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Abstract: To appropriately adapt to constant sensory stimulation, neurons in the auditory system are
tuned to various acoustic characteristics, such as center frequencies, frequency modulations, and their
combinations, particularly those combinations that carry species-specific communicative functions. The
present study asks whether such tunings extend beyond acoustic and communicative functions to audi-
tory self-relevance and expertise. More specifically, we examined the role of the listening biography—
an individual’s long term experience with a particular type of auditory input—on perceptual-neural
plasticity. Two groups of expert instrumentalists (violinists and flutists) listened to matched musical
excerpts played on the two instruments (J.S. Bach Partitas for solo violin and flute) while their cerebral
hemodynamic responses were measured using fMRI. Our experimental design allowed for a compre-
hensive investigation of the neurophysiology (cerebral hemodynamic responses as measured by fMRI)
of auditory expertise (i.e., when violinists listened to violin music and when flutists listened to flute
music) and nonexpertise (i.e., when subjects listened to music played on the other instrument). We
found an extensive cerebral network of expertise, which implicates increased sensitivity to musical
syntax (BA 44), timbre (auditory association cortex), and sound-motor interactions (precentral gyrus)
when listening to music played on the instrument of expertise (the instrument for which subjects had a
unique listening biography). These findings highlight auditory self-relevance and expertise as a mecha-
nism of perceptual-neural plasticity, and implicate neural tuning that includes and extends beyond
acoustic and communication-relevant structures. Hum Brain Mapp 00:000-000, 2007.  ©2007 Wiley-Liss, Inc.

Key words: auditory cortex; music perception; auditory neuroscience; auditory expertise; plasticity;
sensory neuroscience

* 4

Contract grant sponsor: Northwestern University School of Music;  Received for publication 31 May 2007; Revised 12 September 2007;
Contract grant sponsor: National Institutes of Health; Contract Accepted 13 September 2007

grant numbers: HD051827, DC007468, EB002449. DOI: 10.1002/hbm.20503
*Correspondence to: Patrick Wong, Ph.D., Communication Scien-  Published online in Wiley InterScience (www.interscience.wiley.
ces & Disorders, 2240 Campus Drive, Evanston, Illinois. com).

E-mail: pwong@northwestern.edu
©2007 Wiley-Liss, Inc. ST @WILEY )
«,. InterScience’

DISCOVER SOMETHING GREAT

ID: vasanss Date: 22/10/07 Time: 21:06 Path: J:/Production/HBM#/Vol00000/070160/3B2/C2HBM#070160




J_ID: HBM Wiley Ed. Ref. No.: 07-0193.R2 Customer A_ID: 20503 Date: 22-OCTOBER-07

Stage: | Page: 2

AQ2

¢ Margulis et al. ¢

INTRODUCTION

A fundamental question in neuroscience concerns how
our nervous system adapts to the environment’s constant
sensory stimulation. One mechanism involves specialized
neurons that are tuned to relevant aspects of sensory
input, or attenuate irrelevant aspects [e.g.,, Gordon and
O’Neil, 2000; Rauschecker et al., 1995, Wong et al, in
press-b]. In the auditory system, which subserves both
speech and music processing, evidence suggests that low-
level neurons are tuned to basic acoustic properties such
as center frequency (CF) and frequency modulation (FM)
(“information-bearing elements” or IBEs), while high-level
neurons are sensitive to relevant parts and combinations
of IBEs, which carry species-specific communicative func-
tions [Suga, 1995; Suga et al., 2000]. For example, in
speech, combinations of formants (CF) and formant transi-
tions (FM) form certain consonant-vowel sequences, which
are arguably represented in the middle and anterior por-
tion of the superior temporal region [Binder et al., 2000;
Liebenthal et al., 2005; Scott et al., 2000]. In music, cogni-
tion has been framed as the transformation of acoustic
input to conscious experience via formal eliciting codes, a
process parallel to language cognition in the codes” selec-
tion of communicatively relevant aspects of the acoustic
stimulus [Bharucha et al., 2006]. For example, combina-
tions of tones form chords and harmonic progressions that
can be syntactically appropriate or inappropriate, a distinc-
tion registered in Broca’s area [Maess et al., 2001]. The
communicative relevance (or species specificity) of such
neural specialization distinguishes how the auditory sys-
tems of listeners with different auditory experiences (e.g.,
native English speakers vs. Mandarin speakers [Wong
et al., 2004a]; musicians vs. non-musicians [Gaab and
Schlaug, 2003]) process the same combinations of IBEs.

