J Am Acad Audiol 23:635-666 (2012)

Review

Central Presbycusis: A Review and Evaluation
of the Evidence

DOI: 10.3766/jaaa.23.8.5

Larry E. Humes*

Judy R. Dubnof

Sandra Gordon-Salanti}
Jennifer J. Lister§
Anthony T. Cacace**
Karen J. Cruickshankst¥
George A. Gatesit
Richard H. Wilson§§
Arthur Wingfield***

Abstract

Background: The authors reviewed the evidence regarding the existence of age-related declines in cen-
tral auditory processes and the consequences of any such declines for everyday communication.

Purpose: This report summarizes the review process and presents its findings.

Data Collection and Analysis: The authors reviewed 165 articles germane to central presbycusis. Of
the 165 articles, 132 articles with a focus on human behavioral measures for either speech or nonspeech
stimuli were selected for further analysis.

Results: For 76 smaller-scale studies of speech understanding in older adults reviewed, the following
findings emerged: (1) the three most commonly studied behavioral measures were speech in competi-
tion, temporally distorted speech, and binaural speech perception (especially dichotic listening); (2) for
speech in competition and temporally degraded speech, hearing loss proved to have a significant neg-
ative effect on performance in most of the laboratory studies; (3) significant negative effects of age,
unconfounded by hearing loss, were observed in most of the studies of speech in competing speech,
time-compressed speech, and binaural speech perception; and (4) the influence of cognitive processing
on speech understanding has been examined much less frequently, but when included, significant pos-
itive associations with speech understanding were observed.

For 36 smaller-scale studies of the perception of nonspeech stimuli by older adults reviewed, the follow-
ing findings emerged: (1) the three most frequently studied behavioral measures were gap detection,
temporal discrimination, and temporal-order discrimination or identification; (2) hearing loss was seldom
a significant factor; and (3) negative effects of age were almost always observed.

For 18 studies reviewed that made use of test batteries and medium-to-large sample sizes, the following find-
ings emerged: (1) all studies included speech-based measures of auditory processing; (2) 4 of the 18 studies
included nonspeech stimuli; (3) for the speech-based measures, monaural speech in a competing-speech
background, dichotic speech, and monaural time-compressed speech were investigated most frequently;
(4) the most frequently used tests were the Synthetic Sentence Identification (SSI) test with Ipsilateral
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Competing Message (ICM), the Dichotic Sentence Identification (DSI) test, and time-compressed speech; (5)
many of these studies using speech-based measures reported significant effects of age, but most of these
studies were confounded by declines in hearing, cognition, or both; (6) for nonspeech auditory-processing
measures, the focus was on measures of temporal processing in all four studies; (7) effects of cognition
on nonspeech measures of auditory processing have been studied less frequently, with mixed results, whereas
the effects of hearing loss on performance were minimal due to judicious selection of stimuli; and (8) there is a
paucity of observational studies using test batteries and longitudinal designs.

Conclusions: Based on this review of the scientific literature, there is insufficient evidence to confirm the
existence of central presbycusis as an isolated entity. On the other hand, recent evidence has been
accumulating in support of the existence of central presbycusis as a multifactorial condition that involves
age- and/or disease-related changes in the auditory system and in the brain. Moreover, there is a clear
need for additional research in this area.

Key Words: Aging, central hearing loss, presbycusis

Abbreviations: ANSI = American National Standards Institute; CEBA = central effects of biological aging;
CEPP = central effect of peripheral pathology; CHABA = Committee on Hearing, Bioacoustics and
Biomechanics; DDT = Dichotic Digits Test; DSI = Dichotic Sentence Identification; ICM = Ipsilateral
Competing Message; MCI = mild cognitive impairment; MMSE = Mini Mental Status Exam; QuickSIN =
Quick Speech-in-Noise test; R-SPIN = Revised Speech Perception in Noise test; SSI = Synthetic
Sentence Identification; TBAC = Test of Basic Auditory Capabilities; WHO = World Health Organization

ver a two-year period, 2009-2011, the America Academy of Audiology Task Force on Central Presbycusis

reviewed and discussed the evidence regarding age-related changes in auditory portions of the central ner-

vous system and the impact of such changes on everyday communication and function. This proved to be a
challenging task! Many older adults, for example, have high-frequency sensorineural hearing loss, and this loss
alone can have a negative impact on tests of central auditory function, as well as everyday speech communication
and function. Further, there is evidence in laboratory animals that long-standing sensorineural hearing loss can
induce secondary changes in some auditory structures in the central nervous system. To complicate things even
more, many older adults may also experience age-related declines in cognitive function. This is not referring to
clinical declines in cognition, such as mild cognitive impairment (MCI) or dementia of various types, including Alz-
heimer’s disease, but to the typical age-related decline in cognition that occurs in many older adults as a part of
“healthy aging.” Such cognitive declines can also impact some measures of central auditory function, as well as
everyday speech communication and function. In the end, the task force came to the conclusion that there was
insufficient evidence to establish that a “pure” or “isolated” form of age-related central auditory decline existed
in humans. Rather, central auditory declines in aging were most often intertwined with age-related declines in
peripheral hearing, cognition, or both. This is not to say that pure, age-related declines in central auditory function
do not exist or cannot occur but just that the evidence to date does not support this in humans. More research is needed
to resolve this important issue. In the meantime, clinicians need to be fully aware that an older adult in the clinic may
have various combinations of peripheral and higher-level processing deficits—cognitive, central auditory, or a combi-
nation—and that a higher-level-processing deficit may be an important contributing factor to the difficulties experi-
enced by older adults in everyday speech communication and function, as well as to the attempts to reduce those
difficulties through various forms of intervention. More clinical research is needed to develop reliable and valid mea-
sures of higher-level processing for use with older patients in the clinic. Some promising behavioral measures of
higher-level processing, based on several small-scale laboratory studies in humans, were identified by the task force.

Central presbycusis refers to age-related change in the

INTRODUCTION AND GENERAL auditory portions of the central nervous system negatively
BACKGROUND impacting auditory perception, speech-communication per-

formance, or both. Attributing auditory-perception or
speech-communication difficulties of older adults to cen-
tral presbycusis is challenging, however, because many

his report summarizes the processes and findings
of the American Academy of Audiology (Academy)

Task Force on Central PresbyCuSiS- Before proce.:eding fur- older adults have concomitant peripheral (sensorineural)
ther, central presbycusis should be defined. This was one hearingloss, age-related cognitive changes, or both. Also,
of the earliest tasks pursued by the task force. The group’s central presbycusis precludes those older adults with
deliberations resulted in the following definition: frank presentation of lesions, such as tumors or vascular
636

Delivered by Ingenta to: James H. Quillen VA Medical Center
IP :152.130.8.8 On: Thu, 13 Sep 2012 17:01:45



insults, impacting auditory portions of the central ner
vous system, as well as older adults with a diagnosis
of significant cognitive decline, such as dementia of the
Alzheimer’s type.

This definition was used to guide the task force’s se-
lection of literature to review and was used as a frame-
work for interpreting findings. Clearly, this definition
requires that central presbycusis negatively impacts
auditory perception or speech communication of older
adults and that the negative impacts can be attribut-
able primarily to alterations in the structure and func-
tion of the auditory portions of the central nervous
system from the cochlear nucleus to primary auditory
cortex. This is explicitly a historical or traditional, nar-
row structural form of central presbycusis. In contrast,
a broad view of “central presbycusis” encompasses not
only modality-specific central auditory forms but also
amodal cognitive declines that might impact speech
communication or the processing of auditory informa-
tion. Given that speech processing in the brain uses
cognitive resources, such as short-term memory, atten-
tion, and inhibition (Craik, 2007), a theoretical case
can be made that, in some instances, declines in cer-
tain cognitive processes (the so-called executive func-
tions) may contribute to the observed changes in
performance.

With regard to speech communication, it is well
known that many older adults, over the age of 60, have
difficulties understanding speech (e.g., Plomp, 1978;
Committee on Hearing, Bioacoustics, and Biomechanics
[CHABA], 1988). In 1988, a working group of the
National Research Council published an extensive sum-
mary and critique of the research literature on the speech-
understanding problems of older adults (CHABA, 1988).
In that report, it was noted that there had been little
debate as to whether many older adults have difficulties
understanding speech. Rather, the debates had been cen-
tered more on identifying the conditions under which
older adults experienced such difficulties and the factors
underlying those difficulties. In the more than two deca-
des that have passed since the CHABA working group’s
report, those debates have continued.

Basically, as noted by Humes (1996), the CHABA
report offered three primary hypotheses regarding
the mechanisms underlying the speech-understanding
difficulties of older adults: (1) the peripheral hypothe-
sis, (2) the central auditory hypothesis, and (3) the cog-
nitive hypothesis. Of course, as noted then and in
subsequent reviews by Humes (1996) and Humes and
Dubno (2010), combinations of these three hypotheses
were also viable options. CHABA (1988) also identified
two versions of the peripheral hypothesis: (1) a simple
version, which was basically the loss of audibility asso-
ciated with age-related hearing loss, and (2) a more
complex version, one that conjectured additional defi-
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cits in suprathreshold processing, such as frequency
resolution, associated with the underlying inner-ear
pathology (Humes, 1996).

