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By measuring the auditory brainstem response to two musical intervals, the major sixth (E3 and G2) and the minor seventh (E3 and F#2),
we found that musicians have a more specialized sensory system for processing behaviorally relevant aspects of sound. Musicians had
heightened responses to the harmonics of the upper tone (E), as well as certain combination tones (sum tones) generated by nonlinear
processing in the auditory system. In music, the upper note is typically carried by the upper voice, and the enhancement of the upper tone
likely reflects musicians’ extensive experience attending to the upper voice. Neural phase locking to the temporal periodicity of the
amplitude-modulated envelope, which underlies the perception of musical harmony, was also more precise in musicians than nonmu-
sicians. Neural enhancements were strongly correlated with years of musical training, and our findings, therefore, underscore the role
that long-term experience with music plays in shaping auditory sensory encoding.

Introduction

With long-term musical experience, the musician’s brain has
shown functional and structural adaptations for processing
sound (Pantev et al., 2001; Gaser and Schlaug, 2003; Peretz and
Zatorre, 2005). Prior investigations into the neurological effects
of musical experience have mainly focused on the neural plastic-
ity of the cortex (Shahin et al., 2003; Trainor et al., 2003; Kuriki et
al., 2006; Rosenkranz et al., 2007; Lappe et al., 2008), but recent
studies have shown that neural plasticity also extends to the sub-
cortical auditory system. This is evidenced by enhanced auditory
brainstem response (ABR) phase locking to fundamental pitch
and the harmonics of the fundamental and by earlier response
latencies in subcortical responses to musical, linguistic, and emo-
tionally valent nonspeech sounds (Musacchia et al., 2007, 2008;
Wong et al., 2007; Strait et al., 2009) (for review, see Kraus et al.,
2009). Because playing an instrument and listening to music in-
volves both high cognitive demands and auditory acuity, these
subcortical enhancements may result from corticofugal (top—
down) mechanisms. Here, we hypothesize that, as a result of this
dynamic cortical-sensory interplay, such subcortical enhance-
ments should be evident in the behaviorally relevant aspects of
sound. To investigate this, we examined musicians’ and non-
musicians’ responses to musical intervals. Our results show that
musicians have selective neural enhancements for behaviorally
relevant components of musical intervals, namely the upper tone
and components that reflect the interaction of the two tones
(combination tones and temporal envelope periodicity).
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The musical interval, in which two tones are played simulta-
neously, plays a fundamental role in the structure of music be-
cause the vertical relation of two concurrent tones underlies
musical harmony, the most distinctive element of music. Acous-
tically, the perception of two concurrent tones is not the simple
summation of both tones. When two tones are played simulta-
neously, the two tones interact, and their phase-relationships
produce the perception of combination tones that are not phys-
ically present in the stimulus (Moore, 2003). Combination tones
have percepts corresponding to the frequencies, f; — k (f, — f,),
where f, and f, denote frequencies of two tones ( f; < f,) and k is
a positive integer (Smoorenburg, 1972). Combination tones are
derived from the distortion products (DPs) generated by the
nonlinear behavior of the auditory system (Robles et al., 1991;
Large, 2006). DPs have been extensively studied, but most of the
focus has been at the level of the cochlea (Kim et al., 1980). Less is
known about human subcortical processing of harmonically
complex musical intervals (Fishman et al., 2000, 2001; Tramo et
al., 2001; Larsen et al., 2008). Our current research explores this
topic by measuring the brainstem responses to consonant and
dissonant intervals in musically trained and control subjects. Pre-
vious studies have demonstrated the existence of nonlinear com-
ponents (including f, — £, and 2f; — f,) in the human brainstem
response to intervals composed of pure tones ( f; and f,) (Green-
berg et al., 1987; Chertoff and Hecox, 1990; Rickman et al., 1991;
Chertoff et al., 1992; Galbraith, 1994; Krishnan, 1999; Pandya
and Krishnan, 2004; Elsisy and Krishnan, 2008). We, therefore,
expected that distortion products would occur in response to
harmonically rich musical intervals.

As arelay station for transmitting information from the inner
ear to the cortex, the brainstem plays a role in the unconscious,
sensory processing of stimuli. The neural activity of brainstem
nuclei can be measured by recording the evoked auditory brain-
stem response (Hood, 1998). A major neural generator of the
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of E3 (166 Hz) and G2 (99 Hz), and the disso-
nant interval was a minor seventh composed of
E3 (166 Hz) and F#2 (93 Hz). Thus, both inter-
vals have a common upper tone, E3. The stimuli
were 400 ms in length (Fig. 1 A), and the timbre
was an electric piano sound (Fender Rhodes re-
corded from a digital synthesizer). The lower
tone of each interval, G2 and F#2, was presented
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Spectrograms.