Because music lacks the confound of a lexico-semantics
as invasive as that in language, it is uniquely suitable
for the study of plasticity in neurological mechanisms
[Zatorre, 2005]. Although Koelsch et al. [2004] argues in
favor of a greater role for musical semantics, there is cer-
tainly no dictionary of symbols and designates as exists
for spoken language. Given a musician’s special set of
long-term experiences with listening to and creating a set
of sounds (their “listening biography”), we ask whether
neural sensitivity reflects not only IBE combinations that
are typically communication-relevant, but also distinct IBE
combinations that have become relevant across the course
of this extensive history. In the terminology of Bharucha
et al. [2006], do the special listening biographies of instru-
mentalists create special formal listening codes? To answer
this question, cerebral hemodynamic responses in highly-
trained classical violinists and flutists were measured
(using fMRI) while they listened to two sets of musical
excerpts from the same style and genre (Bach Partitas):
one for their instrument of expertise (violin or flute), and
one for the other instrument. Bach Partitas contain combi-
nations of IBEs that are relevant to musicians of the classi-

cal tradition, regardless of their instrument of expertise.
However, musicians have a special listening biography
associated with the timbre of their instrument of expertise.
If neural sensitivity extends to IBE combinations shaped
by the listening biography, we would expect that violinists
listening to a Bach Partita for violin would engage a brain
network similar to that engaged by flutists listening to a
Bach Partita for flute. This brain network should include
the motor (precentral regions), auditory (superior temporal
regions), syntactic (BA44), and executive (frontal regions)
aspects uniquely associated with the instrument of exper-
tise, including areas that are hypothesized to be essential
for processing music by musicians [Ohnishi et al., 2001].
However, if neural sensitivity is confined to a broader
level of IBE combinations, we would expect all classical
musicians (violinists or flutists) to engage a brain network
specific to classical music (no differences across groups),
or a brain network specific to musical timbre (distinct
responses to flute and violin music, regardless of instru-
ment of expertise).

MATERIALS AND METHODS

Subjects

Nine highly trained violinists and seven highly trained
flutists (mean age = 27.25 years, range 18-50 years) par-
ticipated in the study (Table I shows subject characteris-
tics). All subjects started playing their instrument of exper-
tise before age 12 (mean = 8.06 years, range 3-12 years)
and had played that instrument for at least 10 years.
Although as a group, violinists appeared to have played
their instrument of expertise for a longer time, the differ-
ence between the two groups was not statistically reliable
in our samples [t (14) = 1.043, P = 0.315]. Although several
subjects had experience playing additional instruments,
none had extensive experience with the non-expertise
instrument being tested. All subjects except for one in each
group were right-handed as assessed by the Edinburgh
Handedness Inventory [Oldfield, 1971]. The remaining two
subjects were ambidextrous. There was no significant dif-
ference between the groups in handedness scores. Our ex-
perimental protocol was approved by the Northwestern
University Institutional Review Board.

Stimuli and Procedures

Twelve-second excerpts from the J.S. Bach Partita in A
Minor for solo flute and Partita in D Minor for solo violin
were used as stimuli. They were presented at a comforta-
ble volume, comparable with that a person would employ
when listening to recorded music for pleasure. The
excerpts were matched as closely as possible in syntactic
and acoustic properties (except for the acoustic properties
specific to the instruments): textures were matched
because both pieces are monophonic; ranges were matched
by the structural capabilities/constraints of the violin and
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TABLE I. Subject characteristics

Subject ID Gender Handedness Instrument of expertise (Years) Additional instrument(s) (Years)
V1 F Right Violin (11) None

V2 F Right Violin (23) None

V3 F Right Violin (14) None

V4 F Right Violin (16) Piano (2)

V5 F Right Violin (19) Piano (2)

V6 F Right Violin (19) Piano (2)

V7 M Right Violin (10) Viola (2)

V8 F Right Violin (15) Piano (1)

\C M Ambidextrous Violin (28) Viola (10), Piano (2)
Mean 17.2

F1 F Right Flute (10) None

F2 F Right Flute (12) None

E3 F Ambidextrous Flute (24) Piano (16)

F4 F Right Flute (16) None

F5 M Right Flute (14) Violin (2)

F6 F Right Flute (11) Piano (1), Guitar (2)
F7 Right Flute (14) Organ (4)
Mean 14.4