Not only can multiple hypotheses apply to a given
research study or clinical patient, interactions, includ-
ing causal interactions, between hypothesized mecha-
nisms can occur. For example, there is evidence in
laboratory animals that some auditory structures in
the central nervous system, such as the inferior collicu-
lus, demonstrate age-related anatomical or physiolog-
ical deficits without concomitant peripheral deficits
(e.g., Walton et al, 1998, 2002). This would be evidence
in support of a “direct” or “pure” form of the central
auditory hypothesis applied to aging. Willott (1996)
referred to this type of effect as a “central effect of bio-
logical aging,” or “CEBA.” Presumably, the individual,
in the absence of peripheral pathology, would have nor-
mal or near-normal hearing thresholds for pure tones as
central lesions typically show no effects on pure-tone
thresholds. However, there is also evidence from other
similar studies that central auditory changes can be
induced, from the cochlear nucleus through the audi-
tory portions of the cortex, by the presence of a periph-
eral hearing loss (see Willott [1996] and recent reviews
by Canlon et al [2010] and Ison et al [2010]). This would
be evidence of an “indirect” form of the central auditory
hypothesis. Willott (1996) referred to this as a “central
effect of peripheral pathology,” or “CEPP.” In either
case, the presence of the central auditory deficit could
be problematic for speech communication by older
adults. In the direct case (CEBA), however, only the
central auditory deficit would be present to impact per-
formance. In contrast, in the indirect case (CEPP), the
central auditory deficit only exists in combination with
a concomitant peripheral hearing loss, and this periph-
eral loss itself may further exert a negative impact on
speech communication due to reduced audibility, defi-
cits in suprathreshold processing, or both. The fore-
going is not meant to imply that the only time one
might expect to see both peripheral and central audi-
tory deficits in older adults would be through such
causal interactions. There is no reason to believe, for
instance, that older adults with peripheral impair-
ments would be protected from experiencing a truly
age-related direct and independent decline in a central
auditory structure. For instance, let us assume that
pure central effects of biologic aging are known to exist
in the inferior colliculus. Further, assume that central
effects from peripheral pathology are common in the
cochlear nucleus. As a result, it is conceivable that an
older adult with peripheral pathology may experience
a central effect from this pathology in the cochlear nu-
cleus and also have a central effect from biologic aging
in thedinferior colliculus. Thus, noncausal combinations
orinteractions among the mechanisms hypothesized in
the CHABA (1988) report are also feasible.
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It should also be noted that causal and noncausal
interactions are not confined to combinations of the mech-
anisms underlying the peripheral and central auditory
hypotheses. There is considerable evidence, for example,
for the same types of interactions between peripheral
hearing loss and various measures of cognitive function
(see review by Akeroyd, 2008; Peelle, Troiani, Grossman
and Wingfield, 2011). Many studies have demonstrated
that degrading the peripheral auditory input can lead to
poorer performance on cognitive measures (e.g., Rabbitt,
1968, 1990; Pichora-Fuller et al, 1995; Schneider and
Pichora-Fuller, 2000; Wingfield et al, 2005; Surprenant,
2007), as well as clinical assessments of expressive lan-
guage (Skenes et al, 1989) and dementia (Weinstein and
Amsel, 1986) used frequently with older adults. Beyond
the influence of degraded perceptual information on cog-
nitive performance, it has been hypothesized that long-
term deprivation of sensory input can lead to diminished
cognition and that there may also be common causal
mechanisms underlying a mutual coincident decline in
sensory and cognitive function (e.g., Lindenberger and
Baltes, 1994, Baltes and Lindenberger, 1997; Schneider
and Pichora-Fuller, 2000).

Interactions among the various hypotheses outlined
originally by the CHABA working group add to the com-
plexity of the problem. Such interactions, however, can
also challenge the very validity of one or more of the
hypotheses or of the test measures used to confirm a
given hypothesis. Consider, for example, the construct
validity of measures for central auditory processing, the
primary focus of this task force report. As will be dem-
onstrated in the review to follow, behavioral measures
using broadband speech stimuli have been used most
commonly in the assessment of central auditory function
in humans. As a consequence, performance on speech-
based measures of central auditory function will likely
be impacted negatively by concomitant peripheral hear-
ing loss in many older adults. Likewise, there are often
cognitive components to many commonly used measures
of central auditory processing. Consider, for example, the
multitude of tests involving dichotic presentation of
speech stimuli. Whereas there are certainly auditory
and linguistic factors contributing to performance on
such tasks (e.g., Kimura, 1967; Berlin et al, 1973), cog-
nitive abilities, such as executive function and attention,
may also underlie individual differences in performance
on dichotic measures (e.g., Cherry, 1953; Broadbent,
1954, 1971; Jerger et al, 1991; Jerger et al, 1994; Hallgren
et al, 2001; Humes, 2005; Humes et al, 2006). Similarly,
one might ask whether another popular measure of
presumed central auditory processing, time-compressed
speech, is tapping modality-specific auditory temporal
processing, cognitive speed of processing, or both (e.g.,
Wingfield et al, 1985; Wingfield et al, 1999; Gordon-Salant
and Fitzgibbons, 1993, 1997, 2001; Gordon-Salant et al,
2007; Humes et al, 2007). Finally, when competing
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stimuli have been employed in clinical measures of cen-
tral auditory processing, more frequently than not, the
competition is competing speech, rather than noise.
This tends to also increase the cognitive demands of
the task via increased distraction and need for sus-
tained attention, or via age-related deficits in inhibition
in older adults (e.g., Sommers, 1997; Tun et al, 2002). As
an illustration of the likely overlap between cognitive
function and central auditory function, as assessed with
speech-understanding measures and primarily compet-
ing speech, Jerger et al (1989), in a study of 130 older
adults, identified half (65) of the participants as having
central auditory processing deficits, but 54% (35) of these
individuals were identified as also having abnormal cog-
nitive status. Thus, interactions between cognitive and
central auditory processing can be expected to be quite
common among older adults. To the extent that cogni-
tive elements, such as executive function (e.g., short-
term memory, attention, inhibition, arousal), play a role
in speech understanding in competing stimuli by older
adults, the distinction between auditory, central audi-
tory, and cognitive factors is further blurred (Ronnberg
et al, 2011).

Why have such challenging tests, such as tests com-
prised of speech in competing speech, dichotic speech
presentation, and time-compressed speech, been used
in the assessment of central auditory processing if
the validity of assessment with such materials is ques-
tionable? Behavioral testing in the area of central audi-
tory processing historically has made use of tests that
have been “sensitized” to detect a lesion or dysfunction
in the auditory portions of the central nervous system.
This notion is built on the foundation established by
Bocca and Calearo (1963), early pioneers of central
auditory testing, which advanced the notions of “extrin-
sic redundancy” of the speech stimulus and “intrinsic
redundancy” of the auditory central nervous system.
In the presence of a known lesion in the central auditory
structures, many patients have excellent scores on mea-
sures of speech perception under optimal conditions
(moderate presentation level in quiet). This is because
of the high extrinsic redundancy of the speech stimulus
and the availability of multiple pathways from the audi-
tory periphery to the cortex (intrinsic redundancy). If
the extrinsic redundancy can be decreased, as through
speech-in-noise or speech-in-speech masking, filtering
of the speech signal, or various forms of temporal distor-
tion, including time compression, then performance will
be more sensitive to diminished intrinsic redundancy
due to, for example, the presence of a lesion in the audi-
tory portions of the central nervous system. Although
this is a reasonable rationale for the development and
use of such speech-based tests of central auditory pro-
cessing, agnoted, the degradation of the speech stimuli
in the name of “sensitizing” the tests to central auditory
deficits often also opened the door to potential cognitive
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interpretations for diminished performance, especially
for older adults with no central auditory lesions that
could be documented otherwise (e.g., via radiological
techniques).

The coexistence of peripheral hearing loss and dec-
lines in auditory/cognitive processing with measures
of central auditory processing complicates the interpre-
tation of research studies directed toward attaining a
better understanding of central presbycusis. This is
the case, in part, because both peripheral hearing loss
and cognitive dysfunction are prevalent deficits among
older adults. For example, epidemiological studies of
hearing loss among older adults reveal a prevalence of
significant hearing loss in 40-60% for those over age
60 (e.g., Cruickshanks, 2010; Lin, Thorpe, et al, 2011).
Similarly, the prevalence of MCI in a nondemented pop-
ulation of older adults (70-89 yr) is 16% (Petersen et al,
2010), although estimates range from 3—-18%, increasing
with age (Lopez et al, 2003; Portet et al, 2006). Even in
healthy populations not diagnosed with either dementia
or MCI, many cognitive functions decline with age over
the adult life span (e.g., Schaie, 1983; Salthouse, 1985,
1991, 2010), some of which may influence the processing
of speech or performance on tests designated as “central
auditory” tests. Those assessing central auditory func-
tion in older adults in the laboratory or in the clinic must
be cognizant of the likelihood that the older adults being
tested may have concomitant peripheral deficits, cogni-
tive declines, or both, and that each of these other deficits
may negatively impact performance on presumed mea-
sures of central auditory processing. In addition, several
longitudinal studies have shown increased risk of dem-
entia in people with peripheral hearing loss or very poor
speech recognition in noise (as measured by the Syn-
thetic Sentence Identification (SSI) test with Ipsilateral
Competing Message (ICM), and the Dichotic Sentence
Identification [DSI] test) compared to people with better
hearing (Gates et al 2002, 2011; Lin, Metter, et al, 2011).
These findings suggest that auditory and cognitive func-
tion may be linked and underscore the need for neuro-
psychological testing in studies of age-related audition,
as well as the pressing need for imaging and electrophy-
siological assessment of participants in studies of central
presbycusis.

With regard to peripheral auditory impairment, there
are strategies that researchers and clinicians can use to
minimize the influence of such impairment on central
auditory measures. Recall that the CHABA working
group identified two forms of the peripheral hypothesis:
a simple audibility-based version and a more complex
version including suprathreshold processing deficits.
The type of hearing loss most prevalent among older
adults is sensorineural in nature, typically attributed,
in large part, to underlying age-related changes in co-
chlear structures or mechanisms (e.g., Schuknecht,
1974; Schuknecht and Gacek, 1993; Schmiedt, 2010),
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and the cochlear pathology underlying the hearing
loss is permanent. The same can be said for pathology
of the first-order afferent nerves innervating the co-
chlea, which may also contribute to the measured pe-
ripheral sensorineural hearing loss. Although the
underlying inner-ear pathology is permanent and can-
not be minimized, the effects of reduction in audibility
accompanying the inner-ear pathology often can be
minimized through the judicious selection of stimulus
parameters (e.g., Humes, 2007). As noted previously,
the broadband nature of the speech signal used in many
measures of central auditory processing poses a problem
for use with older adults because of the likelihood of con-
comitant peripheral hearing loss. The typical age-related
hearing loss is a sloping configuration impacting the high
frequencies more than the lower frequencies, an observa-
tion documented for over a century (Schacht and Hawkins,
2005) and so well established as to be described in an
international standard (ISO-7029; International Stand-
ards Organization, 2000). In contrast, broadband speech
stimuli have most of their energy in the lower frequencies
and midfrequencies (e.g., Fletcher, 1953), frequency
regions of relatively normal hearing in older adults.
As a result, conventional rules for the presentation of
speech-based tests at suprathreshold levels, which are
based on midfrequency pure-tone average (500, 1000,
and 2000 Hz) or speech-recognition threshold, do not
ensure audibility across the full bandwidth of speech
even at relatively high sensation levels (e.g., Humes,
2009; Humes and Dubno, 2010). Further, use of high pre-
sentation levels can result in additional difficulties in
and of itself that may lead to a reduction in speech-
understanding performance even in young normal-
hearing listeners (e.g., Fletcher and Galt, 1950; Pollack
and Pickett, 1958; Studebaker et al, 1999; Dubno et al,
2005a, 2005b, 2006).

