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Age-related declines in the auditory system contribute strongly to older adults’ communication difficulties, especially
understanding speech in noisy environments. With the aging population growing rapidly there is an expanding need to
discover means to offset or remediate these declines. Music training has emerged as a potential tool to set up the brain for
healthy aging. Due to the overlap between neural circuits dedicated to speech and music, and the strong engagement of
cognitive, sensorimotor, and reward circuits during music making, music training is thought to be a strong driver of neural
plasticity. Comparisons of musicians and non-musicians across the lifespan have revealed that musicians have stronger
neural processing of speech across timescales, ranging from the sentence and word level to consonant features on a
millisecond level. These advantages are also present in older adult musicians, and they generalise to advantages in memory,
attention, speed of processing, and understanding speech in noise. Excitingly, even older adult musicians with hearing loss
maintain these neurophysiological and behavioural advantages, outperforming non-musicians with normal hearing on many
auditory tasks. Delineating the neurophysiological and behavioural advantages associated with music experience in older
adults, both with normal hearing and hearing loss, can inform the development of auditory training strategies to mitigate
age-related declines in neural processing. These prospective enhancements can provide viable strategies to mitigate older

adults’ challenges with everyday communication.

INTRODUCTION

Older adults often have difficulty communicating in noisy
or reverberant listening environments. This temporal processing
deficit is compounded by presbycusis, meaning that older adults
with hearing loss find speech comprehension in noise especially
challenging. These communication challenges are not trivial:
from talking on the telephone to ordering in a noisy restaurant,
poor speech understanding in degraded listening environments
can contribute to stress, social isolation, and depression [1]. In
2009 there were approximately 37 million adults over age 65
in the United States alone, a figure expected to double by 2030
[2]. And it is estimated that nearly two-thirds of adults over age
70 have hearing loss [3]. Therefore, there is an expanding need
to develop strategies to mitigate older adults’ communication
challenges. More generally, there is a burgeoning interest in
tools to promote “healthy aging” — investments made at any age
to bolster cognition, health, and quality of life in senescence —
including through diet, exercise, and vocational activities [4].

Music training has emerged as an exciting candidate for this
prevention and remediation. Due to the overlap between neural
circuits dedicated to speech and music, and the distributed
network of cognitive, sensorimotor, and reward circuits engaged
during music making, it would appear that music training is
a potent driver of experience-dependent plasticity [5-7]. For
the majority of studies discussed herein, music training is

operationalized as engaging in active music training regularly,
for a minimum of 20 minutes twice a week since childhood.
These individuals are described as “musicians” as a shorthand,
however the benefits for auditory processing associated with
music training are likely observed in many individuals who
have pursued training less rigorously [8,9], and those who
may not self-identify as “musicians” in a formal sense [10,11].
This training is associated with neurophysiological benefits for
encoding speech that cascade to heightened auditory-cognitive
skills across the lifespan [12,13]. Therefore, music training
may hold special promise to set up the communicating brain
for healthy aging.

THE AGING AUDITORY SYSTEM: IMPACT
ON COMMUNICATION

Pervasive age-related changes occur in the auditory
system, which degrade the precision and stability of signal
processing. These changes compound age-related declines in
cognitive functions (speed of processing, memory, attention,
etc.) that, taken together, create challenges for everyday
communication [14,15]. In cases of age-related hearing loss,
these communication challenges are even greater [16]. A
large series of behavioural and neurophysiological studies has
characterized the maladaptive plasticity incurred by aging and
presbycusis (see [17] for an authoritative review).
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Age-related declines in the auditory system

Most age-related changes that occur irrespective of hearing
loss affect the fine temporal resolution required for coding
fast-changing elements in speech, such as consonants. Age-
related declines in temporal processing have been observed
in psychophysical studies that have pinpointed a loss of
temporal resolution as a hallmark of auditory aging [18-20].
Neurophysiologically, this temporal processing deficit is likely
due to a pervasive reduction in inhibitory neurotransmitter
function throughout the auditory neuraxis [for review, see
21]. This inhibitory loss is compounded by an increased
postsynaptic recovery time [20] and likely a loss of ribbon
synapses [22]. These declines cause a reduction in the neural
synchrony that is required for speech perception in noise [23].