Years in the “Instrument of expertise” column indicates the number of continuous years subjects had played their instrument of exper-
tise. Years in the “Additional instrument” column indicates number of years subjects had played an instrument other than their instru-

ment of expertise.

flute instruments and because music from the same com-
poser of the same genre (solo partitas) for treble instru-
ments will naturally lie within a similar range; styles were
matched because the excerpts were from the same com-
poser and genre; tempos were matched because they were
drawn from movements with matching tempo markings
(e.g., the number of excerpts taken from the allemande
was identical for both instruments); and dynamics were
matched because excerpts were drawn from similar move-
ments and amplitude normalized. It was advantageous to
use matched excerpts written originally for flute and vio-
lin, rather than a single piece played on both instruments,
so that the idiomatic qualities that distinguish writing for
particular instruments would be persevered, to elicit as
ecologically valid a response as possible. It is noteworthy
that although stylistically matched excerpts for flute and
violin preserve idiomatic qualities related to the specific
instruments, they do not carry instrument-specific syntactic
distinctions; music written by the same composer in the
same genre for solo flute and violin are matched in terms
of the parameters considered to contribute to musical syn-
tax [Lerdahl and Jackendoff, 1983; Meyer, 1989]. Stimuli
were recorded from commercially available recordings
onto a Pentium IV PC sampled at 44.1 kHz. All subjects
had previously played the piece in their timbre of exper-
tise, so their special listening biography in relation to stim-
uli in their timbre of expertise included additional experi-
ence listening to as well as performing that music.

Figure 1 details the stimulus presentation and fMRI
sequence. Between two volumes of image acquisition, each
lasting 14 s, scanning occurred during the first 2 s and vio-
lin or flute excerpts were presented during the remaining
12 s. Subjects received specific instructions to attend to the
music as closely as possible (we told the subjects that they

were required to answer questions about the stimuli after
scanning), paying attention in the same way they would
when ordinarily listening to music in a concert hall or on
recording. They were not provided with further details, so
that they would not be biased to attend to syntactic prop-
erties, or expressive properties, or any other aspect of the
music. Since the current study focuses on the listening bi-
ography, which encompasses a series of cognitive and sen-
sory-motor processes, we felt that it was important not to
bias our subjects to perform a narrowly constructed task.
Subjects were asked to press a button at the end of each
excerpt using the index finger of their right hand; the be-
havioral responses recorded assisted in ascertaining that
the subjects were attending to the stimuli. Stimuli were
presented binaurally via headphones which were custom
made for MRI environments (Avotec@avotec.org). The

12s stimuli
presentation

/

I_ _, * Time

/

2 TR=14s
scanning

Figure I.
Stimulus presentation and image acquisition. Scanning occurred
during the first 2 s and violin or flute excerpts were presented
during the remaining 12 s. Note scanner induced activations will
not be present during subsequent image acquisition because of
the 12 s delay.
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stimuli were played at appropriate intervals using the E-
prime software program (Psychology Software Tools, Pitts-
burg, USA).

MRI Acquisition

MR images were acquired at the Center for Advanced
MRI in the Department of Radiology at Northwestern Uni-
versity using a Siemens 3T Trio scanner. A high resolution,
T1-weighted 3D volume was acquired sagittally (MP-
RAGE; TR/TE = 2,100 ms/24 ms, flip angle = 87,
TI = 1,100 ms, matrix size = 256 X 256, FOV of 22 cm,
slice thickness = 1 mm) and was used to localize the func-
tional activation maps. T2*-weighted functional images
were acquired axially along the AC-PC plane using a sus-
ceptibility weighted EPI pulse sequence while subjects per-
formed the behavioral task (TE = 30 ms, TR = 14 s, flip
angle = 90°, in-plane resolution = 3.4375 mm?, 38 slices
with a slice thickness = 3 mm and zero gap were acquired
in an interleaved measurement). A sparse sampling
method was used, whereby the image acquisition occurred
during the first 2 s of the 14-s TR, thus minimizing con-
tamination of the stimuli by scanner noise. In addition, the
long TR provided sufficient time for the scanner-noise gen-
erated hemodynamic response to decay so that its peak
would not overlap with the hemodynamic response gener-
ated by the music stimuli [Belin et al., 1999; Gaab and
Shlaug, 2003; Hall et al.,, 1999, Wong et al., in press-a].
There were 75 trials of stimuli for each instrument, order
randomized across the fMRI experiment. In addition, there
were 25 null trials of scanning when no stimuli were pre-
sented. In total, there were 175 (75 X 2 + 25) 14-s TRs last-
ing about 41 min. These imaging procedures are similar to
our published study (Wong et al., in press-a).