For research studies, there are various options avail-
able to control for the reduction in audibility, including
judicious selection of the range of hearing loss and the
speech presentation level to ensure sufficient audibility
through at least 4000 Hz; spectrally shaping the speech
signal to provide gain in the high frequencies to com-
pensate fully for the loss of audibility; designing the
study to include appropriate comparison groups, such
as younger and older adults with both normal and
equally impaired hearing (minimum of four groups
required) or groups with hearing loss simulated via
noise masking or other types of distortion; evaluating
performance relative to that predicted by established
standards, such as the American National Standards
Institute (ANSI) standard for the Speech Intelligibility
Index (SII; ANSI, 1997); statistically partialling out
the effects of hearing loss in data analyses (e.g., Dubno
et al,. 1984; Dubno and Dirks, 1993; Gordon-Salant and
Fitzgibbons, 1993, 1997, 2001; Gordon-Salant et al, 2007;
Humes and Roberts, 1990; Humes, 2002; Humes and
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Dubno, 2010); selecting samples of older adults for whom
age and hearing loss are not strongly correlated (e.g.,
Humes, 2002; Souza et al, 2007); or measuring perform-
ance on central auditory tasks longitudinally, controlling
statistically for variations in other variables that may
accompany changes in hearing. Most of these approaches
have been pursued to varying degrees in much of the
research reviewed by the task force. Each approach
alone is not without shortcomings. However, when
research involving multiple studies and approaches
converges on the same outcome, there is greater con-
fidence in the outcome that has emerged. This princi-
ple was a key component of the approach to the review
of the available literature by the task force. To the
extent that such research studies reviewed below dem-
onstrate an influence of peripheral hearing loss on
speech-understanding performance, the validity of using
such broadband speech-based measures of central audi-
tory processing is compromised.

There are alternatives, however, to the use of broad-
band speech stimuli in the assessment of central audi-
tory processing. One could, for example, use low-pass
filtered speech and reasonably high presentation levels
to minimize the impact of the reduction in audibility ex-
pected in older adults (e.g., Fogerty et al, 2010; Humes
et al, 2010). This strategy, however, rarely has been
employed in the assessment of central auditory processing
in older adults, although it has been used in other contexts
to minimize the impact of reduced high-frequency audibil-
ity on speech-recognition performance (e.g., Horwitz et al,
2002).

A much more common alternative has been to make
use of nonspeech stimuli, such as tones, to assess cen-
tral auditory function behaviorally. In this case, one can
specify the stimulus frequencies and levels to ensure
sufficient audibility of the stimuli for older listeners
and compare performance to young adults tested under
acoustically identical stimulus conditions. Because the
most appropriate comparison condition for the young
adults is not always obvious, it is important to obtain
normative data from young adults for both equivalent
sensation levels and equivalent sound pressure levels,
or to evaluate presentation levels using young adults
with hearing loss, or young adults who have a hearing
loss simulated by the addition of background noise,
matched to the hearing loss of the older adults. These
comparison conditions are important, even for narrow-
band nonspeech stimuli positioned in the region of nor-
mal or near-normal hearing, because performance on
some tasks may be mediated by the upward spread of
cochlear stimulation to off-frequency high-frequency
regions in young adults with a broad region of normal
hearing, a frequency region unavailable to older listen-
ers with high-frequency sensorineural hearing loss
(e.g., Humes, 1982; Bacon and Viemeister, 1985; Dubno
and Dirks, 1993). Use of such comparisons, however, is
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not without problems. Comparing the performance
of young and older adults with comparably impaired
hearing, for example, most likely will not involve sim-
ilar etiologies underlying the observed hearing loss.
Likewise, simulation of the presbycusic hearing loss
via noise may capture some perceptual effects asso-
ciated with reduced audibility and dynamic range
but cannot simulate any lasting long-term effects on
central structures or functions induced by such loss G.e.,
CEPP).

Although the use of nonspeech stimuli makes it pos-
sible to minimize the contributions of inaudibility to
performance, this approach is by no means problem
free. For instance, if one wishes to assess potential cen-
tral auditory deficits that are indirect or secondary to
the development of a peripheral hearing loss, employing
nonspeech measures in the normal-hearing frequency
region likely will not enable one to assess such deficits.
This is because the principle of tonotopic organization
begins in the cochlea and is evident throughout the
auditory portions of the central nervous system. As a
result, the peripherally induced changes to central
auditory structures will likely be frequency-specific,
mirroring the cochlear lesion (Willott, 1991, 1996).
Thus, use of low-frequency or midfrequency narrow-
band nonspeech stimuli, while avoiding problems of
inaudibility, will likely miss the identification of central
auditory deficits induced by the high-frequency hearing
loss (i.e., CEPP). In addition, various large-scale studies
of individual differences for the perception of nonspeech
and speech stimuli in young (e.g., Surprenant and
Watson, 2001; Kidd et al, 2007) and older adults (Humes
et al, 1994, 2010) have often failed to observe a strong
association between performance for speech and non-
speech stimuli. This may prove problematic if the ulti-
mate objective of documenting the presence of central
auditory deficits is to better understand the reasons
underlying the speech-understanding difficulties of
older adults. Finally, although the potentially con-
founding influences of peripheral hearing loss may be
minimized to a greater extent with narrow-band non-
speech stimuli than with broadband speech stimuli,
tasks making use of nonspeech stimuli may still be
impacted by cognitive processing (e.g., Humes et al,
1994; Humes, 1996, 2005, 2009; George et al, 2007).
Thus, whether the measure of central auditory process-
ing is comprised of speech or nonspeech stimuli, the val-
idity of such tests as measures of central auditory
processing is not easy to establish.

With regard to potential cognitive confounds, another
form of confounding is that some older subjects, with
typical or above-average cognitive function, may be able
to successfully compensate for reduced or distorted
input arriving from lower level peripheral or central
auditory structures by exerting increased cognitive con-
trol'and attention or by tapping more abundant lexical
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resources (Wingfield et al, 1991; Schneider and Pichora-
Fuller, 2000; Bertoli et al, 2002; Alain, McDonald, Ostroff
and Schneider, 2004; Wingfield et al, 2005; Pichora-
Fuller and Singh, 2006; Pichora-Fuller, 2008; Peelle
et al, 2011). Probably the area of speech-understanding
performance in older adults for which this has been noted
most frequently has been with regard to the use of seman-
tic contextual information by older adults (e.g., Pichora-
Fuller et al, 1995; Wingfield et al, 1995; Dubno et al, 2000;
Humes et al, 2007). In general, unlike many other mea-
sures of cognitive function, vocabulary-related verbal
measures are very resistant to age-related declines
(e.g., Salthouse, 2010), perhaps even showing increases
throughout much of the adult life span. If speech under-
standing is assessed with highly contextual speech
materials, older adults may be able to compensate for
lower-level peripheral or central auditory deficits to
perform like young normal-hearing adults. Whereas,
overall, this compensation may be beneficial for the
individual involved, it may also serve to mask the true
extent of auditory involvement, including any underly-
ing central auditory deficits.

It has been argued that one way to possibly disentan-
gle cognitive and central auditory processing is through
the principle of modality specificity (Humes et al, 1992;
McFarland and Cacace, 1995; Cacace and McFarland,
1998, 2005; George et al, 2007; Humes et al, 2007;
Humes, 2009). That is, does the older individual only
manifest a processing problem when presented with
sound, rather than other forms of sensory stimulation,
such as optical stimulation of the visual system?
Although this is still an emerging and active area of
research interest, at this point, some evidence support-
ing modality specificity of some measures of auditory
temporal processing has been obtained (Humes et al,
2007, 2010). However, complicating this argument,
recent anatomical and physiological studies in labora-
tory animals (Bizley and King, 2009; Budinger and
Scheich, 2009; Cappe et al, 2009) and humans (Kayser
et al, 2009) suggest that many cortical areas previously
assumed to be exclusively auditory centers now appear
to be responsive to stimulation from other senses as
well. This is an active and complex area of investigation,
however, with definitive implications for behavioral
central auditory testing and central presbycusis yet
to be established (e.g., Lemus et al, 2010; Meyer
et al, 2011).

An emerging hypothesis regarding the coexistence of
central auditory dysfunction (in particular, difficulty
understanding speech in noise) and age-related cognitive
declines (in particular, declines in executive function)
views speech processing in the auditory association areas
as a cognitive process (Craik, 2007) and suggests that a
part of the conceptual blurring (“auditory” vs. “cogni-
tive”) may be reconciled by considering that speech pro-
cessing is tightly linked to executive function. Certainly,
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the association of tests of executive functioning and
dichotic speech identification (Gates et al, 2010) in older
people who passed cognitive screening tests and had
comparable magnitude of hearing loss supports this
notion. Further investigation, both functional and struc-
tural, is needed to delineate the extent and boundaries of
this emerging hypothesis. Difficulties in examining the
evidence for or against this hypothesis include, among
others, the absence of data on executive function in ear-
lier studies, the general custom of not differentiating
among cognitive functions, and the unclear role played
by individual differences in hearing loss on both measures
of speech perception and executive function.

