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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).

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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variance, but its eigenvalue was less than 1 (scree plot in Fig. S3)
and it was therefore not further considered (28). Accordingly,
PC1 was used to compute individual measures of performance,
which we here define as task fitness (f) by using the following
expression:

f ¼ ½a0 s kc# ·w [3]

where w is the vector of factor weights (SI Methods). In the rest
of the analysis, we use task fitness to examine the relationship
between performance and pretraining resting-state FC.

Pretraining FC in Visual Cortex and Task Fitness. Resting-state
functional MRI (fMRI) and visuotopic localizer fMRI were ac-
quired 24 to 48 h before first exposure to the task (Methods and
SI Methods). During the visuotopic localizer scans, subjects were
asked to maintain central fixation while quarter-field stimulus
arrays were passively presented in a blocked design (Fig. 1C).
Regions of interest (ROIs) for the computation of FC were
identified in the ventral and dorsal portions of visual cortex in
each hemisphere. At the group level, two ROIs were identified
in each quadrant as showing the strongest visuotopic localizer
responses (e.g., in right dorsal cortex for left lower field stimu-
lation) compared with the average response to stimuli in the
other quadrants [group-level voxel-wise random-effect ANOVAs,
multiple comparison corrected over the entire brain (P < 0.05)].
These regions are shown in Fig. 1D on a flattened representation
of visual cortex in the Population Average Landmark and Surface
(PALS) atlas (29) and labeled according to their location with
respect to the probabilistic borders of visual areas in the same
atlas (Table S1). In general, for each quarter-field representation
in visual cortex, one ROI is “early” in the visual hierarchy (near/
at V1–V2), whereas the other is “intermediate” (near/at V4–V8
or V3A; Fig. 1D; Table S1 shows coordinates).
To examine the relationship between pretraining FC and the

ability to perform the discrimination task, we computed group-
level voxel-wise maps of the Pearson correlation coefficient be-
tween task fitness and the strength of FC for each visuotopic

ROI (defined as FC–PC1 correlation maps; Methods, SI Meth-
ods, and Fig. S4). Fig. 2A shows that the strength of FC between
a representative ROI in right ventral visual cortex (near/at V1–
V2) and large swaths of ventral and dorsal peripheral visual
cortex in both hemispheres is strongly correlated with task fitness
(all voxels Z > 2; P < 0.05, Monte Carlo corrected). Observers
with stronger pretraining FC between visual regions displayed
greater task fitness (Fig. 2B). This relationship was consistent
across different ROIs in left and right visual cortex (Fig. S5). To
quantify this consistency, a conjunction map was computed that
shows the portions of visual cortex with behaviorally predictive
FC across multiple ROIs (Fig. 2C). The most consistent regions
encompassed both early and intermediate retinotopic areas, in-
cluding a band outside the foveal region in the near periphery
(based on the PALS borders).
To examine whether the regions exhibiting behaviorally signifi-

cant pretraining FC coded for the stimuli, we quantified the per-
centage of voxels in the FC–PC1 conjunction map that overlapped
with the regions in visual cortex selectively activated by the stim-
ulus array (i.e., the sum of the quadrant maps). At a threshold of
four of eight ROIs, 72% of the behaviorally predictive voxels from
the FC–PC1 conjunction map fell within the borders of the region
activated by the stimulus (Fig. 2D). This proportion increased to
86% when the threshold was increased to five of eight ROIs.
Computing pairwise correlations for all ROIs and calculating

the correlation with task fitness confirmed these findings. The
range of FC–PC1 correlations varied between an r of 0.1 and an r
of 0.8; 13 of 28 (or 8 * 7/2) possible ROI pairs showed a significant
correlation with task fitness [false discovery rate (FDR), q < 0.05
after random permutation test]. Thus, voxel-wise and regional
analyses confirmed a significant relationship between task fitness
and pretraining FC in portions of visual cortex activated by the
visuotopic localizer stimuli. Fig. 3A shows the group average
strength of FC between ROI pairs arranged by visual quadrant
(i.e., dorsal, ventral). Fig. 3B shows behaviorally significant FC.
Behaviorally predictive correlations (FC–PC1) were observed
predominantly in heterotopic region pairs, i.e., region pairs in
different quadrants within the same (e.g., left dorsal to ventral

