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ABSTRACT

Brain imaging studies have shown that both the
frontal and the parietal-temporal cortical areas are
engaged during speech comprehension. These
areas have been theorized to be components
(nodes) of a language network. However, research
on the intriguing role played by white matter
connectivity (connections between nodes) is
relatively sparse. In this study, we investigated
such neuroanatomical bases that underlie the
interplay between phonetic processing and
semantic processing. We trained participants with
a sound-to-word learning paradigm in which they
learned to use a foreign phonetic contrast for
signaling word meaning. Using diffusion tensor
imaging (DTI), we found that white matter
integrity in the left parietal-temporal region
positively correlated with performance in sound-
to-word learning.
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1. INTRODUCTION

Speech comprehension requires an integration of
acoustic-phonetic inputs into one’s semantic
system. Brain imaging studies have shown that
both the frontal and the parietal-temporal areas are
engaged in this process [5, 17]. Among
neurocognitive models of auditory language
processing [7, 10, 11, 13], Hickok and Poeppel’s
dual stream model [11] has made explicit
predictions about the anatomical bases of the
temporal-frontal pathways in the proposed
language network, a dorsal stream that maps sound
to articulatory representation and a ventral stream
that maps sound to meaning.
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With the recent advance in brain imaging tools
that examine white matter structures, pathways
connecting cortical areas, it is now possible to look
for precise anatomical correlates of these
processing streams as well as to study their
functional roles in speech perception and
comprehension. The studies of Flcel, et al. [6],
Glasser and Rilling [9] and Saur, et al. [14] are
examples of such in which techniques from
diffusion tensor imaging (DTI) were used.

In DTI, white matter integrity is reflected by a
measurement called fractional anisotropy (FA). FA
guantifies the overall directionality of water
diffusion in a neural tissue. The presence of
densely packed axons that align with one another
would hinder water diffusion in a direction
perpendicular to the fiber bundles, hence, making
water diffusion more anisotropic, i.e. diffusion
with a preferential direction [1].

In the present study, we aimed to investigate
white matter structures that mediate the interplay
between phonetic processing and semantic
processing. We trained native English speakers to
use pitch patterns, acoustically signaled by changes
in fundamental frequency, to contrast meanings.
For example, participants learned to associate
‘pesh’ presented with a falling pitch pattern with a
picture of a table, and ‘pesh’ presented with a
rising pitch pattern with a picture of a pencil. To
successfully learn these sound-picture pairings,
participants had to be sensitive not just to the
segmental features that came naturally to them
based on their native language, but also to the
novel supra-segmental features that were not used
in their native language. Using DTI, we identified
brain regions where white matter integrity
mediated learning success.
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2. MATERIALS AND METHODS

2.1. Participants

Twenty right-handed [12] native speakers of
American English (8 males and 12 females; mean
age = 25.9, s.d. = 4.79) participated in the study.
All participants passed a bilateral pure-tone
audiometric screening at 25 dB HL across octaves
from 500 to 4000 Hz and provided their written
consents prior to participation. None of the
participants had prior exposure to tone languages.
They were evaluated with a nonverbal 1Q test (Test
of Nonverbal Intelligence; TONI-3; [3]). Their
mean standard score was 119.35 (s.d. = 11.17).

2.2.

The sound-to-word learning program employed in
this study, and the construction of the materials,
had been detailed in our previous study [4].
Participants underwent a 9-day training in which
they learned to associate speech stimuli with
pictures of objects presented on a computer screen.

Sound-to-word learning program

2.3.

Training stimuli consisted of words that were
constructed based on six English monosyllabic
pseudowords (‘pesh’, ‘dree’, ‘nuck’, ‘vece’, ‘fute’
and ‘ner’) each superimposed, using the Pitch
Synchronous Overlap and Add (PSOLA) method
implemented in the software Praat
(http://www.praat.org), with four pitch patterns
that resembled the Mandarin Chinese level, rising,
dipping and falling tones, Figure 1. Hence 24
words were constructed and each of them was
paired with a unique picture designating the
meaning of the word. In total, 96 tokens were
created (24 words, 2 male talkers and 2 female
talkers). See our previous study [4] for a full
description.