Most studies of central presbycusis rely on cross-
sectional comparisons in highly selected subjects. It is
important to recognize that, in spite of efforts described
above to select appropriate comparison groups or con-
trol analytically for confounding effects, these studies
are not, by themselves, able to provide sufficient evi-
dence of central declines in aging. Many other expo-
sures and behaviors may differ between groups and
act as additional confounders, and with known genera-
tional differences in hearing loss (Zhan et al, 2010),
comparisons across generations may be problematic.
Participants in these limited studies may not reflect
the typical experience of aging populations. In addition,
longitudinal data are necessary to confirm that the
observed auditory performance is, indeed, a change
with time, rather than reflecting long-standing poorer
performance. The longitudinal data gathered, however,
should be sufficiently broad to control for other factors
that might impact changes in performance over time,
including varied interventions introduced (e.g., hearing
aids, cognitive training) during the course of the longi-
tudinal study as well as practice or learning effects from
repeated assessment (e.g., Salthouse, 2010).

Finally, with regard to the potential cognitive “con-
found” noted above, one could make use of such a “con-
found” to develop an auditory-based measure of cognitive
function. That is, a test initially designed to assess cen-
tral auditory function in older adults, but found to have
significant associations with cognitive function, may
prove useful as a simpler measure of cognitive function
(Gates et al, 2008, 2010).

In addition to the numerous threats to the construct
validity of central auditory testing in older adults noted
above, the reliability of these measures is equally
important. Concerns regarding the reliability of several
commonly used measures of central auditory processing
have been reviewed recently by Humes (2009). In addi-
tion to theoretical concerns stemming from the number
of items comprising tests commonly used, often 10 to 25
items per score, some central auditory measures, such
as thesSSI-ICM and DSI, have unacceptable reliability
when assessed in older adults (e.g., Dubno and Dirks,
1983;"Cokely and Humes, 1992; Humes et al, 1996;
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Pugh et al, 1998; Feeney and Hallowell, 2000). In con-
trast, other measures of auditory processing appear to
have acceptable reliability, reflected in a lack of signifi-
cant test-retest differences and at least moderately high
test-retest correlations (r > 0.8), when used with older
adults. In particular, the reliability of several tests from
the Test of Basic Auditory Capabilities (Watson, 1987)
and the Veterans Administration compact disc for auditory
perceptual assessment (Noffsinger et al, 1994) has been
established for older adults (Christopherson and Humes,
1992; Humes et al, 1996).

In summary, when viewed in the context of a general
anatomical or structural framework that attempts to
relegate the auditory-perception and speech understand-
ing difficulties of older adults to peripheral, central audi-
tory, or cognitive factors, singly or in combination, there
are many threats to the validity and reliability of existing
measures of central auditory processing. This structural
approach is summarized by the two Venn diagrams in
Figure 1. In the top diagram, each of the three contribu-
ting factors, peripheral auditory, central auditory, and
cognitive, is assumed to be independent of the other fac-
tors, as in the structural form of central presbycusis.
Based on the results of the review included in the task
force report, the lower Venn diagram is likely a more
appropriate depiction of the associations among these
three factors affecting auditory perception and speech
understanding in older adults. In the functional form
of central presbycusis, the entire area encompassed by
central auditory and/or cognitive factors (the larger area
outlined by the dashed line) is relevant as these areas
involve processing beyond the auditory periphery that
might impact auditory perception and speech under-
standing. In the structural form of central presbycusis,
which considers central auditory effects independent of
the other factors, only the portion of central auditory
factors not overlapping with peripheral-auditory or cog-
nitive factors are relevant. This is illustrated by the
smaller cross-hatched area to the left in the lower Venn
diagram. Although the lower Venn diagram in Figure 1,
reflecting interactions among the three contributing
factors, is likely a more appropriate representation
than the independence of factors assumed in the top
Venn diagram of Figure 1, the precise overlap or inter-
actions among the contributing factors, and the distinc-
tions between “auditory” and “cognitive” functions, are
largely unknown. Extreme and symmetrical overlap
illustrated in the lower Venn diagram of Figure 1
may or may not be an accurate depiction. More research
with older adults is needed to address these important
questions, by supplementing behavioral measures with
nonbehavioral measures based on newer technologies
such as EEG, MEG, eye-tracking, and structural, spec-
troscopic, and functional neuroimaging to identify neu-
robiological markers of auditory and cognitive aging. As
noted previously and articulated in the task force’s def-

642

inition of “central presbycusis,” the focus of the task
force was the important first step of evaluating the evi-
dence base with regard to the traditional, structural
form of central presbycusis. In the context of a clinical
scope of practice, assessment of peripheral auditory func-
tion and central auditory function are clearly within the
domain of audiology, whereas full cognitive assessments
are not. As a result, understanding the interdependence
of peripheral-auditory, central auditory, and cognitive
factors underlying central presbycusis has practical
implications for clinical assessment.

One could argue that establishing the anatomical
locus of the impairment is not critical. Rather, consistent
with World Health Organization (WHO) guidelines, one
could simply focus on the functional aspects of the dis-
ability, such as the impairment, activity limitations,
and participation restrictions. As defined by WHO, “an
impairment is a problem in body function or structure;
an activity limitation is a difficulty encountered by an
individual in executing a task or action; while a partici-
pation restriction is a problem experienced by an individ-
ual in involvement in life situations.” Thus, the disability
could be the difficulty understanding speech, regardless
of the underlying cause, and it is more important to
identify the consequences of this impairment in terms
of activity limitations or participation restrictions than

Cognitive

Function

Central Peripheral
Auditory Auditory
/-', Cogiiiive
f | Function I:

' --1:(_Eentral Peripl}éral
\\, Auditqry e_qdftory

+ ’
$ : <-4
b

eSO

Figure 1. Venn diagrams illustrating contributions of periph-
eral auditory, central auditory, and cognitive factors to auditory
perception and speech communication in older adults. In the
top diagram, each factor is assumed to make independent contri-
butions. In the bottom diagram, a more realistic scenario is
depicted in which each factor interacts with the others. The
cross-hatehed area and the area bounded by the heavy dashed line
in' the lower diagram contrast the structural and functional forms
of central presbycusis, respectively.
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to determine the underlying causes. That is, from a
functional perspective, one could argue that it does
not matter whether the underlying factor(s) producing
activity limitation in an older adult can be validly and
reliably identified as peripheral, central auditory, or
cognitive, and it is more important that the activity lim-
itation is appropriately addressed and remediated. This
would be especially true if the ultimate intervention for
remediation was the same regardless of the underlying
contributing factors. However, this does not appear to
be entirely the case. For example, consider both an in-
valid diagnosis of a central auditory deficit in an older
adult, one which is really due to the inaudibility effects
of the peripheral hearing loss on the speech-based test
measures of central auditory function, and a valid diag-
nosis of a central auditory deficit impacting auditory
brainstem function. If both are diagnosed as central
auditory deficits, the prognosis for hearing aid benefit
would be poor. However, in the case of the invalid diag-
nosis attributable to peripheral inaudibility, amplifica-
tion would likely be a very successful intervention, one
that might not even be attempted for this individual
given the presumed involvement of central auditory fac-
tors. Ultimately, it is the task force’s belief that validly
and reliably establishing the underlying anatomical
locus (or loci) of an older adult’s speech-understanding
difficulties will lead to better and appropriately tailored
intervention. Until this can be appropriately addressed
in a valid and reliable manner, however, it is not possi-
ble to evaluate the validity of this assumption. Ulti-
mately, even if an anatomical or structural approach to
evaluating the existing literature proves to be unneces-
sarily restrictive, it still represents a reasonable frame-
work or taxonomy for the organization and evaluation
of the existing research literature on central presbycusis.

With the foregoing presentation of general issues in
mind, the next section provides an overview of the meth-
ods used by the task force to conduct this review. This is
followed by the presentation of the results of the review.

PROCEDURES OF THE REVIEW

n June of 2009, the Academy Board of Directors
(BOD), in response to a request from President-Elect
Patricia Kricos, approved a Task Force on Central Pres-
bycusis to be chaired by the first author. The task force’s
charge was to review the body of evidence surrounding
the existence of age-related declines in central auditory
processes and the consequences of any such declines for
everyday communication and function. If the evidence
warranted, the task force was also to review approaches
to the identification and treatment of such age-related
declines in central processes and to make recommenda-
tions in that regard.
In November 2009, following clarification of the task
force charge and the Academy’s requirements for the
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composition of such task forces, the coauthors of this
report were recruited by the chair to serve on the task
force and were approved by the Academy BOD. From
November 2009 through February 2010, the task force
reviewed the charge and proceeded to identify the
research literature that could be used to meet this
charge. The task force constrained its search of the lit-
erature to primary research articles, rather than reviews,
book chapters, or books, involving human subjects and
published in English in peer-reviewed journals after
1988. Because, as noted, a comprehensive and thorough
review of the related literature had been published by a
working group from CHABA of the National Research
Council in 1988 (CHABA, 1988), it was agreed that this
task force would focus on the literature published after
1988. Although the evidence base to be considered for
detailed review was restricted to studies of human sub-
jects in primary research articles appearing in peer-
reviewed journals, the general information garnered
from animal studies or from existing reviews, including
book chapters, was used by the task force in completing
its charge and in preparing this report. Indeed, such
material, such as the concepts of CEPP and CEBA noted
above, for example, was used for general background
information but was not part of the evidence base used
to address the task force’s charge.

Task force members contributed reference citations
to the task force chair via e-mail, and a composite listing
of all references was compiled. The initial draft of the
composite reference list was circulated and edited as
needed by task force members. A total of 200 articles
were included in the initial list of compiled references.
Each of these articles was made available to the task
force via a secured Web site hosted by the Audiol-
ogy Research Laboratory at Indiana University. Dana
Kinney, a research audiologist at Indiana University,
was instrumental in gathering these materials, organ-
izing them into topical categories with task force guid-
ance, and then posting them on the secure Web site for
use by task force members. Task force members were
assigned by the chair to read various sets of research
articles, according to their categorization by topic, such
that each article was reviewed by two to three task force
members and each task force member was assigned to
approximately 45 articles. This task was completed
prior to the first face-to-face meeting of the group. At
the initial face-to-face meeting of the task force in
March 2010, in Scottsdale, Arizona, the task force
immediately sought to define central presbycusis. After
discussion at that meeting, and subsequent follow-up
electronic communications among task force members,
the definition presented previously in this report was
developed.

