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Structural Organization of the Corpus Callosum Predicts
Attentional Shifts after Continuous Theta Burst Stimulation
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Repetitive transcranial magnetic stimulation (rTMS) applied over the right posterior parietal cortex (PPC) in healthy participants has
been shown to trigger a significant rightward shift in the spatial allocation of visual attention, temporarily mimicking spatial deficits
observed in neglect. In contrast, rTMS applied over the left PPC triggers a weaker or null attentional shift. However, large interindividual
differences in responses to rTMS have been reported. Studies measuring changes in brain activation suggest that the effects of rTMS may
depend on both interhemispheric and intrahemispheric interactions between cortical loci controlling visual attention. Here, we investi-
gated whether variability in the structural organization of human white matter pathways subserving visual attention, as assessed by
diffusion magnetic resonance imaging and tractography, could explain interindividual differences in the effects of rTMS. Most partici-
pants showed a rightward shift in the allocation of spatial attention after rTMS over the right intraparietal sulcus (IPS), but the size of this
effect varied largely across participants. Conversely, 'TMS over the left IPS resulted in strikingly opposed individual responses, with some
participants responding with rightward and some with leftward attentional shifts. We demonstrate that microstructural and macrostruc-
tural variability within the corpus callosum, consistent with differential effects on cross-hemispheric interactions, predicts both the
extent and the direction of the response to rTMS. Together, our findings suggest that the corpus callosum may have a dual inhibitory and
excitatory function in maintaining the interhemispheric dynamics that underlie the allocation of spatial attention.
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(s )

The posterior parietal cortex (PPC) controls allocation of attention across left versus right visual fields. Damage to this area results
in neglect, characterized by a lack of spatial awareness of the side of space contralateral to the brain injury. Transcranial magnetic
stimulation over the PPC is used to study cognitive mechanisms of spatial attention and to examine the potential of this technique
to treat neglect. However, large individual differences in behavioral responses to stimulation have been reported. We demonstrate
that the variability in the structural organization of the corpus callosum accounts for these differences. Our findings suggest novel
dual mechanism of the corpus callosum function in spatial attention and have broader implications for the use of stimulation in
neglect rehabilitation. j

ignificance Statement

Introduction
Visual attention is composed of multiple components, including
those that mediate spatial selection. There is a considerable clin-
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ical interest in spatial attention due to striking deficits such as
unilateral neglect that are typically found after damage to the
right hemisphere, which results in an abnormal attentional bias
to the right. In contrast to this, healthy participants show a much
smaller attentional bias to the left, so-called pseudoneglect
(Heilman and Valenstein, 1979; Bowers and Heilman, 1980;
Driver and Mattingley, 1998; Vallar, 1998; McCourt and Jewell,
1999; Halligan et al., 2003; Sosa et al., 2010). The most commonly
accepted neural account of these spatial biases proposes that there
is an asymmetrical organization of visual attentional networks in
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the brain, with a right hemispheric dominance (for review, see
Corbetta and Shulman, 2011). To explain this asymmetry, a
hemispheric rivalry model holds that, whereas each hemisphere
controls spatial attention within the contralateral hemifield,
the contralateral bias of the right hemisphere is stronger than the
one of the left (Kinsbourne, 1977, 1987, 1993). This model spec-
ulates that the hemispheres inhibit each other and compete for
directing attention toward the contralateral part of space. There-
fore, the preferential activation within the dominant right hemi-
sphere results in pseudoneglect in healthy individuals, whereas
the right hemisphere damage creates an interhemispheric imbal-
ance in attention because the intact left hemisphere is released
from inhibition and becomes hyperactive, resulting in neglect
(Kinsbourne, 1977, 1987; Corbetta et al., 2005). Although Kins-
bourne’s model relies purely on inhibitory functions operating
across the corpus callosum, there is also a substantial body of
evidence suggesting excitatory connections across this structure
(for review, see Bloom and Hynd, 2005).

Repetitive transcranial magnetic stimulation (rTMS) studies
support the notion of mutual hemispheric inhibition and right
hemisphere dominance in attention. rTMS applied over the right
posterior parietal cortex (PPC) in healthy individual triggers sig-
nificant shifts in the allocation of visual attention, temporarily
mimicking the spatial deficits observed in neglect (Fierro et al.,
2000; Hilgetag et al., 2001; Hung et al., 2005; Sack et al., 2007;
Cazzoli et al., 2009; for review, see Szczepanski and Kastner,
2009). In contrast, rTMS applied over the left PPC triggers either
weak or null attentional shifts in healthy participants (Fierro et
al., 2000; Hilgetag et al., 2001; Bjoertomt et al., 2002; Hung et al.,
2005; Dambeck et al., 2006; Sack et al., 2007; Cazzoli et al., 2009;
but see Battelli et al., 2009; Szczepanski and Kastner, 2013). Nev-
ertheless, rTMS applied over the left hemisphere has been used
successfully to ameliorate neglect symptoms, presumably by re-
ducing the hyperexcitability of the intact left hemisphere (for
review, see Cazzoli et al., 2010). Although the above results have
been found at a group level, large, individual differences in re-
sponses to stimulation have been reported in both healthy par-
ticipants and patients (Szczepanski and Kastner, 2013; Rizk et al.,
2013; Plow et al., 2014; see also review by Nicolo et al., 2015). An
understanding of how individual differences in behavioral re-
sponses to stimulation come about is of high importance, partic-
ularly if rTMS is to be used as clinical intervention to treat neglect
(Cazzoli et al., 2012; Koch et al., 2012).

In the current study, we investigated whether structural vari-
ability in the organization of white matter (WM) pathways could
explain individual differences in the effect of rTMS applied over
the right and the left posterior intraparietal sulcus (IPS) on the
spatial allocation of visual attention. We chose to stimulate the
posterior IPS, a cortical region within the dorsal attention net-
work with robust interhemispheric and intrahemispheric con-
nections (Mesulam, 1990; Corbetta and Shulman, 2002; Shulman
etal., 2010; Szczepanski et al., 2010; Corbetta and Shulman, 2011;
Gillebert et al., 2011; Thiebaut de Schotten et al., 2011a). Based on
previous research, we predicted that the differential effects of
r'TMS could be a consequence of variance either in the commis-
sural pathways interconnecting the left and right hemispheres
and/or in long association frontoparietal pathways within
each hemisphere. To explore these predictions, we performed
analyses of microstructural and macrostructural metrics of
WM using whole-brain tract-based spatial statistics combined
with more focused analyses based on tractography-estimated
WM bundles.
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Table 1. Participants’ demographic data

Participant Age (y) Sex Handedness’
P01 24 F 85
P02 28 F 73
P03 33 F —71
P04 20 M 87
P05 21 F 100
P06 24 F 82
P07 36 M 100
P08 26 M 53
P09 36 F —67
P10 28 F 39
P11 20 M 100
P12 22 M —100
P13 24 M 73
P14 22 M —30
P15 28 M 90
P16 27 F —100
P17 21 F —33
P18 24 M 46
P19 21 F 76
P20 20 F 90
P21 32 F -20
P22 33 F 88
P23 28 M 88
P24 22 M -30
P25 23 F 100
P26 32 F 90
p27 32 F 100
P28 24 F 100
P29 24 M 37
P30 31 M 89

“Edinburgh handedness inventory (Oldfield, 1971) with score range from —100 (extremely left-handed; score
below —40 left-handedness) to +100 (extremely right-handed; score above +40right-handedness) and the score
between —40 to +40 indicate ambidexterity.

