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this detection cost to performance. We used a cueing paradigm with a target discrimination
task that was preceded by a non-informative peripheral cue. The presence-absence of a
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central intervening event was manipulated. Online TMS to the left superior parietal lobe
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(compared to an active vertex stimulation) lead to an overall more positive effect (faster
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responses for cued as compared to uncued trials), by putatively impairing the detection

Superior parietal lobe (SPL)

cost contribution to performance. The data revealed a strong association between overall

Superior longitudinal fasciculus

RT and the TMS effect, and also between overall RT and the integrity of the first branch of

(SLF)

the left superior longitudinal fascicule. These results have critical implications not only for

Transcranial magnetic stimulation

the open debate about the mechanism/s underlying spatial orienting effects, but also for

(TMS)

the growing literature demonstrating that white matter connectivity is crucial for
explaining inter-individual behavioral variability.
© 2019 Elsevier Ltd. All rights reserved.

1.

Introduction

The spatial orienting of attention (driven to salient, potentially
dangerous, and/or novel events) allows the selection of relevant information in the spatial dimension. Accumulating
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evidence suggests that the functional and structural properties of fronto-parietal networks underlie this function (Chica,
n
~ ez, 2013; Corbetta, Patel, & Shulman,
Bartolomeo, & Lupia
2008; Thiebaut de Schotten et al., 2011). When exogenous
attention is manipulated by using spatially non-informative
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valo, Botta, & Lupia
n
~ ez,
peripheral cues (Chica, Martı́n-Are
2014; Posner, 1980), two different behavioral effects can be
observed as a function of time: At short cue-target onset
asynchronies (CTOAs; ~50e300 msec), reaction times (RTs) are
usually shorter for targets appearing at the same location as
the peripheral cue (cued locations) as compared to targets
presented at the opposite location (uncued locations). At
longer CTOAs (longer than ~300 msec, depending on factors
such as task demands; see Chica et al., 2014), the behavioral
effect reverses, and RTs are shorter for uncued as compared to
cued locations (Posner & Cohen, 1984). Posner and colleagues
(Posner, Rafal, Choate, & Vaughan, 1985) termed this effect
Inhibition of Return (IOR), reflecting the theory initially proposed
to explain it: IOR would be the consequence of an impaired
ability to return attention to a previously attended location
(see Klein, 2000, for a review).
Although this re-orienting hypothesis about IOR (Klein, 2000;
Posner, 1980) has been extensively accepted, it has also been
robustly refuted (Berlucchi, 2006; Hu, Samuel, & Chan, 2011;
n
~ ez, Martı́n-Are
valo, &
Krüger, MacInnes, & Hunt, 2014; Lupia
 valo, Chica, & Lupia
n
~ ez, 2014). Just to
Chica, 2013; Martı́n-Are
give some examples, IOR can be observed in the absence of
previous facilitation (Mele, Savazzi, Marzi, & Berlucchi, 2008;
Tassinari, Aglioti, Chelazzi, Peru, & Berlucchi, 1994; Tassinari
& Berlucchi, 1995; and therefore, with no evidence of attentional orienting), and IOR can be observed at attended locan
~ ez, & Bartolomeo, 2006; and therefore,
tions (Chica, Lupia
with no evidence of attentional reorienting), or even at fixated
locations (Rafal, Davies, & Lauder, 2006). Nowadays, the
mechanism/s underlying spatial orienting effects still remain
n
~ ez, Klein, & Bartolomeo, 2006;
highly debated (see e.g., Lupia
 valo, Chica, & Lupia
n
~ ez, 2016, for reviews). It has
Martı́n-Are
been claimed that spatial orienting effects measured in RT or
accuracy data probably reflect the contribution of multiple
n
~ ez, 2010; Martı́nstages of processing (Berlucchi, 2006; Lupia
valo et al., 2016; Taylor & Klein, 2000), although no agreeAre
ment has yet been reached about which of these stages of
processing is/are crucial to the mechanism/s underlying both
facilitation and IOR. A new theoretical framework, the inten
~ ez, 2010; Lupia
n
~ ez et al.,
gration-segregation hypothesis (Lupia
2013), proposes that the orienting of attention produced by
peripheral cues is related to two processes: a spatial selection
benefit, which improves feature discrimination; and a onsetdetection cost, which impairs target detection. The behavioral
cueing effect that is measured e either facilitation or IOR e
would result from the net contribution of these processes to
performance.
 valo et al., 2014) we used a
In a previous study (Martı́n-Are
letter discrimination task preceded by a spatially noninformative peripheral cue, and manipulated the absence or
presence of an intervening event during the cue-target period
(to favor the appearance of IOR; see e.g., Faust & Balota, 1997;
n
~ ez et al., 2013; Martı́n-Are
valo, Chica, & Lupia
n
~ ez, 2013;
Lupia
Pratt & Fischer, 2002; Prime, Visser, & Ward, 2006). We
observed that P1 amplitude was reduced for cued as compared
to uncued conditions, and this P1 modulation was independent of the behavioral effect that was measured (either facilvalo et al., 2014)
itation or IOR). We interpreted (Martı́n-Are
that P1 modulations might reflect one of the mechanisms

underlying spatial orienting effects: the so-called detection cost
n
~ ez, 2010).
(Lupia

1.1.