Stimuli

Figure 1: An exemplar pitch pattern from a male talker.
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2.4. Training and testing procedures

Each session of training lasted for about 30
minutes, there was no more than a two-day gap
between sessions, and no more than one training
session per day. Each session was divided into a
training phase and a Word Identification Test. In
the training phase, words of the same base syllable
were presented in the same block, so that words in
a block were minimally contrasted by pitch. In
each block, each sound-picture pairing was
presented with an inter-trial interval of three
seconds. At the end of each block, participants
were tested on the words they had just learned:
each sound was played and then participants had to
select the correct picture from four choices. If the
participant selected a wrong picture, the correct
picture would be displayed briefly before the
presentation of the next test item.

In the Word Identification Test, participants
were presented with all the speech tokens one at a
time in a pseudorandom order, and were asked to
identify, untimed, each token by selecting a picture
from 24 possible choices. This procedure was
repeated once for each of the four talkers. No
feedback was given during the test.

2.5.

Diffusion-weighted images were acquired on a 3-
Tesla Siemens Verio with an 8-channel head coil.
The diffusion weighted volumes were achieved
with 64 diffusion encoding directions® with an
isotropic voxel size of 2mm® For anatomical
images, they were acquired using an MPRAGE
sequence’ with an isotropic voxel size of 1 mm?.

Image acquisition

2.6.

The preprocessing of the diffusion data was carried
out using diffusion toolbox (FDT) in FSL [16].
The DTI data were first corrected for eddy currents
and head motion. After that a diffusion tensor
model was fitted at each voxel to compute, among
other measures, fractional anisotropy (FA).

The FA maps created were then further
processed using the track-based spatial statistics
(TBSS) routine [15] where each individual FA
map was aligned to the FMRIB58_FA template
using the nonlinear registration tool FNIRT in
FSL. These aligned FA maps were averaged to
create a mean FA map and a thinning algorithm
was applied to create a mean FA skeleton that
represents the centers of all fiber bundles common
to all participants. After that, each participant’s

Image analysis
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aligned FA map was projected onto the skeleton
such that an  alignment-invariant  track
representation of FA values was achieved for each
participant.

3. RESULTS

3.1. Sound-to-word learning performance

By the end of the sound-to-word learning program,
on average a word ID score of 0.696 (s.d. = 0.249)
was achieved. The final session word ID score
correlated positively with IQ, Pearson’s r = 0.484
(p <0.05).

3.2.  White matter integrity predicts learning
success

Since 1Q was a reliable predictor of learning
success, it was included in the voxel-wise multiple
regression analysis to estimate the unique
contribution of white matter integrity to learning
success. Specifically, both FA and 1Q were used as
the predictors in the regression model with final
session word ID score as the criterion variable.
Only one cluster, in the left parietal-temporal
region (highlighted in Figure 2, MNI peak: —34,
=51, 23), survived thresholding (uncorrected
p<0.001 and cluster size >20 mm®) where FA
reliably predicted word ID score (f =0.763,
t = 7.328, adjusted R-square = 0.794).

Figure 2: White matter integrity in the left parietal-
temporal region (highlighted in black) reliably

predicted sound-to-word learning success. The white
matter skeleton was shown in grey.

4. CONCLUSION

In this study we report that white matter integrity,
as measured by FA, in the left parietal-temporal
region predicts sound-to-word learning success.
Anisotropy of water diffusion in white matter has
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been argued to be due to the dense packing of
intact axons that restrict water diffusion
perpendicular to the axons [1]. The positive
correlation between FA and generalization score
therefore suggests that the denser the packing of
the white matter in that region, i.e. the greater the
connectivity in the corresponding neural pathway,
the more successful one will be.

Our preliminary analysis using the technique of
probabilistic tractography, where voxels in this
region were used as the tracking seed, revealed an
extreme capsule system that subserves the function
of mapping sound to meaning. This ventral sound-
to-meaning pathway is composed of an MdLF
branch running along the STG, an ILF branch
running along the MTG and the EmC, a long-
distance fiber connecting the parietal-temporal
region with the inferior frontal region. These
findings converge with those of Saur, et al. [14]
and collectively provide evidence for the
importance of the ventral pathway [18], but not the
dorsal pathway [2, 8], in speech perception and
comprehension.
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! Acquisition  parameters:  b-value = 1000 s/mm?;

TR=9.8s; TE = 96 ms; FoV = 256 mm > 256 mm,
plus one reference volume without diffusion weighting
(b-value = 0 s/mm?).

? Magnetization-prepared rapid acquisition gradient
echo (160 slices; slice thickness = 1 mm; TR = 2.3 s;
TE = 3.39 ms; flip angle = 9 degree; FOV = 256 mm x
256 mm).
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