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The Neural Consequences of
Age-Related Hearing Loss
Jonathan E. Peelle1,@,* and Arthur Wingﬁeld2,*
During hearing, acoustic signals travel up the ascending auditory pathway
from the cochlea to auditory cortex; efferent connections provide descending
feedback. In human listeners, although auditory and cognitive processing
have sometimes been viewed as separate domains, a growing body of work
suggests they are intimately coupled. Here, we review the effects of hearing
loss on neural systems supporting spoken language comprehension, beginning with age-related physiological decline. We suggest that listeners
recruit domain general executive systems to maintain successful communication when the auditory signal is degraded, but that this compensatory
processing has behavioral consequences: even relatively mild levels of hearing loss can lead to cascading cognitive effects that impact perception,
comprehension, and memory, leading to increased listening effort during
speech comprehension.
Hearing: Not All in the Ears
‘Tout d’abord poussé par ce qui se fait en aviation, j’ai appliqué aux insectes les lois de la
résistance de l’air, et je suis arrive. . .à cette conclusion que leur vol est impossible.’ (Magnan,
1934) [1]

Trends
Healthy aging is associated with neurophysiological changes at every stage
of the human auditory system, including the cochlea, spiral ganglion neurons, cochlear nuclei, and other
midbrain structures up through the
auditory cortex.
Despite widespread declines in hearing
ability, speech comprehension in older
adulthood is generally good.
To maintain high levels of speech comprehension success, hearing-impaired
listeners recruit systems outside the
canonical speech-processing network
to compensate for a poor auditory
signal.
The additional cognitive effort required
when listening to a degraded speech
signal can impact other operations,
such as remembering what has been
heard.

Some 80 years ago, the French etymologist Antoine Magnan, writing about the wing-size:
weight ratio of many ﬂying insects, such as the bumblebee, concluded that these physical
limitations would make it impossible for them to ﬂy. How then did they ﬂy? The answer, of
course, is that such simple calculations failed to take into account the full complexity of factors
related to the structure and movement of the wings of insects that ultimately make ﬂight
possible [2].
A similar paradox can be found in older adults’ speech recognition. Although substantial
variability is seen across individuals, the aging brain shows widespread changes in cortical
structure [3] and network dynamics that carry cognitive function [4]. The behavioral consequences of these changes appear in a variety of cognitive ‘fundamentals’, including slowing in
perceptual and cognitive operations, a decline in working memory capacity, and reduced
efﬁciency in executive function and inhibition [5]. Also common in adult aging is hearing loss
and increased difﬁculty processing complex auditory signals [6].
Against this backdrop, consider the challenges for comprehension of natural speech as one
hears it on a daily basis. Speech rates in everyday conversation average about 150 words per
minute (wpm), ranging from a ‘slow’ 90 wpm in thoughtful speech to bursts of over 210 wpm as
might be heard from a radio or television newsreader working from a prepared script. Furthermore, although it typically goes unnoticed, everyday speech is surprisingly underarticulated,
such that many words would be totally unidentiﬁable if not heard with the support of acoustic and

486

Trends in Neurosciences, July 2016, Vol. 39, No. 7
© 2016 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.tins.2016.05.001

1
Department of Otolaryngology,
Washington University in St Louis, St
Louis, MO, USA
2
Volen National Center for Complex
Systems, Brandeis University,
Waltham, MA, USA

*Correspondence:
peellej@ent.wustl.edu (J.E. Peelle) and
wingfiel@brandeis.edu (A. Wingfield).
@
Twitter: @jpeelle

linguistic context [7,8].* Adding to the challenges of rapid input rate and variable speech quality,
the act of comprehension places a heavy demand on working memory to keep track of a
conversation from sentence to sentence and to untangle syntactically complex speech [9].
Given these obstacles, one might reasonably conclude that speech comprehension by older
adults would be, if not impossible, at least severely compromised. Yet, in the absence of
advanced neuropathology, comprehension of natural speech is typically well maintained in older
age. How then can the bumblebee of speech comprehension in older adults not merely ﬂy, but ﬂy
so well?
Successful comprehension is possible because the quality of sensory information is only one
element to be considered. Balancing age-related deﬁcits in hearing and cognition are compensatory operations supported by cortical networks that extend far beyond the primary auditory
system [10,11]. In this review, we trace the impact of hearing loss from the peripheral auditory
system to auditory cortex, concluding with its impact on the cognitive processes ultimately
required to compensate for the reduced richness of sensory information. Speech comprehension in adult aging is a prime example of systems-level neural ﬂexibility supporting successful
behavior.

