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The arcuate fasciculus (AF) is a bundle of white matter traditionally thought to be
responsible for language function. However, its role in music is not known. Here we
investigate the connectivity of the AF using diffusion tensor imaging (DTI) and show
that musically tone-deaf individuals, who show impairments in pitch discrimination,
have reduced connectivity in the AF relative to musically normal-functioning control
subjects. Results were robust to variations in imaging parameters and emphasize the
importance of brain connectivity in para-linguistic processes, such as music.
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Introduction

Brain areas do not function in isolation;
rather, the disparate areas of the human brain
function together to enable complex human
behaviors, such as speaking, singing, and music
making, While gray matter in the brain con-
tains cell bodies that primarily perform the
necessary computations to drive human behav-
lor, white matter is required to enable cross-
talk between gray-matter areas to function in
concert. How these white-matter bundles of
neural connectivity enable behavior can be
studied using diffusion tensor imaging (D'TT).
Diffusion imaging makes use of diffusion prop-
erties of water to infer information about
connectivity in biological tissue.! By corre-
lating musical behavior with tracts identified
from diffusion-weighted images, especially in
populations with suspected disconnection syn-
dromes, DTT can be especially useful for un-
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derstanding the role of brain connectivity in
human behavior.?

One of the major fiber bundles in the human
brain that has long been mapped to behavioral
function is the arcuate fasciculus (AF), a bun-
dle of fibers connecting the classical Broca’s
and Wernicke’s areas in the frontal and tempo-
ral lobes, respectively.® Because patients with
disrupted connections in the AF, known as
conduction aphasics, have difficulty with as-
pects of linguistic functions, the AF is widely
believed to be responsible for language.* ¢ In
addition to language function, the classical
Broca’s and Wernicke’s areas, anatomically lo-
calized to the inferior frontal gyrus and pos-
terior superior temporal region, respectively,’:8
are shown in functional neuroimaging studies
911 and to
have abnormal morphometry in both left'? and
right'® hemispheres among individuals with
musical disorders or tone-deafness, also known
as congenital amusia.'*!3 This suggests a con-
siderable overlap in neural resources subserv-
ing language and music'*; however, the role
of white matter in these shared neural net-
works has only recently received attention.!'

to be especially active in musicians
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Here we compare the AF using different D11
parameters in musically intact and impaired
individuals in order to investigate the func-
tional importance of variability in white-matter
connectivity and its dependence on technical
considerations.

Methods

Subjects

Twelve right-handed subjects (tone-deaf
n = 6; control n = 6) participated in this
neuroimaging study. Subjects were recruited
from advertisements in the greater Boston
area. Tone-deaf subjects were identified by self-
report and confirmed using the Montreal Bat-
tery of Evaluation of Amusia'® as well as a psy-
chophysical pitch-discrimination task. In the
pitch-discrimination task, a three-up-one-down
staircase procedure was employed at the cen-
ter frequency of 500 Hz, a fundamental fre-
quency shown to be within the optimal range
for musical melodies. Subjects whose pitch-
discrimination thresholds were larger than one
semitone (100 cents) were labeled as tone-deaf.
The control sample was matched to the tone-
deaf group in age, gender, and degree of musi-
cal training,

Procedure

Structural MRI with DTT was performed
using a 3-Tesla General Electric (Fairfield,
CT) scanner. Anatomic images were acquired
using a Tl-weighted, three-dimensional,
magnetization-prepared,  rapid-acquisition,
gradient-echo volume acquisition with a
voxel resolution of 0.93 x 0.93 x 1.5 mm.
Diffusion-weighted images were acquired using
a single-shot, spin-echo, echo-planar imaging
sequence (TE1 = 86.9 ms, TR = 10,000 ms,
FOV = 240 mm, matrix size = 128 x 128 vox-
els, slice thickness = 5.0 mm, no skip, NEX =1,
axial acquisition, 25 noncollinear directions
with b-value = 1000 s/mm?, 1 image with
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b-value = 0 s/mm?). To investigate the effects
of different diffusion imaging parameters, an
additional set of diffusion-weighted images was
obtained with a higher resolution using the
thinner slice thickness of 2.6 mm and matrix
size 96 x 96 voxels, giving an isotropic voxel
size (2.6 mm?®), and with an increased number
of 30 noncollinear directions with b-value =
1000 s/mm? and 6 images with b-value =
0 s/mm?. For each set of diffusion-weighted
images, fractional anisotropy (FA) values, a
measure of directional preference of water
diffusion, were calculated within each voxel.

