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SUMMARY

Reorienting of voluntary attention enables the pro-
cessing of stimuli at previously unattended locations.
Although studies have identified a ventral fronto-
parietal network underlying attention [1, 2], little is
known about whether and how early visual areas are
involved in involuntary [3, 4] and even less in voluntary
[5] reorienting, and their temporal dynamics are un-
known. We used transcranial magnetic stimulation
(TMS) over the occipital cortex to interfere with atten-
tional reorienting and study its role and temporal
dynamics in this process. Human observers per-
formed an orientation discrimination task, with either
valid or invalid attention cueing, across a range of
stimulus contrasts. Valid cueing induced a behavioral
response gain increase, higher asymptotic perfor-
mance for attended than unattended locations. Dur-
ing subsequent TMS sessions, observers performed
the same task, with high stimulus contrast. Based
on phosphene mapping, TMS double pulses were
applied at one of various delays to a consistent brain
location in retinotopic areas (V1/V2), corresponding
to the evoked signal of the target or distractor, in a
validor invalid trial. Thus, thestimulationwas identical
for the four experimental conditions (valid/invalid
cue condition 3 target/distractor-stimulated). TMS
modulation of the target and distractor were both pe-
riodic (5 Hz, theta) and out of phase with respect to
each other in invalid trials only, when attention had
to be disengaged from the distractor and reoriented
to the target location. Reorientation of voluntary
attention periodically involves V1/V2 at the theta fre-
quency. These results suggest that TMS probes theta
phase-reset by attentional reorienting and help link
periodic sampling in time and attention reorienting in
space.

RESULTS

Voluntary covert attention, in the absence of eye movements,

enhances visual processing at the attended location, which

is mediated by several areas, including occipital cortex (review

[6, 7]). Attentional reorienting allows processing at other loca-

tions, critical in an ever-changing environment.
Curren
Transcranial magnetic stimulation (TMS) is used to alter the

activity of a targeted cortical area at precise moments and test

its effects on perceptual or cognitive tasks [8, 9]. To study

the role of areas involved in attentional processing, TMS has pri-

marily been used in conjunction with visual search [10–14] and

has shown that visual areas receive feedback information from

fronto-parietal areas, at post-stimulus delays R150 ms. These

studies did not explicitly manipulate attention and thus inferred

its role in visual search; however, such inference is not war-

ranted—before invoking an attentional explanation, it is impor-

tant to rule out the effect of visual and physiological factors

(e.g., retinal eccentricity and cortical magnification) and to

explicitly manipulate attention [15–17]. Other studies have

directly manipulated voluntary attention and stimulated atten-

tion-related higher-level areas, e.g., FEF, TPJ, and IPS, either

to investigate their role during preparatory activity (cue-to-stim-

ulus onset delay; [18, 19]) or in reorienting of attention [20, 21].

Consistent with neurophysiological studies [22], TMS of fronto-

parietal regions modulates neuronal activity in occipital cortex

(review [23]). So far, no studies have used TMS to directly inves-

tigate the role of occipital areas (V1/V2) in the orienting or reor-

ienting of voluntary attention. These areas mediate the coding

of orientation and contrast, basic visual dimensions that are

task relevant in our study.

Covert spatial attention samples visual information periodi-

cally at low frequencies, theta (5–7 Hz) and alpha (8–12 Hz), in

detection or discrimination tasks [14, 24–29]. The authors

of these studies suggested that this periodicity indicates that

attention processes multiple stimuli sequentially, i.e., attention

in these tasks is reoriented to different locations, following a

low-frequency rhythm. To date, only one study [26] has explicitly

manipulated covert attention to assess the behavioral periodicity

of attentional sampling with a discrimination task; unfortunately,

themain dependent variable was reaction time, which can reflect

perceptual processing speed, motor anticipation [30], and

criterion [17]. Moreover, although two studies have provided

convincing evidence showing that two locations are sampled

in alternation [24, 27], whether the periodicity is actually due to

a sequential reallocation of attention or to the independent sam-

pling of each location is still largely debated [31]. We note that no

study has explicitly manipulated the reorienting of attention to

address this point.

We conducted psychophysics and psychophysics-TMS ses-

sions (see Supplemental Experimental Procedures). In both,

we used an orientation discrimination task (see Figure 1B), as-

sessing performance with d0, a perceptual measure of perfor-

mance, and explicitly manipulated whether covert attention

had to be reoriented or not. On valid-cued trials (75% of total tri-

als), observers allocated attention to a single location throughout
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Figure 1. Experimental Paradigm

(A) Phosphene mapping session. Observers were stimulated in either the right or left occipital pole and drew their perceived phosphene. The phosphene region

(‘‘stimulated region’’) and the symmetric region in the contralateral visual field (‘‘non-stimulated region’’) were used in the main experiment to determine the

stimulus location.

