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Both vocal and instrumental musical
training put significant demands on audi-
tory processing to resolve minute changes
in timbre, timing, and pitch of both indi-
vidual notes and their higher syntactic or-
ganization into melodies. Distinguishing
timbres—the complex spectral and tem-
poral acoustic properties that allow for
differentiation of instruments playing the
same note—is both crucial and challeng-
ing in complex arrangements like a full
orchestra. Likewise, it is essential to estab-
lish precise timing through a keen aware-
ness of temporal changes, such as the
onset and offset of notes that guide musi-
cal rhythm and tempo. Lastly, acute per-
ception of pitch is important for ordering
notes as relatively higher or lower in fre-
quency. An approximate 6% deviation in
frequency corresponds to one musical semi-
tone that, for Western musicians, can mean
the difference between playing in or out of
key. On a violin, for instance, one semitone
corresponds to a physical spacing on the or-
der of millimeters, thereby requiring both
fine pitch discrimination and excellent sen-
sorimotor coordination. These skills are
particularly evident in techniques like vibrato,

whereperiodicmotionscreatecontrolledfluc-
tuations in the tuning of a single note.

Through frequent repetition, musicians
develop enhanced auditory perceptual skills
thatareassociatedwithexperience-dependent
structural and neurophysiological changes
in the brain’s response to sound. For ex-
ample, the duration of piano training is
correlated with the strength of neural ac-
tivation by piano notes, indicating stron-
ger cortical representations of these
trained stimuli (Pantev et al., 1998). More
recently, Hyde et al. (2009) correlated
merely 15 months of instrumental musi-
cal training with structural brain changes
in motor and auditory areas that paral-
leled behavioral improvements in motor
and auditory musical tests. Moreover,
these behavioral benefits can generalize
to other forms of complex acoustic pro-
cessing like speech (Parbery-Clark et al.,
2009), which shares many spectro-
temporal cues with music perception. For
instance, vocal harmonics defining timbre
can disambiguate the voices of multiple
talkers, small timing differences in voice
onset can cue phonetic distinctions, and
pitch contours are important for discerning
questions and statements as well as phono-
logical meaning in tonal languages. Argu-
ably, the transfer of musical proficiency to
speech processing results from the higher
demands that musical training places on
each of these acoustic cues (Patel, 2014).

By noninvasively measuring event-
related brain potentials (ERPs) through
scalp-recorded EEG, researchers have
shown shorter neural onset latencies and

more robust cortical (Schön et al., 2004)
and subcortical (Wong et al., 2007) en-
coding of speech in musicians compared
with their non-musician peers. This holds
true for both vocal and instrumental mu-
sical experience, and suggests that mecha-
nisms of neuroplasticity linked to musical
training may benefit speech and language
processing through their shared auditory
processing networks.

Previous studies by Bidelman et al. used
a categorical phoneme perception task to
investigate cross-domain neural enhance-
ments in younger musicians (Bidelman et
al., 2014a) and age-related neural deficits in
non-musicians (Bidelman et al., 2014b).
Other recent work has reported enhanced
auditory brainstem responses of older mu-
sicians with hearing loss who had signifi-
cantly less perceptual auditory decline (i.e.,
difficulty hearing in noise) compared with
non-musicians with matched audiogram
profiles (Parbery-Clark et al., 2013). What
remained to be investigated was the resil-
ience of auditory processing in musicians
against age-related declines in auditory-
evoked potentials before behavioral speech
or hearing deficits. This question was ad-
dressed in Bidelman and Alain (2015)
by measuring cortical and subcortical
auditory-evoked potentials in musicians
without hearing loss, most of whom were in
their 60s and 70s. The control group con-
sisted of age-matched adults with normal
hearing sensitivity and �2 years of formal
musical training in their lifetimes.

When presented with five vowel
sounds with evenly spaced variants of
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their first formant frequency, subjects
were instructed to phonetically categorize
their percepts as /u/ or /a/. The key findings
of this study are that musicians, compared
with non-musicians, had (1) speeded neural
onset latencies at the level of the subcortex
and the cortex, (2) faster behavioral reaction
times on the phonemic judgment, and (3)
more separable neural representations
(measured by P2 of the cortical ERP) when
conditioned on the categorical percepts
(Bidelman and Alain, 2015, their Fig. 5).
These findings support an association be-
tween lifelong musical engagement and the
resilient sharpening of auditory processing
in older musicians.

In interpreting these results, Bidelman
and Alain (2015) postulate that neuro-
plastic changes in auditory processing
networks are not restricted by age. This
implies the potential for late musical in-
terventions to transfer benefits to speech
processing, perhaps even at or near the
onset of measurable age-related deficits.
However, it is important to note that the
subjects in this study began their musical
training before the age of 14, and it is pos-
sible that the timing of this training onset
may have been critical for neuroplastic
changes to ensue. That is, the structural
changes underlying differential auditory-
evoked responses late in life may have de-
veloped early in the musician group and
remained stable for many years, thereby
resisting age-related degradation rather
than actively restructuring in response to
deleterious effects of aging.