Fig. 1. Behavioral training, psychophys-
ics results, visuotopic localizer, and ROIs.
(A) Experimental paradigm. (B) x axis,
number of blocks; y axis, accuracy (i.e.,
percentage of correct response corrected
for percentage of false alarms). Black
dots display the group average perfor-
mance block by block; solid red line
indicates the psychophysical fitting
model a = a0 + slog(k) with prediction
bounds at 95% of confidence level (dot-
ted lines). (C) Design of visuotopic local-
izer. Squares of different colors (not
shown in real display) indicate a visual
quadrant. (D) Visual ROIs/seeds. Eight vi-
sual regions (seeds) defined on the basis
of the visuotopic localizer scan are dis-
played on the flattened representation
of posterior occipital cortex using the
PALS atlas (29). Blue lines are approxi-
mate borders between retinotopic visual
areas based on a standard atlas (29) L.H.,
left hemisphere; R.H., right hemisphere.
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sponses in the visual cortex by comparing blocks of trials in which
subjects discriminated stimulus arrays containing either the trained
target shape or an untrained target shape (right/left tilted T). The
target stimuli were always presented in the trained visual quadrant
(Fig. S3). As in the behavioral training sessions, performance was
higher for trained than untrained targets (see Fig. S3).

The effect of learning (i.e., a differential response to trained
versus untrained targets) was measured in the regions of interest
in the visual cortex defined during the localizer scans. The
response to untrained shapes was attenuated (as compared to
trained ones) in the right dorsal cortex corresponding to the
attended left lower quadrant, but not in the ventral visual cortex
corresponding to the nonattended upper visual quadrants (Fig.
2). This pattern indicates topographic and shape specificity of the
learning-dependent modulation. There was also a significant
difference between trained and untrained shapes in the left
dorsal cortex corresponding to the homologous (untrained) right
lower quadrant (see Fig. 2) [condition (trained, untrained) by
quadrant (lower left, lower right, upper left, upper right) inter-
action [F (3, 33) ! 7,75; P ! 0.0005; posthoc (Newman-Keuls
test) for lower left, P " 0.0002; for lower right P " 0.001]]. The
modulation localized to right dorsal V1 to V3 and V3A to LO,
and left V1 to V3 on the basis of a population atlas of human
visual areas (25) (see Fig. 2, Table S2). In addition, the response
to trained shapes was stronger in the contra-lateral (trained)

than ipsi-lateral (untrained) dorsal cortex (P " 0.0002), consis-
tent with a shape-specific modulation.

A separate whole brain voxel-wise analysis provided further
support for topographic and shape specificity. In this analysis, the
only significant portion of visual cortex showing preferential activity
for trained vs. untrained shape blocks was localized in right dorsal
cortex (Fig. 3A) in 2 regions (V2/V3 and LO) that were contralat-
eral to the attended left lower quadrant, and within the borders of
the regions responding to the retinotopic stimulus (Fig. S2C).

These findings are in line with previous studies, showing that
orientation-specific learning changes the tuning properties of
neurons in the early visual cortex, and increases the fMRI signal
to trained vs. untrained shapes (26). Here, we show that mod-
ulation in the visual cortex is topographically and shape specific
and mainly consists of the filtering of sensory-evoked responses
to novel (untrained) shapes in the attended quadrant, which
presumably leads to a more specific response to the trained
shape. The presence of training-related modulation in the visual
cortex homologous to the representation of the trained quadrant
is not surprising in light of several recent fMRI studies (27, 28).
These studies suggest that modulations in the visual cortex are
not restricted to attended locations, as previously believed, but
extend to unattended locations, especially those in the opposite
hemisphere homologous to the attended ones. This pattern
reflects a specific computational mechanism for coding the locus
of attention in a cortical map based on activity difference
between attended and unattended locations (27, 29).

