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Adaptation and exogenous attention interact
in the early visual cortex: A TMS study

Hsing-Hao Lee,1,3,* Antonio Fernández,1 and Marisa Carrasco1,2,*
SUMMARY

Transcranial magnetic stimulation (TMS) to early visual cortex modulates the effect of adaptation and
eliminates the effect of exogenous (involuntary) attention on contrast sensitivity. Here, we investigated
whether adaptationmodulates exogenous attention under TMS to V1/V2. Observers performed an orien-
tation discrimination task while attending to one of two stimuli, with or without adaptation. Following an
attentional cue, two stimuli were presented in the stimulated region and its contralateral symmetric re-
gion. A response cue indicated the stimulus whose orientation observers had to discriminate. Without
adaptation, in the distractor-stimulated condition, contrast sensitivity increased at the attended location
and decreased at the unattended location via response gain—but these effects were eliminated in the
target-stimulated condition. Critically, after adaptation, exogenous attention altered performance simi-
larly in both distractor-stimulated and target-stimulated conditions. These results reveal that (1) adapta-
tion and attention interact in the early visual cortex, and (2) adaptation shields exogenous attention from
TMS effects.

INTRODUCTION

Due to the brain’s limited metabolic resources and the high energy cost of cortical computation, we are unable to process all the information

available in the environment. To maximize perceptual performance, energy must be allocated according to task demands. Both visual adap-

tation and attention help manage the limited energy, optimizing visual processing, and sensitivity.1–3 On the one hand, adaptation reduces

the visual system’s response to repetitive stimuli while enhancing sensitivity to non-adapted stimulus features4; e.g., prolonged viewing of a

stimulus recenters contrast sensitivity away from the adapter. Adaptation reduces sensitivity via contrast gain—the contrast response function

(CRF) shifts rightward: higher stimulus contrast is required for observers to reach the same performance than before adaptation (Figure 1A).5,6

On the other hand, covert spatial attention—the selective processing of information at a specific locationwithout shifting our gaze—enhances

contrast sensitivity at the attended location and impairs it at unattended locations, via a ‘‘push-pull’’ mechanism.7,8 Because orientation dis-

criminability is contingent upon contrast sensitivity, we discriminate stimulus orientation better when covert attention is allocated to the stim-

ulus location than elsewhere.2

There are two types of covert spatial attention: Endogenous attention is voluntary, conceptually driven and sustained; exogenous atten-

tion is involuntary, stimulus driven, and transient.2,14 Exogenous attention primarily alters the CRF via response gain: an increase at the at-

tended location and a decrease at the unattended location in the upper asymptote (Figure 1B).7,12 When jointly manipulated, adaptation

and attention affect contrast sensitivity: while adaptation decreases contrast sensitivity via contrast gain, exogenous attention still alters sensi-

tivity via response gain (Figure 1C).9

Transcranial magnetic stimulation (TMS) induces a magnetic field that alters the local electric field in the brain,15–17 thus enabling infer-

ences regarding the causal role of specific brain areas to perception and cognition.18 Effects of TMS on performance depend on TMS-pulse

intensity19 and brain state20: When the initial state of the neuronal population is active, TMS suppresses activity, but when the initial state is

suppressed, TMS disinhibits the neuronal population in adaptation,10,21 covert attention,12,22 and presaccadic attention23 studies.

TMS on early visual cortex (V1/V2) extinguishes the benefit and cost of exogenous attention on contrast sensitivity (Figure 1D).12 Observers

were instructed to perform an orientation discrimination task while two TMS pulses were applied during stimulus presentation. A response

cue indicated the patch whose orientation observers had to discriminate. The response cue either matched—target stimulated—or did not

match—distractor stimulated—the stimulated side. When the distractor was stimulated, exogenous attention yielded the typical perfor-

mance benefit and cost in the valid and invalid cue conditions, respectively, consistent with the exogenous attention effect without

TMS.7,9 But when the target was stimulated, all three conditions had similar performance (Figure 1D). By suppressing activity at the attended

location and disinhibiting suppressed activity at the unattended location, this study provides evidence for the TMS state-dependent effect.
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Figure 1. Effects of adaptation and attention effects on contrast sensitivity

(A) Adaptation reduces contrast gain: The c50 (semi-saturation point) is higher in the adapted than non-adapted condition.5,9–11

(B) Exogenous attention modulates performance via response gain: performance at d’ max (asymptote) is highest in the valid, followed by neutral and invalid

trials.2,7,9,12,13

(C) Exogenous attention restores contrast sensitivity via response gain even if adaptation depresses overall contrast sensitivity via contrast gain.9

(D) TMS to the target will disrupt the response gain brought by exogenous attention.12

(E) Hypotheses: If the effects of adaptation and attention are independent in the early visual cortex, we should observe that the attentional effect is still eliminated

by TMS after adaptation (left panel). Otherwise, the attentional effect will still emerge under the influence of TMS after adaptation (right panel).
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Adaptation,10,21 exogenous attention,12 and TMS24 each alter activity in early visual cortex. Here, we investigated whether adaptation and

attention are independent or interactive by examining if TMS eliminates exogenous attentional effects after adaptation.Were these indepen-

dent processes, adaptation would not modulate the effect of TMS on exogenous attention—TMS would still extinguish attentional benefits

and costs. Were these interactive processes, adaptation would modulate the effect of TMS on exogenous attention (Figure 1E).

