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ARTICLE INFO STRUCTURED ABSTRACT

Keywords: Background: Transcranial Magnetic Stimulation (TMS) is a widely used tool to explore the causal role of focal
Alerting brain regions in cognitive processing. TMS effects over attentional processes are consistent and replicable, while
Attention o at the same time subjected to individual variability. This individual variability needs to be understood to better
ggj}mon weighted imaging comprehend TMS effects, and most importantly, its clinical applications.

Spatial Objective: This study aimed to explore the role of white matter variability in TMS neuromodulatory effects on

T™S behavior in healthy participants (N = 50).

Methods: Participants completed an attentional task in which orienting and alerting cues preceded near-threshold
targets. Continuous Theta Burst Stimulation (cTBS) was applied over the left frontal eye field (FEF) or an active
vertex condition. White matter was explored with diffusion-weighted imaging tractography and Tract-Based
Spatial Statistics (TBSS).

Results: Behaviorally, TMS over the left FEF slowed down reaction times (especially in the alerting task),
impaired accuracy in the objective task, and reduced the proportion of seen targets (as compared to the vertex
condition). Attentional effects increased, overall, when TMS was applied to the left FEF as compared to the vertex
condition. Correlations between white matter and TMS effects showed i) reduced TMS effects associated with the
microstructural properties of long-range white matter pathways such as the superior longitudinal fasciculus
(SLF), and interhemispheric fibers of the corpus callosum (CC), and ii) increased TMS effects in participants with
high integrity of the CC connecting the stimulated region with the opposite hemisphere. Additionally, variability
in attentional effects was also related to white matter, showing iii) increased alerting effects in participants with
low integrity of association, commissural, and projection fibers, and iv) increased orienting effects in participants
with high integrity of the right SLF III.

Conclusion: All these observations highlight the importance of taking into account individual variability in white
matter for the understanding of cognitive processing and brain neuromodulation effects.

White matter

1. Introduction is crucial when interpreting TMS neuromodulation effects in a causal

manner [7].

Behavioral effects of Transcranial Magnetic Stimulation (TMS) can
exhibit significant inter-individual differences [1,2]. Part of this vari-
ability may be attributed to individual differences in functional or
structural connections in the brain networks directly or indirectly
associated with the stimulated area [3,4]. Stimulating a brain area not
only changes its functioning but also affects structurally or functionally
connected regions [3-6]. Thus, considering these individual differences

Some studies have explored changes in functional connectivity when
specific brain areas are stimulated [4,5], reporting that individual
baseline differences in functional connectivity impact behavioral TMS
effects [1]. Other studies suggest that TMS pulses propagate through
white matter fasciculi [3,6,8,9] and the integrity of these fasciculi
shapes the spread of action potentials [10]. It has also been proposed
that structural links can predict network-level responses to perturbation
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more accurately than functional connectivity [11]. This may be
explained by the fact that the functional connectivity of certain brain
networks depends, in part, on their anatomical connectivity [12].

In psychophysical experiments in which we have manipulated
attention and measured its influence on perception, we have studied
whether individual differences in white matter microstructure influence
TMS neuromodulation effects over behavior. We have found reduced
TMS effects in participants with increased integrity in tracts like the
superior longitudinal fasciculus (SLF), which connects the parietal and
frontal cortex [13-15]. That is, participants with greater integrity in
tracts associated with key attentional regions showed less interference in
the face of external perturbations by TMS than participants with lower
integrity in these tracts. In these studies, the correlated fasciculus did not
directly innervate the targeted area. These results have been interpreted
as indicative of a compensatory effect. As suggested elsewhere [16],
after the disruption of a brain region, there is a flexible redistribution in
cognitive networks, wherein other brain regions within the network or
alternative cognitive networks may have the potential to partially
compensate for the impaired function (e.g., Ref. [17]). We hypothesize
that the effectiveness of the structural connection (reflected in micro-
structural properties of white matter) between regions of relevant
alternative networks may contribute to more efficient compensatory
processes.

Relatively recent studies have also shown the importance of the
corpus callosum (CC) in the rehabilitation of attentional functions after
brain damage [18-21]. The integrity of these interhemispheric fibers
seems crucial for compensatory processes following brain damage, and
perhaps for more transient perturbations such as those produced by
TMS. For example, using a visual search task, Chechlacz et al. [22]
showed that microstructural properties of the CC correlated with TMS
effects: the higher the integrity of the CC, the stronger the leftward shifts
in attention after stimulation over the left intraparietal sulcus (IPS).
These results were explained by a model proposing a role of the CC in
both information transfer between hemispheres [23] and interhemi-
spheric inhibition ([24], see also [25]).

Our studies exploring the role of white matter variability in TMS
neuromodulation effects have focused on the attentional system and the
causal role of key regions of the attentional networks [26] and the white
matter fasciculi connecting these regions [27]. In the present study, we
focused on two attentional networks, the alerting and the orienting
networks, whose functioning is mediated by dorsal regions including the
frontal eye field (FEF) and the IPS. However, while the activation of this
network is bilateral during orienting [26], activations during alerting
tasks are more left-lateralized [28-30]. In particular, the left FEF
showed significant activations in two previous functional Magnetic
Resonance Imaging (fMRI) studies where we manipulated alerting [31]
and orienting [32] while participants responded to near-threshold visual
targets.

This study aimed to investigate i) the causal influence of the left FEF
on orienting and alerting attentional systems, and ii) the impact of white
matter variability on TMS neuromodulatory effects on behavior in the
healthy brain. Additionally, we explored whether white matter vari-
ability could explain behavioral attentional effects in the absence of
stimulation (i.e., in the control vertex condition). It is well known that
attentional capacities largely vary between individuals [33] and part of
this variability might be explained by white matter structural properties
[22,25,27,34-36].