Changes to the Auditory System in Adult Aging
Although hearing impairment has many etiologies, age-related hearing loss affects 80% of adults
over the age of 70 years [12], offering a natural context in which to examine the effects of reduced
auditory processing on speech perception. Age-related changes in hearing ability occur at all
levels of the auditory system (Figure 1) [13]. We begin with a discussion of age-related changes in
auditory physiology, using data from humans and from animal models.

Glossary
Auditory brainstem response
(ABR): an electrophysiological
signature of auditory processing
measured using EEG.
Diffusion tensor imaging (DTI): a
type of structural MRI particularly
sensitive to white matter.
Electroencephalography (EEG): a
noninvasive electrophysiological
technique for recording the electrical
activity of the brain from the scalp.
Listening effort: additional cognitive
resources required to understand
acoustically degraded speech.
Otoacoustic emissions (OAE):
sounds generated via the hair cells of
the inner ear and used to assess
cochlear function.
Pure tone average (PTA): a
summary measure of hearing
thresholds (often reported for a
listener's better-hearing ear), and
averaged over frequencies important
for speech (either 500, 1000, and
2000 Hz, or 1, 2, and 4 kHz). A
higher number reﬂects poorer hearing
sensitivity.

Peripheral and Subcortical Changes
Detection of auditory signals begins with sound-induced vibration of the eardrum (the tympanic
membrane) that sets in motion three articulated bones (the ossicles) in the middle ear. The
ossicles mechanically amplify these vibrations, transmitting them to a second membrane (the
oval window) that separates the middle ear from the inner ear. Vibration of this second
membrane produces motion in a ﬂuid located in the cochlea, a snail-shaped structure about
the size of a small pea, containing the basilar membrane that runs along its length. Approximately 12 000–15 000 outer hair cells lie along the basilar membrane. Sometimes referred to as
‘cochlear ampliﬁers’, movement of the outer hair cells stimulate some 3500 inner hair cells that
transduce the acoustic energy to electrical nerve signals [14]. It is here that the most prominent
peripheral age-related hearing changes occur due to a decrease in the number of outer hair
cells. In aging, outer hair cell loss is preferentially seen at the basal end of the basilar membrane
responsible for encoding high-frequency information [15], contributing to the stereotypical
pattern of high-frequency hearing loss seen in older adulthood (Box 1).
In addition to hair cell loss, animal models have revealed a more subtle reduction in processing
efﬁciency that stems from synaptic dysfunction and degeneration of cochlear nerve axons. For
example, Kujawa and Liberman [16] found that, after a single noise exposure, cochlear afferent
nerve terminals can be weakened even in the absence of hair cell loss or long-term hearing
threshold shift [17–20] (Figure 1B). This type of cochlear dysfunction has sometimes been
referred to as ‘hidden hearing loss’ because it is not detectable using standard pure-tone

*
Interestingly, speakers seem to factor this knowledge into their utterances, with speech tending to show a functional
adaptation, a principle of least effort, in which the more probable a word is in an utterance, the less carefully we
articulate it [112].

Trends in Neurosciences, July 2016, Vol. 39, No. 7

487

(C)

(A)

90
Auditory cortex
BRAIN

Medial geniculate nucleus
MIDBRAIN

Thresholds (dB SPL)

80
70
60
50
40
30
Key:

20

Peak II
Peak IV

10

Inferior colliculus

0

MIDBRAIN

5

0

10

15

20

25

30

35

Age (Years)
Nucleus of lateral lemniscus
PONS

(D)
PONS

MEDULLA

CN VIII
(Cochlear nerve)

Cochlear nuclei

COCHLEA

(B)

Right auditory cortex
100

Gray maer volume

r2 = 0.23, P = 0.012

Survival (%)

90
80
70

Key:

