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Introduction

Will listening to Radiohead
make you smarter? Probably
not. But according to noted

Internet data miner Virgil Griffith,1 the
typical Radiohead fan scores about 110
points higher on the Scholastic
Aptitude Test (SAT) than the typical
Grateful Dead fan (Fig. 1). Of course as
we all know, correlation does not equal
causation. But, to quote Aniruddh
Patel,2 music is a “transformative tech-
nology of the mind,” and we know that music does have a
very real effect on skills outside the realm of air guitar. The
quest to determine the mechanisms for this transference of
musical skills has already begun.

In the Kraus lab at Northwestern University, the skills
that interest us most are reading and speech-in-noise (SIN)
perception. Significantly, musicians excel at these very activ-
ities. Our research has led us to measuring deep-brain elec-

troencephalograph (EEG) in response
to a variety of complex stimuli, and we
have found correlates in this subcortical
activity to reading and listening-in-
noise skills. A logical step was to look at
the interaction between SIN perception
and reading and the changes in biology
brought about by active engagement
with music.

Background
Musicians’ special skills

As interesting as questions of musical taste and the con-
sequences of favoring one sort of music over another might
be, in this report, we will focus on active musical practice.
The extent to which musicians are or are not better than their
non-musician peers at a variety of tasks that has received
considerable attention.

For example, it appears that musicians have particularly
good verbal memory3,4 and auditory-attention skills5 but not
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Fig. 1. Average SAT scores for college students who report a given artist or genre as a favorite. See musicthatmakesyoudumb.virgil.gr for additional data and an explanation
of derivation. Reprinted with permission of author.
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necessarily visual attention. Whether
visual memory is superior in musicians is
a matter of some debate.3,6 The extent to
which musicians identify emotion in
voices or melodies exceeds that of non-
musicians,7 as does the ability to form
distinct auditory streams from simulta-
neously-occurring sounds.8 Visuospatial
skills and certain math skills are also
superior in young musicians,9 as is their
performance on executive-function
tasks.10

Despite these findings, the chicken
or egg question arises—does musical
training stimulate prowess in these skills
or are people who already excel in such
arenas more likely to pick up an instru-
ment? Some compelling evidence to sup-
port the former scenario comes from cor-
relational studies. If inherent skill X leads
to a predisposition toward music, there
should be no particular relationship
between extent of X prowess and years of
musical study. However, such relation-
ships indeed exist. To name a few, the
length of musical training in children is
predictive of vocabulary knowledge and
nonverbal reasoning skills.11 A variety of
IQ measures are associated with duration
of music lessons in primary-school chil-
dren.12 The other strong bit of evidence
that music training leads to brain differ-
ences comes from longitudinal studies.
After one year of musical training in chil-
dren, auditory discrimination and fine
motor skills increase,13 and after three
years, improvements in vocabulary and
non-verbal reasoning skills are seen.11 Even shorter periods of
training result in increases in reading and pitch discrimina-
tion compared to children who were randomly selected to
receive painting instruction.14

The musician brain
As we all know, the organ of music is “located immedi-

ately above the external angle of the eye and, when it is very
developed, results in square foreheads,”—Franz Joseph Gall,
quoted in Bentivoglio15 (Fig. 2). Maybe. But foreheads aside,
it stands to reason that, given the many behavioral advan-
tages in musicians, there must be parts of the brain that—
either structurally or functionally—differ in musicians.
Efforts to localize and quantify these differences date back at
least a hundred years,15 with anecdotal accounts going back
even further. The convolutions of Beethoven’s brain were said
to be “twice as numerous and the fissures twice as deep as in
ordinary brains,”—Johann von Seyfried, quoted in Spitzka.16

More recently, imaging techniques have revealed struc-
tural differences in a variety of musician-brain regions. Just a
few examples: gray matter volume of professional musicians

is greater than in amateur musicians, who in turn have
greater volume than non-musicians, in auditory, visuospatial
and motor regions of the brain.17 Somatosensory cortical
areas mapped to the left hand are larger than those mapped
to the right hand (and compared to either hand in non-musi-
cians) in string-instrument musicians, tracking with the
much larger demands for precise left-hand movement in
string players.18 White matter in the pyramidal tract is more
structured in pianists than non-musicians.19 A recent longitu-
dinal study supports the idea that it is music training itself
that induces structural brain enhancement in musicians,
rather than existing brain differences encouraging certain
individuals to take up music.20

Functional differences—measured by neurophysiologi-
cal and functional imaging techniques—add more evidence
of musicianship’s role in shaping the brain. Oscillatory
gamma-band activity in the brain, related to attention and
memory, is enhanced in musicians.21 A host of cortical
evoked neurophysiological responses22-24 and cortical activa-
tion patterns25 are enhanced in musicians compared to non-
musicians. Speeded maturation of cortical potentials is seen

Fig. 2. The music organ, labeled “tune” here, is not far from “time” and “mirthfulness.” People with very large
tune organs, among other things, “learn tunes by hearing them sung once; sing in spirit and with melting
pathos;…sing from the soul to the soul.” From Fowler and Fowler, 1889.144 Electronic resource courtesy of
University of Michigan Library.
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in trained children, and seems to accelerate their develop-
ment by about three years.26 Additional evidence that music
training is causing brain differences, rather than brain differ-
ences leading to musical proclivity comes from a study in
which very young children in matched musically-trained and
untrained cohorts were followed for a year and brain devel-
opment between groups differed.27 Research on instrumen-
talists who play different instruments reveals specialized acti-
vations. Gamma-band oscillatory activity in the brain is
strongest when induced by the sound of a musician’s own
instrument.28 Cortical evoked responses also are preferential-
ly tuned to one’s own instrument.28,29

Common and separate mechanisms
Turning back to reading and speech-in-noise perception,

there are some noteworthy similarities in the skills required
for these tasks and for playing a musical instrument. Two
such skills, more on the cognitive end of the spectrum, are
attention and working memory. 

Another crucial need for all three endeavors is accurate
processing of incoming auditory signals. The spoken word
and music can be thought to consist of three fundamental
components: pitch, harmonics, and timing. These three com-
ponents of any acoustic signal can be differentiated by their
time scales and carry different informational content. In
speech, timing and harmonics convey the phonetic content—
specific consonants and vowels—of non-tonal languages
such as English, and thus are mainly responsible for the ver-
bal message. Pitch conveys intent (e.g., question versus state-
ment) and plays a large role in distinguishing one talker from
another. In tonal languages such as Mandarin, pitch also car-
ries linguistic information. In music, one could argue for
similar divisions and classifications, but it is all to easy to be
trapped into stretching a metaphor. What is information in
music? What is intent? Suffice to say, music, even an individ-
ual note played by a single instrument, has a rich acoustical
structure and is, by any definition, “complex.” Thus, brain-
stem evoked responses to music and speech alike are rich
sources in the investigation of music training’s role in shap-
ing the nervous system.a

Forming phonological representations of the sounds
comprising words is a crucial building block of reading. A
consonant that has a particular voicing onset (timing) and a
spectrum of a particular shape (harmonics) is eventually
associated by a young reader with, for example, the letter T.
The pitch of this combination of sounds—was it spoken by
mom, dad, or the funny-looking purple creature on televi-
sion?—does not affect its phonetic identity. Timing and har-
monic features in speech are especially vulnerable in poor
readers and pose particular perceptual challenges30-32 while
pitch perception is generally intact.

Speech-in-noise perception, on the other hand, presents
a different set of problems and a corresponding set of skills to
accomplish it. Among these are keying in on location cues,
stream segregation, and grouping of the acoustic scene.33-44

Together, these are used to tag and follow the speaker’s voice,
and rely on pitch43-48 as well as the timing and harmonic prop-
erties of the signal.

