study, an epidemiological study of 3,284 men employed 
in 14 private or public companies in 1971 evaluated the relationship between self-
reported occupational exposure to solvents and self-reported hearing loss (Jacobsen 
et al. 1993). Solvent exposure was associated with self-reported hearing problems 
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in models adjusting for noise and family history (Jacobsen et al. 1993). A study of 
two birth cohorts from Göteborg, Sweden, found no correlation between reported 
exposure to industrial chemicals and hearing thresholds at ages 70-85 years, but the 
numbers of exposed individuals were very small, thereby limiting the power to 
detect an association (Rosenhall et al. 1993). One paper from the Second National 
Health and Nutrition Examination Survey and one from the Hispanic Health and 
Nutrition Survey evaluated the association between blood lead levels and hearing 
thresholds (Schwartz and Otto 1987; 1991). Both studies reported higher hearing 
thresholds among people with higher blood lead levels.

There are few, if any, large studies evaluating chemical exposures and the devel-
opment of hearing impairment in older adults. Because there is good evidence of 
the potential hazard, measures of solvent and chemical exposures such as mercury 
should be included in future epidemiological studies to measure the relative contri-
bution of such exposures over the lifetime to hearing impairments. Low-dose exposures 
are difficult to measure because they may accrue in many occupational settings; 
during hobby and recreational activities; through exposure to ordinary household 
products, paints, adhesives, and other building materials; or through water and food 
sources such as fish contaminated with mercury or other chemicals. Approaches 
developed for environmental epidemiological studies of indoor air pollution from 
volatile organic solvents and other emissions as well as studies of contaminated fish 
and water could be adapted to begin to address this important question (Turyk et al. 
2006; Lin et al. 2008).

9.5.5  Radiation and Medications

There is a wealth of clinical studies documenting the ototoxic effects of radiation 
and chemotherapy, particularly with cisplatin-C (Van Eyken et al. 2007a). However, 
there are no population-based estimates of their importance. Few participants in 
population-based studies would have these exposures due to the low prevalence of 
cancer survivors, making precise estimates of the hearing-health effects difficult to 
obtain and suggesting that these exposures do not contribute substantially to the 
overall prevalence of ARHL. Whether lower-dose radiation such as exposure 
received during dental exams or head imaging studies is associated with age-related 
hearing impairment remains unknown.

Older adults often take numerous mediations to prevent or treat other health 
conditions, making medication effects on hearing an important issue for epidemio-
logical studies of hearing. To date, few studies have included data on medication 
usage. Several small cross-sectional studies have found differences in hearing asso-
ciated with the use of salicylates (better hearing thresholds among users compared 
with nonusers), antihistamines, b-adrenergic agents, and calcium-channel blockers, 
although results have been inconsistent (Lee et al. 1998; Mills et al. 1999; Van Eyken 
et al. 2007a). The Health ABC Study reported a protective effect of salicylates 
(Helzner et al. 2005).
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9.5.6  Vitamins B
12

 and D and Folate

Previously, studies have found suggestive evidence that people with hearing 
loss had lower serum levels of vitamin B

12
, vitamin D, and/or folate than people 

with normal hearing (Houston et al. 1999;  Berner et al. 2000; Durga et al. 2006). 
Recently, results from a randomized controlled trial of long-term folic supplemen-
tation in 728 adults ages 50-70 years of age were reported (Durga et al. 2007). 
Participants receiving 800 µg/day of folic acid had smaller declines in hearing 
(PTA

0.5-2
, both ears) during a 3-year follow-up period than subjects randomized 

to placebo (1- vs. 1.7-dB HL, respectively) (Durga et al. 2007). Numerous selec-
tion criteria may limit the generalizablity of the study results and the study was 
conducted in a country where foods are not fortified with folate, further limiting 
the findings. Nevertheless, these results, if replicated, are exciting because they 
suggest that it may be possible to reduce the deterioration of hearing in aging 
populations.

9.6  Summary

Epidemiological studies have demonstrated that ARHL is a common health prob-
lem for older adults. The EHLS data suggest that ~1 in 25 older adults develops a 
hearing impairment each year and that 1 in 10 people with hearing impairment 
experience deterioration in their hearing. Doll and Peto (1981) proposed that differ-
ences in incidence between geographic areas, changes in incidence with migration, 
changes in incidence over time, and identifying risk factors provide strong evidence 
that a disease is preventable. The lack of prospective data for ARHL severely limits 
conclusions that can be drawn about its etiology and hampers identifying effective 
preventive strategies. The data summarized in this chapter do not meet the estab-
lished standards for causality (Table 9.2). Nonetheless, the limited epidemiological 
data available, combined with smaller clinical and animal studies, suggest that 
ARHL is a preventable disorder. Rosen’s early work suggests that risk may vary by 
geographic location and it may be possible to lower rates of ARHL in developed 
nations to those experienced in other regions (Rosen et al. 1962; Rosen and Olin 
1965; Rosen 1966; Rosen et al. 1970). Many epidemiological studies have identi-
fied factors associated with prevalent cases of ARHL, although incidence studies 
are needed.

Multidisciplinary research on the epidemiology of ARHL has the potential to 
provide important insights into the causes of ARHL. If vascular health or cardio-
vascular risk factors contribute to the risk of ARHL, medications and preventive 
strategies meant to reduce the risk of CVD may provide ancillary auditory protec-
tive benefits and help reduce the burden of hearing impairment for the aging baby 
boomer generation.
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10.1  Introduction

The chapters in this book provide ample evidence that age-related hearing loss is 
caused by multiple factors combining genetic traits with a constant barrage of life-
time insults to the hearing organ. Such insults may include noise exposure in occu-
pational settings or at leisure (from loud machinery to iPods or rock concerts), 
chemicals and solvents in the work place, life style (drinking, smoking), diseases 
(diabetes, infections), and even the adverse “ototoxic” effects of medications on the 
inner ear. It is not even necessary that the insults be severe enough to cause immedi-
ate damage. Kujawa and Liberman (2006) subjected adult mice to a noise level that 
did not induce any threshold shifts two weeks after exposure. However, as the ani-
mals aged, they showed a continuing primary neural degeneration and deterioration 
of neural responses. Age-related changes in the central auditory system add to the 
complexity of the problem. Determining the cause(s) of hearing difficulties in an 
aging patient is challenging to say the least, let alone the question of how to prevent 
or treat such hearing impairment.

