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Structured Abstract
Background: In 2009, the Academy’s Board of Directors authorized the creation of a Task
Force on Central Presbycusis. 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-auditory processes and to make recommendations in that
regard. Note that this implies an historical narrow structural definition of “central presbycusis”,
one focused on modality-specific changes to auditory portions of the central nervous system
from above the cochlear nucleus to the auditory cortex. This is in contrast to a broad functional
definition of central presbycusis, one that might encompass any age-related changes in the
central nervous system beyond the auditory periphery that might impact communication,
including cognitive changes.
Purpose: This report summarizes the work of the task force and presents its findings.
Data Collection and Analysis: Task force members compiled an initial list of 200 references,
from a variety of sources, which dealt with various aspects of central presbycusis and were
published in refereed journals since 1988. These articles were then reviewed by the group and,
following elimination of review articles or articles not immediately germane to the topic of
central presbycusis, pared down to a list of 165 articles for further review. The set of 165 articles
was divided into several topic-related categories, with each article in a topic area reviewed by 2-
3 task force members using criteria established by the task force. The task force then reviewed

the compiled information for these 165 articles.
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Results: Following review of the 165 articles by the task force, 132 articles with a focus on
human behavioral measures for either speech or non-speech stimuli were considered to be most
relevant to the task-force charge. These studies were grouped into three main categories for
further analysis: (1) smaller-scale (typically, N < 25) laboratory studies of speech stimuli (76
articles); (2) smaller-scale (N < 25) laboratory studies of non-speech 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 non-speech stimuli (18 studies, 20
articles).

For the 76 smaller-scale studies of speech understanding in older adults, the following
findings emerged: (1) the three behavioral measures that had received the greatest attention over
the past two decades were speech in competition (17 articles), temporally distorted speech (16
articles), and binaural speech perception (especially dichotic listening conditions; 9 articles); (2)
for speech in competition and temporally degraded speech, but not binaural speech perception,
hearing loss proved to have a significant negative effect on performance in most (= 70%)of the
laboratory studies; (3) significant negative effects of age, unconfounded by hearing loss, were
observed 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 included, significant positive
associations of cognitive function with speech understanding were observed (primarily for
speech in competition).

With regard to the 36 smaller-scale studies of the perception of non-speech stimuli by
older adults, the following findings emerged: (1) the three most frequently studied behavioral

measures were gap detection (15 articles), some form of temporal discrimination (duration, gap,
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etc.; 6 articles), and temporal-order discrimination or identification (5 articles); (2) hearing loss
was seldom (< 20%) a significant factor, especially when stimuli were selected to be low- or
mid-frequency sounds; and (3) age effects were almost always (= 90%) observed. Age was
negatively associated with performance on these non-speech tasks.

For the 18 studies (20 articles) that made use of test batteries and medium-to-large
sample sizes, the following findings emerged: (1) all 18 studies included speech-based measures
of auditory processing; (2) 4 of the 18 studies included non-speech stimuli, with a primary focus
on measures of temporal processing; (3)for the speech-based measure of auditory processing, the
most frequently investigated measures were monaural speech in a competing-speech
background, dichotic speech, and monaural time-compressed speech; the most frequently used
tests were the Synthetic Sentence Identification (SSI) test with ipsilateral competing message
(ICM), the Dichotic Sentence Identification (DSI) test, and time-compressed speech (with
various time compression percentages and materials); (4) although many of these test-battery
studies using speech-based measures of auditory processing reported significant effects of age
that may be consistent with the presence of central presbycusis, most of these studies were
confounded by hearing loss, cognitive function, or both; (5) for the four studies of non-speech
auditory-processing measures, measures of temporal processing were common to all with
temporal-order discrimination or identification being the most common test; (6) effects of
cognition on non-speech measures of auditory processing have been studied less frequently (2 of
4 studies), with mixed results, whereas all four studies examined the effects of hearing loss on
performance and, due to judicious selection of stimulus parameters in most of the studies,
hearing loss was seldom (1 of 4 studies) a confounding factor; and (7) there is a paucity of

observational studies using test batteries and longitudinal designs.
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Conclusions: Based on the review of the scientific literature published in refereed journals since
1988, focusing on human behavioral measures, there is insufficient evidence to confirm the
existence of central presbycusis as an isolated entity (i.e., the historical, narrow view of central
presbycusis). On the other hand, although not the primary focus of the literature review
performed by the task force, 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, the existing literature revealed a clear
need for additional research designed to determine factors contributing to central presbycusis and
their consequences.