Anderson and her colleagues used the auditory brainstem
response to complex sounds (cABR) to investigate age-related
changes in the neural precision of speech encoding in older
adults with normal hearing [24]. The cABR is a variant of
the auditory brainstem response that is elicited in response to
complex sounds such as speech or music. By using these sounds,
cABR can measure the neural processing of both transient and
sustained acoustic elements, providing unique insight into
submillisecond temporal processing (neural phaselocking
occurring predominantly between 100-1000 Hz). This rapid
neural processing is important to encode details in speech such
as formants and temporal fine structure that provide perceptual
clarity and convey information about phonemic categories and
sounds’ locations. These features also support listening in the
“dips” of certain kinds of maskers [16,25,26]. Five age-related
declines in neural processing were described by Anderson
et al. (see Table 1; Figures 1 & 2). In older adults, responses
were smaller, including for representation of the fundamental
frequency and harmonics in speech. Responses were more
variable on a trial-by-trial basis, and there was an increase
in timing jitter across frequencies. Older adults exhibited a
selective timing delay on the order of a few milliseconds. This
timing delay was only present for time regions of the response
corresponding to the onset and consonant-vowel transition in
speech; importantly, there was no neural timing delay for the
vowel. cABR timing bears strongly on speech-in-noise perception
and communicative skills broadly, with sub-millisecond timing
differences distinguishing performance on speech perception
tasks between groups [27,28]. Finally, there was an age-related
increase in spontaneous neural activity, putatively representing
more “neural noise.” These findings have been replicated by a
variety of studies [29-31], and conform well to complementary
investigations in humans and animals [18,19,32,33].

Hearing loss

Presbycusis exacerbates the communication challenges
posed by central auditory aging [16,34]. Although it is
difficult to disentangle the effects of aging from those of age-
related hearing loss, some of the classic age-related declines
in auditory processing are exaggerated, such as the loss
of inhibitory neurotransmitter function and misbalance of
excitatory and inhibitory neurotransmitters [21,35]. Distinct
cochlear pathologies, such as loss of outer hair cells and spiral
ganglion cells, likely contribute strongly to age-related hearing

loss as well [36]. These losses can modulate cochlear filter
properties, eventually leading to downstream changes that may
cause maladaptive gain mechanisms in peripheral and central
structures [37-39].

A hot topic is how hearing loss exacerbates cognitive
decline. Operating under the hypothesis that effective and active
engagement with sound supports the maintenance of cognitive
skills in older adults, Lin and his colleagues have demonstrated
that age-related hearing loss can speed up the rate of cognitive
decline in older adults [40]. The same group has found that older
adults with better hearing thresholds have larger brain volumes,
suggesting retention of cytoarchitectonic integrity through the
active and meaningful engagement with sound that is facilitated
by good hearing [41]. These studies illustrate two important
points. For one, hearing loss affects more than the ear and, in
fact, affects more than auditory system function. Changes in the
quality and consistency of auditory experiences—theoretically,
for the better or the worse—can propagate to cognitive functions.
But for two, these studies are cases in point that the declines in
central processing that are associated with aging and presbycusis
may not be fait accompli: active engagement with sound can
reinforce auditory-cognitive skills, potentially bolstering
communicative abilities despite aging and hearing loss.