Ribbons
SGCs

60

0.35

0.25
10

50
0

20

40

60

80

100 120 140

20
30
40
Hearing acuity (dB HL)

Lifespan (%)

Figure 1. Hearing Loss and Age Have Effects throughout the Auditory Pathway. (A) Schematic of the ascending human auditory system, available via a CCBY4.0 license from https://osf.io/u2gxc/. (B) Inner hair cell ribbon counts and spiral ganglion cell (SGC) counts in aging mice decline over the lifespan. (C) Increased
auditory brainstem response (ABR) thresholds in macaque as a function of age. (D) Gray matter volume in human auditory cortex is reduced in listeners with hearing loss.
Larger circles indicate multiple participants with the same score. Adapted from [17] (B), [35] (C) and [52] (D).

audiometry. Among other factors, hidden hearing loss has been linked to difﬁculty in encoding
near-threshold sounds [21] and auditory attention [22,23] (Box 2).
Beyond the cochlea, animal and human data demonstrate age-related changes in function in spiral
ganglion neurons [24], cochlear nuclei [25], the superior olivary complex, and other midbrain
structures up through the inferior colliculus [26,27]. Age-related changes in the auditory brainstem
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Box 1. Measuring Age-Related Hearing Loss
By far the simplest and most common measure of hearing sensitivity is the pure-tone audiogram, in which the softest threshold at which a participant can hear a tone of
a particular frequency is established. Thresholds are typically estimated at octave frequencies between 250 and 8000 Hz (along with some half-octave frequencies).
Adult aging is often accompanied by overall poorer audiometric thresholds and an accented high-frequency hearing loss due to loss of outer hair cells at the basal end
of the cochlea (Figure IA). Hearing thresholds can be summarized by averaging over frequencies covering the range of human speech, typically 500, 1000, and
2000 Hz or 1, 2, and 4 kHz in a listener's better ear (a pure tone average; PTA).
A complementary measure of auditory function are otoacoustic emissions (OAEs), sounds generated from the action of outer hair cells in the inner ear, measured
using a sensitive microphone, which can be spontaneous or evoked. A common method of testing involves distortion product OAEs in which brief tones of two
frequencies are played in the ear, and the resulting OAE at unpresented frequencies is measured. Thus, OAEs can provide a measure of outer hair cell health that does
not depend on participant response (and, therefore, is particularly useful in infants or other participants who are unable to respond).
Given the tonotopic arrangement of the hair cells in the cochlea, frequency-speciﬁc changes in either PTA or OAE can provide an indication to regional cochlear
function without electrophysiological testing.
Finally, the auditory brainstem response (ABR) is an evoked electrophysiological response time-locked to short acoustic stimuli (such as clicks), recorded from
electrodes placed on the scalp. Characteristic peaks of the ABR (which begin within the ﬁrst 10 ms) are evaluated, with the response at different times reﬂecting
different processing stages along the ascending auditory pathway (Figure IB).

(A) Pure-tone audiometry

(B) Auditory brainstem responses
0-1

4000 Hz

0.12

3-5

80

5-8

0.1

60
40
20

Amplitude (μV)

8-11

Age (years)

Hearing threshold (dB SPL)

100

11-14
14-17
17-21
21-30
30-40

0.08

0.06

0.04

40-50

0

50-60

0.02

60-73

–20
20

30

40

50

60

Age (years)

70

80

90
0

10

20

30

40

50

Time (ms)

0

200

400

600

800

1000

Frequency (Hz)

Figure I. Measuring Hearing Ability across the Lifespan. (A) Pure-tone thresholds at 4000 Hz increase with age. (B) Time and frequency representations of
auditory brain stem response (ABR) across different age groups. Adapted from [113] (A) and [34] (B).

