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OFunctional networks in the human brain give rise to complex cognitive and perceptual abilities. While the

decrease of functional connectivity is linked to neurological and psychiatric disorders, less is known about
the consequences of increased functional connectivity. One population that has exceptionally enhanced per-
ceptual abilities is people with absolute pitch (AP) — an ability to categorize tones into pitch classes without
reference. AP has been linked to exceptional talent as well as to psychiatric and neurological conditions. Here
we show that AP possessors have increased functional activation during music listening, as well as increased
degrees, clustering, and local efficiency of functional correlations, with the difference being highest around
the left superior temporal gyrus. Our results provide the first evidence that increased functional connectivity
in a small-world brain network is related to exceptional perceptual abilities in a healthy population.

© 2012 Published by Elsevier Inc.
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Introduction

The concept of the human connectome as a comprehensive descrip-
tion of structural and functional brain networks is a focus of recent inter-
est in neuroscience (Achard et al., 2006; Bullmore and Bassett, 2011;
Sporns, 2011). Studies have identified networks of brain regions that
are intrinsically connected or are synchronously activated by certain
tasks (Fox et al., 2005; Reijneveld et al., 2007). These networks of func-
tional connectivity mediate behavioral performance on complex
behaviors such as perception, memory, and emotional processing
(Buchsbaum et al., 2005; Caclin and Fonlupt, 2006; Ginestet and
Simmons, 2011), and are impaired in neurological and/or psychiatric
disorders and conditions such as autism, Alzheimer's disease, obsessive-
compulsive disorder, schizophrenia, and synesthesia (Bassett et al.,
2008; Hanggi et al., 2011; Just et al., 2004; Liu et al., 2008; Supekar et
al., 2008; Whitfield-Gabrieli et al., 2009; Zhang et al., 2011). Understand-
ing the relationship between functional connectivity and behaviorwill in-
form a comprehensive description of the human brain.

While impairments of functional connectivity in neurological or psy-
chiatric disorders are informative for understanding the humanbrain net-
work, an equally informative approach is to relate exceptional, above-
normal behaviors to functional brain networks. One model group of
healthy individuals known to have an above-normal behavioral pheno-
type as well as increased structural connectivity is people with absolute
pitch. Absolute pitch (AP) is the ability to name musical pitches without
a reference. It has traditionally been viewed as a sign of talent or gifted-
ness partly due to its possession throughout history by exceptional musi-
cians such as Mozart (Ward, 1999). More recently, however, AP has also
been associated with conditions such as autism and Williams syndrome,
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due to the increased incidence of AP in these populations (Bonnel et al.,
2003; Brown et al., 2003; Heaton et al., 2008; Lenhoff et al., 2001). AP is
linked to both genetic and environmental factors (Athos et al., 2007;
Baharloo et al., 2000; Deutsch et al., 2006; Gregersen et al., 2001), which
possibly interact at the level of brain structure and function. Due to its
uniqueness at the levels of behavioral characteristics, brain structure
and function, and population distributions, AP has been posited as a
uniquemodel for understanding the influence of genes and development
on neural and cognitive function (Zatorre, 2003). Furthermore, the
increased incidence of AP in neurological and/or psychiatric disorders
such as autism, combined with autism-like performance on various
tasks in people with AP (Brown et al., 2003), suggests that AP may be
an optimal model for understanding these conditions in a healthy popu-
lation that is free from comorbid disorders.

The AP brain has known characteristics in both structure and function.
Structural neuroimaging revealed increased leftward asymmetry of the
posterior superior temporal lobe (planum temporale) in AP musicians
(Keenan et al., 2001; Schlaug et al., 1995). Diffusion Tensor Imaging
(DTI) of white matter showed increased structural connectivity between
the superior temporal gyrus (STG) and middle temporal gyrus (MTG) in
AP possessors (Loui et al., 2011), especially in the left hemisphere,
which correlated with behavioral assessments of AP acuity (cf.
Bermudez and Zatorre, 2009). Recent results from graph theory as an ap-
proach to compare cortical thickness between AP subjects and controls
showed a decrease in overall degrees of correlations in AP subjects, but
an increase in degrees in superior temporal regions (Jancke et al., 2012).
Functionally, AP musicians elicit increased activations in the left superior
temporal sulcus in a pitch memory task compared to non-AP musicians
(Schulze et al., 2009) and increased perceptual processing at the primary
cortical level as well as decreased working memory demands as
evidenced by ERP studies (Itoh et al., 2005; Klein et al., 1984). Given
that AP is linked to increases in structural asymmetry, structural
olute pitch, NeuroImage (2012), doi:10.1016/j.neuroimage.2012.07.030
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connectivity, and functional activity in superior temporal regions, we
expected that functional connectivity would be increased in AP subjects,
especially in superior temporal regions during music listening.