MUSIC TRAINING ACROSS THE LIFESPAN

Myriad correlational and cross-sectional studies have
evaluated the impact of music training on the nervous system
and associated behavioural functions. A recurring theme is that
music training has a profound impact on auditory perception
and cognition, in addition to its underlying neurophysiology.
Although debates persist as to innate vs. trained differences in
studies of music training [42], it would appear that irrespective
of intelligence and other personality factors music training can
effect changes in nervous system function (although in most
cases music training likely interacts with several other factors
to dictate final behavioural outcomes). These benefits are
grounded in enhanced neural processing of speech [6], occurring
across timescales, from slower features such as sentence-level
processing, to syllable-level features such as pitch contours and
phonemic cues such as voice onset time, to very rapid processing
of millisecond features such as formant changes [43—48].
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Figure 1. Schematic illustrating neural timing in older adults with no
music training (red), past music training (orange), and lifelong music
training (blue). Aging slows neural responses to consonants, however
music training mitigates this effect. Lifelong musicians have neural
timing within a typical young adult range.
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The Kraus Laboratory has conducted a series of studies
investigating the biological impact of music training on the
nervous system across the lifespan, once again using the
cABR. By measuring the precision of millisecond-level neural
encoding of speech features, these techniques have pinpointed
which acoustic aspects of speech processing are enhanced
through music training, delineating a neural signature
[5,12,49]. Briefly, musicians have faster neural timing in
response to consonants, enhanced neural encoding of speech
harmonics, more synchronous responses to speech, and more
resistance to noise degradation (see Table 1).

But these benefits are not solely reflected in neural
processing. In fact, these neural enhancements likely underlie
a series of behavioural advantages in auditory perception and
cognition. Compared to their non-musician peers, musicians
have better speech understanding in noise, refined auditory
temporal resolution, and heightened auditory memory and
attention skills [5,12]. These enhancements combine to make
the musician’s brain a powerful canvas for auditory processing,
tuned into behaviourally relevant sounds and primed to encode
them precisely. Importantly, all of the domains where child and
young-adult musicians outperform their non-musician peers
are areas of decline in aging. This raises the question: can a life
of music training mitigate age-related loss?

OLDER ADULTS: MUSIC, AGING, AND
HEARING LOSS

A smaller number of studies have considered the biological
impact of music training on the older adult’s brain. Most of
these have considered lifelong musicians, and have asked
whether a life of playing music abates age-related declines
in auditory processing. The answer is a resounding yes. Both
behaviourally and neurophysiologically, older adult musicians
do not exhibit many of the age-related declines in auditory
function commensurate with typical aging.

Musicians and aging

Parbery-Clark and her colleagues conducted a series of
studies of older adult musicians (ages 45-65) to describe the
age-related changes—or lack thereof—that occur in neural
speech processing. The first set of studies considered older
adult musicians with normal hearing. Unlike their non-
musician peers, older adult musicians do not exhibit the age-
related neural timing delay in response to consonants in speech
[50]. In fact, older adult musician’s neural timing matches
young adult non-musicians (see Figure 1). These musicians
also had more robust representation of speech harmonics, more
consistent responses to speech, and more resilient responses to
noise degradation [51]. All told, four of the five signature aging
effects on the neural encoding of speech appear to be absent
in lifelong musicians (see Table 1; Figure 2). Impressively,
these older adult musicians also outperform their non-musician
peers on behavioural tests of speech understanding in noise,
auditory temporal processing, and auditory working memory
[52, see also 53,54]. Therefore, these biological enhancements
appear to be linked to advantages in auditory perception and
cognition as well.

Table 1. Summary of aging effects and whether they are offset by lifelong
music training in older adults with normal hearing or hearing loss.

Is the aging effect offset by music
training in older adults with ...

Aging effect ... normal .. hearing
hearing? loss?

Lower cognitive and YES YES

perceptual performance

Neural timing delays in YES YES

response to consonants

Decreased response
magnitude for NO YES
fundamental frequency

Decreased response

magnitude for spectral YES NO
harmonics
Decreased neural YES YES
synchrony
Less precise encoding of YES NO

the temporal envelope

Increased in
spontaneous neural NO NO
activity (“neural noise”)
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Figure 2. Aging effects that are offset by lifelong music training. (A)
Older adult musicians have stronger encoding of the fundamental
frequency and harmonics of speech, in line with young adults. (B/C)
Age-related declines in neural synchrony are absent in lifelong
musicians. This is reflected in the trial-by-trial stability of the neural
response to speech overall (B) and on a frequency-specific basis (C).