can yield altered temporal processing ability [28,29], which may be reﬂected in reduced ability in
tasks such as detecting a brief temporal gap in a continuous tone [30]. Age-related differences in
temporal processing have been associated with poorer speech perception [31–33] and likely
contribute to the challenge of speech comprehension in older adulthood.
The auditory brainstem response (ABR) (see Glossary) is commonly used for evaluating the
integrity of the auditory system, reﬂecting time-locked ﬁring of subcortical auditory nuclei to an
acoustic stimulus. Age-related changes in ABRs are routinely seen in both humans [34] and
animal models [35] (Figure 1C). These functional changes may relate to diffusion tensor
imaging (DTI) data from humans suggesting age-related reduced fractional anisotropy (FA)
values in white matter tracts passing through subcortical nuclei [36,37].
Changes in Auditory Cortex
Primary auditory cortex (A1) receives information from the ascending auditory pathway and is the
gateway to cortical processing of auditory input. Thus, any changes in auditory cortex morphology or function relating to aging and hearing loss are of critical importance.
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Box 2. Hearing Loss and Dementia
Several studies have shown a small but a signiﬁcant correlation between hearing acuity and the incidence of dementia
[114,115], as well as between hearing acuity and cognitive function in individuals without dementia [55,116–118]
(Figure I). The relation between hearing and cognition appears to hold even after the data are statistically controlled for
variables such as age, gender, race, education, presence of diabetes, smoking history, and hypertension.
There is no question that hearing loss can lead to social isolation and depression that may exacerbate any appearance of
cognitive decline, and that the constant perceptual effort resulting from reduced hearing acuity can be a source of stress
and mental fatigue [119]. An important challenge for future studies is to elucidate whether there is a causal link between
hearing loss and cognitive function, or whether these two are simply complementary dependent measures of a common
neurological decline [120]. It is also critical to consider the effect sizes of the additional risk explained by hearing level
relative to that experienced in normal aging: in epidemiological studies with large samples, statistical signiﬁcance is
frequently not difﬁcult to achieve, and so understanding the relative change to risk is particularly important.
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Figure I. The Risk for Dementia Increases Proportionally with Hearing Loss (Pure-Tone Thresholds) in Older
Age. The hazard ratio (increased likelihood of developing dementia) is shown by the red line, with the gray area indicating
the 95% conﬁdence interval. Clinical levels of hearing loss are included below the X-axis. Adapted from [114].

There is good evidence for age-related molecular change in A1. Interneurons that express the
calcium-binding protein parvalbumin (PV) are part of a group of cells that have an important role in
stimulus selectivity and novel stimulus detection in sensory cortices. With aging comes a reduction
in both the number of PV+ neurons and myelin in A1 [38,39]. Aging is also associated with a
reduction in the GABA synthetic enzyme GAD in layers II–IV, likely reﬂecting a reduction in GABA
levels [40,41]. Although studies examining GABA in human A1 using magnetic resonance
spectroscopy have had mixed results, recent reports suggest reduced GABA in older adults with
hearing loss [42,43].
The precision of frequency tuning is important for spectral resolution and perceptually separating
speech from background noise. In young adults, A1 layer V neurons show characteristic
frequency-selective receptive ﬁelds, including a proportion of V- or U-shaped responses. In
older rats, fewer neurons with V/U-shaped receptive ﬁelds are seen, and neurons with V/Ushaped receptive ﬁelds show less ﬁring during stimulus presentation than seen in young animals
[44]. Age-related changes in spontaneous and evoked ﬁring in superﬁcial layers of auditory
cortex are also observed [45]. Human data are broadly consistent with these animal ﬁndings,
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with several experiments suggesting that aging is associated with changes to evoked auditory
responses [46,47] [although ﬁne-grained neuroanatomical localization from human electroencephalography (EEG) and magnetoencephalography (MEG) studies can be challenging].
Many animal studies of A1 function do so in the context of noise-induced hearing loss, and it is
natural to ask to what degree these ﬁndings might translate to age-related hearing loss. Kamal
and colleagues [48] compared responses in primary auditory cortex in noise-exposed young
adult rats to those in older rats. They observed that the impact of noise exposure affected brain
structure, tuning selectivity, and temporal processing in similar ways to natural aging. (Interestingly, Kamal et al. also found that several of the measured changes showed reversal after
returning the young rats to a quiet environment.) Such studies suggest that many of the ﬁndings
regarding noise-induced hearing loss have implications for normal aging [49–51].
Age-Related Hearing Loss Reﬂected in the Structure of Human Auditory Cortex
As we have seen, in animal models, peripheral hearing loss leads to numerous changes in
subcortical and cortical auditory representations, and changes in PV+ cortical neurons and
myelin in auditory cortex. A key question is whether there is evidence for structural reorganization
(or atrophy) in human cortical regions as a result of peripheral sensory loss.
To explore this question, we asked whether there may be a relation between auditory sensitivity
(assessed by pure-tone audiometry) and gray matter volume in auditory cortex in older adults
[52]. Although all of our participants reported themselves to have good hearing, audiometric
testing showed signiﬁcant variability in their hearing levels: better-ear pure tone averages
(PTAs) varied from 10 to 33.3 dB HL. In this sample, hearing sensitivity did not differ between left
and right ears, and better-ear PTA did not correlate with age. Using structural magnetic
resonance imaging (MRI) and voxel-based morphometry, a signiﬁcant correlation was found
between hearing acuity and gray matter volume in right auditory cortex, such that subjects with
poorer hearing acuity also had lower gray matter volume in that region (Figure 1D). These
ﬁndings were especially provocative given the relatively good hearing in the sample, because
they suggest that even mild levels of hearing loss can lead to structural cortical changes. The
intriguing correlation between hearing loss and reduced gray matter in auditory cortex has since
been replicated [53,54].
There are two broad accounts that might be proposed for the relation between hearing
sensitivity and gray matter volume in auditory cortex. The ﬁrst is that a general age-related
decline in the nervous system manifests both peripherally and centrally. Inferential support for
this general decline position can be seen in the signiﬁcant correlations between performance on
cognitive tests and a range of sensory (audition, vision, and olfaction) and motor functions [55].
The possibility that such correlations arise from parallel declines in peripheral and cortical brain
regions suggest there is a common cause underlying these observed relations [56].
An alternative is that there is a causal relationship between hearing sensitivity and primary
auditory cortex, such that the reduced sensory input produces a cascade of events that
ultimately affect neural structure. Although longitudinal data relating individual changes in hearing
sensitivity and gray matter volume in auditory cortex are needed, the results discussed above
suggest a link between even mild hearing loss and structural brain integrity that may have
downstream implications for speech comprehension.