In this study we asked how AP and non-AP brains differ in functional
activations and functional connectivity in a music-related task. Task
fMRI, specifically the task of emotional arousal judgment, was chosen
because it requires music listening, thus stimulating brain regions that
are sensitive to musical stimuli. At the same time, the emotional judg-
ment task drives the direction of attention towards features that are
unrelated to absolute pitch. This minimizes behavioral differences be-
tween the groups that might confound the functional differences in
brain activity. Graph theory was used in this sparse-sampled task fMRI
study to test whether AP subjects recruit enhanced functional networks
compared to controls during music listening, and whether results were
dependent on task-driven activations.

Materials and methods

For the present fMRI study we asked how the functional network of
the AP brain might differ from the non-AP brain during music listening.
To design a functional MRI task that requires music listening, but does
not bias the results towards AP possessors (e.g. using a pitch-labeling
task would bias results towards AP possessors), we employed a musical
task that can reliably be performed regardless of AP possession: the task
of emotional arousal judgment. Emotions can be construed as being a
two-dimensional space between valence and arousal (Russell, 1980),
which applies to various stimuli including music (Schubert, 2004). Previ-
ous results on music and emotion (Bachorik et al., 2009) had shown that
arousal in music can be parametrically manipulated to elicit reliable and
consistent behavioral ratings of arousal. Thus, for the presentmusic listen-
ing fMRI task we chose music that was parametrically varied in arousal,
and performed an fMRI study on AP possessors and matched controls
while they listened tomusic compared to a silent rest condition. The func-
tional activations elicited from this taskwere then compared between AP
subjects and controls who were matched in age, sex, ethnicity, IQ, and
number of years and age of onset of musical training (see Materials and
methods for details). Graph theory analysis (Rubinov and Sporns, 2010)
was used to compare the small-world properties of functional brain net-
works between AP and control groups.

Subjects

Thirty healthy volunteers (15 AP musicians and 15 non-AP musician
controls) were recruited via advertisements online and at local music
schools and conservatories. Subjects werematched for age, sex, ethnicity,
and number of years and age of onset of musical training. All subjects in
both groups were right-handed, as determined using the Edinburgh
Handedness Inventory (Oldfield, 1971). Average age was 25 (SD=5)
for AP possessors and 26 (SD=5) for non-AP possessors. Average age of
onset of musical training was 6 years for both groups (SD=2.8 for APs;
1.6 for non-APs). Average number of years of musical training was
16 years (SD=6 years) in the AP group and 17 (SD=6.75 years) in the
non-AP group. The ethnic distribution was also matched between the
groups, with 10 Caucasians and 5 East Asians in the AP group and 9
Caucasians and 6 East Asians in the non-AP group. Five of the East Asian
subjects in each group reported speaking a tonal language fluently (Man-
darin and Cantonese Chinese). IQ as assessed using the Shipley's verbal
and abstract tests (see Behavioral procedure) was 120 (SD=5.2) in the
AP group and 118 (SD=3.6) in the non-AP group. T-tests confirmed
that there were no significant between-group differences in any of
these variables (all p's>.3).

Behavioral procedures

A surveywas administered to all subjects to assess their linguistic and
musical background. To control for possible between-group differences in
Please cite this article as: Loui, P., et al., Enhanced functional networks in abs
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IQ, we conducted Shipley's verbal and abstract tests (Shipley, 1940),
which have been shown to be a predictor of IQ (Paulson and Lin, 1970).

AP was confirmed using an established pitch labeling test (Keenan
et al., 2001; Loui et al., 2011) in which 52 trials were presented. Each
trial contained one computer-generated sine wave tone (500-ms dura-
tion with a 50-ms rise and decay time) with a fundamental frequency
ranging from 370 Hz (F#3) to 739.97 Hz (F#4) in the equal-tempered
Western scale. The subject's task was to label each pitch by writing
down the letter name (including any accidentals) on an answer sheet
upon hearing each tone. The inter-tone interval was 2 s. In accordance
to previous studies (Bermudez and Zatorre, 2009), subjects were classi-
fied as AP possessors if they scored a mean deviation of 1.0 semitone or
less.