Acomplementary series of studies has come from Zendel and
Alain, who have compared auditory processing and attentional
allocation in musicians and non-musicians throughout
the lifespan. In a cross-sectional comparison of musicians
and non-musicians (ages 18-91) Zendel and Alain found
consistent lifelong advantages in central auditory processing in
musicians irrespective of hearing thresholds [13]. Subsequent
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neurophysiological studies, considering auditory processing
occurring predominantly below 100 Hz, demonstrated that
older adult musicians had enhanced temporal processing at
slower time scales, including for auditory stream segregation
[55] and compensatory attention-dependent activity [56].
Taken together, these studies are consistent with the idea
that lifelong music training can set up the brain for healthy
aging. This is true for auditory tasks requiring processing
across seconds and minutes all the way to sub-millisecond
neural processing of very fine speech features. Given the
gamut of slow-to-fast processing that appears enhanced in
older adults, one may extrapolate to additional advantages
that may be present in older musicians but have yet to be
characterized biologically. For example, aging degrades the
neural processing of voice onset time [57], a temporal cue in
speech that informs phonemic categorization; music training,
however, enhances this processing [44]. By making timing
sensitivity behaviourally relevant to the listener, music training
may engender biological enhancements particularly tailored to
counteract the older adult’s temporal resolution deficit.
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Figure 3. Behavioral advantages found in older adult non-musicians
(blue; grouped on left) and musicians (green; grouped on right)
musicians with normal hearing (solid bars) and hearing loss (open
bars). Musicians outperform their non-musician peers on tests of
speech perception in noise and auditory working memory. In fact,
musicians with hearing loss even outperform non-musicians with
normal hearing on the same tasks.

Musicians with hearing loss

Building upon their work in older musicians with normal
hearing, Parbery-Clark and her colleagues considered the
impact of music training on older adults with mild age-related
hearing loss [58]. Older adult musicians with hearing loss
exhibited several of the same biological enhancements as their
normal-hearing peers, namely: faster neural timing in response

to rapidly-changing sounds, more synchronous responses to
speech, and greater resistance to noise degradation. However,
in their neural responses older musicians with hearing loss
had greater amplitudes at the fundamental frequency of
speech as opposed to the enhanced harmonics seen in normal-
hearing musicians. This unique neural signature is thought to
be a compensatory mechanism developed to maintain robust
encoding of sound despite a loss of peripheral function.
Remarkably, these musicians with hearing loss outperformed
normal hearing non-musicians on behavioural tests of
speech-in-noise perception and auditory working memory
(see Figure 3). These musicians’ enhanced encoding of the
fundamental frequency of speech may underlie their maintained
behavioural advantage; indeed, in non-musician older adults
robust neural encoding of the fundamental frequency supports
speech perception in noise [15,59].

DOES MUSIC TRAINING HAVE TO BE
LIFELONG?

The studies discussed so far have focused on individuals
who played an instrument for their entire lives. This is a rare
breed, especially in the context of senescence; it is much more
common to encounter individuals who played music for a
number of years as children and adolescents but then stopped
as young adults. This raises an intriguing question: does the
brain continue to benefit from these early experiences?

Skoe and Kraus [10] compared young adults (ages 18-31
yr) with varying levels of music training during childhood.
More years of music lessons were associated with a higher
signal-to-noise ratio in the neural response to sound, reflecting
“cleaner” and more robust neural processing. Inspired by this
work, White-Schwoch and colleagues [11] evaluated older
adults (ages 55-76 yr) who played instruments from 1-14 years
as children but had not touched an instrument for decades.
Despite an intervening 40-50 years without training, older
adults with past music experience had faster neural responses
to consonants in speech than their peers—counteracting older
adults’ hallmark age-related temporal processing deficit [24].