Potential therapies and interventions that might ameliorate presbycusis can be 
viewed from a broad conceptual perspective: the auditory system is but one com-
ponent of the nervous systemthat, in turn, interacts with other “nonneural” systems. 
These “nonneural” systems may undergo subtle or obvious alterations with age, 
indirectly affecting hearing. Familiar examples are the immune and cardiovascular 
systems that often decline with age and have concomitant detrimental effects on 
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neural tissue in the auditory system and elsewhere (Willott 1999). In addition, 
cognitive processes typically slow or diminish, which may have negative effects on 
auditory perception (Schneider, Pichora-Fuller, and Daneman, Chapter 7). Many 
approaches to geriatric health and therapeutics have been aimed at variables such 
as general health, specific diseases, and genetic defects that modulate the rate of 
aging of physiological systems and their myriad cellular components (Gordon-
Salant and Frisina, Chapter 1). These approaches may benefit the auditory system, 
perhaps even in unexpected ways.

This being said, the present chapter focuses on the auditory system as it pertains 
to presbycusis, and this requires a conceptual perspective as well. In thinking about 
interventions aimed at the aging auditory system, one must consider both the 
cochlea and the auditory regions of the brain as quasi-independent yet interacting 
components. On the one hand, the organ of Corti and other cochlear tissue are 
extremely vulnerable to degeneration with age. Virtually all older people exhibit 
some degree of degenerative changes in cochlear tissue including hair cells, sup-
porting cells, stria vascularis, and spiral ganglion neurons or any combination 
thereof (Schmiedt, Chapter 2; Fitzgibbons and Gordon-Salant, Chapter 5; Cruickshanks, 
Zhan, and Zhong, Chapter 9).

This, of course, results in reduced auditory sensitivity and degraded neural infor-
mation being relayed to the brain via the auditory nerve, many of whose axons may 
also be damaged or missing. Altered inputs from the cochlea can then cause sec-
ondary changes in the central auditory system, dubbed the “central effects of 
peripheral pathology” (Willott 1991). Denervation or diminished auditory-evoked 
synaptic input to central auditory nuclei includes both degenerative effects and 
plasticity, discussed in Section 5 and by Canlon. Illing, and Walton ( Chapter 3).

Complicating the situation still further, the auditory system faces a variety of ills 
that may visit the aging central nervous system and are independent of cochlear 
events. These “central effects of biological aging” (Willott 1991) are manifested in 
numerous ways in the brain. For example, older neurons may be more susceptible 
to certain toxins and to excitoxicity by amino acid neurotransmitters (for example, 
damage from too much glutamatergic synaptic activity), programmed cell death, 
somatic mutations, oxidative damage, and more. Thus, even if the cochlea were not 
damaged, auditory perception can be degraded.

Given all of this, interventions aimed at the auditory system might focus on 
specific components (e.g., cochlear or brainstem prostheses, hearing aids), and/or 
variables that may impact both the peripheral and the central auditory system (e.g., 
pharmacological interventions designed to benefit hair cell or neuronal survival or 
neural circuit integrity; Willott et al. 2001a). For example, a deficient blood supply 
to auditory structures might benefit from repair of age-related damage specific to 
strial capillaries (if possible) or from treatment of cardiovascular disease threaten-
ing cerebral or cochlear blood vessels. Although directed at the same target, these 
interventions would be taking on the problem from rather different directions.

Most interventions aim at slowing, stopping, or reversing degenerative or patho-
logical events. These goals are especially challenging when it comes to biological 
changes that intrinsically accompany aging. Such geriatric interventions are hampered 
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by the dynamic, progressive, and diverse nature of age-related change and by the 
complex reactions and interactions of molecular, cellular, systemic, and behavioral 
processes. Thus slowing degenerative changes or attenuating their negative effects 
on auditory perception and the quality of life may currently be the best attainable 
outcome. And even then, it may be virtually impossible to predict the effects of 
generalized treatments on the aging auditory system.

10.2  Contributions of Animal Models

Because of the complexity of human presbycusis, research has long turned to 
animal models from which a large amount of our knowledge about age-related 
hearing loss has been derived (Ohlemiller 2006). The assumption is that con-
founding factors can be better controlled, and a clearer picture of true age-
dependent changes should become apparent in the laboratory. No single animal 
model has yet emerged as the gold standard for presbycusis and a variety of 
species have been investigated to approximate the different forms of human 
hearing loss. The gerbil, e.g., is considered a model for strial degeneration. Rats 
and cats can show features of sensory or sensorineural hearing loss that may be 
the most common form of age-related hearing impairment. Mice are appealing 
because of the availability of molecular tools and genetic information. For 
example, molecular findings in aging CBA/J or CBA/CaJ mice suggest a close 
relationship between oxidative stress mechanisms of the general physiological 
aging process and aging in the auditory system (Jiang et al. 2007). An added 
advantage for research design is the different rate of hearing loss in different 
mouse strains, ranging from those such as CBA and CAST, which exhibit mini-
mal hearing loss by 18 months of age, to those such as C57BL/6J (B6) and 
DBA/2J, which exhibit significant hearing loss by approximately eight and two 
months of age, respectively. Such diversity has helped elucidate genetic com-
ponents of accelerated hearing loss, e.g., the Ahl locus on chromosome 10 that 
is associated with cadherin 23, a protein intimately involved in stereocilia struc-
ture (Noben-Trauth et al. 2003). Mice carrying the recessive allele develop 
disorganized hair bundles.

The present discussion focuses primarily on animal models in which some tan-
talizing albeit inconsistent progress has been made in delaying presbycusis. 
Although extrapolations from nonhuman species to humans must always be made 
with caution, animal models, particularly mammals, provide information about 
what can and does occur in species whose auditory systems are in many ways simi-
lar to our own. A case in point for the applicability of this notion to the auditory 
system is the recent prevention of gentamicin-induced hearing loss in a clinical trial 
that was based on the outcome of laboratory investigations (Sha et al. 2006). Thus 
interventions that ameliorate presbycusis in animal models might also be beneficial 
in humans. Moreover, ideas generated by our insights from animal research may 
inspire new clinical directions.
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10.3  Oxidative Imbalance: Target for Interventions

10.3.1  Oxidative Stress

Investigations into the aging process in nematodes, fruit flies, and mammals have 
pointed to a relationship between longevity and resistance to oxidative stress. 
Oxidative stress can be caused by reactive oxygen species (free radicals) that are 
products of enzymatic reactions serving physiological functions (such as the signal-
ing molecule nitric oxide) or by-products of physiological processes (such as super-
oxide “leaking” from respiring mitochondria). Although essential constituents of 
every cell, reactive oxygen species also have destructive properties. “Redox homeo-
stasis” is the equilibrium a cell must achieve for its survival by containing reactive 
oxygen species within physiological levels by balancing their production with their 
removal. For this purpose, every cell is endowed with antioxidants, such as gluta-
thione, that remove (“scavenge”) reactive oxygen species and with enzymes, such 
as superoxide dismutase, that inactivate them or their precursors. If reactive oxygen 
species overwhelm the antioxidant capacity of a cell, oxidant stress ensues. This 
condition will activate signaling pathways and gene expression, first in an attempt 
to restore homeostasis and, if this fails, to initiate cell death.

