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A B S T R A C T

The neural architecture of the corpus callosum shows pronounced inter-individual differences. These differences
are thought to affect timing of interhemispheric interactions and, in turn, functional hemispheric asymmetries.
The present study aimed at elucidating the neuronal mechanisms underlying this relationship. To this end, we
used a combined DTI and EEG study design. In 103 right-handed and healthy adult participants, we determined
the microstructural integrity of the posterior third of the corpus callosum and examined in how far this micro-
structural integrity was related to between-hemisphere timing differences in neurophysiological correlates of
attentional processes in the dichotic listening task. The results show that microstructural integrity of the posterior
callosal third correlated with attentional timing differences in a verbal dichotic listening condition but not in a
noise control condition. Hence, this association between callosal microstructure and between-hemisphere timing
differences is specific for stimuli, which trigger hemispheric bottom-up processing in an asymmetric fashion.
Specifically, higher microstructural integrity was associated with decreased left-right differences in the latency of
the N1 event-related potential component and hence more symmetric processing of dichotic stimuli between the
two hemispheres. Our data suggest that microstructure of the posterior callosal third affects functional hemi-
spheric asymmetries by modulating the timing of interhemispheric interactions.
1. Introduction

The corpus callosum is thought to be a fundamental factor for the
emergence and maintenance of functional hemispheric asymmetries
(Bryden and Bulman-Fleming, 1994; Ringo et al., 1994; Bamiou et al.,
2007; Luders et al., 2010; Ocklenburg et al., 2016a). It is widely accepted
to play an important role in both the integration and modulation of
various processes in favor of the dominant hemisphere (Bloom and Hynd,
2005). One of the arguments for this role is the conduction velocity of
callosal fibers, which can be estimated from their myelination and
diameter. Electron microscopic studies indicate that in monkeys the
majority of callosal axons are unmyelinated and have an average diam-
eter of 0.75 μm (Lamantia and Rakic, 1990). In adult humans axon
diameter varies between 0.6 and 1.0 μm (Aboitiz et al., 1992) and around
70% of callosal fibers are myelinated (Fields, 2008). The myelination
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influences the conduction time between the left and right hemispheres.
In myelinated callosal fibers the conduction velocity is approximately
30 ms and between 150 and 300 ms in unmyelinated callosal fibers.
Importantly, inter-individual variation of the callosal architecture in
humans has been linked to the speed of interhemispheric processing
(Westerhausen et al., 2006b; Horowitz et al., 2015) and callosal inter-
action is important for the establishment of functional brain asymmetries
(Gazzaniga, 2000; Herve et al., 2013). However, it is virtually unknown
to what extent the callosal architecture mediates the speed of hemi-
spheric processing in the context of functional hemispheric asymmetries.

A prominent example of functional hemispheric asymmetries is
speech perception (Bethmann et al., 2007; Ocklenburg et al., 2013b; Van
der Haegen et al., 2013; Hugdahl andWesterhausen, 2016), which can be
demonstrated with the dichotic listening paradigm (DLT). In this simple
task, two different consonant-vowel syllables are simultaneously
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presented to the left and the right ear via headphones (Hugdahl, 2011),
resulting in a larger number of correct reports from the right ear - the
so-called „right ear advantage“ (REA) (Foundas et al., 2006). Since
left-hemispheric auditory areas mainly process input from the right ear,
the REA is thought to reflect the extent of left-sided dominance for
auditory speech perception. Interestingly, the strength of the REA shows
large inter-individual variation (Hirnstein et al., 2014). With regards to
the role of the corpus callosum for dichotic listening, two theoretical
models have been proposed to explain the neural foundation of this
inter-individual variance.

According to the “structural model” (Kimura, 1967, 2011), the REA is
caused by the anatomy of the ascending auditory pathway. Since
contralateral projections are stronger than ipsilateral projections, right
ear input is processed in the speech dominant left hemisphere, while
input from the left ear primarily arrives in the non-dominant right
hemisphere. Therefore, left ear input needs to be transferred to the left
hemisphere to be processed. This transfer process is thought to occur via
the corpus callosum. According to the “attentional model” (Kinsbourne,
1970; Hiscock and Kinsbourne, 2011), the anticipation of verbal stimuli
leads to a preparatory left-hemispheric activation, resulting in an atten-
tional bias towards the right ear. Hence, the right ear input is processed
faster, thus producing the REA. In this model, the corpus callosum is
thought to equalize the level of activation between the two hemispheres.
Importantly, both models make the same prediction about the influence
of the corpus callosum on the REA: a higher structural integrity of the
corpus callosum is thought to lead to a more symmetric performance,
because of better interactive capacities between the two hemispheres.