fMRI Data Analyses

The T2*-weighted functional MR images (time series)
were analyzed using BrainVoyager [Goebel, 2004]. The
data were preprocessed following the BrainVoyager rec-
ommended order, including scan time correction, 3D
motion correction, spatial smoothing (FWHM 6 mm), line-
arly detrending, and finally temporal filtering. Anatomical
and functional images from each subject were transformed
into the Talairach stereotaxic space [Talairach and Tour-
noux, 1988]. The T2*-weighted images were resampled to
1 X 1 X 1 mm? after Talairach transformation. After these
preprocessing procedures, the activation maps were esti-
mated. Square waves modeling the events of interest were
created as extrinsic model waveforms of the task-related
hemodynamic response. These events of interest included
the two events of interest (Instrument of Expertise vs.
Instrument of Nonexpertise). Note that even though the
TR was 14-s long, image acquisition only occurred during
the first 2 s of the TR (see Fig. 1). Thus, the images col-
lected reflected either a stimulus event or a null event (no
stimulus presented). Imaging at specific time points rela-

tive to stimulus presentation removed the need to con-
volve the task-related extrinsic waveforms with a hemody-
namic response function before statistical analyses as is
commonly done [Wong et al.,, 2004b]. The waveforms of
the modeled events were used as regressors in a multiple
linear regression of the voxel-based time series. Normal-
ized beta values signifying the fit of the regressors to the
functional scanning series, voxel-by-voxel, for each condi-
tion were used in multisubject analyses. These analysis
procedures are similar to our published studies (e.g.,
Wong et al., in press-a).

RESULTS

Imaging Results

We performed two types of analyses: first a voxel-wise
random effect analysis contrasting listening for the Instru-
ment of Expertise vs. Nonexpertise, and second, region-of-
interest (ROI) analyses focusing more specifically on the
left auditory cortex.

Voxel-wise contrast (random effect analysis)

We report here a voxel-wise random effect analysis con-
trasting Instrument of Expertise vs. Nonexpertise across all
subjects (listening to one’s own instrument vs. listening to
another instrument). All clusters reported in Table II
exceeded a single-voxel P value of < 0.001 extending at
least 300 voxels except for left STG. This activation and
spatial threshold was determined by a Monte Carlo simu-
lation procedure implemented in BrainVoyager, and corre-
sponded to a family-wise alpha of 0.05 for the whole brain.

TABLE Il. Regions of activation based on the
Instrument of Expertise vs. Nonexpertise contrast
(random effect analysis)

Area B iy~ z t Value Size (mm3)
R MFG 30 -1 34 6.3057 2825

L MeFG 0 8 49 7.057 1424

L Globus Pallidus -15 2 -2 5.462 1124

L Precentral -33 -10 37 5.7088 948

L IPL -36 —37 25 5.776 718

L Precentral, IFG —51 —4 19 6.667 1415

(BA6/BA 44)
L STG —50 —37 11 5.869 1827

The coordinates represent the location of the peak voxel for a
cluster in Talaraich space.

All the clusters except for L STG exceeded a single-voxel P value
of <0.001 and a spatial extent of 300 voxels (corresponding to P <
0.05 after correction for multiple comparisons across the whole
brain).

BA, approximate Brodmann’s area; L, left; R, right; IFG, inferior
frontal gyrus; MFG, middle frontal gyrus; MeFG, medial frontal
gyrus; IPL, inferior parietal lobule; precentral, precentral gyrus;
STG, superior temporal gyrus.

?The L STG cluster reported here is below the threshold for spa-
tial extent.
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As shown in Table II, listening to music played on one’s
own instrument (i.e., violinists listening to violin excerpts
and flutists listening to flute excerpts), relative to listening
to music played on an untrained instrument (i.e., violinists
listening to flute music and flutists listening to violin
music) activated more strongly an extensive brain network
on the left hemisphere including the precentral gyrus (BA
6), the inferior frontal gyrus (IFG, extending from BA 44 to
BAG6) (Fig. 2), the inferior parietal lobule (IPL) (Fig. 3, left
panel), and the medial frontal gyrus (MeFG) (Fig. 3, right
panel). In addition, the left globus pallidus and the right
middle frontal gyrus were activated.