ABR is the midbrain inferior colliculus (IC) (Worden and Marsh,
1968; Moushegian et al., 1973; Smith et al., 1975; Hoormann et
al., 1992; Chandrasekaran and Kraus, 2009). IC neurons are ca-
pable of phase locking to stimulus periodicities up to 1000 Hz
(Schreiner and Langner, 1988; Langner, 1992). Electrophysiolog-
ical responses elicited in the human brainstem represent the spec-
tral and temporal characteristics of the stimulus with remarkable
fidelity (Russo et al., 2004; Krishnan et al., 2005; Banai et al.,
2009). Here, we focus on the spectral resolution and the temporal
precision of the auditory brainstem response, to compare how
musicians and nonmusicians represent musical intervals.

Materials and Methods

Subjects. Twenty-six adults participated in this study. All subjects re-
ported no audiologic or neurologic deficits, had normal click-evoked
auditory brainstem response latencies, and had binaural audiometric
thresholds at or below 20 dB HL for octaves from 125 to 4000 Hz. Sub-
jects completed a questionnaire that assessed musical experience in terms
of beginning age, length, and type of performance experience. Subjects
were divided into musicians and nonmusicians according to their years
of musical experience: 10 subjects (seven females and three males; mean
age, 25.8 years; six pianists, two violinists, and two vocalists) were cate-
gorized as “musicians,” with 10 or more years of musical training that
began at or before the age of 7, and 11 subjects (five females and six males;
mean age, 23.5 years) were categorized as “nonmusicians,” with <3 years
of musical training. The other five subjects (four females and one male;
mean age, 23.2), who failed to meet either of these criteria, were catego-
rized as “amateur musicians,” and their data were used only in the cor-
relation analyses. Informed consent was obtained from all subjects. The
Institutional Review Board of Northwestern University approved this
research.

Stimuli. Two types of musical intervals were presented: one consonant
and one dissonant. The consonant interval was a major sixth consisting

—
300

Consonant and dissonant musical stimuli (left and right, respectively). A, Temporal envelopes. Numbers indicate the
cycle of the amplitude modulation. B, Autocorrelograms. The time indicated on the x-axis refers to the midpoint of each 150 ms
time bin analyzed. Color indicates the degree of periodicity, and the arrows indicate the highest periodicity for each stimulus. The
consonant interval shows the highest periodicity at 30.25 ms cycle, whereas the dissonant interval shows it at 54.1 ms. ,

sure level (Neuroscan Stim; Compumedics)
with alternating polarities to eliminate the co-
chlear microphonic. Interstimulus interval
ranged from 90 to 100 ms. During testing, sub-
jects watched a muted movie of their choice
with subtitles. Data collection followed proce-
dures outlined in Wong et al. (2007). After two
blocks of musical intervals, responses to three
single tones (E3, G2, and F#2) were collected, to
rule out the existence of combination tones in
the single-tone condition and facilitate the
identification of the fundamental frequency
( fo) and harmonics in the interval conditions.

Responses were collected using Scan 4.3 Ac-
quire (Neuroscan; Compumedics) with four
Ag-AgCl scalp electrodes, differently recorded
from Cz (active) to linked earlobes references,
with the forehead ground. Contact impedance
was <5 k() for all electrodes. For the musical
intervals, two sub blocks of ~3000 sweeps per sub block were collected at
each stimulus polarity with a sampling rate of 20 kHz. For the single
tones, 1000 sweeps per tone were collected. Filtering, artifact rejection,
and averaging were performed off-line using Scan 4.3 (Neuroscan; Com-
pumedics). Reponses were bandpass filtered from 20 to 2000 Hz (12
dB/oct roll off), and trials with activity greater than £35 uV were con-
sidered artifacts and rejected, such that the final number of sweeps was
3000 = 100. Responses of alternating polarities were added together to
isolate the neural response by minimizing the stimulus artifact and co-
chlear microphonic (Gorga et al., 1985).

Analysis. The ABR represents the spectral and temporal characteristics
of the stimulus by the neural interspike interval (fundamental frequency
and harmonics), the latency (time), and the amplitude envelope of the
response. To evaluate the spectral composition of the response, fast Fou-
rier transform analysis was performed over the frequency-following re-
sponse (FFR), the most periodic portion of response (50—350 ms). The
initial 50 ms was excluded to avoid the potential confound of the nonpe-
riodic attack information that relates to the stimulus timbre. For each
subject, average spectral response amplitudes were computed over 5-Hz-
wide bins surrounding the f; and harmonics of each tone, as well as the
combination tones. Table 1 displays frequency regions of interest for
each interval. For each frequency bin, an independent samples ¢ test was
performed between musicians and nonmusicians. For bins showing sig-
nificant group differences, Pearson’s correlations between musical expe-
rience and spectral amplitudes were calculated.