(B) Individuals’ phosphenes. Each box represents the phosphenes of one observer. Each translucent shape represents a phosphene drawing for one TMS

session.

(C) Trial sequence in both the psychophysics and TMS sessions.

(D) Each dot represents d0 max (d0 at asymptotic performance) for a single observer in the valid condition plotted as a function of the d0 max in the invalid condition.

Dots above the diagonal indicate that performance was higher for the valid than invalid cueing conditions.
the trial, whereas on invalid-cued trials (25% of total trials), ob-

servers had to first allocate attention to one location and then

shift it to another location. In the psychophysics sessions, ob-

servers performed the task with stimulus contrasts ranging

from 2% to 32%. This allowed us to fit a psychometric function

and obtain d0 max, a measure of asymptotic discriminability per-

formance that is independent of an observer’s criterion. In

the TMS sessions, the contrast of the stimuli was always set at

the level corresponding to d0 max (32% for all observers; Fig-

ure 1D). In addition, observers received occipital TMS at various

delays either before or after stimulus onset while performing the

contrast-contingent orientation discrimination task to investigate

the temporal dynamics of early visual cortical areas in attentional

reorienting (Figure 2A).

We compared four experimental conditions that differed in

terms of the combination of attentional cue validity and TMS

location (Figure 2B). Observers were presented with (1) a valid

cue and the cortical representation of the target was stimulated

with TMS (‘‘valid target-stimulated’’); (2) a valid cue and the

cortical representation of the distractor was stimulated (‘‘valid

distractor-stimulated’’); (3) an invalid cue and the cortical repre-

sentation of the target was stimulated (‘‘invalid target-stimu-

lated’’); and (4) an invalid cue and the cortical representation of

the distractor was stimulated (‘‘invalid distractor-stimulated’’).

Critically, prior to stimulus onset, the central cue induced atten-

tional orienting by indicating the target location either in the left or

right lower visual field. Given that the response cue appeared

simultaneously with the stimulus, in the invalidly cued trials, ob-

servers had to reorient attention to the target location. We tested

two hypotheses: (1) early visual areas are involved in the reorient-
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ing of voluntary attention; (2) voluntary attention reorients period-

ically at a low frequency.

TMS Effects on Attention
Note that for all analyses reported here, there were no differ-

ences between observers stimulated in the right or the left hemi-

spheres (unbalanced ANOVA: F(1,8) < 1); we thus grouped

all observers together. Additionally, a repeated-measures two-

way ANOVA on the trials in which the TMS double pulses were

applied before the stimulus onset showed no significant differ-

ence between the valid and invalid conditions, regardless of

whether target or distractor were stimulated, and no significant

interaction (F(1,8) < 1). These results suggest that TMS on occip-

ital cortex at these particular delays before stimulus onset does

not differentially affect the orienting of voluntary attention.

We hypothesized that early visual areas are involved in the

reallocation of voluntary attention. To test this hypothesis, we

first calculated performance (d0 max, asymptotic performance)

in each of the four experimental conditions, at each post-

display onset stimulation delay, for each observer separately

(see behavioral analysis in Supplemental Experimental Proce-

dures). We plot the mean d0 max for the group and error bars

(±1 SEM; Figure 2C).

We conducted a repeated-measures three-way 2 3 2 3 8

ANOVA (cueing validity 3 TMS location 3 TMS delay). Consis-

tent with previous voluntary attentional cueing studies (e.g.,

[32, 33]), performance was better in the validly cued trials than

in the invalidly cued trials (F(1,8) = 74.4; p < 0.001), regardless

of whether the target or distractor had been stimulated and

regardless of the delay, as indicated by the non-significant
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Figure 2. TMS Modulates Performance

(A) Possible TMS stimulation delays on any given trial.

During the TMS session, a double pulse (25 ms in-

terval) was applied over the occipital pole at one of ten

possible delays, two before and eight after the stimuli

display onset.

(B) Four experimental conditions: (1) valid target-

stimulated, (2) valid distractor-stimulated, (3) invalid

target-stimulated, and (4) invalid distractor-stimu-

lated.

(C) d0 max as a function of time, for the four experi-

mental conditions; color schema as in (B).

Error bars on plots are ±1 SEM.
three-way interaction (F(7,56) < 1). In addition, neither the main

effects of TMS location (F(1,8) < 1) and delay (F(7,56) = 1.3) nor

their interaction (F(7,56) < 1) were significant. We also analyzed

reaction times (secondary dependent variable) for correct re-

sponses to rule out any speed-accuracy tradeoff; i.e., reaction

times were faster for valid trials than invalid trials (paired t test:

t(8) = �4.3, p = 0.0025).