Alsorat this initial face-to-face meeting, after review
of the 200 articles compiled and the elimination of dupli-
cations and review articles, a total of 165 articles
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remained. The task force then developed a set of sub-
topics to further organize the review of these materials.
The 20 resulting subtopics are shown in Table 1. Next,
the group discussed the appropriate features or attri-
butes of each research article to be captured during
the review process. After discussion, the task force
agreed that the 12 features listed in Table 2 should
be extracted from each article, if possible, and tabulated
for subsequent review and synthesis. Thus, in the end,
the next task of the group was the completion of a vast
table, with each of the 165 articles organized into one of
the 20 topical categories from Table 1, comprising the
rows of the table, and the 12 aspects or features of each
study from Table 2, comprising the columns of the table.

Following review of the 165 articles by the task force,
132 articles with a focus on behavioral measures for
either speech or nonspeech stimuli were considered
to be most relevant to the task-force charge. A total
of 22 studies examining electrophysiological changes
and the 11 articles measuring anatomical changes or
functional changes via neuroimaging in the central
auditory system of older adults were also reviewed
and provided informative background material. The
measures used in these studies, however, were some-
what heterogeneous, often assessing different electro-

physiological responses or central auditory structures
across studies. As a result, due to the combination of
a relatively small number of studies employing these
approaches and considerable heterogeneity in the spe-
cific methods and measures obtained, a concise sum-
mary of the pattern of findings or trends in these
data was not pursued. These observations alone, how-
ever, are noteworthy and may provide impetus for fur-
ther research on the age-related changes in the central
auditory system using electrophysiological, anatomical,
or neuroimaging techniques. Importantly, many of the
issues noted above with regard to behavioral measures,
including the influence of peripheral or cognitive defi-
cits, are also relevant for some electrophysiological
studies. In addition, if such techniques are successful
in documenting age-related changes in the central audi-
tory structures or functions of older adults, it will also
be important to demonstrate the relevance of such
changes to the everyday function of older adults, espe-
cially their ability to communicate with others.

The 132 human behavioral studies, listed in Table S1
(supplemental to the online version of this article), were
grouped into three main categories for further analysis:
(1) smaller-scale (typically, N < 25) laboratory studies
using speech stimuli (76 articles); (2) smaller-scale

Table 1. 20 Topical Categories Used to Sort the 145 Laboratory-Based Research Articles Identified for This Review

General Topic

Number of Research
Articles Reviewed

Speech Understanding—Steady-State Noise
Speech Understanding—Competing Speech (including babble)

5
2
Speech Understanding—Fluctuating Noise (interrupted noise, modulated noise) 2
Speech Understanding—Binaural Advantages (including MLDs, spatial release 3

of informational masking)
Speech Understanding—Dichotic Listening

(
(1
(1
(

Speech Understanding—Informational Masking (including talker uncertainty effects) 1

Speech Understanding—Time-Compressed or Speeded Speech
Speech Understanding—Reverberation

Speech Understanding—Other

Nonspeech—Gap Detection
Nonspeech—Duration Discrimination
Nonspeech—Temporal Integration
Nonspeech—Temporal Order Tasks
Nonspeech—Temporal Masking
Nonspeech—Other

*Electrophysiology—General
*Electrophysiology—Auditory Brainstem Response

*Electrophysiology—AM and FM “Early” and “Middle” Latency Responses

*Electrophysiology—Cortical and Event-Related Potentials
*Anatomy/Imaging Studies
*Deleted following further review

12
11
7
Total = 145

Note: This table does not include the 20 articles with multiple measures of auditory processing from large samples, designated by the task force
as “test battery studies” and reviewed separately. The right column provides the number of articles identified in each category. Numbers in
parentheses indicate the number of articles that contributed only to the topic in that«€ategory. AM = amplitude modulation; FM = frequency

modulation; MLD = masking level difference.
*Not reviewed in detail by task force.
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Table 2. Attributes or Features for Each of 165 Research Articles Reviewed (145 laboratory studies

and 20 test battery studies)

. Study (complete citation)
. Procedure/stimuli

. Subject ages—separate entry for each group listed
. Hearing status—separate entry for each group listed
. Cognitive status—separate entry for each group listed

O N O~ wWwNn =

controls noted)
9. Research design
10. Number (and listing) of central auditory measures examined
11. Types of statistical analyses used

. Number and types of groups (e.g., 3, young normal hearing, old normal hearing, old hearing impaired)

. Sample source (e.g., university community, nursing home, convenience sample, random sample)
. Audibility controls included? (e.g., yes, matched audiograms; yes, used high SPL that ensured audibility through 4000 Hz; no, no

12. Significant effects observed? (e.g., yes, negative effect of age for 1 condition, but no, for other 4 conditions; yes, significant negative

correlation with hearing loss)

(N < 25) laboratory studies using nonspeech stimuli (36
articles); and (3) larger-scale (N > 25, typically N > 100)
test battery studies obtaining multiple measures of
auditory processing using speech stimuli only or speech
and nonspeech stimuli (18 studies, 20 articles). In addi-
tion to differences in sample size, the majority of studies
designated “smaller scale” also tended to focus on one
dependent measure and between-group comparisons,
whereas all of those designated “larger scale” made
use of test batteries comprised typically of three or more
central auditory measures and used correlational or re-
gression techniques in the data analyses.

The information about each study in each of the des-
ignated categories was compiled and reviewed, along
with a first draft of the report, at the final face-to-face
meeting of the task force in Chicago in April 2011.
Inconsistencies in the way information had been tabu-
lated for the smaller-scale and larger-scale test battery
studies became apparent and were resolved at this
meeting. Consistent procedures for summarizing the
key findings were established and applied by at least
two task force members after the meeting. Importantly,
it was decided to not only tabulate the significant effects
of age, hearing loss, and cognition reported by the
author(s) of each study reviewed but also to establish
the number of studies reporting a significant age effect
for those studies determined to be unconfounded by
hearing loss by the task force members performing
the review. Ideally, such an analysis also would have
been performed for those studies unlikely to be con-
founded by age-related cognitive declines, but, as will
become apparent, this would have eliminated the great
majority of studies from review. This is not necessarily
because of the presence of cognitive confounds but
because so few studies included cognitive measures to
exclude possible cognitive confounds.

To illustrate the process of tabulating studies report-
ing significant effects of age, hearing loss, or cognition,
consider the following example. A hypothetical smaller-

scale study of gap detection for moderate level (60 dB
SPL) noise bands at two stimulus center frequencies,
500 and 4000 Hz, and in two age groups, young and
older normal-hearing adults, is to be reviewed by the
task force. No cognitive measures were obtained from
the subjects in this study. In this hypothetical study,
significant group differences in gap-detection thresh-
olds are observed only at 4000 Hz, which the author
reports as a significant effect of age. Although both
groups were designated by the authors as “normal hear-
ing,” the groups actually differed in high-frequency
hearing sensitivity by more than 25 dB. In this hypo-
thetical example, this study would have been tabulated
by the task force as a study reporting significant effects
of age, even though age effects were observed only at
one of the two stimulus frequencies. Further, it would
have been tabulated as a study not examining the ef-
fects of either hearing loss or cognition on gap-detection
performance. Based on the likely confound of high-
frequency hearing loss for the measurement of gap-
detection thresholds at 4000 Hz and the absence of
other control groups or statistical controls to minimize
the influence of this potential confound, this hypothet-
ical study would not have been designated as a study
likely to be unconfounded by hearing loss. Finally, sup-
pose that this same hypothetical smaller-scale study also
had several other gap-detection conditions, such as ran-
dom variations in gap location and fixed gap locations
(for example, as in Harris et al [2010]). Since the fixed
gap location represents the typical gap-detection mea-
surement paradigm shared by the studies reviewed,
the results for the less common randomly varying gap
location would have been ignored for the purpose of tabu-
lating effects of age, hearing loss, and cognition on typical
or standard gap-detection thresholds.

All told, the task force had three face-to-face meetings
scheduled for the entire group (with six to seven task
force members attending and, for two of the three meet-
ings, the rest participating via conference call). One
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meeting took place near the beginning of the work and two
near the end. In addition, there was another face-to-face
meeting of a subgroup of four members near the middle of
the project. In addition, the task force had two conference
calls and numerous e-mail communications. The task
force worked on meeting its charge for approximately
24 mo, measured from the time of the Academy BOD’s
approval of the task force membership and charge to
the submission of the final draft of this report to the board.

RESULTS OF THE REVIEW

able 3 provides a summary tabulation of the infor-

mation extracted from the smaller-scale laboratory
studies. Note that the topics listed in the far left column
represent a subset of topics from Table 1 for which at least
three research articles were reviewed. Two exceptions to
this are the categories of “Speech Understanding—
Other” and “Nonspeech—Other” from Table 1 with 27
and 7 tallies, respectively. Typically, the studies placed
into each of these categories were singular in their
focus on a unique topic of relevance to the general issue
of central presbycusis. For example, there was typically
one study in the area of speech understanding in older
adults addressing each of the following topics: talker
uncertainty, the influence of the immediately surround-

ing context on word recognition in sentences, the tem-
poral word-gating paradigm, processing of prosodic
information, serial recall, dual-task measures, and each
of several other cognitive processes. The largest group
of articles in the “other” category for speech under-
standing included nine articles dealing with speech
amplified by hearing aids, several of which focused
on the role of cognition and amplitude-compression time
constants in hearing aids. This subgroup was homogene-
ous with regard to the general subtopic of “amplified
speech” but sufficiently heterogeneous in the aspects
of amplified speech addressed to warrant elimination
from further consideration by the task force. In the area
of “Nonspeech—Other,” examples of topics addressed
by only one or two articles included frequency discrimi-
nation, intensity discrimination, and horizontal sound
localization.