Second, a running autocorrelation analysis was used to evaluate the
temporal envelope of the stimuli and responses, relating to the periodic-
ity of amplitude modulation created by the interaction of two tones. The
resulting running-autocorrelogram (lag vs time) graphically represents
signal periodicity over the course of a time-varying waveform. Autocor-
relation was performed on 150 ms bins, and the maximum (peak) auto-
correlation value (expressed as a value between —1 and 1) was recorded
for each bin, with higher values indicating more periodic time frames
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Table 1. Frequencies of f;, harmonics, and combination tones examined in the
brainstem response to musical intervals

Consonant interval”

Dissonant interval®

Frequency Component Frequency Component
32Hz (2f, = 1) 20Hz 2f, = 1)
67 Hz (f, —f) 53Hz (2f, — 3f)
99 Hz Gf, 73Hz (f,—1f)

131Hz (3f, —1£) 93 Hz Ff,

166 Hz Ef, 113 Hz (3f, = 1)

198 Hz GH, 166 Hz Efy

233Hz (2f,— f) 186 Hz FitH,

265 Hz (f, +1) 239 Hz 2f,— 1)

297 Hz GH, 259 Hz (f, +1£)

332Hz EH, 279 Hz FitHy

364 Hz (f, + 2f) 332Hz EH,

396 Hz GH, 352Hz (f, + 2f))

431Hz (f, + 1) 372Hz FitH,

463 Hz (f, + 3f) 425Hz 2f, + 1)

498 Hz EH, 445 Hz (f, + 3f)

530Hz (2f, + 2f) 498 Hz EH,

664 Hz EH, 518 Hz (2f, + 2f)

664 Hz EH,

Combination tones generated by two tones of each interval are denoted by parentheses. £, denotes upper tone, and
f, denotes lower tone. The brainstem response represented difference tone f, — f,, cubic difference tone 2f, — f,,
and sum tones (e.q., f, + f;, f, + 2f;, and f, + 3f,).

°f, = G2 (99 Ha), f, = E3 (166 Ha).
°f, = F#2 (93 Ha), f, = E3 (166 Ha).

(150 total bins, 1 ms interval between the start of each successive bin).
The strength of the envelope periodicity was calculated as the average of
the autocorrelation peaks (maximum r values) across the 150 bins for
each subject. The sharpness of phase locking was calculated from the
autocorrelation function as the distance (i.e., time shift) between the
average maximum r (max r) and max r —0.3. The autocorrelograms of
the stimuli (Fig. 1B, left panel) show that the consonant interval has the
highest average periodicity (r = 0.99) at the 30.25 ms cycle. The temporal
envelope of the dissonant interval is a bit more complicated than that of
the consonant interval, as there are two dominant periodicities; the high-
est average periodicity (r = 0.96) occurs at 54.1 ms, and the second
highest (r = 0.93) occurs at 42.45 ms (Fig. 1 B, right panel).

Results
Encoding of musical intervals in the brainstem
The brainstem response faithfully represented the fundamental
frequencies ( f, s) and harmonics of the two tones composing
each interval (Fig. 2). Specifically, the f, s of the individual tones
were encoded with larger amplitudes than the harmonics, reflect-
ing the relative amplitudes in the stimuli (Fig. 2). However, un-
like the spectra of the stimuli, the brainstem response amplitude
to f, of the upper tone (E) was smaller than the lower tone in the
consonant interval (G, t test, p < 0.001) and the dissonant inter-
val (F#, t test, p < 0.01), reflecting the low-pass characteristics of
auditory brainstem responses (Schreiner and Langner, 1988).
The individual response spectra show prominent peaks not
only at the frequencies of f, and harmonics but also at the fre-
quencies that do not physically exist in the spectra of stimuli.
Most of these components were found to correspond with the
frequencies of combination tones produced by the interaction of
the single tones in each interval (Table 1). To rule out the possi-
bility that these combination tones are the result of acoustic or
electric artifacts arising from presentation or collection setup, we
presented the original stimuli through the Neuroscan and Ety-
motic equipment into a Bruel & Kjaer 2-CC coupler and recorded
the output. This recorded output waveform did not show any
spectral component corresponding to the combination tones.
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Differences between musicians and nonmusicians