Human observers can switch the allocation of voluntary atten-

tion 300 ms after the onset of a central cue [34, 35]. In this exper-

iment, the response cue appeared at the onset of the visual

display, inducing attention reorienting during the invalid cue

trials only. We were particularly interested in the d0 max values

at the earliest post-stimulus TMS delay, 75 ms, as at this delay,

information is still undergoing feedforward propagation [36, 37],

and observers had not had enough time to fully reorient their

attention, i.e., to disengage from the attended location and

engage onto the previously unattended location [1, 2]. At this

delay, we compared the trials in which the precued location

had been stimulated (Figure 2B), i.e., valid target-stimulated

versus invalid distractor-stimulated, and trials in which the other

location had been stimulated, i.e., valid distractor-stimulated

versus invalid target-stimulated. At 75 ms, performance signifi-

cantly differed between the valid and invalid cueing conditions

when the unattended location had been stimulated (paired

t test between valid distractor-stimulated and invalid target-

stimulated: t(8) = 2.02, p = 0.039), but not when the attended

location had been stimulated (paired t test between valid

target-stimulated and invalid distractor-stimulated: t(8) = 0.28,

p = 0.39; Figure 2C).

Temporal Dynamics
To investigate the temporal dynamics of attentional reorienting,

weseparatelyanalyzedvalidand invalid trialsacrossall post-stim-

ulus TMS delays. We hypothesized that reorienting of attention is

periodicallymodulated at a low frequency. To test this hypothesis,

we first computed a fast Fourier transform (FFT) analysis on the

difference between the target-stimulated and the distractor-stim-
Curren
ulated trials (see Figures 3A and 3B and

behavioral analysis in Supplemental Experi-

mentalProcedures). Theamplitude spectrum

showed a significant peak at 5 Hz, but only in

the invalid cueing condition (still significant

after false discovery rate [FDR] correction

for multiple comparisons, two cueing condi-
tions), indicating that the difference in d0 between target-stimu-

lated and distractor-stimulated trials was periodically modulated

at 5 Hz, within the theta frequency range.

To further ensure that the periodicity observed in the differ-

ence curve (Figure 3A) arises from a periodicity observed in

each condition due to reorienting of attention, we performed

the same analysis separately for each of the four conditions (Fig-

ure 3C). The amplitude spectra showed a significant peak at 5 Hz

in the invalid condition only, for both target-stimulated and

distractor-stimulated trials (still significant for invalid distractor-

stimulated [p = 0.01] and marginally significant [p = 0.07] for

invalid distractor-stimulated after FDR correction for multiple

comparisons, four experimental conditions), indicating that

both conditions were modulated periodically at 5 Hz (Figure 3C).

Additionally, we performed a phase analysis to assess

whether the periodicity observed in the difference curve for

the invalid condition (Figure 3A) was due to the difference of

two out-of-phase periodic curves at 5 Hz (Figure 2C and behav-

ioral analysis in Supplemental Experimental Procedures). We

computed the average across observers of the phase difference

between target-stimulated (kappa—concentration parameter—

1.4) and distractor-stimulated (kappa = 1.6) trials (normalized

to a unit length), specifically for the 5 Hz component in the invalid

condition (parametric two-sample von Mises distribution test:

F = 1.1, p = 0.9, i.e., the two conditions have the same phase dis-

tribution; Figure 3D). There was a significant phase difference

between the two conditions (parametric Watson-Williams test:

F = 6.3, p = 0.02), which indicates a phase shift between these

two curves of �0.5 cycle (Figure 2C). Taken together, these

results show that d0 performance in the invalid condition was

periodically modulated at 5 Hz and that the two stimulation con-

ditions were phase shifted.

To assess whether this periodicity was present for each

observer, we compared the amplitudes of each frequency

component for valid and invalid trials. Because the target-stimu-

lated and the distractor-stimulated conditions were both period-

ically modulated at 5 Hz, we averaged their amplitudes. The
t Biology 26, 1595–1601, June 20, 2016 1597



Figure 3. TMS Modulation Is Periodic

(A) Difference in d0 max (normalized) performance between target-stimulated and distractor-stimulated experimental conditions, for both valid (teal) and invalid

(magenta) cue condition trials. Error bars on plots are ±1 SEM.

(B) Amplitude spectra obtained from an FFT performed separately on the d0 difference between stimulation conditions (solid lines) for the valid and invalid cue

condition trials. The colored background corresponds to the level of significance obtained by a Monte Carlo procedure, under the null hypothesis that the

d0 difference does not vary over time. The dashed line corresponds to the amplitude spectrum performed on the surrogate data obtained with the Monte Carlo

procedure. The significant peak at 5 Hz in the invalid condition indicates that the magenta curve in (A) is periodically modulated at this specific frequency.

(C) Amplitude spectrum obtained from an FFT performed separately on the four trial conditions (see Figure 2B): target-stimulated or distractor-stimulated,

separately for valid and invalid. The same convention is used for the colored background as in (B). The significant peak at 5 Hz in the invalid condition indicates

that both the invalid target-stimulated (red) and distractor-stimulated (pink) curves in Figure 3C are periodically modulated at this specific frequency.