Aims of the present work

In the present study, we used a causal approach to investigate
the contribution of the detection cost mechanism to exogenous
spatial orienting effects by assuming that the P1 component
might be reflecting this detection cost e an hypothesis based on
valo et al., 2014, 2016).
our previous EEG findings (Martı́n-Are
We applied online transcranial magnetic stimulation (TMS) to
the left parietal cortex while the participants performed the
valo et al. (2014). We used source
same task as in Martı́n-Are
localization analyses (from the EEG data of the previous study;
valo et al., 2014) to identify the neural generator of
Martı́n-Are
the P1 component (see Section 2.4). This analysis pointed to a
coordinate on the left superior parietal gyrus/lobe (SPL). As in
 valo et al., 2013, 2014), two groups
previous studies (Martı́n-Are
of participants were compared, one with no intervening event
during the cue-target period (intervening event absent group,
in which behavioral facilitation was expected), and one with
an intervening event during the cue-target period (intervening
event present group, in which IOR was expected). Based on
valo et al., 2014), the CTOAs range
previous results (Martı́n-Are
used here allows observing both facilitation and IOR in the
same paradigm by only manipulating the absence or presence
of an intervening event. TMS pulses were applied either to the
left SPL or to an active control site (vertex). TMS pulses were
target-locked, either at the time in which P1 peaked in our
previous study or at a control time-window (see Section 2.5).
We hypothesized that left SPL TMS during the P1 peak would
reduce the contribution of the detection cost to the behavioral
effect. In particular, if (as predicted by the integration-segregan
~ ez, 2010) the detection cost were a comtion hypothesis; Lupia
mon process to both facilitation and IOR, which always
contributes negatively to performance (increasing RTs in cued
as compared to uncued trials), we hypothesized that left SPL
TMS might lead to an overall more positive effect (shorter RTs
for cued as compared to uncued trials) both when intervening
events are present and absent.
Additionally, and given the influence of long-range white
matter tracks connecting the parietal and the frontal lobe on
cognitive processes (Chica, Thiebaut de Schotten, Bartolomeo,
& Paz-Alonso, 2018; Scholz, Klein, Behrens, & Johansen-Berg,
2009; Thiebaut de Schotten et al., 2011), we also analyzed the
potential contribution of the integrity of the superior longitudinal fasciculus (SLF) to the results observed. Previous
studies have shown influences of the white matter microstructure of the SLF over TMS effects (Buschman & Miller,
rez-Serrano, & Chica, 2017; Quentin,
2007; Martı́n-Signes, Pe
Chanes, Migliaccio, Valabregue, & Valero-Cabre, 2013; Quentin et al., 2018). Based on these previous results, we expected
larger TMS effect on participants with less integrity of the first
branch of the left SLF (SLF-I, which overlaps with our
stimulation-site; Thiebaut de Schotten et al., 2011). Note that
SLF-I (along with SLF-III) has been reliably associated with
exogenous spatial orienting both in healthy participants and
brain-damaged patients (Bourgeois, Chica, Migliaccio,
Thiebaut de Schotten, & Bartolomeo, 2012; Carretie, Rios,
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Perianez, Kessel, & Alvarez-Linera, 2012; Doricchi, Thiebaut de
Schotten, Tomaiuolo, & Bartolomeo, 2008).

width  .7 in height). The target was either the letter “X” or
“O” (.14 in width  .14 in height), presented in the center of
one of the two placeholder boxes.

2.

2.3.

Methods

In the result section we report sample size calculation, data
exclusion, inclusion/exclusion criteria, whether inclusion/
exclusion criteria were established prior to data analysis, all
manipulations, and all measures in the study.

2.1.

Participants

G*Power 3.1.9.2 was used to determine sample size (Erdfelder,
Faul, Buchner, & Lang, 2009) based on our previous EEG findvalo et al., 2016). At least sixteen participants
ings (Martı́n-Are
were required in each group.
A total of 36 healthy volunteers (all right-handed; 21
women; mean age of 24 years, standard deviations (SD) ¼ 3.3)
participated in the study; 18 participants randomly assigned
to each group (intervening event absent vs intervening event
present group). All participants were naı̈ve students from the
University of Granada, who signed an informed consent and
participated in the experiment for monetary compensation
(10 Euros/hour). They were explicitly informed about their
freedom to withdraw from the experiment at any time
without penalty. Participants had no history of head injury or
physical, neurological, or psychiatric illness, and were all
tested prior to the experiment for TMS and Magnetic Resonance Imaging (MRI) exclusion criteria (Rossi, Hallett, Rossini,
& Pascual-Leone, 2009). Data from two participants in the
intervening event absent group were excluded from the final
analyses due to a technical error in data acquisition. The
experiment was conducted in accordance with the ethical
guidelines laid down by the University of Granada, in accordance with the ethical standards of the 1964 Declaration of
Helsinki (last update: Seoul, 2008), as part of a larger research
project approved by the University of Granada Ethical Committee (175/CEIH/2017).

2.2.