Significant group differences were found in the spectral analysis
of the FFR period. For the consonant interval (Fig. 3A), musi-
cians showed significantly larger amplitudes for the harmonics of
the upper tone E (¢ test, H, p < 0.01; H; p < 0.05; H, p < 0.05)
and combination tones, f, + 2f, and f, + 3f, (ttest, p < 0.05; p <
0.05). Figure 3B displays the amplitudes of these frequencies with
significant group differences indicated. Furthermore, the num-
ber of years of musical training was significantly correlated with
the amplitude of each of the frequencies, such that the longer a
person has been playing, the larger the amplitude (Fig. 3C). This
analysis included the amateur group (total, 26) and showed that
the second harmonic of E (332 Hz) and f, + 3f, (463 Hz) are the
frequencies most positively correlated with the years of musical
training (Fig. 3D).

For the dissonant interval (Fig. 4 A), consistent with the result
for the consonant interval, the amplitudes of harmonics of the
upper tone E were significantly larger in musicians (t test, H, p <
0.01; H, p < 0.05; H,, p < 0.05), whereas f, was not (Fig. 4A,B).
Among combination tones, the amplitudes of f, + 2f, and f, + 3f;
were larger in musicians ( p < 0.01; p < 0.01). A positive corre-
lation with the years of musical training was also obtained for the
amplitudes of the second and fourth harmonic of E and sum
tones, f, + 2f, and f, + 3f, (Fig. 4C). In addition, musicians
showed larger amplitudes for frequencies that are not present in
the stimulus and neither harmonics nor combination tones, such
as 384, 393, and 404 Hz (p < 0.01; p < 0.01; p < 0.01), and
interestingly, the amplitudes of 393 and 404 Hz were also posi-
tively correlated with years of musical training (r = 0.573, p <
0.01; r = 0.544, p < 0.01). In contrast to the consonant interval,
the dissonant interval exhibited frequencies for which nonmusi-
cians showed significantly larger amplitudes than musicians,
namely the third harmonic of the lower tone F# ( p < 0.05) and
3f, — f, (p < 0.05). The amplitude of each of these two frequen-
cies was negatively correlated with the years of musical training
(F#, Hyy r = —0.456, p < 0.05; 3f, — f,, r = —0.561, p < 0.01).

A striking finding is that group differences occurred mostly
for the upper tone (E) and not for the lower tone in both intervals
(Fig. 5). This difference was not found even in the response to the
single E (only the H; of E showed significant group difference at
the 0.05 level). To examine the effect of tone position in detail, the
amplitudes of the harmonic components of the upper and lower
tones were examined by a repeated-measures ANOVA with one
between-subject factor (group: musicians, nonmusicians) and
three within factors (interval: consonant, dissonant; tone posi-
tion: upper, lower; and harmonic component: f,, H,, H; H,). A
significant interaction effect between group and tone position
was found (F = 19.7, p < 0.001): this underscores the finding that
for both intervals, musicians showed larger amplitudes than non-
musicians only for the upper tone. There was also a significant
triple interaction between tone position, harmonic component,
and group (F = 3.6, p < 0.05). This interaction was attributable
to musicians having larger amplitudes only for the harmonics of
the upper tone: H,, H;, H,, but not for the f;. Given that in the
spectra of the stimuli the harmonics of the lower tone have phys-
ically higher amplitudes than those of the upper tone (Fig. 2), this
result suggests that musicians represent intervals with enhanced
upper tones.

Both consonant and dissonant intervals have periodic tempo-
ral envelopes (Fig. 1) that can be heard as beats and relate to a
perceptual dimension of roughness versus “smoothness.” This
percept results from the periodic amplitude variations that arise
when two tones with frequencies close to one another are played
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Figure2.  Stimulusand response spectra for the consonant (A) and the dissonant (B) intervals. The response spectrum displays

the average of all 26 subjects. The stimulus and response spectral amplitudes are scaled relative to their respective maximum
amplitudes. Parentheses denote combination tones that do not exist in stimuli. f, denotes the lower tone and £, denotes the upper
tone of each interval. See also Table 1.

A 0.08-

0.06 -

Amplitude )

oy}

Amplitude V)

Figure3.