(D) Average phase difference of the 5 Hz component between target-stimulated and distractor-stimulated conditions across observers, specifically for the invalid

condition. The gray area corresponds to ±1 SEM. The phase difference indicates a significant phase shift between the two curves, i.e., the invalid target-

stimulated (red) and distractor-stimulated (pink) curves in Figure 3C.
amplitude was higher in the invalid than valid condition (Figure 4)

only for the 5 Hz component (one-tail paired t test: t(8) = �3.2;

p = 0.0066; still significant after FDR correction for multiple com-

parisons, four frequency components; Figure 3). Note that this

comparison was not significant at the other tested frequencies:

2.5, 7.5, and 10 Hz.

DISCUSSION

We explicitly manipulated the orienting and reorienting of volun-

tary attention using well-established psychophysics protocols

[32, 33], in a two-alternative forced choice (2-AFC) orientation

discrimination task in conjunction with non-invasive brain stimu-

lation. We assessed the temporal dynamics of attentional orient-

ing and reorienting over early visual areas and their effects on

performance. The stimulated areas (V1/V2) are responsible for

orientation coding, which mediate orientation discrimination

[38, 39]. Critically, we demonstrated that performance in the

invalid condition, in which attention had to be reallocated from

the distractor location to the target location, was periodically

modulated by occipital TMS at the theta frequency (5 Hz). This

periodicity was present not only in the averaged data (Figure 3)

but also in the data for each individual observer (Figure 4). Addi-
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tionally, we showed that the periodicity observed in the invalid

condition when the target was stimulated was out of phase

with the periodicity observed when the distractor was stimu-

lated. This finding demonstrates that early visual cortex pro-

cesses individual stimulus locations periodically; voluntary

attention is reoriented with an inherent theta frequency.

The use of the phosphene mapping procedure allowed us to

interfere with the specific retinotopic area involved in the pro-

cessing of a single stimulus, which could be either the target or

distractor, which were presented in different hemifields, and

either validly or invalidly cued. This was highly beneficial as this

meant that the comparisons of our four experimental conditions

involved the exact same TMS stimulation. This optimal control

could have not been achieved by using either sham or vertex

stimulation, alternative procedures commonly used in TMS

research [8, 19, 40] to mimic the TMS coil click but that do not

control for all TMS-associated peripheral sensations. Moreover,

given that TMS was close to the inter-hemispheric fissure, the

noise it produced could not be responsible for the observed ef-

fects, as it would not have induced differential effects for the

target and distractor that were presented in separate hemifields.

Note that phosphene induction is not responsible for the modu-

lation of performance brought about by TMS; had that been the



Figure 4. Amplitude of Each Frequency Component for Individual Observers

An FFTwas performed for each observer separately for all four conditions (see Figure 3C). Each black dot represents the amplitude of each frequency component

for a given observer, averaged across target-stimulated and distractor-stimulated conditions. Only the amplitude of the 5 Hz component was significantly higher

in the invalid than the valid cue condition.
case, the effect would have been the same for all four experi-

mental conditions. Moreover, the combination of the phosphene

mapping procedure with the use of neuronavigation granted us

excellent precision over the stimulated region of the cortex, as

confirmed by the consistency of the phosphenes obtained for

each observer across sessions (Figure 1B).

The periodicity in the invalid condition is consistent with pre-

vious studies investigating the temporal dynamics of attention

showing that visual information is sampled periodically at the

theta frequency [14, 25, 27, 29, 41–43]. For example, Dugué

et al. [14] showed that TMS applied over the occipital cortex

periodically modulates the performance of observers during a

conjunction (L versus T) search task at the theta frequency

(�6 Hz). The correlation they observed between the behavioral

periodicity and neuronal oscillation (as measured per EEG) sug-

gests that the behavioral effects were due to the intrinsic prop-

erties of the system, which processes information periodically,

rather than to TMS. Because oscillations reflect periodic

cortical excitability, TMS can probe the system at different

states. Here, in contrast to the previous studies, we explicitly

manipulated the reorienting of attention via the invalid cue. By

using TMS to perturb this reallocation process at several mo-

ments in time, we showed that attention reorients periodically

at the theta frequency, consistent with an intrinsic sampling

property of the system. Given our use of eight post-stimulus de-

lays (in four experimental conditions), we could not characterize

frequencies R10 Hz because of the temporal resolution of the

stimulation delays; thus, we cannot rule out that other higher

frequencies are related to attentional sampling. In any case,

the results clearly show periodicity confined to 5 Hz. The win-

dow duration at which TMS pulses were applied (400 ms)

limited the resolution of frequency sampling to 2.5 Hz and

enabled two cycles of the 5 Hz component, enough to demon-

strate periodicity ([44]; Figure 2C). In future studies, we would

like to induce several shifts of attention at several moments

and locations and employ repetitive TMS [19, 45, 46] to in-

crease temporal resolution, to further explore the link between

attentional sampling in time and sequential attentional explora-

tion in space.