As a follow-up analysis, subjects were categorized as AP1 if they
scored a mean deviation of less than 0.5 semitones, AP2 if their mean
deviation score was between 0.5 and 1.5 semitones, and non-AP if
their mean deviation score was above above 1.5 semitones.

Stimuli

Musical clips that were presented in the fMRI were chosen from a
larger battery ofmusical stimuli that had been previously rated for emo-
tional valence and arousal (Bachorik et al., 2009) and were shown to
elicit consistent and reliable arousal ratings. Audio stimuli consisted of
12-s clips of music from different genres, with rise and fall times of
500 ms respectively. All audio stimuli were loudness-normalized to
avoid arousal effects being due to differences in loudness alone.

fMRI data acquisition

All images were acquired in a 3 T General Electric scanner. A T1-
weighted anatomical image with a voxel resolution of 0.93×0.93×
1.5 mm was acquired in addition to three runs (with 26 acquisitions
each) of gradient echo echo-planar imaging (EPI) using a sparse tempo-
ral sampling paradigm (Gaab et al., 2003; Ozdemir et al., 2006). The
T2*-weighted EPI sequence had an effective repetition time (TR) of
15 s, an echo time (TE) of 30 ms, an acquisition time (TA) of 1.8 s for
26 axial slices with an acquisition matrix of 64×64 resulting in a
voxel size of 3.8×3.8×4 mm3. Twenty-six whole brain volumes were
acquired in each of three functional runs, each of which included 2
dummy volumes to allow time for steady state magnetization resulting
in a total of 72 acquisitions (3 runs×24 acquisitions) across the music
and rest conditions. Order of music and rest trials was counterbalanced.
In the “Music” condition, subjects listened to 12-s musical sound clips,
followed by a 500 ms burst of white noise. Subjects' task was to make
judgments on the level of emotional arousal in each sound clip after
the short noise burst via a button-press. In a control condition
(“Rest”), subjects heard silence followed by the 500 ms noise burst,
which was monaurally presented in a counterbalanced order. Upon
hearing the noise burst, subjects' task was to indicate via button-press
whether the noise came from the left ear or the right. The purpose of
the fMRI task was to identify a network of regions related to listening
to music with different levels of emotional arousal. This network
would then be compared between AP and control groups.

fMRI data analysis

FMRI data analysis was done in MATLAB and the SPM5 toolbox
(Friston et al., 1994). Images were realigned, normalized using SPM5's
EPI template, and smoothed using an 8 mm Gaussian kernel. Each
trial was modeled using a Finite Impulse Response (FIR) at the first
level. Music and rest trials were modeled separately at the first level.
Each first-level contrast image was then entered into a second-level
analysis comparing AP and non-AP subjects' responses to music com-
pared to rest conditions.
olute pitch, NeuroImage (2012), doi:10.1016/j.neuroimage.2012.07.030
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Fig. 1. Behavioral results from arousal ratings for music. Each point represents mean
ratings for AP group (X-axis) and the non-AP group (Y-axis) for a single trial. Error
bars represent between-subject standard errors. Behavioral responses from the two
groups are highly correlated.
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Graph theory analysis of functional connectivity