This general concept of age-related oxidant stress may also apply to the auditory 
system, at least in models where hair cell loss is a primary cause of deafness. For 
example, in heterozygous mice lacking Cu/Zn (cytoplasmic) superoxide dismutase, 
age-related hearing loss developed earlier and with greater severity than in mice 
with this enzyme (McFadden et al. 1999). In the aging CBA mouse, reactive oxy-
gen species are increased and antioxidant defense systems decreased in the cochlea 
(Jiang et al. 2007). Although oxidative stress may be produced by a multitude of 
physiological reactions, mitochondria are the major sources of reactive oxygen spe-
cies during normal metabolism and even more so during enhanced metabolism, e.g. 
during noise exposure. Because the destructive actions of reactive oxygen species 
can, in turn, target the mitochondria themselves, a vicious cycle can commence in 
which reactive oxygen species damage the mitochondria and then those damaged 
mitochondria produce more reactive oxygen species. Deletions in mitochondrial 
DNA are an indicator of oxidative damage, and an accumulation of mitochondrial DNA 
mutations has been observed in essentially all aging tissues including the cochlea 
(Bai et al. 1997; Fischel-Ghodsian et al. 1997; Seidman et al. 1997; Pickles 2004). 
These signs of free radical-inflicted injury correlate well with a decreased hearing 
ability of rats (Seidman 2000), but the question whether there is indeed a causal 
(rather than a correlative) relationship remains unresolved. It is indicative of the 
complexity of the issue that Le and Keithley (2007) found no significant effect on 
age-related hearing loss in transgenic mice lacking the mitochondrial Mn-superoxide 
dismutase as compared to the B6 parent strain.

Another stress on mitochondrial respiration is exerted by hypoxia from vasocon-
striction with subsequent reperfusion. Reperfusion, the restoration of blood flow, 
brings with it inflammatory factors and free radicals to the affected site, increasing 
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cellular damage. This condition can arise in the cochlea for various reasons. Vascular 
abnormalities are a general pathological change, with aging potentially stressing 
oxygen supply and mitochondrial respiration (Picciotti et al. 2004), and vasocon-
striction of the microvasculature in the lateral wall tissues has often been observed 
as a result of noise exposure (Hawkins 1971). In a more direct experimental 
approach, suppression of cochlear blood flow promoted mitochondrial DNA muta-
tions and impacted hearing loss (Dai et al. 2004). Whether noise-induced or age-
associated, vascular pathologies can be expected to add to oxidant stress in the 
inner ear, with potentially harmful and long-lasting consequences.

Another aspect of oxidative damage is “excitotoxicity,” a phenomenon observed 
in the nervous system in response to a synaptic overload of glutamate. It may cause 
permeability changes in the postsynaptic membrane, leading to calcium influx, 
osmotic imbalance, dendritic edema, and eventual compromise of cell structure and 
function. Excess release of the neurotransmitter glutamate due to acute overstimu-
lation of the inner hair cell or perhaps lower level chronic stimulation may trigger 
such excitotoxicity (Pujol et al. 1990). Pathological changes include vacuolizations, 
edema, and retraction of dendrites at the inner hair cell synapsethat, however, are 
reversible after an acute insult. It remains speculative as to what extent cumulative 
excitotoxic events could contribute to age-related hearing impairment, but they 
could perhaps promote neural degeneration without outright loss of hair cells.

10.3.2  Pharmacological Interventions

If oxidant stress has a causative relation to (sensory) presbycusis, a pharmacological 
intervention should be possible using supplementation by antioxidants to remove 
free radicals. Antioxidant treatment is a successful protective therapy in animals 
against some cochlear pathologies that are based on oxidant stress, namely, amino-
glycoside and cisplatin ototoxicity (Rybak and Whitworth 2005) and noise trauma 
(Seidman et al. 1993; Ohinata et al. 2003). Although such positive intervention is 
encouraging, it should be considered that drug and noise trauma are rather acute 
and treatment can commence soon after or even before the ototoxic event. However, 
antioxidants can also be effective against chronic oxidant stress, increasing life 
span by protecting against oxidative damage in mitochondria (Miquel et al. 1995), 
and therefore may possibly be efficacious in presbycusis.

Rats kept on over supplementation with vitamin E or vitamin C during their life 
span indeed maintained better auditory sensitivity than their cohort on a placebo 
(Seidman 2000). For a translation to “real life,” a lifetime on vitamin supplementation 
seems impractical, and a protective therapy would preferably begin at an age 
when hearing is still normal but just before the expected onset of presbycusic 
changes. This principle was also tested, albeit with less convincing results (Seidman 
2000). A small contingent of rats was followed for six weeks during which a threshold 
shift of 4 dB was seen at 18 kHz and 7 dB at 3 kHz, a trend opposite to the expected 
greater high-frequency loss in presbycusis. Of the two antioxidants (mitochondrial 
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metabolites) chosen, acetyl l-carnitine protected at 18 kHz, not at 3 kHz and lipoic 
acid protected at 3 kHz but not at 18 kHz. More encouraging was a study in aging 
dogs fed an antioxidant diet for the last three years of their lives (Le and Keithley 
2007). Animals on the diet that included dl-a-tocopherol acetate (vitamin E), 
l-carnitine, dl-a-lipoic acid, and ascorbic acid (vitamin C) showed less neuronal 
degeneration in the cochlea than animals on a normal diet. The caveat here is that 
the dogs had a lifetime of exposure to excessive noise (from constant barking) in 
their kennels and that some of the damage and the antioxidant protection might 
relate more to acoustic trauma than to aging.