RESULTS

We titrated the tilt angle needed to achieve 75% correct discrimination performance and derive the semi-saturation point (c50; Figure 1A) of

the CRF for each individual. The asymptote level was set at 80% contrast for all observers (dmax; Figure 1B; see STAR Methods). Thirteen ob-

servers discriminated whether a stimulus was tilted counterclockwise or clockwise off vertical at c50 or dmax contrasts. We tested observers’

performance at these two contrasts across attention, adaptation, and TMS conditions to infer contrast gain and response gain mechanisms.

The adaptation and non-adaptation sessions were administered on different days. In the adaptation sessions, observers experienced flick-

ering Gabors (100% contrast) followed by an attentional cue and the stimuli. In the non-adaptation sessions, the procedure was the same but

without the flickering Gabors (Figure 2A). Observers received two TMS pulses separated by 50 ms during target presentation (Figure 2B).

Many studies have used paired-pulse TMS technique to investigate visual12,22,23,25–29 and motor functions.30–33 The two pulses are usually

separated by 2–200 ms.34,35 The subthreshold pulses can recruit several types of intracortical circuits, including GABAergic (inhibitory) and

glutamatergic (excitatory), and whether the pulses are triggering excitatory or inhibitory behavioral responses depends on the current state

of neuronal populations (i.e., the state-dependency of TMS). In our task, considering the stimuli duration in an exogenous attention task, we

chose 50 ms as the inter-pulse interval, which corresponds to a long interval intracortical inhibition protocol and can effectively interfere with

neuronal responses.35,36

We presented the two stimuli in the TMS stimulated region and its symmetric location in the other hemifield; the stimulus was presented

for each observer according to their phosphene location (Figure 2C). In half of the trials, the response cue instructed observers to report the

orientation of the stimulus at the stimulated region (contralateral to TMS; target-stimulated), and in the other half, the symmetric region (ipsi-

lateral; distractor-stimulated). In each case, the test was either preceded by a valid, invalid, or neutral cue, with equal probability (Figure 2A;

see STAR Methods).

Adaptation effects

To examine the adaptation effect on contrast sensitivity, we first assessed performance in the distractor-stimulated, neutral condition

(Figure 3)—in which we expected no effect of TMS. A 2 (adaptation, non-adaptation) 3 2 (c50, dmax) within-subject analysis of variance
2 iScience 27, 111155, November 15, 2024
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Figure 2. The psychophysics-TMS task

(A) Phosphene mapping: observers were stimulated near the occipital pole before they started the psychophysics-TMS task. They were instructed to draw the

perceived phosphene outline using the cursor. This phosphene mapping procedure was repeated at the beginning of every session.

(B) Trial timeline. Two TMS pulses were given during target presentation (separated by 50 ms).

(C) The experimental design: Observers performed the adaptation or non-adaptation blocks in different experimental sessions. In the valid trial, the peripheral

cue matched the location of the response cue. In the invalid trial, the peripheral cue mis-matched the location of the response cue. In the neutral trial, the

peripheral cues were shown on both sides. In the target-TMS condition (middle panel), the response cue indicated the target in the stimulated region. In the

distractor-TMS condition (bottom panel), the response cue indicated the target in the non-stimulated region (and the distractor was stimulated).
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(ANOVA) revealed higher performance (d’) in the dmax than c50 conditions [F(1,12) = 95.69, p <0 .001, h2 = 0.89) and an interaction

[F(1,12) = 11.81, p = 0.005, h2 = 0.5): Performance was lower at c50 contrast, [t(12) = 4.02, p = 0.002, d = 1.3], but not at the dmax contrast,

[t(12) = 2.01,p= 0.068], in the adaptation than non-adaptation conditions. This finding is consistent with adaptation depressing contrast sensi-

tivity primarily via contrast gain.5,9–11

To explore the effects of attention under different adaptation conditions, we conducted a 4-way within-subject ANOVAon attention (valid,

neutral, and invalid), adaptation (adapt and non-adapt), TMS (distractor- and target-stimulated), and contrast (c50, dmax). There were main

effects of attention [F(2,24) = 10.3, p <0 .001, h2 = 0.46], adaptation [F(1,12) = 23.8, p <0 .001, h2 = 0.66], and contrast [F(1,12) = 184.2,

p <0 .001, h2 = 0.94]. There was no 4-way interaction [F(2,24)<1], but there were 3-way interactions among attention, adaptation, and TMS

[F(2,24) = 5.9, p = 0.008, h2 = 0.33] and attention, adaptation, and contrast [F(2,24) = 3.96, p = 0.033, h2 = 0.25]. To interpret these 3-way in-

teractions, we assessed the attention effect under TMS for c50 and dmax without and with adaptation.

The attentional effects under TMS without adaptation

Overall, d’ were lower than in the study of Fernández and Carrasco.12 This difference resulted from the tilt and contrast stimulus parameters

we used, based on pilot data so that attention and adaptation would have room to increase or decrease performance. We examined the

attentional effect without adaptation using within-subjects ANOVAs on attention (valid, neutral, and invalid) and TMS (distractor-TMS and

target-TMS). For c50 (Figure 4A), there were no main effects on attention [F(2,24) = 1.91, p = 0.169] or TMS [F(1,12)<1], nor was there an inter-

action [F(2,24) = 1.75, p = 0.195].