To compare the functional networks between two groups, small-
world brain networks provide a useful approach to investigations of func-
tional connectivity, both in resting-state fMRI data and in task-related
fMRI data (Bassett and Bullmore, 2006; Ginestet and Simmons, 2011;
Hagmann et al., 2008; Reijneveld et al., 2007) in normal populations as
well as in special populations such as individuals with schizophrenia,
temporal lobe epilepsy, high-functioning autism, obsessive compulsive
disorder, and grapheme-color synesthesia (Bassett et al., 2008; Hanggi
et al., 2011; Koshino et al., 2005; Liu et al., 2008; Zhang et al., 2011). The
network statistics that can be gleaned from graph theory analysis yield
powerful information about the community structure of brain regions in
different groups of subjects, that cannot be accomplished using conven-
tional measures of functional connectivity (e.g. bivariate or partial corre-
lation). To conduct graph theory analysis, fMRI time-series data were
extracted from the 90 cerebral regions defined by the Automated Ana-
tomical Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002), an anatomi-
cal parcellation that interfaces with SPM (Friston et al., 1994) and has
been used for automated labeling of functional activations in several pre-
vious graph theory analyses (Achard et al., 2006; Liu et al., 2008). ROIs
from the AAL atlas were reduced in size using the fslmaths -ero function
in FSL (Smith et al., 2004); this was to ensure that each ROI covered
only gray matter, was similar in size between the two hemispheres (par-
ticularly important if the two groups differ in hemispheric asymmetry),
and was limited to the same region for each subject. After its size was re-
duced, each ROI was then masked with the gray matter mask that was
segmented using SPM from each individual subject's anatomical (T1)
scan using SPM's VBM toolbox and then thresholded to include only
voxels above the 90th percentile in gray matter signal. The resulting
ROIs were not significantly different in volume (mm3) between AP
and non-AP groups (t((178)=−0.11, n.s.), nor were they different in
volume between the left and right hemispheres for either group (This
was confirmed by a 2-way ANOVA with factors of Group and Hemi-
sphere: Group: F(1,176)=0.01, n.s. Hemisphere: F(1,176)=0.02, n.s.
Group×Hemisphere interaction: F(1,176)b0.001, n.s.). The time-series
were extracted for each ROI using MarsBar (Brett et al., 2002) and nor-
malized by the mean of each run to remove global effects of each run.
The time-series for each ROI was then averaged separately across all
AP and non-AP subjects to obtain a mean time-series for each ROI for
each group. Bivariate correlations were performed between each pair
of ROIs to obtain a 90×90 correlation matrix for each group. This corre-
lation matrix was used for small-world network analysis using the Brain
Connectivity Toolbox in MATLAB (Rubinov and Sporns, 2010). A series
of correlation values from 0.05 to 0.55 were tested as the cutoff thresh-
old for significant correlation. For each threshold level, we computed
the network characteristics of degree, connection strength, clustering coef-
ficient, and local efficiency. The degree is the most basic network measure
that indicates the number of connections to each node. The clustering
coefficient is a useful measure of functional segregation, indicating the
fraction of neighboring nodes of each node that are also neighbors of
each other — thus, the cliquishness of a node (Watts and Strogatz,
1998). Local efficiency is another measure of segregation; it is the
inverse of the average shortest distance between each node in a
subgraph and reveals the efficiency of each node within the network
in transporting information. Strength is the sum of weights of links
connected to each node (Latora and Marchiori, 2001). Significance for
network statistics was evaluated at a correlation threshold level of r=
0.5. Finally, network statistics were visualized separately for the AP
and non-AP groups for a visual comparison of network statistics within
and between groups: each network is shown with 90 nodes where de-
gree is represented by size of each node and clustering coefficient is
represented by color of each node.

In follow-up analyses to determine whether differences in network
statistics were driven by the music-listening trials or the rest trials,
graph theory analysis was conducted separately for data collected from
Please cite this article as: Loui, P., et al., Enhanced functional networks in abs
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Music condition scans (48 acquisitions) and Rest condition scans (24
acquisitions). As the sparse-temporal sampling paradigm used a long TR
of 15 s, we expected that relatively little of the BOLD signal from each
TRwould result from carryover effects of the previous TR. The normalized
BOLD signal from each ROI of each subject was extracted separately for
scans following Music trials and following Rest trials. Bivariate correla-
tions were performed for each pair of ROIs to obtain a 90×90 correlation
matrix for each subject's Music and Rest conditions. These correlation
matrices were averaged between subjects in each group to obtain a
mean correlation matrix for each group. Network statistics (degree,
strength, clustering, local efficiency) were computed from the mean
correlation matrix after thresholding was applied at correlation coeffi-
cients ranging from 0.05 to 0.55. Significance for differences in network
statistics was evaluated again at the correlation threshold of r=0.5. An
overview of the small world network analysis pipeline is shown in Fig. 4.

Results

Behavioral ratings

All subjects were consistently able to make arousal ratings for mu-
sical clips in the scanner. Fig. 1 shows a correlation between AP and
non-AP subjects' average ratings for each song. Arousal ratings of AP
and non-AP subjects were highly correlated (r=0.92, pb0.0001)
and not significantly different from each other (t(28)=0.39, p=
0.70). These behavioral data confirm that the task engaged both
groups similarly, and that neuroimaging results are not explained
by behavioral confounds.

Higher activations in AP: whole brain fMRI

In response to music, both groups of subjects showed significant
activations in the bilateral Heschl's gyrus (HG), superior temporal
gyrus (STG), and middle temporal gyrus (MTG), with the extent of
the activations being larger in the AP group. Fig. 2 shows activations
in each group of subjects in the music vs. rest contrast at the
pb0.05 FWE level.