E and G (Major 6th) - Consonant interval
Gfo

Musicians
Nonmusicians

600

400
Frequency (Hz)

1 1 L
0 100 200 300

f1= G f0 (99Hz2), f2 = E f0 (166Hz)

700

(1) EH, (332Hz)
0.04 D S
Y .
L
" W Musicians b r=0672 ¢
0.03 m Nonmusicians ] p <0.001
" p<001,*p<005 2 . °
[-%
Eom : 5 L :
0.02 * . o .
L ] ° o
: * . °
; [ % .
0.01 % 10 15 20
L% Years of musical training
0 ‘ 003 (3)E+GH, (463Hz) |,
(1)332Hz  (2)364Hz  (3)463Hz  (4)498Hz  (5)664Hz
20 (@+2f1)  (f2+3f1) 3R an 0002 " i%?sg
EH, (E+GH) (E+GH)  EH, EH, 3 [P o
a : L)
£ . o
r 0672  0.468 0.519 0.402 0.468 Zoor 89 oy = i
p 0001 0028 0013 0603 0.028 . . 8
{ ]

5 10 15 20
Years of musical training

Musicians show heightened responses to the harmonics of the upper tone and sum tones in the consonant interval. A, Grand

average spectra for musicians (red) and nonmusicians (black) for the consonant interval. f, and £, denote G and E. B, Amplitudes of
frequencies showing significant group differences. Error bars represent == 1SE. €, Pearson’s correlations (rand p) between amplitudes and
years of musical training. Significant correlations appear in bold. D, Individual amplitudes of the second harmonic of E (top) and £, + 3f,
(= Ef, + GHs) (bottom) asa function of years of musical training for all subjects (n = 26) including the amateur group. Filled black circles
represent nonmusicians, open black circles amateur musicians, and red circles represent musicians.

simultaneously (Rossing, 1990). To examine how the brainstem
response represents the envelope periodicity of the stimulus, we
evaluated the temporal regularity of the FFR using the autocor-
relational analysis. The running autocorrelograms for musician
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and nonmusician groups are plotted in
Figures 6 A and 7A, with red indicating the
highest autocorrelations (periodicity). For
the consonant interval, both groups
showed the highest autocorrelation at 30.2
ms, the dominant envelope periodicity of
the stimulus. There was no significant
group difference in the strength of the
envelope periodicity (t test, p = 0.39; mu-
sicians, 0.787; nonmusicians, 0.816).
However, the morphology of the autocor-
relation function was found to differ be-
tween the two groups. This difference is
evident in Figure 6A: the band of color
~30.2 ms is sharper (i.e., narrower) for the
musicians and broader for the nonmusi-
cians, suggesting that the phase-locked ac-
tivity to the temporal envelope is more ac-
curate (i.e., sharper) in musicians than
nonmusicians (cf. Krishnan et al., 2005).
The sharpness of the autocorrelation func-
tion showed a significant group difference
(ttest, p < 0.05; musicians, 0.395; nonmu-
sicians, 0.521), i.e., the width was sharper
in musicians (Fig. 6A). Moreover, there
was a significant correlation between years
of musical training and the sharpness (r =
—0.52, p < 0.05), such that the longer an
individual has been practicing music, the
sharper the function (Fig. 6 B). Of particu-
lar interest is that nonmusicians showed
strong periodicities not only at intervals of
30.2 ms but also every 10 ms. This 10 ms
period corresponds to 99 Hz (the lower
tone, G). Thus, it is assumed that the peri-
odicity at 30.2 ms for the nonmusicians is
driven in part by the robust neural phase
locking to the period of the lower tone, G.
Thus, to isolate the periodicity at 30.2 ms,
we calculated the change in periodicity
from 30.2 ms (r,) to 10 ms (r,) using (r, —
1,)/(r, + r,). Using this metric, we found a
significant group difference between mu-
sicians and nonmusicians: musicians
showed higher values than nonmusicians
(ANOVA, F = 6.7, p < 0.05). In addition,
these values were positively correlated
with years of musical training (r = 0.454,
p < 0.05).

In the autocorrelogram of the response
to the dissonant interval, the two highest
periodicities of both musicians and non-
musicians matched the pattern in the
stimulus autocorrelation: musicians with
54.15 ms (r = 0.678) and 42.4 ms (r =
0.550) and nonmusicians with 54 ms (r =
0.706) and 42.6 ms (r = 0.611). Group dif-
ferences were not significant. Autocorrelo-
grams of the two groups are illustrated in

Figure 7A (left, musicians; right, nonmusicians). Here, musicians
also exhibited sharper phase locking to the more dominant pe-
riod of the stimulus, 54.1 ms (¢ test, p < 0.01; musicians, 0.453;
nonmusicians, 0.647). In addition, the sharpness of the autocor-
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relation function was correlated with years
of musical experience (r = —0.505, p <
0.05); the longer an individual has been
practicing music, the sharper the phase
locking (Fig. 7B).

In summary, this study revealed three
main results. First, musicians showed
heightened responses to the harmonics of
the upper tone of musical intervals. Second,
the brainstem represents the combination
tones produced by two simultaneously pre-
sented musical tones with musicians show-
ing enhanced responses for specific combi-
nation tones (sum tones). Third, musicians
showed sharper phase locking to the tempo-
ral envelope periodicity generated by the
phase relationships (i.e., amplitude modula-
tion) of the two tones of the musical
intervals.