Beyond Classical Language Areas: Cortical Networks Supporting Degraded
Speech Comprehension
The physiological and behavioral changes reviewed thus far would appear to paint a bleak
picture for speech comprehension in older adulthood. Remarkably, however, everyday
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communication is generally good in older age, particularly in the absence of background noise or
competing talkers. At the behavioral level, older adults generally make excellent use of preserved
linguistic knowledge to mitigate otherwise more serious effects of reduced hearing acuity. This
compensation can take the form of semantic context guiding recognition of an acoustically
unclear word [57–59] or support from the syntactic structure of an utterance that similarly
increases expectancy for certain words over others [60].
Reconciling the paradox of preserved performance in the context of signiﬁcant declines in
auditory processing lies in understanding the extended cortical networks supporting spoken
language processing; that is, the systems involved in extracting meaning from the acoustic signal
beyond primary auditory cortex.
Early ‘classical’ models of language function based on neuropsychological patients of Broca,
Wernicke, and others, focused almost exclusively on a broad perisylvian region in the left
hemisphere in right-handed (and most left-handed) individuals, in which damage to the ventral
inferior frontal cortex is most strongly associated with deﬁcits in language production and
damage to the posterior lateral temporal cortex with deﬁcits in language comprehension
[61]. Aided by functional imaging, contemporary neuroanatomical models of speech processing
now implicate a large-scale neural network that includes bilateral temporal cortex and left inferior
frontal gyrus in the context of a hierarchical dual stream model with parallel ventral and dorsal
pathways (Figure 2A) [62–65].
Current data suggest that these models can be further extended to encompass the neural
processing necessary when the acoustic signal is degraded, as in the case of hearing
impairment. One strong candidate is the cingulo-opercular network, comprising bilateral
anterior frontal opercula and dorsal anterior cingulate, an attention network involved in topdown task maintenance and cognitive control [66,67]. Cingulo-opercular activity is regularly
seen when participants listen to speech that is acoustically degraded (Figure 2B) [68–71].
Critically, cingulo-opercular activity depends on a listener's attention [72] and predicts success
on the next trial [73], indicating that its involvement in speech comprehension is more than
epiphenomenal.
A second candidate system for processing acoustically degraded speech is found in
premotor cortex. Left premotor cortex has been the center of a heated debate regarding
the involvement of the motor system in speech perception [74,75]. Although the degree to
which motor activity is necessary during speech perception is still disputed, there is a
consensus that activity in premotor cortex is often observed when listening to speech,
particularly when speech is acoustically degraded [63,76] (Figure 2C,D). There are two
common explanations for the function served by premotor activity. The ﬁrst appeals to
some aspects of the motor theory of speech recognition: given that premotor cortex is
involved in articulatory representations [77], it could be that listeners make use of
stored motor plans when comprehending difﬁcult speech. A second possible explanation
appeals to the role of premotor cortex in verbal short-term memory [78,79], and suggests
that increased rehearsal of verbal information is required when the acoustic signal is
degraded [80].
Thus, when acoustic detail is lacking, as occurs with age-related hearing loss, we expect core
speech processing regions to be complemented by additional networks [81]. The cinguloopercular network and premotor cortex are appealing candidates in this regard, but they do not
form an exhaustive list. A challenge for continuing research is to identify the linguistic, acoustic,
and cognitive conditions under which these various additional systems are activated, as well as
the degree to which task effects drive activations [82].
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Figure 2. Acoustic Challenge Alters the Networks Supporting Speech Comprehension. (A) A core speech network comprising bilateral temporal cortex is
active during speech perception, supplemented by left ventral inferior frontal gyrus during sentence comprehension. When speech is acoustically challenging, additional
regions are recruited. (B) Increased activity listening to single words in background babble includes portions of the cingulo-opercular network. (C) Increased activity in the
left hemisphere related to perceptual effort when listening to noise-vocoded words. (D) Increased activity when listening to degraded sentences. The top rendering shows
increased activation in left hemisphere regions related to acoustic degradation. The bottom rendering shows the degree to which this increased activity depended on the
speciﬁc acoustic form of the sentences: activity in regions near auditory cortex depends on the type of acoustic manipulation, whereas activity further away does not.
Adapted from [68] (B), [76] (C), and [63].