To achieve these aims, this study used a substantial sample of par-
ticipants (N = 50) to ensure high statistical power and promote repli-
cability. Previous results were based on studies with samples of around
20 participants, which were designed with different objectives than
exploring the role of white matter in the variability of TMS effects
[13-15,37]. This study aims to confirm the results of previous research,
which is essential for the advancement of a robust and transparent sci-
ence. We used a perceptual task in which spatial attention and phasic
alerting were manipulated before target presentation. Continuous Theta
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Burst Stimulation (cTBS) — a well-established inhibitory protocol — was
used to interfere with the functioning of an attentional region (i.e., the
left FEF), while exploring whether white matter microstructural prop-
erties correlated with behavioral TMS modulations or attentional effects
(i.e., for the control vertex condition). To perform these white matter
and function correlations, individual diffusion-weighted imaging (DWI)
tractography of the SLF and the CC was performed. The selection of
these white matter tracts was based on the previous literature, reviewed
above. However, this approach may overlook the involvement of other
tracts or white matter areas that could also impact the effects of TMS.
The present research introduced a whole-brain data-driven analysis
approach to ensure that potentially relevant associations between
TMS/attentional effects and white matter integrity were not missed. We
used Tract-Based Spatial Statistics (TBSS), a method comprising
voxel-wise statistical analysis that allows such investigation across the
entire brain. This approach will contribute to identifying unexplored
targets, paving the way for future research.

Behaviorally, if the left FEF is causally relevant for attentional ori-
enting, inhibitory TMS over this region should reduce the attentional
effect (as compared to the vertex condition). Given the known role of the
FEF in both attention and perception [38-40], inhibitory TMS over this
region could also impair overall response times and target detection. We
hypothesized that these effects would correlate with the integrity of the
SLF, such that greater integrity of this fasciculus would result in reduced
TMS effects [13-15]. Based on studies of patients with brain damage
[19-21] and healthy participants [22], we also hypothesized that
greater fiber integrity of the CC would lead to greater TMS effects. We
expected alerting effects to be related with the integrity of tracts of the
anterior alerting system [25,34], and left fronto-parietal tracts [36],
although we did not have specific hypotheses about the direction of the
effect [35,36]. Given the extensive evidence of the role of the SLF in
spatial orienting (from neglect patients [41-44], and healthy popula-
tion, [27,45]), we expected a positive association between SLF integrity
and orienting effects. This study aims to advance our understanding of
individual differences observed in neuromodulation processes in
particular, and attentional functioning in general, which might be
crucial for improving research and clinical practice.

2. Methods
2.1. Participants

G*Power [46] was used to calculate a priori sample size for the
multiple regressions conducted, in which TMS effects were predicted
using the anisotropy of the SLF (6 branches; [27,47]) and the CC (7
portions; [48]). Previous research has reported medium effect size for
correlations (effect size was 0.4 for [21], and 0.6 for [15]), therefore, we
calculated the effect size for a medium r* = 0.3, 2 = 0.428, « = 0.05,
power = 0.8, number of predictors = 7. Based on this calculation, a
sample of 42 participants was estimated. The final study sample
included 50 volunteers (39 females, mean age 21.57 years, SD = 4.54).
All  participants were right-handed and had normal or
corrected-to-normal vision, and no prior experience with the task. No
participant had a history of major medical, neurological, or psychiatric
disorders, and followed all the safety requirements to undergo MRI and
TMS studies [49]. Participants received a monetary compensation of
10€/h for their participation. Signed informed consent was collected
prior to their inclusion in the study. Participants were informed about
their right to withdraw from the experiment at any time. The University
of Granada’s Research Ethics Committee approved the experiment
(#554/CEIH/2018), which was carried out in accordance with the Code
of Ethics of the World Medical Association (Declaration of Helsinki) for
experiments involving humans (last update: Brazil, 2013).
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2.2. Apparatus and stimuli

E-Prime software version 2.0 [50] was used for stimuli presentation
and behavioral data collection. Participants were seated at an approxi-
mate distance of 70 cm from the computer screen (LG Flatron
L1718S-SN,17", 1280 x 1024, 75Hz refresh rate). Trials started with a
display composed of three boxes (4.8° x 5.3°), one in the center of the
screen, and one at each side of it, presented against a grey background
(RGB: 128, 128, 128). The fixation point consisted of a black cross (0.3°
x 0.3°) that appeared in the center of the display. In the orienting
blocks, a spatial cue (a black circle, 1° diameter), was presented at the
outer edge of either the left or right box (see Fig. 1C). In the alerting
blocks, an alerting tone (500 Hz frequency, 72 dB) was presented on 50
% of the trials. The target was a Gabor stimulus that could be presented
in either one of the two peripheral boxes or could be absent. MATLAB
8.1 (http://www.mathworks.com) was used to generate 200 Gabor
stimuli (spatial frequency 4 cycles/deg., 1.3° diameter, 0.1° SD) with a
maximum and minimum Michelson contrast of 0.92 and 0.02, respec-
tively. After the target presentation, two sets of arrows (>>> or <<<,
0.2° x 0.9°) were displayed above and below the fixation point, at a
distance of 0.9°, pointing to the lateral boxes.

2.3. Task and procedure

The study consisted of three sessions, one in which participants un-
derwent an MRI scan (see MRI data acquisition) and two TMS sessions
(see TMS procedure; see also [14], for a similar protocol). The procedure
of the two TMS sessions (Fig. 1A) was similar in all aspects except for the
stimulated region (left FEF or vertex) and the individual resting motor
threshold (rMT) measurement, that was only carried out in the first TMS
session.