Indeed, this relation has been examined in clinical studies and studies
in healthy individuals on different anatomical levels. First, clinical
studies support the role of the corpus callosum in dichotic listening, as
partial or complete callosotomy leads to increased REA in favor of the left
hemisphere, based on a suppression of left ear reports (Clarke et al.,
1993; Pollmann et al., 2002; Peru et al., 2003; Musiek and Weihing,
2011). Hence, the absence of the corpus callosum leads to stronger
functional hemispheric asymmetries. Second, macroscopic anatomical
properties of the corpus callosum, like the size of the midsagittal area, are
positively correlated with the percentage of correct left ear reports and
negatively correlated with the percentage of correct right ear reports
(Westerhausen et al., 2006c). Thus, callosal macrostructure is associated
with less functional asymmetry between the two hemispheres. Yet, more
recent imaging methods such as diffusion tensor imaging (DTI) allow
in-vivo tractography of specific fiber tracts (Catani et al., 2002; Behrens
et al., 2007) as well as the microstructural quantification via means of
fractional anisotropy (FA) (Basser and Pierpaoli, 1996). FA in white
matter is thought to reflect myelin, axon diameter and packing density,
axon permeability and fiber geometry (Wedeen et al., 2005; Mori and
Zhang, 2006; Madler et al., 2008; Beaulieu, 2009; Zatorre et al., 2012)
and is thus seen as a measure of microstructural integrity (Schulte et al.,
2005; Genc et al., 2011a; Van Schependom et al., 2017), which in turn is
associated with conduction velocity. DTI examinations in humans show
that fiber connections within the corpus callosum are arranged in a
topographic manner (Hofer and Frahm, 2006; Zarei et al., 2006). Espe-
cially the posterior third of the corpus callosum consists of interhemi-
spheric fibers connecting the temporal cortices with each other. The
posterior callosal third is important for transmitting both syntactic and
prosodic information (Sammler et al., 2010). Accordingly, Westerhausen
et al. (2009) identified transcallosal fibers in the posterior parts of the
corpus callosum, which interconnect the superior temporal regions of
both hemispheres. They found that the mid-sagittal tract size of superior
temporal projections was positively correlated with the percentage of
correct left ear reports. However a link between correct left ear reports
and callosal microstructure was not found. Similarly, the neurophysio-
logical basis of this effect in relation to the callosal microstructure
is elusive.

There is clear evidence that the N1 event-related potential (ERP)
component for dichotic stimuli, reflecting bottom-up attentional
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processes (Herrmann and Knight, 2001; Beste et al., 2010; Ocklenburg
et al., 2012), is faster in the left than right the hemisphere; i.e. there is a
strong latency difference between the hemispheres (Eichele et al., 2005).
Since the important link between electrophysiological timing differences
and callosal microstructure has not been shown so far, the current study
examines this aspect by means of a dichotic listening task. The study is
the first that interrelates electrophysiology and callosal microstructure.
Given the evidence of a link between callosal microstructure and con-
duction velocity, we hypothesized that hemispheric latency difference is
decreased in participants with higher microstructural integrity of the
posterior callosal third.

2. Methods

2.1. Subjects

145 German-speaking volunteers (68 males and 77 females) with a
mean age of 23.5 years (range 18–33) participated in the present study.
We used the Edinburgh Handedness Inventory (EHI) to examine the
handedness for each participant (Oldfield, 1971). This questionnaire
yields a laterality quotient with a range between þ100 and �100, with
positive values indicating right- and negative values indicating
left-handedness. The sample consisted of 106 right-handed (mean lat-
erality quotient: 85.88, SD: 20.32) and 39 left-handed participants (mean
laterality quotient: �73.39, SD: 24.89). All participants were healthy
with no history of psychiatric or neurological disorders. Before the
experiment, all participants underwent audiometric screening. None of
the participants included in our final sample had interaural differences
above 15 dB for any of the tested frequencies (6000 Hz, 3000 Hz,
1500 Hz and 750 Hz). Participants were given written informed consent
and were either paid or compensated with course credit. Due to diffi-
culties with the EEG acquisition, four participants (2 males and 2 females,
1 left-handed and 3 right-handed) were excluded from the study. Thus
the final sample consisted of 141 participants (67 males, 38 left-handed).
The right-handed subsample (n ¼ 103; 48 males) showed a mean age of
23.7 years (range 19–33) and the averaged EHI laterality quotient was
85.99 (SD ¼ 20.15). The left-handed subsample (n¼ 38; 19 males) had a
mean age of 22.84 (SD¼ 3.03) and an averaged EHI laterality quotient of
�72.69 (SD ¼ 24.83). The ethics committee of the psychological faculty
at Ruhr-University Bochum approved the study. All participants gave
written informed consent and were treated in accordance with the
declaration of Helsinki. Subjects were tested in two sessions. The first
session included the handedness questionnaire and the EEG dichotic
listening task. The second session consisted of the MRI imaging.