Discussion

Musicians’ enhancement of the upper
tone in the brainstem

By comparing the brainstem response to
musical intervals between musicians and
nonmusicians, the present study revealed
that harmonic components of an upper
tone in musical intervals are significantly
enhanced in musicians. This is an unex-
pected result from an acoustic standpoint,
given that the harmonics of the upper tone
have lower intensities than those of the
lower tone (Fig. 2). Furthermore, because
of the low-pass filter properties of the
brainstem, we would have predicted better
phase locking to the lower note. However,
previous behavioral and electrophysiolog-
ical research has demonstrated results
consistent with our study. For example,
behavioral studies have shown that
changes occurring in the upper voice are
more easily detected than those in the mid-
dle or lower voice (Palmer and Holleran,
1994; Crawley et al., 2002). Furthermore,
electrophysiological studies showed larger
and earlier mismatch negativity magnetic
field (MMNm) responses for deviations in
the upper voice melody than in the lower
voice (Fujioka et al., 2005, 2008). Musi-
cians have also been found to have more
enhanced MMNm than nonmusicians.
This has been attributed to cortical reorga-
nization resulting from long-term training
because the source of MMN is located
mainly in the auditory cortex (Fujioka et
al., 2005). Our study is the first to show
that this upper tone dominance at the cor-
tical level extends to the subcortical sen-
sory system. Given the strong correlation

between the length of musical training (years) and the extent of
subcortical enhancements of the upper tone, we suggest that the
subcortical representation on the upper tone is weighted more
heavily as musical experience becomes more extensive. In music,
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formusicians (red) and nonmusicians (black) for the dissonantinterval. f, and £, represent F# and E. B, Amplitudes of frequencies
showing significant group differences. Error bars display == 1SE. , Pearson’s correlations (rand p) between amplitudes and years
of musical training. Significant correlations appear in bold. D, Individual amplitudes of the second harmonic of E (top) and f, + 3f,
(= Efy + F# H5) (bottom) as a function of years of musical training for all subjects (n = 26) including the amateur group. Filled
black circles represent nonmusicians, open black circles represent amateur musicians, and red circles represent musicians.
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Amplitudes of f, and three harmonics of the upper and lower tones in the consonant (left) and dissonant (right)
intervals. Musicians show heightened responses to the harmonics of the upper tone.

the main melodic theme is most often carried by the upper voice.

To increase the perceived salience of the melody voice, perform-
ers play a melody louder than other voices and ~30 ms earlier
(melody lead) (Palmer, 1997; Goebl, 2001). Thus, long-term ex-
perience with actively parsing out the melody may fine-tune the
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A

Figure6. A, Autocorrelograms of the response of musicians (left) and nonmusicians (right) for the consonant interval. The time
indicated on the x-axis refers to the midpoint of each 150 ms time bin analyzed. Color indicates the degree of periodicity. The band
of color ~30.2 ms (indicated by arrows) is narrower (i.e., sharper phase locking) for the musicians than nonmusicians. This
pattern is repeated at 60.4 ms, i.e., 30.2 ms 2. B, Sharpness of envelope phase locking for the consonant interval as a function
of years of musical training for all subjects (n = 26) including the amateur group. The longer an individual has been practicing
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Figure 7. A, Autocorrelograms of the response of musicians (left) and nonmusicians (right) for the dissonant interval. The time

indicated on the x-axis refers to the midpoint of each 150 ms time bin analyzed. Color indicates the degree of periodicity. The band of color
~54.1ms (indicated by arrows) s sharper for the musicians and broader for nonmusicians. B, Sharpness of envelope phase locking for the
dissonantinterval as a function of years of musical training for all subjects (n = 26) including the amateur group. The longer an individual

has been practicing music, the sharper the phase locking (i.e., narrower autocorrelation peak at 54.1 ms).