To what extent dietary manipulations can attenuate presbycusis in humans 
remains to be established, and some recent studies have shown divergent results. 
Folic acid and vitamin B

12
 are essential for general health, and reduced serum 

concentrations have been associated with increased cognitive decline as well as 
auditory dysfunction in aging individuals (Houston et al. 1999). Short-term supple-
mentation with vitamin B

12
, however, was unrelated to hearing status in a group of 

older adults (Park et al. 2006). In contrast, a clinical study in the Netherlands 
(Durga et al. 2007) provided some evidence for the efficacy of folic acid. Over a 
three-year period, the decline in low-frequency hearing was modestly (by 0.7 dB) 
but significantly attenuated in elderly participants with daily supplementation of 
folic acid as compared with a placebo group. High-frequency hearing was not 
affected, but a preservation of the lower frequencies could be important for speech 
discrimination. The result may not be generally applicable because basic folate 
levels in the Dutch population are low because folic acid fortification of food is 
prohibited in the Netherlands. Some other countries, including the United States, 
Canada, and the United Kingdom, have introduced folic acid fortification (primar-
ily of flour products) to lower the incidence of congenital neural tube deformation. 
In any case, the Dutch study does signal the possibility that presbycusis may be 
amenable to pharmacological prevention.

In another pilot study, 23 patients with presbycusis received a combination of 
the radical scavenger rebamipide and vitamin C for eight weeks (Takumida and 
Anniko 2005). Hearing levels after treatment were improved (>10 dB) at 125, 250, 
500, and 8,000 Hz in half the patients but remained unchanged at 1,000, 2,000, and 
4,000 Hz. The large improvement in thresholds after such a short time is intriguing 
but unlikely to be related to an effect on sensory or sensorineural presbycusis where 
irreversible damage to hair cells and neuronal elements would have occurred.

Alcohol has emerged from several population studies as a boon and a bane. 
Moderate alcohol consumption was associated with better hearing at both low and 
high frequencies, whereas heavy drinkers had a tendency for greater high-frequency 
hearing loss (Popelka et al. 2000). Several other studies have corroborated such a fine 
line between the beneficial and the detrimental effects of alcohol consumption that 
might, at least in part, be related to effects on general health. We may suspect that 
other therapies may likewise have dose-dependent positive or negative effects when 
administered chronically, but such studies are still lacking. In any case, the sum of 
these results clearly suggests that presbycusis, despite some genetic predisposition, is 
not invariable but that its progression can be pharmacologically manipulated.
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10.4  Dietary Restriction

A large body of gerontological literature on rodents and other species has shown 
that calorically restricted diets can extend longevity, slow certain age-related 
physiological declines, and decrease tumors and diseases (Heilbronn and Ravussin 
2003; Bordone and Guarente 2005; Bengmark 2006). Although much of this 
research has focused on nonneural systems, there is ample evidence that dietary 
restriction modulates aging of the brain (Mobbs et al. 2001; Martin et al. 2006; 
Ingram et al. 2007). Interestingly, increased stress resistance by lowering reactive 
oxygen species is among the metabolic consequences of dietary restriction (Sohal 
and Weindruch 1996).

With respect to the effects of caloric restriction on the auditory system, the 
results are mixed. Several studies have used inbred strains of mice that exhibit 
genetic progressive hearing loss as models of presbycusis. Caloric restriction 
reduced age-related changes in some strains but not in others (Henry 1986; Sweet 
et al. 1988; Park et al. 1990; Willott et al. 1995). Willott et al. (1995) evaluated the 
effects of a well-controlled calorically restricted diet on age-related hearing loss in 
15 mouse strains maintained on their diets from a young age. The strains included 
several with genetic progressive hearing loss, B6, DBA/2J, BALB/cByJ, and WB/
ReJ plus a normal-hearing CBA/H-T6J strain and all 10 combinations of their F

1
 

hybrids. The following effects of dietary restriction were observed among the 15 
strains: (1) no apparent effect on either longevity, the rate of progressive hearing 
loss from auditory brainstem response (ABR), or end-point cochlear pathology; (2) 
extended longevity, with cochlear pathology continuing at a rate predictable from 
the regression curve derived from mice with the typical, high-calorie diet. This was 
also observed in rats by Feldman (1984); (3) extended longevity, but with the rate 
of auditory degeneration accelerating compared with the linear regression predic-
tion; (4) an ameliorative effect on cochlear damage for a portion of the extended 
longevity, followed by acceleration of cochlear damage; (5) slowing of the rate of 
hearing loss (indicated by ABR thresholds) but not the ultimate severity of cochlear 
pathology (i.e., severe hearing loss occurred later in life); and (6) in B6 mice, slow-
ing of the rate of hearing loss, lessened cochlear pathology, and extended longevity. 
Henry (1986) also found less severe presbycusis in diet-restricted B6 mice.

Research on this topic using other species or different parameters of evaluation 
likewise shows varied effects. Seidman (2000) concluded that caloric restriction in 
rats had beneficial effects on presbycusis, including reduced damage to mitochon-
drial DNA that he linked to cochlear damage. Someya et al. (2007) reported that 
caloric restriction suppressed apoptotic cell death in the mouse cochlea, downregu-
lating the expression of 24 apoptotic genes. In contrast, Torre et al. (2004) were 
unable to find evidence of an effect of caloric restriction using electrophysiological 
measures to evaluate hearing in rhesus monkeys.

These findings suggest that caloric restriction has the capacity to slow or mitigate 
the rate or severity of cochlear degeneration. However, this effect appears to be tied 
to genotype because dietary restriction often has no effect or even detrimental 
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effects on the auditory system in different species or genetic strains. The ultimate 
application of some sort of long-term approach to humans may therefore have to 
deal with unknown variables and substantial individual differences.

10.5  Manipulation of Hearing-Loss Induced Central Plasticity

Neurons in adult brains retain the capacity for synaptic plasticity in response to 
injury or environmental manipulations, in some cases as effectively as young brains, 
and dendrites continue to be modifiable (e.g., Willott 1999; Syka 2002; Jones et al. 
2006; Mahncke et al. 2006; Keuroghlian and Knudsen 2007; Mora et al. 2007). The 
implications for the auditory system are that degenerative tendencies may be coun-
teracted by replacement of damaged synapses and repair of neural circuits.