The TMS sessions started with a titration block, to adjust the per-
centage of seen targets individually. Titration trials were identical to the
experimental trials, with the exception that they did not involve the use
of alerting or orienting cues. All participants started with a supra-
threshold Gabor to get familiarized with the procedure and the response
keys. After this initial block, Gabor contrast was adjusted depending on
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participants’ performance. After every 15 trials, if the percentage of seen
stimuli was greater than 60 %, contrast was decreased in 0.5 points (in a
scale of 200 different contrasts levels). If, on the contrary, the percent-
age of seen stimuli was lower than 40 %, contrast was increased in 0.5
points. When the percentage of seen targets ranged between 60 % and
40 % in two consecutive blocks, the titration procedure concluded, and
this contrast was used for the rest of the experimental blocks in the
session. After the titration procedure, the TMS protocol was delivered in
one of the brain regions (see TMS procedure). After the stimulation, the
participant started the experimental blocks of the task.

The sequence of events in each trial is shown in Fig. 1C. All trials
started with the fixation display (500, 1000 or 1500 ms). Then the cue
was presented (16 ms), consisting of a visual signal in the orienting
blocks and an auditory signal in the alerting blocks, followed by an inter-
stimulus-interval (ISI, 218 ms). After the ISI, the target was displayed
(32 ms). It could be present (62 % of the trials) in either the left or the
right box, or it could be absent (38 % of the trials). Participants had to
give two consecutive responses. First, they were asked to report the
orientation of the lines composing the Gabor stimulus (objective
response), using their right hand to press the right or left mouse buttons,
depending on the orientation of the lines. They were encouraged to
respond as quickly and accurately as possible, with a time limit of 1968
ms. This task is referred to as objective because it was designed as a
forced-choice task where there was a correct response. If they did not
perceive the stimulus, they were instructed to respond randomly. Sub-
sequently, participants were asked to report if they consciously
perceived the target (subjective response). They made their response by
selecting one of two arrows (>>> or <<<) pointing to the two possible
target locations (right or left box). The arrows were presented randomly
in each trial, above and below the fixation cross. Participants indicated
the target’s location by pressing the "D’ key corresponding to the upper
arrow or the *C’ key corresponding to the lower arrow. They could also
press the spacebar if they did not perceive the target. This response
screen was displayed for 3000 ms. Participants were instructed to
respond as accurately as possible and only when they were confident
about their perception.

The task was composed of eight blocks, four belonging to the
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Fig. 1. (A) Schematic representation of the experimental procedure. (B) TMS regions. (C) Schematic representation of a trial in the orienting and alerting tasks.
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orienting condition (59 trials per block; 236 trials in total) and four to
the alerting condition (39 trials per block; 156 trials in total). The total
duration of the task after stimulation was approximately 25 min. Half of
the participants started with the orienting condition while the other half
started with the alerting condition, and the following blocks continued
in an alternating order. Within each block, the trial type appeared
randomly. In the orienting blocks, the peripheral cue was displayed in
the same location as the Gabor stimulus in 75 % of the trials (valid trials)
and in the opposite location in the remaining 25 % of the trials (invalid
trials). On the other hand, during the alerting blocks, a tone occurred in
half of the trials (tone present trials), while in the other half, the target
was not preceded by any tone (tone absent trials). For statistical anal-
ysis, we referred to valid orienting trials and tone-present trials as
attended, and to invalid orienting trials and tone-absent trials as
unattended.

Eye movements were not controlled in this experiment due to the
technical complexity of the set-up and the availability of resources.
However, we ran a pilot experiment (N = 13) using an Eyelink 1000 (SR
Research) eye-tracking system, and we established that participants
broke fixation in only 3.87 % of the trials (SD = 1.93 %; 3.9 % for the
orienting task, and 3.85 % for the alerting task). In this pilot sample,
where eye movements were controlled, we observed the expected
behavioral effects (data can be found at https://osf.io/4jg3f/).

2.4. TMS procedure

TMS was delivered by means of a biphasic repetitive stimulator
(Super Rapid 2, Magstim, Whitland UK) and a 70-mm figure-of-eight coil
(Magstim, Whitland UK) which was held tangentially to the skull with
the axis of the coil angled 45° from the mid-sagittal axis (lateral to
medial and caudal to rostral). A TMS neuronavigation system (Brain-
sight; Rogue Systems, Montreal, Canada) was employed, with the ca-
pacity to estimate and track in real time the relative position,
orientation, and tilting of the coil on the sectional and 3D reconstruction
of the participants T1 with a precision of 5 mm [51]. Brain regions were
stimulated using a continuous theta burst stimulation (cTBS) protocol
[52,53]. This protocol consisted of three 30 Hz pulses delivered every
200 ms, for a total of 600 pulses, for a duration of 33.3s. These pulses
were applied at 80 % of the rMT, defined as the minimum stimulus in-
tensity that elicits MEPs >50 mV in five out of ten consecutive trials [53,
54]. The rMT (mean 66.7 % of maximal stimulator output, MSO) was
determined for each participant in the first session of the experiment
(see Ref. [37], for a detailed explanation of the procedure). The mean
TMS intensity applied was 51.5 % of MSO (SD = 4.4). For each partic-
ipant, the same TMS intensity was used for the left FEF and the vertex
stimulation. The order of the left FEF and Vertex sessions was counter-
balanced between participants. Scalp coordinates for the stimulation
sites were located by using the native space of each participant’s T1. The
TMS stimulation site was the left FEF (Montreal Neurological Institute
[MNI] coordinates: x = —29, y = —4, z = 55), which was selected by
calculating the mean coordinates of the maximal response observed in
the FEF from two previous fMRI studies in the lab (alerting task, [31];
orienting task, [32]) (see Fig. 1B). The control stimulation site was the
vertex (MNI coordinates: x = 0, y = —34, z = 78; [37]), which was not
expected to induce any specific behavioral effects [55]. For a repre-
sentation of the induced electric field for each stimulation site over a
standard brain see Supplementary Fig. 1.