Apparatus and stimuli

The experiment was run on a computer (1 GHz Pentium III
processor), connected to a 19-inch color VGA monitor (Benq
T903, 1900 wide, 1280  1024, 60 Hz). E-prime software
(Schneider, Eschman, & Zuccolotto, 2002) controlled the presentation of stimuli and the acquisition of data throughout
the experiment. All stimuli were drawn in white against a
black background. Two placeholder boxes were presented,
one on each side of the fixation point (see Fig. 1A). Each box
subtended 20 mm in width and 20 mm in height (1.4  1.4 of
visual angle at a viewing distance of 80 cm). The boxes were
positioned 1.8 away from the center of the bottom edges of
each placeholder to the center of the screen (fixation point),
and positioned .7 above the central fixation along the vertical
plane (as measured from the center of the inner lateral edges
of each placeholder to the center of the screen). Peripheral
cues were created by thickening the outline of one of the two
placeholder boxes. The intervening event was created by
presenting a smaller box around the fixation point (.7 in

Behavioral procedure

The behavioral procedure (see Fig. 1A) was identical to the
valo et al. (2014). Participants were
one used in Martı́n-Are
seated on a comfort TMS robot's armchair (http://www.
axilumrobotics.com/en/) at a distance of 80 cm from the
screen. Each trial begun with the presentation of the fixation
display (containing the fixation point and the two placeholders), with a duration varying randomly between 1000 and
1500 msec. Participants were required to keep their eyes on
the fixation point throughout the trials.1 The peripheral cue
was presented for 50 msec in one of the two possible locations with equal probability. In the intervening event present
group, the intervening event was presented for 50 msec after
a variable (200e300 msec) interval after the peripheral cue.
Another fixation display was then presented for a random
variable duration of 200e300 msec. In the intervening event
absent group, the fixation display was maintained on the
screen for the same 50 msec interval, followed by the fixation
display, presented for a duration varying randomly between
200 and 300 msec (therefore, keeping a constant CTOA for
both groups). The target was displayed for 1200 msec in one
of the two peripheral boxes with equal probability. Participants were instructed to discriminate the identity of the
letter (“X” or “O”) by pressing either the “z” key with their left
index finger or the “m” key with their right index finger, with
the letter-key assignment being counterbalanced across
participants. On 11% of the trials no target was presented
(catch trials), and no response was required. The inter-trial
interval, in which the screen remained black, lasted for
2000 msec.

2.4.

EEG source localization analysis

The EEG source localization analysis was carried out on our
valo et al., 2014).
previously published EEG data (Martı́n-Are
The aim of the analysis was to identify the neural generator
underlying the P1 component, in order to select the TMS
stimulation coordinate. FildTrip Software (Oostenveld,
Fries, Maris, & Schoffelen, 2011; http://www.ru.nl/
fcdonders/fieldtrip/) and in-house Matlab code were used
for this purpose. The localization of brain sources was
performed by means of beamforming (Gross et al., 2001;
van Veen, van Drongelen, Yuchtman, & Suzuki, 1997).
Source localization was performed on a standard MRI in
MNI (Montreal Neurological Institute) space provided by the
EEGLab
toolbox
(https://sccn.ucsd.edu/eeglab/),
and
segmented into 12-mm resolution voxels. The forward

1
valo et al., 2014), we
In our previous EEG study (Martı́n-Are
used the same behavioral procedure to the one used here, and
only 3.2% of trials were excluded due to eye movements. Given
the technical complexity of the present TMS experiment, we did
not control for eye movements by assuming that participants
could properly follow instructions and keep their eyes on the
fixation point throughout the trials.
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 valo
Fig. 1 e A) Sequence de events in a given trial. B) Source localization analysis from our previous EEG data (Martı́n-Are
et al., 2014) pointed to the left superior parietal gyrus/lobe (SPL) as the generator of the P1 component. In the scale, greater
values (and/or warmer colors) represent greater brain activity in those areas during the P1 time window (160 msec),
expressed as percent relative change respect to the baseline (pre-stimulus) period. L ¼ Left. C) TMS stimulation site based on
the source localization analysis (left part) and vertex (right part).

model was computed using a standard boundary element
method (BEM) volume conduction model (Oostenveld,
Stegeman, Praamstra, & Van Oosterom, 2003) and standard electrode positions. Lead fields were calculated for the
3 possible orientations of each voxel. The EEG signal was
band-pass filtered at the frequency of interest (i.e.,
.1e30 Hz). Then, 60-msec segments corresponding to the
time window of interest (i.e., 130e190 msec post-target, the
time window showing the largest P1 peak e 160 msec e in
valo et al., 2014) were
our previous study; Martı́n-Are
extracted for both cued and uncued conditions, as well as
200 msec from the baseline period (i.e., 200e0 msec pretarget). Intervening event present and absent conditions
were collapsed because our previous EEG results demonstrated a main effect of cueing that was independent of the
valo et al., 2014). The
intervening event group (Martı́n-Are
activation and baseline segments were concatenated, and
we calculated the corresponding covariance matrix, which
was used to compute the spatial filter coefficients by means
of the linearly constrained minimum variance (LCMV)
beamformer (van Veen et al., 1997). We applied regularization (lambda parameter) by adding to the covariance
matrix a unit matrix scaled to 10% of the mean across eigenvalues of the covariance matrix. Subsequently, we projected the sensor-level band-pass filtered signal of each
trial into the source space through the spatial filter corresponding to the optimally oriented dipole. This orientation
was computed for each voxel from the first eigenvector of
the covariance matrix between both tangential orientations. The amplitude envelope for each trial (i.e., the absolute value of the Hilbert transform) was averaged across
trials and time separately for each cued and uncued

condition. To avoid differences in amplitude due to voxels
depth, source-level activity was normalized as relative
change with respect to the root mean square of the baseline
activity for each voxel (Capilla, Belin, & Gross, 2013), and we
created mirrored hemi-brain volumes corresponding to
both cued and uncued target-related activity. Finally, we
averaged the brain activation volumes across participants
and identified the voxels exhibiting absolute spatial maxima/minima in the time window showing the largest P1
peak. Following this method, the left superior parietal
gyrus/lobe (SPL) was selected as the TMS stimulation site
(see Fig. 1B).