To provide additional detail about the activation in the
random effect analysis, Figures 2 and 3 include bar graphs
showing the activation for each instrument for each subject
group in the precentral gyrus and the IFG in Figure 2 and
the IPL and MeFG in Figure 3. A 5 X 5 X 5-voxel kernel
was drawn around the strongest activating voxel for each
region; voxels exceeding the single-voxel P < 0.001 cutoff
were averaged and shown in the graphs. For all the
regions shown, a 2 X 2 repeated measures ANOVA (in-
strument X group) revealed a significant interaction
[BA44/6: F = 42985, P < 0.0001; Precentral Gyrus: F =
33.302, P < 0.0001; IPL: F = 32.153, P < 0.0001; MeFG: F =
42.203, P < 0.0001]. Except for the precentral gyrus that
showed a main effect of instrument only (overall responses
to violin were larger, an effect exaggerated by the violin-
ists” extremely large responses) [F = 5.388, P = 0.036],
there were no main effects, suggesting that, in general, no
one instrument induced a larger response and no one
group of subjects responded with greater intensity.

Planned comparisons (based on two-tail paired t-tests)
specifically focusing on how listeners responded to their
instrument of expertise and nonexpertise were conducted
on each region in each subject group. A priori, we pre-
dicted that stronger activation should be observed in the
instrument of expertise. Our planned comparisons con-
firmed this prediction, as suggested by a P value of less than
0.025 (Bonferroni correction for two t-tests performed for
each region) [BA44/6: violinists (P < 0.0002) and flutists (P <
0.025); Precentral Gyrus: violinists (P < 0.001) and flutists (P
< 0.02); IPL: violinists (P < 0.001) and flutists (P < 0.025);
MeFG: violinists (P < 0.002) and flutists (P < 0.001)].

It is worth mentioning that, enlarging the size of the
ROI kernel to 7 mm? and including all voxels in the kernel
(i.e., no single-voxel P value threshold is applied) pro-
duced essentially identical patterns of results. Specifically,
for all regions reported above, a 2 X 2 repeated measures
ANOVA (instrument X group) revealed a significant inter-
action [BA44/6: F = 36.658, P < 0.0001; Precentral Gyrus:
F = 21.798, P < 0.0001; IPL: F = 29.928, P < 0.0001; MeFG:
F = 36.185, P < 0.0001].

Region-of-interests analysis for STG

Because we hypothesized activation in the left auditory
cortex to be associated with the listening biography, we

performed two ROI analyses focusing on the left STG. In
the first analysis, the cluster selected was one with voxels
exceeding a single-voxel P value of < 0.001 in the voxel-
wise random effect contrast discussed earlier (Instrument
of Expertise vs. Nonexpertise), but with activation not
extensive enough to survive a cluster size threshold
according to the Monte Carlo simulation performed. This
region centers in the posterior superior temporal gyrus
[=50, —37, 11] with a cluster size of 182 voxels. Ina 2 X 2
repeated measures ANOVA, we found a significant instru-
ment (violin or flute) X group (violinists or flutists) inter-
action [F = 35435, P < 0.0001], suggesting that activation
in this left STG region was stronger when listeners listened
to their instrument of expertise. Paired t-tests revealed that
subjects responded more strongly to their instrument of
expertise [violinists: P < 0.001; flutists: P < 0.02]. Figure 4
shows these STG results. This interaction remained signifi-
cant when unthresholded data and a 5 mm® kernel [F =
23.787, P < 0.0001] and a 7 mm? kernel [F = 25558, P <
0.0001] were applied.

In the second analysis, a 5 X 5 X 5-mm> kernel was
drawn around Talaraich coordinates [—57, —36, 10] in the
posterior STG, which was found to show stronger activa-
tion in musicians relative to nonmusicians during passive
music listening similar to our present study [Ohnishi et al.,
2001]. Intensity (% signal change) was extracted from all
voxels in this 5 X 5 X 5-mm? cluster without any statistical
threshold being applied, unlike the above ROI in which
only voxels exceeding a particular P value were included.
A 2 X 2 repeated measures ANOVA similarly showed a
significant instrument X group interaction [F = 5.604, P <
0.0033] (Fig. 4) with no main effects. The same analysis fo-
cusing on the right STG [52, —23, 9] reported by Ohnishi
et al. did not yield a significant interaction nor main
effects. Similar to the aforementioned results, using a 7 X
7 X 7-mm® kernel still resulted in a significant interaction
for left but not right STG activation [left STG: F = 5.152,
P < 0.04; right STG: F = 2.993, P = 0.137].