How Might Top-Down Mechanisms Improve Speech Perception?
Although we have focused largely on the ascending (afferent) auditory pathway, efferent
connections occur at every level of the auditory system [83] and allow higher-level cortical
regions to modify auditory peripheral processing [84–87]. At the cortical level, ongoing oscillations in auditory cortex track the acoustic speech signal [88,89], a process that can be
modulated by directed attention (for example, to focus on a target talker instead of a competing
talker) [90–93]. Observational and interventional training studies also suggest that higher-level
mechanisms act to aid auditory processing. These studies include work suggesting that trained
musicians show more resilience to the effects of noise masking on speech perception [94] and
have more robust subcortical auditory representations compared with non-musicians [95,96]. In
intervention studies, auditory training can shape neural representations in both animals [38] and
humans [97]. Thus, one potential mechanism of top-down inﬂuence is altering the sensitivity or
spectrotemporal selectivity of the auditory system, making it more effective at processing
speech-relevant acoustic cues.
However, in addition to the shaping of auditory processing, top-down modulation of the speech
signal is also found in numerous perceptual and cognitive contexts. For example, nonauditory
information (such as semantic context, visual information, or lexical/phonological constraints)
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exerts strong effects on speech recognition [98], with neural evidence indicating that activity in
frontal cortex shapes responses in temporal cortex [99]. Therefore, it is unlikely that dissociable
domain-general cortical systems always act to improve comprehension in the same way. For
example, the cingulo-opercular network is likely involved in overall task maintenance and
vigilance, whereas premotor cortex may act to support rehearsal mechanisms of verbal working
memory. These are complementary cognitive functions that act to improve the overall comprehension performance at levels beyond the auditory system, supplementing the ability of topdown processes to sharpen auditory ﬁlters. It is important to note that the involvement of at least
some of these cognitive systems depends on the level of linguistic processing required [100]: for
example, lexical constraints will not come into play during isolated phoneme perception,
sentence-level syntactic processing is not a factor in isolated word perception, and so on.
Therefore, the type of top-down constraints available depends not only on an individual listener's
hearing and cognitive ability, but also on the type of speech processing they are performing.