2.5. MRI data acquisition

Structural images were collected on a 3-T Siemens Prisma MRI
scanner at the Mind, Brain, and Behavior Research Center (CIMCYC) of
the University of Granada, using a 64-channels whole-head coil. High-
resolution T1-weighted anatomical images (Repetition Time [TR] =
2530 ms, Echo Time [TE] = 3.5 ms, flip angle = 7°, slice thickness = 1
mm, field of view [FOV] = 256 mm) were collected. A DWI multiband
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and multi-shell sequence was also collected (TR = 3500 ms, TE = 75 ms,
voxel size = 1.8 mm® isotropic, FOV = 208 mm, multi-band acceleration
factor = 3). We acquired, in consecutive sequences, 8 vol at b = 300 s/
mm? (2 vol b-value = 0), 32 vol at b = 1000 s/mm? (6 vol b-value = 0),
and 60 vol at b = 2000s/mm? (6 vol b-value = 0). For each volume, 81
near axial slices were collected with a posterior-anterior phase of
acquisition. Additionally, the b-value 300 sequence was acquired with
an anterior-posterior phase of acquisition to correct for phase-encoding
direction-induced distortions [56].

2.6. Diffusion weighted imaging (DWI) analysis

DWI data pre-processing included eddy current-induced distortions
and participant’s movements correction using the eddy tool from the
FMRIB Software Library [57]. Slices identified as outliers were inter-
polated with predictions generated by the Gaussian Process (which
never exceeded 5 % of the total slices). Additionally, distortions induced
by phase encoding were corrected using the topup toolbox from FSL
[56]. Image quality control included a visual inspection of raw data and
outputs of every processing step. Image quality was rated using a 4-point
scale, with 1 = excellent, 2 = minor, 3 = moderate, and 4 = severe. All
images were scored as 1 or 2. Additionally, an automated quality control
was performed with the FSL’s tool QUAD [58]. We reviewed the most
relevant quality metrics reported by the tool (i.e., average relative and
absolute motion, Signal-to-noise ratio (SNR), and eddy currents). The
following threshold values were used for each quality metric: average
relative and absolute motion <1 mm, SNR >20 s/mm?, eddy current
standard deviation < 0.1 [58]. No participant was excluded after visual
and automated image quality control.

2.6.1. DWI tractography

Multishell spherical deconvolution [59] was performed with the al-
gorithm parameters o = 2, algorithm iteration = 400, and n = 0.001 and
v = 8 as regularization terms, using the software StarTrack. Whole-brain
deterministic tractography was performed using a modified Euler trac-
tography algorithm (angle threshold = 45° and HMOA threshold =
0.0036). Dissections of the tracts of interest were performed with the
software TrackVis [60] using a multiple-ROI approach.

For the delineation of the 3 branches of the SLF (SLF I, II, and III on
the left and the right hemisphere; see Fig. 2A), three frontal ROIs around
the white matter of the superior, middle, and inferior frontal gyri, and a
ROI around the white matter of the parietal lobe were delineated (see
Ref. [27,47], for a detailed explanation of the method). Streamlines of
the arcuate fasciculus projecting to the temporal lobe were excluded by
drawing an excluding ROI in the temporal white matter. Cingulate fibers
were distinguished from the SLF I by delineating the frontal ROI above
the cingulate sulcus.

The CC was delineated by using Witelson’s proposed schema [48],
which divides the CC into seven portions: 1) Rostrum; 2) Genu; 3,4,5)
Rostral, anterior and posterior body, respectively; 6) Isthmus; 7) Sple-
nium (see Fig. 2B). Following this schema, seven ROIs were delineated
in the midsagittal plane. When necessary, spurious fibers were elimi-
nated by adding excluding ROIs.

For all dissected tracts, the HMOA (hindrance modulated orienta-
tional anisotropy), an index employed as a surrogate for tract micro-
structural organization, was extracted. The mean HMOA is defined as
the absolute amplitude of each lobe of the fiber orientation distribution;
it is considered highly sensitive to axonal myelination, fiber diameter,
and axonal density [61].

We performed six multiple linear regression analyses using the
backward method, one per each dependent variable of interest (see
Statistical behavioral analysis, indices section). In separate analyses, we
used as predictors, either the mean HMOA of the right and left SLF L, II,
and III, or the 7 portions of the CC.
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Fig. 2. Representation of an example dissection of (A) the three branches of the superior longitudinal fasciculus (SLF); SLF I, dorsal branch; SLF II, middle branch;
SLF III, ventral branch. (B) The seven portions of the corpus callosum; CC1: Rostrum; CC2: Genu; CC3: rostral body; CC4: anterior body; CC5: posterior body; CC6:
Isthmus; CC7: Splenium. For both panels, a sagittal view is presented, where the frontal cortex is on the right, and the occipital cortex is on the left.

2.6.2. Tract-Based Spatial Statistics (TBSS)

The diffusion tensor model was fitted using dtifit tool (FDT, FMRIB’s
Diffusion Toolbox), and common scalar maps (i.e., fractional anisotropy,
FA) were subsequently computed. Then, it was brain-extracted using
FSL’s brain extraction tool BET [62]. The sequence of b-value = 1000
s/mm? was used for fitting the model; this was done because the tensor
model is not good at fitting the signal for high b-values.

Voxelwise statistical analysis of the FA data was carried out using
TBSS (Tract-Based Spatial Statistics [63], part of FSL [64]). First, all
participants’ FA data were aligned into a common space using the
nonlinear registration tool FNIRT [65,66]. Next, the mean FA image was
created and thinned to create a mean FA skeleton which represents the
centers of all tracts common to the group. A threshold of FA>0.2 was
selected to exclude voxels not belonging to white matter. Each partici-
pant’s FA data was then projected onto this skeleton. Finally, the
resulting map was fed into voxelwise nonparametric statistics using
randomise [67]. The number of permutations was set to 5000 and mul-
tiple comparisons were corrected using the threshold-free cluster
enhancement (TFCE) option. Six regression models were computed for
the FA maps and one per each variable of interest (i.e., main effect of
Region in reaction time (RT), accuracy, and proportion of seen targets,
interaction between Attention and Region, and behavioral attentional
effects; see Statistical behavioral analysis, indices section).