2.2. Dichotic listening paradigm

At the beginning of the experiment participants were seated in a chair
in front of the presentation monitor, while EEG electrodes were already
attached to the participant's scalp. The experiment was a passive dichotic
listening task, which was conducted in accordance with a previous study
(Beste et al., 2015). The stimuli consisted of six different
consonant-vowel syllable pairs (e.g., “BA, “DA”, “GA”, “KA”, “PA”, and
“TA”) that were digitally recorded and spoken by an adult German male.
These stimuli were pretested and validated in previous studies (Ocklen-
burg et al., 2013a). Stimulus presentation was conducted using Presen-
tation software (Neurobehavioural Systems, Inc., Albany, USA) at 30 dB
via earphones. Participants were instructed to passively listen to the
presented sounds. Differences between the voice onset times of voiceless
(“KA”, “PA”, and “TA”) and voiced consonants (“BA”, “DA” and “GA”)
were controlled for, thus the temporal envelopes of the syllables were
matched. In the “dichotic condition” two different syllables were pre-
sented simultaneously to the two ears. All possible syllable pairs were
presented counterbalanced to both ears, to avoid possible confounding
effects of syllable-type. A “noise condition” was included as a control
measure, in which the participants were confronted with white noise on
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both ears instead of syllables. The experiment started with a training
block presenting 10 trials to familiarize the participants with the
different sounds. Subsequently, three experimental blocks were con-
ducted without pause. Within each block, 30 dichotic trials and 30 noise
trials were presented, making a total of 180 trials with 90 trials for each
condition. The noise trials were included as a control condition to ensure
the testing of specific lateralization effects, rather than a general auditory
phenomenon. The order of stimuli was randomized, with stimulus
duration of 350 ms for each trial. To avoid stimulus habituation effects,
inter-stimulus interval was jittered between 3150 and 3650 ms.

2.3. EEG recording and analysis

EEG signals during the passive dichotic listening task were recorded
with a 64 Ag/AgCl electrode grid (actiCAP ControlBox and QuickAmp
72, Brain Products, GmbH, Gilching Germany) from standard scalp po-
sitions. Data was recorded with a sampling rate of 1,000 Hz with FCz as
reference electrode. The impedance of all electrodes was below 5 kΩ. For
further processing of the raw data, we used Brain Vision Analyser II
software (Brain Products GmbH). First, the signal was filtered with a
band pass (IIR)-filter between 0.5 and 20 Hz, before we visually
inspected the EEG data to identify technical artifacts. If a channel showed
clear artifacts, it was removed from the following analysis. To identify
systematic artifacts caused by blinks, eye movements or pulse, an inde-
pendent component analysis (ICA) applying the infomax algorithm was
used. ICA-components that reflected these artifacts were excluded. Sub-
sequently, previously excluded channels as well as FCz were interpolated
topographically with spherical splines, on basis of the surrounding
electrodes. For each condition, separate segments were created starting
from �100 ms before and ended 500 ms after stimulus presentation.
Afterwards, an automated artifact rejection procedure was applied for
each segment using the following criteria: maximal amplitude difference
of 200 (μV) in a 100-ms interval as well as an activity below 0.5 (μV) in a
200 ms period as rejection criteria. Thus, if a rejection criterion was
reached for any electrode, the whole segment was excluded from further
analysis. Less than 1% of the trials were rejected by this method. After
baseline correction from �100ms to time point zero, the signal was
averaged for each channel. For subsequent N1 peak detection, we chose
the electrode positions C5 and C6, which have shown to produce strong
and reliable N1 responses in DLT (Beste et al., 2015) and auditory stimuli
in general using that particular electrode setup (Muckschel et al., 2014).
Furthermore, scalp topography plots as well as visual peak inspections
validated this choice (see result section and Fig. 3). Hence, N1 ERP
components were identified for these two electrodes. We used a
semi-automatic local peak detection algorithm implemented in Brain-
VisionAnalyzer, to identify N1. Based on earlier findings (Eichele et al.,
2005; Beste et al., 2015), N1 was measured as the most negative peak in a
time window from 70 to 180 ms after stimulus presentation. All peaks
were visually inspected and changed occasionally, in cases were the al-
gorithm missed the peak. Less then 5% of peaks were adjusted. After-
wards, the amplitude and latency of the N1 peak was extracted for the left
(C5) and right (C6) electrodes for further analyses. Finally, the latency
difference (LD) was calculated by subtracting N1 peak onset of the left
electrode from N1 peak onset of the right one, indicating that a positive
LD value reflects an earlier left hemispheric N1 peak onset compared to
the right hemispheric N1 peak onset.