This idea has been extensively tested in B6 mice (Willott 1986, 1996, 2006; 
Frisina and Walton 2001). B6 mice exhibit progressive cochlear pathology that 
begins during young adulthood (2-3 months of age) and is well developed by 
middle age (6-12 months). Sensorineural hearing loss begins with involvement of 
the basal cochlea (and, consequently, elevation of high-frequency thresholds) and 
progresses to include lower frequencies as well. As high-frequency hearing loss 
becomes more severe with age, changes in the representation of stimulus frequency 
by neurons in the B6 inferior colliculus (IC) occur. Neurons in the ventral IC that 
normally have low thresholds for high-frequency tones, of course, can no longer 
respond to them and the “tails” of the neuronal tuning curves normally have high 
thresholds (>80-dB SPL) for low-frequency tones. However, in middle-aged B6 
mice with high-frequency impairment, ventral IC neurons come to respond to low-
frequency sounds at intensities of <70- or even 60-dB SPL (i.e., activity from more 
apical regions of the cochlea now influences responses of these neurons). In the 
ventral IC, the “best frequencies” (the frequency for which a neuron has the lowest 
threshold) shift from high to midfrequencies (10 to 15 kHz) so that best frequencies 
tend to be similar throughout the IC. Importantly, the “shifted” best frequencies have 
thresholds that are lower than thresholds of the same frequencies in the tuning curve 
“tails” of neurons in the same IC location of young adult mice. The changes in 
frequency representation are even more pronounced in the auditory cortex (Willott 
2006). Indeed, virtually the entire auditory cortex contains neurons with low-threshold 
best frequencies at the midfrequencies.

10.5.1  Functional Consequences

This type of hearing loss-induced plasticity appears to have functional consequences 
as indicated by behavioral research using the prepulse inhibition paradigm (PPI; 
summarized in Willott et al. 2001b). In PPI, a tone “prepulse” stimulus (S1) is presented 
100 ms before a standard startle-evoking noise-burst stimulus (S2). If S1 is effective, 
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the amplitude of the startle response evoked by S2 is reduced (inhibited), and the 
degree of amplitude reduction may be used as a measure of the behavioral salience 
of S1. PPI of B6 mice exhibited the expected weakening of PPI to a high-frequency 
(24 kHz) S1 between 1 and 12 months of age, consistent with the decline of high-
frequency hearing. More importantly, the efficacy of lower-frequency S1s was sig-
nificantly enhanced. In 6 month olds, enhancement was greatest for 12- to 16-kHz 
S1s, frequencies for which neural plasticity is pronounced. In 12 month olds, 
enhancement of startle modification was especially prominent for 4-kHz S1s. 
“Overrepresented” midfrequencies also became more potent stimuli in a fear-condi-
tioning paradigm (fear-potentiated startle; Falls and Pistell, 2001). These studies 
indicate that hearing loss-induced plasticity leads to greater behavioral salience of 
sounds consisting of the overrepresented frequencies.

10.5.2  Diminished Inhibition

Some properties of hearing loss-induced plasticity suggest that neural-inhibitory 
processes are impaired in the IC and auditory cortex of middle-aged B6 mice, 
spawning the “diminished-inhibition” hypothesis (Willott 1996). For example, IC 
neurons of middle-aged B6 mice (but not normal-hearing CBA mice) exhibit 
increased spontaneous activity, which would be expected if inhibition of neurons 
was reduced (Willott et al. 1988). Fewer nonmonotonic rate-level functions are 
observed in IC neurons of middle-aged B6 mice. Nonmonotonicity is likely to 
result when inhibition is evoked by stimuli at higher sound pressure levels. Free-
field studies provided evidence that the typical ipsilaterally evoked inhibition and 
binaural release from masking are weaker in middle-aged B6 mice (McFadden and 
Willott 1994). Also, in the cochlear nucleus, potency of the inhibitory neurotrans-
mitter glycine is lessened (Willott et al.1997).

If a mechanism involving diminished inhibition were responsible for hearing 
loss-induced plasticity, it might be possible to alter it with pharmacological inter-
ventions or other means that affect the relative strength of excitatory and inhibitory 
synapses or circuits. But this begs the question as to what changes would be aimed 
for and whether hearing-loss-induced plasticity is generally beneficial or deleteri-
ous for auditory perception (Willott 1996). On one hand, more auditory neurons 
become devoted to the frequencies that can still be heard, and this might allow the 
auditory system to respond more vigorously to certain sounds. However, the 
altered responses are also inappropriate responses, in that an abnormally large 
number of neurons are excited by stimuli that did not activate them when the indi-
vidual was young. If the auditory system cannot “recognize” that formerly high 
best-frequency neurons are now responding to midfrequency sounds and associate 
the neuronal responses with their new stimuli, perceptual processes could be 
affected. Moreover, if the physiologically amplified sounds are noise rather than 
signal, problems would ensue in noisy environments. The upshot is that we cannot 
predict the effects of hearing loss-induced plasticity on auditory perception and 
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whether it might be altered beneficially. The therapeutic potential of this approach 
has yet to be determined.

10.6  Treatment with an Augmented Acoustic Environment

Treatment with an augmented acoustic environment (AAE) has the potential to 
alter the severity and time course of presbycusis. AAEs can be produced by intro-
ducing controlled ambient stimuli or by amplifying and/or “shaping” sounds 
using hearing aids or other devices. Of course, amplification is widely used clini-
cally, albeit to treat the symptoms (loss of hearing), rather than as a potential 
therapeutic strategy to alter the course of hearing loss. Indeed, we know little 
about the positive or negative consequences of hearing aids or other forms of 
AAE on the peripheral and central contributors to presbycusis (but see Silman 
et al. 1984; Neuman 1996). Should AAEs be avoided in some circumstances 
because they will do more harm than good? Or might AAEs be used as an effective 
therapeutic strategy to mitigate presbycusis? Are some types of AAE better or 
worse than others? These questions must be answered before we can even consider 
using AAE treatment therapeutically.

Studies of AAE treatment have been performed on inbred mice including the B6 
model of presbycusis (Willott et al. 2000, 2001b, 2006; Willott and Bross 2004). 
The AAE in these studies consisted of 12 hours of nightly exposure to 70 dB (re 20 
µPa) and 200-ms noise bursts at a rate of 2/second using 1 of 3 noise bands: low 
(2-8 kHz), middle (8-24 kHz), and high (half-octave centered at 20 kHz). ABR 
thresholds for tones within the low- and midfrequency AAEs are minimally affected 
in B6 mice by 9 months of age, whereas thresholds for frequencies within the 
high-frequency AAE (around 20 kHz and above) exhibit more severe elevations. 
The frequency spectrum of the AAE as well as gender and the severity of hearing 
loss at the initiation of treatment can affect its outcome. Indeed, various combinations 
of these parameters can either ameliorate or exacerbate progressive sensorineural 
hearing loss and central degenerative changes in B6 mice.

