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Magnetic stimulation of visual cortex impairs perceptual learning
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a b s t r a c t

The ability to learn and process visual stimuli more efficiently is important for survival. Previous neu-
roimaging studies have shown that perceptual learning on a shape identification task differently mod-
ulates activity in both frontal-parietal cortical regions and visual cortex (Sigman et al., 2005; Lewis et al.,
2009). Specifically, fronto-parietal regions (i.e. intra parietal sulcus, pIPS) became less activated for
trained as compared to untrained stimuli, while visual regions (i.e. V2d/V3 and LO) exhibited higher
activation for familiar shape. Here, after the intensive training, we employed transcranial magnetic sti-
mulation over both visual occipital and parietal regions, previously shown to be modulated, to in-
vestigate their causal role in learning the shape identification task. We report that interference with V2d/
V3 and LO increased reaction times to learned stimuli as compared to pIPS and Sham control condition.
Moreover, the impairment observed after stimulation over the two visual regions was positive correlated.
These results strongly support the causal role of the visual network in the control of the perceptual
learning.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

Observers can voluntarily attend to a location in the visual field,
and subsequent stimuli at that location will be recognized more
accurately and rapidly (Posner, 1980). Furthermore, visual per-
ception can be improved through specific training, a phenomenon
called Visual Perceptual Learning (VPL) (Gibson, 1963). VPL is one
of the strongest examples of plasticity in the adult brain and a core
feature of visual cognition. VPL might depend on attention
(Ahissar and Hochstein, 1993) and allows for more efficient re-
sponses to environmental stimuli.

Despite several decades of investigations, neuronal mechan-
isms of VPL remain debated (Gilbert et al., 2001; Sasaki et al., 2010;
Shibata et al., 2014). Neurophysiologic and neuroimaging studies
indicated that VPL induces changes of neural activity in visual
cortex (Crist et al., 2001; Schoups et al., 2001; Schwartz et al.,
2002; Furmanski et al., 2004) and in higher-order brain regions
(Chowdhury and DeAngelis, 2008; Law and Gold, 2009) involved
in the control of spatial attention (Sigman et al., 2005; Lewis et al.,
2009), as well as in their interaction (Liu et al., 2010; Lewis et al.,
2009).
ssarre),
It has been suggested that VPL shifts the critical locus of pro-
cessing for learned stimuli from higher-order control regions, early
on during training, to visual cortex after learning is completed. For
example, in human observers, intensive training on a shape or-
ientation identification task causes a shift in the pattern of acti-
vation, measured with blood oxygenation level dependent (BOLD)
signals in functional magnetic resonance imaging (fMRI), between
frontal-parietal regions (so-called dorsal attention network, DAN)
and occipital visual regions (Sigman et al., 2005; Lewis et al.,
2009). Specifically, in our study (Lewis et al., 2009), frontal and
parietal regions (e.g. posterior intra-parietal sulcus, pIPS) known
to be involved in the control of visuospatial attention were more
strongly active for novel (untrained) stimuli, and attenuated their
response for familiar (trained) stimuli. In contrast, occipital visual
regions responded more strongly to trained than untrained sti-
muli. Moreover, learning-induced modulation of visual cortex ac-
tivity was topographically selective. In fact, since the task required
observers to discriminate stimuli at a peripheral location in the left
lower quadrant, corresponding activity modulation was recorded
in right dorsal visual cortex. In particular, higher activation was
observed in both right V2d/V3 and lateral occipital region (LO;
Lewis et al., 2009). Finally, response modulations were behavio-
rally relevant: subjects with higher sensitivity to trained shapes
showed stronger modulation in the trained quadrant of visual
cortex. Overall these findings support the hypothesis that whereas
higher-order frontal and parietal regions are more important early
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on in training presumably for directing visuospatial attention and
selecting unfamiliar stimuli, attention control becomes less im-
portant later on as ‘templates’ of learned shapes are consolidated
in visual cortex.

While the above studies have provided invaluable information
on the neural mechanisms of VPL, there is actually scarce direct
evidence that the learning specific visual regions (i.e. V2d/V3 and
LO) are actually mediating perceptual learning. Here we used re-
petitive TMS (rTMS) in healthy volunteers to test with a causal
approach hypotheses that are based on our fMRI findings (i.e.
correlative), and specifically the crucial role of visual cortices in
shape identification task. Using the same visual paradigm of our
mentioned studies (Lewis et al., 2009; Baldassarre et al., 2012),
after the intensive training, rTMS was employed to interfere with
the activity in right V2d/V3, LO, or pIPS. If VPL is completed and
the template of learned shape is formed in the corresponding (i.e.
right) visual regions, then we predict that the inactivation of
parietal cortex (i.e. pIPS) will not affect the behavioral perfor-
mance. On the contrary, we expect impairment in detecting fa-
miliar shapes after inactivation of both visual cortices (i.e. V2d/V3
and LO). Furthermore, since our previous neuroimaging experi-
ments showed a similar learning-related fMRI modulation for V2d/
V3 and LO, we predict a similar impairment in such visual regions.
2. Materials and methods

2.1 Subjects and stimuli

16 right-handed volunteers (age range: 20–30 yrs. old; 8 fe-
males) participated in this experiment. A preliminary self-reported
questionnaire assessed that they did not present previous psy-
chiatric or neurological history. Participants gave written consent
according to the Institutional Review Board and Ethics Committee
of the University of Chieti. The computer monitor was placed in
front of them at a distance of about 60 cm.