Reading, SIN perception and music share a core set of
skills—working memory, attention, perception of pitch, tim-
ing and harmonics—and each also requires some unique
skills. Reading requires the use of phonology and the devel-
opment of a vocabulary corpus. SIN perception relies on
object formation and grouping, stream segregation, and voice
tagging. Music involves knowledge of melody, harmony, and
rhythm. The skill sets are a mix of low-level sensory process-
ing and high-level cognitive proficiency. A strong sensory-
cognitive link seems to be a factor in proficiency across
domains, and each requires the formation of sound-to-mean-
ing connections. The intersection of common skills, as well

Fig. 3. Timing, pitch and harmonics describe complex acoustic signals: the acoustic
waveform of “da” (blue) and its evoked brainstem response (red) on different time
scales.  A. Prominent timing landmarks of the stimulus, e.g., the onset, offset, and
events during time-varying portions (arrows), evoke precisely synchronous and
replicable electrical deflections in the auditory brainstem.  For illustration purpos-
es, the stimulus waveform in this figure has been delayed in time by 9 ms, to approx-
imate the neural propagation time. This permits better visual coherence between
stimulus and response.  B. Several repeating periods of 10 ms each are shown. This
imparts a pitch percept of 100 Hz, and this periodicity is mirrored in the response.
C. Stimulus and response spectra in the frequency domain. Here, the stimulus has
been filtered to mimic the response’s low-pass characteristic.  Spectrum peaks for the
stimulus and its evoked auditory brainstem response are exactly aligned, represent-
ing their similarity in harmonics.  (Artwork by Judy Song.)
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as the unique skill sets required for the three, make reading,
SIN perception and musical experience an interesting tri-
umvirate to pursue in the investigation of processing of
complex sounds in the auditory brainstem. Brainstem activ-
ity reflects the acoustical characteristics of signals very
well—while plastic to language49-51 and music52-56 experience
and short-term auditory training,57,58—making it well suited
to provide objective physiological information about com-
plex-sound encoding in populations with a range of reading,
music and SIN perception skills (see Tzounopoulos and
Kraus59 and Skoe and Krause145 for reviews). Encoding of
pitch, timing, and harmonics is selectively diminished in
certain clinical populations and selectively enhanced by
expertise allowing us to examine specific, separable aspects
of signal encoding. We are not observing simple gain effects;
that is, overall response disruption or enhancement.

The approach: Music and speech evoked brainstem
responses

In the past decade, the Kraus Lab has been a pioneer in
the use of speech- and music-evoked auditory brainstem
response (ABR) as an innovative objective marker of audito-
ry function in a variety of populations.49-58;60-113,131 Here, we will
present a synopsis of this approach and some advantages over
the more widely-studied cortical response and behavioral
paradigms.b

Neural transcription of the acoustics of sound has been
widely studied in the auditory cortex of humans and experi-
mental animals for consonants,114-116 vowels,117 and pitch.118

Structural and functional reorganization of auditory and sen-
sorimotor cortex occur with musical training,18;27;29;119-121,137 and
non-sensory structures also appear to benefit.122,123 Our focus,
and the focus of this review, is on subcortical (auditory brain-
stem) processing of complex sounds such as speech syllables,
musical notes, chords and melodies. Unlike the more abstract
representation of sound in the cortex, the brainstem response
resembles and sounds like the evoking sound itself (Fig. 3).
Moreover, responses are reliably stable, interpretable, and
meaningful in individuals. The brainstem response paradigm
is passive, and its objectivity represents a significant advance
over typical measures of complex-sound processing. Most
such measures are behavioral in nature, with the person
repeating the words that they heard, or making judgments
about melodic or rhythmic properties of a musical snippet.
Active engagement of processes such as attention, memory,
and motor coordination is required to perform the task.
Likewise, cortical physiological measures are susceptible to
non-sensory factors such as state, motivation, etc. Therefore,
our objective brainstem measure is a particularly effective
tool at probing unadulterated auditory processing.

While objective, there is another property of the audito-
ry brainstem that is crucial to its value as a window into audi-
tory processing. As mentioned above, it is experience-
dependent. On the surface, experience-dependency might
seem a counterintuitive property if the principal purpose of
the subcortical auditory system is the passive conveyance of
acoustic information from receptor to auditory cortex for
final and more complex processing. But, not only is there an

obligatory system of afferent fibers carrying sensory infor-
mation from the cochlea to the cortex, but there is also an
extensive system of descending efferent fibers that synapse all
the way down to the outer hair cells of the cochlea,124 making
plasticity in the brainstem not so implausible.

Now, back to the auditory signal. Many key perceptual
ingredients of speech and music are driven by particular
properties of the signal and have direct brainstem-response
correlates. In response to syllables or musical notes, chords or
melodies, the timing of the response provides information,
on the order of fractions of milliseconds, about the onset and
offset of the sounds (i.e., temporal envelope cues), and spec-
trotemporal patterns in the evoking signal are revealed in
response timing and phase.57,76,125 Analysis of the spectral con-
tent of the response provides information about the funda-
mental frequency, a major contributor to the perceived pitch
of the signal as well as its harmonics, including the temporal
fine structure of speech formants and the overtones of a
musical note.82,111,126

To tie it all together, the components of the brainstem
response that are measurably disrupted in poor readers and
individuals with poor speech-in-noise perception are the
very components that are enhanced in musicians. The con-
nections among the three (music, reading, and speech-in-
noise perception), as revealed by the auditory brainstem
response, are covered in the next section.

What the brainstem has revealed about the musician’s
subcortical processing

In this mini-review of recent Kraus-lab investigations, a
theme emerges. The subcortical processing augmentations in
musicians are selective. Not every aspect of the brainstem
response is enhanced, and enhancement does not occur to
every stimulus. First, we start with a straight-forward investi-
gation of subcortical processing differences between musi-
cians and non-musicians to musical sounds. Then we look at
the degree to which these processing advantages extend to
speech, and then to non-speech vocalizations. 

Enhancement to music I: Piano chords, Lee et al., 2009.55

Two-note sampled-piano chords, G-E and F#-E, were used to
elicit brainstem responses in a group of adult musicians and
an otherwise-matched group of non-musicians. Some inter-
esting aspects of brainstem responses are that they represent
the pitch of the evoking signal in their spectra, and that they
reveal nonlinear processes by exhibiting frequency compo-
nents that are not present in the stimuli—namely distortion
products or combination tones. These stimuli provided a
wealth of response properties for the investigation of musi-
cal-signal processing in the rostral brainstem. Interesting
findings arose from this investigation. First, of the two pri-
mary notes that compose the chord, only representation of
the harmonics of the higher note—in both cases E—differed
between groups (Fig. 4). Because the musician enhancement
was selective, we interpreted the fact that the higher note
revealed the group difference as indicative of the relatively
greater importance that the upper note typically plays in
music. A performing musician is tuned into the melody
which is often the highest note of a score. This finding also
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parallels cortical physiological findings of a larger mismatch
response to changes in the upper note of a polyphonic
melody.127 A second finding is that the combination-tone
responses, absent in the stimuli, also were enhanced in musi-
cians, providing evidence that these responses probably are
of a central origin, and not a result of cochlear non-linearities
propagated up to the midbrain.

Enhancement to music II, Linguistic transfer I: Cello and
speech. Musacchia et al 2007.52 Musicians show enhanced pro-
cessing to speech, not just music. In a design that tested
musicians’ responses to both music and speech, more evi-
dence of selective enhancement in musicians’ subcortical
processing emerged. Two stimuli, a bowed cello note and a
“da,” revealed a musician enhancement. Musicians’ phase-
locked responses to the fundamental frequencies of both
stimuli were enhanced and the extent of enhancement corre-
lated with years of musical practice. This evidence of superi-
or processing in the brainstem in musicians was the first
indication of transfer to the speech domain. This study also
investigated visual contributions to brainstem auditory pro-
cessing because of musicians’ known ability to better process
dual-domain audiovisual stimuli.128 Here, the two auditory
stimuli were presented along with videos of the cello being
bowed and a man speaking the syllable. In this presentation
mode, similar phase-locking enhancements were seen in

musicians, along with faster timing for an onset peak occur-
ring at about 12 ms (Fig. 5). Thus processing of both music
and speech and audiovisual interaction in the auditory brain-
stem appears to benefit from musical experience.