DISCUSSION

The current study shows that the auditory system is sen-
sitive not only to IBEs such as central frequencies and fre-
quency modulations and their combinations (e.g., vowels,
consonants, pitches, and chords), but also to the long-term
listening biography of classical instrumentalists — in partic-
ular, to the special experience instrumentalists have with
music for their instrument of expertise. If acoustic differen-
ces between the two sets of stimuli had been the primary
relevant factor, results would have shown selective
responses to violin and flute music, regardless of instru-
ment of expertise. Instead, results show selective responses
to music played on the instrument of expertise (violin for
violinists and flute for flutists), allowing each instrument
to serve as the control for the other condition (violin for
flutists and flute for violinists). Many studies have identi-
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Left STG activation demonstrating a listening biography effect.
Top panel: Percent signal change in the left STG cluster (cluster
defined by activation in group map) shown on Figure 2, which
revealed a significant instrument X group interaction (see text
for statistics). Bottom panel: Percent signal change ina 5 X 5 X
5-mm? kernel surrounding [—57, —36, 10] in left STG defined
by Ohnishi et al. [2001]; a significant instrument X group inter-
action was also found. Error bars indicate standard error of the
mean.

fied special processing in musicians [Gaab and Shlaug,
2003; Miinte et al., 2003], but they have compared musi-
cians with non-musicians, leaving open an explanation
based on genetic predisposition rather than training.
Although it is plausible that genetic predispositions might
influence some people to become musicians, it is less plau-
sible that genetic predispositions influence the selection of
specific instruments. By comparing two groups of highly
trained musicians differing only in their instrument of ex-
pertise, rather than comparing musicians and nonmusi-
cians, this study contributes support to the notion that
some of the special characteristics of the expert auditory
system in musicians are due to training, and not to genetic
predispositions. It is particularly important to point out
that although Ohnishi et al. [2001] found stronger activa-
tion in the left posterior STG in musicians relative to non-

musicians during passive music listening (similar to our
study’s task), we found stronger activation in the same
region during listening to the instrument of expertise, sug-
gesting that the importance of the left STG is in processing
sounds that a listener (musician or not) has long-term ex-
perience with, and is not necessarily associated with any
other differences (including genetic factors) between musi-
cians and non-musicians. The same comparison in the
right STG did not yield significant expertise-specific
results.

Self-Relevance and the Listening Biography

It is particularly noteworthy that the relevant regions
were activated selectively in response to music for the
instrument of expertise, not to music in almost all ways
identical, except for the different instrument. This selectiv-
ity suggests that it is not just structural or syntactic fea-
tures (since those were matched) that elicit musical
responses; rather, an individual’s listening biography — the
contexts and modalities within which prior musical experi-
ences have occurred - shapes musical perception in impor-
tant ways. For performers (subjects) in our study, the lis-
tening biography uniquely associated with the piece in the
timbre of expertise included experience playing it, and
additional experience listening to it. For example, the ac-
tivity in the left medial frontal gyrus triggered by the
instrument of expertise suggests a personal and high-level
executive response to the instrument with which the
performer has an extensive history. The activated frontal
regions have been implicated in the special processing
associated with stimuli related to a person’s notion of self
[see Gillihan and Farah, 2005, for a review]. This special
processing of self-relevant stimuli might yield a survival
advantage and reflect our evolutionary history. The pres-
ent study provides a novel example of self-relevance in
response to non-linguistic auditory input. Music for the
instrument of expertise likely raises issues of evaluation
and judgment for performers, as they compare, for exam-
ple, the quality of the instrumentalist with their own. Per-
formers are liable to engage more with the implied social
dynamic of the performance when they can imagine them-
selves performing the actions that created the sounds, and
compare choices made by the actual performer with ones
they would have made had they been playing the instru-
ment. Although previous studies have shown that musi-
cians exhibit particular sensitivities to timbres with which
they have special long-term auditory experience [Fujioka
et al, 2006; Pantev et al, 1989, 2001], they have not
revealed a network this extensive. We argue that because
the stimuli used in previous studies [e.g., Pantev, et al,,
2001] were isolated tones rather than full musical excerpts
as in the present study, the materials were not sufficient to
trigger the full extent of the response demonstrated in this
study. It is worth noting that the neural distinction is not
associated with a completely different network, but rather
a single network activated to different extents: a system
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arguably more efficient than developing a completely sep-
arate network.