Subjects were trained with daily sessions to attend to the lower
left visual quadrant and find the target shape among the dis-
tracters while maintaining central fixation. The stimulus array
comprised 12 Ts arranged in an annulus of low eccentricity (i.e. 5°
radius) and was displayed across the 4 visual quadrants. Of note,
with such low eccentricity in our previous study (Lewis et al.,
2009) we did not observed significant eye movements. On each
trial subjects fixated a central spot for 200 ms (fixation), after
which the target shape (an inverted T) was presented at the center
of the screen for 2000 ms (target presentation); finally, an array of
Fig. 1. a) Example of the display sequence in the perceptual learning task. b) Exampl
indicates a learning threshold of 80% accuracy in 10 consecutive trial blocks. c) Inflated vie
previous work of Lewis et al. (2009). Regions with coordinates are stimulated with rTMS
�97, 16; right pIPS: 32, �60, 51.
12 stimuli, differently oriented Ts (distracters) with or without an
inverted T (target), was briefly flashed for 150 ms (array pre-
sentation). The target shape appeared randomly in 1 of 3 locations
in the left lower (trained) visual quadrant, and never in the three
untrained-quadrants. The target shape appeared randomly in 1 of
3 locations in the left lower (trained) visual quadrant, and never in
the other three untrained quadrants. Subjects attended to the
lower left visual quadrant and indicated the presence or absence
of the target shape visual quadrant by pressing a left/right mouse
button with their right hand (Fig. 1a). Each block consisted of 45
trials, 36 (80%) that contained the target and 9 (20%) that did not.
Training lasted one week, and an average of 100 practice blocks
were necessary to reach a threshold of 80% accuracy in at least 12
consecutive blocks of trials (see Fig. 1b for a representative psy-
chophysical curve). Of note, the accuracy of each block was
weighted with the rate of false positive (Sigman and Gilbert, 2000;
Sigman et al., 2005; Lewis et al., 2009).

When subjects reached criterion, they were asked to perform
three blocks of the same task during each TMS condition (i.e. V2d/
V3, LO, pIPS, and Sham). Presentation timing was triggered by the
TMS train (see below), and the four TMS conditions were run in a
counterbalanced order across subjects, who were instructed to
respond as accurately and quickly as possible. Reaction times and
the accuracy of the response were recorded for behavioral ana-
lyzes. Notably, none of the subjects reported discomfort or pain
during each stimulation site.

2.2 Procedures for rTMS and identification of target scalp regions

TMS stimulation was delivered through a focal, figure eight coil,
connected with a standard Mag-Stim Rapid 2 stimulator (max-
imum output 2.2 T). Individual resting excitability threshold for
right motor cortex stimulation was preliminarily determined fol-
lowing standardized procedure (Rossini et al., 1994). The rTMS
train (i.e. 3 pulses) was delivered simultaneously to the central
spot �2 s before the stimuli array with the following parameters:
150 ms duration, 20-Hz frequency, and intensity set at 100% of the
individual motor threshold. The parameters are consistent with
published safety guidelines for TMS stimulation (Rossi et al.,
2009). Of note, previous studies have shown that such stimulation
has effect for at least 2 s, thus affecting target processing (Capo-
tosto et al., 2009, 2012a, 2012b).