2.4. sLORETA analysis

We used sLORETA (standardized low resolution brain electromag-
netic tomography) to reconstruct the cortical distribution of source lo-
cations contributing to the N1 ERP component during dichotic listening.
sLORETA (Pascual-Marqui, 2002) is a improved version of the previously
developed LORETA (Pascual-Marqui et al., 1994) and provides a single
linear solution to the inverse problem of localizing the sources of brain
functions without localization bias (Greenblatt et al., 2005; Sekihara
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et al., 2005). The localization accuracy has been validated by several
studies using simultaneous EEG/fMRI (Mulert et al., 2004; Olbrich et al.,
2009) as well as TMS/EEG studies (Dippel and Beste, 2015; Gohil et al.,
2016). A three-dimensional head model of the MNI152 template (Maz-
ziotta et al., 2001) is used for visualization, partitioned in 6239 voxels at
5 mm spatial resolution. For each voxel, standardized current density is
calculated. For the statistics the sLORETA-built-in voxel-wise randomi-
zation tests with 5000 permutations, based on statistical nonparametric
mapping (SnPM) were performed. On the basis of the waveforms in the
dichotic condition, we used the sLORETA-built one-sample t-test to
examine the source of amplitudes. Voxels with significant difference
from zero (p < 0.01, corrected for multiple comparisons) as well as co-
ordinates in MNI space were determined using sLORETA viewer.

2.5. DTI imaging and analysis

First we acquired a T1-weighted high-resolution anatomical scan
(MP-Rage, TR ¼ 8179 ms, TE ¼ 3.7 ms, flip angle ¼ 8�, 22 slices, matrix
size ¼ 240 � 240, resolution ¼ 1 � 1 � 1 mm), for co-registration of
diffusion images. The total acquisition time for each of this scan
was 6 min.

Three consecutive diffusion-weighted single-shot spin-echo echo-
planar images were acquired afterwards. Diffusion weighting was iso-
tropically distributed along 60 directions using a b-value of 1000 s/mm2.
Additionally, for motion correction and computation of diffusion co-
efficients, ten data sets were acquired without diffusion weighting. To
increase signal-to-noise ratio (Genc et al., 2011b; Genc et al., 2015), we
averaged the three images as a first preprocessing step. For further an-
alyses, we used FDT (FMRIB's Diffusion Toolbox), which is implemented
in FSL (www.fmrib.ox.ac.uk/fsl). Preprocessing steps included the
correction for eddy current and motion as well as volume-wise correction
of the gradient direction using the rotation parameters from headmotion.
For the evaluation of microstructural integrity, we calculated fractional
anisotropy (FA) maps via DTIFIT. By using FNIRT all diffusion images
were non-linearly aligned to the standard space template of the MNI
brain (FMRIB58_FA). In order to test whether the inter-individual vari-
ation of hemispheric differences in LD is related to the individual callosal
white-matter microstructure we performed a standardized geometrical
parcellation of the CC for all individuals. The parcellation schema pro-
posed by Hofer and Frahm (2006) was utilized to identify the anterior
callosal third, mid segment and posterior callosal third on the
FMRIB58_FA_1mm template (see Fig. 1). The the posterior callosal third
is thought to contain white-matter fibers from auditory cortices (Park
et al., 2008; Westerhausen et al., 2009), whereas the anterior third and
mid segment were used as control segments. Since FA images of all
participants were non-linearly aligned to MNI standard space, we used an
automatic procedure in transforming the callosal segments back to the
raw diffusion space of the FA images for each participant. Finally, we
computed for each participant the mean FA value of the posterior third,
mid segment and anterior third. In addition, to assess FA values of the
whole white matter, we performed an automated tissue parcellation
using FreeSurfer (http://surfer.nmr.mgh.harvard.edu, version 5.3.0) on
the individual T1-weighted images, to reconstruct gray and white matter
tissue. The details of this procedure have been described elsewhere (Dale
et al., 1999; Fischl et al., 1999). The automatic construction steps
included skull stripping and gray and white matter segmentation. After
preprocessing, segmentation was quality controlled slice-wise and inac-
curacies for the automatic steps were corrected by manual editing if
necessary. Brain segmentation yielded an estimate of overall white
matter tissue. The resulting white matter mask was linearly transformed
into the native space of the diffusion-weighted images to compute for
each individual the mean FA value for the whole white matter.