Data Analysis

Tractography was applied to DTT data to
reconstruct white-matter tracts by successively
following the path of preferred direction of
water diffusion. MedINRIA software v.1.5.3
(Sophia Antipolis, France)!” was used to calcu-
late diffusion tensors from all voxels and fiber
tracts were calculated by connecting adjacent
voxels with similar principal eigenvectors, using
a threshold FA value of 0.2 and a smoothness
factor (a parameter ranging from 0 to 1 corre-
sponding to the straightness of each fiber!7) of
0.2 for continuous fiber reconstruction. Fibers
were limited to lengths of >10 mm. To con-
strain bundles of fiber tracts and to determine
regional FA values, seed regions of interest
(ROIs) were drawn bilaterally on each brain by
a single coder, who was blind to the status of the
participants, on sagittal slices of FA-weighted
images over the posterior superior temporal
gyrus (pSTG), posterior middle temporal gyrus
(PMTG), and posterior inferior frontal gyrus
(pIFG). These ROIs were defined according to
published DTT atlases.'® ¥ Because the AF has
been identified as a large fiber tract connecting
the pIFG to both the pSTG and pMTG,*?!
we labeled the connection between the pIFG
and pSTG as the superior AF, and the connec-
tion between pIFG and pMTG as the inferior
AF. A mean FA value was calculated for each
ROT of each subject by averaging FA in all vox-
els. The identified tract volume statistics were
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Figure 1. A comparison of right AF tracts identified in a representative normal and tone-
deaf subject at the voxel size of 2.6 mm3. (A) Right AF tracts in a normal subject, showing
superior (dark gray) and inferior (light gray) branches. (B) Right AF tracts identified in a
tone-deaf subject, showing inferior tracts only. The superior branch was undetected among

tone-deaf subjects in the present sample.

extracted and compared offline after applying
tractography:

Results

Fiber volume was significantly smaller in the
tone-deaf group than in the normal group. This
between-group difference in tract volume was
confirmed by a significant effect of group in a
two-way ANOVA with factors of group (normal
versus tone-deaf) and AF tract (left superior, left
inferior, right superior, right inferior) on the de-
pendent variables of tract volume in both the
high-resolution imaging parameters (2.6-mm-
thick slice) [F(1,40) = 14.5, P < 0.001] and
the low-resolution imaging parameters (5.0-
mm slices) [F(1,40) = 8.1, P < 0.01].

A comparison between two sets of imaging
parameters replicated our main findings in the

identification of all four AF fiber tracts in non-
tone-deaf individuals, but only three of the four
tracts in tone-deaf individuals. The right supe-
rior Al was not detected in all tone-deaf indi-
viduals, but was identified in all nontone-deaf
controls (Fig. 1). While fiber volume of traceable
fibers differed slightly between the scans, this
difference was not significant [#(1,40) = 0.62,
P = 0.60]. A two-way ANOVA on fiber vol-
umes with factors of scan (2.6-mm versus 5.0-
mm slices) and group (tone-deaf versus control)
revealed a highly significant effect of subject
group [F(1,20)=4.8, P < 0.001], but no signif-
icant difference between scans [£(1,20) = 0.04,
P = 0.83] and, importantly, no interaction be-
tween scans and subject group [£/(1,20) = 0.33,
P =0.57], confirming that the observed differ-
ences between tone-deaf and control groups
were robust to different voxel resolutions
and number of diffusion directions (Iig. 2).
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Figure 2. Average fiber volume of each tract of the arcuate fasciculus (left superior, left
inferior, right superior, right inferior) in 6 tone-deaf and 6 control subjects, comparing the two
diffusion scanning protocols (light gray = 5.0 mm x 1.94 mm x 1.94 mm voxel size, 25
noncollinear directions, 1 bO acquisition; dark gray = 2.6 mm? voxel size, 30 noncollinear

directions, 6 bO acquisitions).

Changing the imaging parameters did not af-
fect the pattern of results.

Conclusions

Using the novel technique of diffusion ten-
sor tractography, we show that musically tone-
deaf individuals have disrupted connectivity in
the AF. This difference in volume of traceable
fibers is observed in both hemispheres, but ef-
fects are more robust on the right, with the
superior branch of the A’ being undetectable
among the tone-deaf individuals. This obser-
vation is the first documentation of differences
in the AF affecting nonlinguistic behavior, thus
highlighting the role of white-matter connec-
tivity between sound perception and produc-
tion brain areas in neural functions other than
language.

The observed differences between musically
normal and disordered individuals do not in-
teract with the chosen set of voxel resolutions
and number of diffusion directions. This pat-
tern of results confirms that differences in brain
connectivity between individuals with normal
and abnormal musical abilities are robust to dif-
ferences in imaging parameters. Nevertheless,
to maximize the number of traceable fibers in
diffusion imaging, it remains advisable to em-
ploy the highest-resolution imaging parameters

while catering to constraints of field of view and
overall scan time, two of the limitations that of-
ten dictate choices of imaging parameters, es-
pecially when dealing with special populations
who may pose increased demands on time and
resources.

Results converge with existing research in
showing abnormalities in gray and white mat-
ter in frontal and temporal regions among the
tone-deaf.!>1%1% Future work should focus on
psychophysical differences between musically
intact and disordered individuals and attempt
to identify neural connections that predict per-
ceptual behavior.
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