All participants performed three active rTMS (i.e. V2d/V3, LO,
and pIPS) and one inactive TMS (i.e. Sham) conditions corre-
sponding to each stimulation site, applied in different blocks and
counterbalanced across subjects. In the “Sham” condition, a pseudo
e of a single subject's learning curve. Each block contains 45 trials. The gray line
w of left hemisphere atlas brainwith regions of attention and visual networks as in
in this experiment and are as follows: right LO: 38, �87, 7 (x, y, z); right V2d/V3: 17,
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rTMS was delivered at scalp vertex; it was ineffective due to the
reversed position of the coil with respect to the scalp surface (i.e.
the magnetic flux was dispersed to air). The location of right V2d/
V3, LO, and pIPS was automatically identified on the subject's scalp
using the SofTaxic navigator system (E.M.S. Italy, www.emsmedi
cal.net), which permits to compute an estimated volume of head
MRIs in subjects for whom MRIs are unavailable. The estimated
MRIs are calculated with a warping procedure, by acting on a
template MRI volume on the basis of a set of points digitized from
the subjects scalp. Specifically, it uses a set of digitized skull
landmarks (nasion, inion, and two pre-auricular points), and about
40 scalp points entered with a Fastrak Polhemus digitizer system
(Polhemus), and an averaged stereotaxic MRI atlas brain in Ta-
lairach space (Talairach and Tournoux, 1988). The average Talair-
ach coordinates in the SofTaxic navigator system were trans-
formed through a linear transformation to each individual sub-
ject's scalp. Such method has an error of about 5 mm over a
method in which each subject's own MRI is used for localization
(Carducci and Brusco, 2012), thus presenting an error lower that
the TMS spatial resolution itself (i.e. 1 cm). This individualized
head model preserves the anatomical scalp–brain correlates of a
mean MR template, providing an accurate set of estimated MRI
data, specific for the subject under examination. This approach has
been widely and successfully utilized in previous rTMS studies by
our and several other groups using a number of subjects com-
parable with the present study and investigating disparate cog-
nitive domains (Capotosto et al., 2009; Capotosto et al., 2014;
Sestieri et al., 2013; Passeri et al., 2015; Candidi et al., 2011). A
mechanical arm maintained the handle of the coil angled at about
45° away from the midline and the center of the coil wings was
positioned on the scalp, to deliver the maximum rTMS intensity
over each site (individual peak of activation). The coordinates of
the different cortical regions were based on our previous
Fig. 2. a) Individual reaction time for each rTSM Condition (V2d/V3, LO, pIPS, Sham). b
Conditions (V2d/V3, LO, pIPS, Sham). Duncan post-hoc tests: one asterisk (po0.05), or
between reaction times in the two visual nodes (i.e. LO and V2d/V3) after subtracting t
perceptual learning study (He et al., 2007) and were as follows:
right LO: 38, �87, 7 (x, y, z); right V2d/V3: 17, �97, 16; right pIPS:
32, �60, 51 (Fig. 2a). The chosen coordinates correspond respec-
tively to the epicenters of the one core region of the attention
network (pIPS), and two core regions of the visual network (V2d/
V3, and LO). Of note, based on this probabilistic approach, the
scalp-brain distance for these sites were as follows: 1) right LO
(38; �87; 7) d¼17.90 mm; 2) right V2d/V3 (17; �97; 16)
d¼17.00 mm; 3) right pIPS (32; –60; 51) d¼16.50 mm. Im-
portantly, rTMS was delivered �2 s before stimulus array so that
the effect was not predominantly on stimulus-evoked activity,
which could have been 'masked' by the magnetic stimulation, but
either on preparatory or ongoing activity.

2.3 Statistical analyzes

Statistical analyzes were conducted using within-subject AN-
OVAs for repeated measures. Mauchley's test was used to evaluate
sphericity assumption, Green-house-Geisser procedure was used
to correct degrees of freedom, and Duncan tests for post-hoc
comparisons (po0.05).

The main statistical design was computed to investigate the
causal role of the two visual nodes (i.e. V2d/V3, and LO) in the
perceptual learning task. To this aim we carried out an Anova
using reaction times (RTs) or percentage of correct responses with
Condition (V2dV3, LO, pIPS and Sham) as within-subject factors. To
confirm the hypothesis that the two visual nodes are part of a
network, we computed a correlation analysis (Pearson test,
po0.05) between reaction times in the three TMS active condi-
tions after subtracting the reaction times in the Sham condition. Of
note, for all analyzes were used only RTs of correct responses.

Several control analyzes were computed. To verify that beha-
vioral deficits induced by rTMS did not reflect a cumulative effect,
) Group means (7standard error, SE) of the reaction time (ms) for the four rTMS
two asterisks (po0.001). c) Scatter-plot showing the (positive) linear correlation
he RTs of the Sham condition.

http://www.emsmedical.net
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we computed the same ANOVA with Condition (V2dV3, LO, pIPS
and Sham) and Run (first, second, third) as within-subject factors.
3. Results

3.1 Main analyzes

The results clearly indicated a slowing of response time (RT)
during V2d/V3 and LO stimulation as compared to Sham and pIPS
stimulation (Fig. 2a and Fig. 2b). This was confirmed by an ANOVA
on RTs that showed a main effect of Condition (F3,45¼7.23
po0.0005; ήpartial

2¼0.32; statistical power¼0.97) with slower
RTs after both V2d/V3 (580 ms758 SD) and LO (577 ms762 SD)
as compared to pIPS (548 ms752 SD; po0.001) and Sham
(560 ms757 SD; po0.05). Importantly, no difference were ob-
served between RTs after the two visual regions (i.e. V2d/V3 and
LO; p¼0.71) and between RTs after the active (pIPS) and inactive
(Sham) control conditions (p¼0.12). Of note, in all TMS conditions
the behavioral data were normally distributed (Lilliefors
test40.15). Finally, the same statistical design using Accuracy did
not provide any statistically significant difference across condi-
tions. In Table 1 are reported the % of accuracy and the number of
false positives (fp) for all TMS conditions with the relative statis-
tical p values (p40.1).