Anderson and her colleagues [15] further investigated the
impact of past music training on auditory perception, namely,
the ability to understand speech in noise. They used structural
equation modelling to elucidate the cognitive, central,
peripheral, and lifestyle factors that contributed to older adults’
abilities to understand speech in noisy listening environments.
They dichotomized their subjects into two groups: one with no
music training and a second with any amount (1-71 yr). The
older adults with past music training relied more on cognitive
functions such as working memory and attention to achieve
the same performance on the speech-in-noise perception tasks,
irrespective of the amount of music training and irrespective of
hearing status. In older adults with no past music experience,
life experience still informed mechanisms of hearing in noise,
with socioeconomic status affecting hearing in noise and
central auditory functions playing a stronger role.

These experiments are in line with animal studies that have
demonstrated a lifelong impact of early sensory experience
on auditory processing see, for example, [60]. A theme of
these studies is that past auditory training—especially music
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training—may teach listeners to listen more meaningfully
to sound. By directing attention to the most salient and
acoustically complex elements in a soundscape, music training
may subtly change the substrate mechanisms a listener uses to
process novel sounds, even after said training has stopped. An
intriguing possibility is that these listeners, even if they do not
outperform peers on a cognitive or perceptual task [61], have
achieved a different mode of automatic auditory processing
that may “set the stage” for future auditory experiences [11].
If so, these individuals may be good candidates for auditory
training to remediate challenges in auditory perception or
cognition.

CONCLUSIONS

Taken together, the work reviewed here revolves around
three general themes:

1. Age-related declines in auditory processing are not
inevitable. They may be offset by the quality and
consistency of everyday auditory experience.

2. Music training appears to be a powerful strategy to
support meaningful interactions with sound, mitigating
age-related decline in nervous system function.

3. Early auditory experiences, such as through music,
are investments in healthy aging that pay lifelong
dividends for auditory processing.

But why music? Music training directs special attention to
meaningful acoustic features in the environment while engaging
motor, cognitive, and emotional circuits. This rich series
of networks combine into a powerful driver of experience-
dependent neural plasticity. By allowing a listener to make
sound-meaning connections, these listening activities can refine
the automatic state of auditory processing, even during future
listening tasks. This neural remodelling primes the musician’s
brain for effective and efficient auditory processing.

Despite the many accomplishments made with respect to
aging, hearing loss, and music training, there remain open
questions. Answering these questions can further inform the
use of music training as a tool to remediate age- and hearing
loss-related declines:

1. What is the impact of music training resumed or
initiated early in life? In light of evidence that the
nervous system retains substantial potential for
plasticity into older age [see, for example, 62-64], and
the large series of aforementioned benefits conferred
by lifelong and early music, music training later in life
may have special potential to engender improvements
in auditory processing. Although there are some
promising early studies [65,66], to date there have been
no systematic investigations, and there have been no
studies of biological changes following music training
later in life. Community-based interventions are
particularly appropriate for large-scale interventions
in senior centres and retirement communities. Music
would seem an especially suitable training regimen
for these settings because music lends itself to group
performance in choirs and ensembles.

2. How does music training compare to other training
strategies for auditory rehabilitation, and what

predictions can be made about who is a good candidate
for which training strategy? Music training may not be
a panacea, especially because there are some people
who simply are not drawn to music. Understanding
the pros and cons of different training strategies can
inform clinicians interested in using auditory training
as a part of their practice. Dosage studies can lead to
best-practice protocols to identify candidates not just
for auditory training in general, but for particular
kinds of training.

3. What is the role of social and emotional engagement
in music-related neuroplasticity? Listening to and
performing music engages a large series of emotional
networks, and it is thought that the emotional salience
and motivation of a training regimen can bolster its
neuroplastic potential.

Nevertheless, there is resounding evidence that music
training can set up the brain for healthy aging. By bolstering
the very aspects of auditory processing that decline with aging
and hearing loss, music may prevent or mitigate the challenges
that aging and hearing loss pose to spoken communication.
Hopefully, music training at any point across the lifespan may
lead to improvements in the quality of older adults’ lives by
bolstering everyday communication, grounded in improved
auditory perception and cognition.
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