2.6. Statistical analyses

Statistical analyses were performed using SPSS (version 20, SPSS Inc.,
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Fig. 1. Callosal segments used for analyzing the structure-function relation. The image is presented in (A) mid-sagittal view, (B) coronal view, and (C) on the diffusion space MNI FA image
(FMRIB_FA_1 mm). Three callosal segments were created in accordance with the proposed scheme of Hofer and Frahm (2006). All three are visible in the mid-sagittal segment:
AT ¼ anterior third, MID ¼ mid segment, PT ¼ posterior third. Image directions are presented as follows: A ¼ anterior, P ¼ posterior, D ¼ dorsal, V ¼ ventral, L ¼ left, R ¼ right.
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Chicago, IL, United States of America). For all analyses, we used linear
parametric methods with an α-level of 0.05. To test if the latencies or
amplitudes of the two hemispheres differ with regards to the experi-
mental conditions, we conducted a two-way (2 � 2) repeated measure
ANOVA with hemisphere (left; right) and condition (dichotic; noise) as
within-participants factors. To test our hypothesis we calculated Pear-
son's correlation coefficient between LD and FA for both the noise and
dichotic condition. Furthermore, to test for potential confounds and the
specificity of our structure-function relationships we performed two
multiple regression analysis with LD of the dichotic condition as inde-
pendent variable. In the first multiple regression analysis we included FA
values of the posterior callosal third and whole white matter as pre-
dictors. For the second multiple regression analysis we included FA
values of the three callosal segments (posterior third, mid segment and
anterior third) as predictors.

3. Results

3.1. Levene's test of variance homogeneity

Since our sample consists of an unequal number of left- and right-
handed participants, we used Levene's test of variance homogeneity on
the residuals of the standard error of N1 latency differences in the
dichotic and noise condition. For latencies in both conditions, Levene's
Fig. 2. Boxplots for right-handed subsample showing latencies and amplitudes of C5 and C6 ele
blue boxplots belong to the dichotic condition. Light and dark green boxplots belong to the no
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test only missed significance by a small margin (dichotic: F(1, 139) ¼ 3.48,
p ¼ 0.06; noise: F(1, 139) ¼ 3.23, p¼ 0.08). Therefore, we decided to split
the sample by handedness and report separate statistical tests for the left-
and right-handed subsample.

3.2. EEG results – right-handers

We computed a two-way (2 � 2) repeated ANOVA with hemisphere
(left, right) and condition (dichotic, noise) as within-subject factors, with
N1 amplitude or N1 latency as dependent variable. For right-handed
participants, the comparisons of amplitude and latencies between con-
ditions are visualized in Fig. 2.

The ANOVA in amplitude of the right-handed subsample revealed a
significant main effect of condition (F(1, 102) ¼ 298.921, p < 0.001,
η2p ¼ 0.75), driven by higher N1 amplitude in the dichotic condition
(�2.52 μV ± 0.12) compared to lower N1 amplitude in the noise con-
dition (�0.49 μV ± 0.68). There was neither a significant main effect of
hemisphere (F(1, 102) ¼ 2.68, p ¼ 0.11, η2p ¼ 0.03) nor a significant
interaction between hemisphere and condition (F(1,102) ¼ 0.68,
p ¼ 0.41, η2p < 0.01).