For dmax (Figure 4B), there was an interaction between attention and TMS [F(2,24) = 4.23, p = 0.027, h2 = 0.26]; there was an attentional

effect in the distracter-stimulated condition [t(12) = 3.36, p = 0.006, d = 0.93] but not in the target-stimulated condition [t(12) = 0.18,

p = 0.857]. When comparing the target-stimulated condition to the distractor-stimulated condition, the enhancement in the invalid condition

(11 out of 13 observers) was more consistent across observers than the suppression in the valid condition (8 out of 13 observers). The finding

that TMS eliminated the exogenous attentional effect is consistent with Fernández and Carrasco’s study.12

The attentional effects under TMS with adaptation

For c50 (Figure 4C), there were neither main effects of attention [F(2,24)<1] nor TMS[F(1,12) = 1.21, p = 0.293], nor was there an interaction

[F(2,24) = 1.09, p = 0.352]. For dmax (Figure 4D), there was a main effect of attention [F(2,24) = 11.81, p <0 .001, h2 = 0.5], but no effect of
iScience 27, 111155, November 15, 2024 3



Figure 3. Performance (indexed by d’) in the distractor-stimulated neutral condition

An interaction revealed a lower d’ in the c50 condition but not in the dmax condition. The error bars indicate G1 SEM. *p < 0.01, *p < 0.05.
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TMS [F(1,12) = 2.41, p = 0.146] or its interaction with attention [F(2,24)<1]. This result indicates that after adaptation, TMS did not influence the

effect of exogenous attention on contrast sensitivity.
Comparing the attentional effect with and without adaptation

To quantify the overall attentional effects, we calculated the difference in the valid d’ and invalid d’ values. Figure 5 shows the comparison

between the attentional effect with adaptation (y axis) and without (x axis) adaptation. In the distractor-stimulated condition, for c50 (Fig-

ure 5A), a two-way ANOVA on adaptation and attention revealed a main effect of adaptation [F(1,12) = 25.92, p <0 .001, h2 = 0.68] but

not of attention [F(1,12) = 3.08, p= 0.105] nor an interaction [F(1,12) = 1.95, p= 0.187]. For dmax (Figure 5B), there was amain effect of attention

[F(1,12) = 14, p = 0.003, h2 = 0.54] but neither an effect of adaptation nor an interaction [both F(1,12)<1]. Most individual data points in the

scatterplot are along the diagonal.

In the target-stimulated condition, for c50 (Figure 5C), the two-way ANOVA showed a main effect of adaptation [F(1,12) = 60, p <0 .001,

h2 = 0.83] but neither a main effect of attention [F(1,12) = 1.25, p = 0.285] nor an interaction with adaptation [F(1,12)<1]. For dmax (Figure 5D),

the two-way ANOVA revealed an interaction [F(1,12) = 9.63, p = 0.009, h2 = 0.45]; there was an attentional effect in the adapted condition

[t(12) = 4.73, p <0 .001, d = 1.32] but not in the non-adapted condition [t(12) = 0.18, p = 0.857]. Note that in the scatterplot, most points

lie in the upper left diagonal. The scatterplot here provides supporting evidence across observers that after adaptation, TMSdid not eliminate

the effect of attention on performance.
DISCUSSION

Both adaptation and attention induce relatively short-termplastic changes, prioritizing relevant over irrelevant information, whether related to

sensory history or behavioral relevance. These changes facilitate the visual system tomanage limited resources and adjust to current environ-

mental demands. In this study, we capitalized on previous findings showing that TMS,24,37 exogenous covert attention,12 and adaptation,10,21

each alter brain state in early visual cortex. Here, to investigate the relation between adaptation and attention in the early visual cortex, we

manipulated brain state through visual adaptation and attention in a psychophysical experiment while applying TMS.

In the distractor-stimulated condition, in which we expected no effect of TMS, we demonstrated (1) a contrast gain effect of adaptation

(Figure 3) and (2) a response gain effect of exogenous attention (Figure 4B). These findings are consistent with those of an adaptation and

attention study without neurostimulation.9 The phosphene mapping procedure we used is like that in previous studies.12,22,23,27,28,38–40

TMS-induced phosphenes are confined to the contralateral visual hemifield. Thus, the distractor-stimulated condition was an ideal control

condition (see STARMethods), and the target-stimulated condition was the only one in which we expected TMS to disrupt target processing.

In the target-stimulated condition: (1) TMS to early visual cortex eliminated the exogenous attentional effect on contrast sensitivity (Fig-

ure 4B), replicating the study of Fernández and Carrasco12; and (2) adaptation eliminated the effect of TMS on attention (Figure 4D). These

findings reveal that adaptation and attention interacted in the early visual cortex: by altering the brain state, adaptation enabled exogenous

attention to exert its effects on performance and prevented it from being eliminated by TMS.
4 iScience 27, 111155, November 15, 2024
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Figure 4. Performance at each experimental condition

(A–D) Performance as indexed by d’ in the (A) non-adapt c50 condition, (B) non-adapt dmax condition, (C) adapt c50 condition, (D) adapt dmax condition. The error

bars within the bar plots depictG1 SEM (Cousineau corrected) of the condition. The error bars above the bar plots indicateG1 SEM of the difference between

the valid and invalid conditions. **p < 0.01, *p < 0.05.
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In the distractor-stimulated conditions, we observed typical adaptation and attentional effects, further indicating that it served as an ideal

control condition. Specifically, adaptation shifted the CRF toward the 100%-contrast adapter via contrast gain5,9–11,41,42 (Figure 1A). Addition-

ally, exogenous attention multiplicatively enhanced neuronal firing rate as a function of contrast via response gain7,9,13,43,44 (Figure 1B). Spe-

cifically, in the distractor-stimulated condition, higher dmax was observed in the valid than invalid trials2,7,9,12,13,45 in both non-adapted and

adapted conditions (Figures 4B and 4D). The fact that attention canmodify perception after adaptation indicates that adaptation is notmerely

a by-product of neuronal fatigue; instead, attention can reset the system in a dynamic fashion.9,46,47