2.7. Statistical behavioral analysis

In our previous TMS studies, we used repeated-measured analysis of
variance (ANOVAs) to analyze the behavioral data. Linear Mixed Models
(LMM) have gained popularity as an alternative to repeated-measures
ANOVAs in the field of experimental psychology [68], mainly because
this framework offers various notable advantages over the traditional
approach [69]. First, LMMs enable the explicit specification of random
effects such as participant-level variations, rather than pooling this
variability within an error term. Secondly, these models are more flex-
ible when it comes to handling missing data as compared to ANOVAs,
enhancing the robustness of the analysis. Finally, LMMs are also more
robust to violations of distributional assumptions than traditional
ANOVAs [70].

LMMs were conducted to analyze behavioral effects, using the
pymer4 Python package [71] to calculate significance applying Sat-
terthwaite’s method to estimate degrees of freedom. In three different
analyses, we included participants reaction times (RTs), accuracy, and
the proportion of seen targets as the dependent variables, and the full
fixed structure of the model contained the main effects of Region (FEF
and Vertex), Task (orienting and alerting), Attention (attended or un-
attended) and Awareness (seen or unseen), as well as all possible in-
teractions between them. The input provided to the models was the
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trial-level estimates for each participant. For RTs an inverse Gaussian
distribution family was assumed, while for accuracy and proportion of
seen targets the distribution was binomial. Note that the Awareness term
is not introduced when the proportion of seen responses were analyzed.
The random structure included the participant as an intercept and the
trial as a random slope:

(Region + Task + Attention + Awareness + Region:Task + Region:
Attention + Region:Awareness + Task:Attention + Task:Awareness +
Attention:Awareness + Region:Task:Attention + Region:Task:Aware-
ness + Region:Attention:Awareness + Task:Attention:Awareness + Re-
gion:Task:Attention:Awareness + (1-+Trial|Participant))

Significance of fixed effects was assessed using F-tests and p-values
from the model summary, and to qualify any interactions marginal es-
timates were computed and Bonferroni-corrected p-values were ob-
tained for the post-hoc pairwise comparisons. Summary tables including
the model estimates and the 95 % confidence interval for all analyses
can be found in the Supplementary materials (Tables S4-S8).

The code for these analyses can be found here: https://github.com/
rodriguez-p/WM_TMS.

2.7.1. Indices

Based on the behavioral results and to explore the relationship be-
tween TMS effects and white matter microstructural properties, we
calculated the following indices:

From the main effect of Region in RT, accuracy, and the proportion of
seen targets:

- RT (for seen targets) in left FEF minus vertex TMS.
- Accuracy (for seen targets) in vertex minus left FEF TMS.
- Proportion of seen targets in vertex minus left FEF TMS.

From the interaction between Region and Attention:

- RT (for seen targets) for unattended minus attended targets for left
FEF minus vertex TMS.

Additionally, we created two indices of the behavioral attentional
effect in the alerting and the orienting tasks, to explore whether RT
attentional effects in each task could be explained by white matter
microstructural properties [35]. We only considered vertex stimulation
sessions to isolate the attentional effect from the TMS effect.

- RT (for seen targets) for no tone minus tone trials in the alerting task.
- RT (for seen targets) for invalid minus valid trials in the orienting
task.
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3. Results
3.1. Behavioral results

Table 1 summarizes the results of the three ANOVAs over RTs, ac-
curacy, and the proportion of seen targets. Supplementary Tables 1-3
include the means and standard deviations for each variable and con-
dition. A main effect of Region was observed on RTs, accuracy, and the
proportion of seen targets. Mean RTs were slower when the left FEF was
stimulated as compared to the vertex condition (F(1, 20291.583) =
4.104, p = 0.043, see Fig. 3, left panel), and this effect was larger for
unseen than seen trials (interaction Region x Awareness (F(1,
20295.748) = 25.210, p < 0.001). Moreover, accuracy was impaired (F
(1, 22736.798) = 6.384, p = 0.011) and the proportion of seen targets
decreased (F(1, 22743.020) = 12.459, p < 0.001) when the left FEF was
stimulated, as compared to the vertex condition (see Fig. 3, middle and
right panels, respectively).

The main effect of Task was significant both in the RT and the pro-
portion of seen target analysis. RTs were faster in the Orienting task as
compared to the Alerting task (t(20290.113) = 11.894, ppons < 0.001),
and more targets were seen in the Orienting blocks as compared to the
Alerting ones (t(22742.212) = —9.135, pponf < 0.001). There was also a
main effect of Attention both in the RT and the proportion of seen an-
alyses. Responses were faster (t(20290.220) = —13.693, p < 0.001) and
more targets were seen (t(22742.448) = 14.680, p < 0.001) in attended
trials than in non-attended trials (i.e., tone present vs. absent trials in the
alerting condition, and valid vs. invalid trials in the orienting condition).
The main effect of Awareness was also significant, with faster (F(1,
20306.567) = 134.299, p < 0.001) and more accurate responses (F(1,
22695.262) = 141.551, p < 0.001) for seen than unseen trials. As several
interactions in the RT analysis involved the term Awareness, we decided
to follow up this analysis by conducting separate ANOVAs for seen and
unseen trials (Table 2).

The previously described main effects of Region, Task, Attention, and
the interaction between Task and Attention, were significant for both
seen and unseen trials. For seen targets, there were also significant in-
teractions between Region x Attention and Region x Task. The RT
attentional effect increased when the left FEF was stimulated, as
compared to the vertex condition [F(1, 10612.454) = 6.389, p = 0.011
(Fig. 4, top panel)]. Moreover, the main effect of Region on RTs was
significant in the Alerting task, t(10613.691) = —2.875, ppont = 0.024,
and not in the Orienting task, t(10613.978) = —0.319, pponf > 0.05
(Fig. 4, bottom panel).