2.5.

TMS protocol

The session began by first determining the hotspot for the first
dorsal interosseous (FDI) e defined as the optimum site over
primary motor cortex (M1) which evoked the highest contralateral motor evoked potentials (MEP) in the relaxed FDI. Then,
we determined the resting motor threshold (rMT), defined as
the minimum stimulus intensity which elicits MEPs > 50 mV in
five out of ten consecutive trials (Chen, Yung, & Li, 2003;
Rossini et al., 2015; Triggs, Calvanio, Macdonell, Cros, &
Chiappa, 1994). Electromyography (EMG) and MEPs were
recorded from the right FDI by using snap surface electrodes
(Natus Neurology). Focal TMS over left M1 was performed with
a 70-mm TMS figure-of-eight, connected to a monophasic
stimulator (Super Rapid 2, Magstim 2002; Whitland UK) and
tangentially held to the scalp at an angle of approximately 45
from the midline (Di Lazzaro et al., 1998).
During the experimental task, the stimulation was
administered at 120% of each participant's rMT: mean
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intensity ¼ 75% of maximum stimulator output (MSO) in the
total sample (SD: 4.1). For the intervening event present group,
mean intensity ¼ 75% MSO (SD: 3.4); for the intervening event
absent group, mean intensity ¼ 76% MSO (SD: 4.7). On each
trial, a burst of two TMS pulses were applied at 50 Hz, with
single pulses at 135 and 160 msec after target onset (for the P1
peak condition), and at 175 and 200 msec for the control time
window condition. Given the well-known inter- and intraindividual (across trials) peak variability in event-related
components we decided to apply a burst of two TMS pulses
in order to cover a longer P1 range than exclusively the P1 peak
(160 msec ± 3.7 in our previous EEG data).
Scalp coordinates for the stimulation sites were located by
using the native space of each participant's T1-weighted
anatomical magnetic resonance (MR) scans, acquired at the
Brain, Mind, and Behaviour Research Center (CIMCYC), University of Granada. We used a 3-T Siemens magnetization prepared
rapid gradient echo, flip-angle ¼ 7, repetition time ¼ 2530 msec,
echo time ¼ 2.5 msec, slice thickness ¼ 1 mm, field of
view ¼ 256 mm. The TMS coil was controlled by a robotic arm
(TMS Robot, Axilum Robotics, http://www.axilumrobotics.com/
en/) and a TMS neuronavigation system (Brainsight, Rogue Systems, Montreal, Canada) with the capacity to estimate and track
in real time the relative position, orientation, and tilting the coil
on the sectional and 3D reconstruction of the participants MRI
with a precision of 5 mm. The TMS robot guaranties the accurate
stimulation of a given brain region during the experiment, by
automatically adjusting its position if a movement larger than
5 mm was detected.
The selected TMS stimulation site (see Fig. 1C), based on
the source localization analysis from our previous EEG data
 valo et al., 2014), corresponded to MNI coordinates
(Martı́n-Are
of x ¼ 18, y ¼ 59, z ¼ 68 (left superior parietal gyrus/lobe;
SPL). The control stimulation site was the vertex (MNI coordinates: x ¼ 0, y ¼ 34, z ¼ 78; Heinen et al., 2011), which was
not expected to induce any specific behavioral effects based
on previous reports (Harris, Benito, Ruzzoli, & Miniussi, 2008;
Kalla, Muggleton, Cowey, & Walsh, 2009; Muggleton, Cowey,
 valo, Chica, & Lupia& Walsh, 2008; Ortiz-Tudela, Martı́n-Are
~ ez, 2018).
n

2.6.

2.7.
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Diffusion tensor imaging (DTI) analysis

DTI analyses were performed following the previously reported procedure (see Supplementary Methods in Thiebaut de
Schotten et al., 2011). A total of 70 near-axial slices were acquired on a Siemens 3-T system using a sequence fully optimized for DTI of white matter (based on spherical
deconvolution; Dell'Acqua, Simmons, Williams, & Catani,
2013), providing isotropic (2  2  2 mm) resolution and
coverage of the whole head with a posterior-anterior phase of
acquisition (echo time ¼ 88 msec and repetition
time ¼ 8400 msec). At each slice location, 6 images were acquired with no diffusion gradient applied and 60 diffusionweighted images in which gradient directions were uniformly distributed in space. The diffusion weighting was
equal to a b-value of 1500 sec/mm2. In each slice, diffusionweighted data were simultaneously registered and corrected
for subject motion and geometrical distortion adjusting the
gradient accordingly (ExploreDTI: http://www.exploredti.
com). Then, individual dissections of the tracts were carried
out with the software TrackVis (http://www.trackvis.org). The
first branch of the SLF (SLF-I) was isolated using a multiple
region of interest (ROI) approach. SLF-I is the dorsal-most
white matter track linking the superior parietal lobule
encompassing the intraparietal sulcus, with the middle and
superior frontal gyrus (Thiebaut de Schotten et al., 2011),
which overlaps with our stimulation-site (left SPL). Parietal
ROIs and frontal ROIs (superior frontal region) were delineated
around the white matter. A no-part ROI in the temporal white
matter was also used to exclude streamlines of the arcuate
fasciculus projecting to the temporal lobe (Rojkova et al., 2016;
Thiebaut de Schotten et al., 2011). Finally, the index employed
as a surrogate for tract microstructural organization (i.e.,
mean Hindrance Modulated Orientational Anisotropy or
HMOA; Dell'Acqua et al., 2013) was extracted from each
dissected tract for both the left and right hemisphere. The
mean HMOA is defined as the absolute amplitude of each lobe
of the fiber orientation distribution and considered highly
sensitive to axonal myelination, fiber diameter, and axonal
density (Dell'Acqua et al., 2013).