Materials and Methods

Participants. Thirty healthy volunteers (13 males; mean * SD age 26.2 =
4.9 years) participated in one magnetic resonance imaging (MRI) and
three brain stimulation sessions. We excluded participants with a previ-
ous history of neurological or psychiatric disorders and contraindica-
tions to MRI and transcranial magnetic stimulation (Rossi et al., 2009)
based on a semistructured interview. Before taking part in the study, all
participants provided written informed consent in accordance with
protocols approved by the Central University Research Ethics Commit-
tee of the University of Oxford. The study was conducted in compliance
with the latest version of the Declaration of Helsinki. We did not exclude
participants based on their handedness and the Edinburgh handedness
inventory (Oldfield, 1971) was used to assess hand dominance. The full
score based on the Edinburgh handedness inventory was entered into the
statistical analyses. Demographic data of the participants are presented in
Table 1.

Visual stimuli and free visual exploration task. The stimuli consisted of
48 full-color pictures of both rural and urban landscapes (example in Fig.
1A). To rule out a potential influence of lateralized features in the pic-
tures on the symmetry of visual exploration, left-to-right mirrored ver-
sions were introduced, resulting in a total of 96 pictures. The pictures
were presented in a dimly lit room on a cathode ray tube display (Sony
Trinitron E530) with a resolution of 1024 X 768 pixels, 32-bit color
depth, and a refresh rate of 85 Hz. The pictures were presented full screen
at a fixed distance of 60 cm, the head of the participants being stabilized
by a chin and head rest, generating a visual angle of ~38° on the hori-
zontal dimension and 29° on the vertical dimension. The stimuli were
assigned to 6 blocks containing 16 pictures each (i.e., 8 original pictures
and the corresponding 8 left-to-right mirrored versions). Each picture
was presented for 5.5 s. To ensure a common starting point of visual
exploration for all participants, a black central fixation cross, subtending
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Study design. 4, Participants performed a free visual exploration task (example of a visual picture display with a visual scanpath) while their eye movements were recorded. The

cumulative fixation duration (i.e., the sum of the duration of all fixations) on the left and the right screen half was computed for each participant during each testing session at two time points (pre
and post stimulation). B, Schematic representation of the three testing sessions for each participant (counterbalanced order): with cTBS over the right IPS (left), with cTBS over the left IPS (central),
and with sham stimulation over the right IPS (right). Gray rectangles represent blocks of the free visual exploration task before (Pre) and after (Post) stimulation application. Bolt symbols represent
stimulation: real cTBS (solid symbols) and sham stimulation (dotted symbol). €, Location and delineation of regions of interest (ROls) used in spherical deconvolution tractography (see Materials and

Methods section for full details).

1° X 1° visual angle, was presented on a light gray background for 1.5 s
before every picture.

Participants were asked to freely explore the pictures by means of eye
movements and to accurately fixate the central fixation cross between
picture presentations. The participants performed the free visual explo-
ration task at three different test sessions, separated by at least 1 week: (1)
with active stimulation over the right IPS, (2) with active stimulation
over theleft IPS, and (3) with sham stimulation. The order of the sessions
was counterbalanced over participants. In every session, three blocks of
pictures were administered as a baseline measurement (henceforth
referred to as the “pre” time point). Participants then underwent brain
stimulation as described below. Finally, three further blocks of pictures
were administered to assess the effects of stimulation (henceforth re-
ferred to as the “post” time point). The order of the blocks and of the
pictures within the blocks was randomized for every participant and
testing session. A schematic representation of the experimental design is
depicted in Figure 1B. During each block of visual exploration task, par-
ticipants’ eye movements were recorded (an example of a visual scanpath
is shown in Fig. 1A).

To avoid fatigue and to allow periodic recalibration of the eye-tracking
system, short breaks of ~2 min were introduced between blocks. More-
over, to allow application of stimulation, a break of ~10 min was intro-
duced between the pre and the post time points. The duration of the pre
and the post measurement time points was ~11 min each. The whole
experiment lasted between 30 and 35 min.

Eye movements recording. Eye movements were recorded with an in-
frared, video-based eye-tracking system (EyeLink 1000; SR Research)
with a temporal resolution of 1000 Hz, a spatial resolution of 0.01°, and a
gaze position accuracy of 0.25-0.5° (depending on fixation accuracy
during calibration). The system was calibrated by means of a 3 X 3 point
grid before each block of the free visual exploration task and the calibra-
tion was followed up by a validation procedure. An eye movement was
classed as a saccade when its velocity exceeded 35°/s or its acceleration
exceeded 9500°/s, and its amplitude exceeded 0.1°. Eye movements were
parsed online into fixations and saccades and stored for offline analysis.
Minimal fixation duration was set at 100 ms.

rTMS. Continuous theta burst stimulation (cTBS), a patterned rTMS
protocol, has been shown to exert strong inhibitory neural effects and,
when applied over the PPC, to influence the spatial allocation of visual
attention (Nyffeler et al., 2008, 2009; Cazzoli et al., 2009). In the current
study, cTBS was delivered using a Magstim Rapid stimulator connected
to four booster modules (Booster Module Plus), producing biphasic
pulses (the most effective current induced in the brain tissue correspond-
ing to the second half-wave of a biphasic pulse; Salvador et al., 2011). For
cTBS over the right and the left IPS, the stimulator was connected to a
commercially available figure-of-eight coil with a diameter of 70 mm
(Magstim). Sham stimulation (over the right IPS) was performed with a
figure-of-eight coil connected to a commercially available placebo coil
system (Magstim). In the sham setup, the coil generated the same dis-
charge noises as real stimulation and produced a mild cutaneous sensa-
tion, but did not deliver active stimulation of the underlying cortical
tissue. The stimulator was driven by a laptop (Dell Latitude) running a
customized script with the stimulation parameters described below and
programmed in E-Prime 2.0 Pro (Psychology Software Tools).

TMS was delivered by means of a modified ¢TBS protocol described
previously (Nyffeler et al., 2008; Cazzoli et al., 2009; Nyffeler et al., 2009;
Cazzoli et al., 2012). In brief, the modified ¢cTBS protocol comprised 801
pulses delivered in a continuous train of 267 bursts. Each burst consisted
of 3 pulses at 30 Hz, repeated at 6 Hz. This modified cTBS protocol has
been shown to exert inhibitory effects lasting at least 30 min over the PPC
(Nyffeler etal., 2008) and over the primary motor cortex (Goldsworthy et
al., 2012).

Colil positioning was performed by means of MRI-guided neuronavi-
gation using a frameless stereotactic system (BrainSight; Rogue Re-
search). An MRI anatomical scan was acquired for every participant (see
below for details). The right and left IPS stimulation sites (within the
posterior part of IPS; right and left IPS1/2; Silver and Kastner, 2009) were
localized on the individual MRI scans of each participant using slice- and
3D-rendered information. The frameless stereotactic system was then
used to coregister neuroanatomical sites with landmarks on the scalp
surface. The coil was held in position by the experimenter during the
duration of the cTBS train with the handle pointing posteriorly and at an
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angle of 45° with respect to the participant’s sagittal plane (with the
present setup and coil orientation, the direction of the current induced in
the brain tissue was thus posterior—anterior, as defined with respect to
the first phase of the biphasic pulses and as commonly used for ¢TBS
application; Huang et al., 2005). ¢cTBS was delivered at 80% of the par-
ticipants’ individual resting motor threshold of the contralateral small
hand muscles. The resting motor threshold was defined as the minimal
stimulator output of TMS single pulses that was able to elicit consistent
motor responses (i.e., in at least three of five consecutive trials) in the
small hand muscles of the contralateral, relaxed hand.

Behavioral data analysis. The cumulative fixation duration (i.e., the
sum of the duration of all fixations) on the left and the right half of the
screen was computed for each participant for each stimulation condition
(cTBS left IPS, cTBS right IPS, sham), and time point (pre, post). The
percentage cumulative fixation duration was then calculated by dividing
the cumulative fixation duration on the left and the right screen halves,
respectively, by the total cumulative fixation time (i.e., the sum of the
cumulative fixation time on the left and on the right screen half) and
multiplying by 100 (see the formulae below).