Task-Evoked Activity Outside the Occipital Cortex. A number of
parietal and frontal regions responded more strongly during un-
trained as compared to trained shape blocks (see blue regions in Fig.
3A; Table S3). These regions correspond to the dorsal fronto-
parietal attention network (30), the source of spatially selective
attention biases to the visual cortex (31), as well as portions of a core
control network (32) involved in task set maintenance and error
tracking. The stronger activation for novel shape orientation likely
reflects a higher degree of attention engagement, similar to that
occuring during early training, as opposed to when the shape
orientation is familiar. Finally, a separate set of cortical regions was
more strongly deactivated during untrained as opposed to trained
shape blocks (see orange regions in Fig. 3A). These regions corre-

Fig. 1. Behavioral training and psychophysics results. (A) Illustration of timeline
for 2 trials. 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 2,000 ms (target presentation); finally, an array of 12 stimuli, differently
orientedTs (distracters)withorwithoutan invertedT (target),wasbrieflyflashed
for 150 ms (array presentation). Subjects attended to the lower left visual quad-
rant and indicated the presence or absence of the target shape (red E) in that
visual quadrant (E was not present in the display; see SI Methods for more
details). (B) Example of a single subject’s learning curve. Each block contains 45
trials. The red line indicates a learning threshold of 80% accuracy in 10 consec-
utive trial blocks. (C) Psychophysical comparison of accuracy in all quadrants. In a
control session at the end of training, subjects were asked to discriminate be-
tween trained and uniquely shaped orientations in all visual quadrants. A re-
peated-measure ANOVA, with shape (trained, untrained) and quadrant (trained
Lower Left, Lower Right, Upper Left, Upper Right) as factors, showed a significant
main effect of quadrant [F (3, 21) ! 3.52, P " 0.05], and a significant interaction
of shape by quadrant [F (3, 21) ! 8.49, P " 0.001 ]. Posthoc contrasts (Newman-
Keuls test) showed that performance in the trained condition (trained shape in
the trained visual quadrant) was better with respect to any other condition. (n !
6; Error bars, # SEM; *, P " 0.05).

Fig. 2. Task-evoked modulation of the visual cortex after perceptual learn-
ing. (Center) Stimulus array with colored squares (not present in real display)
indicating 4 visual quadrants. (Flat maps) visual cortex ROIs obtained from
passive localizer scans by stimulating one quadrant at a time (Fig. S2). ROIs are
projected onto a flattened representation of the posterior occipital cortex
using the PALS (population-average, landmark, and surface-based) atlas (25).
Bar plots: % signal change of BOLD in each quadrant when attending to the
lower left quadrant and discriminating trained or untrained targets. Note that
all 4 quadrants of the visual cortex were stimulated by the stimulus array, but
only the trained visual quadrant in the right dorsal and the homologous area
in left dorsal visual cortex show a shape-specific modulation. (Posthoc
Newman-Keuls test, n ! 12; Error bars, # SEM; *, P " 0.05).
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responses (e.g., in right dorsal cortex for left lower field stimu-
lation) compared with the average response to stimuli in the
other quadrants [group-level voxel-wise random-effect ANOVAs,
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86% when the threshold was increased to five of eight ROIs.
Computing pairwise correlations for all ROIs and calculating
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range of FC–PC1 correlations varied between an r of 0.1 and an r
of 0.8; 13 of 28 (or 8 * 7/2) possible ROI pairs showed a significant
correlation with task fitness [false discovery rate (FDR), q < 0.05
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sponses in the visual cortex by comparing blocks of trials in which
subjects discriminated stimulus arrays containing either the trained
target shape or an untrained target shape (right/left tilted T). The
target stimuli were always presented in the trained visual quadrant
(Fig. S3). As in the behavioral training sessions, performance was
higher for trained than untrained targets (see Fig. S3).