Interestingly, we did not observe any periodicity in the valid

condition, when attention had already been deployed to the
target location and did not need to be reallocated. However,

we cannot rule out the existence of periodic attentional sampling

for the valid condition. Indeed, it has been shown that attentional

sampling occurs even when observers are focused on a single

target in a detection task, suggesting that attention may intrinsi-

cally be a periodic process [41]. Additionally, the amplitude of

such modulation seems less important at the cued than at the

uncued location [25].

It is possible that attention may always fluctuate periodically,

but with its own spontaneous phase. A single unit recording

study in awake-behaving monkeys found that inferior temporal

(IT) responses to a stimulus appearing against the backdrop of

an existing stimulus showed stronger theta (5 Hz) responsemod-

ulation after the appearance of a second stimulus, which pre-

sumably triggered attentional reorienting. Intriguingly, theta

modulation was also observed after the appearance of a single

stimulus [43, 47]. Based on that result and on our current finding,

we can argue that when the target appeared at the cued location,

the attentional oscillation would not have been reset by the reor-

ienting process [1, 2], and TMS would not bear a phase relation

with attention. However, when the target appeared at the uncued

location, the attentional reorienting process would have theta

phase-reset this oscillatory component, which could then be

probed with TMS [14, 44, 46, 48]. We note that this explanation

does not necessarily entail that attention swings back creating

a full cycle of performance modulation. Our usage of ‘‘phase-

reset’’ refers to the mathematical description of phase concen-

tration at a particular angle resulting in a spectral peak and

does not presuppose either a reset of an ongoing oscillation at

the same frequency or additional evoked activity at that fre-

quency, which have not been disentangled [49]. Further research

is needed to fully understand the periodicity of attentional sam-

pling and exploration.

To conclude, we used well-established knowledge in psycho-

physics in conjunction with TMS to investigate the role of early

visual areas in the reorienting of voluntary attention. Specifically,

TMS disrupted the reorienting of spatial attention at the theta

frequency, suggesting that attentional reorienting operates at

this frequency. This research furthers our understanding of the

link between the periodic sampling of visual information in time

and the reallocation of attention in space.
Current Biology 26, 1595–1601, June 20, 2016 1599



EXPERIMENTAL PROCEDURES

The experimental protocol was in compliance with the safety guidelines for

TMS research and was approved by the University Committee on Activities

Involving Human Subjects at New York University. A description of the essen-

tial experimental procedures and data analyses is presented in the Results

section. A complete description can be found in Supplemental Experimental

Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and can be found with this article online at http://dx.doi.org/10.1016/j.cub.

2016.04.046.
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29. Dugué, L., McLelland, D., Lajous, M., and VanRullen, R. (2015). Attention

searches nonuniformly in space and in time. Proc. Natl. Acad. Sci. USA

112, 15214–15219.

30. Correa, A., Triviño, M., Pérez-Dueñas, C., Acosta, A., and Lupiáñez, J.

(2010). Temporal preparation, response inhibition and impulsivity. Brain

Cogn. 73, 222–228.

31. VanRullen, R. (2013). Visual attention: a rhythmic process? Curr. Biol. 23,

R1110–R1112.

32. Herrmann, K., Montaser-Kouhsari, L., Carrasco, M., and Heeger, D.J.

(2010). When size matters: attention affects performance by contrast or

response gain. Nat. Neurosci. 13, 1554–1559.

33. Pestilli, F., Ling, S., and Carrasco,M. (2009). A population-codingmodel of

attention’s influence on contrast response: Estimating neural effects from

psychophysical data. Vision Res. 49, 1144–1153.

34. Nakayama, K., andMackeben, M. (1989). Sustained and transient compo-

nents of focal visual attention. Vision Res. 29, 1631–1647.

http://dx.doi.org/10.1016/j.cub.2016.04.046
http://dx.doi.org/10.1016/j.cub.2016.04.046
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref1
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref1
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref2
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref2
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref2
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref3
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref3
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref3
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref4
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref4
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref4
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref4
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref4
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref5
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref5
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref5
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref6
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref6
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref6
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref7
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref7
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref8
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref8
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref8
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref9
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref9
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref9
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref9
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref9
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref10
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref10
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref10
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref11
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref11
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref12
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref12
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref13
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref13
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref13
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref14
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref14
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref14
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref15
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref15
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref15
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref16
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref16
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref17
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref17
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref17
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref18
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref18
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref18
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref19
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref19
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref19
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref19
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref20
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref20
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref20
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref21
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref21
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref22
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref22
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref23
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref23
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref23
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref24
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref24
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref25
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref25
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref25
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref26
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref26
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref26
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref27
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref27
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref27
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref28
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref28
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref28
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref29
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref29
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref29
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref30
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref30
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref30
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref31
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref31
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref32
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref32
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref32
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref33
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref33
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref33
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref34
http://refhub.elsevier.com/S0960-9822(16)30399-2/sref34


35. Liu, T., Stevens, S.T., and Carrasco, M. (2007). Comparing the time

course and efficacy of spatial and feature-based attention. Vision Res.