10.6.1  Importance of Tonotopic Organization

As in the case of hearing lossinduced plasticity discussed in Section 5, tonotopic 
organization of the cochlea and central auditory system play key roles in determining 
the effects of AAE treatment. In the cochlea, frequency is mapped in an orderly 
fashion from high in the basal turn to low in the apex. Consequently, low-, mid-, 
and high-frequency AAEs maximally stimulate the apical, middle, and basal 
regions of the cochlea, respectively. In turn, spiral ganglion cells (SGCs) in the 
basal cochlea project via the eighth nerve to neurons in the dorsal region of 
anteroventral cochlear nucleus (AVCN), SGCs in the apical cochlea project to the 
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ventral region and so on. Thus the AVCN has a ventral/low-frequency to dorsal/
high-frequency tonotopic map (the opposite of the IC in which high frequencies are 
represented ventrally). Physiological dysfunction or degeneration in the basal 
cochlea, typical of presbycusis, results in attenuation or removal of auditory nerve 
input that is most pronounced in the dorsal AVCN. Of course, AAE treatment (low, 
mid, or high frequencies) also results in a higher level of auditory input to corre-
sponding regions of the AVCN.

The tonotopic nature of AAE effects is especially important. On one hand, 
sensorineural hearing loss is almost always frequency dependent, typically affecting 
high frequencies most severely. Second, hearing aid amplification (a type of AAE) 
is usually shaped according to frequency. It seems important to gain a better under-
standing of the relationships among tonotopicity, acoustic stimulus frequencies, 
and central effects of hearing loss and amplification.

10.6.2  Ameliorative Effects of AAE Treatment

When the midfrequency band has been used on B6 and other inbred strains with 
genetic progressive hearing loss, ameliorative effects occur (Willott et al. 2001b; 
Willott and Bross 2004). These include slowing of progressive elevation of ABR 
thresholds, diminished loss of outer hair cells and SGCs, lessened age-related 
reduction in the volume and number of neurons in the AVCN, increased amplitude 
of the acoustic startle response, and stronger PPI for midfrequency prepulses. 
However, whereas AAE treatment can lessen and slow progressive sensorineural 
hearing loss, once damage has occurred, it cannot be reversed. Thus AAE treatment 
beginning before serious sensorineural damage is more effective in slowing the 
course of threshold elevations than delayed treatment. It seems likely that the effec-
tiveness of early intervention is due to the healthier condition of the cochlea at the 
time treatment is begun, a rather general therapeutic principle, but one stressing the 
importance of early intervention.

By 9 months of age, B6 mice have lost ~15% of AVCN neurons and tissue vol-
ume has shrunk (Willott and Bross 1996). These degenerative changes are lessened 
by treatment with the low- and midfrequency AAEs. Consequently, these AAE 
effects are most prominent in the low- and midfrequency tonotopic regions of the 
AVCN, respectively, although sex differences are apparent (Willott et al. 2001b; 
Willott and Bross 2004)

10.6.3  Deleterious Effects of AAE Treatment

Despite the generally beneficial effects of treatment with the midfrequency AAE, 
neuronal loss was exacerbated in the ventral and dorsal extremes of the AVCN in 
male B6 mice aged 12-14 months (Willott and Bross 2004). Other negative effects 
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of AAE treatment have also been observed. Treatment with the high-frequency 
AAE facilitated elevation of ABR thresholds for high-frequency tones as B6 mice 
aged. Hair cell loss was also exacerbated in the basal cochlea as was the loss of 
neurons in the dorsal, high-frequency region of the AVCN. Treatment with the low-
frequency AAE also caused some loss of outer hair cells in cochlear apex.

The mechanism(s) underlying AAE-induced cell damage in the cochlea and 
AVCN is not known, but several hypotheses for AAE-induced cell death can be 
considered. In the cochlea, genetic vulnerability to noise-induced damage charac-
teristic of B6 mice (Erway et al. 2001) might cause a normally benign (70-dB 
SPL) noise environment to damage the basal hair cells over time. Another possi-
bility that might apply to the SGCs as well as the AVCN involves glutamate, the 
neurotransmitter at SGC and AVCN synapses. Excessive glutamatergic activity 
can be excitotoxic, so it could be that increased afferent activity from the AAE 
induces neurotoxicity. This hypothesis would predict the most severe damage in 
tonotopic regions that receive most of the AAE-activated input, and this was the 
case for the high-frequency AAE in the cochlea and AVCN. Yet another hypoth-
esis stems from the observation that the midfrequency AAE causes cell loss in the 
nonstimulated dorsoventral extremes of the AVCN. The “limited-resources” 
hypothesis proposes that stimulation of the midfrequency AVCN regions usurps 
metabolic or other beneficial resources at the expense of understimulated, high- 
and low-frequency regions, causing cell death. Yet another hypothesis for AVCN 
cell loss with the high-frequency AAE is that cochlear damage functionally 
denervates AVCN cells to their detriment. If nothing else, the variety of hypotheses 
suggests several avenues by which an AAE might exacerbate presbycusis, under-
scoring the potential risks.

10.6.4  Summary of AAE Treatment

Certain AAE effects may share properties with other interesting phenomena 
such as “toughening” or “sound conditioning” (e.g., Canlon 1996; Henderson 
et al. 1996; Subramaniam et al. 1996); the beneficial effects of electrical stimu-
lation on SGCs and central auditory neurons via cochlear implants (e.g., Leake 
et al. 1991; Miller et al. 1996); and/or the effects of “enriched” environments on 
neural structure and physiology (e.g., Cotman and Neeper 1996). In each case, 
periods of auditory system stimulation can be beneficial in various ways, and 
research on these topics and on AAE may inform one another. However, the 
AAE paradigm and its effects on slowly progressive hearing loss in adults are 
unique and especially relevant to presbycusis. Studies of AAE treatment help us 
learn about mechanisms of amelioration or damage that might be used in a clini-
cal context beyond acoustic stimulation. For example, if it were found that an 
AAE produced benefits via a neurotrophin, perhaps that could be used rather 
than noise per se. This would alleviate problems with the potential for negative 
effects of noise.
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10.7  Gonadal Hormones

A potentially important “nonauditory” variable that can be manipulated clinically 
is gonadal hormones. Sex differences in presbycusis in humans are well docu-
mented (Gordon-Salant and Frisina, Chapter 1; Cruickshanks, Zhan, and Zhong, 
Chapter 9) and occur in mice as well (Henry 2002; Willott and Bross 2004). If sex 
hormonal status plays a role in presbycusis, supplemental hormones or other 
manipulations might have a therapeutic potential.