Table 1
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3.2. Diffusion weighted imaging (DWI) analysis

3.2.1. DWI tractography

First, we explored whether the TMS effects could be predicted by
individual differences in white matter microstructural properties of the
SLF and CC. For the Region (i.e., TMS effect) over RT (i.e., slower RT for
left FEF compared to vertex stimulation), the results of the regression
analysis (F (1,47) = 6.437, p = 0.015, R? = 0.120) showed that the right
SLF I was a significant predictor (t = —2.537, p = 0.015). That is, the
higher the integrity of the right SLF I (reflected in the mean HMOA of the
tract), the more reduced the TMS effect over RT (see Fig. 5A). In addi-
tion, results showed (F (1,49) = 7.012, p = 0.011, R? = 0.127) that the
rostral body of the CC (section CC3) was a significant predictor of the
Region effect over accuracy (reduced accuracy for left FEF compared to
vertex stimulation; t = 2.648, p = 0.011). That is, the higher the
integrity of this portion of the CC, the larger the TMS effect over accu-
racy (see Fig. 5A). No significant model was found for the Region effect
over the proportion of seen targets (all ps > 0.062).

The index used for the observed interaction between Attention and
Region (i.e., increased attentional effect when the left FEF was stimu-
lated as compared to the vertex), was predicted by the integrity of the
right SLF III (t = —2.504, p = 0.016; F (1,48) = 6.270, p = 0.016, RZ=
0.118), and the posterior body of the CC (section CC5) (t = —4.286, p <
0.001; F (1,49) = 18.369, p < 0.001, R? = 0.277). That is, the lower the
integrity of these tracts, the larger the interaction (see Fig. 5B).

Finally, we explored whether attentional effects (without consid-
ering TMS effects; i.e., in the vertex condition) could also be predicted
by individual differences in white matter in each task. For the orienting
task, results revealed that the right SLF III (t = 2.655, p = 0.011) was a
significant predictor (F (1, 48) = 7.050, p = 0.011, R? = 0.130). The
integrity of this tract was positively related with the orienting effect.
That is, the higher the integrity of the right SLF III, the larger the
attentional orienting effects over RT (see Fig. 5C). No significant model
was found for the alerting task (all ps > 0.208).

3.2.2. TBSS analysis

This analysis revealed no correlation between the FA and the TMS
effects in any of the behavioral indices (i.e., Region-TMS effects over
RTs, accuracy, and the proportion of seen targets, and the interaction
between Attention and Region). Additionally, to explore the possible
role of inter-individual white matter variability in behavioral attentional
effects (without considering the TMS effect), we performed regression
analyses for the RT attentional effects for alerting and orienting tasks (i.
e., slower RT for unattended as compared to attended trials). We found a
significant negative correlation between the FA and the attentional

Summary results for the ANOVA analyses on the variables RTs, accuracy, and the proportion of Seen stimuli, including the main effects of Region (FEF and Vertex),
Task (orienting and alerting), Attention (attended or unattended), and Awareness (seen or unseen), and their interactions. Significant effects or interactions are

highlighted in bold.

Reaction times Accuracy Proportion Seen

F-stat P-val F-stat P-val F-stat P-val
Awareness 135.556 <.001 141.145 <.001
Attention 189.025 <.001 0.087 0.768 215.945 <.001
Region 4.104 .043 6.397 .011 13.097 <.001
Task 141.734 <.001 0.062 0.803 102.200 <.001
AwarenessxAttention 0.055 0.815 0.200 0.654
AwarenessxRegion 24.946 <.001 1.774 0.183
AttentionxRegion 1.122 0.289 0.370 0.543 0.151 0.698
AwarenessxTask 5.772 .016 1.911 0.167
AttentionxTask 88.192 <.001 0.921 0.337 0.001 0.974
RegionxTask 2.155 0.142 0.360 0.548 0.010 0.919
AwarenessxAttentionxRegion 4.536 .033 1.781 0.182
AwarenessxAttentionxTask 13.739 <.001 0.098 0.755
AwarenessxRegionxTask 0.634 0.426 1.001 0.317
AttentionxRegionxTask 0.357 0.550 0.015 0.903 0.016 0.900
AwarenessxAttentionxRegionxTask 0.543 0.461 1.015 0.314
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Fig. 3. Main effect of Region on RTs, accuracy, and proportion of seen targets. The maximum and minimum values per effect are represented in the whiskers of the
box plots. The Interquartile range (IQR) is displayed in the boxes by portraying the lower quartile, median, and upper quartile. The colored dots represent mean
values for each participant in each condition, and the dashed black line connects the median values of each condition. Asterisks indicate significant comparisons.

Table 2
Summary ANOVA table for the analyses over RTs separately for seen and unseen
trials. Bold characters represent significant effects or interactions.

Seen Unseen

F-stat P-val F-stat P-val
Attention 120.339 <.001 83.780 <.001
Region 5.944 .015 21.740 <.001
Task 52.770 <.001 93.084 <.001
AttentionxRegion 6.174 .013 0.390 0.532
AttentionxTask 18.987 <.001 83.507 <.001
RegionxTask 3.949 .047 0.256 0.613
AttentionxRegionxTask 1.303 0.254 0.010 0.920

effect in the alerting task (see Fig. 6). The analysis revealed two main
clusters of results: an anterior cluster on the right hemisphere involving
the inferior fronto-occipital fasciculus (IFOF), the anterior thalamic ra-
diation, the forceps minor, and the genu and body of the CC, and a
posterior cluster on the left hemisphere including the SLFs, the middle
longitudinal fasciculus, the IFOF, the optic radiation, and the forceps
major. The higher the FA in these regions, the more reduced the RT
alerting effect. No significant results were found for the orienting task.
Significant TBSS results maps can be found at https://neurovault.org/
images/886864/.