Syntactic and Motor Involvement
in Music Listening

The left inferior frontal gyrus (more specifically BA44),
selectively activated by musicians listening to music for
their own instrument of expertise, had been thought to be
language-specific before being additionally implicated in
the syntactical processing of music [Patel and Balaban,
2001]. Since performer expressivity depends on musical
syntax [Palmer, 1997], performers might be more invested
in syntactical processing for music in their timbre of exper-
tise. Seeking to evaluate the expressive success, comparing
it to their own achievements on the instrument, subjects
may have invested extra energy to the syntactic processing
that forms the basis for expressive assessment. Musical
syntax is often conceptualized as a robust phenomenon,
determined largely by features in the acoustic signal, but
the discovery of selective BA44 activity in response to
music for the timbre of expertise suggests that the listening
biography — the listener’s special set of prior experiences
with the music - can modulate syntactic processing.
Another region often associated with language, the left
superior temporal gyrus, was also selectively activated by
subjects in response to music for their timbre of expertise.
This activation likely reflects the effect of the listening bi-
ography on other aspects of auditory processing; for exam-
ple, the more sophisticated analysis of subtle timbral nuan-
ces for the instrument of expertise.

It is noteworthy that activation in the inferior frontal
region can be attributed to the involvement of the mirror
neuron network [Lahav et al.,, 2007; Ramnani and Miall,
2004; Rizzolatti et al.,, 2001]. Janata and Grafton’s [2003]
observed that “the sensory experience of musical patterns
is intimately coupled with action,” and speech sounds
have been shown to selectively activate distinct motor
regions in the precentral gyrus [Pulvermiiller et al., 2006].
Similarly for music, musical practice has been shown to
bind representations of sound and motion, so that finger
motions trigger imagined sound, and heard sound triggers
imagined finger motions [Bangert et al.,, 2006, Haueisen
and Knosche, 2001]. We attribute the activity shown by
our subjects in the precentral gyrus (related to motor con-
trol) and the globus pallidus (related to posture control
and the suppression of unwanted movements) to sound-
motor interactions in responses to music in the timbre of
expertise. However, we believe that the major portion of
BA44 activation shown in this study is more appropriately
attributed to syntactic processing. Musical training has
been shown to enhance syntactical processing as reflected
in behavioral measures (clearer and more robust “key pro-
files”) [Krumhansl, 1990] and brain responses (larger P300s
and P600s to syntactic anomalies) [Besson et al., 1994;
Besson and Fayjta, 1995, Granot and Donchin, 2002;
Koelsch et al., 2002; Krohn et al., 2007]. General musical

training (lessons on any instrument) has been shown to
facilitate general music-syntactic processing, and this study
suggests that specific musical training (special listening
biographies associated with music for the timbre of exper-
tise) can facilitate music-syntactic processing for specific
kinds of musical input.

A Broader Account of Auditory Expertise

This study shows that musical structure does not exclu-
sively shape musical responses; rather, personal experien-
ces and listening histories intervene to generate special
reactions. Classically trained performers are already a
small group with respect to the population of musical lis-
teners, and that they, based only on the instrument on
which they’d been trained, could recruit such different
areas to process highly similar music for two timbres sug-
gests personal experience, training, and familiarity play an
even larger role in music cognition than usually assumed
in the literature. In addition to addressing a long-standing
concern in neuroscience regarding perceptual-neural plas-
ticity, our finding has implications for sensory preference
(e.g., why some people adore music other people cannot
stand), education (e.g.,, how training effects experience),
and communication (e.g., how different people can hear
different things in the same musical piece or sequence of
sensory stimuli). In terms of Bharucha et al.’s musical per-
ception framework of a code transforming acoustic signals
to cognitive representation [Bharucha et al., 2006], this
study shows that different listening biographies create dif-
ferent codes: multimodal familiarity causes listeners to
transform music into experience differently.

The experience-based neurologic expertise system un-
covered by this study establishes a framework within
which deficits and achievements in the development of ex-
pertise can be studied. According to this framework, long-
term exposure and use shapes responses in fundamental
ways that include and extend beyond the IBE-tuned neu-
rons and the central “what” and “where” auditory path-
ways [Rauschecker, 1998].
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