10.7.1  Estrogen

Estrogen has neuroprotective effects in various neural systems (e.g., Garcia-Segura 
et al. 2001), suggesting the possibility that auditory tissue might be somewhat 
protected as well. a- And b-estrogen receptors (ERs) are present in the cochleae of 
mice and rats (Stenberg et al. 1999), suggesting a potential cochlear site of action. 
Making a case for neuroprotection, Mills et al. (1999) demonstrated that female rats 
were less susceptible to kanamycin ototoxicity than males. However, the opposite 
was observed in two strains of guinea pigs in which females were significantly 
more sensitive to gentamicin-induced hearing loss (Halsey et al. 2005). Cyclic 
fluctuations in auditory sensitivity during the menstrual cycle have been reported 
(Swanson and Dengerink 1988). In both humans and mouse models of Turner 
syndrome (ovarian dysgenesis, no estrogen production, infertility), sensorineural 
hearing loss and early presbycusis occur (Hultcrantz et al. 2000). Studies in humans 
also suggest acceleration of hearing loss in postmenopausal women (Pearson et al. 
1995; Hederstierna et al. 2007; see Fitzgibbons and Gordon-Salant, Chapter 5). The 
mechanisms of a protective action are unresolved, but estrogen may affect ion 
transport in the stria vascularis (Lee and Marcus 2001) and there is some evidence 
for central auditory effects of estrogen. For example, blocking ERs can accelerate 
loss of the auditory efferent system with age in female CBA mice (Thompson et al. 
2006). ABR latencies are shortened during high levels of estrogen in the menstrual 
cycle (Dehan and Jerger 1990; Elkind-Hirsch et al. 1992), in postmenopausal 
women who were treated with hormone replacement therapy (Caruso et al. 2000), 
and in rats receiving hormone replacement after ovariectomy (Coleman et al. 1994). 
Also, deleterious effects of progestin on peripheral and central auditory systems 
have been demonstrated in postmenopausal women (Guimaraes et al. 2006).

10.7.2  Androgen

There are potential routes by which androgen might modulate hearing loss, 
although the evidence is sparse at present. Androgens might be able to affect hearing 
by modulating blood pressure and/or cochlear blood flow (Laugel et al. 1987, 1988; 
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Flynn et al. 1990). Moreover, testosterone is enzymatically converted to estradiol 
in many brain regions, so protection could potentially be provided via actions on 
either ERs or androgen receptors (estrogen can be a male hormone). Thus it is of 
interest that androgens can have neuroprotective or neurotrophic effect on brain 
tissue (Dluzen et al. 1994; Pouliot et al. 1996; Kimonides et al. 1998, 1999; Pike 
2001). The presence of androgen receptors in the AVCN of rats (Simerly et al. 
1990) suggests the possibility of direct effects on AVCN tissue. On the other hand, 
testosterone increased glutamate neurotoxicity in ischemia and in vitro models 
(Yang et al. 2002), raising the possibility that should androgen affect the central 
auditory system, the effects might be positive or negative.

10.7.3  Sex Hormones and Noise-Induced Hearing Loss

Studies using gonadectomized B6 mice suggest that gonadal hormones may play a 
role in sex differences with respect to AAE treatment (Willott et al. 2006, 2008). 
When the low-frequency AAE was used, gonadally intact females had more severe 
AAE-induced hearing loss than ovariectomized mice and gonadectomized males 
had more severe loss than intact males. Thus it appeared that the combination of 
AAE treatment and male gonadal hormone(s) ameliorated the degenerative changes 
in the cochlea, whereas the combination of AAE treatment plus ovarian hormone(s) 
exacerbated these changes. The most likely mechanism is estrogen-facilitated 
noise-induced damage in the already noise-susceptible B6 mice. Central degenera-
tive changes were similarly related to hormones in the ventral, low-frequency 
region of the AVCN. These findings raise the possibility that gonadal hormones 
might modulate contributions to presbycusis by long-term exposure to moderate 
ambient noise.

As in the case for other manipulations of the auditory system, the role of gonadal 
hormones appears to be complex. Although there may be ameliorative or palliative 
effects of hormone treatments, the potential for negative effects is also present.

10.8  Summary and Outlook

At this time, no consistently effective interventions are available for ameliorating 
presbycusis in humans. Indeed, despite some encouraging beginnings, reliable 
therapeutic approaches have not been developed, even for animal models, and various 
experimental treatments are fraught with potentially serious pitfalls. Nonetheless, 
research on animal models has provided important advances in our basic under-
standing of age-related hearing loss and pointed us in directions that hold promise 
for the future. Furthermore, research into other auditory pathologies has shown 
considerable progress in elucidating underlying mechanisms and establishing 
principles of intervention and even repair. Presbycusis will undoubtedly benefit 
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from such developments, but its multifactorial nature poses specific challenges that 
have yet to be confronted.
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effects of reverberation, 149ff
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mouse and rat, 100–101
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cochlear pathology, 92
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Cardiovascular disease, ARHL, 267–268
CBA mouse model, ARHL, 277ff, 16–17, 

82–83
CBA mouse model, gender differences, 78

inferior colliculus physiology, 62ff
CBA mouse, audiograms, 88ff

cochlear nucleus, 40–41, 51
complex processing, 94

Cell death, induced by AAE, 286
Central auditory system, changes in speech 

understanding, 237ff, 213–214
Central effects of biological aging, 276
Central effects of peripheral pathology, 276
Central plasticity, hearing loss, 282ff
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Chronological vs. biological aging, ARHL, 
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aging, 39ff
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Cochlear pathology, ARHL in animals, 90ff
Cochlear power supply, aging, 13ff
Cochlear presbycusis, 9ff
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levels of processing, , 169
limited working memory resources, 170–171
speed of processing, 171

Cognitive changes, effects on spoken language 
comprehension, 167ff

Cognitive factors, speech understanding, 
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Cognitive processes, ARHL, 276
Cognitive processing, aging and speech 

comprehension, 189–191
Communication, effects of aging, 151
Complex auditory processing, behavioral 

studies, 98ff

Compound action potential, see CAP
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Cross-sectional studies, ARHL, 113ff