The effect of learning (i.e., a differential response to trained
versus untrained targets) was measured in the regions of interest
in the visual cortex defined during the localizer scans. The
response to untrained shapes was attenuated (as compared to
trained ones) in the right dorsal cortex corresponding to the
attended left lower quadrant, but not in the ventral visual cortex
corresponding to the nonattended upper visual quadrants (Fig.
2). This pattern indicates topographic and shape specificity of the
learning-dependent modulation. There was also a significant
difference between trained and untrained shapes in the left
dorsal cortex corresponding to the homologous (untrained) right
lower quadrant (see Fig. 2) [condition (trained, untrained) by
quadrant (lower left, lower right, upper left, upper right) inter-
action [F (3, 33) ! 7,75; P ! 0.0005; posthoc (Newman-Keuls
test) for lower left, P " 0.0002; for lower right P " 0.001]]. The
modulation localized to right dorsal V1 to V3 and V3A to LO,
and left V1 to V3 on the basis of a population atlas of human
visual areas (25) (see Fig. 2, Table S2). In addition, the response
to trained shapes was stronger in the contra-lateral (trained)

than ipsi-lateral (untrained) dorsal cortex (P " 0.0002), consis-
tent with a shape-specific modulation.

A separate whole brain voxel-wise analysis provided further
support for topographic and shape specificity. In this analysis, the
only significant portion of visual cortex showing preferential activity
for trained vs. untrained shape blocks was localized in right dorsal
cortex (Fig. 3A) in 2 regions (V2/V3 and LO) that were contralat-
eral to the attended left lower quadrant, and within the borders of
the regions responding to the retinotopic stimulus (Fig. S2C).

These findings are in line with previous studies, showing that
orientation-specific learning changes the tuning properties of
neurons in the early visual cortex, and increases the fMRI signal
to trained vs. untrained shapes (26). Here, we show that mod-
ulation in the visual cortex is topographically and shape specific
and mainly consists of the filtering of sensory-evoked responses
to novel (untrained) shapes in the attended quadrant, which
presumably leads to a more specific response to the trained
shape. The presence of training-related modulation in the visual
cortex homologous to the representation of the trained quadrant
is not surprising in light of several recent fMRI studies (27, 28).
These studies suggest that modulations in the visual cortex are
not restricted to attended locations, as previously believed, but
extend to unattended locations, especially those in the opposite
hemisphere homologous to the attended ones. This pattern
reflects a specific computational mechanism for coding the locus
of attention in a cortical map based on activity difference
between attended and unattended locations (27, 29).

Task-Evoked Activity Outside the Occipital Cortex. A number of
parietal and frontal regions responded more strongly during un-
trained as compared to trained shape blocks (see blue regions in Fig.
3A; Table S3). These regions correspond to the dorsal fronto-
parietal attention network (30), the source of spatially selective
attention biases to the visual cortex (31), as well as portions of a core
control network (32) involved in task set maintenance and error
tracking. The stronger activation for novel shape orientation likely
reflects a higher degree of attention engagement, similar to that
occuring during early training, as opposed to when the shape
orientation is familiar. Finally, a separate set of cortical regions was
more strongly deactivated during untrained as opposed to trained
shape blocks (see orange regions in Fig. 3A). These regions corre-

Fig. 1. Behavioral training and psychophysics results. (A) Illustration of timeline
for 2 trials. 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 2,000 ms (target presentation); finally, an array of 12 stimuli, differently
orientedTs (distracters)withorwithoutan invertedT (target),wasbrieflyflashed
for 150 ms (array presentation). Subjects attended to the lower left visual quad-
rant and indicated the presence or absence of the target shape (red E) in that
visual quadrant (E was not present in the display; see SI Methods for more
details). (B) Example of a single subject’s learning curve. Each block contains 45
trials. The red line indicates a learning threshold of 80% accuracy in 10 consec-
utive trial blocks. (C) Psychophysical comparison of accuracy in all quadrants. In a
control session at the end of training, subjects were asked to discriminate be-
tween trained and uniquely shaped orientations in all visual quadrants. A re-
peated-measure ANOVA, with shape (trained, untrained) and quadrant (trained
Lower Left, Lower Right, Upper Left, Upper Right) as factors, showed a significant
main effect of quadrant [F (3, 21) ! 3.52, P " 0.05], and a significant interaction
of shape by quadrant [F (3, 21) ! 8.49, P " 0.001 ]. Posthoc contrasts (Newman-
Keuls test) showed that performance in the trained condition (trained shape in
the trained visual quadrant) was better with respect to any other condition. (n !
6; Error bars, # SEM; *, P " 0.05).