Linguistic transfer II, Tonal languages. Wong et al., 2007.53

In tonal languages, a single phonetic combination, like “ma,”
has various meanings depending on the inflection with
which it is spoken. In Mandarin, “ma” spoken with a high,
level pitch, means “mother.” Spoken with a dipping (down
then up) pitch, it means “horse.” Two other inflections, falling
and rising, produce two additional words and these four
tones round out the Mandarin repertoire. Other languages
have even more tonal markers. It has been demonstrated that
pitch-tracking to Mandarin words by the auditory brainstem
is more accurate in native Mandarin speakers,49 likely due to
years of tuning engendered by the importance of pitch to
their native language. We were interested to see if pitch track-
ing to Mandarin syllables is improved in individuals whose
auditory systems were tuned to pitch for non-linguistic rea-
sons. Non-tonal-language-speaking musicians were chosen
for this investigation. Pitch, for musicians, is a critical dimen-
sion of their art, and both their auditory systems and their
cognitive centers have been extensively honed to it.
Brainstem responses to the syllable “mi” with high-level, ris-
ing and dipping tones were measured. Accuracy of pitch

Fig. 4. Musicians have enhanced brainstem representation of the harmonics of the higher note in a chord. No encoding differences were seen at response frequencies corre-
sponding to the two notes comprising the chord (G and E, labeled with musical notes). However, musicians have enhanced encoding at integer harmonics of the higher note
(black arrows). Certain combination tones (not present in the chord) also are also more strongly represented in the musician response (gray arrows). Modified from Lee et
al., 2009.55

Fig. 5. Whether a “da” is heard by itself or with an accompanying video of its speaker uttering it, the evoked brainstem response is larger in musicians (red). This was the
first evidence of linguistic transfer of the musician advantage. Modified from Musacchia et al., 2007.52
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tracking, measured by how closely in frequency the phase
locking in the response matched the changing pitch of the
syllables, and strength of phase locking, measured by auto-
correlation, both were greater in musicians than in nonmu-
sicians. Notably, the musicians’ advantage increased as the
complexity of the tone increased (Fig. 6). The most complex,
dipping, tone best distinguished the groups, while responses
to the level tone differed little between groups. The accuracy
of brainstem pitch-tracking of the dipping tone was correlat-
ed with the length of musical study, indicating that the dif-
ferences between groups are likely due to musicianship
rather than innate subject differences. This subcortical
enhancement in musicians also may provide a mechanism to
explain why musicians show a facility for learning foreign
languages.129

Linguistic transfer III: Speech in noise, Parbery-Clark et
al., 2009.130 One of the biggest communication complaints,
affecting school children, hearing impaired individuals, older
adults, and everyone in between, is difficulty hearing conver-
sations in noisy backgrounds. While many populations are
affected, musicians, in whom stream segregation and object
formation are required for parsing melodies from back-
ground harmonies, tend to cope with noisy backgrounds
especially well. Musicians, in fact, are dramatically better in

their ability to hear speech in noise as measured by standard-
ized tests, and this advantage increases with extent of musical
experience.131 Musicians also excel in tasks that test working
memory, and this ability relates to speech-in-noise percep-
tion. We reasoned that these performance advantages might
manifest themselves in a brainstem that better maintains its
synchrony in the presence of background noise. Using stim-
ulus-to-response correlations as a metric of brainstem
integrity in noise, this was the case. Responses to a speech
syllable presented in a quiet background were relatively
indistinguishable in normal-hearing adults regardless of their
musical backgrounds. However, when the same syllable was
masked by multispeaker babble, the musicians’ responses
maintained an extraordinary degree of robustness, while the
nonmusicians’ responses deteriorated (Fig. 7). Closer exami-
nation of the response spectra revealed that harmonics of the
fundamental frequency of the syllable were a source of degra-
dation in the non-musicians. Larger noise-induced delays in
discrete peak timing were noted in non-musicians as well. It
may be that enhanced processing of these higher-frequency
components of sound facilitates the formation of auditory units
and thus sets the stage for the stream segregation required for
pulling sounds from noise. Thus, the precision in processing
complex sounds in the auditory brainstem may be a precursor
to successful SIN perception, and brainstem precision in musi-
cians—likely driven by engagement with sound—may under-
gird their advantage in listening in noise.

Linguistic transfer IV: Regularity detection and reading,
Chandrasekaran et al., 2009.132 The ability to track regularities
and to respond appropriately to change are hallmarks of the
sensory systems. In the human auditory brainstem, we recently
demonstrated that responses to a given sound differ depending
on whether that sound is presented in a train by itself or embed-
ded in a series of different sounds.132 The specific difference,
selective enhancements of harmonics two and four in the repet-
itive condition, has a relationship with behavior. In school-age
children, the extent of these enhancements correlates dramati-
cally with reading ability. The sound elements that result in
brainstem deficiencies—poor readers in this study and oth-
ers88,89,113,125,132—are the same aspects of auditory processing that
are enhanced in musicians.133,134 We speculate that some com-
mon mechanisms are at work. One mechanism might be profi-
ciency at noise exclusion—the ability to extract relevant signals
from a jumble of sounds.135 Cognitive skills such as auditory
memory and attention, enhanced in musicians, invoke corti-
cofugal mechanisms that tune brainstem processing. The poor-
er engagement of cognitive skills in poor readers fails to solidi-
fy the corticofugal tuning of brainstem processing of complex
sounds.

Vocal emotion, Strait et al 2009.54 A baby’s cry is a mix of
harmonic and stochastic sounds strung together into an
emotion-evoking signal. The acoustical variety packed into
this short quarter-second sample makes this one of our most
complex stimuli, and the pattern of response differences seen
between musicians and non-musicians again speaks to the
selective patterns of enhancement—and in this case also
response suppression—engendered by musicianship. Zeroing
in on the responses to a harmonic, relatively simple (112–142

Fig. 6. The voicing contour of this stimulus, “mi,” dipped from about 110 Hz, down
to 90 Hz and then back up (thin black lines). The precision with which the brain-
stem response phase locked to the stimulus pitch (thick yellow) was superior in
musicians. Modified from Wong et al., 2007.53
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ms) segment and a complex non-harmonic (145–212 ms)
segment, reveals an interesting pattern. Musicians’ responses
to the earlier segment are smaller than nonmusicians’, while
their responses to the later, complex, segment are larger (Fig.
8). This combination of processing strategies—both response
efficiency and enhancement—to different types of acoustic
stimulation has certain parallels to cortical studies in which
musicians show an economy of response to harmonically
simple sounds.136 In contrast, the musician’s enhancement to
the more complex portion of the baby cry is in line with some
of the other processing enhancements we have seen in musi-
cians’ auditory brainstems. The results of this investigation
demonstrate that subcortical processing differences in musi-
cians extend toward non-musical and non-speech vocal
sounds. 