% cumulative fixation duration on the left screen half

cumulative fixation
duration on the left screen half 100
= %
cumulative fixation

duration on (left screen half + right screen half)

% cumulative fixation duration on the right screen half

cumulative fixation
duration on the right screen half 100
= *
cumulative fixation

duration on (left screen half + right screen half)

First, the initial spatial bias (i.e., at time point pre) of each participant
in each stimulation condition was assessed. The initial spatial bias was
calculated by subtracting 50% from the percentage cumulative fixation
duration on the right screen half as follows:

Initial spatial bias

cumulative fixation

duration on the right screen half 100
= *
cumulative fixation duration on

(left screen half + right screen half)

— 50

Therefore, positive values indicate a rightward bias and negative values a
leftward bias. To assess the consistency between the initial biases across
testing sessions, we calculated an intraclass correlation coefficient
and the corresponding F statistic (assessing the null hypothesis of no
consistency). Moreover, we compared the initial biases across testing
sessions on a group level by means of a repeated-measures ANOVA
(rmANOVA) with the within factor being the stimulation condition
(cTBS left IPS, cTBS right IPS, sham).

To evaluate the effects of the stimulation condition on the spatial
distribution of free visual exploration time at a group level, we analyzed
the percentage cumulative fixation duration by means of an rmANOVA
with the within factors being stimulation condition (cTBS left IPS, cTBS
right IPS, sham), time point (pre, post), and screen side (left, right). Post
hoc comparisons were performed by means of Bonferroni-corrected
t tests. To follow up on the effects on an individual level, we computed a
spatial bias shift for each participant, calculated as the percentage cumu-
lative fixation duration on the right screen half after (post) stimulation
minus the percentage cumulative fixation duration on the right screen
half before (pre) stimulation. Therefore, positive values indicate a right-
ward shift of the bias and negative values a leftward shift.

Finally, to investigate the link between the behavioral results (individ-
ual differences in response to cTBS) and the neuroimaging data (struc-
tural variability within neuronal networks), we calculated a measure,
which indicates a shift in the allocation of spatial attention (the atten-
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tional shift) taking into account sham effects. For this purpose, we nor-
malized spatial bias shift after cTBS over the left IPS or ¢TBS over the
right TIPS with respect to sham effects. First, the post spatial bias (i.e., at
time point poststimulation) of each participant in each stimulation con-
dition (left IPS, right IPS, and sham) was assessed. The postspatial bias
was calculated in the same way as the initial spatial bias; that is, by sub-
tracting 50% from the percentage cumulative fixation duration on the
right screen half as follows:

post spatial bias

cumulative fixation
duration on the right screen half 100
= kS
cumulative fixation duration on

(left screen half + right screen half)

— 50

A normalized spatial bias shift (see the formulae below) was then calcu-
lated by dividing the spatial bias shift (i.e., the difference between post
spatial bias and initial spatial bias; after cTBS over the left or the right IPS,
respectively) by the absolute sham effect (i.e., the absolute value of the
difference between post spatial bias and initial spatial bias in the sham
condition). Again, positive values indicate a rightward shift and negative
values a leftward shift. Differences between the normalized spatial bias
shift after cTBS over the left IPS and ¢TBS over the right IPS were tested
by means of a paired-samples ¢ test.

normalized spatial bias shift,.q 1ps crs

(post spatial bias. ps rgs — initial spatial bias;eg 1ps crss)

(post spatial bias,,, — initial spatial biasgqm)
normalized spatial bias shift g, 1ps cras

(post spatial bias,g rpscrps — initial spatial bias,gy s crps)

(post spatial biasg,,, — initial spatial bias,,,)

MRI data acquisition and preprocessing. T1-weighted scans were acquired
at the Oxford Centre for Functional Magnetic Resonance Imaging of
the Brain (FMRIB) using a 3T Verio scanner with a 32-channel head
coil (Siemens). T1-weighted structural scans were acquired using
magnetization-prepared rapid acquisition gradient echo sequence
(MPRAGE) with the following parameters: TR = 2040 ms, TE = 4.7 ms,
flip angle of 8° and a resolution of 1 X 1 X 1 mm?. T1-weighted scans
were used for MRI-guided neuronavigation used to target cTBS stimu-
lation sites (see above).

Diffusion magnetic resonance imaging data were acquired using
single-shot echo planar imaging (EPI) and a monopolar sequence with a
voxel size of 2 X 2 X 2 mm? and the following parameters: TR = 9600 ms
and TE = 87 ms, in plane parallel imaging (GRAPPA) factor = 2. The
diffusion weighting was isotropically distributed along 60 directions (b =
1500 s/mm ?) plus 4 volumes were acquired without diffusion weighting.
To improve the signal-to-noise ratio and to allow correction of geometric
distortion resulting from EPI acquisition, for each participant, two sets of
whole-brain diffusion-weighted data were acquired with reversed phase-
encoding direction (anterior—posterior vs posterior—anterior; Chang and
Fitzpatrick, 1992; Andersson et al., 2003).

Diffusion-weighted scans from all participants were preprocessed for
distortion correction using the pipelines developed for the Human Con-
nectome Project (Glasser et al., 2013; Sotiropoulos et al., 2013) and the
latest FSL tools (FMRIB Centre Software Library, Oxford University;
Smith et al., 2004). Briefly, pairs of phase-reversed images were used to
correct for susceptibility-induced distortions (Andersson et al., 2003)
using the FSL topup tool. Eddy currents and subject motion were then
corrected using a generative model approach with the FSL EDDY tool
(Andersson and Sotiropoulos, 2015a,b). All distortion corrections were
performed in a single resampling step using spline interpolation.

Tract-based spatial statistics and ROI analyses. We used a whole-brain
tract-based spatial statistics (TBSS; Smith et al.,, 2006) to investigate
whether fractional anisotropy (FA) indexing variability in microstruc-
tural properties of WM was regionally correlated with individual differ-
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ences in the relative effects of cTBS on spatial attention. After distortion
correction, FA maps were generated for each participant by fitting the
diffusion tensor model (Basser et al., 1994) using the FSL Diffusion Tool-
box (Smith et al., 2004). All FA maps were aligned to standard Montreal
Neurological Institute (MNI) space based on nonlinear registration and
a mean FA image (an average FA map) was created and skeletonized by
deriving a skeleton map corresponding to the center of WM bundles
(FA > 0.2). The FA data for all participants were projected onto this
mean FA skeleton.

The skeletonized FA data were then fed into a general linear model
(GLM) analysis. First, we examined, across the entire group of partici-
pants, the linear relationship between FA and attentional shifts after
cTBS over either the left or the right IPS, controlling for the magnitude of
change induced by sham stimulation (normalized spatial bias shift). The
behavioral scores entered into the analysis were demeaned. We also in-
vestigated whether structural variability, indexed by FA, within any WM
region would characterize subgroups of participants, defined according
to differential effects of cTBS stimulation. Specifically, we performed two
analyses after dividing our participants into subgroups based on left
versus right attentional shifts after cTBS over the left IPS and those with
expected effects of ¢TBS according to Kinsbourne’s (1987) model (i.e.,
right attentional shift after cTBS over the right IPS and left attentional
shiftafter cTBS over the left IPS) versus all other participants (“typical” vs
“atypical” responders). Although we found a large variability in the mag-
nitude of responses (attentional shifts) to ¢TBS over the right IPS, the
direction of the response was the same in the majority of the participants;
that is, a rightward shift in attentional spatial allocation. Therefore, split-
ting participants into subgroups according to a leftward versus rightward
response to right cTBS alone would have not been informative due to
considerably uneven numbers in respective subgroups (see Fig. 3A).