Fig. 2. Task-evoked modulation of the visual cortex after perceptual learn-
ing. (Center) Stimulus array with colored squares (not present in real display)
indicating 4 visual quadrants. (Flat maps) visual cortex ROIs obtained from
passive localizer scans by stimulating one quadrant at a time (Fig. S2). ROIs are
projected onto a flattened representation of the posterior occipital cortex
using the PALS (population-average, landmark, and surface-based) atlas (25).
Bar plots: % signal change of BOLD in each quadrant when attending to the
lower left quadrant and discriminating trained or untrained targets. Note that
all 4 quadrants of the visual cortex were stimulated by the stimulus array, but
only the trained visual quadrant in the right dorsal and the homologous area
in left dorsal visual cortex show a shape-specific modulation. (Posthoc
Newman-Keuls test, n ! 12; Error bars, # SEM; *, P " 0.05).
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completato)

• Per esempio, lo studio fMRI di Lewis e 
coll. (2009) sul VPL han mostrato che il 
dorsal attention network era 
maggiormente attivato per la forma 
nuova (non-allenata) e meno activate 
per la forma familiare (allenata).  

• Dicontro, la corteccia visiva era piu’ 
attivata per la forma familiare  (allenata) 
rispetto a quella nova (non-allenata) 



• 14 soggetti sani!
• Stimoli: 12 T con diverso orientamento!
• Durata stimolo: 150 msec!
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variance, but its eigenvalue was less than 1 (scree plot in Fig. S3)
and it was therefore not further considered (28). Accordingly,
PC1 was used to compute individual measures of performance,
which we here define as task fitness (f) by using the following
expression:

f ¼ ½a0 s kc# ·w [3]

where w is the vector of factor weights (SI Methods). In the rest
of the analysis, we use task fitness to examine the relationship
between performance and pretraining resting-state FC.

Pretraining FC in Visual Cortex and Task Fitness. Resting-state
functional MRI (fMRI) and visuotopic localizer fMRI were ac-
quired 24 to 48 h before first exposure to the task (Methods and
SI Methods). During the visuotopic localizer scans, subjects were
asked to maintain central fixation while quarter-field stimulus
arrays were passively presented in a blocked design (Fig. 1C).
Regions of interest (ROIs) for the computation of FC were
identified in the ventral and dorsal portions of visual cortex in
each hemisphere. At the group level, two ROIs were identified
in each quadrant as showing the strongest visuotopic localizer
responses (e.g., in right dorsal cortex for left lower field stimu-
lation) compared with the average response to stimuli in the
other quadrants [group-level voxel-wise random-effect ANOVAs,
multiple comparison corrected over the entire brain (P < 0.05)].
These regions are shown in Fig. 1D on a flattened representation
of visual cortex in the Population Average Landmark and Surface
(PALS) atlas (29) and labeled according to their location with
respect to the probabilistic borders of visual areas in the same
atlas (Table S1). In general, for each quarter-field representation
in visual cortex, one ROI is “early” in the visual hierarchy (near/
at V1–V2), whereas the other is “intermediate” (near/at V4–V8
or V3A; Fig. 1D; Table S1 shows coordinates).
To examine the relationship between pretraining FC and the

ability to perform the discrimination task, we computed group-
level voxel-wise maps of the Pearson correlation coefficient be-
tween task fitness and the strength of FC for each visuotopic

ROI (defined as FC–PC1 correlation maps; Methods, SI Meth-
ods, and Fig. S4). Fig. 2A shows that the strength of FC between
a representative ROI in right ventral visual cortex (near/at V1–
V2) and large swaths of ventral and dorsal peripheral visual
cortex in both hemispheres is strongly correlated with task fitness
(all voxels Z > 2; P < 0.05, Monte Carlo corrected). Observers
with stronger pretraining FC between visual regions displayed
greater task fitness (Fig. 2B). This relationship was consistent
across different ROIs in left and right visual cortex (Fig. S5). To
quantify this consistency, a conjunction map was computed that
shows the portions of visual cortex with behaviorally predictive
FC across multiple ROIs (Fig. 2C). The most consistent regions
encompassed both early and intermediate retinotopic areas, in-
cluding a band outside the foveal region in the near periphery
(based on the PALS borders).
To examine whether the regions exhibiting behaviorally signifi-