Summary and conclusions
As we learn more about the auditory brainstem response

to speech and musical sounds, one of
the more interesting findings is that the
same neural processes that are dimin-
ished in poor readers and individuals
with difficulty hearing in noise are the
same processes that are enhanced in
musicians. Neither the deficits nor the
enhancements are pan-response. In
every case, with peripheral hearing as a
strict control, only subtle response
characteristics are affected while gross
morphology is maintained. This speaks
to the value of the brainstem response
in the investigation of possible neural
origins for reading and SIN perception
problems and musical-experience-
mediated processing advantages. Not
only is the response powerful because
of its suitability as an individual-sub-
ject probe, but it is many-faceted. That
is, its components—each tied inextri-
cably to components of the auditory
landscape—are separable; it is not an

undifferentiated phenomenon with little relationship to the
evoking sound.82 This gives the researcher a technique to look
for selective enhancements or impairments that is unavail-
able in the more abstract realms of cortical physiology and
imaging. The brainstem provides an exciting window into the
sensory-cognitive reorganization that underpins the changes
brought about by engagement with music. With it comes the
promise of disambiguating the mechanisms through which
these changes occur. 

The behavioral, cognitive, cortical, and subcortical
advantages bestowed by musical training, serve to promote
musical training as a logical strategy for improving basic
sound transcription via the reinforcement of reciprocal sub-
cortical-cortical processing interactions brought about, at
least in part, by the strengthening of auditory memory and
attention. This improved sound transcription, in turn, is a
building block of phonological processing, reading, and the
extraction of speech from background noise. Further work
also can address the extent to which musical practice may
serve as protection and remediation against hearing-loss or
age-induced communication difficulties and a means to
engender the formation of sound-to-meaning relationships
that are so critical to human communication.137 The brain-
stem response can serve as a potent efficacy measure of
music-based education due to its fidelity to the stimulus, its
individual-subject reliability, its experience-dependent mal-
leability and its selective nature. Supported by National
Science Foundation grants SBE-0842376 and BCS-092275. AT

End notes 
a We are using the terms pitch, timing and harmonics as short-

hand throughout this report. We recognize that these constructs
have other strict meanings, and that such a tidy differentiation
among these three constructs in speech and music is an over-
simplification. For our purposes, we refer to pitch as the funda-
mental frequency (f0) of a note or an utterance. In speech, f0 is a

Fig. 7. Degradation in brainstem responses is common when the stimulus is embed-
ded in background noise. While musicians’ and non-musicians’ responses are similar
in quiet (top), the degradation of response morphology in noise (bottom) is mini-
mized in musicians (red).  Modified from Parbery-Clark et al., 2009.130

Fig. 8. Musicianship extends to brainstem processing advantages to non-linguistic vocal sounds. The selective
nature of music training’s impact on processing is revealed within the response to a single baby’s cry (top). A com-
plex region of the musician’s response (red) is enhanced; a periodic part is reduced. From Strait et al., 2009.54
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source characteristic and is directly related to the rate of vibra-
tion of the vocal folds; in music it is dictated by such things as
string length. We recognize that the percept of pitch is not sole-
ly conveyed by the fundamental frequency, but pitch is our
shorthand for the repeating period of the signal. We define har-
monics as the overtones of the fundamental. We recognize that
harmonics arise from the same source as the f0 and also con-
tribute to the percept of pitch. But in music, their relative ampli-
tudes contribute to the identity of the instrument, and in speech,
the identity of the particular vowel or consonant that is being
spoken. These properties, not their shared origin with the fun-
damental, put harmonics into a different camp from pitch in our
model. Timing refers to the major acoustic landmarks in the
temporal envelope of the signal, in speech, arising from the
alternating opening and closing of the articulators and from the
interplay between laryngeal and supralaryngeal gestures, and in
music the rhythmic structure of the phrase. In speech, timing
also includes spectrotemporal features of speech such as the
changing of formants over time. The three components of our
model, pitch, timing and harmonics, as defined here, have direct
and separable parallels in the speech- and music-evoked brain-
stem responses.

b How do we know that what we are recording does not arise from
structures more central to the auditory midbrain? We acknowl-
edge that our non-invasive (scalp electrode) technique prohibits
certainty of source. We believe that the low-pass characteristic of
the auditory system minimizes the possibility that the highly-fil-
tered activity we measure is cortical afferent activity.110 Moreover,
the complex auditory brainstem response (cABR), especially its
frequency-following response (FFR) component has been wide-
ly studied, and several converging lines of evidence point to a
subcortical source. The FFR appears in response to tone pips
that are shorter than the time required for cortical propaga-
tion.138 The time delay of the individual FFR cycles, with respect
to the evoking stimulus, is around six milliseconds, which is too
early for cortical involvement.139 Animal work140 added two lines
of evidence of a subcortical origin for FFRs: first, based on sim-
ilarity of latencies of FFRs recorded from cat scalp and brain-
stem inferior colliculus, and second, from the abolition of sur-
face-recorded responses with cryogenic cooling of inferior col-
liculus. Additionally, Galbraith141;142 demonstrated that record-
ings from the scalp reflect a response of central brainstem origin.
However, due to the length of our cABR stimuli—100 millisec-
onds and up, cortical influence can not be completely ruled out.
More probable, is that the responses are a mix of afferent brain-
stem activity and cortically modulated efferent effects on brain-
stem function. It also bears mentioning that responses from
putative deep-brain sources are less topographically variable
than responses from more superficial cortical areas. Much
insight on voltage sources is gained by a full topographical array
of electrodes in the investigation of cortical responses. However,
due to their long travel in propagation to the scalp, speech-ABRs
lose site-specificity; hence, little is to be gained by studying their
topographic distribution. A single vertex electrode is suffi-
cient.143

References
1 V. Griffith, “Music that makes you dumb,”

http://musicthatmakesyoudumb.virgil.gr.
2 A. D. Patel. “Music as a transformative technology of the mind,”

in Proceedings from John Templeton Foundation Symposium:

Music: Its evolution, cognitive basis, and spiritual dimensions,
2008.

3 A. S. Chan, Y. C. Ho, and M. C. Cheung, “Music training
improves verbal memory,” Nature 396, 128–128 (1998).

4 S. Brandler and T. H. Rammsayer, “Differences in mental abili-
ties between musicians and non-musicians,” Psychology of
Music 31, 123–138 (2003).

5 D. Strait, N. Kraus, A. Parbery-Clark, and R. Ashley, “Musical
experience shapes top-down auditory mechanisms: Evidence
from masking and auditory attention performance,” Hearing
Res. 261, 22–29 (2010).

6 L. S. Jakobson, S. T. Lewycky, A. R. Kilgour, and B. M. Stoesz,
“Memory for verbal and visual material in highly trained musi-
cians,” Music Perception 26, 41-55 (2008).

7 W. F. Thompson, E. G. Schellenberg, and G. Husain, “Decoding
speech prosody: Do music lessons help?,” Emotion 4, 46–64
(2004).

8 B. R. Zendel and C. Alain, “Concurrent sound segregation is
enhanced in musicians,” J. Cognitive Neurosci. 21, 1488–1498
(2009).

9 A. B. Graziano, M. Peterson, and G. L. Shaw, “Enhanced learn-
ing of proportional math through music training and spatial-
temporal training,” Neurological Res. 21, 139–152 (1999).

10 E. Bialystok and A. M. Depape, “Musical expertise, bilingualism,
and executive functioning,” J. Exp. Psychology-Human
Perception and Performance 35, 565–574 (2009).

11 M. Forgeard, E. Winner, A. Norton, and G. Schlaug, “Practicing
a musical instrument in childhood is associated with enhanced
verbal ability and nonverbal reasoning,” PLoS ONE 3, e3566
(2008).

12 E. G. Schellenberg, “Long-term positive associations between
music lessons and IQ,” J. Educational Psychology 98, 457–468
(2006).

13 G. Schlaug, A. Norton, K. Overy, and E. Winner, “Effects of
music training on the child’s brain and cognitive development,”
Annals New York Acad. Sci. 1060, 219–230 (2005).

14 S. Moreno, C. Marques, A. Santos, M. Santos, S. L. Castro, and
M. Besson, “Musical training influences linguistic abilities in 8-
year-old children: more evidence for brain plasticity,” Cerebral
Cortex 19, 712–723 (2008).