Accurate statistical inference in the whole-brain TBSS analyses, in-
cluding correction for multiple comparisons, was achieved by using
permutation-based nonparametric inference (5000 random permuta-
tion tests) within the GLM framework (Nichols and Holmes, 2002;
Winkler et al., 2014). TBSS results were considered significant at p <
0.05, corrected for multiple comparisons using the threshold-free cluster
enhancement method (Smith and Nichols, 2009). The location of signif-
icant TBSS results in relation to specific WM pathways was determined
based on the Johns Hopkins University (JHU) WM tractography atlas
(Hua et al., 2008), the MRI Atlas of Human White Matter (Mori, 2005),
and the tractography atlas of human WM tracts (Thiebaut de Schotten et
al., 2011b).

TBSS analyses revealed a significant association between FA within the
corpus callosum and the effects of cTBS over the left IPS. After this, we
conducted additional ROI linear regression analyses to assess whether
the FA within the corpus callosum predicted the effects of left IPS ¢TBS
stimulation when controlling for age, handedness, sex, and initial atten-
tional bias (prestimulation spatial bias = initial spatial bias averaged
across the three stimulation sessions). We also applied two-tailed inde-
pendent samples ¢ tests to examine potential differences between sub-
groups of participants in mean FA within the corpus callosum. The
groups were defined by whether there were left versus right attentional
shifts after the left IPS ¢TBS and where there was an overall “typical”
versus “atypical” response to ¢TBS according to Kinsbourne’s (1977,
1987) model. All statistical analyses were performed with the SPSS 21
software. To extract FA within the corpus callosum, we created a mask in
MNI standard space using the JHU WM tractography atlas (combining
body, splenium, and genu; Hua et al., 2008). FA maps, transformed to
MNI space, were then used to obtain the mean FA value within the
corpus callosum for every participant. The extracted FA values then were
entered into the statistical analyses in SPSS, as described above.

Spherical deconvolution and corpus callosum tractography. We extended
our TBSS analyses of the FA data by using different structural metrics of
WM derived from tractography reconstructions of the corpus callosum.
Spherical deconvolution based on the damped Richardson—Lucy algo-
rithm using previously optimized parameters (Dell’acqua et al., 2010,
2013) was performed to estimate voxelwise fiber orientation distribution
functions. This was followed by whole-brain tractography reconstruc-
tions with the StarTrack software (www.natbrainlab.com). The stream-
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lines were propagated using an Euler integration algorithm with a step
size of 0.5 mm and an angular threshold of 45°. Finally, we applied a
single ROI approach to execute virtual dissections of the corpus callosum
using TrackVis (Ruopeng Wang, Van J. Wedeen, TrackVis.org, Martinos
Center for Biomedical Imaging, Massachusetts General Hospital). For
each participant, a sagittal ROI was delineated around the WM of the
corpus callosum on three separate slices, one midsagittal, one situated
two slices to the left, and one two slices to the right from the midslice
(Thiebaut de Schotten et al., 2011b; Thiebaut de Schotten et al., 2012;
Rojkova et al.,, 2015; Fig. 1C). The sagittal ROI was used as a seed for
tractography to isolate the corpus callosum; we kept all of the streamlines
that went through this sagittal ROI.

Anatomically, the corpus callosum is subdivided in the midsagittal
plane into rostrum, genu, body, isthmus, and splenium, although some
schemes divide the body into further subsections (Crosby, 1962;
Witelson, 1989). Alternatively, the corpus callosum can be subdivided
based on tractography and cortical segmentation; that is, segments cor-
responding to interhemispheric connections within distinct cortical
lobes (Zarei et al., 2006; Hofer and Frahm, 2006; Park et al., 2008).
Previous work suggests that interhemispheric connections relevant to
visuospatial attention are located within the posterior portion of the
corpus callosum containing fibers linking homologous regions within
the parietal, temporal, and occipital lobes (Koch et al., 2011; Lunven et
al., 2015). It has been also proposed that interhemispheric dynamics in
visuospatial attention differ between the frontal lobes and parietal/visual
cortical areas (Duecker et al., 2013; Duecker and Sack, 2015). To inves-
tigate whether there are any regionally specific differences in the micro-
structure and macrostructure of the corpus callosum in predicting the
response to cTBS, we performed tractography-based callosal parcella-
tion. We separated the corpus callosum fibers connecting homologous
cortical areas based on cortical divisions using five target (seed) masks
and a two-ROI approach as described previously (Rojkova et al., 2015).
The cortical target masks were defined for orbitofrontal cortex (orbito-
frontal mask), prefrontal/frontal cortex (excluding premotor and motor
cortical areas; the attention network specific frontal mask), the inferior
plus superior parietal lobules (the dorsal attention network specific pa-
rietal mask), the temporal cortex (temporal mask), and the occipital
cortex (occipital mask; Fig. 1C; for similar approach, see Zarei et al., 2006;
Hofer and Frahm, 2006). To isolate the specific parts of the corpus cal-
losum, we retained the streamlines that went through a sagittal ROI
delineated around the WM of the corpus callosum (as described above)
and one of the cortical target masks (Fig. 1C). The different cortical
masks were created based on the MNI structural atlas and Harvard-
Oxford cortical atlas (Collins et al., 1995; Mazziotta et al., 2001; Desikan
etal.,2006) implemented in FSL and transformed into each participant’s
native diffusion space using nonlinear transforms created in TBSS pro-
cessing steps. After virtual dissections, for all participants, we extracted
the hindrance-modulated orientational anisotropy (HMOA) and the
volume of the reconstructed full corpus callosum and the five recon-
structed parts of the corpus callsoum. HMOA provides information
about diffusion properties of the WM specific to the diffusion orientation
and, within regions of crossing fibers, this measure provides a better
estimate of the microstructural organization of the WM than the FA
(Dell’acqua et al., 2013; Rojkova et al., 2015). The tract volume was
calculated from the number of voxels intersected by the streamlines of
each tract, which provides a macrostructural measure of the space occu-
pied by the reconstructed pathway. Because tractography was performed
in the native space to control for variability in brain/hemisphere size
(which could affect the volume of the reconstructed tracts, i.e., larger
brain = larger tracts), for each participant, we normalized the tract vol-
ume by the hemisphere WM volume (tract volume/total WM volume).
We used the Shapiro—Wilk tests (Shapiro and Wilk, 1965) to examine
Gaussian distribution of the tractography data and a normal distribution
of HMOA and volume measures was confirmed.

To determine whether the HMOA index within the corpus callosum
or the corpus callosum volume would predict the effects of cTBS over
either the left or the right IPS (normalized spatial bias shift taking into
account the magnitude of change induced by sham stimulation; the de-
pendent variable), we performed linear regression analyses controlling
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post stimulation, in the condition with cTBS over the left IPS (left), cTBS over the right IPS (central), and sham stimulation over the right IPS (right). Error bars indicate SEM. Asterisks denote significant

post hoc tests (**p < 0.01).

for age, handedness, sex, and initial attentional bias (initial spatial bias
averaged across the three stimulation sessions). The secondary analyses
addressed the correlation between the measures of structural variability
within the corpus callosum, identified as predictors of individual differ-
ences in response to cTBS over either the left or the right IPS. To correct
for multiple comparisons in the regression and correlation analyses, we
applied a false discovery rate (FDR) correction based on the Benjamini—
Hochberg FDR method, as implemented in the MATLAB Bioinformatics
toolbox (Benjamini and Hochberg, 1995; Matlab R2012a; The Math-
Works). Finally, we applied two-tailed independent-samples ¢ tests to
assess potential differences between subgroups of participants (defined
by the left vs right attentional shift after cTBS over the left IPS; or the
overall “typical” vs “atypical” response to cTBS according to Kins-
bourne’s model) in the structural variability (HMOA index and volume)
of the corpus callosum. All statistical analyses were performed with the
SPSS 21 software.