47, 108–113.

36. Nowak, L.G., Munk, M.H., Girard, P., and Bullier, J. (1995). Visual latencies

in areas V1 and V2 of the macaque monkey. Vis. Neurosci. 12, 371–384.

37. VanRullen, R., and Thorpe, S.J. (2001). The time course of visual process-

ing: from early perception to decision-making. J. Cogn. Neurosci. 13,

454–461.

38. Grinvald, A., Lieke, E., Frostig, R.D., Gilbert, C.D., and Wiesel, T.N. (1986).

Functional architecture of cortex revealed by optical imaging of intrinsic

signals. Nature 324, 361–364.
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Supplemental Experimental Procedures 
 

Observers 

From forty-two observers with normal or corrected-to-normal vision who perceived phosphenes, 
10 observers (4 female; mean age = 23 ± 4 years old) met the criterion to participate in the experiment. For 
inclusion, the phosphene had to be located at an eccentricity greater than 4° and subtend a diameter ≥ 2° 
(see Procedure). Observers provided written informed consent. The experimental protocol was in 
compliance with the safety guidelines for TMS research and was approved by the University Committee on 
Activities Involving Human Subjects at New York University. One of the ten observers was not included in 
the final analysis as this observer was unable to complete all TMS sessions due to a technical hardware 
issue with the TMS machine. 

Stimuli 

Stimuli were generated using the MATLAB software (MathWorks) in conjunction with the Psychophysics 
toolbox [1, 2] on a Macintosh computer. Stimuli were displayed on a high-resolution CRT monitor (53 cm; 
120 Hz; Professional Series P220f, ViewSonic monitor) placed 57 cm away from the observer’s head. Head 
position was maintained using a chin rest fixed to the table. The display was calibrated and gamma 
corrected using a linearized lookup table. A white fixation cross (0.2° long crisscrossed diagonal lines) was 
presented at the center of the screen throughout the experiment. The stimuli consisted of two 5 cpd Gabor 
patches (i.e., contrast-defined sinusoidal gratings enveloped by a Gaussian window). The placement of the 
Gabor patches (eccentricity) was determined individually for each observer and calculated as the center of 
the perceived phosphene (see Procedure). The size of the Gabors was adjusted (3.8° ± 0.2° on average for 
all observers) according to the Cortical Magnification Factor: M = Mo(1+.42E+.000055E3)-1 [3, 4]. The 
attention and response cues (see Procedure and Figure 1c) consisted of black rectangles (0.3° long) that 
replaced one of the two branches of the central fixation cross pointing to the locations of the upcoming 
Gabor stimuli.  Eye position was monitored using an infrared video camera system (Eyelink 1K, SR 
Research, http://www.sr-research.com/EL_1000.html) to ensure that all observers maintained fixation 
throughout each trial during all psychophysical and TMS sessions. Stimulus presentation was contingent 
upon fixation; any trials in which observers broke fixation (defined as an eye movement ≥1° from the center 
of the fixation cross or if the observer blinked) was cancelled and then repeated at the end of each 
experimental block. 

TMS apparatus and Neuronavigation 

Observers were stimulated using a 70 mm figure-of-eight coil (double Alpha coil) positioned over the occipital 
cortex (handle oriented vertically, anterior to posterior). Biphasic TMS pulses were applied using a 3.5 T 
Magstim Rapid2 Plus1 stimulator (http://www.magstim.com/products/magnetic-stimulators, Magstim, Spring 
Garden Whitland, Great Britain), and triggered via MATLAB using a Jali Medical BNC triggering device. 
Stimulation threshold for each observer was defined as the percentage of TMS stimulation machine intensity 
under which the observer perceived a phosphene 50% of the time. Stimulation intensity remained constant 
throughout the entire TMS portion of the study for each observer (on average 58% ± 2% of the maximal 
stimulator output). 

A 3D topography of each observer's head was recorded using a digital laser scanner (FASTSCAN, 
Polhemus, Vermont, USA, http://polhemus.com/). During each TMS session, after locating the appropriate 
stimulation site on the surface of the scalp (see Phosphene Mapping procedure), we co-registered the 
position of the TMS coil with the observer's 3D head image, then marked the location of the stimulation site 
on the surface of the scalp using equipment and software developed by Rogue Research 
(Brainsight, Montreal, Canada, https://www.rogue-research.com/). This neuronavigation procedure was used 
to ensure that we consistently stimulated the same region across sessions.  