For latencies, the ANOVA yielded a significant main effect of hemi-
sphere (F(1, 102) ¼ 23.40, p < 0.001, η2p ¼ 0.19), driven by earlier N1
peak onsets in the left hemisphere (110.64 ms ± 1.31) compared to N1
peak onsets in the right hemisphere (119.37 ms ± 1.14). Also, a
ctrode on the left hemisphere (LH) and right hemisphere (RH) respectively. Light and dark
ise condition. The scattered points represent single participants.
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significant main effect of condition was found (F(1, 102) ¼ 17.53,
p < 0.001, η2p ¼ 0.15). Comparing conditions showed that averaged N1
peak onset was earlier in the noise condition (111.25 ms ± 1.33) than
averaged N1 peak onset of the dichotic condition (118.75 ms, ± 1.10).
Moreover, the interaction between hemisphere and condition was sig-
nificant (F(1, 102)¼ 8.40, p< 0.01, η2p¼ 0.08). Bonferroni corrected post-
hoc test revealed that the interaction was driven by hemispheric differ-
ences in the dichotic condition (p < 0.001), with earlier N1 peak onset in
the left hemisphere (111.77 ms ± 1.64) compared to N1 peak onset of the
right hemisphere (125.72 ms ± 1.24). In contrast, there was no signifi-
cant difference in N1 peak onset between the left hemisphere
(109.49 ms ± 1.94) and right hemisphere (113.02 ms ± 2.10) in the noise
condition (p ¼ 0.25). The averaged EEG waveforms in the right-handed
sample are illustrated in Fig. 3 for both the dichotic condition (3A) and
noise condition (3B) for the chosen electrodes.

3.3. EEG results – left-handers

Similar to the right-handed subsample, we conducted a two-way
(2 � 2) repeated ANOVA with hemisphere (left, right) and condition
(dichotic, noise) as within-subject factors, with N1 amplitude or N1 la-
tency as dependent variable. While the results of the ANOVA in ampli-
tude were comparable to the analysis in right-handed participants, the
ANOVA in latencies showed a different pattern of results. Similar to right-
handers, the ANOVA in amplitude only revealed a significant main effect
of condition (F(1, 37) ¼ 86.40, p < 0.001, η2p ¼ 0.70; all other p > 0.10),
caused by higher amplitudes in the dichotic condition (�2.53 ± 0.23)
compared to the noise condition (�0.52, ±0.09).

For latencies, the ANOVA was not significant for the main effect of
hemisphere (F(1, 37) ¼ 2.01, p ¼ 0.17) or condition (F(1, 37) ¼ 0.23,
p ¼ 0.23). However, the interaction effect between hemisphere and
condition (F(1, 37)¼ 6.41, p< 0.02, η2p¼ 0.15) was significant, due to the
Fig. 3. A Averaged event-related potentials (ERPs) of dichotic listening stimuli for elec-
trodes C5 and C6. Electrode C5 reflects stimuli presented to the right ear, whereas elec-
trode C6 reflects stimuli presented to the left ear. The topographical map underlines the
use of these two electrodes, as they strongly reflect the N1 in the dichotic condition. The
scalp topography plots are color coded, with cold colors denoting negativity and warm
colors denoting positivity. Error lines represent 95% confidence interval. B ERPs and
topographical map for noise stimuli.
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earlier N1 peak onset in the left hemisphere during dichotic condition
compared to N1 peak onset in the right hemisphere (left: 111.82 ± 2.54;
right: 123.61 ± 3.61; Bonferroni corrected t-test: p < 0.05). The com-
parison of amplitude and latencies between conditions in left-handed
participants is visualized in Fig. S1.

Since left-handers did not show a significant main effect of condition
in N1 latency, all following analyses were computed only for the right-
handed subsample.

3.4. sLORETA results for dichotic condition

In order to reconstruct the cortical distribution of source locations
contributing to the N1 ERP component we computed a sLORETA analysis
for the right-handers (Fig. 4). One sample t-test for the dichotic condition
revealed that N1 amplitude differences between the conditions were due
to activation differences in superior temporal regions, which involved the
planum temporale in the superior temporal gyrus (BA41/BA42) and the
insula (BA13) in the left hemisphere.

3.5. Relationship between microstructural integrity and LD

For dichotic and noise conditions, we calculated Pearson's correlation
coefficient between hemispheric LD in N1 peak onset and FA values of
the posterior callosal third for the right-handers. Correlation analysis
revealed a significant negative relation between FA and LD in dichotic
condition (r(102) ¼ �0.30, p < 0.01, see Fig. 5). In contrast, no significant
relation between FA value and LD was found in the noise condition
(r(102) ¼ �0.01, p ¼ 0.93).