Results

Behavioral data: effects of cTBS

As shown in Figure 2A, left, the initial spatial bias showed sub-
stantial interindividual variability in its direction (i.e., some par-
ticipants had a leftward and some a rightward bias) and its
magnitude. However, the direction of the initial spatial bias was
relatively constant within participants across testing sessions (i.e.,
there was low intraindividual variability): 25 of 30 participants
(83.3%) had the same direction of initial spatial bias (leftward or
rightward) in all three testing sessions and the remaining 5 par-
ticipants (16.7%) had the same direction of spatial bias in 2 of 3
testing sessions. This was also reflected in an intraclass correla-
tion coefficient of 0.829 (p < 0.001), indicating substantial con-

sistency (Landis and Koch, 1977a,b) for the initial biases across
testing sessions. Moreover, the rmANOVA indicated that, on a
group level (Fig. 2A, right), the initial spatial bias was not signif-
icantly different between testing sessions (F(, 55y = 2.128, p =
0.128).

The rmANOVA on the spatial distribution of free visual ex-
ploration time revealed a significant three-way interaction be-
tween the factors stimulation condition, time point, and side
(F2,58) = 25.237, p < 0.001). As confirmed by post hoc tests, on a
group level, cTBS over the right IPS triggered a significant right-
ward shift (i.e., there was a reduced percentage cumulative fixa-
tion time on the left screen half and an increased percentage
cumulative fixation time on the right screen half); in contrast,
cTBS over the left IPS and sham stimulation over the right IPS did
not have any significant effect (Fig. 2B).

On an individual level (Fig. 3A), the spatial bias shift triggered
by cTBS over the right IPS showed conspicuous interindividual
variability in its magnitude (i.e., some individuals showed clearly
greater shifts than others). However, the direction of the spatial
bias shift had low interindividual variability: 27 of 30 participants
(90%) showed a rightward bias shift after cTBS over the right IPS
and only 3 (10%) showed a leftward bias shift. In contrast to this,
the spatial bias shift triggered by cTBS over the left IPS showed
striking interindividual variability both in its magnitude and its
direction: 18 of 30 participants (60%) showed a leftward bias shift
and 12 of 30 participants (40%) showed a rightward bias shift.

The analysis of the mean normalized spatial bias shift revealed
a significant difference between the ¢TBS left IPS and the ¢TBS
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right IPS condition (f,4, = 5.0, p < 0.001, 2-tailed). Whereas
cTBS over the left IPS triggered a modest leftward shift, cTBS over
the right IPS triggered a more conspicuous rightward shift
(Fig. 3B).

Neuroimaging data: structural variability as a predictor of
attentional shifts after cTBS
We first performed whole-brain TBSS analyses to determine
whether structural variability within the WM as indexed by FA
indicates the anatomical basis of individual differences in re-
sponse to cTBS over the left and right IPS. These analyses dem-
onstrated a strong linear association between FA values within
the corpus callosum and attentional shifts after cTBS over the left
IPS (Fig. 4A). Specifically, we found the FA to be higher in the
corpus callosum of participants with stronger leftward shifts in
allocation of attention after cTBS over the left IPS. The higher FA
was detected within both anterior and posterior parts of the
corpus callosum, as well as throughout the entire body. There
were no significant associations between variability in the FA
and the individual differences in the response to cTBS over the
right IPS.

Our participants were not recruited based on handedness and
our sample consisted of 20 right-handed, four left-handed, and
six ambidextrous participants based on the Edinburgh handed-

ness inventory (Oldfield, 1971). Some previous studies have sug-
gested a link between hand preference and the morphology of the
corpus callosum (Witelson, 1985, 1989; Denenberg et al., 1991;
Habib et al., 1991; Tuncer et al., 2005; Josse et al., 2008; Luders
et al., 2010). These reports argue that the corpus callosum is
larger in left-handers and in individuals with nonconsistent
right-handedness. Other researchers have not found this associ-
ation (Kertesz et al., 1987; Jancke et al., 1997; Preuss et al., 2002;
Luders et al., 2003; Anstey et al., 2007). Although some studies
have also indicated a potential link among handedness, brain
lateralization, and hemispheric dominance in attention, this link
is neither straightforward nor confirmed by all reported data and
there is no substantial evidence to argue that the degree of hand-
edness relates to spatial bias (Bryden et al., 1983; Szaflarski et al.,
2002; Floel et al., 2005a,b; Whitehouse et al., 2009; Cai et al., 2013;
Szczepanski et al., 2013; Mazoyer et al., 2014; Chechlacz et al.,
2015; Petit et al., 2015; Somers et al., 2015; for a recent compre-
hensive review see Willems et al., 2014). Nevertheless, taking all
into consideration, we repeated the above TBSS analyses after
covarying out handedness (continuous measure). The results
were almost identical to those reported above, and indicated
again a significant association between structural variability
within the corpus callosum and individual differences in the
response to cTBS over the left IPS (and no significant effects of
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Figure 4.

Results of TBSS analyses. A, Higher FA in the corpus callosum was associated with stronger leftward shifts in attention after stimulation over the left IPS. B, Higher FA in the corpus

callosum was associated with stronger leftward shifts in attention after cTBS over the left IPS after controlling for the effect of handedness (continuous variable). Al results are presented after
correction for multiple comparisons (p << 0.05). Results are displayed on the FSL FA template in the standard MNI space with given X, ¥, and Z coordinates. L, Left; R, right. Only parts of the TBSS

skeleton where significant effects (p < 0.05) were found are shown. The colors depict p-values.

Figure 5.

Results of TBSS group analyses. Higher FA in the corpus callosum in participants with leftward versus rightward attentional shifts after cTBS over the left IPS (presented in red-yellow;

A) and with “typical” versus “atypical” overall responses to cTBS as predicted by Kinsbourne’s (1987, 1993) model (i.e., a rightward attentional shift after cTBS over the right IPS ¢TBS, and a leftward
attentional shift after cTBS over the left IPS; presented in blue-light blue; B). All results are presented after correction for multiple comparisons (p << 0.05). The results are displayed on the FSL FA
template in the standard MNI space with given X, ¥, and Z coordinates. L, Left; R, right. Only parts of the TBSS skeleton where significant effects (p << 0.05) were found are shown. The colors depict

p-values.

cTBS over the right IPS; Fig. 4B). Furthermore, a subsequent
linear regression analysis, based on the extracted mean FA
within the corpus callosum and attentional shifts after cTBS,
demonstrated that FA within the corpus callosum was a sig-
nificant predictor of the response to cTBS over the left IPS
(B = —0.487, p = 0.01) but not over the right IPS (8 =
—0.107, p = 0.59), after controlling for the effects of age,
handedness, gender, and initial spatial bias (prestimulation
attentional bias averaged across the three stimulation ses-
sions). Therefore, importantly, the link between mean FA
within corpus callosum and response to cTBS over the left IPS
emerged to be unrelated to initial spatial bias, degree of hand-
edness, age, and sex (p > 0.5).

We next investigated whether structural variability, indexed
by FA, within any WM region would characterize participants

subgrouped by the effects of ¢cTBS stimulation. The whole-brain
voxelwise TBSS analyses demonstrated significant differences in
the FA within the corpus callosum when comparing participants
with left (n = 18) versus right (n = 12) attentional shifts after
cTBS over the left IPS (Fig. 5A) and when comparing participants
with responses to ¢TBS as predicted by Kinsbourne’s (1977,
1987) model (i.e., those showing rightward attentional shifts after
cTBS over the right IPS and leftward attentional shifts after cTBS
over the left IPS vs all other participants; “typical” versus “atypi-
cal” responders; n = 16 versus 14 participants, respectively; Fig.
5B). Higher FA was found in the anterior and midbody part of the
corpus callosum in participants with left versus right attentional
shifts after cTBS over the left IPS; for the contrast between “typ-
ical” and “atypical” responders, differences in FA were found
across the entire length of the corpus callosum. Additional ROI
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analyses based on the extracted mean FA values within the corpus
callosum confirmed that there was higher FA in participants with
a left shift in the allocation of visual attention after cTBS over the
left IPS (,4) = 2.43; p = 0.022) and in those with “typical”
response to cTBS (t,5) = 2.97; p = 0.006).