Procedure 

Each observer participated in thirteen sessions: one to localize and map her/his phosphene, another to 
record a 3D image of her/his head (to be later used for neuronavigation) and to familiarize them with the 
behavioral task, six psychophysical sessions to measure their contrast response function (CRF), and five 
TMS sessions. 

Phosphene mapping. We used the same phosphene mapping protocol as in previous studies [5, 6]. 
Observers continually fixated upon a dark blue fixation cross, located at the center of a black screen (Figure 
1a). A train of 7 TMS pulses (30 Hz) at 65% of maximal output intensity was applied on the scalp over the 



	

assumed V1/V2 region (1 cm above the inion). The stimulation train was applied either to the left or right 
hemisphere (~2 cm away from the midline) to induce phosphene perception either in the right or left 
hemifield, respectively. If a phosphene had been reported on the previous trial, observers were then asked to 
draw the outline of the perceived phosphene as precisely as possible using the computer mouse on the next 
trial. They were allowed to repeat the stimulation and verify the phosphene outline until they were satisfied 
with their response. This region was then used to determine the placement of the Gabor patches in both 
hemifields; one Gabor patch was placed inside the region corresponding to the phosphene area, so-called 
‘stimulated region’, while the other one was placed inside the symmetrical region in the opposite hemifield 
(‘non-stimulated region’) during the subsequent behavioral task. Phosphene mapping was terminated when 
the spatial extent of the phosphene was large enough to encompass the entire Gabor patch; otherwise, the 
TMS coil was displaced by 1 cm and the procedure was repeated until a suitable phosphene was found. 
Once a reliable and large enough phosphene was localized, two pulses were applied (same as in the main 
experiment) and stimulation intensity was progressively reduced until observers reported seeing a 
phosphene at approximately the same location on 50% of trials. This intensity level was defined as the 
observer’s phosphene threshold, and was the intensity of TMS stimulation during the main experiment [5-7]. 
The same procedure was employed during all phosphene-mapping sessions (used to determine observer 
eligibility) and at the beginning of each TMS session to ensure consistency in stimulation site (between-
session control of the stimulated region). Phosphene drawings were highly consistent within each observer, 
and phosphene region locations overlapped across all TMS sessions (5 observers perceived a phosphene 
on the left and 5 observers perceived a phosphene on the right; Figure 1b).  

Behavioral task. Observers performed a two-alternative forced-choice (2-AFC) orientation discrimination task 
(Figure 1c). After 100ms of fixation, a central cue was presented for 30 ms; the cue indicated the location of 
the upcoming target in 75% of the trials (‘valid cue’) or the distractor in 25% of the trials (‘invalid cue’). 
Observers were instructed to voluntarily allocate their attention to the spatial location indicated by the cue. 
After a 380 ms inter-stimulus interval, long enough to allocate voluntary attention [8-10] two Gabors were 
presented for 50ms (one in the phosphene region and the other in the symmetric region, always in the lower 
half of the visual screen corresponding to the locations of the perceived phosphenes). Gabor tilt was 
adjusted between sessions (so that observers performed with ~80% accuracy overall) to equate task 
difficulty across multiple sessions for the same individual and between individuals (3.6° ± 0.8° was the 
average across all observers). Orientation of the Gabor stimuli (clockwise or counterclockwise relative to 
vertical) was independently and randomly chosen on every trial. At the onset of the Gabor stimuli, a 
response cue simultaneously appeared to indicate the target location, i.e., the stimulus for which the 
observers had to report the orientation (clockwise or counter-clockwise from vertical). The response cue 
remained on the screen for 600 ms. Observers were allowed to give their answer once the response cue 
disappeared, within a window of 500 ms. There were four possible response keys: they reported the 
orientation of the left Gabor patch (left key for left tilt or right key for right tilt) with their left hand, or the 
orientation of the right Gabor patch (left key for left tilt or right key right tilt) with their right hand. At the end of 
the response window, an auditory feedback tone indicated whether the observer’s response was correct 
(high pitch), incorrect (medium pitch) or absent (low pitch). In the absence of a response from the observer, 
the trial was considered an error and was discarded from the analysis.  