Although several smaller-scale well-controlled studies have observed significant effects
of age, unconfounded by hearing loss, especially for non-speech stimuli, few studies have also
assessed various elements of cognitive function, focusing instead on using cognitive screening
tests to exclude subjects with overt dementia. Further, as noted, very few large-scale test-battery
studies have been conducted using non-speech stimuli. The difficulty in establishing the
pathophysiology of central presbycusis lies in the sparse evidence in support of significant
effects of age on change in performance over time in the absence of influences of age-related
hearing loss and general cognitive decline. Use of narrow-band speech or non-speech tasks,
designed to minimize the contributions of high-frequency information to performance, should
continue to be explored as potential measures of central presbycusis. In addition, more
longitudinal data are needed to demonstrate convincingly the extent to which observed changes
in central-auditory function are attributable to aging. As noted, age-related changes in auditory
perception or speech understanding attributed to changes in the “central-auditory” pathways, but

found to be associated with cognitive declines in older adults supports a functional form of
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central presbycusis, defined as impaired processing beyond the auditory periphery, associated
with central-auditory decline, cognitive decline, or both. It remains to be established whether
such loss of function is associated with structural changes (e.g., in neurons, gray matter volume;
Peelle et al., 2011) in the auditory pathways or with underlying physiological or functional

changes (e.g., decreased processing speed) in intact neurons.

Introduction and General Background
This report summarizes the processes and findings of the American Academy of
Audiology’s Task Force on Central Presbycusis. Details of the procedures followed by the task
force are outlined in the next section, followed by presentation of the findings. This section
provides some preliminary background material to help set the stage for the presentation of
subsequent information in this report.

Before proceeding further, the concept of “central presbycusis” should be defined. This
was one of the earliest tasks pursued by the task force. The group’s deliberations resulted in the
following definition of central presbycusis:

Central presbycusis refers to age-related change in the auditory portions of the central

nervous system negatively impacting auditory perception, speech-communication

performance, or both. Attributing auditory-perception or speech-communication
difficulties of older adults to central presbycusis is challenging, however, because many
older adults have concomitant peripheral (sensorineural) hearing loss, age-related
cognitive changes, or both. Also, central presbycusis precludes those older adults with

frank presentation of lesions, such as tumors or vascular insults, impacting auditory
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portions of the central nervous 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 selection of literature to review and was used
as a framework 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 attributable primarily to alterations in the structure and function of the
auditory portions of the central nervous system from the cochlear nucleus to primary auditory
cortex. This is explicitly a the historical or traditional, narrow 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 information. Given that speech processing in the
brain uses cognitive resources, such as short term memory, attention, and inhibition (Craik,
2007), a theoretical case can be made that, in some instances, declines in certain cognitive
processes (the so-called executive functions) 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; CHABA, 1988). In 1988, a
working group of the National Research Council published an extensive summary 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 centered more on identifying the

conditions under which older adults experienced such difficulties and the factors underlying
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those difficulties. In the more than two decades 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 hypothesis; (2) the central-auditory hypothesis; and (3) the cognitive
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 associated with age-related hearing loss; and (2) a more complex
version, one that conjectured additional deficits 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, including causal interactions, between hypothesized mechanisms can occur. For
example, there is evidence in laboratory animals that some auditory structures in the central
nervous system, such as the inferior colliculus, demonstrate age-related anatomical or
physiological 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 biological
aging” or CEBA. Presumably, the individual, in the absence of peripheral pathology, would have
normal 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 auditory portions

of the cortex, by the presence of a peripheral hearing loss [see Willott (1996) and recent reviews
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by Canlon, Illing & Walton, (2010) and Ison, Tremblay & Allen (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
performance. In contrast, in the indirect case (CEPP), the central-auditory deficit only exists in
combination with a concomitant peripheral hearing loss and this peripheral loss itself may further
exert a negative impact on speech communication due to reduced audibility, deficits in
suprathreshold processing, or both. The foregoing is not meant to imply that the only time one
might expect to see both peripheral and central-auditory deficits in older adults would be through
such causal interactions. There is no reason to believe, for instance, that older adults with
peripheral impairments 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 biological 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 nucleus and also have a central effect from biological aging in the
inferior colliculus. Thus, non-causal combinations or interactions among the mechanisms
hypothesized in the CHABA (1988) report are also feasible.

It should also be noted that causal and non-causal interactions are not confined to
combinations of the mechanisms 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,
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2008). Many studies have demonstrated that degrading the peripheral auditory input can lead to
poorer performance on cognitive measures (e.g., Rabbitt, 1968, 1991; Pichora-Fuller et al., 1995;
Schneider & Pichora-Fuller, 2000; Wingfield, Tun & McCoy, 2005; Surprenant, 2007), as well
as, clinical assessments of expressive language (Skenes et al., 1989) and dementia (Weinstein &
Amsel, 1986) used frequently with older adults. Beyond the influence of degraded perceptual
information on cognitive 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 & Baltes, 1994; Baltes & Lindenberger, 1997; Schneider & Pichora-Fuller, 2000).
Interactions among the various hypotheses outlined originally by the CHABA working
group add to the complexity 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 demonstrated in the review to
follow, behavioral measures using broad-band 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 hearing 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), cognitive abilities, such as executive function and attention,