The whole-brain tract-based spatial statistics analyses indi-
cated that high FA within the corpus callosum was the sole sig-
nificant predictor of the effects of cTBS. Although in the current
study, we did not find any significant link between responses to
cTBS stimulation and intrahemispheric connections (i.e., fron-
toparietal WM pathways), the potential role of these pathways
should not be overlooked. These pathways have been linked to
individual differences in spatial bias (Thiebaut de Schotten et al.,
2011a; Chechlacz et al., 2015), likely mediate compensatory
changes in regional cortical activity within each hemisphere trig-
gered by cTBS (Sack et al., 2007; Plow et al., 2014; Marshall et al.,
2015), and contribute to the differential activation of distant re-
gions within the attentional networks of the left versus the right
hemispheres in response to stimulation. Strikingly, one recent
study found a link between individual differences in TMS-
induced modulation of performance in spatiotemporal visual de-
tection task and structural variability in intrahemispheric
frontoparietal pathways (Quentin et al., 2015).

The corpus callosum is located within brain regions that have
a complex WM organization (i.e., with high WM density and
multiple crossing pathways; Thiebaut de Schotten et al., 2011b).
FA measures based on traditional diffusion tensor models may
fail to depict tissue microstructure precisely within pathways af-
fected by crossing fibers, whereas indices calculated using meth-
ods able to resolve crossing fibers give better estimates in such
cases (Jones et al., 2013; Dell’acqua et al., 2013; Rojkova et al.,
2015). Spherical deconvolution based on estimating a distribu-
tion of fiber orientations from the diffusion signal allows a more
accurate characterization of WM properties in regions where
there are crossing fibers, overcoming some of the limitations of
traditional diffusion tensor methods (Dell’acqua et al., 2013). To
verify our results from the tensor model and TBSS analyses, we
performed tractography of the corpus callosum and then calcu-
lated the tract volume and the spherical deconvolution-derived
HMOA index for the different parts of the corpus callosum. It
should be noted here that, although the FA and HMOA indexes
are calculated based on different approaches to modeling diffu-
sion data, both measures are sensitive to microstructural organi-
zation of WM such as myelination, axon density, axon diameter,
and fiber dispersion (Dell’acqua et al., 2013), whereas volume is
calculated based on the space occupied by the tractography re-
constructed WM tract and denotes its size. Tractography allowed
us to extend our analyses by examining the link between variabil-
ity in both the microstructure (FA and HMOA indices) and mac-
rostructure (tract volume) of the corpus callosum in relation to
the responses to cTBS, as well as to test for any regional specificity
in the link between the structural organization of the corpus cal-
losum and individual differences in response to stimulation.

Linear regression analyses demonstrated that the HMOA in-
dex was a significant predictor of leftward attention shifts
after cTBS over the left IPS (across the entire corpus callosum,
B = —0.523, p = 0.028 FDR corrected, orbitofrontal part B =
—0.560, p = 0.020 FDR corrected, parietal part 8 = —0.515, p =
0.035 FDR corrected and temporal part 8 = —0.503, p = 0.035
FDR corrected but not in the case of either the prefrontal/frontal
or occipital parts p > 0.5) after controlling for the effects of age,
handedness, sex, and spatial bias. Supplementary correlation
analyses indicated a strong association between the HMOA index
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and the response to cTBS over the left IPS. Specifically, a higher
mean HMOA index within the entire corpus callosum was asso-
ciated with a larger leftward shift in the allocation of visual atten-
tion after cTBS over the left IPS (r = —0.46; p = 0.034 FDR
corrected), whereas it was not related to attentional shifts after
cTBS over the right IPS (p > 0.5). Interestingly, we again found
regional specificity in the link between a larger leftward atten-
tional shift after cTBS over the left IPS and a higher HMOA index
(i.e., there was a significant negative correlation for the orbito-
frontal (r = —0.46; p = 0.030 FDR corrected), parietal (r =
—0.48; p = 0.030 FDR corrected), and temporal (r = —0.35; p =
0.028; although this result did not survive correction for multiple
comparisons) portions of the callosal fibers (Fig. 6B). Based on
both regression and correlation analyses, the effects of the volume
of the corpus callosum on the response to cTBS over the left IPS
were not significant (p > 0.5). In contrast, the effects of cTBS
over the right IPS could be predicted by the volume of the entire
corpus callosum (8 = —0.417, p = 0.037; although this result did
not survive correction for multiple comparisons), but not by the
HMOA index (p > 0.5). We did not find any regional specificity
in the link between response to cTBS over the right IPS and the
volume of the corpus callosum (p > 0.5). Subsequent correlation
analysis demonstrated a negative association between the effect of
cTBS over the right IPS and the volume of the entire corpus
callosum (Fig. 6C; smaller volume of corpus callosum corre-
sponding to larger right attention shift after cTBS over the right
IPS; r = —0.31; p = 0.047; although this result did not survive
correction for multiple comparisons).

Two earlier studies demonstrated that interhemispheric con-
nections relevant to visuospatial attention are located within the
posterior portion of the corpus callosum (Koch et al., 2011; Lun-
ven etal., 2015). In addition, a recently proposed hybrid model of
attention control suggests that there may be striking regional
differences (between frontal, parietal and occipital areas) in
hemispheric asymmetries and right hemisphere dominance
(Duecker and Sack, 2015). In contrast, our analysis found the
association between microstructural variability and response to
cTBS stimulation within both the anterior and posterior corpus
callosum (i.e., the orbitofrontal, parietal and temporal parts of
the corpus callosum). Although the findings concerning the or-
bitofrontal part of the corpus callosum are somewhat surprising,
there isa growing body of evidence that anterior prefrontal cortex
(equivalent to the orbitofrontal mask used here) plays a role in
attentional control in visual search (for a review see Pollmann,
2004, 2012). There was also a link between microstructural vari-
ability of the entire corpus callosum and the response to cTBS
stimulation. Finally, we report no regional specificity in the link
between macrostructural variability within the corpus callosum
and the response to cTBS stimulation. Therefore, overall, our
data support Hilgetag’s (2001) proposal that, in addition to the
parietal cortex, other cortical areas within the attention networks
may interact competitively and they also demonstrate that these
interactions are mediated by the corpus callosum.

Together, the results provided by the regression and correla-
tion analyses demonstrated that the HMOA index is a predictor
for leftward attentional shifts after cTBS over the left IPS (higher
HMOA index predicts both the leftward direction and the extent
of the attentional shift), whereas the volume of the corpus callo-
sum predicts rightward attentional shifts after cTBS over the right
IPS (smaller volume predicts greater rightward shift). Therefore,
we conducted a final supplementary group analysis, which con-
firmed that there was a significantly higher HMOA index within
the corpus callosum (t,5) = 2.61; p = 0.013) and a lower corpus
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Results of spherical deconvolution tractography. 4, Examples of spherical deconvolution tractography reconstruction of the entire corpus callosum (top) and of different callosal parts:
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attention after cTBS. *Correlation is significant after correction for multiple comparisons (FDR-corrected p-values).

callosum volume (t,4) = —2.42; p = 0.024) in participants with
“typical” versus “atypical” responses as predicted by Kins-
bourne’s (1987, 1993) model. It should be noted that we found no
correlation between the HMOA index and the volume of the
entire corpus callosum (p > 0.5). However, interestingly, we
found a significant negative correlation between the HMOA in-

dex and the volume of the parietal portion of the corpus callosum
interconnecting areas within inferior and superior parietal lobule
(r = —0.48; p = 0.015 FDR corrected). Although we only ob-
served a weak correlation between attentional shifts after cTBS
over the right IPS and the size of the corpus callosum (Fig. 6C),
the following findings (as presented above) further support the
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association between the volume of the corpus callosum and the
effect of cTBS stimulation: (1) significant group differences in
the size of the corpus callosum between participants with “typi-
cal” (i.e., rightward attentional shifts after cTBS over the right IPS
and leftward attentional shifts after cTBS over the left IPS) versus
“atypical” responses to cTBS as predicted by Kinsbourne’s model
and (2) a negative correlation between the HMOA index and the
volume within the specific portion of the corpus callosum con-
necting parietal attention networks.