15 M. Bentivoglio, “Musical skills and neural functions: The legacy
of the brains of musicians,” Annals New York Acad. Sci. 999,
234-243 (2003).

16 E. A. Spitzka, “A study of the brains of six eminent scientists and
scholars belonging to the American Anthropometric Society,
together with a description of the skull of Professor E. D. Cope,”
Trans. Am. Philosophical Soc. 21, 175–308 (1907).

17 C. Gaser and G. Schlaug, “Brain structures differ between musi-
cians and non-musicians,” J. Neurosci. 23, 9240–9245 (2003).

18 T. Elbert, C. Pantev, C. Wienbruch, B. Rockstroh, and E. Taub,
“Increased cortical representation of the fingers of the left hand
in string players,” Science 270, 305–307 (1995).

19 S. L. Bengtsson, Z. Nagy, S. Skare, L. Forsman, H. Forssberg, and
F. Ullen, “Extensive piano practicing has regionally specific
effects on white matter development,” Nature Neurosci. 8,
1148–1150 (2005).

20 K. L. Hyde, J. Lerch, A. Norton, M. Forgeard, E. Winner, A. C.
Evans, and G. Schlaug, “Musical training shapes structural brain
development,” J. Neurosci. 29, 3019–3025 (2009).

21 L. J. Trainor, A. J. Shahin, and L. E. Roberts, “Understanding the
benefits of musical training effects on oscillatory brain activity,”
Neurosci. and Music III: Disorders and Plasticity 1169, 133–142
(2009).

v6i3 final:ECHOES fall 04 final  8/20/10  2:01 PM  Page 22



Musician’s Auditory World 23

22 C. Pantev, R. Oostenveld, A. Engelien, B. Ross, L. E. Roberts, and
M. Hoke, “Increased auditory cortical representation in musi-
cians,” Nature 392, 811–814 (1998).

23 A. Shahin, D. J. Bosnyak, L. J. Trainor, and L. E. Roberts,
“Enhancement of neuroplastic P2 and N1c auditory evoked
potentials in musicians,” J. Neurosci. 23, 5545–5552 (2003).

24 T. Fujioka, L. J. Trainor, B. Ross, R. Kakigi, and C. Pantev,
“Musical training enhances automatic encoding of melodic con-
tour and interval structure,” J. Cognitive Neurosci. 16,
1010–1021 (2004).

25 P. Schneider, M. Scherg, H. G. Dosch, H. J. Specht, A. Gutschalk,
and A. Rupp, “Morphology of Heschl's gyrus reflects enhanced
activation in the auditory cortex of musicians,” Nature Neurosci.
5, 688–694 (2002).

26 A. Shahin, L. E. Roberts, and L. J. Trainor, “Enhancement of
auditory cortical development by musical experience in chil-
dren,” Neuroreport 15, 1917–1921 (2004).

27 T. Fujioka, B. Ross, R. Kakigi, C. Pantev, and L. J. Trainor, “One
year of musical training affects development of auditory corti-
cal-evoked fields in young children,” Brain 129, 2593–2608
(2006).

28 A. J. Shahin, L. E. Roberts, W. Chau, L. J. Trainor, and L. M.
Miller, “Music training leads to the development of timbre-spe-
cific gamma band activity,” Neuroimage 41, 113–122 (2008).

29 C. Pantev, L. E. Roberts, M. Schulz, A. Engelien, and B. Ross,
“Timbre-specific enhancement of auditory cortical representa-
tions in musicians,” Neuroreport 12, 169–174 (2001).

30 B. de Gelder and J. Vroomen, “Impaired speech perception in
poor readers: Evidence from hearing and speech reading,” Brain
and Language 64, 269–281 (1998).

31 P. Tallal and R. E. Stark, “Speech acoustic-cue discrimination
abilities of normally developing and language-impaired chil-
dren,” J. Acoust. Soc. Am. 69, 568–574 (1981).

32 P. Tallal, “Auditory temporal perception, phonics, and reading
disabilities in children,” Brain and Language 9, 182–198 (1980).

33 A. W. Bronkhorst, “The cocktail party phenomenon: A review of
research on speech intelligibility in multiple-talker conditions,”
Acustica 86, 117–128 (2000).

34 E. C. Cherry, “Some experiments on the recognition of speech,
with one and with two ears,” J. Acoust. Soc. Am. 25, 975–979
(1953).

35 M. Ericson and R. McKinley, “The intelligibility of multiple talk-
ers spatially separated in noise,” in Binaural and Spatial Hearing
in Real and Virtual Environments, edited by R. H. Gilkey and T.
R. Anderson (Erlbaum, Hillsdale, NJ, 1997) pp. 701-724.

36 A. S. Bregman, Auditory Scene Analysis: The Perceptual
Organization of Sound (MIT Press, Cambridge, MA, 1990).

37 B. G. Shinn-Cunningham and V. Best, “Selective attention in
normal and impaired hearing,” Trends in Amplification 12,
283–299 (2008).

38 B. G. Shinn-Cunningham, “Why hearing impairment may
degrade selective attention,” International Symposium on
Auditory and Audiological Research, Helsingor, Denmark (2007).

39 M. A. Bee and G. M. Klump, “Primitive auditory stream segre-
gation: A neurophysiological study in the songbird forebrain,” J.
Neurophysiology 92, 1088–1104 (2004).

40 C. Micheyl, R. P. Carlyon, A. Gutschalk, J. R. Melcher, A. J.
Oxenham, J. P. Rauschecker, B. Tian, and E. C. Wilson, “The role
of auditory cortex in the formation of auditory streams,” Hearing
Res. 229, 116–131 (2007).

41 C. Micheyl, B. Tian, R. P. Carlyon, and J. P. Rauschecker,
“Perceptual organization of tone sequences in the auditory cor-
tex of awake Macaques,” Neuron 48, 139–148 (2005).

42 J. S. Snyder and C. Alain, “Toward a neurophysiological theory
of auditory stream segregation,” Psychological Bulletin 133,
780–799 (2007).

43 C. J. Darwin and R. W. Hukin, “Effectiveness of spatial cues,
prosody, and talker characteristics in selective attention,” J.
Acoust. Soc. Am. 107, 970–977 (2000).

44 M. Sayles and I. M. Winter, “Reverberation challenges the tem-
poral representation of the pitch of complex sounds,” Neuron 58,
789–801 (2008).

45 J. P. L. Brokx and S. G. Nooteboom, “Intonation and the percep-
tual separation of simultaneous voices,” J. Phonetics 10, 23–36
(1982).

46 G. Parikh and P. C. Loizou, “The influence of noise on vowel and
consonant cues,” J. Acoust. Soc. Am. 118, 3874–3888 (2005).

47 B. C. J. Moore, B. R. Glasberg, and R. W. Peters, “Relative domi-
nance of individual partials in determining the pitch of complex
tones,” J. Acoust. Soc. Am. 77, 1853–1860 (1985).

48 J. Bird and C. J. Darwin, “Effects of a difference in fundamental
frequency in separating two sentences,” in Psychophysical and
Physiological Advances in Hearing, edited by A. R. Palmer, A.
Rees, A. Q. Summerfield, and R. Meddis (Whurr, London, 1998)
pp. 263-269.

49 A. Krishnan, Y. S. Xu, J. Gandour, and P. Cariani, “Encoding of
pitch in the human brainstem is sensitive to language experi-
ence,” Cognitive Brain Res. 25, 161–168 (2005).

50 J. Swaminathan, A. Krishnan and J. T. Gandour, “Pitch encoding
in speech and nonspeech contexts in the human auditory brain-

The Formula 1 in Room Acoustics
now handles array loudspeakers 
and clusters.

www.odeon.dk

v6i3 final:ECHOES fall 04 final  8/20/10  2:01 PM  Page 23



24 Acoustics Today, July 2010

stem,” Neuroreport 19, 1163–1167 (2008).
51 A. Krishnan, J. Swaminathan, and J. T. Gandour, “Experience-

dependent enhancement of linguistic pitch representation in the
brainstem is not specific to a speech context,” J.  Cognitive
Neurosci. 21, 1092–1105 (2009).