may also underlie individual differences in performance on dichotic measures or with hearing
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aids (e.g., Cherry, 1953; Broadbent, 1954, 1971; Jerger et al., 1991; Jerger et al., 1994; Hallgren,
Larsby, Lyxel & Arlinger, 2001; Gatehouse et al., 2003, 2006a,b; 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, Poon, Lombardi & Lowe, 1985;
Wingfield, Tun, Koh & Rosen, 1999; Gordon-Salant & Fitzgibbons, 1993, 1997, 2001, 2007;
Humes et al., 2007). Finally, when competing stimuli have been employed in clinical measures
of central-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 sustained attention, or via age-related deficits in inhibition in older
adults (e.g., Sommers, 1997; Tun, O’Kane & Wingfield, 2002). As an illustration of the likely
overlap between cognitive function and central-auditory function, as assessed with speech-
understanding measures and primarily competing 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 cognitive status.
Thus, interactions between cognitive- and central-auditory-processing can be expected to be
quite common among older adults. To the extent that cognitive 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-
auditory, and cognitive factors is further blurred (Ronnberg et al., 2011).

Why have such challenging tests, such as tests comprised 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 questionable?
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Behavioral testing in the area of central-auditory 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 “extrinsic
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 measures 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 auditory 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
distortion, including time compression, then performance will be more sensitive to diminished
intrinsic redundancy due to, for example, the presence of a lesion in the auditory 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 processing, as noted, 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 interpretations for diminished performance, especially for older adults
with no central-auditory lesions that could be documented otherwise (e.g., via radiological
techniques).

The co-existence of peripheral hearing loss and declines in auditory/cognitive processing
with measures of central-auditory processing complicates the interpretation 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
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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, Gordon-Salant, & Ferrucci, 2011a). Similarly, the prevalence of mild cognitive
impairment (MCI) in a non-demented population of older adults (70-89 years) 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 lifespan (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 function 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, cognitive declines, or both, and that each
of these other deficits may negatively impact performance on presumed measures of central-
auditory processing. In addition, several longitudinal studies have shown increased risk of
dementia in people with peripheral hearing loss or very poor speech recognition in noise (as
measured by SSI-ICM and DSI) compared to people with better hearing (Gates et al 2002, 2011;
Lin et al., 2011b). These findings suggest that auditory and cognitive function may be linked and
underscore the need for neuropsychological testing in studies of age-related audition, as well as
the pressing need for imaging and electrophysiological 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
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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 cochlear structures or
mechanisms (e.g., Schuknecht, 1974, 1993; Schmiedt, 2010) 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 cochlea, which may also contribute to the measured peripheral
sensorineural hearing loss. Although the underlying inner-ear pathology is permanent and cannot
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 broad-band 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
concomitant peripheral hearing loss. The typical age-related hearing loss is a sloping
configuration impacting the high frequencies more than the lower frequencies, an observation
documented for over a century (Schacht & Hawkins, 2005) and so well established as to be
described in an international standard (ISO-7029, 2000). In contrast, broad-band speech stimuli
have most of their energy in the lower and mid frequencies (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 mid-frequency
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 & Dubno, 2010). Further, use of high presentation levels can result in
additional difficulties in and of itself which may lead to a reduction in speech-understanding
performance even in young normal-hearing listeners (e.g., Fletcher& Galt, 1950; Pollack and

Pickett, 1958; Studebaker et al., 1999; Dubno, Horwitz& Ahlstrom, 2005a, 2005b, 2006).
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For research studies, there are various options available 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 compensate 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 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 & Dirks, 1993; Gordon-Salant & Fitzgibbons, 1993, 1997,
2001, 2007; Humes & Roberts, 1990; Humes, 2002; Humes & 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 performance 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 confidence in the outcome that has emerged. This principle 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 demonstrate an influence of peripheral hearing loss on speech-
understanding performance, the validity of using such broad-band speech-based measures of

central-auditory processing is compromised.
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There are alternatives, however, to the use of broad-band speech stimuli in the
assessment of central-auditory processing. One could, for example, use low-pass-filtered speech
and reasonably high presentation levels to minimize the impact of the reduction in audibility
expected in older adults (e.g., Fogerty, Humes & Kewley-Port, 2009; 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 audibility on speech-recognition performance (e.g., Horwitz, Dubno & Ahlstrom,
2002).

A much more common alternative has been to make use of non-speech stimuli, such as
tones, to assess central-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 non-speech stimuli positioned in the region of normal 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 listeners with high-frequency
sensorineural hearing loss (e.g., Humes, 1982; Bacon & Viemeister, 1985; Dubno & Dirks,

1993). Use of such comparisons, however, is not without problems. Comparing the performance
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of young and older adults with comparably impaired hearing, for example, most likely will not
involve similar etiologies underlying the observed hearing loss. Likewise, simulation of the
presbycusic hearing loss via noise may capture some perceptual effects associated with reduced
audibility and dynamic range, but cannot simulate any lasting long-term effects on central
structures or functions induced by such loss (i.e., CEPP).