TMS induces a magnetic field to alter the neuronal activity15–17,48–52 and has been widely used to examine the causal or critical role of

different brain regions for distinct perceptual and cognitive processes, such as motion perception,29,53 face perception,54,55 visual aware-

ness,56,57 multisensory information,58,59 working memory,60 and cognitive control.61,62 The effects of TMS on human cortex are state depen-

dent: TMS suppresses the excitatory activity, leading to a performance decrement, and the inhibitory activity (i.e., disinhibition), leading to a

performance enhancement.10,12,20–23,37,63–65

In the current study,whenattentionwasdeployed to the target location, neural processingwasenhancedat that locationanddepressedelse-

where. Thus, TMS eliminated the benefits in the valid condition while restoring the cost in the invalid condition, specifically, in the target-stim-

ulated condition without adaptation (Figure 4B). Thus, we replicated the extinction of exogenous attention’s effects on performance reported

in Fernández andCarrasco,12 confirming that the early visual cortex plays a causal role in the effect of exogenous attentionon contrast sensitivity.

In the target-stimulated condition after adaptation, however, TMS did not eliminate the effect of exogenous attention. TMS neither

decreased the performance in the valid trials nor did it improve performance in the invalid trials (Figure 4D). We see two possible, non-mutu-

ally exclusive ways in which adaptation may have shielded attention from the effect of TMS.

The first one relates to noise. On the one hand, TMS inserts noise into neuronal response and interrupts processing.66–68 On the other

hand, adaptation could reduce noise in perceptual processing,69–71 as it improves coding efficiency by diminishing redundancy in sensory

signals, possibly by decorrelating neuronal responses.72–74 Thus, we speculate that the enhancement and noise reduction brought by

TMS and adaptation, respectively, could cancel each other out while stimuli are being processed, thereby preserving the attentional effect.

The second explanation relates to normalization. Normalization is a ‘‘canonical’’ computation in which a neuron’s response is modulated

(normalized) by the pooled activity of other neurons. The normalizationmodel was developed to explain responses in V1 and also operates in

other regions of the visual system.75 According to a prominent normalization model of attention,43,76,77 which has received empirical sup-

port,43,76–78 attention enhances the gain of neuronal responses before normalization. Observed changes in sensory processes and attentional

modulation10,12,20–24,27,28,37–40,79,80 provide indirect evidence that TMS can influence neural circuits by altering gain control and normalization

mechanisms. Adaptation, which decreases the gain of neuronal responses, also modulates the normalization process.47,81 Based on the
iScience 27, 111155, November 15, 2024 5
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Figure 5. Comparison of the attention effect between adapted and non-adapted conditions

(A–D) The attentional effect in the adapted (y axis) and the non-adapted (x axis) conditions for each observer in (A) distractor-TMS) c50, (B) distractor-TMS dmax,

(C) target-TMS c50, (D) target-TMS dmax. The red circle indicates the average across observers and the error bars indicate G1 SEM of the attentional effect.
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proposal that when the adaptation precedes the stimulus, adaptation weakens the normalization process,81 we speculate that a weakened

normalization process could have protected the effect of attention from being abolished by TMS. Future experimental and modeling work

can explore this possibility. By simulating the dynamics of neural circuits, including excitatory and inhibitory interactions that underpin normal-

ization, computational models can help elucidate the potential mechanisms by which TMS might alter normalization processes in the brain.

We note that our findings are not consistent with an alternative noise induction account in combination with stochastic resonance, which

predicts that TMS affects responses as a function of TMS and stimulus intensity.82,83 According to this proposal, if TMS effects became increas-

ingly smaller as stimulus signal strength increases, one would expect stronger facilitation in the representation for threshold-level stimuli than

for aforementioned threshold stimuli. Had a stochastic resonance effect influenced neuronal population, we should have observed a behav-

ioral pattern akin to a low-level noise induction, which would have led to an improvement in the representations of stimuli just below threshold

(c50) but a reduction in the representations of stimuli above threshold (dmax)
10 in the non-adapted condition. Instead, we observed suppres-

sion and excitation in the valid and invalid conditions, respectively, for the response gain (dmax) in the non-adapted exogenous attention con-

dition but not in the adapted condition. We thus conclude that it is unlikely that the effects observed in the present study are due to a sto-

chastic resonance effect of TMS.

Adaptation reduced contrast gain (i.e., the performance at c50
5,9–11,41; Figure 3); however, adaptation can also suppress neural

activity47,84,85 and behavior86 at higher contrasts. By using adaptation, attention, and TMS simultaneously to alter the brain state, we provide

evidence that adaptation and attention interact in the early visual cortex. This interaction could indicate that similar neuronal populations or

similar mechanisms within different neural populations in early visual cortex underlie each effect.