D
Dichotic listening, AM signals, 96–97

speech perception, 137–138,  
236–240

Diet, and ARHL, 281ff
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Distance perception, effects of hearing  

loss, 144
Duplex theory, binaural hearing, 137
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Duration discrimination, ARHL, 126ff

counting models, 128

E
End bulb of Held, DBA mouse, 43
Endocochlear potential, aging, 10, 13, 18
Epidemiological studies, ARHL, 6, 113ff, 259ff
Estrogen, ARHL, 287
Ethnicity/race, ARHL incidence, 264–265
Excitotoxicity, ARHL, 279
Executive control, aging effects, 170, 175ff

cognition, 169–170

F
Fibrocyte turnover, aging, 30–31
First-spike latency, inferior colliculus, 63
Forward masking, auditory filter shapes, 
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Free field, perception of auditory space, 137ff
Frequency and intensity discrimination, 

ARHL, 118ff
Frequency modulation, auditory cortex  

and thalamus, 68
Frequency selectivity, ARHL, 120–121
Furosemide , 11ff

 metabolic presbycusis, 20–22

G
GABA, age-related hearing loss 58ff

auditory cortex, 67–68
cochlear nucleus, 42–43
health of hair cells, 55
inferior colliculus, 58ff

GAD, age-related alterations, 42, 55
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mouse models, 94ff
psychoacoustics, 123ff
vigabatrin, 84–85

Gender, ARHL incidence, 264–264
Genetic factors, ARHL, 266
Geography, ARHL incidence, 264–265
Gerbil, see Mongolian gerbil
Glial fibrillary acid protein (GFAP), cochlear 

nucleus, 44–45
Glutamate receptors, cochlear nucleus, 43
Glutamate, inferior colliculus, 58
Glycine receptors, cochlear nucleus, 42
Gonadal hormones, ARHL, 287ff
Growth factors, cochlear nucleus, 46ff
Growth-associated proteins (GAP), cochlear 

nucleus, 47

H
Hair cell survival, stria vascularis, 28
Hearing aids, improvements in speech 

comprehension, 198–199, 202
speech understanding, 240ff

Hearing changes, effects on language 
comprehension, 167ff

Hearing loss, effects on distance perception, 144
effects on horizontal sound source 

localization, 139–140
effects on minimal audible angle,  

138ff, 143
effects on spoken language comprehension, 

167ff
effects on vertical sound source 

localization, 141–143
perception of masked speech, 155–157

Hearing sensitivity, ARHL, 260–261
psychoacoustics, 113ff

Horizontal sound localization, effects of aging, 
139–140

effects of hearing loss, 139–140
Human behavior, ARHL, 111ff
Humans, ARHL risk factors, 261–263

incidence of ARHL, 263–264
presbycusis, 4–5
prevalence of ARHL, 263

I
IID, aging effects, 146–147

binaural processing, 146–147
duplex theory, 137
sound source localization, 137ff

Individual differences, ARHL, 103
Inferior colliculus, aging, 57ff

hearing loss, 282
physiology, 61ff

Informational masking, effects of age, 
186–188

Inhibition, diminished in hearing loss, 283–284
Inhibitory control, effects of aging, 189–190
Insulin-like growth factor I (IGF-I), cochlear 

nucleus, 46
Intensity and frequency discrimination, 

ARHL, 118ff
Interaural intensity difference, see IID
Interaural phase difference (IPD), AEP, 96–97
Interaural time difference, see ITD
Interventions, to improve speech 

comprehension, 197–200, 202
Ion channels, cochlear nucleus, 41–42
Ionic pumps, aging, 13
ITD, aging effects, 145–146

binaural processing, 144–146
duplex theory, 137
sound source localization, 137ff

K
K+ recycling pathway, 13
Kcnc1 gene, potassium channels, 82
Kv3.1 potassium channels, brainstem, 56

MNTB, 53–54
MOC, 55

Kv4.1 potassium channels, 41–42
Kv4.2 potassium channels, 41–42
Kv4.3 potassium channels, 41–42

L
Language comprehension, effects of hearing 

changes, 167ff
Language processing, see Speech 

Comprehension
Lateral superior olive, aging and sound 

localization, 52–53
GABA, 55

Laterality, binaural processing, 157–158
Lateralization, sound, 144 – 174
Levels of processing, cognition, 169
Localization, see Sound Source Localization

M
Masked speech, perception in free field, 

155–157
Masking, aging, 147–149

ARHL, 120–121
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effects of aging, 186–188
effects of binaural signals, 147–149
mouse models, 99–100
speech in free field, 155–157

Maximum length sequence (MLS), AEP, 
93–94

Medial nucleus of the trapezoid body 
(MNTB), aging effects, 52ff

Medial olivocochlear system (MOC), aging, 55
Memory, limited working memory in 

cognition, 170–171
Metabolic presbycusis, 17ff, 14–15
Metabolic presbycusis, speech perception, 24
Metabolism in brainstem, Alzheimer’s  

disease, 61
Metabolism, inferior colliculus, 60–61
Mini-column thinning, auditory cortex, 66
Minimal audible angle, effects of hearing 

loss, 143
Minimal audible movement angle, binaural 

perception, 154–155
Mismatch negativity (MMN), AEP in humans, 

95–96, 177–178
Mitochondrial DNA mutations, cochlear 

nucleus, 47ff
Mitochondrial function, aging, 10
MNTB, temporal processing, 85
Monaural coding of sound, 135–136
Mongolian gerbil, animal model, 277ff

ARHL, 2, 91
furosemide, 11–12
hair cell loss, 15–16
hearing loss, 20

Mouse and rat models, presbycusis, 15–16
Mouse models diet, ARHL, 281–282

presbycusis, 15–16, 40–41
Mouse strains, cochlear nucleus, 42
Mouse, model for ARHL, 2, 15
mtDNA, cochlear nucleus, 47–49

N
NADPH-d, auditory cortex, 67
NADPH-diaphorase activity, MNTB, 54
Neural presbycusis, 25ff
Neural synchrony, effects of aging, 174
Neurochemistry, auditory cortex, 67–68
Neuromagnetic auditory evoked fields (AEF), 

ARHL, 85–86
Nitrous oxide (NO), auditory cortex, 67
NKCC transporter, and EP, 21
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