Although some previous reports argued that the corpus callo-
sum is larger in left-handers and in individuals with nonconsis-
tent right-handedness (Witelson, 1985, 1989; Denenberg et al.,
1991; Habib et al., 1991; Tuncer et al., 2005; Josse et al., 2008;
Luders et al., 20105 although other reports found so such link
Kertesz et al., 1987; Jincke et al., 1997; Preuss et al., 2002; Luders
etal., 2003; Anstey et al., 2007), our additional analyses indicated
that, in our group of participants, there were no associations
between the overall size (volume) of the corpus callosum and
handedness (p > 0.5). Similarly, we found no link between the
volume of the corpus callosum and sex (p > 0.5; some earlier
reports argue a link between sex and the size of the corpus callo-
sum, whereas others found no supporting evidence; Allen et al.,
1991; Bishop and Wahlsten, 1997; Dubb et al., 2003; Ardekani
etal, 2013). It should be noted, however, that our sample might
be too small to detect such subtle anatomical differences.

Finally, there were no statistically significant correlations (p >
0.5) among the FA, the HMOA index, and the volume of the
corpus callosum and participants’ initial spatial bias. Earlier stud-
ies suggest that individual differences in spatial biases are causally
link to structural variability within the frontoparietal WM path-
ways (Thiebaut de Schotten et al., 2011a; Chechlacz et al., 2015).
Together, previous reports and current data suggest that, whereas
the structural organization of intrahemispheric connections
(i.e., the frontoparietal WM pathways) mediate spatial bias, the
structural organization of interhemispheric connection (i.e., the
corpus callosum) mediates dynamic cross-hemispheric interac-
tions and thus contributes differentially to hemispheric lateral-
ization in spatial attention.

Discussion
We used an inhibitory ¢TBS protocol to disrupt the allocation of
visuospatial attention and combined this with diffusion-
imaging-based assessment of structural variability in WM orga-
nization. Our data provide strong evidence that structural
variability within the corpus callosum predicts both the direction
and extent of attentional shifts after cTBS applied over the IPS.
Previous studies have reported strong effects of inhibitory
stimulation applied over the right PPC, but no effects of stimu-
lation over the left PPC, suggesting a clear functional asymmetry
between the right and left hemispheres in attentional control
(Fierro et al., 2000; Hilgetag et al., 2001; Bjoertomt et al., 2002;
Hung et al., 2005; but see Dambeck et al., 2006; Sack et al., 2007;
Battelli et al., 2009; Cazzoli et al., 2009; Szczepanski and Kastner,
2013). These differential effects of right versus left PPC stimula-
tion tie in with Kinsbourne’s interhemispheric rivalry model in
which the spatial distribution of attention is determined by dy-
namic competition between the left and right hemispheres, each
directing attention toward the contralateral visual field, but with
a stronger contralateral bias of the right hemisphere (Kinsbourne
1977). On the group level, our findings are consistent with this:
cTBS over the right IPS triggered a significant rightward shift in
the distribution of fixations, whereas cTBS over the left IPS had
no significant effect. However, on an individual level, cTBS over
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the left IPS triggered opposite responses, with some participants
responding with rightward and some with leftward shifts in at-
tention. These findings support the notion that interindividual
anatomical and functional differences need to be taken into con-
sideration to understand mechanisms of human attention
(Thiebaut de Schotten et al., 2011a; Szczepanski and Kastner,
2013; Chechlacz et al., 2015).

Our whole-brain analyses showed that the structural organi-
zation of the corpus callosum was the sole significant predictor of
the effects of cTBS on the allocation of spatial attention. Prior
evidence suggests that variability in the structural architecture of
intrahemispheric frontoparietal pathways contribute to individ-
ual differences in spatial attention (Thiebaut de Schotten et al.,
2011a; Chechlacz et al., 2015). Our results extend previous find-
ings by showing that structural variability within the corpus cal-
losum contributes to individual differences in the effects of rTMS
on allocation of spatial attention. Because rTMS can be used as a
clinical tool to ameliorate neglect symptoms (Cazzoli et al.,
2010), our findings have broader implications. Indeed, Lunven
et al. (2015) have demonstrated that the degree of WM integrity
within the corpus callosum predicts the potential for recovery
from neglect (see also Carter et al., 2010; Corbetta et al., 2015).

Novel dual account of callosal function in spatial attention

To date, it is not clear how the corpus callosum regulates the
interactions between the left and the right hemispheres and two
opposing models—one based on interhemispheric inhibition
and one on excitatory function—have been proposed (Bloom
and Hynd, 2005; van der Knaap and van der Ham, 2011). The
inhibitory model states that the corpus callosum maintains hemi-
spheric lateralization, with greater interhemispheric connectivity
corresponding to stronger inhibition of the nondominant hemi-
sphere. This model matches directly Kinsbourne’s proposal of
hemispheric rivalry and cross-hemispheric inhibition in spatial
attention (Kinsbourne, 1977). In contrast, the excitatory model
argues that the corpus callosum reinforces information transfer
between the hemispheres, with stronger connectivity corre-
sponding to a greater rebalancing of activation across both hemi-
spheres, which in turn decreases hemispheric asymmetries
(Bloom and Hynd, 2005). Previous studies provide conflicting
evidence that supports either the inhibitory or the excitatory
model, raising the possibility that the corpus callosum plays both
inhibitory and excitatory roles in interhemispheric communica-
tion. Based on our data, we put forward a dual-process model
consisting of both inhibitory and excitatory mechanisms of cor-
pus callosum function in maintaining right hemispheric domi-
nance in spatial attention. Furthermore, we suggest that the
microstructural and macrostructural organization of the corpus
callosum may modulate differentially interhemispheric commu-
nication and the distribution of processing resources between the
two hemispheres. Our account assumes that the rTMS protocol
both suppressed activity in the stimulated hemisphere and gen-
erated compensatory activation. The effects of inhibition and
compensatory activation are then modulated by the corpus
callosum.

First, our findings support the link between higher FA/HMOA
and greater inhibition of the nondominant hemisphere. Accord-
ingly, in participants with a high FA/HMOA, the right dominant
hemisphere directs attention toward the contralateral (left) visual
field and strongly inhibits the nondominant left hemisphere. The
application of cTBS over the left IPS additionally inhibits the left
hemisphere and triggers a leftward attentional shift. The extent of
this shift increases with a higher FA/HMOA (Fig. 7A, left). In
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Dual inhibitory and excitatory model of callosal function in spatial attention. A, Inhibitory model. cTBS applied over the left IPS in participants with a high FA/HMOA index triggers a

leftward attentional shift because the inhibitory stimulation is applied to regions already inhibited by the right dominant hemisphere (left panel). In participants with a low FA/HMOA index, there
is a weak reciprocal inhibition of the two hemispheres across the respective attentional networks. cTBS over the left IPS thus triggers compensatory activation of other cortical areas within the left
hemisphere (red cross), with the result that spatial attention is directed to the contralateral (right) visual field (right panel). B, Excitatory model. In participants with a large corpus callosum (large
volume), cTBS applied over the right IPS results in smaller rightward attentional shifts. This is due to the fact that, whereas this stimulation triggers some inhibition of the right hemisphere, there
isalso high interhemispheric connectivity, causing rebalancing activation across both hemispheres (left panel). In participants with a smaller corpus callosum (small volume), cTBS over the right IPS
results in larger rightward attentional shifts due to stimulation triggering inhibition within the dominant right hemisphere and the smaller corpus callosum being less efficient in rebalancing
activation across both hemispheres (right panel). ¢, Dual model. The “typical” responses to ¢TBS can in turn be better accounted for not by a purely inhibitory model (as originally proposed by
Kinshourne, 1977, 1987, 1993), but rather by a dual inhibitory and excitatory model of callosal function, differentially maintaining right hemispheric dominance in spatial attention.