By altering neural activity in V1/V2 with TMS, we reveal that the effect of exogenous attention, otherwise eliminated by TMS, was preserved

by adaptation. This interaction between adaptation and exogenous attention provides a possible neural correlate for the psychophysical

interaction in texture segmentation, where observers’ adaptation to high spatial frequencies eliminated the effect of exogenous attention

at central locations,87 as this task is also supported by the early visual cortex.14,88–91 But adaptation and attention do not always interact behav-

iorally; they have independent effects on contrast sensitivity—observers’ adaptation to a Gabor did not modulate the beneficial effect of

exogenous attention at the attended location and its cost at the unattended location9–and perceived speed—the effect of attention on

perceived speed did not vary with adapter speed.46

To conclude, we used a psychophysics-TMS protocol to investigate how adaptation modulates the effect of exogenous attention in the

early visual cortex. We replicated both the typical contrast gain of adaptation and response gain of exogenous attention. Importantly, the
6 iScience 27, 111155, November 15, 2024



ll
OPEN ACCESS

iScience
Article
extinction of exogenous attention effects on contrast sensitivity occurred when the target was disrupted by the TMS in the non-adaptation

condition but not in the adaptation condition. Thus, adaptation shielded the attentional effect from disruption by TMS. This finding indicates

that these two mechanisms, crucial for managing limited resources, interact at the initial level of cortical processing of visual information,

possibly through similar neuronal populations.

Limitation of the study

It has been reported that TMS impairs performance without adaptation but restores performance after adaptation.10,21,65 The following non-

mutually exclusive factors may underlie why we did not observe these effects (Figure 4C): first, performance after adaptation at the c50 contrast

was low.We titrated performance at�75% accuracy for c50 in the non-adapted, neutral condition and tested it in the adapted condition, where

theaccuracy forneutral trialswas51.15% indistractor-stimulatedand56.25%in target-stimulatedcondition, in linewith53%accuracy for the same

condition inPerini et al.10 It is likely thatneural activitymayhave reachedafloor level andcouldnotbe reactivated. Second, theprotocols differed:

Westimulatedoneof the hemispheresduring the taskwith twopulsesand the intensity ranged from49%to65%.Perini et al.10 gavea singlepulse

at the center of the occipital polewith an intensity around70%–80%, and the intensity of the TMSpulses can also influence the state-dependency

of the TMS effect.19 Third, instead of the no-TMS condition in Perini et al.,10 we used a distractor-stimulated condition. Future studies could sys-

tematically examine how the protocol may influence the effects of TMS on cortical excitability and adaptation’s perceptual consequences.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Hsing-Hao Lee (hsinghaolee@nyu.edu).

Materials availability

This study did not generate new specimens or materials.

Data and code availability

� The behavioral data have been uploaded the OSF database and are publicly available.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

ACKNOWLEDGMENTS

This research was supported byNIHNEI R01-EY01 9693 toMC,NIHNINDSGrant F99-NS-120705 to AF, and theMinistry of Education in Taiwan to HHL.We thank
current and former Carrasco Lab members, especially Ian Donovan, Laura Dugué, Nina Hanning and Shutian Xue, for their helpful comments.
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Cabré, A., and Carrasco, M. (2021).
Transcranial magnetic stimulation entrains
alpha oscillatory activity in occipital cortex.
Sci. Rep. 11, 18562.

41. Georgeson, M., Lerner, P., and Kingdom, F.
(2023). Binocular properties of contrast
adaptation in human vision. Vis. Res. 209,
108261.

42. Vinke, L.N., Bloem, I.M., and Ling, S. (2022).
Saturating nonlinearities of contrast
response in human visual cortex.
J. Neurosci. 42, 1292–1302.

43. 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.

44. Cameron, E., Tai, J.C., and Carrasco, M.
(2002). Covert attention affects the
psychometric function of contrast sensitivity.
Vis. Res. 42, 949–967.

45. Fernández, A., Okun, S., and Carrasco, M.
(2022). Differential effects of endogenous
and exogenous attention on sensory tuning.
J. Neurosci. 42, 1316–1327.

46. Anton-Erxleben, K., Herrmann, K., and
Carrasco, M. (2013). Independent effects of
adaptation and attention on perceived
speed. Psychol. Sci. 24, 150–159.

47. Solomon, S.G., and Kohn, A. (2014). Moving
sensory adaptation beyond suppressive
effects in single neurons. Curr. Biol. 24,
R1012–R1022.

48. Hallett, M. (2007). Transcranial magnetic
stimulation: A primer. Neuron 55, 187–199.

49. Farzan, F., Vernet, M., Shafi, M.M.D.,
Rotenberg, A., Daskalakis, Z.J., and Pascual-
Leone, A. (2016). Characterizing and
modulating brain circuitry through
transcranial magnetic stimulation combined
with electroencephalography. Front. Neural
Circ. 10, 73.

50. Bergmann, T.O., and Hartwigsen, G. (2021).
Inferring causality from noninvasive brain
stimulation in cognitive neuroscience.
J. Cognit. Neurosci. 33, 195–225.

51. Taylor, P.C., Nobre, A.C., and Rushworth,
M.F. (2006). FEF TMS affects visual cortical
activity. Cerebr. Cortex 17, 391–399.

52. Bolognini, N., and Ro, T. (2010). Transcranial
magnetic stimulation: disrupting neural
activity to alter and assess brain function.
J. Neurosci. 30, 9647–9650.

53. Gamboa Arana, O.L., Palmer, H.,
Dannhauer, M., Hile, C., Liu, S., Hamdan, R.,
Brito, A., Cabeza, R., Davis, S.W., Peterchev,
A.V., et al. (2020). Intensity-and timing-
dependent modulation of motion
perception with transcranial magnetic
stimulation of visual cortex.
Neuropsychologia 147, 107581.