Interestingly, the behavioral impairment produced by V2d/V3
stimulation (measured as RTs [V2d/V3-Sham]) was positively
correlated across subjects to the impairment produced by LO sti-
mulation (RTs[LO-Sham]) (r¼0.78; po0.001) (Fig. 2c). Conversely,
the effect of rTMS over pIPS was not correlated neither with the
interference over V2d/V3 (p¼0.35) nor with LO (p¼0.25).

3.2 Control analyzes

To support our main results several control analyzes were
carried out. First, we investigated whether the TMS effect on RT
was similar for Hits (i.e. presence of the target) and Correct re-
jection (CR, i.e. absence of the target). To this aim we computed an
Anova using reaction times (RTs) with Condition (V2dV3, LO, pIPS
and Sham) and Trials (Hits, CR) as within-subject factors. Results
confirmed the main effect of Condition as reported in the main
statistical design. Moreover, we reported a main effect of Trials
(F1,15¼169.87; po .0001; ήpartial

2¼0.91; statistical power¼1)
showing that the RTs for the CR were significantly slower com-
pared to RTs of the Hits. Interestingly, we did not observe a sta-
tistical interaction between Condition and Trials (p¼0.5) indicat-
ing that TMS equally affects behavioral response to both present
and absent target. This result provides further evidence that the
TMS effects on targeted visual areas are causally linked to the
present training.

Second, to test whether TMS equally affects fast and slow re-
sponses, we split the whole set of trials of each TMS condition in
four parts (i.e. quartiles) from faster to slower responses, and we
carried out an Anova using reaction times (RTs) with Condition
(V2dV3, LO, pIPS and Sham) and Quartiles (first, second, third,
fourth) as within-subject factors. Of note, we did not include in
this analysis the Correct Rejections which exhibited longer RTs, as
Table 1
% of accuracy and the number of false positive (fp) for all TMS conditions with the
relative statistical p values.

V2dV3 LO pIPS sham p value

Acc(%)þSD 92.6þ3.8 92.9þ3.7 92.7þ3.1 91.9þ3.8 0.59
# fpþSD 2.9þ2.5 3.7þ3.3 4.4þ3.6 3.8þ3.7 0.13
compared to Hits, as reported above. Results showed the two main
effects of Condition (as in the main analysis) and Quartiles
(F3,45¼524.42; po0.001; ήpartial

2¼0.97; statistical power¼1).
Importantly we did not observe an interaction between Condition
and Quartiles (p¼0.67) thus suggesting that TMS equally affects
faster and slower responses.

Third, to assess whether fast and slower learners showed a
different pattern of TMS interference, we carried out an Anova
where RTs were used as dependent variable and the factors were
Group (faster, slower) and Condition (V2dV3, LO, pIPS and Sham).
Results did not show the main effect of Group (p¼0.6) neither the
interaction between Group and Condition (p¼0.08). Moreover, as
further control we correlated the number of blocks to reach the
criterion with the reaction times in the three TMS active condi-
tions after subtracting the reaction times in the Sham condition.
Noteworthy, none of the correlations showed significant result
(p40.13), corroborating the idea that TMS affects slow and fast
learners in a comparable way.

Finally, to verify that the behavioral deficits induced by rTMS in
parietal and visual regions did not reflect a cumulative effect
building up over many trials, but actually reflected interference
with preparatory processes on a trial-by-trial basis, we computed
an ANOVA with Condition (V2dV3, LO, pIPS and Sham) and Run
(first, second, third) as within-subject factors. We checked whe-
ther the size of the deficit differed in the first, second, third block
of trials, and found no difference.

3.3 Control experiment

To test the causal specificity of the visual cortex only in the
representation of perceptually learned visual stimuli, and not with
simple visual processing of any object, a new group of subjects
(N¼10, age range: 22–30 yrs. old; 5 females) were asked to per-
form a new simple visual task. To increase the low accuracy ob-
served at the beginning of the training, in this control experiment
no distracters were presented and only the target shape appeared
randomly in 1 of 3 locations in the lower left visual quadrant.
Subjects attended to this visual quadrant and discriminated the
shape of the target (rotated “T”, 80% of total trials, and canonical
“T”, 20% of total trials) by pressing a left/right mouse button with
their right hand (Sup Fig. 1a). The timing as well as the TMS
protocol (150 ms duration, 20-Hz frequency, and intensity set at
100% of the individual motor threshold) was the same of the main
experiment. All subjects performed the task during the same four
TMS conditions (i.e. V2/V3, LO, IPS and Sham), that were run in a
counterbalanced order across subjects, who were instructed to
respond as accurately and quickly as possible. Results clearly
showed that interference with V2d/V3 and LO did not increase
reaction times to simple visual stimuli as compared to pIPS and
Sham control conditions (Sup Fig. 1b). This was confirmed by an
ANOVA on RTs that showed the lack of the main effect Condition
(F3,27¼0.13 p¼0.94, ήpartial

2¼0.01; statistical power¼0.07) with
similar RTs after both V2d/V3 (453 ms739 SD) and LO
(457 ms752 SD) as compared to pIPS (452 ms751 SD) and Sham
(456 ms736 SD) (Sup Fig. 1c). Notably the accuracy was high in all
TMS conditions (V2dV3 96.3% 72.5 SD; LO 95.1% 73.5 SD; IPS
96.7% 72.3 SD; Sham 96.3% 73.1 SD), and no statistically sig-
nificant difference was observed across conditions. These results
support our main conclusion that V2/V3 and LO are causally en-
gaged in the representation of perceptually learned visual stimuli
and not in general simple visual processing.