cant pretraining FC coded for the stimuli, we quantified the per-
centage of voxels in the FC–PC1 conjunction map that overlapped
with the regions in visual cortex selectively activated by the stim-
ulus array (i.e., the sum of the quadrant maps). At a threshold of
four of eight ROIs, 72% of the behaviorally predictive voxels from
the FC–PC1 conjunction map fell within the borders of the region
activated by the stimulus (Fig. 2D). This proportion increased to
86% when the threshold was increased to five of eight ROIs.
Computing pairwise correlations for all ROIs and calculating

the correlation with task fitness confirmed these findings. The
range of FC–PC1 correlations varied between an r of 0.1 and an r
of 0.8; 13 of 28 (or 8 * 7/2) possible ROI pairs showed a significant
correlation with task fitness [false discovery rate (FDR), q < 0.05
after random permutation test]. Thus, voxel-wise and regional
analyses confirmed a significant relationship between task fitness
and pretraining FC in portions of visual cortex activated by the
visuotopic localizer stimuli. Fig. 3A shows the group average
strength of FC between ROI pairs arranged by visual quadrant
(i.e., dorsal, ventral). Fig. 3B shows behaviorally significant FC.
Behaviorally predictive correlations (FC–PC1) were observed
predominantly in heterotopic region pairs, i.e., region pairs in
different quadrants within the same (e.g., left dorsal to ventral

Fig. 1. Behavioral training, psychophys-
ics results, visuotopic localizer, and ROIs.
(A) Experimental paradigm. (B) x axis,
number of blocks; y axis, accuracy (i.e.,
percentage of correct response corrected
for percentage of false alarms). Black
dots display the group average perfor-
mance block by block; solid red line
indicates the psychophysical fitting
model a = a0 + slog(k) with prediction
bounds at 95% of confidence level (dot-
ted lines). (C) Design of visuotopic local-
izer. Squares of different colors (not
shown in real display) indicate a visual
quadrant. (D) Visual ROIs/seeds. Eight vi-
sual regions (seeds) defined on the basis
of the visuotopic localizer scan are dis-
played on the flattened representation
of posterior occipital cortex using the
PALS atlas (29). Blue lines are approxi-
mate borders between retinotopic visual
areas based on a standard atlas (29) L.H.,
left hemisphere; R.H., right hemisphere.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1113148109 Baldassarre et al.
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visiva.      
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la rTMS  in un gruppo di soggetti 
sani per testare con un approccio 
causale il ruolo cruciale delle aree 
visive nel VPL.     

• Abbiamo utilizzato lo stesso 
paradigma degli studi di Lewis et 
al., 2009 e Baldassarre et al., 2012     
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peggiorera’ il VPL   

• Dicontro, ci si aspetta che la 
stimolazione di V2d/V3 e LO 
peggiorera’ la perfomance.

• La stimolazione su  V2d/V3 e LO 
produrra’ effete neagtivi simili.  
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variance, but its eigenvalue was less than 1 (scree plot in Fig. S3)
and it was therefore not further considered (28). Accordingly,
PC1 was used to compute individual measures of performance,
which we here define as task fitness (f) by using the following
expression:

f ¼ ½a0 s kc# ·w [3]

where w is the vector of factor weights (SI Methods). In the rest
of the analysis, we use task fitness to examine the relationship
between performance and pretraining resting-state FC.

Pretraining FC in Visual Cortex and Task Fitness. Resting-state
functional MRI (fMRI) and visuotopic localizer fMRI were ac-
quired 24 to 48 h before first exposure to the task (Methods and
SI Methods). During the visuotopic localizer scans, subjects were
asked to maintain central fixation while quarter-field stimulus
arrays were passively presented in a blocked design (Fig. 1C).
Regions of interest (ROIs) for the computation of FC were
identified in the ventral and dorsal portions of visual cortex in
each hemisphere. At the group level, two ROIs were identified
in each quadrant as showing the strongest visuotopic localizer
responses (e.g., in right dorsal cortex for left lower field stimu-
lation) compared with the average response to stimuli in the
other quadrants [group-level voxel-wise random-effect ANOVAs,
multiple comparison corrected over the entire brain (P < 0.05)].
These regions are shown in Fig. 1D on a flattened representation
of visual cortex in the Population Average Landmark and Surface
(PALS) atlas (29) and labeled according to their location with
respect to the probabilistic borders of visual areas in the same
atlas (Table S1). In general, for each quarter-field representation
in visual cortex, one ROI is “early” in the visual hierarchy (near/
at V1–V2), whereas the other is “intermediate” (near/at V4–V8
or V3A; Fig. 1D; Table S1 shows coordinates).
To examine the relationship between pretraining FC and the