Smaller-Scale Studies
Speech Stimuli

For the 76 smaller-scale studies of speech under-
standing in older adults, the three phenomena that

have received the greatest attention over the past
two decades are speech in competition (17 articles),

Table 3. Summary of Findings from Behavioral Laboratory Studies for Speech and Nonspeech Stimuli for Topic
Areas for Which at Least Three Research Articles Were Available and Reviewed (see Table 1)

Proportion
# of # of Proportion Proportion of studies
studies, studies, Proportion of studies of studies reporting
N < 25 N = 100 of studies reporting reporting age effects
# of (older (older reporting hearing cognitive w/o hearing
Topic studies adults) adults) age effects* loss effects* effects™ loss confound™*
Speech—Competing Speech 12 3 4 6/10 417 1/2 4/6
Speech—Steady-State Noise 5 5 0 2/5 4/4 3/3 NA
17 8 4 8/15 8/11 4/5
Speech—Time Compression ihl 10 0 9/10 5/5 12 6/7
Speech—Reverberation 4 4 0 3/4 4/4 0/0 NA
15 14 0 12/14 9/9 12
Speech—Dichotic 6 5 1 5/5 0/4 11 2/2
Speech—Binaural release from 3 3 0 2/3 0/0 0/0 NA
masking/spatial separation
) 8 1 7/8 0/4 1/1
Nonspeech—Gap Detection 15 10 2 12/13 2/7 2/2 9/12
Nonspeech—Duration, Gap, 6 6 0 6/6 0/6 0/0 6/6
or 10l Discrimination
Nonspeech—Temporal Order 5 5 0 5/5 1/4 0/0 4/4
Discrimination and Identification
Nonspeech—Temporal Masking 3 3 0 2/3 0/0 0/0 NA
29 24 2 25/27 3/17 2/2

Note: 10l = inter-onset-interval.

*Numerator = # of studies in which author(s) reported significant effect of independent variable (age, hearing loss, or cognitive function);

Denominator = # of studies examining this effect.

**Numerator = # of studies unconfounded by inaudibility, according to task force review, that found a significant effect of age; Denominator = #

of such unconfounded studies examining this effect.
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temporally distorted speech (15 articles), and binaural
speech perception (9 articles). For the 17 articles involv-
ing speech in competition (Table 3), 12 involved compet-
ing speech and 5 involved competing noise. For speech
stimuli presented in competition (Table 3), about half
(8 of 15 studies) of these studies reported significantly
worse performance in older adults than in young adults.
When tallying studies observing significant effects of a
particular independent variable, in this case the effects
of age, counts were tallied regardless of whether the
study fully documented that the effect was attributable
to age and not to a potentially confounding variable
(hearing loss or cognition in this case). The use of this
liberal criterion inflates the number of studies showing
true effects of each independent variable tallied. In sev-
eral of these studies (8 of 11 studies), when older adults
with impaired hearing were included, significant effects
of hearing loss were observed such that those with
more hearing loss performed more poorly on the speech-
understanding measures. It is also noteworthy from Table
3 that only five of these studies obtained cognitive mea-
sures from study participants and that most of these stud-
ies (4 of 5) found that those with low cognitive performance
performed worse on the speech-understanding measures
than those with high cognitive function. Finally, the
far right column of Table 3 provides a more conservative
estimate of the number of studies revealing significant
effects of age on performance. This column shows the
proportion of studies (4 of 6) showing significant age
effects among those studies considered by the task force
to be unconfounded by hearing loss. However, these
studies may have suffered from residual confounding
from other factors, such as education and cognitive
function, or may represent only highly selected sub-
jects. As a result, a high proportion (4 of 6) of studies,
here and elsewhere, should not be interpreted as strong
evidence of age effects.

Of the 15 articles reviewed on temporally degraded
speech, the data in Table 3 indicate that 11 involved
time-compressed speech and 4 involved reverberation.
Given that the latter form of temporal degradation is
encountered more frequently in everyday listening, at
least if one distinguishes time-compressed speech from
rapidly articulated speech, the relatively small propor-
tion of studies examining performance for reverberant
speech in comparison to those involving time-compressed
speech is noteworthy. In general, the pattern observed
from the data in Table 3 for temporally degraded speech
is quite similar to that noted above for speech in compe-
tition. Specifically, most of the studies (12 of 14) reported
significant effects of age, such that older adults per-
formed worse than young adults. Moreover, when hear-
ing loss was present in the older adults, it had a negative
impact on speech-understanding performance in 9 of 9
studies of temporally degraded speech. Only 2 of the
15 studies of temporally degraded speech measured cog-
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nitive function, and one of those studies observed a
significant effect of cognitive function on speech-
understanding performance. Finally, of the 7 studies
of time-compressed speech determined by the task force
to be unconfounded by hearing loss, 6 reported signifi-
cant effects of age.

Of the 9 smaller-scale studies reviewed regarding
binaural speech perception, the data in Table 3 indicate
that most of these (6 studies) involved dichotic listening
under headphones. For the area of binaural speech per-
ception, the pattern of outcomes was considerably dif-
ferent from that observed for speech with competition
and temporally degraded speech. Specifically, almost
all of the studies (7 of 8) in this area found that age
had a significant effect on binaural speech-understand-
ing performance, but none of the studies (0 of 4)
reported a significant effect of hearing loss. It may seem
somewhat surprising that only 4 of the 9 studies in this
area examined associations with hearing loss. However,
of the 5 studies not examining the role of hearing loss, 2
studies examined the effects of age in normal-hearing
listeners, eliminating older adults with impaired hear-
ing, and 3 concentrated their analyses on relative differ-
ences in performance, either the right-ear advantage
for dichotic listening or binaural gain. Interestingly,
despite the long history of discussion about the audi-
tory/linguistic and cognitive contributions to dichotic-
listening tasks (e.g., Cherry, 1953; Broadbent, 1954;
Kimura, 1967), only 1 of the 6 studies of dichotic listen-
ing examined cognitive function, and this study found a
positive association between working memory function
and dichotic performance. Finally, 2 of the 6 small-scale
studies of dichotic speech perception were considered by
the task force to be unconfounded by hearing loss, and
both of these studies reported significant effects of age.

Summary of Findings. For the 76 smaller-scale stud-
ies of speech understanding in older adults, the follow-
ing findings emerged: (1) the three phenomena that
received the greatest attention over the past two deca-
des were speech in competition (17 articles), temporally
distorted speech (15 articles), and binaural speech per-
ception (especially dichotic listening conditions; 9
articles); (2) for speech in competition and temporally
degraded speech, but not necessarily binaural speech
perception, hearing loss was reported to have a signifi-
cant negative effect on performance in most (=70%) of
the laboratory studies; (3) significant negative effects
of age were reported in most (=67%) of the studies of
speech in competing speech, time-compressed speech,
and binaural speech perception; and (4) the influence
of cognitive processing on speech understanding has
been examined much less frequently, but when in-
cluded, significant positive associations of cognitive
function with speech understanding were observed (pri-
marily for speech in speech competition). In general,
given'the smaller sample sizes employed in these studies
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and the large percentage of studies showing potential
confounds of hearing loss or cognitive function on per-
formance, there is little evidence in support of central
presbycusis from these studies, despite a relatively
large number of studies of this type that has been
conducted.

Nonspeech Stimuli

With regard to the 36 smaller-scale studies of the per-
ception of nonspeech stimuli by older adults, three phe-
nomena were studied most frequently: gap detection (15
articles), temporal discrimination of some type (e.g.,
duration discrimination, gap discrimination; 6 studies),
and some form of temporal-order processing (5 articles).
In fact, from review of Tables 1 and 3, temporal gap
detection was the auditory-processing phenomenon
studied most often among the 145 smaller-scale studies
reviewed by the task force. For the gap-detection mea-
sure, the pattern that emerged from the tabulation of
findings in Table 3 was that older adults performed
worse than younger adults in almost all cases (12 of
13 studies), and hearing loss was seldom a contributing
factor (2 of 7 studies). Hearing loss was not studied in 8
of the 15 studies of gap detection as the study samples
were confined to normal-hearing participants differing
in age only. Most, if not all, of these studies also care-
fully selected the stimulus parameters, including level
and frequency, to minimize the influence of hearing loss
on performance. Of the 12 studies considered by the task
force to be unconfounded by hearing loss, 9 reported sig-
nificant effects of age on performance.

A very similar pattern of findings was observed for the 6
studies of temporal discrimination and the 5 studies of
temporal-order discrimination or identification for non-
speech stimuli (Table 3). Specifically, all 11 of these studies
in these two temporal-processing categories demonstrated
poorer performance in older adults compared to young
adults, and only 1 of 10 observed an effect of hearing loss
on performance. Most of these 11 studies (10 of 11) were
considered by the task force to be unconfounded by hearing
loss and all of them reported a significant effect of age on
performance. Finally, the three studies of temporal mask-
ing with nonspeech stimuli also show a very similar pat-
tern of findings (Table 3).

In addition to these general findings for nonspeech
stimuli, it is noteworthy that only two of the 29 studies
tabulated in Table 3 examined the contributions of cog-
nitive function to performance. Both studies examined
gap detection and observed significant effects of cogni-
tion on performance.

Summary of Findings. With regard to the 36 smaller-
scale studies of the perception of nonspeech stimuli by
older adults, the following findings emerged: (1) the
three most frequently studied phenomena were gap
detection (15 articles), some form of temporal discrim-
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ination (6 studies), and temporal-order processing
(5 articles); and (2) hearing loss was seldom (=20%) a
significant factor, especially when stimuli were selected
to be low-frequency or midfrequency sounds; and (3) age
effects were almost always (=90%) observed. Age was
negatively associated with performance on these non-
speech tasks. Although the evidence for the existence
of central presbycusis is stronger for the smaller-scale
studies using nonspeech stimuli than those using
speech stimuli, potential cognitive confounds have sel-
dom been examined in these studies, the studies are
cross-sectional in nature, typically examining extremes
of the adult age continuum, and the samples may rep-
resent only highly selected volunteer subjects. As such,
this cannot be considered to be strong evidence of age
effects, or central presbycusis, on these nonspeech
tasks.

Larger-Scale Test Battery Studies

The 18 test battery studies (20 articles) were first
divided into those making use of speech stimuli (all
18 studies) and nonspeech stimuli (four studies). The
details of these studies are summarized in Table 4.
Details of these studies are presented here because
these larger-scale studies were believed by the task
force to be most important to the task force’s charge
due, in large part, to the large numbers of subjects
included. Four studies made use of both speech and
nonspeech stimuli and were included in both tabula-
tions. Then, the studies were again examined with
regard to the influence of age, hearing loss, and cogni-
tive function on performance for the measures of central
auditory processing, as had been the case for the
smaller-scale studies described above. Additional vari-
ables of potential interest, such as gender and sample
population, were also tabulated. The task force was
divided into three subgroups for the purpose of review-
ing the studies in Table 4. One subgroup addressed the
four studies with nonspeech stimuli. For the test bat-
tery studies making use of speech stimuli, the outcomes
of each study were tabulated in two ways by two sepa-
rate task-force subgroups: (1) by list of studies, focusing
on type of central auditory measure (e.g., dichotic speech,
speech in competing speech, etc.); and (2) by list of spe-
cific central auditory tests employed (e.g., DSI, SSI-ICM,
Dichotic Digits Test [DDT], time compressed NU-6, etc.).
In the end, the results of these two separate analyses of
the same 18 studies were reconciled and combined and
are presented below.