4. Discussion

We used a causal approach to compare the role of two different
visual regions (i.e. V2d/V3 and LO), within the right dorsal visual
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network, and an attention region (pIPS), in the identification of
visual shapes learned through Visual Perceptual Learning (VPL).
For the first time we show that, following VPL, only activity in
topographically appropriate visual regions is causally involved in
identifying learned shapes. These findings support the notion that
the visual network has a causal role in the control of the percep-
tual learning.

The present shape identification task represents an entirely
new experience for our subjects, and required the development of
a new set of stimulus-response associations. Importantly, during
training, observers had to: (i) attend to the left lower quadrant and
maintain spatial attention; (ii) filter unattended information from
the distracters; (iii) develop a perceptual template of the target
shape. At the end of the training subjects were able to discriminate
the presence/absence of the target shape. Therefore, since re-
sponse to both Hits and Correct Rejections trials were similarly
impaired by TMS over visual regions, our results seem to indicate
that the training was affected as a whole. Psychophysical and
neuroimaging evidence indicates that while attention is necessary
early on in training, after visual expertise is acquired attention is
less important. This idea is in line with the strong recruitment of
the dorsal fronto-parietal attention network (Corbetta and Shul-
man, 2002) when subjects attend and identify novel shapes (Sig-
man et al., 2005; Lewis et al., 2009), and the relative attenuation of
activity in these higher order control regions for familiar shapes
even when subjects have to pay attention to the same spatial lo-
cations (Lewis et al., 2009). In contrast, topographically specific
regions of visual cortex (i.e. V2d/V3 and LO) increase their specific
activity to the learned shape after the VPL (Sigman and Gilbert
2000; Lewis et al., 2009).

It can be noted that TMS on a specific area may induce not only
local but also distant effects on the activity of large-scale brain
networks (Eldaief et al., 2011; Cocchi et al., 2015; Andoh et al.,
2015) and subsequent behavioral impairment (Ruff et al., 2006).
Accordingly, since IPS is hierarchically higher than the targeted
visual areas and exhibits a large number of connections, its sti-
mulation may affect both regions functionally and anatomically
connected within the DAN as well as the low-level visual areas
top-down controlled by IPS during visuo-spatial attention tasks
(Bressler et al., 2008). Interestingly, here we did not observe effects
on behavioral performance when IPS was stimulated, thus in-
dicating that only the targeted visual areas are causally involved in
the discrimination of the present learned shape. Moreover, since
several previous findings showed a behavioral impairment after
IPS stimulation during attention tasks (Capotosto et al., 2009,
2012a, 2013, 2015), it is unlike that the present null result for IPS is
due to its resiliency to TMS. Furthermore, it can be speculated that
the TMS effects on the targeted visual areas should be extended
only within the visual network since it exhibits high local effi-
ciency (i.e. high internal connection) and low participations coef-
ficient (i.e. low external connections) (Power et al., 2011).

Our results do not rule out that interference with these tar-
geted regions may also affect different visual learning, but clearly
show that on this particular shape identification task, once VPL is
completed, disruption of activity in visual regions impairs beha-
vioral performance. This result is consistent with the interpreta-
tion that the processing of learned shapes involves 'template'
activity in visual cortex. At the same time, our findings suggest
that, upon training achievement, the processing of the familiar
shape requires less involvement of attention operations mediated
by pIPS, as part of the fronto-parietal network. This is in line with
previous fMRI studies showing that the attention network was
more activated for untrained as compared to trained shape (Sig-
man et al., 2005; Lewis et al., 2009), reflecting a higher degree of
attention engagement, similar to that occurring during early
training. Of note, the performance to novel shape was reported to
be under the chance level (Lewis et al., 2009). Similarly, in the
current study the initial accuracy was about 30% and did not allow
to causally investigate the role of both visual and parietal regions
at the beginning of the training. Nonetheless, the present control
experiment ruled out the possibility that the TMS effects over the
visual cortex (V2/V3 and LO) reflect interference with simple vi-
sual processing, but are specific for the representation of percep-
tually learned visual stimuli. It may be argued that the lack of the
TMS effect in the control experiment may be due to the lower
complexity, compared to the main task, as showed by the reaction
time difference between the stimuli of the two experiments
(roughly 100 ms). Nonetheless, the present control analysis testing
whether TMS equally affects fast and slow responses did not reveal
any difference, thus it may be assumed that the performance in
the control task was not less sensitive to TMS compared to the
main task.