Consequences of Compensation
Although speech comprehension in older adults with hearing impairment may be successful,
there is now considerable evidence that the additional cognitive effort required for this success
can have negative downstream consequences for behavior. For example, memory is typically
poorer for acoustically degraded words [101–104] and stories [105,106] than for acoustically
clear versions. Importantly, these memory deﬁcits occur even when it can be demonstrated that
the words themselves have been successfully recognized.
Descriptively, one could say that the cognitive processing needed for successful front-end
perception of a degraded signal may draw resources that would ordinarily be available for
encoding what had been heard in memory [107] or for comprehension of the meanings of
sentences [108]. Episodic memory deﬁcits for degraded speech are consistent with computational models in which acoustic challenge affects a short-term memory buffer that interferes with
memory encoding and storage [109]. Thus, although speech comprehension can be good in
listeners with hearing loss, the extra cognitive processing may have other, more subtle, consequences for behavior.
Such ﬁndings also add a cautionary note for assessment of cognitive function among older
adults: listening effort may affect test performance even when an individual assures the tester
that spoken instructions can be heard, mirroring similar concerns in cases of degraded vision
[110].

Concluding Remarks
The past two decades have seen an exponential growth in our understanding of the two sides of
the cognitive aging coin: biological declines one the one side, and compensatory mechanisms
on the other. As this work has progressed, we have moved beyond the classical views of spoken
language comprehension as involving limited areas of the left hemisphere, and models that gave
little attention to the widespread effects of listening effort. Today, we recognize that speech
comprehension engages large-scale neural networks that involve connected activity across
numerous cortical and subcortical areas, with the level and pattern of activity affected when
dealing with speech whose richness is limited by hearing impairment. Indeed, in many ways
research on aging is forcing us to push the boundaries of our present knowledge regarding the
neural organization of speech comprehension.
We believe that the next step will approach what many consider a fundamental principle in circuit
neurobiology: how a surprisingly wide range of network parameters can produce similar
behavioral outcomes [111] (see Outstanding Questions). This notion of multiple solutions
may represent a framework for successful speech comprehension in the older adult. As in
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Outstanding Questions
How do task demands impact the neural systems engaged during speech
comprehension?
Do individual listeners rely on different
patterns of systems-level balance
between neural systems during speech
comprehension?
To what degree do individual differences in hearing and cognitive ability
determine the neural systems listeners
use to understand spoken language?
How do measures of human brain
activity relate to subjective effort during
speech comprehension?
What are the mechanisms linking agerelated hearing loss to cognitive decline?

animal network models, some neural solutions may be more effective than others, particularly
under perturbation. Such a case applies in aging, where the comprehension success for simple
sentences frequently breaks down when the task is made more challenging through the use of
complex syntax or rapid speech, all of which is exacerbated by poor hearing acuity. Closely
related to the focus on multiple solutions is a concern that the traditional search for general
principles has had the unintended consequence of leading to a focus on averages while treating
variability as ‘noise’. This is especially critical in the case of older adulthood, where interindividual
variability is a hallmark of the aging process.
We have discussed evidence from multiple sources that yield several fundamental principles
governing speech comprehension in the aging brain and auditory system. First, even mild
hearing loss has profound effects on neural processing, from the auditory periphery through to
cognitive systems engaged by human listeners during speech comprehension. Second, views
of language comprehension focusing on temporal cortex and left inferior frontal gyrus must be
expanded to recognize the full cortical engagement that occurs during spoken language
comprehension, which we have emphasized here in the context of acoustic challenge. Finally,
although cortical compensation can frequently result in successful comprehension, it is not
without consequence for further operations, such as remembering what we have heard.
Thus, hearing loss has cascading inﬂuences from the auditory periphery through higher-level
executive systems governing human behavior. The increasing recognition of the dynamic
interaction between sensory and cognitive function in speech comprehension and the mechanisms underlying the changes in adult aging can serve as a model for aging research beyond
audition, and offer guide posts for hearing aid and cochlear implant development that take into
account the effects of cognitive challenge in outcome measures.
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