brainstem representation of the upper tones of musical intervals.
Our results also underscore the role that long-term experience
plays in shaping basic auditory encoding and the link between
sensory function and repeated exposure to behaviorally relevant
signals (Saffran, 2003; Saffran et al., 2006). This tuning of the
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subcortical auditory system is likely medi-
ated by the corticofugal pathway, a vast
track of descending efferent fibers that
connect the cortex and lower structures
(Suga et al., 2002; Winer, 2005; Kral and
Eggermont, 2007; Luo et al., 2008). In the
animal model, the corticofugal system
works to fine-tune subcortical sensory re-
ceptive fields of behaviorally relevant
sounds by linking learned representation
and the neural encoding of the physical
acoustic features (Suga et al., 2002). As has
been previously postulated by our group,
the brainstem of musicians may be shaped
by the similar corticofugal mechanisms
(Musacchia et al., 2007; Wong et al., 2007;
Strait et al., 2009) (for review, see Kraus et
al., 2009). Consistent with this corticofu-
gal hypothesis and observations of
experience-dependent sharpening of pri-
mary auditory cortex receptive fields (Fritz
et al., 2007; Schreiner and Winer, 2007),
we maintain that subcortical enhance-
ments do not result simply from passive,
repeated exposure to musical signals or
pure genetic determinants. Instead, the re-
finement of auditory sensory encoding is
driven by a combination of these factors
and behaviorally relevant experiences such
as life-long music making. This idea is re-
inforced by correlational analysis showing
that subcortical enhancements vary as a
function of musical experience.

The largest group-effects were found for
H, but not f; of the upper tone in each inter-
val. This result is consistent with previous
brainstem research using Mandarin tones in
which Chinese and English speakers showed
the largest group difference on H, (Krishnan
et al,, 2005). This H, advantage over the f,
could be explained by the behavioral rele-
vance of H,. Musical sounds are complex
tones composed of harmonics, and the tim-
bre or “sound quality” depends primarily on
the harmonic components. Thus, long-term
musical experience involving timbre-
oriented training may lead musicians to be
more sensitive to the timbre-related aspects
of sounds. In fact, previous studies (Pantev et
al,, 2001; Margulis et al., 2009) showed that
musicians’ cortical responses are enhanced
for timbres of the instrument they have been
trained on, suggesting that the neural repre-
sentation of timbre is malleable with train-
ing. This cortical plasticity likely extends to
the brainstem resulting in the enhancement
of timbre-related aspects of sound, harmon-
ics. The group difference is possibly magni-

fied at H, because among the harmonics, H, has the highest spectral
energy in the stimulus.

Further research is needed to examine how the representation of
the upper and lower tone is different between consonant and disso-
nant intervals in the brainstem response. In this study, overall re-
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sponse patterns were similar between the consonant and the disso-
nant intervals. However, in the dissonant condition, nonmusicians
did show a greater response for a combination tone and a harmonic
of the lower tone than did musicians. To gain a deeper insight into
the different neural representation of consonant and dissonant in-
tervals, we are conducting similar research using major second and
perfect fifth. This may shed light on the unexpected results of non-
musicians having larger amplitudes for the lower notes only in the
dissonant condition.

Combination tones in the brainstem

This study shows that for musical intervals, the brainstem re-
sponse represents combination tones derived from the DPs gen-
erated by the nonlinear behavior of the auditory system (Robles
etal., 1991). At the level of the cochlea, the concurrent presenta-
tion of two tones produces distortion products which result from
the nonlinearity of outer hair cell motion (Robles et al., 1991;
Rhode and Cooper, 1993). Distortion product otoacoustic emis-
sions (DPOAEs) can be measured using small microphones
placed inside the ear canal, and the magnitude of the cubic dif-
ference tone (2f; — f,) plays a role in the evaluation of hearing by
providing a noninvasive tool to assess the integrity of the normal
active process of the cochlea (Kemp, 2002). We observed a neural
correlate of this DPOAE at 2f; — f, in the spectra of the brainstem
responses. There have been several studies demonstrating the
presence of 2f; — f, in the FFRs to two pure tones (Chertoff and
Hecox, 1990; Rickman et al., 1991; Chertoff et al., 1992; Pandya
and Krishnan, 2004; Elsisy and Krishnan, 2008). However, we are
the first to document this phenomenon using ecologically valid
stimuli, namely musical intervals composed of complex tones.
Moreover, we observed 2f, — f, occurring at low frequencies,
such as 32 Hz for the consonant and 20 Hz for the dissonant
interval. Because of the presence of background noise in the ear
canal, DPOAE:s at frequencies <1000 Hz are difficult to measure.
Therefore, this result suggests that the FFR could complement the
less reliable DPOAE at low frequencies (Pandya and Krishnan,
2004; Elsisy and Krishnan, 2008).