The drop in performance in our study may be explained by
interference with both preparatory or ongoing activity, and sti-
mulus-evoked activity. The magnetic stimulation was delivered
nearly 2 s prior to stimulus presentation hence affecting pre-sti-
mulus processes. However, in previous work, we showed that
rTMS delivered with these parameters and timing can produce a
modulation of the amplitude of late positive ERP component to the
target (Capotosto et al., 2012b). In previous work Chang et al.
(2014) showed that rTMS applied to the time of stimulus onset can
interfere with VPL of a signal-to-noise detection task. Hence, it
appears that interference with both preparatory/ongoing and sti-
mulus-related activity in visual cortex can affect the processing of
familiar shapes.

We also report that RTs following magnetic stimulation over
V2d/V3 and LO were similarly affected and positively correlated
across subjects, but not correlated with IPS stimulation. This
finding is consistent with the fMRI modulation during VPL ob-
served in these visual areas in our prior study (Lewis et al., 2009).
It is also consistent with the strong functional interaction between
these visual regions at rest (Baldassarre et al., 2012). Even though
we did not explicitly manipulated the topographic selectivity of
rTMS inactivation, for example by stimulating a dorsal (task-re-
levant) vs. a ventral (task-irrelevant) visual area, the positive cor-
relation is consistent with the idea that VPL modifies activity in
visual cortex in retinotopically appropriate locations (Crist et al.,
1997; Sigman et al., 2005; Lewis et al., 2009). It could be argued
that the positive RT correlation for V2d/V3 and LO stimulation is
due to spatial proximity and spread of the rTMS effect. In our
opinion this is unlikely. In our previous published work (Capotosto
et al., 2009) we have shown dissociated behavioral performance
for sites (i.e. fontal eye field and pre-central region) much closer
that those considered here. Specifically, the vector distance be-
tween frontal eye field and precentral region was 8.7 mm, while
the vector distance between V2d/V3 and LO is 24.9 mm. None-
theless an important control for future studies will be to sepa-
rately inactivate visual occipital regions not directly recruited in
this shape identification task (i.e. MTþ) as well as to employ a
control learning task (e.g. motion discrimination) to test the causal
role of the present targeted visual regions in different paradigms.
Furthermore, these future studies should also integrate the beha-
vioral analyzes with the analysis of the eye movements in case of
stimuli with higher eccentricity.

To conclude, the present findings show that activity in task-
relevant occipital visual regions is causally important for the
processing of learned visual shapes. In contrast, activity in parietal
cortex presumably related to visuospatial attention is not.



A. Baldassarre et al. / NeuroImage 143 (2016) 250–255 255
Acknowledgment

The research leading to these results has received funding from
Bial Foundation (grant n. 122/14). The authors declare no com-
peting financial interests.
Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.neuroimage.2016.
08.063.
References

Ahissar, M., Hochstein, S., 1993. Attentional control of early perceptual learning.
Proc. Natl. Acad. Sci. USA 90, 5718–5722.

Andoh, J., Matsushita, R., Zatorre, R.J., 2015. Asymmetric interhemispheric transfer
in the auditory network: evidence from TMS, resting-state fMRI, and diffusion
imaging. J. Neurosci.: Off. J. Soc. Neurosci. 35, 14602–14611.

Baldassarre, A., Lewis, C.M., Committeri, G., Snyder, A.Z., Romani, G.L., Corbetta, M.,
2012. Individual variability in functional connectivity predicts performance of a
perceptual task. Proc. Natl. Acad. Sci. USA 109, 3516–3521.

Bressler, S.L., Tang, W., Sylvester, C.M., Shulman, G.L., Corbetta, M., 2008. Top-down
control of human visual cortex by frontal and parietal cortex in anticipatory
visual spatial attention. J. Neurosci.: Off. J. Soc. Neurosci. 28, 10056–10061.

Candidi, M., Stienen, B.M., Aglioti, S.M., de Gelder, B., 2011. Event-related repetitive
transcranial magnetic stimulation of posterior superior temporal sulcus im-
proves the detection of threatening postural changes in human bodies. J.
Neurosci.: Off. J. Soc. Neurosci. 31, 17547–17554.

Capotosto, P., Babiloni, C., Romani, G.L., Corbetta, M., 2009. Frontoparietal cortex
controls spatial attention through modulation of anticipatory alpha rhythms. J.
Neurosci.: Off. J. Soc. Neurosci. 29, 5863–5872.

Capotosto, P., Babiloni, C., Romani, G.L., Corbetta, M., 2012a. Differential contribu-
tion of right and left parietal cortex to the control of spatial attention: a si-
multaneous EEG-rTMS study. Cereb. Cortex 22, 446–454.