In a direct contrast between AP and non-AP groups, the AP group
showedhigher activations in the left STG, a region known to be important
in sound perception. AP subjects also showed higher activations in the
postcentral gyrus and superior parietal lobule, regions known to be in-
volved in multisensory integration. In addition, AP subjects also showed
higher activations in the left and right amygdala, hippocampus, and ven-
tral tegmental area or substantia nigra (VTA/SN in the midbrain) in the
olute pitch, NeuroImage (2012), doi:10.1016/j.neuroimage.2012.07.030
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limbic and dopaminergic reward-processing systems. Fig. 3 shows the di-
rect contrast of AP vs. non-AP subjects at the pb0.05 (cluster-corrected)
level. The finding of simultaneously higher functional activations in the
left STG and sensory-integration regions in the parietal lobe as well as
emotion and reward processing regions in the hippocampus, amygdala,
and VTA/SN suggest that the AP group may have increased functional
connectivity between auditory regions and other regions in the brain.

Increased small-world network properties in AP: graph theory

To investigate the hypothesis of increased functional connectivity in
AP subjects, we conducted a graph theory analysis to compare the
small-world network properties of the two groups (see Materials and
methods and Fig. 4 for the analysis procedures). Compared to non-AP
subjects, the AP subjects' network showed significantly more degrees
(F(1,178)=21.1, pb0.001) and increased strengths (F(1,178)=18.1,
pb0.001), as well as increased local efficiency (F(1,178)=3.79, p=
0.05) and increased clustering (F(1,178)=13.0, pb0.001). The differ-
ences were robust to different levels of thresholding of the connection
matrix from cutoff values of r=0.05 through 0.55: for all different cor-
relation coefficients at which thresholding was applied to the connec-
tion matrix, AP subjects showed consistently higher degrees, higher
connection strengths and local efficiency, and higher clustering coeffi-
cients compared to the non-AP group (Fig. 5). To assess whether results
might change with different ROIs, time-series data from the original
unmodified (unreduced) AAL atlas were also extracted and used as a
second dataset for graph theory analysis. Results ƒrom time-series de-
rived from the original AAL atlas were similar to the reduced atlas: AP
subjects' network showed significantly more degrees (F(178)=41.6,
pb0.001) and higher strengths (F(178)=38.8, pb0.001), as well as in-
creased local efficiency (F(178)=34.8, pb0.001) and higher clustering
(F(178)=15.6, pb0.001). Since the unmodified AAL atlas yielded the
same pattern of results as the reduced atlas, in the following analyses
we used the reduced set of ROIs, as these are verified as well-matched
in size and covering only gray matter in both groups of subjects.

Fig. 6 shows the functional network of AP andnon-AP groups,where
the size of each node represents the degree of the corresponding ROI,
whereas the color of each node represents the clustering coefficient of
the corresponding ROI. Nodes have increased degrees and clustering
in the AP group, as reflected by nodes that are larger and have warmer
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colors in the AP network. Superior temporal regions show the warmest
colors in the AP group, indicating that AP subjects have increased clus-
tering in the superior temporal regions. In the left STG, increased clus-
tering was verified by a z-test (Z=1.4, pb0.05) comparing the
clustering of LSTG (0.68) against clustering scores in all 89 regions in
the rest of the brain (mean=0.40, standard deviation=0.13). This in-
creased clustering was not observed in the LSTG in non-AP subjects
(clustering=0.56, Z=1.15, n.s.). For the right STG, increased clustering
relative to the 89 remaining regions in the brain (including the LSTG)
was observed in both AP subjects (clustering=0.68, Z=2.1, pb0.05)
and non-AP subjects (clustering=0.74, Z=2.18, pb0.05). Taken to-
gether, the visualized network of clustering and degree statistics in
the AP and non-AP brains (Fig. 6), the threshold-independent increase
in network statistics in the AP brain (Fig. 5), and the z-tests comparing
the left and right STG against other brain regions in the AP and non-AP
groups confirm that the AP group has a network with higher degrees,
strengths, clustering, and local efficiency of functional connectivity,
with differences in clustering between the AP and non-AP groups
being strongest in the LSTG. These findings are consistent with electro-
physiological and neuroimaging results that find structural and func-
tional differences in AP, with effects centered on the LSTG (Itoh et al.,
2005; Loui et al., 2011; Schlaug et al., 1995; Schulze et al., 2009).