Although the use of non-speech stimuli makes it possible to minimize the contributions
of inaudibility to performance, this approach is by no means problem free. For instance, if one
wishes to assess potential central-auditory deficits that are indirect or secondary to the
development of a peripheral hearing loss, employing non-speech 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- or mid-frequency narrow-band non-speech 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 non-speech and speech stimuli in young (e.g., Surprenant &
Watson, 2001; Kidd, Watson & Gygi, 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 ultimate 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 confounding influences of peripheral

hearing loss may be minimized to a greater extent with narrow-band non-speech stimuli than
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with broad-band speech stimuli, tasks making use of non-speech 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 processing is comprised of speech or non-speech
stimuli, the validity 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 control and attention or by tapping more
abundant lexical resources (Wingfield, Aberdeen & Stine, 1991; Schneider & Pichora-Fuller,
2000; Bertoli, Smurzynski & Probst, 2002; Alain, McDonald, Ostroff & Schneider, 2004;
Wingfield et al., 2005; Pichora-Fuller & Singh, 2006; Pichora-Fuller, 2008). 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 semantic contextual information by older adults (e.g., Pichora-
Fuller et al., 1995; Wingfield, Dunn & Rosen, 1995; Dubno, Ahlstrom & Horwitz, 2000; Humes
et al., 2007). In general, unlike many other measures 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 lifespan. If speech understanding 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 underlying central-auditory deficits.
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It has been argued that one way to possibly disentangle cognitive and central-auditory
processing is through the principle of modality specificity (Humes, Christopherson & Cokely,
1992; McFarland & Cacace, 1995; Cacace & 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 supporting modality specificity of some measures
of auditory temporal processing has been obtained (Humes et al., 2007, 2009). However,
complicating this argument, recent anatomical and physiological studies in laboratory animals
(Budinger & Scheich, 2009; Cappe, Rouiller, & Barone, 2009; Bizley & King, 2009) and
humans (Kayser, Petkov & Logothetis, 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. “cognitive”) may be reconciled by considering that speech processing is tightly
linked to executive function. Certainly, the association of tests of executive functioning and
dichotic speech identification (Gates, 2010) in older people who passed cognitive screening tests

and had comparable magnitude of hearing loss supports this notion. Further investigation, both
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functional and structural, 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 earlier 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 control analytically for confounding effects, these studies are not, by
themselves, able to provide sufficient evidence of central declines in aging. Many other
exposures and behaviors may differ between groups and act as additional confounders, and with
known generational 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
longitudinal study as well as practice or learning effects from repeated assessment (e.g.,
Salthouse, 2010).

Finally, with regard to the potential cognitive “confound” noted above, one could make
use of such a “confound” to develop an auditory-based measure of cognitive function. That is, a

test initially designed to assess central-auditory function in older adults, but found to have
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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 addition 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 the Synthetic Sentence Identification (SSI) test with Ipsilateral
Competing Message (ICM) and the Dichotic Sentence Identification (DSI) test, have
unacceptable reliability when assessed in older adults (e.g., Dubno& Dirks, 1983; Cokely &
Humes, 1992; Humes, Coughlin & Talley, 1996; Pugh, Crandell & Griffiths, 1998; Feeney &
Hallowell, 2000). In contrast, other measures of auditory processing appear to have acceptable
reliability, reflected in a lack of significant 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, Wilson & Musiek,
1994) has been established for older adults (Christopherson & 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 understanding difficulties of older
adults to peripheral, central-auditory, 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
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diagram, each of the three contributing factors, peripheral auditory, central- auditory, and
cognitive, is assumed to be independent of the other factors, 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 understanding. 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 cognitive 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
interactions among the contributing factors, and the distinctions 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 non-behavioral measures based on newer technologies such as EEG, MEG, eye-
tracking, and structural, spectroscopic, and functional neuroimaging to identify neurobiological
markers of auditory and cognitive aging. As noted previously and articulated in the task force’s
definition of “central presbycusis”, the focus of the task force was the important first step of

evaluating the evidence base with regard to the traditional, structural form of central presbycusis.
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In the context of a clinical scope of practice, assessment of peripheral auditory function 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 disability, 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 participation restriction is a problem experienced by an individual 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 to determine the underlying causes.
That is, from a functional perspective, one could argue that it doesn’t 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 more important that the activity
limitation 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
invalid 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 diagnosis of a central-auditory deficit impacting auditory
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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 diagnosis attributable to
peripheral inaudibility, amplification would likely be a very successful intervention, one that
might not even be attempted for this individual given the presumed involvement of central-
auditory factors. 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 possible to evaluate the validity of this
assumption. Ultimately, even if an anatomical or structural approach to evaluating the existing
literature proves to be unnecessarily restrictive, it still represents a reasonable framework 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 methods 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

In June of 2009, the Board of Directors of the American Academy of Audiology, in
response to a request from President-Elect Patricia Kricos, approved a Task Force on Central
Presbycusis 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 recommendations in that regard.
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In November, 2009, following clarification of the task force charge and the Academy’s
requirements for the composition of such task forces, the co-authors of this report were recruited
by the chair to serve on the task force and were approved by the Academy’s Board of Directors.
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 literature 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 the Committee on Hearing and
Bioacoustics and Biomechanics (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 subjects 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 email 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 website hosted by the Audiology Research Laboratory at Indiana University.
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Ms. Dana Kinney, a research audiologist at Indiana University, was instrumental in gathering
these materials, organizing them into topical categories with task force guidance, and then
posting them on the secure website 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 2-3 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.