54. Pitcher, D., Walsh, V., Yovel, G., and
Duchaine, B. (2007). TMS evidence for the
involvement of the right occipital face area
in early face processing. Curr. Biol. 17,
1568–1573.

http://refhub.elsevier.com/S2589-0042(24)02380-0/sref1
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref1
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref2
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref2
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref3
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref3
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref3
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref3
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref4
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref4
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref5
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref5
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref5
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref5
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref12
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref12
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref12
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref12
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref9
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref9
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref9
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref9
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref9
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref13
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref13
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref13
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref6
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref6
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref6
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref7
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref7
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref7
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref7
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref7
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref8
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref8
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref8
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref8
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref10
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref10
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref10
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref10
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref11
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref11
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref11
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref11
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref14
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref14
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref14
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref14
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref15
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref15
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref15
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref16
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref16
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref16
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref16
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref16
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref17
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref17
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref17
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref17
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref17
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref17
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref17
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref18
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref18
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref18
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref18
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref19
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref19
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref19
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref19
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref19
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref19
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref19
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref19
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref20
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref20
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref20
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref20
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref20
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref21
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref21
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref21
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref21
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref21
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref22
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref22
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref22
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref22
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref22
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref23
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref23
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref23
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref23
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref23
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref24
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref24
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref24
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref24
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref24
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref24
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref25
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref25
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref25
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref25
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref25
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref25
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref26
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref26
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref26
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref26
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref26
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref27
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref27
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref27
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref27
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref27
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref28
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref28
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref28
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref28
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref29
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref29
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref29
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref30
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref30
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref30
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref30
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref31
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref31
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref31
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref31
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref32
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref32
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref32
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref32
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref32
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref33
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref33
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref33
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref33
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref33
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref33
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref34
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref34
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref34
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref34
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref35
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref35
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref35
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref36
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref36
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref36
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref36
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref37
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref37
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref37
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref38
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref38
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref38
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref38
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref39
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref39
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref39
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref40
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref40
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref40
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref40
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref40
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref41
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref41
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref41
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref41
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref42
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref42
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref42
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref42
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref43
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref43
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref43
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref43
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref43
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref44
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref44
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref44
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref44
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref45
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref45
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref45
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref45
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref46
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref46
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref46
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref46
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref47
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref47
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref47
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref47
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref48
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref48
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref49
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref49
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref49
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref49
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref49
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref49
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref49
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref50
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref50
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref50
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref50
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref51
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref51
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref51
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref52
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref52
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref52
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref52
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref53
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref53
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref53
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref53
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref53
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref53
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref53
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref53
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref54
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref54
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref54
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref54
http://refhub.elsevier.com/S2589-0042(24)02380-0/sref54


ll
OPEN ACCESS

iScience
Article
55. Pitcher, D., Goldhaber, T., Duchaine, B.,
Walsh, V., and Kanwisher, N. (2012). Two
critical and functionally distinct stages of
face and body perception. J. Neurosci. 32,
15877–15885.

56. Rao, A., Nobre, A.C., Alexander, I., and
Cowey, A. (2007). Auditory evoked visual
awareness following sudden ocular
blindness: an EEG and TMS investigation.
Exp. Brain Res. 176, 288–298.

57. Center, E.G., Knight, R., Fabiani, M.,
Gratton, G., and Beck, D.M. (2019).
Examining the role of feedback in TMS-
induced visual suppression: A cautionary
tale. Conscious. Cognit. 75, 102805.

58. Romei, V., Murray, M.M., Merabet, L.B., and
Thut, G. (2007). Occipital transcranial
magnetic stimulation has opposing effects
on visual and auditory stimulus detection:
Implications for multisensory interactions.
J. Neurosci. 27, 11465–11472.

59. Beauchamp,M.S., Nath, A.R., and Pasalar, S.
(2010). fMRI-Guided transcranial magnetic
stimulation reveals that the superior
temporal sulcus is a cortical locus of the
McGurk effect. J. Neurosci. 30, 2414–2417.

60. Mackey, W.E., and Curtis, C.E. (2017).
Distinct contributions by frontal and parietal
cortices support working memory. Sci. Rep.
7, 6188.

61. Taylor, P.C.J., Nobre, A.C., and Rushworth,
M.F.S. (2007). Subsecond changes in top–
down control exerted by human medial
frontal cortex during conflict and action
selection: A combined transcranial
magnetic stimulation–
electroencephalography study. J. Neurosci.
27, 11343–11353.

62. Olk, B., Peschke, C., and Hilgetag, C.C.
(2015). Attention and control of manual
responses in cognitive conflict: Findings
from TMS perturbation studies.
Neuropsychologia 74, 7–20.

63. Silvanto, J., Cattaneo, Z., Battelli, L., and
Pascual-Leone, A. (2008). Baseline cortical
excitability determines whether TMS
disrupts or facilitates behavior.
J. Neurophysiol. 99, 2725–2730.

64. Pitcher, D., Parkin, B., and Walsh, V. (2021).
Transcranial magnetic stimulation and the
understanding of behavior. Annu. Rev.
Psychol. 72, 97–121.

65. Cattaneo, Z., and Silvanto, J. (2008). Time
course of the state-dependent effect of
transcranial magnetic stimulation in the
TMS-adaptation paradigm. Neurosci. Lett.
443, 82–85.