52 G. Musacchia, M. Sams, E. Skoe, and N. Kraus, “Musicians have
enhanced subcortical auditory and audiovisual processing of
speech and music,” Proceedings Natl. Acad. of Sci. of USA 104,
15894–15898 (2007).

53 P. C. M. Wong, E. Skoe, N. M. Russo, T. Dees, and N. Kraus,
“Musical experience shapes human brainstem encoding of lin-
guistic pitch patterns,” Nature Neurosci. 10, 420–422 (2007).

54 D. Strait, E. Skoe, N. Kraus, and R. Ashley, “Musical experience
and neural efficiency: Effects of training on subcortical process-
ing of vocal expressions of emotion,” European J. Neurosci. 29,
661–668 (2009).

55 K. M. Lee, E. Skoe, N. Kraus, and R. Ashley, “Selective subcorti-
cal enhancement of musical intervals in musicians,” J. Neurosci.
29, 5832–5840 (2009).

56 N. Kraus, E. Skoe, A. Parbery-Clark, and R. Ashley, “Experience-
induced malleability in neural encoding of pitch, timbre and
timing: Implications for language and music,” Annals New York
Acad. Sci. Neurosci. and Music III 1169, 543–557 (2009).

57 N. Russo, T. Nicol, G. Musacchia, and N. Kraus, “Brainstem
responses to speech syllables,” Clinical Neurophysiology 115,
2021–2030 (2004).

58 J. Song, K. Banai, and N. Kraus, “Brainstem timing deficits in
children with learning impairment may result from corticofugal
origins,” Audiology & Neurotology 13, 335–344 (2008).

59 T. Tzounopoulos and N. Kraus, “Learning to encode timing:
Mechanisms of plasticity in the auditory brainstem,” Neuron 62,
463–469 (2009).

60 D. Abrams, T. Nicol, S. Zecker, and N. Kraus, “Right-hemisphere
auditory cortex is dominant for coding syllable patterns in
speech,” J. Neurosci. 28, 3958–3965 (2008).

61 N. Kraus and T. Nicol, “Aggregate neural responses to speech
sounds in the central auditory system,” Speech Communication
41, 35–47 (2003).

62 N. Kraus, T. McGee, T. Carrell, A. Sharma, and T. Nicol,
“Mismatch negativity to speech stimuli in school-age children,”
Electroencephalography and Clinical Neurophysiology –
Supplement 44, 211–217 (1995).

63 J. Allen, N. Kraus, and A. R. Bradlow, “Neural representation of
consciously imperceptible speech-sound differences,”
Perception & Psychophysics 62, 1383–1393 (2000).

64 N. Kraus, D. B. Koch, T. J. McGee, T. G. Nicol, and J.
Cunningham, “Speech-sound discrimination in school-age chil-
dren: Psychophysical and neurophysiologic measures,” J. Speech,
Lang. and Hearing Res . 42, 1042–1060 (1999).

65 A. R. Bradlow, N. Kraus, T. G. Nicol, T. J. McGee, J.
Cunningham, S. G. Zecker, and T. D. Carrell, “Effects of length-
ened formant transition duration on discrimination and neural
representation of synthetic CV syllables by normal and learning-
disabled children,” J. Acoust. Soc. Am. 106, 2086–2096 (1999).

66 N. Kraus, T. McGee, T. D. Carrell, and A. Sharma,
“Neurophysiologic bases of speech discrimination,” Ear and
Hearing 16, 19–37 (1995).

67 A. Sharma, N. Kraus, T. McGee, T. Carrell, and T. Nicol,
“Acoustic versus phonetic representation of speech as reflected
by the mismatch negativity event-related potential,”
Electroencephalography and Clinical Neurophysiology 88,
64–71 (1993).

68 N. Kraus, T. McGee, T. Carrell, A. Sharma, A. Micco, and T.

Nicol, “Speech-evoked cortical potentials in children,” J. Am.
Acad. Audiol. 4, 238–248 (1993).

69 N. Kraus, T. McGee, A. Micco, A. Sharma, T. Carrell, and T.
Nicol, “Mismatch negativity in school-age children to speech
stimuli that are just perceptibly different,”
Electroencephalography and Clinical Neurophysiology 88,
123–130 (1993).

70 N. Kraus and M. Cheour, “Speech sound representation in the
brain,” Audiology & Neurotology 5, 140-150 (2000).

71 J. H. Song, K. Banai, N. Russo, and N. Kraus, “On the relation-
ship between speech and nonspeech evoked auditory brainstem
response,” Audiology & Neurotology 11, 233–241 (2006).

72 A. Sharma, N. Kraus, T. J. McGee, and T. G. Nicol, “Developmental
changes in P1 and N1 central auditory responses elicited by conso-
nant-vowel syllables,” Electroencephalography and Clinical
Neurophysiology 104, 540–545 (1997).

73 J. Q. Wang, T. Nicol, E. Skoe, M. Sams, and N. Kraus, “Emotion
modulates early auditory response to speech,” J. Cognitive
Neurosci. 21, 2121–2128 (2009).

74 J. Hornickel, E. Skoe, and N. Kraus, “Subcortical laterality of
speech processing,” Audiology & Neurotology 14, 198–207
(2009).

75 D. Abrams and N. Kraus, “Auditory pathway representation of
speech sounds in humans,” in Handbook of Clinical Audiology,
edited by J. Katz, L. Hood, R. Burkard, and L. Medwetsky
(Lippincott, Williams & Wilkins, Philadelphia, 2009) pp. 611-
626.

76 K. L. Johnson, T. Nicol, S. G. Zecker, A. R. Bradlow, E. Skoe, and
N. Kraus, “Brainstem encoding of voiced consonant-vowel stop
syllables,” Clinical Neurophysiology 119, 2623–2635 (2008).

77 K. L. Johnson, T. Nicol, S. G. Zecker, and N. Kraus,
“Developmental plasticity in the human auditory brainstem,” J.
Neurosci. 28, 4000–4007 (2008).

78 K. L. Johnson, T. Nicol, S. Zecker, and N. Kraus, “Auditory brain-
stem correlates of perceptual timing deficits,” J. Cognitive
Neurosci. 19, 376–385 (2007).

79 J. Song, E. Skoe, P. C. M. Wong, and N. Kraus, “Plasticity in the
adult human auditory brainstem following short-term linguistic
training,” J. Cognitive Neurosci. 20, 1892–1902 (2008).

80 D. Abrams, T. Nicol, S. Zecker, and N. Kraus, “Auditory brain-
stem timing predicts cerebral asymmetry for speech,” J.
Neurosci. 26, 11131–11137 (2006).

81 G. Musacchia, M. Sams, T. Nicol, and N. Kraus, “Seeing speech
affects acoustic information processing in the human brain-
stem,” Experimental Brain Res. 168, 1–10 (2006).

82 N. Kraus and T. G. Nicol, “Brainstem origins for cortical ‘what’
and ‘where’ pathways in the auditory system,” Trends in
Neurosci. 28, 176–181 (2005).

83 J. Song, E. Skoe, K. Banai, and N. Kraus, “Perception of speech in
noise: Neural Correlates, J. Cognitive Neurosci. (2010, in press).

84 C. King, C. M. Warrier, E. Hayes, and N. Kraus, “Deficits in
auditory brainstem encoding of speech sounds in children with
learning problems,” Neurosci. Letters 319, 111–115 (2002).