Also at this initial face-to-face meeting, after review of the 200 articles compiled and the
elimination of duplications and review articles, a total of 165 articles remained. The task force
then developed a set of subtopics 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
attributes 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 non-speech stimuli were considered to be most relevant

to the task-force charge. A total of 22 studies examining electrophysiological changes and the 11
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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 somewhat heterogeneous, often
assessing different electrophysiological 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 specific methods and measures obtained, a
concise summary of the pattern of findings or trends in these data was not pursued. These
observations alone, however, are noteworthy and may provide impetus for further 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 deficits, are also relevant for some
electrophysiologic studies. In addition, if such techniques are successful in documenting age-
related changes in the central-auditory 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,
especially their ability to communicate with others.

The 132 human behavioral studies, listed in the Appendix, 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 (N < 25) laboratory studies using non-speech
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 non-
speech stimuli (18 studies, 20 articles). In addition 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
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comprised typically of three or more central-auditory measures and used correlational or
regression techniques in the data analyses.

The information about each study in each of the designated 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 tabulated 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 confounded 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 reporting 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 thresholds are observed only at

4000 Hz, which the author reports as a significant effect of age. Although both groups were
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designated by the authors as “normal hearing” the groups actually differed in high-frequency
hearing sensitivity by more than 25 dB. In this hypothetical 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 effects 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 hypothetical study would not
have been designated as a study likely to be unconfounded by hearing loss. Finally, suppose
that this same hypothetical smaller-scale study also had several other gap-detection conditions,
such as random 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 measurement paradigm
shared by the studies reviewed, the results for the less common randomly varying gap location
would have been ignored for the purpose of tabulating 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 6-7 task force members attending and, for 2 of the 3 meetings, the rest participating via
conference call). One 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 email
communications. The task force worked on meeting its charge for approximately 24 months,
measured from the time of Academy Board of Directors’ approval of the task force membership

and charge to the submission of the final draft of this report to the board.
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Results of the Review

Table 3 provides a summary tabulation of the information 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 “Non-speech-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 surrounding context on word recognition in sentences, the temporal 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
understanding 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 homogeneous 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 “Non-speech Other”,
examples of topics addressed by only one or two articles included frequency discrimination,
intensity discrimination, and horizontal sound localization.

Smaller-scale studies: Speech Stimuli

For the 76 smaller-scale studies of speech understanding in older adults, the three
phenomena that have received the greatest attention over the past two decades are speech in

competition (17 articles), temporally distorted speech (15 articles), and binaural speech
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perception (9 articles). For the 17 articles involving speech in competition (Table 3), 12
involved competing 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 several 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 measures from study participants
and that most of these studies (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 (4/6) 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 subjects. As a result, a high proportion (4/6) 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 four involved reverberation. Given that the latter
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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
proportion 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
competition. Specifically, most of the studies (12 of 14) reported significant effects of age, such
that older adults performed worse than young adults. Moreover, when hearing 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 cognitive function and one of those studies observed a significant effect of cognitive
function on speech-understanding performance. Finally, of the seven studies of time-compressed
speech determined by the task force to be unconfounded by hearing loss, 6 reported significant
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 perception, the pattern of outcomes was considerably different 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-
understanding 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,
two studies examined the effects of age in normal-hearing listeners, eliminating older adults with

impaired hearing, and three concentrated their analyses on relative differences in performance,



10

11

12

13

14

15

16

17

18

19

20

21

22

23

33

either the right-ear advantage for dichotic listening or binaural gain. Interestingly, despite the
long history of discussion about the auditory/linguistic and cognitive contributions to dichotic-
listening tasks (e.g., Cherry, 1953; Broadbent, 1954; Kimura, 1967), only one of the six studies
of dichotic listening examined cognitive function and this study found a positive association
between working memory function and dichotic performance. Finally, two of the six 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 studies of speech understanding in older
adults, the following findings emerged: (1) the three phenomena that received the greatest
attention over the past two decades were speech in competition (17 articles), temporally distorted
speech (15 articles), and binaural speech perception (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 significant 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 included, significant positive
associations of cognitive function with speech understanding were observed (primarily for
speech in speech competition). In general, given the smaller sample sizes employed in these
studies and the large percentage of studies showing potential confounds of hearing loss or
cognitive function on performance, there is little evidence in support of central presbycusis from
these studies, despite a relatively large number of studies of this type that had been conducted.