contrast, in participants with a low FA/HMOA, there is weak
reciprocal inhibition of the two hemispheres. When c¢TBS is ap-
plied over the left IPS, we propose that compensatory activation
is triggered within the left hemisphere (outside of the IPS) and
this directs spatial attention to the contralateral visual field; the
result is thus a rightward attentional shift (Fig. 7A, right). In
contrast, any compensatory ipsilateral activation in participants
with a high FA/HMOA would have little effect due to strong
inhibition by the dominant right hemisphere. In the current
study, we have not examined cortical activity directly, but earlier
fMRI studies support our proposal. For instance, higher FA in the
corpus callosum has been associated previously with inhibition of

cortical activity in the nondominant hemisphere, whereas lower
FA in the corpus callosum has been associated with weak recip-
rocal inhibition and greater activity of the nondominant hemi-
sphere (Putnam et al., 2008). Combined rTMS-fMRI studies
have further demonstrated that inhibitory stimulation applied to
the left PPC triggers an increase in activity within several fronto-
parietal regions, including the ipsilateral superior parietal lobule,
the bilateral temporoparietal junction, and the bilateral visual
cortex (Sack et al., 2007; Ruff et al., 2008, 2009; Plow et al., 2014).
These results fit with our proposal that, in participants with weak
reciprocal inhibition (a low FA/HMOA), strong compensatory
activation is triggered within the left hemisphere and this results
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in a rightward attentional shift. Finally, using a trifocal-TMS
stimulation protocol, Koch et al. (2011) have shown a link be-
tween FA in the posterior corpus callosum and interhemispheric
inhibition. Consistent with our findings, they showed a positive
correlation between interhemispheric inhibition of the left
PPC by the right PPC and FA (i.e., a higher FA equals higher
inhibition).

Second, previous evidence suggests that a smaller corpus cal-
losum is associated with increased functional lateralization
(Clarke and Zaidel, 1994; Yazgan et al., 1995). This fits with the
excitatory model of callosal function, in which a smaller corpus
callosum is associated with reduced interhemispheric connectiv-
ity, thus maintaining functional lateralization (Bloom and Hynd,
2005). Here, we propose that the “typical” responses to c¢TBS,
reflecting strong right hemisphere dominance in spatial attention
(i.e., rightward attentional shifts after cTBS over the right IPS and
leftward attentional shifts after cTBS over the left IPS) are better
accounted for not by a purely inhibitory model, as originally
proposed by Kinsbourne (1977), but by a dual-model of inhibi-
tory and excitatory functions of the corpus callosum. This model
is supported by higher FA/HMOA within the corpus callosum
and lower corpus callosum volume in participants with “typical”
responses to cTBS (Fig. 7C). Interestingly, we also found a signif-
icant negative correlation between the HMOA and the volume
within the parietal portion of the corpus callosum interconnect-
ing areas within inferior and superior parietal lobule (i.e., key
cortical regions within the dorsal attention network controlling
spatial attention).

Our findings that cTBS applied over the right IPS results in
smaller rightward attentional shifts in participants with larger
corpus callosum are difficult to accommodate in terms of a
“purely inhibitory” model. However, the results can be ac-
counted for if high interhemispheric connectivity rebalances ac-
tivation across both hemispheres after right hemisphere
inhibition by ¢TBS (Fig. 7B, left). In contrast, a smaller corpus
callosum should be less efficient in rebalancing activation across
both hemispheres after cTBS to the right IPS (Fig. 7B, right). We
propose that, when cTBS is applied over the right IPS, it triggers
both IPS inhibition and compensatory activation within atten-
tional networks outside of the IPS. Indeed, it has been shown that
r'TMS of the right PPC results in increased activation within sev-
eral regions, including the bilateral temporoparietal junction
(Sack et al., 2007) and bilateral visual cortex (Ruff et al., 2008,
2009). Accordingly, high interhemispheric connectivity (large
corpus callosum) facilitates the spreading of both inhibition and
compensatory activation across hemispheres and the overall re-
sult is thus a smaller rightward attentional shift (Fig. 7B, left).
However, in participants with a small corpus callosum, despite
compensatory activation, there is no rebalancing after cTBS of
the right IPS, so the overall result is a larger rightward attentional
shift (Fig. 7B, right). Interestingly, rTMS over the right PPC can
trigger, not only compensatory activation, but also decreases in
activity in other frontal and parietal regions within the dorsal
attention network (i.e., outside the immediate stimulation site;
Sack et al., 2007). This result fits well with our proposal that an
additional decrease in activity within the dorsal attention net-
work controlling the allocation of spatial attention would be re-
balanced in participants with high interhemispheric connectivity
and result in smaller rightward attentional shifts. As a caveat,
though, please note that our evidence suggesting that the volume
of the corpus callosum (macrostructural variability) is a predic-
tor of the magnitude of attentional shifts after cTBS over the right
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IPS is weaker than the link between HMOA/FA and response to
cTBS over the left IPS.

We suggest that the microstructural and macrostructural or-
ganization of the corpus callosum represents inhibitory and ex-
citatory interactions between the cerebral hemispheres. The link
between the macrostructural organization of the corpus callosum
and interhemispheric transfer is consistent with the concept that
a smaller corpus callosum increases functional lateralization by
decreasing interhemispheric connectivity. Anatomical studies in-
dicate that the size of the corpus callosum depends on the num-
ber of thin (small diameter) fibers, which comprise the majority
of the callosal body and interconnect homologous cortical re-
gions (Aboitiz et al., 1992a,b; Aboitiz and Montiel, 2003). The
relationship between track volume (calculated here as the num-
ber of voxels intersected by the reconstructed streamlines) and
actual axonal number, axonal diameter, and density has yet to be
established (Beaulieu, 2002). The remaining question is how to
reconcile these findings with high FA/HMOA supporting greater
inhibition of nondominant hemisphere. Although the inhibitory
model assumes that greater inhibition and lateralization depends
on stronger connectivity, there is no evidence to support a linear
relationship between FA/HMOA and connectivity (i.e., that
higher FA/HMOA is equivalent to higher connectivity; Beaulieu,
2002; Dell’acqua et al., 2013; Jones et al., 2013). Therefore, we
suggest that the link between the FA/HMOA and inhibition of
nondominant hemisphere does not rely on connectivity per se
and that high FA/HMOA represents a surrogate of tissue micro-
structure influencing functional hemispheric inhibition. Finally,
it should be noted that the volume and FA/HMOA clearly ac-
count for different properties of the WM and likely reflect con-
trasting aspects of the corpus callosum function.

In conclusion, our data indicate that microstructural and
macrostructural individual variability within the corpus callo-
sum determine the response to ¢cTBS over the IPS and these two
factors differentially mediate interhemispheric dynamics. Our
findings suggest that interhemispheric dynamics and communi-
cation via the corpus callosum in directing attention in space are
not purely based on inhibition, but may be better explained by a
dual model in which the structural organization of the corpus
callosum dynamically reinforces both interhemispheric inhibi-
tion and information transfer between hemispheres underlying
hemispheric lateralization in visuospatial attention. We propose
the following: (1) that the contribution of the microstructural
and macrostructural organization of the corpus callosum to
hemispheric lateralization in spatial attention differs significantly
on an individual level and (2) that these differences putatively
reflect inhibitory and excitatory mechanisms of callosal function
that are not completely independent, but work together in main-
taining functional lateralization. Finally, our data provide some
evidence of regional specificity within the corpus callosum and
for the dual model of callosal function while also suggesting that,
outside of the parietal cortex, other cortical areas interact com-
petitively (Hilgetag et al., 2001) via the corpus callosum.
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