85 B. Wible, T. Nicol, and N. Kraus, “Atypical brainstem represen-
tation of onset and formant structure of speech sounds in chil-
dren with language-based learning problems,” Biological
Psychology 67, 299–317 (2004).

86 K. L. Johnson, T. Nicol and N. Kraus, “The brainstem response
to speech: A biological marker,” Ear and Hearing 26, 424–434
(2005).

87 B. Wible, T. G. Nicol, and N. Kraus, “Abnormal neural encoding
of repeated speech stimuli in noise in children with learning
problems,” Clinical Neurophysiology 113, 485–494 (2002).

v6i3 final:ECHOES fall 04 final  8/20/10  2:01 PM  Page 24



Musician’s Auditory World 25

88 K. Banai, T. Nicol, S. Zecker, and N. Kraus, “Brainstem timing:
Implications for cortical processing and literacy,” J. Neurosci. 25,
9850–9857 (2005).

89 K. Banai, J. M. Hornickel, E. Skoe, T. Nicol, S. Zecker, and N.
Kraus, “Reading and subcortical auditory function,” Cerebral
Cortex 19, 2699–2707 (2009).

90 D. A. Abrams, T. Nicol, S. Zecker, and N. Kraus, “Abnormal cor-
tical processing of the syllable rate of speech in poor readers,” J.
Neurosci. 29, 7686–7693 (2009).

91 N. Kraus, T. J. McGee, T. D. Carrell, S. G. Zecker, T. G. Nicol, and
D. B. Koch, “Auditory neurophysiologic responses and discrimi-
nation deficits in children with learning problems,” Science 273,
971–973 (1996).

92 N. M. Russo, T. G. Nicol, B. L. Trommer, S. G. Zecker, and N.
Kraus, “Brainstem transcription of speech is disrupted in chil-
dren with autism spectrum disorders,” Developmental Sci. 12,
557–567 (2009).

93 N. M. Russo, S. Zecker, B. Trommer, J. Chen, and N. Kraus,
“Effects of background noise on cortical encoding of speech in
autism spectrum disorders,” J. Autism and Developmental
Disorders 39, 1185–1196 (2009).

94 N. M. Russo, E. Skoe, B. Trommer, T. Nicol, S. Zecker, A.
Bradlow, and N. Kraus, “Deficient brainstem encoding of pitch
in children with autism spectrum disorders,” Clinical
Neurophysiology 119, 1720–1731 (2008).

95 K. Banai, D. A. Abrams, and N. Kraus, “Speech evoked brain-
stem responses and sensory-based accounts of learning disabili-
ty,” Intl. J. Audiology 46, 524–532 (2007).

96 B. Wible, T. Nicol, and N. Kraus, “Correlation between brain-
stem and cortical auditory processes in normal and language-
impaired children,” Brain 128, 417–423 (2005).

97 C. M. Warrier, K. L. Johnson, E. A. Hayes, T. G. Nicol, and N.
Kraus, “Learning impaired children exhibit timing deficits and
training-related improvements in auditory cortical responses to
speech in noise,” Experimental Brain Res. 157, 431–441 (2004).

98 J. Cunningham, T. Nicol, S. G. Zecker, and N. Kraus,
“Neurobiologic responses to speech in noise in children with
learning problems: Deficits and strategies for improvement,”
Clinical Neurophysiology 112, 758–767 (2001).

99 J. Cunningham, T. Nicol, S. Zecker, and N. Kraus, “Speech-
evoked neurophysiologic responses in children with learning
problems: Development and behavioral correlates of percep-
tion,” Ear and Hearing 21, 554–568 (2000).

100 G. E. Musacchia, M. Sams, and N. Kraus, “Musicianship affects
acoustic and audiovisual brainstem encoding of speech and
music,” in Language and Music as Cognitive Systems, Cambridge,
UK (2007).

101 G. Musacchia, D. Strait, and N. Kraus, “Relationships between
behavior, brainstem and cortical encoding of seen and heard
speech in musicians and nonmusicians,” Hearing Res. 241,
34–42 (2008).

102 D. Strait, N. Kraus, A. Parbery-Clark, and R. Ashley, “Musical
experience shapes top-down auditory mechanisms: Evidence
from masking and auditory attention performance,” Hearing
Res. 261, 22–29 (2010).

103 E. Skoe, C. Fabian, and N. Kraus, “The effects of musical train-
ing on subcortical processing of a missing-fundamental piano
melody,” Society for Neuroscience, Auditory Satellite (APAN),
Chicago, IL (2009).

104 S. J. Aiken and T. W. Picton, “Envelope following responses to
natural vowels,” Audiology & Neurotology 11, 213–232 (2006).

105 H. R. Dajani, D. Purcell, W. Wong, H. Kunov, and T. W. Picton,
“Recording human evoked potentials that follow the pitch con-

tour of a natural vowel,” IEEE Transactions on Biomedical Eng.
52, 1614–1618 (2005).

106 G. C. Galbraith, S. P. Jhaveri, and J. Kuo, “Speech-evoked brain-
stem frequency-following responses during verbal transforma-
tions due to word repetition,” Electroencephalography and
Clinical Neurophysiology 102, 46–53 (1997).

107 G. C. Galbraith, P. W. Arbagey, R. Branski, N. Comerci, and P. M.
Rector, “Intelligible speech encoded in the human brain stem
frequency-following response,” Neuroreport 6, 2363–2367
(1995).

108 G. C. Galbraith, S. M. Bhuta, A. K. Choate, J. M. Kitahara, and T.
A. Mullen, “Brain stem frequency-following response to dichot-
ic vowels during attention,” Neuroreport 9, 1889–1893 (1998).

109 G. C. Galbraith, E. M. Amaya, J. M. D. de Rivera, N. M. Donan,
M. T. Duong, J. N. Hsu, K. Tran, and L. P. Tsang, “Brain stem
evoked response to forward and reversed speech in humans,”
Neuroreport 15, 2057–2060 (2004).

110 I. Akhoun, S. Gallégo, A. Moulin, M. Ménard, E. Veuillet, C.
Berger-Vachon, L. Collet, and H. Thai-Van, “The temporal rela-
tionship between speech auditory brainstem responses and the
acoustic pattern of the phoneme /ba/ in normal-hearing adults,”
Clinical Neurophysiology 119, 922–933 (2008).

111 A. Krishnan, “Human frequency-following responses: represen-
tation of steady-state synthetic vowels,” Hearing Res. 166,
192–201 (2002).

112 A. Krishnan, Y. S. Xu, J. T. Gandour, and P. A. Cariani, “Human
frequency-following response: Representation of pitch contours
in Chinese tones,” Hearing Res. 189, 1–12 (2004).

ZERO is a world-wide leader in high-performance acoustical control for
doors, windows and walls. Nobody does sound control better — we use

advanced technology and testing to master the challenges of creating 
an effective barrier and preventing gaps in that barrier for the life of the 

assembly. Our systems are rated for use in sound studios and recording
facilities, music halls, etc — up to 55 STC.  Let us help you close the
door on noise — contact us for a copy of our 20 page Sound Control

brochure, and our 72 page Product Catalog, or visit our website.

1-800-635-5335 / 718-585-3230    FAX 718-292-2243
zero@zerointernational.com     www.zerointernational.com 

TUNE INTO ZERO’s
SOUND SOLUTIONS

v6i3 final:ECHOES fall 04 final  8/20/10  2:01 PM  Page 25



26 Acoustics Today, July 2010

113 M. Basu, A. Krishnan, and C. Weber-Fox, “Brainstem correlates
of temporal auditory processing in children with specific lan-
guage impairment,” Developmental Sci. 13, 77–91 (2009).

114 M. Steinschneider, D. Reser, C. E. Schroeder, and J. C. Arezzo,
“Tonotopic organization of responses reflecting stop consonant
place of articulation in primary auditory cortex (A1) of the
monkey,” Brain Res. 674, 147–152 (1995).