Design

The experiment consisted of a four-factor design. Cueing,
was manipulated within participants, and had two levels:
cued and uncued location trials. Stimulation-time window
was manipulated within blocks, and had two levels: P1 peak
or control. Stimulation-site was manipulated between
blocks, and also had two levels: left SPL and vertex. Intervening event was manipulated between participants, and
had two levels: absent versus present. Both the order of
stimulation-time window and stimulation site were counterbalanced within participants. Each experiment consisted
of 8 practice trials, which were no further analyzed, followed by 576 experimental trials, which were distributed in
2 blocks of 288 trials. Each block corresponded to one
stimulation site (left SPL and vertex), and contained 128
cued trials, 128 uncued trials, and 32 catch trials.

3.

Results

3.1.

Behavioral results

Trials in which no responses were recorded or an incorrect
response was made were excluded from the RT analysis (.39%
of the trials). In addition, trials with correct responses deviating more than 2.5SD above each participant's RT mean were
also excluded from the RT analysis (.04% of the trials).
Table 1 shows the mean RT and error rates for each
experimental condition and intervening event group. A
mixed-design ANOVA was conducted to analyze the mean
RTs and error rates. Each ANOVA included stimulation-site
(left SPL vs vertex), TMS-time window (P1 peak vs control),
and cueing (cued vs uncued trials) as within-participants
factors, and intervening event group (absent vs present) as a
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Table 1 e Mean RTs (in msec) for each condition of cueing, stimulation-site, TMS-time window, and intervening event
conditions. Error rates are presented in parentheses.
Intervening event absent group
Vertex

Cued
Uncued

Intervening event present group

Left SPL

Vertex

Left SPL

P1 peak

Control

P1 peak

Control

P1 peak

Control

P1 peak

Control

490 (.05)
503 (.06)

493 (.05)
499 (.06)

485 (.03)
500 (.03)

486 (.03)
498 (.03)

498 (.05)
488 (.06)

498 (.06)
495 (.05)

501 (.04)
497 (.05)

503 (.03)
500 (.03)

between-participants factor.2 Given the final sample size used
(n ¼ 34), post hoc sensitivity analyses showed that the study
(with two groups and eight measurements) was sufficiently
powered (83%) to detect an effect size  .17.
For the analysis of mean error rates, only the main effect of
stimulation-site (left SPL and vertex) was significant,
F1,32 ¼ 5.21, MSE ¼ .0061, p ¼ .0292, h2p ¼ .13, with fewer errors
when left SPL was stimulated as compared to the vertex
condition (.04 vs .06, respectively). All other main effects or
interactions were non-significant (all ps > .344; except for
stimulation-site  TMS-time window  Group, for which
p ¼ .099).
For the analysis of the mean RTs, only the predicted
cueing  intervening event interaction reached significance,
F1,32 ¼ 12.61, MSE ¼ 366, p ¼ .001, h2p ¼ .28, showing a significant facilitation effect when the intervening event was absent
(mean RT for uncued minus cued trials ¼ 11 msec; planned
comparison, p ¼ .0021), and a non-significant IOR effect when
the intervening event was presented (5 msec; planned
comparison, p ¼ .112) (Fig. 2A). All other main effects or interactions were non-significant, all ps > .149.
To assess the contribution of the integrity of the left SLF-I
to the results, the HMOA index of the left SLF-I was introduced as a covariate in the analysis. Apart from the
cueing  intervening event interaction, F1,31 ¼ 15.04,
MSE ¼ 345, p < .001, h2p ¼ .32, the covariate effect reached
2
In the initial analysis, target location (left vs right-side) was
introduced as a within-participants factor in the ANOVA.
Although the main effect of target location reached significance,
F1,32 ¼ 7.88, p ¼ .008, h2p ¼ .17, with shorter RTs for right-sided
targets as compared to left-sided targets (493 vs 499 msec,
respectively), this factor demonstrated no further interactions (all
ps > .187; except for the cueing  target location  intervening
event interaction, that approached significance; p ¼ .074). Simon
congruency (i.e., target presented ipsilaterally or contralaterally
to the target response hand) was also introduced as a withinparticipants factor in the ANOVA. There was a significant interaction between Simon congruency and intervening event,
F1,32 ¼ 12.06, p ¼ .0015, h2p ¼ .27, with significantly shorter responses for ipsilateral than contralateral targets only when
intervening event was absent (10 msec, p ¼ .0031; when intervening event was present, -5 msec; p ¼ .1045). We also observed
an interaction between Simon congruency and stimulation-site,
F1,32 ¼ 12.06, p ¼ .0015, h2p ¼ .27, with significantly shorter responses for ipsilateral than contralateral targets only when vertex was stimulated (7 msec, p ¼ .0141; when left SPL was
stimulated, 1 msec; p ¼ .5665). No other main effects or interactions approached significance (all ps > .1337). For the sake of
simplicity, and because our main predictions were not related to
these two variables, target location and Simon congruency were
not included in the final analyses and were not further discussed.