Smaller-scale studies: Non-speech stimuli
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With regard to the 36 smaller-scale studies of the perception of non-speech stimuli by
older adults, three phenomena 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 measure, 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 carefully 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 significant effects of
age on performance.

A very similar pattern of findings was observed for the six studies of temporal
discrimination and the five 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
one of ten 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 masking with non-

speech stimuli also show a very similar pattern of findings (Table 3).
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In addition to these general findings for non-speech stimuli, it is noteworthy that only two
of the 29 studies tabulated in Table 3 examined the contributions of cognitive function to
performance. Both studies examined gap detection and observed significant effects of cognition
on performance.

Summary of Findings. With regard to the 36 smaller-scale studies of the perception of
non-speech stimuli by older adults, the following findings emerged: (1) the two most frequently
studied phenomena were gap detection (15 articles), some form of temporal discrimination (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- or mid-frequency 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 non-speech stimuli than those using
speech stimuli, potential cognitive confounds have seldom been examined in these studies, the
studies are cross-sectional in nature, typically examining extremes of the adult age continuum,
and the samples may represent only highly selected volunteer subjects. As such, this cannot be
considered to be strong evidence of age effects, or central presbycusis, on these non-speech
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 non-speech 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
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non-speech stimuli and were included in both tabulations. Then, the studies were again
examined with regard to the influence of age, hearing loss, and cognitive function on
performance for the measures of central-auditory processing, as had been the case for the
smaller-scale studies described above. Additional variables of potential interest, such as gender
and sample population, were also tabulated. The task force was divided into three subgroups for
the purpose of reviewing the studies in Table 4. One subgroup addressed the four studies with
non-speech stimuli. For the test-battery studies making use of speech stimuli, the outcomes of
each study were tabulated in two ways by two separate 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 specific central-auditory tests employed (e.g., DSI, SSI-ICM,
DDT, time compressed NU-6, etc.). In the end, the results of these two separate analyses of the
same 18 studies were reconciled, combined and are presented below.

Speech-based Tests. There were 19 different tests used for evaluating central-auditory
processing among older subjects in the 18 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
observations.

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 R-SPIN/QuickSin tests (8
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studies). The types of measures are also categorized 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 years.

The most prominent findings for each type of speech test were tabulated by the task
force. The principal results concerned initial tabulations of reported significant effects of age,
hearing loss, and cognition, regardless 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
implemented 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 or not central-auditory processing disorders
were evident 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, nine studies included at
least one cognitive measure as a variable in the study, with the remaining seven 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
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of cognitive screens or tests in most of these larger-scale test-battery studies is another reason 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 studies using the DSI was considered to be unconfounded by hearing loss and that study failed
to observe a significant 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 demonstrated significant effects of age on
performance. The remaining 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 proportion of studies reporting effects of hearing loss is very
high (1/2 to 8/8). Likewise, for just about every measure in Table 5, the proportion of studies
reporting significant effects of cognition on performance is very high (typically, 1/2 to 5/5),
except for the R-SPIN/QuickSin and low-pass-filtered speech. In summary, regardless of the
specific speech-based test employed in these large-scale test-battery studies, although many
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.

Further, one must keep in mind that many of the tests used in these studies, some showing
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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, however, it is
notable that gender differences were observed for the SSI-ICM test and for the DSI. In both of
the studies 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 non-native listeners’ performance on the speech measures
influenced reported findings of age effects or central-auditory processing disorders among these
earlier investigations is unknown.

Non-speech Tests. Table 6 summarizes the non-speech measures included in four of the
18 test-battery studies. Every study included 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 differing in frequency.
Three of the four tests made use of low- or mid-frequency stimuli and these same three found no
significant effects of hearing loss on performance. All four studies found significant effects of

age with some control for the effects of hearing loss. Only two studies examined the effects of
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cognition and one of these found a significant effect such that higher cognitive function 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 studies included speech-based measures of auditory
processing, 4 of the 18 studies included non-speech 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 monaural 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
non-speech 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 results; and
(3) all four studies examined the effects of hearing 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
Based on the research reviewed by the task force and the findings presented in this report,

the existence of central presbycusis in older adults, as historically and structurally defined by the
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task force, remains unsubstantiated. This is due primarily to the use of broad-band speech-based
behavioral measures of auditory processing that have been demonstrated to be influenced
considerably by the presence of high-frequency hearing loss, age-related cognitive decline, or
both. Moreover, many of the behavioral tests used in the studies reviewed by the task force were
of questionable reliability and very few of the studies were longitudinal or population-based in
design. Thus, both the validity and reliability of the behavioral speech-based measures 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 standard
intelligence tests, to the use of laboratory tests of specific cognitive “fundamentals,” such as
speed of processing, working memory, and components of executive function. The latter
processes are known to show age effects (Miyaki et al., 2000; Salthouse, 2010) and may play a
role in speech understanding in competing stimuli by older adults.