Network properties reflect behavioral acuity of AP

If small-world networks are accurate measures of the functional
connectivity that is enhanced in AP subjects, then properties of the
small-world networks should reflect individual subjects’ performance
on pitch-categorization tests. To assess the relationship between AP
acuity and small-world network properties of degree, strengths, clus-
tering, and local efficiency, subjects were divided into AP1 (highly accu-
rate), AP2 (mostly accurate), and non-AP (less accurate) groups based
on their performance on the pitch labeling test (see Materials and
olute pitch, NeuroImage (2012), doi:10.1016/j.neuroimage.2012.07.030
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methods: Behavioral procedure). This post-hoc behavioral distinction
resulted in 10 AP1 subjects, 6 AP2 subjects, and 14 non-AP subjects. A
comparison of the same small-world network properties revealed a
consistent pattern: AP1 subjects showed highest degrees, strengths,
clustering, and local efficiency, followed by AP2 subjects and then by
non-AP subjects (Fig. 7). These differences in network statistics were
highly significant in all cases (one-way ANOVAs comparing three groups:
U
N
C
O

R
R
E

Fig. 5. Small-world network statistics for the whole brain comparing AP and non-AP groups
lation strengths of r=0.05 through 0.55.
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Degree: F(2,267)=35.4, pb0.001. Strengths: F(2,267)=33.6, pb0.001.
Clustering: F(2,267)=3.05, pb0.05. Local efficiency: F(2,267)=11.8,
pb0.001), surviving Bonferroni correction for post-hoc comparisons
between the three groups. This link between behavior and network
measures provides further support for the relationship between pitch
categorization ability and the small-world network properties of the
brain.
in degree, strength, clustering, and local efficiency for networks thresholded at corre-

olute pitch, NeuroImage (2012), doi:10.1016/j.neuroimage.2012.07.030

http://dx.doi.org/10.1016/j.neuroimage.2012.07.030


T

O
O

F

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

Fig. 6. Functional networks from correlation matrices in AP and non-AP data overlaid on a T1 template brain. Each node is a single region of interest. Color of each node corresponds
to clustering coefficients. Size of each node corresponds to degrees. Note that nodes are generally larger in the AP than in the non-AP brain, suggesting that degrees of connectivity
are higher in the AP group. Furthermore, the nodes in superior temporal regions (indicated by black arrows) are brighter red in the AP group, representing increased clustering in
the superior temporal lobe in the AP brain. (For interpretation of the references to color in this figure legend, the reader is referred to the web of this article.)

6 P. Loui et al. / NeuroImage xxx (2012) xxx–xxx
N
C
O

R
R
E
C

Differences in network statistics replicate for Rest-only and Music-only
scans

One important question emerging from the graph theory analysis con-
cerns whether the observed differences in network statistics, which are
based on correlations between pairs of ROIs, may be completely driven
by the task, orwhether theywould beobserved evenwithout taskmanip-
ulations. To tease apart the contributions of task-driven and task-free data
in these network differences between AP and control groups, we separat-
ed the sparse-sampled data into Music-only trials and Rest-only trials.
Correlation matrices were obtained by pairwise correlation between
time-series for each ROI obtained from the normalized sequence of
scans corresponding to Music trials and Rest trials separately (see
Materials and methods for details). Network statistics were obtained
from each mean correlation matrix for Rest and Music trials and were
again compared between groups. Results showed the same pattern of in-
creaseddegrees (F(1,178)=6.4, p=0.01), strengths (F(1,178)=5.5, p=
0.02), clustering (F(1,178)=4.8, p=0.03), and local efficiency
(F(1,178)=7.5, p=0.006) in the AP brain even during rest trials
(Fig. 8a). Similar increases in network statistics for the AP group were
also observed during music trials (degree: F(1,178)=12.2, pb0.001;
strengths: F(1,178)=11.5, pb0.001; clustering: F(1,178)=10.1, p=
0.001; local efficiency: F(1,178)=12.3, pb0.001; Fig. 8b). These results
from selected scans from the entire time-series replicate the original re-
sult of increased network statistics in the AP group and demonstrate
that the differences are not explained by task manipulations.

Discussion

Results showed increased degrees and strengths of functional con-
nections, as well as increased clustering and local efficiency in the AP
U