66. Harris, J.A., Clifford, C.W.G., and Miniussi,
C. (2008). The functional effect of
transcranial magnetic stimulation: Signal
suppression or neural noise generation?
J. Cognit. Neurosci. 20, 734–740.

67. Siebner, H.R., Hartwigsen, G., Kassuba, T.,
and Rothwell, J.C. (2009). How does
transcranial magnetic stimulation modify
neuronal activity in the brain? Implications
for studies of cognition. Cortex 45,
1035–1042.

68. Ruzzoli, M., Marzi, C.A., and Miniussi, C.
(2010). The neural mechanisms of the effects
of transcranial magnetic stimulation on
perception. J. Neurophysiol. 103,
2982–2989.

69. Stocker, A.A., and Simoncelli, E. (2005).
Sensory adaptation within a Bayesian
framework for perception. Adv. Neural Inf.
Process. Syst. 18.

70. Pozzorini, C., Naud, R., Mensi, S., and
Gerstner, W. (2013). Temporal whitening by
power-law adaptation in neocortical
neurons. Nat. Neurosci. 16, 942–948.

71. Pinchuk-Yacobi, N., and Sagi, D. (2019).
Orientation-selective adaptation improves
perceptual grouping. J. Vis. 19, 6.

72. Barlow, H.B., and Foldiak, P. (1989).
Adaptation and decorrelation in the cortex.
In The Computing Neuron (Addison
Wesley), pp. 54–72.

73. Gutnisky, D.A., and Dragoi, V. (2008).
Adaptive coding of visual information in
neural populations. Nature 452, 220–224.

74. Benucci, A., Saleem, A.B., and Carandini, M.
(2013). Adaptation maintains population
homeostasis in primary visual cortex. Nat.
Neurosci. 16, 724–729.

75. Carandini, M., and Heeger, D.J. (2012).
Normalization as a canonical neural
computation. Nat. Rev. Neurosci. 13, 51–62.

76. Reynolds, J.H., and Heeger, D.J. (2009). The
normalization model of attention. Neuron
61, 168–185.

77. Herrmann, K., Heeger, D.J., and Carrasco,
M. (2012). Feature-based attention
enhances performance by increasing
response gain. Vis. Res. 74, 10–20.

78. Jigo, M., Heeger, D.J., and Carrasco, M.
(2021). An image-computable model of how
endogenous and exogenous attention
differentially alter visual perception. Proc.
Natl. Acad. Sci. USA 118, e2106436118.

79. Chica, A.B., Valero-Cabré, A., Paz-Alonso,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Behavioral data of the 14 observers This study https://osf.io/39ey6/

Software and algorithms

R Team, R.D.C.92 https://www.r-project.org/; RRID:SCR_001905

MATLAB R2019a Mathworks, Natick, MA, USA http://www.mathworks.com/products/matlab/; RRID:SCR_001622

Psychophysics toolbox Brainard,93 Pelli94 http://psychtoolbox.org/; RRID:SCR_002881

Palamedes toolbox Prins and Kingdom95 https://www.palamedestoolbox.org/; RRID:SCR_006521

Other

Eyelink 1000 eye tracker SR Research Ltd., Ontario, Canada http://www.sr-research.com; RRID:SCR_009602

Brainsight Rogue Research https://www.rogue-research.com/tms/brainsight-tms/;

RRID: SCR_009539

Magstim Rapid Plus stimulator (3.5T) Plymouth, MN, USA https://www.magstim.com/row-en/product/rapid-family/

MagVenture MagPro X100 stimulator MagVenture, Farum, Denmark https://magventure.com/products/magpro-x100/
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Thirteen observers (6 males, 7 females, including author HHL) participated in 4 experimental sessions, which is higher than the typical number

of observers in previous TMS studies in visual perception.12,21,23,38–40,63 We conducted bootstrapping based on our pilot study (n=3) to calcu-

late the required sample size. With 10,000 iterations, bootstrapping results indicated that we would need 10 observers to reach a 3-way inter-

action among adaptation, attention, and TMS (power=90%). All observers were naı̈ve to the purpose of the experiment and provided

informed consent before participating in the experiment. All observers were free from neurological disorders and had normal or cor-

rected-to-normal vision. This study followed the protocol of the safety guidelines for TMS research and was approved by the University Com-

mittee on Activities Involving Human Subjects at New York University (study number: i14-00788_CR11).

METHOD DETAILS

Apparatus

The stimuli were presented on a gamma calibrated ViewPixx LCD monitor with 120 Hz refresh rate and 19203 1080 resolution. EyeLink 1000

(Eyelink SR) was used tomonitor observers’ gaze (right eye) to make sure that observers were fixating at the fixation cross throughout the task

and ensure that we weremeasuring a covert attentional effect. If observers moved their eyes (deviation > 1 dva) or blinked during the trial, the

trial would stop and be repeated at the end of the block.

Stimuli

The stimuli were generated using MATLAB (MathWorks, Natick, MA) and the Psychophysics toolbox.93,94 The fixation cross consisted of two

perpendicular lines (length=0.25 degree; width=0.06 degree) at the center of the screen. The Gabor patches (2 cpd) were presented on the

left and right visual field, and the position was matched to the center of the reported phosphene by each observer [range: 4.24 – 14.34 dva

away from the center]. The size of the Gabors were adjusted according to the cortical magnification factor96: M =M0(1+0.42E+0.000055E
3)-1.

The attentional cues consisted of four solid black dots (0.1 dva wide), which surround the two Gabors (1 dva from the Gabor’s edge, 2 above/

below, 2 left/right).