It is possible to address this issue, per-
haps even within the current dataset, by in-
vestigating individual differences in the
onset and amplitude of ERPs and their corre-
lation with the onset and duration of musical
training. For instance, a robust correlation
with the duration of musical engagement
could provide compelling evidence in support
of continued, experience-dependent neuro-
plasticity such that continued musical engage-
ment may be a stronger determinant of
auditory-evoked potentials than early musical
exposure. Infuturestudies, theinclusionof in-
dividuals who began musical training later in
life as well as those with early training that was
discontinued in adolescence would provide
valuable insight into this issue (as in Skoe and
Kraus, 2012). Together, one could determine
whether early, recent, and/or sustained train-
ing and practice is sufficient for robust audi-
tory encoding.

It is also important to note that the re-
sults of Bidelman and Alain (2015) do not
necessarily indicate causation between
musical experience and auditory neuro-
plasticity. To reduce the possibility of

other pre-existing factors influencing
group differences (e.g., genetic and envi-
ronmental), longitudinal studies have
been conducted, primarily in younger
children (Fujioka et al., 2006; Moreno et
al., 2009; Francois and Schön, 2011;
Chobert et al., 2014). In one example,
Moreno et al. (2009) reported enhanced
neural encoding of frequency shifts in
music listening between groups of chil-
dren randomly assigned to either a music
class or painting class for 9 months. The
physiological and behavioral benefits of
such music training programs in children,
paired with more recently described en-
hanced auditory/language skills in adult
musicians, suggest similar randomized
studies in older individuals should be con-
ducted to directly assess the impact of con-
tinued or late music intervention programs.

Mechanisms of music-driven auditory
plasticity are not yet well understood, but
may involve the modulation of brainstem
encoding via top-down corticofugal projec-
tions. This is supported by the selective en-
hancement of information-bearing acoustic
features in the brainstems of musicians
where, for example, upper harmonics that
typically drive melodies have stronger
neural representations as opposed to
broad increases in gain across all frequen-
cies (Lee et al., 2009; Kraus and Chan-
drasekaran, 2010). Indeed, corticofugal
modulation may play a role in the strong
group � vowel interaction of the cortical
P3 amplitudes, both reported in Bidelman
and Alain (2015) and widely associated
with attention. These results suggest en-
hanced auditory reorienting in musicians
that, taken together with recent work in-
dicating attentional modulation of even
cochlear sensitivity (Delano et al. 2007),
provide support for models of feedback
loops capable of modulating auditory af-
ferent structures.

Other candidate mechanisms of plastic-
ity include the increased establishment
and/or strengthening of synapses at the level
of the brainstem to fine-tune ascending sen-
sory processing. For example, greater phase-
locking of neurons to acoustic waveforms
may encode a higher fidelity neural-acoustic
representation through bottom-up plastic-
ity that ultimately allows for the delivery of a
more comprehensible signal to the cortex.
In summary, it is worth noting that plastic-
ity may be taking place at multiple spatial
scales in both ascending and descending au-
ditory pathways in ways that are not yet well
described and warrant further investigation.

Finally, enhancements in higher cog-
nitive functions like focused auditory at-
tention and working memory can also

shape auditory skills in musicians and
benefit the understanding of speech in
noise (Kraus et al., 2012; Anderson et al.,
2013). Furthermore, deficits in both audi-
tory working memory and attention have
been described in populations with hear-
ing loss as well as cochlear implant users
(Pisoni and Geers, 2000; Torppa et al.,
2014). Measuring the functional impact
of high-fidelity acoustic encoding re-
quires sufficiently taxing the auditory sys-
tem by lowering the signal-to-noise ratio
or, in the case of cochlear implant users,
vastly down-sampling sound into coarse
cochlear stimulation. Creating noisier
neural representations either acoustically
or electrically can require more faithful
brainstem representations for cortical
pattern recognition to successfully parse
and categorize semantic meaning. Further
work investigating the impact of musical
training on improving thresholds for eco-
logical listening environments like hear-
ing in noise tests (as in Parbery-Clark et
al., 2009) may reveal measurable func-
tional benefits to complement the find-
ings of the speeded reaction times
recorded in the present study.

In summary, Bidelman and Alain
(2015) describe a compelling association
between life-long musical training and
temporally precise categorical encoding
of speech, despite the risk of age-related
speech deficits. Further work in this area
may better define the impact of musical
training late in life for aging individuals
and clinical populations such as cochlear
implant users who could greatly benefit
from the effects of musicianship.
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