Capotosto, P., Corbetta, M., Romani, G.L., Babiloni, C., 2012b. Electrophysiological
correlates of stimulus-driven reorienting deficits after interference with right
parietal cortex during a spatial attention task: a TMS-EEG study. J. Cogn.
Neurosci. 24, 2363–2371.

Capotosto, P., Babiloni, C., Romani, G.L., Corbetta, M., 2014. Resting-state modulation
of alpha rhythms by interference with angular gyrus activity. J. Cogn. Neurosci.

Capotosto, P., Spadone, S., Tosoni, A., Sestieri, C., Romani, G.L., Della Penna, S.,
Corbetta, M., 2015. Dynamics of EEG rhythms support distinct visual selection
mechanisms in parietal cortex: a simultaneou0s transcranial magnetic stimu-
lation and EEG study. J. Neurosci.: Off. J. Soc. Neurosci. 35, 721–730.

Capotosto, P., Tosoni, A., Spadone, S., Sestieri, C., Perrucci, M.G., Romani, G.L., Della
Penna, S., Corbetta, M., 2013. Anatomical segregation of visual selection me-
chanisms in human parietal cortex. J. Neurosci.: Off. J. Soc. Neurosci. 33,
6225–6229.

Carducci, F., Brusco, R., 2012. Accuracy of an individualized MR-based head model
for navigated brain stimulation. Psychiatry Res. 203, 105–108.

Chang, D.H., Mevorach, C., Kourtzi, Z., Welchman, A.E., 2014. Training transfers the
limits on perception from parietal to ventral cortex. Curr. Biol.: CB 24,
2445–2450.

Chowdhury, S.A., DeAngelis, G.C., 2008. Fine discrimination training alters the
causal contribution of macaque area MT to depth perception. Neuron 60,
367–377.

Cocchi, L., Sale, M.V., Lord, A., Zalesky, A., Breakspear, M., Mattingley, J.B., 2015.
Dissociable effects of local inhibitory and excitatory theta-burst stimulation on
large-scale brain dynamics. J. Neurophysiol. 113, 3375–3385.

Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven
attention in the brain. Nat. Rev. Neurosci. 3, 201–215.

Crist, R.E., Li, W., Gilbert, C.D., 2001. Learning to see: experience and attention in
primary visual cortex. Nat. Neurosci. 4, 519–525.

Crist, R.E., Kapadia, M.K., Westheimer, G., Gilbert, C.D., 1997. Perceptual learning of
spatial localization: specificity for orientation, position, and context. J. Neuro-
physiol. 78, 2889–2894.

Eldaief, M.C., Halko, M.A., Buckner, R.L., Pascual-Leone, A., 2011. Transcranial
magnetic stimulation modulates the brain's intrinsic activity in a frequency-
dependent manner. Proc. Natl. Acad. Sci. USA 108, 21229–21234.

Furmanski, C.S., Schluppeck, D., Engel, S.A., 2004. Learning strengthens the re-
sponse of primary visual cortex to simple patterns. Curr. Biol.: CB 14, 573–578.

Gibson, E.J., 1963. Perceptual learning. Annu. Rev. psychol. 14, 29–56.
Gilbert, C.D., Sigman, M., Crist, R.E., 2001. The neural basis of perceptual learning.

Neuron 31, 681–697.
He, B.J., Snyder, A.Z., Vincent, J.L., Epstein, A., Shulman, G.L., Corbetta, M., 2007.

Breakdown of functional connectivity in frontoparietal networks underlies
behavioral deficits in spatial neglect. Neuron 53, 905–918.

Law, C.T., Gold, J.I., 2009. Reinforcement learning can account for associative and
perceptual learning on a visual-decision task. Nat. Neurosci. 12, 655–663.

Lewis, C.M., Baldassarre, A., Committeri, G., Romani, G.L., Corbetta, M., 2009.
Learning sculpts the spontaneous activity of the resting human brain. Proc.
Natl. Acad. Sci. USA 106, 17558–17563.

Liu, J., Lu, Z.L., Dosher, B.A., 2010. Augmented Hebbian reweighting: interactions
between feedback and training accuracy in perceptual learning. J. Vis. 10, 29.

Passeri, A., Capotosto, P., Di Matteo, R., 2015. The right hemisphere contribution to
semantic categorization: a TMS study. Cortex: J. Devoted Study Nerv. Syst.
behav. 64, 318–326.

Posner, M.I., 1980. Orienting of attention. Q. J. Exp. Psychol. 32, 3–25.
Power, J.D., Cohen, A.L., Nelson, S.M., Wig, G.S., Barnes, K.A., Church, J.A., Vogel, A.C.,

Laumann, T.O., Miezin, F.M., Schlaggar, B.L., Petersen, S.E., 2011. Functional
network organization of the human brain. Neuron 72, 665–678.

Rossi, S., Hallett, M., Rossini, P.M., Pascual-Leone, A., 2009. Safety, ethical con-
siderations, and application guidelines for the use of transcranial magnetic
stimulation in clinical practice and research. Clin. Neurophysiol. 120,
2008–2039.