Fig. 7. Small-world network statistics of the whole brain comparing AP1, AP
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Rbrain, with the difference highest around the left superior temporal
gyrus. These results provide the first evidence that increased func-
tional connectivity in a small world network is related to exceptional
perceptual abilities in a healthy population. In addition to increased
functional activations in superior temporal regions that are important
in sound perception and categorization, AP subjects further showed
increased activations in multisensory-integration regions as well as
emotion processing and reward systems during music listening. This
was observed despite similar task demands and behavioral output
in emotional ratings between the AP and non-AP groups. Results are
consistent with fMRI studies that show increased superior temporal ac-
tivations in AP subjects during the processing of speech (Oechslin et al.,
2009) and leftward dominance during music processing in AP musi-
cians in superior temporal regions (Ohnishi et al., 2001; Schulze et al.,
2009). As this fMRI study adopted a sparse-temporal sampling design
(Gaab et al., 2003), we ensured that brain activations were not con-
founded by noise from the MR scanner; thus these differences could
not have been influenced by scanner noise. While the current methods
cannot distinguish between VTA and SN activations in the midbrain,
both of these regions are involved in reward prediction in the dopami-
nergic pathway (D'Ardenne et al., 2008), which codes for pleasurable
responses to music (Salimpoor et al., 2011). These reward signals affect
long-term memory formation in the hippocampus and emotional pro-
cessing in the amygdala (Schott et al., 2008; Wittmann et al., 2005),
which enhance auditory processing especially for musicians and for
highly pleasurable music (Blood and Zatorre, 2001; Herdener et al.,
2010; Watanabe et al., 2008). The findings of higher activations in the
postcentral gyrus and hippocampus, amygdala, and VTA/SN regions in
the AP group may reflect additional engagement of multisensory-
integration and emotional memory and reward-processing during
music listening in AP subjects. However, the high correlation between
2, and non-AP groups as defined post-hoc using the pitch labeling test.

olute pitch, NeuroImage (2012), doi:10.1016/j.neuroimage.2012.07.030
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behavioral ratings for AP and non-AP groups suggests that rather than
the AP possessors using an additional set of regions specifically to per-
form the task of emotional arousal judgment, increased activations in
the AP group may be due to differences in intrinsic connectivity be-
tween superior temporal regions and distal regions in the AP brain,
rather than task-specific differences in AP possessors.

Since the relationship between structural and functional connectivity
is complex, care must be taken to ensure that reports of between-group
Please cite this article as: Loui, P., et al., Enhanced functional networks in abs
functional differences are not biased methodologically by structural dif-
ferences. ROI-based analyses of functional connectivity, such as the
graph theory analyses shownhere, cannot be biased by anatomical differ-
ences in the choice of ROIs between the groups. Here we constrained our
ROIs in the functional connectivity analyses so that they show no differ-
ences in size between the two groups, and between the left and right
hemispheres. Using graph theory analysis with functional correlations
obtained from this refined set of atlas-defined ROIs, we report the first
olute pitch, NeuroImage (2012), doi:10.1016/j.neuroimage.2012.07.030
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evidence for increased functional connectivity in AP possessors. Graph
theory analysis showed increased connectivity in the AP possessors'
small world brain network, with higher degrees of functional connectivi-
ty, increased connection strengths, higher local efficiency, and higher
clustering in the AP brain. Increased clustering was centered around the
superior temporal regions, areas known to be important in sound percep-
tion. Network statistics also reflect categories of performance obtained
from behavioral scores on the AP test, suggesting a relationship between
increased functional connectivity in the small-world network and pitch
perception and categorization ability. Furthermore, the heightened net-
work statistics in the AP group was still observed even when scans in
response to music listening and scans in response to rest conditions
were analyzed separately, suggesting that the increased functional con-
nectivity in theAPbrainwasnot a simple result of our taskmanipulations,
but may reflect a generally heightened functional network within the AP
brain. Results converge with recent graph theory analyses comparing AP
and control subjects in cortical thickness data in showing enhanced con-
nectivity in perisylvian (superior temporal) regions, but the present
results differ in showing a global increase in functional connectivity
whereas the cortical thickness data showed a global decrease in the
brain overall but a local increase in clustering specific to the peri-sylvian
regions (Jancke et al., 2012). These differences may reflect a dichotomy
between structural and functional hyperconnectivity in AP, where struc-
ture is locally hyperconnected but function is globally hyperconnected.
Future studies will need to assess both global and local connectivity in
structure as well as function for a comprehensive characterization of the
AP brain network.

The present study established functional differences in the AP
brain by combining several approaches. Firstly, we observed func-
tional fluctuations during music perception by applying an emotional
rating task that does not rely on AP ability, thus avoiding behavioral
confounds while ensuring that all auditory stimuli were similar across
subjects and were appropriately attended to and processed. By
comparing behavioral output of the two groups, we could ensure
that the task was not biased for one group of subjects. Secondly and
perhaps more generally, to our knowledge this is the first use of net-
work theory analysis on sparse-sampled data. Although any high-
frequency components of brain activations cannot be captured with
the long TR of 15 seconds, the current design ensures that subjects
heard all auditory stimuli in silence, rather than having results on
the auditory cortex be confounded by noise from the scanner. The
use of graph theory and small-world network statistics allows us to
glean network information from fMRI data such as efficiency and
clustering, so that the small-world network properties of AP and con-
trol groups can be compared for the first time; in this regard the small
world network analysis goes beyond other functional connectivity
analysis methods for fMRI data. This is a new application of graph the-
ory to a relatively normal population; however, results are consistent
with other populations that have been hypothesized to be associated
with AP, such as autism, OCD, and synesthesia (Hanggi et al., 2011;
Noonan et al., 2009; Zhang et al., 2011).