significance, F1,31 ¼ 17.18, MSE ¼ 42,681, p < .001, h2p ¼ .36.
Participants with lower left SLF-I HMOA showed longer RTs
as compared to participants with higher left SLF-I HMOA. A
Pearson correlation (see Fig. 2B) also demonstrated a significant negative correlation between the left SLF-I HMOA and
the overall mean RT (r ¼ .592, p < .001). The higher the
HMOA of the left SLF-I the faster the overall RT. The correlation between the left SLF-I HMOA and the overall RT was
significant for both the left SPL and the vertex group
(r ¼ .579 and r ¼ .583, respectively; both ps < .001). All
other main effects or interactions in the ANOVA were nonsignificant (all ps > .100; except for the main effect of
cueing, that approached significance, 3 msec; p ¼ .0789).
Given the proximity of left SLF-I with motor and premotor
areas, in order to control that this result was not driven by
responses made with the right hand, we performed the same
previous ANOVA for each response hand. Both ANOVAs
(from right and left response hands) replicated the previous
results: cueing  intervening event interaction and the main
effect of the covariate.

3.1.1.

Post-hoc analyses

One interesting (and unexpected) result was the significant
relationship between the left SLF-I HMOA and the overall RTs.
To explore the contribution of mean RT differences to our
data, we repeated the ANOVA with the overall RT as a covariate. Apart from the significant cueing  intervening event
group interaction, F1,31 ¼ 13.51, MSE ¼ 347, p < .001, h2p ¼ .30,
we observed a significant interaction between stimulatedarea and cueing, F1,31 ¼ 7.24, MSE ¼ 76, p ¼ .0114, h2p ¼ .18.
Cueing effects were more positive when left SPL was stimulated as compared to the control condition: there was a
marginally significant facilitation (5 msec; planned comparison, p ¼ .072; 4 msec vs 13 msec for the intervening event
present and absent group, respectively) when the left SPL was
stimulated, and no significant cueing effect when the vertex
was stimulated (1 msec; planned comparison, p ¼ .596;
7 msec and 9 msec, for the intervening event present and
absent group, respectively). The three-way interaction between stimulated-area, cueing, and the overall mean RT covariate was also significant, F1,31 ¼ 9.13, MSE ¼ 76, p ¼ .005,
h2p ¼ .24. As can be observed in Fig. 2D, there was a significant
correlation between the cueing effect (mean RT for uncued
minus cued trials) and the overall mean RT (r ¼ .375, p ¼ .029)
only when left SPL was stimulated. When the vertex was
stimulated, this correlation was non-significant (r ¼ .0245,
p ¼ .891). This was also true even when excluding data from 2
participants demonstrating a cueing effect 2.5 SD above each
group (left SPL vs vertex) mean cueing effect. These results
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Fig. 2 e A) Mean RTs (in msec) for each experimental condition of cueing, and intervening event. Errors bars represent
standard errors of the mean. B) Pearson correlation between the mean overall RT and the mean left SLF-I HMOA. C) Virtual
in vivo dissection of the left SLF-I using deterministic tractography. D) Pearson correlation between the mean overall RT and
the cueing effect (uncued-cued trials) for both left SPL stimulation (left part) and vertex stimulation (right part). E) Pearson
correlation between the mean overall RT and the TMS effect (cueing effect on the SPL-TMS condition minus cueing effect on
the vertexeTMS condition). Asterisks represent statistically significant effects.

indicate that applying TMS over the left SPL (with no TMStime specificity) leads to an overall more positive effect
(shorter RTs for cued as compared to uncued trials), especially
on those subjects with slower RTs.
Additional analysis considering the TMS effect (cueing effect on the SPL-TMS condition minus cueing effect on the
vertexeTMS condition) also revealed a significant correlation
between the TMS effect and the overall mean RT (r ¼ .476,
p ¼ .004). As can be observed in Fig. 2E, the slower the overall
RT, the more increased the TMS effect. This result again indicates that applying TMS over left SPL leads to an overall
more positive effect (faster RTs for cued as compared to
uncued trials). All other main effects or interactions were nonsignificant, all ps > .1092.
Finally, in order to better understand the jointed contribution
of the SLF-I HMOA and overall RT to the TMS effect observed
here, we performed a network analysis (implemented in JASP
software: https://jasp-stats.org) with left SLF-I HMOA, overall RT,
and the TMS effect. The process was bootstrapped 100 times,
using non-parametric bootstrapping. As can be observed in
Fig. 3, we observed a positive association (.39) between the
overall RT and the TMS effect, and a negative association (.59)
between overall RT and left SLF-I HMOA. Interestingly, the left
SLF-I HMOA and TMS effect were not directly associated. This
result confirms that it is the overall RT, rather than the left SLF-I
HMOA, that correlates with the TMS effect over left SPL. We
performed a control analysis using the right SLF-I HMOA, the
mean overall RT, and the TMS effect, and we observed no associations among these factors (all values ¼ 0).
In sum, the present data reveal an association between the
mean overall RT and the predicted TMS modulation over the
left SPL (i.e. leading to more positive or less negative cueing

effect), and a remarkable correlation between the mean
overall RT and the left SLF-I HMOA. RTs were overall shorter
for cued as compared to uncued trials (observing an overall
more positive effect) when the left SPL was stimulated (with
no TMS-time modulation); an effect putatively related to the
interference of the detection cost process, which seem to
commonly affect both facilitation and IOR.