Speech-Based Tests

There were 19 different tests used for evaluating cen-
tral' auditory processing among older subjects in the 18
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test battery studies (20 articles) reviewed. Although
these tests are generally available in “standardized”
versions (including specific speech stimuli, stimulus
presentation levels, signal-to-noise ratios, presentation
rates, etc.), they were not presented using standardized
methods in many of the studies. Table 4 presents details
of the speech tests presented, methods, categorization
of results (when appropriate), findings, and key obser-
vations.

A general summary of the speech tests used and the
findings are shown in Table 5. Only those speech tests
used in two or more studies have been included in
Table 5. This table indicates that the most common
speech tests used to assess central auditory function were
the SSI-ICM (13 studies), DSI (8 studies), time-compressed
speech (8 studies), and Revised Speech Perception in Noise
test [R-SPIN]/Quick Speech-in-Noise test [QuickSIN]
tests (8 studies). The types of measures are also catego-
rized broadly in Table 5, in a manner similar to that for
the smaller-scale studies making use of speech stimuli
(Table 3), to include monaural speech in competing speech,
speech in steady-state noise, temporally distorted speech,
dichotic speech, and a miscellaneous category of other
monaural speech measures. Of these categories, speech
in competing speech and dichotic speech appear to be
the most common test conditions used in the past 25 yr.

The most prominent findings for each type of speech
test were tabulated by the task force. The principal
results concerned initial tabulations of reported signifi-
cant effects of age, hearing loss, and cognition, regard-
less of a particular study’s control, or lack thereof, for
other potentially confounding variables. In addition,
as with the review of the smaller-scale studies, for each
speech test reviewed, task force members identified
those studies that appeared to be unconfounded by
hearing loss and examined the effects of age for such
studies. Statistical techniques to control for hearing loss
or cognition when identifying age effects were imple-
mented in some, but not all, investigations. Age effects
were identified in many of the studies by comparing the
performance of younger and older groups. Other studies
exclusively tested an older subject sample to determine
whether central auditory processing disorders were evi-
dent in the sample, typically employing analyses based
on correlations of the speech-understanding measures
with age, hearing loss, or cognition.

Unlike the smaller-scale studies reviewed previously,
most larger-scale test battery studies (16 of 18) included
some measure of cognitive function. In fact, 9 studies
included at least one cognitive measure as a variable
in the study, with the remaining 7 studies performing
a cognitive screen using a gross cognitive assessment to
exclude participants with dementia, such as the Mini
Mental State Exam (MMSE; Folstein et al, 1975).
The incorporation of cognitive screens or tests in most
of these larger-scale test battery studies is another rea-

Central Presbycusis/Humes et al

son the task force placed greater weight on the results
from these studies than from the smaller-scale studies.

Table 5 includes these summary data, although
the entries in the table are somewhat subjective. For
the most frequently used test, the SSI-ICM, only 7 of
the 13 studies were considered to be unconfounded by
hearing loss, and 3 of these reported significant effects
of age on performance. For the DSI, the second most
commonly used test in these 18 studies, only 1 of 8 stud-
ies using the DSI was considered to be unconfounded by
hearing loss, and that study failed to observe a signifi-
cant effect of age. For time-compressed speech, tied with
the DSI as the second most frequently used speech-based
test in these studies, 7 of 8 studies were considered to be
unconfounded by hearing loss, and 3 of these demonstra-
ted significant effects of age on performance. The remain-
ing test tied as the second-most frequently used measure,
R-SPIN/QuickSIN, included 6 studies unconfounded by
hearing loss, half of which reported significant effects
of age on performance. For every measure in Table 5,
except dichotic nonsense syllables (2 studies), the propor-
tion of studies reporting effects of hearing loss is very high
(1 of 2 to 8 of 8). Likewise, for just about every measure in
Table 5, the proportion of studies reporting significant
effects of cognition on performance is very high (typically,
1 of 2 to 5 of 5), except for the R-SPIN/QuickSIN and low-
pass filtered speech. In summary, regardless of the spe-
cific speech-based test employed in these large-scale test
battery studies, although many reported significant ef-
fects of age that may be consistent with the presence of
central presbycusis, most of these studies are confoun-
ded by hearing loss, cognitive function, or both. Further,
one must keep in mind that many of the tests used in
these studies, some showing significant age effects, are
also found to have relatively poor reliability as typically
administered (e.g., SSI-ICM, DSI).

Most of the test battery studies of speech-based tests
did not examine the effects of gender on performance. In
the two studies that did examine gender effects, how-
ever, it is notable that gender differences were observed
for the SSI-ICM test and for the DSI. In both of the stud-
ies examining gender effects, males tended to show
greater age effects than females (Dubno et al, 1997;
Golding et al, 2006). Ear differences were also reported
in one study using dichotic speech, in which significant
age effects were observed for the left ear but not the
right ear (Golding et al, 2006).

One variable that is known to influence performance
on difficult speech tasks is the native language of the
listener when the native language is not English
(e.g., Mayo et al, 1997; von Hapsburg et al, 2004; Shi,
2010). The more recent test battery studies excluded
participants whose native language was other than
English, but many of the earlier studies did not exclude
such individuals. The extent to which nonnative listeners’
performance on the speech measures influenced reported
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findings of age effects or central auditory processing dis-
orders among these earlier investigations is unknown.

Nonspeech Tests

Table 6 summarizes the nonspeech measures included
in four of the 18 test battery studies. Every study in-
cluded at least one measure of temporal processing,
and the most common test, employed in three of the four
studies, involved the perception (either discrimination
or identification) of the temporal order of pure tones dif-
fering in frequency. Three of the four tests made use of
low-frequency or midfrequency stimuli, and these same
three found no significant effects of hearing loss on per-
formance. All four studies found significant effects of age
with some control for the effects of hearing loss. Only two
studies examined the effects of cognition, and one of these
found a significant effect such that higher cognitive func-
tion yielded better performance on the test. Most of the
measures used were demonstrated to have been reliable
measures when used with older adults.

Summary of Findings

For the 18 studies (20 articles) that made use of test
batteries and medium-to-large sample sizes, all 18 stud-
ies included speech-based measures of auditory process-
ing; 4 of the 18 studies included nonspeech stimuli, with a
primary focus on measures of temporal processing; and
none of the studies were longitudinal in design. For
the speech-based measures of auditory processing, the
following findings emerged: (1) the most frequently
investigated measures were monaural speech in a
competing-speech background, dichotic speech, and mon-
aural time-compressed speech; (2) the most frequently
used tests were the SSI-ICM, time-compressed speech
(various compression factors and materials), and the
DSI test; (3) although many studies reported significant
effects of age that may be consistent with the presence of
central presbycusis, most of these studies are confounded
by hearing loss, cognitive function, or both, regardless of
the specific speech-based test employed. For the four
studies of nonspeech auditory-processing measures, (1)
measures of temporal processing were common to all with
temporal-order discrimination or identification being the
most common test; (2) cognitive confounds have been
studied less frequently (2 of 4 studies), with mixed re-
sults; and (3) all four studies examined the effects of hear-
ing loss on performance and, due to judicious selection of
stimulus parameters in most of the studies, hearing loss
was not considered to be a confounding factor.

CONCLUSIONS AND RECOMMENDATIONS

B ased on the research reviewed by the task force
and the findings presented in this report, the exis-

tence of central presbycusis in older adults, as histori-
cally and structurally defined by the task force, remains
unsubstantiated. This is due primarily to the use of
broadband speech-based behavioral measures of audi-
tory processing that have been demonstrated to be influ-
enced considerably by the presence of high-frequency
hearing loss, age-related cognitive decline, or both.
Moreover, many of the behavioral tests used in the stud-
ies reviewed by the task force were of questionable reli-
ability, and very few of the studies were longitudinal
or population-based in design. Thus, both the validity
and reliability of the behavioral speech-based meas-
ures used in the study of central presbycusis are unclear.
An additional issue is a lack of uniformity in the cognitive
measures employed across studies. Tests used have varied
from rough cognitive screening, such as using the MMSE
to exclude participants with dementia, to the use of stand-
ard intelligence tests, to the use of laboratory tests of
specific cognitive “fundamentals,” such as speed of pro-
cessing, working memory, and components of executive
function. The latter processes are known to show age
effects (Miyake et al, 2000; Salthouse, 2010) and may
play a role in speech understanding in competing stim-
uli by older adults.

In contrast, the view that emerges from this review of
published research is depicted in the lower Venn dia-
gram of Figure 1. Peripheral-auditory, central auditory,
and cognitive factors are intertwined and difficult to
disentangle using behavioral measures from older adults.
The functional form of central presbycusis, as repre-
sented by the overlapping central auditory and cognitive
function domains outlined by the dashed line in the lower
Venn diagram of Figure 1, likely contributes to a very
common problem reported by older adults: difficulty
understanding speech in degraded listening conditions.
Consistent with this intertwined representation of cen-
tral auditory and cognitive processing, an emerging hy-
pothesis considers that, for speech understanding in
complex environments, central auditory processing may
be dependent on components of executive function, which
may, in turn, further blur the distinction between “audi-
tory” and “cognitive” function (e.g., Ronnberg et al, 2011).