ability to perform the discrimination task, we computed group-
level voxel-wise maps of the Pearson correlation coefficient be-
tween task fitness and the strength of FC for each visuotopic

ROI (defined as FC–PC1 correlation maps; Methods, SI Meth-
ods, and Fig. S4). Fig. 2A shows that the strength of FC between
a representative ROI in right ventral visual cortex (near/at V1–
V2) and large swaths of ventral and dorsal peripheral visual
cortex in both hemispheres is strongly correlated with task fitness
(all voxels Z > 2; P < 0.05, Monte Carlo corrected). Observers
with stronger pretraining FC between visual regions displayed
greater task fitness (Fig. 2B). This relationship was consistent
across different ROIs in left and right visual cortex (Fig. S5). To
quantify this consistency, a conjunction map was computed that
shows the portions of visual cortex with behaviorally predictive
FC across multiple ROIs (Fig. 2C). The most consistent regions
encompassed both early and intermediate retinotopic areas, in-
cluding a band outside the foveal region in the near periphery
(based on the PALS borders).
To examine whether the regions exhibiting behaviorally signifi-

cant pretraining FC coded for the stimuli, we quantified the per-
centage of voxels in the FC–PC1 conjunction map that overlapped
with the regions in visual cortex selectively activated by the stim-
ulus array (i.e., the sum of the quadrant maps). At a threshold of
four of eight ROIs, 72% of the behaviorally predictive voxels from
the FC–PC1 conjunction map fell within the borders of the region
activated by the stimulus (Fig. 2D). This proportion increased to
86% when the threshold was increased to five of eight ROIs.
Computing pairwise correlations for all ROIs and calculating

the correlation with task fitness confirmed these findings. The
range of FC–PC1 correlations varied between an r of 0.1 and an r
of 0.8; 13 of 28 (or 8 * 7/2) possible ROI pairs showed a significant
correlation with task fitness [false discovery rate (FDR), q < 0.05
after random permutation test]. Thus, voxel-wise and regional
analyses confirmed a significant relationship between task fitness
and pretraining FC in portions of visual cortex activated by the
visuotopic localizer stimuli. Fig. 3A shows the group average
strength of FC between ROI pairs arranged by visual quadrant
(i.e., dorsal, ventral). Fig. 3B shows behaviorally significant FC.
Behaviorally predictive correlations (FC–PC1) were observed
predominantly in heterotopic region pairs, i.e., region pairs in
different quadrants within the same (e.g., left dorsal to ventral

Fig. 1. Behavioral training, psychophys-
ics results, visuotopic localizer, and ROIs.
(A) Experimental paradigm. (B) x axis,
number of blocks; y axis, accuracy (i.e.,
percentage of correct response corrected
for percentage of false alarms). Black
dots display the group average perfor-
mance block by block; solid red line
indicates the psychophysical fitting
model a = a0 + slog(k) with prediction
bounds at 95% of confidence level (dot-
ted lines). (C) Design of visuotopic local-
izer. Squares of different colors (not
shown in real display) indicate a visual
quadrant. (D) Visual ROIs/seeds. Eight vi-
sual regions (seeds) defined on the basis
of the visuotopic localizer scan are dis-
played on the flattened representation
of posterior occipital cortex using the
PALS atlas (29). Blue lines are approxi-
mate borders between retinotopic visual
areas based on a standard atlas (29) L.H.,
left hemisphere; R.H., right hemisphere.
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Methods
La TMS e’ stat applicata in maniera attivia su 3 siti: 
V2d/3, LO e IPS piu’ una stimolazione ‘finta' (Sham)
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