In contrast, the view that emerges from this review of published research is depicted in
the lower Venn diagram 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 represented 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
central-auditory and cognitive processing, an emerging hypothesis considers that, for speech

understanding in complex environments, central-auditory processing may be dependent on
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components of executive function, which may, in turn, further blur the distinction between
“auditory” and “cognitive” function (e.g., Ronnberg et al., 2011).
Recommendations for Research

Non-speech (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 processing in older
adults, especially when the frequencies and amplitudes of the stimuli have been selected to
minimize the impact of hearing loss on performance. Many of these tests, moreover, have been
demonstrated to be reliable in older adults. Unfortunately, several issues require further
investigation before recommending widespread use of these behavioral tests as measures of
central presbycusis. First, tests making use of non-speech stimuli have received much less
investigation 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 auditory processing, it is desirable to avoid the potential
confound of peripheral hearing loss by using low- or mid-frequency stimuli, such a strategy
would likely miss the identification of deficits in the auditory portions of the central nervous
system induced by the presence 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

exclusively comprised of low- and mid-frequency stimuli. Again, additional research on the
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development of frequency-specific high-frequency non-speech tests is warranted. Perhaps, with
further research on band-limited speech tests or tests using non-speech 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 existence of central presbycusis. Rather, these
tests must be used to gather data from large numbers of adults across the adult lifespan using
both cross-sectional and longitudinal research designs. Such studies might also report results in
sufficient detail to enable alternate analyses of results to be explored, perhaps including access to
de-identified raw data, or, for studies making use of factor analysis, structural equation
modeling, or multiple regression, at least publishing the correlation matrices that served as the
input to these analyses.

In addition to further research, both cross-sectional and longitudinal, on behavioral tests
using non-speech or band-limited speech stimuli, investigations using non-behavioral measures,
such as electrophysiological or neuroimaging measures, are sorely needed to confirm the
existence of central presbycusis as narrowly defined by the task force. Ideally, such studies
would include behavioral, electrophysiological and neuroimaging measures for non-speech 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-auditory and cognitive factors to central presbycusis, significant 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
cognition, among others.

Recommendations for Clinical Practice
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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, Wilson & Musiek, 1994). Average data for
some of these measures have been published 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 consider including brief,
reliable assessments of cognitive function. These might include measures of speed of
processing, working memory, or executive function.

With additional research, it may be possible to develop clinically efficient procedures that
tap central-auditory 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 measures that provide assessments of both central-

auditory and cognitive function in older adults. From the perspective of the functional form of
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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 non-speech measures of temporal
processing would be most appropriate for assessment of general auditory perception; measures of
perception 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 evidence with regard to the existence of
central presbycusis. 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 the auditory
periphery. As such, it was important to distinguish difficulties in auditory perception or speech
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 central 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). Such early
identification is consistent with the functional form of “central presbycusis” including the decline
of any processing beyond the auditory periphery in older adults that may negatively impact

auditory perception and speech communication. Moreover, the task force’s review of the



10

11

12

13

14

15

16

17

18

19

20

21

22

23

46

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 broad-band speech stimuli in speech competition is a desirable approach precisely
because these measures are subject to peripheral, central-auditory, and cognitive influences on
performance.

Given the current inability to reliably and validly differentiate 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 cognitive in nature. Such
interventions might include more intensive counseling, auditory training, or aural rehabilitation.
The interventions would be designed to encourage maintenance of social interactions to
counteract a potential slide into social isolation, further worsening cognitive declines that might
exist. For those manifesting a peripheral hearing loss and using hearing 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 warranted, regardless of the underlying cause of
the individual’s speech-understanding difficulties. Further, those older adults with relatively
good hearing and who are not wearing hearing aids, for whom the underlying cause of
exaggerated speech-understanding difficulties 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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Table 1. Listing of the 20 topical categories identified by the task force which were used to sort

the pool of 145 laboratory-based research articles identified for this review. 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 category.

General Topic

Number of Research Articles Reviewed

Speech Understanding--Steady-State Noise 54)
Speech Understanding--Competing Speech 12 (11)
(including babble)

Speech Understanding--Fluctuating Noise 2(1)
(interrupted noise, modulated noise)

Speech Understanding—Binaural Advantages | 3 (2)
(including MLDs, spatial release of

informational masking)

Speech Understanding—Dichotic Listening 6 (5)
Speech Understanding—Informational 1
Masking (including talker uncertainty effects)

Speech Understanding—Time-Compressed or | 12 (11)
Speeded Speech

Speech Understanding—Reverberation 4(3)
Speech Understanding—Other 27
Non-speech—Gap Detection 17
Non-speech—Duration Discrimination 2
Non-speech—Temporal Integration 0
Non-Speech—Temporal Order Tasks 8(7)
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Non-Speech---Temporal Masking 3
Non-Speech--Other 7
*Electrophysiology—General 3
*Electrophysiology—ABR 4
*Electrophysiology—AM and FM “early” and | 3
“middle” latency responses
*Electrophysiology—Cortical and event- 12
related potentials

* Anatomy/Imaging Studies 11
*Deleted following further review 7

*=not reviewed in detail by task force

Total = 145 articles
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Table 2. Study attributes or features tabulated by task force members for each of 165 research

articles reviewed (145 laboratory studies and 20 test-battery studies).