4. Discussion

This study aimed to explore the role of white matter variability in
TMS neuromodulatory effects by using a substantial sample of healthy
participants (n = 50), which provides high statistical power and en-
hances replicability. We employed hypothesis-driven DWI tractography
of the SLF and CC, along with additional whole-brain data-driven TBSS.
Participants performed a perceptual task with near-threshold stimuli
preceded by alerting and orienting attentional cues. cTBS was applied
over the left FEF, an attentional region previously involved in attention
and consciousness interactions during both alerting [31] and orienting
[32], or an active TMS vertex condition.

Consistent with the expected inhibitory effect of cTBS, TMS over the
left FEF slowed down RTs (especially in the alerting task), impaired
accuracy in the objective task, and reduced the proportion of seen tar-
gets, as compared to the vertex condition. However, attentional effects
increased, overall, when TMS was applied over the left FEF as compared
to the vertex condition. These increased attentional effects after TMS
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Fig. 4. Interactions between Region and Attention (top panel) and Region and
Task (bottom panel) for trials reported as seen. The maximum and minimum
values per effect are represented in the whiskers of the box plots. The Inter-
quartile range (IQR) is displayed in the boxes by portraying the lower quartile,
median, and upper quartile. The colored dots represent mean values for each
participant in each condition, and the dashed black line connects the median
values of each condition. Asterisks indicate significant comparisons.

have often been reported in literature [13,37]. In a similar vein, brain
lesions affecting the parietal cortex [72] and the right IFOF have also
been related to an increase in the use of alerting signals [73], which was
associated with participants’ capacity to accurately respond to unex-
pected (i.e., non-signaled) targets. All this evidence indicates that
perturbation by TMS or lesions in attentional regions can sometimes
lead to an increased use of attentional cues, which might be detrimental
to respond to conditions in which the attentional cues are invalid or not
present. As proposed by relevant attentional models [74], an optimal
attentional system needs to be able to effectively pay attention while, at
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Fig. 5. Representation of the results of the multiple linear regression analyses for the DWI tractography and the behavioral effects. (A) Negative correlation between
the right SLF I and the Region effect observed in the RT index; and positive correlation between the CC3 and the Region effect observed in the accuracy index. (B)
Negative correlations between the right SLF III and the CC5 and the interaction between Attention (Attended vs. Unattended) and Region (left FEF vs. vertex) index.
(C) Positive correlation between the RT behavioral attentional effect for the orienting task and the right SLF IIIL.
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Fig. 6. Fractional anisotropy (FA) voxels identified with TBSS for the attentional effect over RT in the alerting task. Green voxels represent the white matter skeleton.
Blue voxels represent significant results (TFCE corrected p < 0.05) with a negative correlation with behavior. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

the same time, leaving some room for distraction and providing op-
portunities for attentional shifts to unexpected events.

White matter microstructural properties of tracts connecting fronto-
parietal regions within the same hemisphere (i.e., the SLF) and the CC
(which constitutes the main tract for interhemispheric connections)
were related to the observed TMS effects. A negative correlation was
observed between the TMS effect over RT and the integrity of the right
SLF 1. That is, an increased integrity of the right SLF I was associated
with reduced TMS effects. In addition, attentional effects overall
increased when TMS was applied to the left FEF as compared to the
vertex condition. This increased attentional effect after TMS was also
negatively related with the integrity of the right SLF III and the posterior
body of the CC (portion CC5). This portion of the CC connects homol-
ogous posterior parietal areas, linking right and left attentional net-
works. These results critically replicate our previous observations
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[13-15], using different TMS protocols (cTBS in the present study, 1Hz
repetitive TMS in Ref. [14], and online TMS pulses in Ref. [13,15]), and
stimulating different brain regions (the left FEF in the present study, the
supplementary motor area in Refs. [14,15], and the right superior pa-
rietal cortex in Ref. [13]).

This negative correlation between the microstructural properties of
some white matter fasciculi and TMS effects has been interpreted as
indicative of a compensatory mechanism. In particular, those partici-
pants with increased integrity in fronto-parietal pathways connecting
key attentional regions, and portions of the CC that connect homologous
attentional networks, are more resistant to the neuromodulatory effects
of TMS over attentional functions. According to other proposals [16],
when a brain network is affected by a short-term disruption in a
particular node (such as that caused by TMS), alternative networks can
be recruited to compensate for the affected cognitive function [17,75].
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The functionality of this flexible network redistribution has been
observed in several studies, where stimulating a single relevant network
node did not produce a behavioral effect, but combined stimulation with
a second node did (e.g., Ref. [76]). We propose that the structural
connectivity would influence not only the propagation of TMS neural
effects [3,11] but also the potential compensatory mechanisms that the
system could employ. Participants with higher integrity in tracts con-
necting these relevant alternative networks (within or between them)
may have an advantage in recruiting them, thereby compensating for
the disrupted function and exhibiting less interference from TMS
stimulation.

Similar results have been reported after brain damage. In the case of
spatial neglect, lesions in the parietal cortex and its connections to the
frontal lobe have been associated with attentional impairments and the
severity of neglect [20]. This is in line with data showing that neglect
patients have altered fronto(motor)-parietal connections in the con-
tralesional hemisphere [77]. Moreover, lesions in the dorsolateral pre-
frontal cortex and the disconnection of the SLF III have been associated
with perceptual impairments in contrast perception ([78], see also
[79]). Altogether, this evidence suggests that white matter integrity of
fronto-parietal and interhemispheric tracts is important in the healthy
brain in situations of transient brain perturbation such as those induced
by TMS, and in determining the presence and severity of attentional
symptoms after brain damage.