To assess contrast sensitivity, we measured task performance as a function of stimulus contrast during six 
psychophysical sessions. To obtain the CRF, stimulus contrast was randomly chosen from amongst one of 
seven possible contrast levels and varied from trial to trial. Each observer’s CRF was defined as their 
performance [d' = z(hit rate) – z(false alarm rate)] on the orientation discrimination task across all contrast 
levels (ranging from 2 to 32%). A left response to a left tilted stimulus was (arbitrarily) considered a ‘hit’, and 
a left response to a right tilted stimulus was considered a ‘false alarm' (the opposite assignment is 
mathematically equivalent).  For each observer, the data was fit with a Naka-Rushton function, using a least-
squares criterion, where d' is performance as a function of contrast. The large experimental stimuli were 
always presented at the same location within each session to eliminate location uncertainty and to 
encourage observers to maintain a relatively small attention field; therefore, we expected [11-13] and found a 
response gain change in behavioral performance with a valid attention cue compared to an invalid cue. 
To characterize whether and how much the TMS manipulations altered this response gain, the Gabors were 
always presented at the contrast level corresponding to d'max (asymptotic performance) for each observer. 
Figure 1d shows d’max for each observer for the valid and invalid trials; attention benefitted performance for 
each observer.  

TMS sessions. Observers performed five TMS sessions (2.5 h each). Each session consisted of (a) 
calibrating the neuronavigation system, (b) localizing the appropriate phosphene region and marking the coil 
location on the scalp surface, (c) determining the stimulation threshold, (d) calibrating the eye-tracking 
system, and (e) tracking the coil position and monitoring eye movements while observers performed the 
behavioral task and received TMS stimulation. The two Gabors were presented at 32%, where all observers 
had reached d' max. One Gabor patch was presented in the stimulated region while the other was presented 



	

in the non-stimulated, symmetrical region relative to the fixation cross. On any given trial, either the ‘target’ 
Gabor (Gabor patch for which the observers had to report the orientation), or the ‘distractor’ Gabor was 
stimulated. This procedure enabled the comparison between target- and distractor-stimulated for valid-cue 
and invalid-cue trials. In these 4 conditions, which were randomly interleaved, observers received identical 
brain stimulation so that the sound and sensations induced by the TMS pulse were constant throughout. For 
these reasons, there was no need to use a sham in this experiment. Double pulses of TMS (25 ms interval) 
were administered at 10 different delays, either before (2 timings; -370 and -55 ms) or after stimulus onset (8 
timings; 75, 125, 175, 225, 275, 325, 375, & 425 ms) (Figure 2a). Across the five TMS sessions, observers 
performed 48 trials per 40 conditions: 10 TMS delays, 2 cue conditions (valid/invalid), and 2 stimulation 
conditions (target-stimulated/distractor-stimulated), for a total of 1920 trials per observer. Note that no 
phosphenes were observed during the main experiment (confirmed by observers’ reports). As the stimuli 
were presented on a gray screen during the TMS session, as opposed to the black screen used during the 
phosphene mapping, observers’ sensitivity for phosphene perception was effectively decreased, i.e. the 
minimum intensity to invoke phosphene perception increased [14]. 

Behavioral analysis. For the analysis, the valid trials were sub-sampled so that there were an equal number 
of trials in the valid and invalid conditions for each observer. This allowed for a fair comparison (same power) 
between the two conditions (note that for all analyses, we observed the same pattern of results when 
considering the full data set–not shown). This sub-sampling was performed 1,000 times, and the repetitions 
were then averaged to obtain d' differences at different delays relative to stimulus presentation. The error 
bars represent ±1 SEM computed after removing each observer’s global mean across conditions, and then 
scaled by J/(J-1), where J is the number of within-subject conditions (2x2x10) in the analysis [15]. To test the 
hypothesis that attentional reorienting is periodically modulated at a low frequency, a Fast Fourier Transform 
analysis was applied to obtain the amplitude spectrum of the TMS-induced d' difference between target-
stimulated and distractor-stimulated trials (Figure 3b; same procedure as in [6,16,17]). The significance of 
the amplitude of each frequency component was assessed using a Monte Carlo simulation, under the null 
hypothesis that the d's of each observer in the target-stimulated and distractor-stimulated conditions were 
independent of the TMS delay (10,000 iterations). For each iteration, we recomputed the grand-averaged d' 
difference between the target-stimulated and distractor-stimulated conditions at each delay, and its 
amplitude spectrum. For each frequency component, we sorted these surrogate data in ascending order and 
calculated confidence intervals with corresponding p values. For the amplitude analysis, we only consider a 
one-tail statistic because a peak in the amplitude spectrum, if present, can only be positive (we also display 
the two-tail statistic for additional information). We also computed the average across observers of the phase 
difference between target-stimulated and distractor-stimulated. We normalized the complex vector to a unit 
length implying that its phase will always equally contribute to the average, regardless of its amplitude. This 
normalization allows us to account for situations in which amplitude modulations that would occur 
independently of phase effects would obscure these effects. The significance of the phase of the 5 Hz 
component was assessed using circular statistics. A parametric two-sample k-test was used to compare the 
von Mises distributions of the phase for the invalid target-stimulated and invalid distractor-stimulated 
conditions across observers. A parametric Watson-Williams test was used to compare their circular means. 
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