Rossini, P.M., Barker, A.T., Berardelli, A., Caramia, M.D., Caruso, G., Cracco, R.Q., Di-
mitrijevic, M.R., Hallett, M., Katayama, Y., Lucking, C.H., et al., 1994. Non-in-
vasive electrical and magnetic stimulation of the brain, spinal cord and roots:
basic principles and procedures for routine clinical application. Report of an
IFCN committee. Electroencephalogr. Clin. Neurophysiol. 91, 79–92.

Ruff, C.C., Blankenburg, F., Bjoertomt, O., Bestmann, S., Freeman, E., Haynes, J.-D.,
Rees, G., Josephs, O., Deichmann, R., Driver, J., 2006. Concurrent TMS-fMRI and
psychophysics reveal frontal influences on human retinotopic visual cortex.
Curr. Biol. 16, 1479–1488.

Sasaki, Y., Nanez, J.E., Watanabe, T., 2010. Advances in visual perceptual learning
and plasticity. Nat. Rev. Neurosci. 11, 53–60.

Schoups, A., Vogels, R., Qian, N., Orban, G., 2001. Practising orientation identifica-
tion improves orientation coding in V1 neurons. Nature 412, 549–553.

Schwartz, S., Maquet, P., Frith, C., 2002. Neural correlates of perceptual learning: a
functional MRI study of visual texture discrimination. Proc. Natl. Acad. Sci. USA
99, 17137–17142.

Sestieri, C., Capotosto, P., Tosoni, A., Luca Romani, G., Corbetta, M., 2013. Inter-
ference with episodic memory retrieval following transcranial stimulation of
the inferior but not the superior parietal lobule. Neuropsychologia 51, 900–906.

Shibata, K., Sagi, D., Watanabe, T., 2014. Two-stage model in perceptual learning:
toward a unified theory. Ann. N.Y. Acad. Sci. 1316, 18–28.

Sigman, M., Gilbert, C.D., 2000. Learning to find a shape. Nat. Neurosci. 3, 264–269.
Sigman, M., Pan, H., Yang, Y., Stern, E., Silbersweig, D., Gilbert, C.D., 2005. Top-down

reorganization of activity in the visual pathway after learning a shape identi-
fication task. Neuron 46, 823–835.

Talairach, J., Tournoux, P., 1988. Co-planar Stereotaxic Atlas of the Human Brain.
Thieme Medical Publishers, Inc., New York.

dx.doi.org/http://dx.doi.org/10.1016/j.neuroimage.2016.08.063
dx.doi.org/http://dx.doi.org/10.1016/j.neuroimage.2016.08.063
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref1
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref1
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref1
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref2
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref2
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref2
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref2
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref3
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref3
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref3
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref3
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref4
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref4
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref4
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref4
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref5
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref5
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref5
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref5
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref5
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref6
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref6
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref6
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref6
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref7
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref7
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref7
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref7
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref8
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref8
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref8
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref8
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref8
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref9
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref9
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref10
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref10
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref10
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref10
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref10
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref11
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref11
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref11
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref11
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref11
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref12
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref12
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref12
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref13
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref13
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref13
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref13
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref14
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref14
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref14
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref14
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref15
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref15
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref15
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref15
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref16
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref16
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref16
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref17
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref17
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref17
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref18
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref18
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref18
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref18
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref19
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref19
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref19
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref19
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref20
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref20
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref20
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref21
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref21
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref22
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref22
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref22
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref23
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref23
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref23
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref23
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref24
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref24
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref24
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref25
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref25
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref25
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref25
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref26
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref26
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref27
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref27
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref27
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref27
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref28
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref28
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref29
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref29
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref29
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref29
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref30
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref30
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref30
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref30
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref30
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref31
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref31
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref31
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref31
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref31
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref31
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref32
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref32
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref32
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref32
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref32
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref33
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref33
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref33
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref34
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref34
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref34
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref35
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref35
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref35
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref35
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref36
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref36
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref36
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref36
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref37
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref37
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref37
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref38
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref38
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref39
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref39
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref39
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref39
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref40
http://refhub.elsevier.com/S1053-8119(16)30456-6/sbref40

	Magnetic stimulation of visual cortex impairs perceptual learning
	1. Introduction
	2. Materials and methods
	2.1 Subjects and stimuli
	2.2 Procedures for rTMS and identification of target scalp regions
	2.3 Statistical analyzes

	3. Results
	3.1 Main analyzes
	3.2 Control analyzes
	3.3 Control experiment

	4. Discussion
	Acknowledgment
	Supporting information
	References