As predicted based on previous studies (with brain damage [19,21],
and healthy participants, [22]), there was a positive correlation between
the TMS effect over accuracy and the rostral body of the CC (portion
CC3), which connects homologous premotor and supplementary motor
areas on each hemisphere [48], and thus also the left and right FEF [80,
81] (see Fig. 5A). All our previous reports of white matter negative as-
sociations with TMS effects were related to fasciculi that did not
innervate the stimulated region [13-15]. However, larger integrity of
tracts directly connecting the stimulated region with homologous or
other regions of the network could increase the TMS effects by the
propagation of the signal. Indeed, experiments reveal that stimulation
spreads to other regions of the brain, including deeper brain regions [4,
5,82]. Several studies have previously proposed that the propagation of
TMS pulses could occur through the structural connections between the
stimulated region and other brain regions [3,6,83,84]. Concretely, TMS
could trigger action potentials in the superficial neural tissue beneath
the coil, which could then travel along neural pathways to reach con-
nected cortical and subcortical structures [83]. Beynel et al. [5] also
proposed that white matter tracts facilitate the co-activation of inter-
connected regions, modulating the functional connectivity between
these regions. In addition, stimulation-induced interference in behavior
is related to properties of white matter tracts [22,85].

White matter microstructural properties were also related to the
observed attentional effects in the control condition (without consid-
ering the TMS effect; i.e., the vertex stimulation). This aligns with evi-
dence indicating that variations in white matter characteristics
underlying attentional networks are linked to individual differences in
performance [86,87]. In the alerting task, the correlation was negative;
that is, participants with lower integrity in several brain regions pre-
sented larger alerting effects. Attentional effects correlated negatively
with the FA in the bilateral IFOF, right anterior thalamic radiation, left
SLFs, left middle longitudinal fasciculus, left optic radiation, right for-
ceps minor, and left forceps major, and the genu and body of the CC. Our
results were consistent with previous observations by Luna et al. [35],
who reported that participants with lower HMOA in the splenium of the
CC presented an increased alerting effect. On the contrary, recent
research [36] showed that the left anterior thalamic radiation, the left
IFOF, and the left uncinate were associated with better use of the
alerting signals. While the identified white matter tracts related with the
alerting function were highly consistent with previous literature, more
research is necessary to determine the specific role of the microstruc-
tural properties of those tracts in the effective use of alerting signals.
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In the case of orienting, we observed a positive correlation between
the integrity of the right SLF III and the orienting effect. That is, par-
ticipants with increased integrity presented larger orienting effects. It is
well established that the ventral network for attentional reorienting
(which comprises the SLF II1, [27]) is lateralized to the right hemisphere.
Damage to this network, including SLF III disconnection, produces
spatial neglect [41,88]. Our result consistently shows that, in healthy
participants, increased integrity of this right hemisphere ventral branch
of the SLF is associated with an increased use of orienting signals.

This study should be considered within the context of its limitations.
Our hypothesis, which suggests that white matter integrity within
alternative brain networks can compensate for TMS disruption, is sup-
ported by both the present findings and previous research. However, as
brain functioning was not measured after TMS stimulation (for example,
with fMRI), the proposed brain reorganization is inferred from the
behavioral output. We propose future studies combining TMS, DWI, and
fMRI methodologies to confirm and expand these results. In addition, as
often found in TMS research [2], behavioral modulations caused by TMS
exhibited high variability. Therefore, some participants showed a TMS
effect in some of the behavioral variables while not in others. This factor
makes it more difficult to predict those participants that will “respond”
to the TMS stimulation from those that will “not respond”, as it may
depend on the specific measured output. We propose that complex data
driven approaches, such as machine learning, could be used in future
studies to reveal white matter complex patterns that could relate with
such TMS variability. The proportion of variance explained by white
matter properties can be considered medium (R? of around 0.12, [89D).
This is coherent with the fact that many internal and external factors
modulate TMS stimulation effects over behavior (see e.g., Ref. [2]).
Among them, we explored white matter characteristics as one individual
brain anatomical factor, but other brain factors such as morphological
properties [90] or brain states could be considered [1]. This research
contributes to understanding the variability in the neuromodulation of
human behavior, acknowledging that it is not explained by a single
factor but by a complex combination of factors. Finally, the main effect
of Region reported in this study was also modest (as indicated by the
estimates and the lower ClIs approaching zero in some cases, see Sup-
plementary Tables 4-8). This suggests that the Region effect is small and
subjected to individual variability, as indicated by the correlation with
the integrity of the SLF and the CC. This data is in line with Chechlacz
et al. [22]. This study showed that when the TMS effects were more
variable (left IPS as compared to right IPS stimulation), the contribution
of the microstructural properties of the CC was higher. This may indicate
that individual differences in white matter integrity contribute to
explaining the variability in TMS effects, particularly when those effects
are more inconsistent.

In conclusion, our study confirms the importance of the micro-
structural properties of white matter to explain part of the individual
variability associated with TMS neuromodulation effects over behavior.
Two qualitatively different results were observed: 1) negative correla-
tions between association tracts not directly stimulated by the TMS
protocol, and with the posterior body of the CC, which we interpret as a
compensatory effect; and 2) positive correlations with the portion of the
CC connecting the stimulated region with the opposite hemisphere,
which we associate to the spread of TMS activation. Finally, we explored
the relationship between white matter microstructural properties and
behavioral attentional effects (not related to TMS), and observed inter-
esting associations between alerting effects and the integrity of associ-
ation, commissural, and projection fibers, as well as increased orienting
effects in participants with high integrity of the right SLF IIL

The results of this work open up new avenues for personalizing
stimulation both in the laboratory and, hopefully, in future clinical
practice. Behavioral outcomes following TMS application are diverse,
often resulting in null or incongruent findings in TMS research [91,92],
and inconsistent therapeutic outcomes [93]. Therefore, further investi-
gation is needed to better understand individual variability in response
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to neuromodulation. By gaining a comprehensive understanding of the
sources of variability, including white matter properties, we could
establish ways to control them or use them to enhance therapeutic
efficacy.
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