1.

2.

10.

1.

12.

Study (Complete Citation)

Procedure/Stimuli

Number & Types of Groups (e.g., 3, YNH, ONH, OHI; or 4, Y, Y-O, O, 0O-0O)
Subject Ages—separate entry for each group listed

Hearing Status—separate entry for each group listed

Cognitive Status—separate entry for each group listed

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 controls noted.

Research Design

Number (and Listing) of Central Auditory Measures Examined

Types of Statistical Analyses Used

64

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
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Table 3. Summary of findings from behavioral laboratory studies for speech and non-speech stimuli

for topic areas for which at least three research articles were available and reviewed (see Table 1).

Topic # of # of # of Proportion of | Proportion of | Proportion of | Proportion of
Studies | Studies, | Studies, studies studies studies studies
N<25 N>100 reporting age | reporting reporting reporting age
(older (older effects™* hearing loss | cognitive effects w/o
adults) adults) effects* effects* hearing loss
confound**
Speech—Competing | 12 3 4 6/10 4/7 1/2 4/6
Speech
Speech—Steady- 5 5 0 2/5 4/4 3/3 NA
State Noise
17 8 4 8/15 8/11 4/5
Speech—Time 11 10 0 9/10 5/5 1/2 6/7
Compression
Speech— 4 4 0 3/4 4/4 0/0 NA
Reverberation
15 14 0 12/14 9/9 1/2
Speech—Dichotic 6 5 1 5/5 0/4 /1 2/2
Speech—Binaural 3 3 0 2/3 0/0 0/0 NA
release from
masking/spatial
separation
8 1 7/8 0/4 1/1
Non-speech—Gap 15 10 2 12/13 2/7 2/2 9/12
Detection
Non-Speech— 6 6 0 6/6 0/6 0/0 6/6
Duration, Gap or 101
Discrimination
Non-speech— 5 5 0 5/5 1/4 0/0 4/4
Temporal Order
Discrimination &
Identification
Non-speech— 3 3 0 2/3 0/0 0/0 NA
Temporal Masking
29 24 2 25/27 3217 2/2

*: 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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Table 4. See Attached Excel Spreadsheet.
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Table 5. Summary of findings from review of 18 test-battery studies (20 articles) making use of
speech-based measures of central-auditory processing. 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.

Type of Speech Test or Measure # Studies Proportion of Proportion of Proportion of Proportion of
Test using test studies reporting studies reporting studies reporting studies reporting
significant age significant significant significant age
effects* effects of hearing | effects of effectswithout
loss* cognition* hearing loss
confound ***
Speech in SSI-ICM (inc. 13 9/10 8/8 4/5 3/7
Competing Speech MSSI) (single
talker)
SPIN & Q-SIN 8 6/7 5/7 0/4 3/6
(multiple talkers)
Speech in Steady- (various syll., word 2 1/1 2/2 12 0/1
State Noise & sent. stimuli)
Temporally Time-compressed 8 4/7 71 4/4 3/7
Distorted Speech speech
Dichotic Speech DSI (incl. MDSI) 8 1/4 3/4 5/5 0/1
Dichotic Digits 4 172 1/1 2/2 0/0
Dichotic Nonsense 2 2/2 0/2 1/1 2/2
Syllables
SSW 4 2/4 3/3 0/0 0/3
Other PI-PB/PI-SSI 2 2/2 1/1 0/0 0/0
Rollover
PB-SSI diff. 4 3/3 172 172 0/0
Low-pass filt speech | 5 3/5 5/5 0/1 0/4

*: 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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1 Table 6. Summary of findings from review of 4 of 18 test-battery studies (20 articles) making
2 use of non-speech measures of central-auditory processing.
3
Test- Non-speech measures included in study Reported | Reported | Reported | Reported
Battery age hearing cognitive | age effect
Study # effects? | loss effects? with
(from effects? control
Table for
4) hearing
loss?
7 Duration and frequency tone patterns. YES NO N/A YES
8 Auditory filter width at 1 kHz, broad-band noise gap | YES YES N/A YES
detection, interaural time difference (ITD)
discrimination for clicks centered at 0.5 and 2 kHz.
11 Temporal order for mid-frequency pure tones, 1 kHz | 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 1/4 172 4/4
4
5
6
7
8
9
10
11
12
13
14

15
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Figure 1. Venn diagrams illustrating contributions of peripheral 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 contributions. In the bottom diagram, a
more realistic scenario is depicted in which each factor interacts with the others. The cross-
hatched 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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