115 M. Steinschneider, J. Arezzo, and H. G. Vaughan, Jr., “Speech
evoked activity in the auditory radiations and cortex of the
awake monkey,” Brain Res. 252, 353–365 (1982).

116 M. Steinschneider, C. E. Schroeder, J. C. Arezzo, and H. G.
Vaughan, Jr., “Speech-evoked activity in primary auditory cor-
tex: Effects of voice onset time,” Electroencephalography and
Clinical Neurophysiology 92, 30–43 (1994).

117 F. W. Ohl and H. Scheich, “Orderly cortical representation of
vowels based on formant interaction,” Proc. Natl. Acad. Sci. USA
94, 9440–9444 (1997).

118 D. Bendor and X. Q. Wang, “Cortical representations of pitch in
monkeys and humans,” Current Opinion in Neurobiology 16,
391–399 (2006).

119 C. Lappe, S. C. Herholz, L. J. Trainor, and C. Pantev, “Cortical
plasticity induced by short-term unimodal and multimodal
musical training,” J. Neurosci. 28, 9632–9639 (2008).

120 C. Pantev, A. Engelien, V. Candia, and T. Elbert,
“Representational cortex in musicians. Plastic alterations in
response to musical practice,” Annals New York Acad. Sci.  930,
300–314 (2001).

121 C. Gaser and G. Schlaug, “Gray matter differences between
musicians and nonmusicians,” Annals. New York Acad. Sci. 999,
514–517 (2003).

122 S. Hutchinson, L. H. L. Lee, N. Gaab, and G. Schlaug, “Cerebellar
volume of musicians,” Cerebral Cortex 13, 943–949 (2003).

123 G. Schlaug, L. Jäncke, Y. X. Huang, J. F. Staiger, and H. Steinmetz,
“Increased corpus-callosum size in musicians,”
Neuropsychologia 33, 1047–1055 (1995).

124 N. Suga, E. Q. Gao, Y. F. Zhang, X. F. Ma, and J. F. Olsen, “The
corticofugal system for hearing: Recent progress,” Proceedings
Natl. Acad. Sci. of the USA 97, 11807–11814 (2000).

125 J. Hornickel, E. Skoe, T. Nicol, S. Zecker, and N. Kraus,
“Subcortical differentiation of stop consonants relates to reading
and speech-in-noise perception,” Proceedings Natl. Acad. Sci. of
the USA 106, 13022–13027 (2009).

126 A. Krishnan, “Human frequency-following responses to two-
tone approximations of steady-state vowels,” Audiology &
Neurotology 4, 95–103 (1999).

127 T. Fujioka, L. J. Trainor, B. Ross, R. Kakigi, and C. Pantev,
“Automatic encoding of polyphonic melodies in musicians and
nonmusicians,” J. Cognitive Neurosci. 17, 1578–1592 (2005).

128 D. A. Hodges, W. D. Hairston, and J. H. Burdette, “Aspects of
multisensory perception: The integration of visual and auditory
information in musical experiences,” Annals New York Acad.
Sci. 1060, 175–185 (2005).

129 L. R. Slevc and A. Miyake, “Individual differences in second-lan-

guage proficiency: Does musical ability matter?,” Psychological
Sci. 17, 675–681 (2006).

130 A. Parbery-Clark, E. Skoe, and N. Kraus, “Musical experience
limits the degradative effects of background noise on the neural
processing of sound,” J. Neurosci. 29, 14100–14107 (2009).

131 A. Parbery-Clark, E. Skoe, C. Lam, and N. Kraus, “Musician
enhancement for speech-in-noise,” Ear and Hearing 30, 653–661
(2009).

132 B. Chandrasekaran, J. Hornickel, E. Skoe, T. Nicol, and N. Kraus,
“Context-dependent encoding in the human auditory brain-
stem,” Neuron 64, 311–319 (2009).

133 M. Besson, D. Schön, S. Moreno, A. Santos, and C. Magne,
“Influence of musical expertise and musical training on pitch
processing in music and language,” Restorative Neurology and
Neurosci. 25, 399–410 (2007).

134 P. Tallal and N. Gaab, “Dynamic auditory processing, musical
experience and language development,” Trends in Neurosci. 29,
382–390 (2006).

135 B. Chandrasekaran and N. Kraus, “Music, noise-exclusion, and
learning,” Music Perception 27, 297–306 (2010).

136 S. Moreno and M. Besson, “Influence of musical training on
pitch processing: event-related brain potential studies of adults
and children,” Annals New York Acad. Sci. 1060, 93–97 (2005).

137 N. Kraus and B. Chandrasekaran, “Music training for the devel-
opment of auditory skills,” Nature Reviews Neurosci. 11,
599–605 (2010).

138 G. Moushegian, A. L. Rupert, and R. D. Stillman, “Scalp-record-
ed early responses in man to frequencies in the speech range,”
Electroencephalography and Clinical Neurophysiology 35,
665–667 (1973).

139 G. C. Galbraith, “Editorial: Deficient brainstem encoding in
autism,” Clinical Neurophysiology 119, 1697–1700 (2008).

140 J. C. Smith, J. T. Marsh, and W. S. Brown, “Far-field recorded fre-
quency-following responses: Evidence for the locus of brainstem
sources,” Electroencephalography and Clinical Neurophysiology
39, 465–472 (1975).

141 G. C. Galbraith, M. R. Threadgill, J. Hemsley, K. Salour, N.
Songdej, J. Ton, and L. Cheung, “Putative measure of peripheral
and brainstem frequency-following in humans,” Neurosci. Lett.
292, 123–127 (2000).

142 G. C. Galbraith, “Two-channel brain-stem frequency-following
responses to pure tone and missing fundamental stimuli,”
Electroencephalography and Clinical Neurophysiology 92,
321–330 (1994).

143 B. Chandrasekaran and N. Kraus, “The scalp-recorded brain-
stem response to speech: neural origins,” Psychophysiology 47,
236–246 (2010).

144 O. S. Fowler and L. N. Fowler, The Self-Instructor in Phrenology
and Physiology: With Over One Hundred New Illustrations,
Including a Chart for the Use of Practical Phrenologists (Fowler &
Wells Co., New York, 1889).

145 E. Skoe and N. Kraus, “Auditory brainstem response to complex
sounds: A tutorial,” Ear and Hearing 31, 302–324 (2010).

v6i3 final:ECHOES fall 04 final  8/20/10  2:01 PM  Page 26



Musician’s Auditory World 27

Nina Kraus, Ph.D., Hugh Knowles Professor, (Communication
Sciences; Neurobiology and Physiology; Otolaryngology) at
Northwestern University, directs the Auditory Neuroscience
Laboratory (www.brainvolts.northwestern.edu). Dr. Kraus
investigates the neurobiology underlying speech and music
perception and learning-associated brain plasticity.  She studies
normal listeners throughout the lifespan, clinical populations
(dyslexia; autism; hearing loss), auditory experts (musicians)
and animal models. Her method of assessing the brain’s encod-
ing of sounds has been adapted as BioMARK a product that
helps educators and clinicians better assess auditory function.
Kraus was raised in a musically rich and linguistically diverse
household.  She holds degrees in Biology and Neuroscience
from Swarthmore College and Northwestern University. 

Trent Nicol is the manager of the Auditory Neuroscience
Laboratory at Northwestern University (www.brainvolts.
northwestern.edu).  He is involved in all lab projects, and
runs its animal research component.  Over the course of his
20-year involvement with the Lab, he has been responsible
for much of the instrumentation and software required for
examining the brain’s response to complex sounds, and has
worked closely with many students who have moved on to
careers in the auditory neuroscience fields.  Away from the
lab, he is often found hunched over a soldering iron bringing
vintage radios back to life and restoring assorted pieces of
obsolete vacuum tube gear. 
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