Recommendations for Research

Nonspeech (or appropriately band-limited speech)
measures of temporal processing, especially measures
of gap detection and temporal-order discrimination or
identification demonstrated significant effects of age,
with little or no influence of hearing loss or cognition
on performance, although these studies also were not
longitudinal or population-based. Nonetheless, these
measures hold the most promise for assessing auditory
processingin older adults, especially when the frequen-
cies and amplitudes of the stimuli have been selected to
minimize the impact of hearing loss on performance.
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Many of these tests, moreover, have been demonstrated
to be reliable in older adults. Unfortunately, several
issues require further investigation before recommend-
ing widespread use of these behavioral tests as mea-
sures of central presbycusis. First, tests making use
of nonspeech stimuli have received much less investiga-
tion to date, especially in larger-scale studies of older
adults. Second, if it is desirable that such measures
of auditory processing relate to difficulties experienced
by older adults in everyday speech communication,
research establishing such a link is relatively sparse.
Third, although for true age-related declines in audi-
tory processing, it is desirable to avoid the potential con-
found of peripheral hearing loss by using low-frequency
or midfrequency stimuli, such a strategy would likely
miss the identification of deficits in the auditory por-
tions of the central nervous system induced by the pres-
ence of a peripheral hearing loss (i.e., CEPP). Thus,
those individuals with a peripheral hearing loss and
a central auditory deficit (which may further limit
access to the information in that frequency region by
higher centers) may go undetected with tests exclu-
sively comprised of low-frequency and midfrequency

Central Presbycusis/Humes et al

stimuli. Again, additional research on the development
of frequency-specific high-frequency nonspeech tests is
warranted. Perhaps, with further research on band-
limited speech tests or tests using nonspeech stimuli,
valid and reliable measures of auditory processing
can be developed for use with older adults. This alone,
however, would not be sufficient to establish the exis-
tence of central presbycusis. Rather, these tests must
be used to gather data from large numbers of adults
across the adult life span using both cross-sectional
and longitudinal research designs. Such studies might
also report results in sufficient detail to enable alter-
nate analyses of results to be explored, perhaps includ-
ing access to de-identified raw data, or, for studies
making use of factor analysis, structural equation mod-
eling, or multiple regression, at least publishing the cor-
relation matrices that served as the input to these
analyses.

In addition to further research, both cross-sectional
and longitudinal, on behavioral tests using nonspeech
or band-limited speech stimuli, investigations using
nonbehavioral measures, such as electrophysiological or
neuroimaging measures, are sorely needed to confirm

Table 5. Summary of Findings from Review of 18 Test Battery Studies (20 articles) Making Use of Speech-Based

Measures of Central Auditory Processing

Proportion
of studies
Proportion reporting
of studies Proportion significant
Proportion reporting of studies age effects
of studies significant reporting without
reporting effects of significant hearing
# studies significant hearing effects of loss
Type of speech test Test or measure using test age effects* loss* cognition* confound ***
Speech in competing SSI-ICM (single-talker background) 13 9/10 8/8 4/5 3/7
speech SPIN and QuickSIN (multiple-talker 8 6/7 5/7 0/4 3/6
background)
Speech in steady-state  Various syllable, word, and sentence 2 11 2/2 1/2 0/1
noise stimuli
Temporally distorted Time-compressed speech 8 417 7/7 4/4 3/7
speech
Dichotic speech DSI 8 1/4 3/4 5/5 01
Dichotic Digits 4 1/2 il 22 0/0
Dichotic Nonsense Syllables 2 2/2 0/2 171 2/2
SSW 4 2/4 3/3 0/0 0/3
Other PI1-PB/PI-SSI Rollover 2 2/2 1/1 0/0 0/0
PB-SSI difference 4 3/3 1/2 1/2 0/0
Low-pass filtered speech 5 3/5 5/5 01 0/4

Note: To be included in this summary table, a speech test or measure was required to be used in two or more of the 18 test battery studies. For
definitions of abbreviations, see Table 4.
*Numerator = # of studies in which author(s) reported significant effect of independent variable (age, hearing loss, or cognitive function);
Denominator = # of studies examining this effect.
**Numerator = # of studies unconfounded by inaudibility, according to the author(s), that found a significant effect of age; Denominator = # of
such unconfounded studies examining this effect.
***Numerator = # of studies unconfounded by inaudibility, according to the task force, that found a significant effect of age; Denominator = # of
such unconfounded studies examining this effect.
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Table 6. Summary of Findings from Review of 4 of 18 Test Battery Studies (20 articles) Making Use of Nonspeech

Measures of Central Auditory Processing

Reported age

Test battery Reported Reported effect with
study # (from Reported hearing cognitive control for
Table 4) Nonspeech measures included in study age effects?  loss effects? effects? hearing loss?
7 Duration and frequency tone patterns Yes No NA Yes
8 Auditory filter width at 1000 Hz, broadband noise gap Yes Yes NA Yes
detection, interaural time difference (ITD) discrimination
for clicks centered at 500 and 2000 Hz
11 Temporal order for midfrequency pure tones, 1000 Hz Yes No Yes Yes
pure-tone duration discrimination
14 Pitch Pattern Sequence (PPS) Test and Random Gap Yes No No Yes
Detection Test (RGDT); RGDT data later excluded
Summary: # “Yes”/# of studies examining effect 4/4 1/4 1/2 4/4

the existence of central presbycusis as narrowly defined
by the task force. Ideally, such studies would include
behavioral, electrophysiological, and neuroimaging
measures for nonspeech or band-limited speech stimuli
in the same subjects to minimize potential confounds
already established from decades of behavioral research.
Given the intertwined nature of peripheral, central audi-
tory, and cognitive factors to central presbycusis, signifi-
cant strides in understanding the nature of central
presbycusis will most likely be made by interdisciplinary
research teams having expertise in audiology, auditory
processing, electrophysiology, neuroimaging, and cogni-
tion, among others.

Recommendations for Clinical Practice

If an audiologist desires a behavioral assessment of
central auditory function in older adults that is likely
to be reliable and unconfounded by peripheral hearing
loss, then a limited set of options is currently available.
As noted previously, this includes several tests from
the Test of Basic Auditory Capabilities (TBAC; Watson,
1987) and the Veterans Administration compact disc for
auditory perceptual assessment (Noffsinger et al, 1994).
Average data for some of these measures have been pub-
lished for a group of 171 older adults (Humes, 2002),
which may aid interpretation of performance. Even for
these tests, however, it is unclear that poor performance
on such measures provides conclusive evidence for the
structural form of central presbycusis. For example, there
is some evidence that performance on the reliable non-
speech measures from the TBAC may be influenced by
cognitive function (Humes, 1996). To rule out cognitive
decline as a contributing factor, audiologists should con-
sider including brief, reliable assessments of cognitive
function. These might include measures of speed of pro-
cessing, working memory, or executive function.

With additional research, it may be possible to de-
velop clinically efficient procedures that tap central au-

ditory and cognitive processing capabilities during the
same test. For example, Pichora-Fuller et al (1995)
demonstrated that a simple clinical measure of speech
recognition in noise can be adapted to measure both
speech understanding and working memory. Briefly,
the speech-recognition test, similar to those administered
routinely in the audiology clinic during basic hearing
evaluations, was paused periodically to allow the patient
to recall the last N words presented, adding a working-
memory component to the testing with only a slight
increase in total test time required. With additional
research, it may be possible to use similar strategies
to develop valid, reliable, and clinically efficient mea-
sures that provide assessments of both central auditory
and cognitive function in older adults. From the per-
spective of the functional form of central presbycusis,
parsing central auditory from cognitive deficits may
not be critical for the individual patient. Rather, the
presence of declines in function beyond those attributed
to elevated hearing thresholds (reduced audibility) may
be sufficient to characterize central presbycusis and its
negative impact on auditory perception and speech
communication. From the published evidence reviewed
in the task force report, various nonspeech measures of
temporal processing would be most appropriate for as-
sessment of general auditory perception; measures of per-
ception of time-compressed speech or speech in competing
speech backgrounds would be most appropriate for
assessment of speech communication.

Concluding Comment

The charge of this task force was to review the evi-
dence with regard to the existence of central presbycu-
sis. As noted, the task force chose to define central
presbycusis narrowly as age-related changes in the
auditory portions of the central nervous system beyond
thelauditory periphery. As such, it was important to dis-
tinguish difficulties in auditory perception or speech
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communication attributable to peripheral or cognitive
factors from those attributable to age-related changes
in the auditory portions of the central nervous system.
The task force found it difficult to find evidence for cen-
tral presbycusis as an independent entity in the absence
of hearing loss, cognitive deficits, or both. Nevertheless,
the sensitivity of some measures of auditory processing
to deficits in cognitive function might enable the early
identification of cognitive decline with such measures,
though much more research is needed to corroborate
this potential use of auditory-processing tests (e.g.,
Gates et al, 2008, 2010, 2011). Such early identification
is consistent with the functional form of “central pres-
bycusis” including the decline of any processing beyond
the auditory periphery in older adults that may nega-
tively impact auditory perception and speech commu-
nication. Moreover, the task force’s review of the
literature lends credibility to the likely existence of this
more broadly defined form of central presbycusis. In
addition, from an ecological standpoint, perhaps using
reliable measures that incorporate broadband speech
stimuli in speech competition is a desirable approach
precisely because these measures are subject to periph-
eral, central auditory, and cognitive influences on per-
formance.

Given the current inability to reliably and validly dif-
ferentiate among the various hypothesized mechanisms
underlying the speech-communication problems for a
given patient, the intervention pursued will also be
undifferentiated. Those individuals of a certain age,
having a specified amount of hearing loss and, perhaps,
a specified level of cognitive function, who perform
“worse than expected” would likely receive the same
intervention whether the factors underlying the poor
performance were peripheral, central auditory, or cog-
nitive in nature. Such interventions might include more
intensive counseling, auditory training, or aural reha-
bilitation. The interventions would be designed to
encourage maintenance of social interactions to coun-
teract a potential slide into social isolation, further wor-
sening cognitive declines that might exist. For those
manifesting a peripheral hearing loss and using hear-
ing aids, the intervention would most likely include
ways to improve the speech-to-noise ratio beyond that
experienced by other similar individuals, perhaps
through the use of supplemental assistive technologies.
Improving the speech-to-noise ratio is always war-
ranted, regardless of the underlying cause of the indi-
vidual’s speech-understanding difficulties. Further,
those older adults with relatively good hearing and
who are not wearing hearing aids, for whom the under-
lying cause of exaggerated speech-understanding diffi-
culties is central auditory or cognitive in nature, most
likely would also benefit from an improved speech-to-
noise ratio, but it would need to be delivered via a device
or technology other than a hearing aid.
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