Furthermore, we controlled for age as a potential confounding factor
by computing a partial correlation between LD and FA of the posterior
callosal third. The pattern of results remain stable as we found a signif-
icant negative correlation in the dichotic condition (partial r(99)¼�0.32,
p < 0.01) and no significant correlation in the noise condition (partial
r(99) ¼ �0.01, p ¼ 0.89).

Since the observed association between hemispheric LD and FA value
of the posterior callosal third might be confounded by the whole white
matter FA, we performed a multiple regression analysis with LD of the
dichotic condition as dependent variable and FA of the posterior third
and whole white matter as predictors. Results indicate that only the FA of
the posterior third provided unique contribution in predicting LD
(beta¼�0.32, t(101)¼�2.37, p< 0.05). The contribution of global white
matter FA was not significant (beta ¼ 0.03, t(101) ¼ 0.22, p ¼ 0.83).
Furthermore, in a second multiple regression we tested whether the as-
sociation of LD and callosal microstructure was specific for callosal fibers
located in the posterior third. Here we compute the regression analysis
with LD of the dichotic condition as dependent variable and the FA of the
three callosal segments (anterior third, mid segment, and posterior third)
as predictors. Again only the FA values of the posterior third provided
unique contribution in predicting LD (beta ¼ �0.33, t(101) ¼ �2.26,
p < 0.05; other predictors p > 0.56).

4. Discussion

To examine the role of microstructural callosal properties in combi-
nation with electrophysiological parameters for hemispheric latency
differences in a lateralized cognitive task, we combined EEG measures in
dichotic listening with DTI quantification of microstructural integrity of
the corpus callosum. We performed separate analyses for our left- and
right-handed subsamples, due to unequal numbers of participants per
group, and focused on the bigger right-handed subsample. In right-
handed participants, the early N1 latency was significantly faster in the
left compared to the right hemisphere for the dichotic condition, but not
for the noise condition. This is in accordance with previous studies
(Eichele et al., 2005; Bayazit et al., 2009; Beste et al., 2015). As expected,
sLORETA analyses indicate that the source of the N1 component is pre-
dominantly located in the left planum temporale. Furthermore, we found



Fig. 4. Graphical representation of the sLORETA results showing cortical distribution of activation, which cause the N1 component in dichotic condition. Warm colors donating positive
current source density, which reflect the source of the signal.

Fig. 5. Scatterplots showing the relationship between FA values of the posterior callosal
third and latency differences (LD) in the dichotic condition (A) or noise condition (B).
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that left-right latency difference in N1 amplitude for the dichotic and
noise condition varied across individuals. Importantly, we found that the
inter-individual variability of the left-right latency difference in N1
315
amplitudes was negatively correlated with the microstructure of the
posterior third of the corpus callosum. This indicates that higher
microstructural integrity of the corpus callosum leads to decreased
hemispheric timing differences during dichotic listening.

This structure-function relationship is in accordance with the as-
sumptions made by the theoretical models of dichotic listening (Kimura,
1967; Kinsbourne, 1970). While there is a direct link between electro-
physiological hemispheric timing differences and behavioral outcome
during DLT (Eichele et al., 2005), our results indicate that these elec-
trophysiological timing differences are modulated by callosal micro-
structure. Previous studies suggested that decreased interhemispheric
interaction is associated with greater functional hemispheric asymme-
tries (Yazgan et al., 1995; Gootjes et al., 2006; Westerhausen et al.,
2006a), but callosal connections have often been evaluated in terms of
size, hence only showing the relation on a macroscopic scale. Therefore,
our study fills a crucial gap by showing the same association on a
microstructural level.

More specifically, we focused on the posterior third of the corpus
callosum, which consists of the isthmus and splenium (Hofer and Frahm,
2006). Previous studies suggest that callosal fibers in the isthmus
(Cipolloni and Pandya, 1985; Park et al., 2008) and the splenium (Poll-
mann et al., 2002; Westerhausen et al., 2009) interconnect brain areas
that are involved in processing speech information and auditory infor-
mation in general. One important area, which is associated with hemi-
spheric specialization for speech processing is the planum temporale
(Josse and Tzourio-Mazoyer, 2004; Dorsaint-Pierre et al., 2006). With
regards to the corpus callosum, microstructural analysis of the planum
temporale showed that higher asymmetry in microcolumnar spacing is
associated with fewer callosal projections (Chance et al., 2006). Impor-
tantly, the left planum temporale shows wider microcolumns and bigger
interpatch distance between macrocolumns, which in turn, is thought to
support the left hemisphere's superiority in processing temporal infor-
mation (Hutsler and Galuske, 2003). As the analysis of temporal variation
is crucial for understanding language (Shannon et al., 1995), the rela-
tively higher temporal resolution of auditory cortices in the left hemi-
sphere support its predominant role in speech perception (Zatorre
et al., 2002).