Because we recorded far-field potentials, our data cannot con-
clusively resolve whether these DPs in the FFR reflect cochlear
and/or central nonlinearities. On the one hand, DPs measured in
the FFR may be a response to DPs originally created by the me-
chanical properties of the cochlea (McAlpine, 2004; Pandya and
Krishnan, 2004; Elsisy and Krishnan, 2008). Alternatively, the
DPs may be created during neural processing of the signal. Given
the size of the generating potentials, the contribution of midbrain
structures to the FFR likely overshadows any response being
picked up from the auditory periphery. Nevertheless, the en-
hancements evident in the musician FFR likely do not arise pe-
ripheral to the brainstem; to our knowledge, there is little evi-
dence of experience-dependent plasticity at the level of the
auditory nerve or cochlea (Perrot et al., 1999; Brashears et al.,
2003), whereas there is ample evidence to support experience-
dependent plasticity in the midbrain (Suga and Ma, 2003; Knud-
sen, 2007). Another piece of evidence supporting the central or-
igin of our DPs in the FFR is that the amplitude of the cochlear
distortion product decreases rapidly as the frequency ratio (Fg)
between the two stimulating tones increases (Goldstein, 1967). In
this study, we used Fgs of 1.6 (166 Hz/99 Hz) and 1.7 (166 Hz/93
Hz), and very few studies have demonstrated cochlear distortion
products with such wide Fps (Knight and Kemp, 1999, 2000,
2001; Dhar et al., 2005). Another possibility is that 2f, — f, in the
FFR reflects the amplitude modulation frequency of the 2f; and f,
components of the stimulus, given that inferior colliculus neu-
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rons readily respond to the frequency of the amplitude modula-
tion (Hall, 1979; Cariani and Delgutte, 1996; Joris et al., 2004;
Aiken and Picton, 2008). The spectrograms of the stimuli show
an obvious amplitude modulation between 2f, and f, (Fig. 1C).
Specifically, in the consonant interval, 2f, (198 Hz) and f, (166
Hz) produce an amplitude modulation of the 31 ms cycle (1 s/31
ms = 32.2 Hz, which corresponds to 198 — 166 Hz) and in the
dissonant interval, 2f; (186 Hz) and f, (166 Hz) are modulated at
the 50 ms cycle (1 s/50 ms = 20 Hz, which corresponds to 186 —
166 Hz). Further research is needed to explore the origin of dis-
tortion products by comparing DPOAE and the brainstem re-
sponse in the same individual (Dhar et al., 2009).

Musicians’ accurate neural phase locking to the temporal
envelope periodicity of the interval

By comparing the periodicity of the stimulus and response wave-
forms, this study observed that the brainstem response represents
the temporal envelope of musical intervals. This finding is con-
sistent with previous research showing that the inferior colliculus
phase-locks to the envelope and frequency of amplitude modu-
lation of sound (Hall, 1979; Cariani and Delgutte, 1996; Joris et
al., 2004; Aiken and Picton, 2008). When we compared musicians
and nonmusicians, we found that musicians showed more accu-
rate representation of the envelope periodicity of the stimulus
than nonmusicians. In music, the temporal envelope of an inter-
val is a critical cue for determining the harmonic characteristic of
the interval because the sensory consonance and dissonance of an
interval is related to the sensation of beats and roughness gener-
ated by amplitude modulation occurring at intervals of 4 to 50 ms
(Helmholtz, 1954). Our study shows that musicians’ sensory sys-
tems have been refined to process this musically important peri-
odicity. This heightened precision of neural phase locking after
long-term experience is supported by research on the neural en-
coding of speech sounds. For example, Krishnan et al. (2005)
found Mandarin Chinese speakers have sharper phase locking for
linguistically relevant Mandarin pitch contours than English
speakers. By showing a correlation between years of musical
training and the sharpness of the neural phase locking to the
envelope periodicity, this study confirms that long-term musical
experience that includes selective attention to the harmonic rela-
tion of concurrent tones modulates the subcortical representa-
tion of the behaviorally relevant features of musical sound,
namely the periodicity of the amplitude modulation, which un-
derlies musical harmony. Previous studies have shown that tem-
poral coding properties of cortical neurons can be modified by
learning (Joris et al., 2004), and we show the plasticity for the
temporal coding extends to the subcortical system.

Conclusion

By measuring the brainstem responses to musical intervals of
musicians and nonmusicians, we found that musicians have spe-
cialized sensory systems for processing behaviorally relevant as-
pects of sound. Specifically, musicians have heightened responses
to the harmonics of the upper tone, a feature often important in
melody perception. In addition, the acoustic correlates of conso-
nance perception (i.e., temporal envelope) are more precisely
represented in the subcortical responses of musicians. The role of
long-term musical experience in shaping the subcortical system is
reinforced by the strong correlation between the length of musi-
cal training and the neural representation of these stimulus fea-
tures. By demonstrating that cortical plasticity to behaviorally
relevant aspects of musical intervals extends to the subcortical
system, this study supports the notion that subcortical tuning is
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driven, at least in part, by top—down modulation by the corti-
cofugal system.
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