The present results of increased degrees, strengths, clustering and
efficiency in AP possessors are independent of the correlation coefficient
that we adopt to threshold the pairwise connectivity matrix. This
confirms that the differences in functional connectivity between AP pos-
sessors and controls are robust and independent of threshold differences.
Previous results from comparing resting state and task-related networks
(Mennes et al., 2010) have suggested that neural activity during resting
state and task performance are characterized by common patterns of
functional connectivity. Thus we expect that the differences between AP
and non-AP brain networks, although extracted from task-related data
on music listening, may apply more generally to intrinsic functional
networks subserving sound processing that differentiate AP possessors
from controls. This was confirmed by a follow-up analysis in which we
calculated network statistics separately for subsets of data corresponding
toMusic trials and Rest trials.While the Rest trials that are extracted from
Please cite this article as: Loui, P., et al., Enhanced functional networks in abs
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task fMRI data cannot be taken to reflect true resting state activity (Waites
et al., 2005), separating the task data from the rest data in this sparse-
sampled design, which uses the long TR of 15 s thereby assuming mini-
mal to no influence of BOLD signal between successive TRs, is effective
in dissociating the effects of the task manipulations (i.e. fluctuations in
the time-series due to task onset and offset) from calculations of network
statistics. Compared to the network statistics obtained from the full
dataset, there was more variability as a function of threshold selection
in network statistics obtained fromMusic-only and Rest-only data, possi-
bly because selecting subsets of data resulted in fewer acquisitions for
each comparison, thus resulting in more noise. Despite this increased de-
pendence on correlational threshold, small-world network results from
the Rest-only and Music-only data are similar to results from the full
time-series in showing significantly increased network statistics in AP
possessors, suggesting that the enhanced functional connectivity is not
task-dependent, but may reflect intrinsic differences in connectivity
among AP possessors.

These findings converge with anatomical results (Schlaug et al.,
1995) that highlight the role of superior temporal regions, specifically
planum temporale, in AP. Results also convergewith diffusion tensor im-
aging data (Loui et al., 2011), which showed increased structural connec-
tivity in AP subjects between superior temporal and middle temporal
regions (STG and MTG). Enhancements in functional connectivity as
seen in the network analysis in this study are also found in superior
and middle temporal regions, but are more global in the whole brain
generally, with effects centering around STG. The differences between
the present fMRI results and previous DTI results may arise from differ-
ences between anatomical structure and task-related fMRI. The MTG
was not significantly activated in the general linear model, possibly be-
cause the task of emotional arousal judgment did not require subjects
to access their stored templates of pitch categories, as retrieving catego-
ries of pitch classes involves MTG for AP subjects as seen from anatomy-
behavior correlations (Loui et al., 2011) and from function-behavior cor-
relations (Oechslin et al., 2009; Schulze et al., 2009). Together these re-
sults provide support for intrinsic structural and functional differences
in the AP brain.

The present results extend anatomical studies by demonstrating that
functional networks, which are enhanced in amusical task in AP subjects,
are also observable from correlating sparse-sampled time-series data.
Previous studies have found that the humanbrain is organized intrinsical-
ly into default mode and task-related networks (Fox et al., 2005). These
slow, spontaneous fluctuations may be present and detectable in
sparse-sampled fMRI data. The present results suggest that functional
fluctuations in distinct brain regions are more highly correlated in the
AP brain, with increased efficiency and clustering especially in superior
temporal regions known to be important in sound processing and
perception.

The current findings of increased functional activation and small-
world connectivity in the AP brain network provide a link between
heightened functional networks and heightened structural networks
that may enable superior perceptual categorization ability in the
behavior of AP possessors. These findings suggest that the absolute
pitch population may be a valid model to help understand special
populations such as autism and synesthesia (Bonnel et al., 2003;
Heaton et al., 2008; Rouw and Scholte, 2007) — conditions that are
also thought to be characterized by local hyperconnectivity.
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