Indeed, in our study the sLORETA analysis identified the left planum
temporale and insula region as the source of the N1 component during
the DLT. The insula is thought to play a role in coordinating anterior and
posterior parts of the language system (Ardila et al., 2016). Importantly,
the planum temporale shows activation during dichotic listening (Jancke
and Shah, 2002) and is involved in stimulus selection during an auditory
discrimination task in which participants attend to one ear while
ignoring distracting stimuli to the other ear (Ross et al., 2010). In the
present study, the left-right hemispheric timing difference for the dich-
otic and noise condition varied across individuals, but the
structure-function relationship with callosal microstructure was only
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found for the dichotic condition. Hence, the influence of callosal
microstructure is specific for stimuli that trigger hemispheric bottom-up
processing in an asymmetric fashion. This in turn strengthens the role of
the corpus callosum as flexible and dynamic pathway, rather then a
passive channel for automatic inter-hemispheric exchange (West-
erhausen and Hugdahl, 2008).

The present study provides insight into the structure-function relation
between functional laterality and callosal microstructure, measured as
FA. However, FA is sensitive to many tissue properties (Beaulieu, 2009),
including variation in myelin (Madler et al., 2008), axon diameter and
axonal packing density (Takahashi et al., 2002). In a highly coherent
tissue like the corpus callosum, the axon diameter hypothesis (Beaulieu,
2002; Genc et al., 2011a, b) would predict a positive correlation between
FA values and latency difference, because increased axon diameter has
been related to decreased FA (Barazany et al., 2009) and faster conduc-
tion velocities (Caminiti et al., 2009). Here a lower value of latency
difference reflects faster conduction velocities across the hemispheres.
However, the correlation between FA values and latency difference we
found was negative, which does not support this hypothesis. An alter-
native explanation would be the myelin or axon packing density hy-
pothesis, because increased myelin thickness as well as axon packing
density hinder radial diffusion (Beaulieu, 2002), which in turn increases
FA and is associated with faster nerve conduction velocity. Our data is in
line with this hypothesis, because higher FA values in the posterior cal-
losal third were associated with a lower latency difference. Hence, our
study suggests that a variation in myelination or axon packing density
might cause the observed interindividual variance in hemispheric latency
difference.

Future studies could benefit from integrating complementary
methods of white matter quantification like myelin water fraction (Laule
et al., 2007; Madler et al., 2008) or neurite orientation dispersion and
density imaging (NODDI (Zhang et al., 2012),) to investigate how these
metrics influence inter-individual differences in functional brain asym-
metries. Moreover, future studies could also benefit from integrating an
assessment of genotypic variation in myelin-relevant genes (Ocklenburg
et al., 2016b) in order to investigate the molecular basis of the results we
observed in the present study. Furthermore, this study does not include
possible asymmetric differences in subcortical auditory pathways, which
might also contribute the onset of N1 latencies. Importantly, the here
presented function-structure relationship could not be investigated in the
left-handed subsample, because the missing difference in N1 peak onsets
between conditions made the analyses of a function-structure relation
obsolete. Reasons for the missing difference between conditions might be
due to study limitations such as the small left-handed subsample size or
the higher heterogeneity of left-handers in general (McManus, 2004).
Therefore, future studies are needed to clarify the shown
structure-function relation in a more homogeneous and bigger sample of
left-handers.

In summary, the present study addressed an important gap in
knowledge on the interrelation between inter-individual differences in
microstructural integrity of the corpus callosum and hemispheric latency
difference as a possible mechanism through which the corpus callosum
mediates functional hemispheric asymmetries. The present study in-
terrelates electrophysiology and the callosal microstructure in the
context of asymmetric timing differences. Therefore, this study crucially
contributes to the discussion about the role of the corpus callosum in
functional laterality, by reintroducing the aspect of processing speed as a
major factor for understanding functional hemispheric asymmetries.
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