4.

Discussion

The aim of the present study was to investigate the contribution
n
~ ez,
of the detection cost to the exogenous cueing effect (Lupia
2010). We applied online TMS to the left SPL while participants

Fig. 3 e Network plot of non-zero edges for main variables in
each model (EBIC graphical lasso). Model including left SLF-I
HMOA, mean overall RT, and the TMS effect. Thick lines
represent positive associations, while dashed lines represent
negative associations. No lines represent no associations.
The line thickess represents the strength of the association
and numbers indicate the weight of the association.
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performed a letter discrimination task, preceded by a nonvalo et al., 2013, 2014).
informative peripheral cue (Martı́n-Are
The presence-absence of an intervening event was manipulated
valo et al., 2013).
to observe both facilitation and IOR (Martı́n-Are
Behaviorally, we observed a significant behavioral facilitation when no intervening event was presented, and a trend
towards IOR when an intervening event was presented
valo et al., 2013, 2014). These results provide
(Martı́n-Are
additional empirical support in favor of the effectiveness of an
intervening event in producing IOR. Although our results only
showed a trend towards IOR, facilitation was significantly
abolished when the intervening event was presented (Faust &
n
~ ez et al., 2013;
Balota, 1997; Kingstone & Pratt, 1999; Lupia
 valo et al., 2013; Pratt & Fischer, 2002; Prime et al.,
Martı́n-Are
2006; Sapir, Henik, Dobrusin, & Hochman, 2001). It might be
argued that the non-significant IOR in the intervening event
present group could be problematic. However, we consider
that the non-significant IOR do not undermine our conclusions for two main reasons: 1) there was a significant interaction between cueing and intervening event; 2) the
intervening event demonstrated no further interactions with
other variables (all ps > .2365).
More relevant for the main aim of the present study were
the results related to the TMS manipulation, which depended
on the overall mean RT. Applying TMS over left SPL led to an
overall more positive cueing effect (faster RTs for cued as
compared to uncued trials), both when the intervening event
was present and when it was absent, especially for those
subjects with slower RTs. This result, which emerged after
post-hoc data exploration, has important implications though.
On the one hand, it reveals a very interesting association between the overall RT and the TMS modulation over exogenous
orienting effects. The mean overall RT also showed an interesting correlation with the left SLF-I HMOA, which (unexpectedly) seemed not to be directly related to the TMS
modulation. We reckon that this result is unrelated to the
cueing effect but discloses, however, a tract-specific association between the overall RT and the left SLF-I HMOA. As pro, 2011;
posed elsewhere (Chica, Bartolomeo, & Valero-Cabre
Martı́n-Signes et al., 2017; Quentin et al., 2013, 2018), interindividual white matter connectivity might contribute to
some extent to variability in TMS effectiveness and by extension to the performance inter-individual inconsistency
(Bijsterbosch, Barker, Lee, & Woodruff, 2012). Given that the
HMOA index used here is highly sensitive to axonal myelination, fiber diameter, and axonal density (Dell'Acqua et al., 2013)
e all these aspects being related to the conduction speed
across white matter tracks e we reasoned (based on previous
literature; Tuch et al., 2005; Walhovd & Fjell, 2007) that lower
conduction speed may lead to slower RTs in the present study.
This result fits well with findings wherein individual differences in performance are associated with variations in the
white matter characteristics underlying attentional networks
(Tuch et al., 2005; Walhovd & Fjell, 2007). This logic also fits
with the current data, wherein those participants with high
left SLF-I HMOA showed shorter RTs, being probably sheltered
from the TMS modulation (see also Martı́n-Signes et al., 2017).
On the other hand, TMS over left SPL led to an overall
more positive cueing effect, which following the integrationn
~ ez, 2010; Lupia
n
~ ez et al., 2013),
segregation hypothesis (Lupia

supports the idea of the detection cost as a common process
n
~ ez, 2010;
contributing to both facilitation and IOR (Lupia
n
~ ez et al., 2013). Our proposal is that TMS over left
Lupia
SPL reduced the weight of the negative contributor to performance (detection cost), thus leading to an overall more
positive effect.
In relation to the role of the left SPL on the present behavioral cueing effects, although there is evidence supporting the
right-hemispheric dominance related to exogenous orienting
in both the healthy brain (Chica et al., 2011; Shulman et al.,
2009) and brain-damaged patients (Bartolomeo, 2007;
Bartolomeo, Thiebaut de Schotten, & Chica, 2012), attentional
orienting is thought to be related to the functioning of a bilateral dorsal fronto-parietal network (Chica et al., 2011; Corbetta
et al., 2008; Kincade, Abrams, Astafiev, Shulman, & Corbetta,
2005). Accordingly, exogenous attention might depend on a
bilateral circuit, perhaps with the right-hemispheric dominance in most, but not all, individuals (Heilman & Van Den
Abell, 1980; Kinsbourne, 1977). For example, by using offline
repetitive TMS (rTMS) in detection tasks, a similar pattern of
result has been reported by applying rTMS either over right or
left PPC (Hilgetag, Theoret, & Pascual-Leone, 2001; PascualLeone et al., 1994). This result is also in line with data from
split-brain patients, still showing IOR for right-sided targets
when stimulation was presented to the left hemisphere
(Berlucchi, Aglioti, & Tassinari, 1997). The right-dominance fits
well, however, with previous outcomes wherein TMS (rTMS
and single/paired-pulse TMS) over the right PPC (but not the
left) has proven to disrupt both manual IOR (Bourgeois, Chica,
Valero-Cabre, & Bartolomeo, 2013; Bourgeois, Chica, Valero, & Bartolomeo, 2013; see also Chica et al., 2011) and IOR
Cabre
spatial remapping (van Koningsbruggen, Gabay, Sapir, Henik, &
Rafal, 2010). Therefore, although some studies have shown a
right-lateralized network for the exogenous cueing effect,
others have not. Two aspects are important to consider: (i) the
right (or left) stimulated-areas in previous studies do not match
with the one stimulated here. While previous studies have always stimulated more inferior areas over the intraparietal
sulcus or SPL (Bourgeois, Chica, Valero-Cabre, et al., 2013; Du,
Chen, & Zhou, 2012; Wu et al., 2016), we stimulated a slightly
more superior area over the SPL; and (ii) previous studies
showing no TMS effect with left parietal stimulation
(Bourgeois, Chica, Valero-Cabre, et al., 2013; Du et al., 2012) did
not include individual differences in white matter or RT in their
analyses. This was a crucial factor for explaining our results:
only those participants with lower left SLF-I HMOA (and slower
RTs) showed the TMS modulation over left SPL.
Thus, variables such as the offline rTMS versus online TMS
approach, TMS parameters, the stimulated-area (Bolognini &
Ro, 2010), and especially the potential contribution of white
matter microstructural properties (Martı́n-Signes et al., 2017;
Quentin et al., 2018), can be critical to explain the discrepancies between the previous literature and the results reported here. Thus, taking all these previous variables into
account, we consider e as already proposed elsewhere (Chica
et al., 2011; see also; Malkinson & Bartolomeo, 2017) e that
different parietal sub-regions (either in the left or right
hemisphere) along with interindividual differences in the left
SLF-I HMOA could differently contribute to exogenous spatial
attention.

c o r t e x 1 1 7 ( 2 0 1 9 ) 3 1 1 e3 2 2

Finally, we failed at dissociating the TMS effect at the P1
peak as compared to the control time-window. There might
be several reasons underlying this lack of temporal specificity: 1) it is likely that participants varied in their P1 peak
temporal range, which we did not measured in the present
study. 2) The control time-window might have possibly
covered a time-window too close to the P1 peak, underlying
the TMS-time window indistinctness. 3) Also, the detection
cost might plausibly be a process that last longer than the P1
peak range e in spite of being potentially reflected in this
component as suggested by our previous study (Martı́nvalo et al., 2014). 4) TMS temporal resolution might
Are
depend upon stimulation parameters such as intensity
(Bolognini & Ro, 2010). Note that we, however, individually
adjusted the stimulation intensity in order to reduce the
inter-individual variability in the susceptibility to TMS.
Furthermore, dissimilar temporal-windows of TMS disruption (some very transient) throughout different stimulatedareas (Corthout, Uttl, Ziemann, Cowey, & Hallett, 1999; Ro,
Breitmeyer, Burton, Singhal, & Lane, 2003) also suggest that
TMS differentially disrupts different cortical tissues
(Bolognini & Ro, 2010). It is therefore plausible that the TMS
parameters and the approach used here may be on the basis
of the unsuccessfully distinction between TMS locked to the
P1 peak or to a control time-window, and further studies are
definitely required to better understand this null result. We
have also observed no spatial specificity (target location/visual field) when applying TMS over the left SPL. Although one
could expect some spatial asymmetries due to the left SPL
stimulation (Kinsbourne, 1977; Schweid, Rushmore, & ValeroCabre, 2008; Walsh, Ellison, Ashbridge, & Cowey, 1998), this
result is in line with other results wherein disrupting (medial)
SPL led to impairments in attentional shifting that were independent on the target spatial location (Capotosto et al.,
2013; Shulman et al., 2009; Yantis et al., 2002).
In summary, we used a causal approach to show that the
TMS influence over left SPL depended on the overall RT, and
this overall RT seemed to be modulated by the integrity of the
left SLF-I branch. We observed an overall more positive cueing
effect when the left SPL was stimulated but only for those
subjects with slower RTs (the subjects who also showed the
lower left SLF-I HMOA). We hypothesize that TMS over left SPL
might have reduced the contribution of the detection cost to the
behavioral effect, considering the detection cost as a common
process to both facilitation and IOR. The present results have
critical implications not only for the open debate about the
mechanism/s underlying the exogenous spatial orienting efn
~ ez, 2010; Lupia
n
~ ez et al., 2013), but also for the
fects (Lupia
growing body of literature showing that white matter connectivity is crucial for explaining inter-individual behavioral
variability to cognitive processes, performance, and TMS effects (Bijsterbosch et al., 2012; Chica et al., 2018; Martı́n-Signes
et al., 2017; Quentin et al., 2018; Scholz et al., 2009; Thiebaut de
Schotten et al., 2011; Walhovd & Fjell, 2007).

Data availability
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