Transcranial magnetic stimulation and phosphene mapping

The TMS pulses were given by a 70 mm figure-of-eight coil positioned at the occipital cortex with a Magstim Rapid Plus stimulator (3.5T) and

triggered with MATLAB Arduino board. (Three observers received the pulses from an MCF-B70 coil with a MagVenture MagPro X100 stim-

ulator instead). Stimulation intensity was the same throughout the experimental sessions for each observer and determined by the individual’s

phosphene threshold (for 10 observers, 58%–65% of maximum Magstim stimulator output, mean = 61.3%, SD = 2.36%, and for the other 3

observers, 49%–58% of maximum MagVenture stimulator output, mean = 52%, SD = 5.2%, equipment was updated at NYU-TMS facility).

The phosphene mapping procedure was as the one used in previous studies.12,22,23,27,28,38–40 Observers were seated 57 cm from the

monitor in a dark room and were instructed to fixate at a dark-blue fixation at the center of a black background. A train of seven TMS pulses
10 iScience 27, 111155, November 15, 2024
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at 30 Hz and 65% intensity of the maximum output was applied on the occipital area of the scalp. Observers were instructed to draw the

outline of the perceived phosphene on the screen using the mouse and the coil location was recorded accordingly. The center of the phos-

phene drawing was used as the coordinates of the Gabor’s location in the psychophysics task, where one Gabor was presented in the

phosphene region (i.e., the stimulated region), and the other was presented in the symmetric region in the other hemifield (Figure 2A).

The phosphene threshold was determined by two pulses spaced 50 ms apart at the same coil location. The intensity of the TMS pulse

was adjusted accordingly until observers reported seeingphosphenes 50%of the time. The samephosphenemappingprocedurewas admin-

istered at the beginning of each session. The observer’s head was calibrated to match Brainsight Neuronavigation software’s 3D head tem-

plate, which ensured that the stimulation was given to the same location with the millimeter level of precision. The anatomical coordinate of

the coil position was saved using Brainsight Neuronavigation software. The stimulating coordinates and the intensity used for each observer

are reported in the supplemental information.
Psychophysics-TMS task

After the phosphenemapping and before performing the psychophysics-TMS task in each session, we assessed the semi-saturation point and

the asymptote of the CRF (i.e., the c50 and dmax) by titrating the tilt angle and the contrast level for each observer (Figures 1A and 1B). They

participated in thresholding tasks without adaptation and attention manipulation. We first conducted an adaptive staircase procedure to

determine the tilt level (0.5�–6� relative to vertical) that corresponds to approximately 75% orientation discrimination accuracy when the Ga-

bor patches were presented with 80% contrast using the Palamedes toolbox.95 Then, using the tilt level obtained from this tilt staircase task,

we conducted a contrast staircase and varied the contrast of the Gabor from 5% to 30% to again achieved approximately 75% accuracy using

the same toolbox to derive the semi-saturation point (c50; Figure 1A) of the CRF for each individual. The dmax contrast was fixed at 80% (Fig-

ure 1B) based on pilot data and previous studies with similar stimulus parameters.12,13,22,97 The orientations of the left and right Gabors were

independent of each other. We tested observers’ performance at these two contrasts across attention, adaptation, and TMS conditions to

infer contrast gain and response gain mechanisms.

For the psychophysics-TMS task, Figure 2B shows the timeline and Figure 2C shows the experimental procedure. The adaptation and non-

adaptation sessions were administered on different days to ensure that the adaptation effect did not carry-over to other conditions. The order

of the adaptation and non-adaptation sessions was counterbalanced between observers.

In the adaptation blocks, observers were adapted to two cortically-magnified 100%-contrast Gabor patches (2cpd) on a mid-gray back-

ground flickering for 60 seconds in a counter phase manner at 10 Hz at the beginning of each block, followed by 2 seconds of top-up before

each trial started (Figure 2C). This top-up was applied to ensure that the adaptation continued throughout the block. In the non-adaptation

blocks, the procedure was the same but without the flickering Gabors; instead, a mid-gray screen was presented for 20 seconds followed by 2

seconds of blank at the beginning of each trial. Observers were instructed to fixate at the center and pay attention to the flickering Gabors

during the adaptation phase.

After 400ms of inter-stimulus interval (ISI), a valid, neutral, or invalid peripheral cue (40ms) presented around aGabor (1 dva away from the

Gabor edge), followed by a 60 ms ISI, then two Gabor patches presenting at the center of placeholders (i.e., the center of the phosphene

outline) on the left and right visual fields for 100ms. Observers’ task was a two-alternative forced-choice orientation discrimination task (either

counterclockwise or clockwise relative to the vertical) of the Gabor patch being indicated by the response cue, via button press. Note that the

pre-cue was uninformative; in a random half of the trials, the response cue indicated the same location as pre-cue (valid trials), while in the

other half of the trials, the response cue indicated the other location (invalid trials).

During the target presentation, observers received two single pulses (separated by 50 ms, 20Hz) of TMS with the power at the sub-

threshold level (Figure 2B). This inter-pulse interval we used was consistent with in previous studies (12,22,23,39,98,99,see28 for review). We pre-

sented the two stimuli in the TMS stimulated region and its symmetric location in the other hemifield; the stimulus was presented for each

observer according to their phosphene location (Figure 2A), like in previous studies.12,22,23,39 In half of the trials, the response cue instructed

observers to report the orientation of the stimulus at the stimulated region (contralateral to TMS; target-stimulated, which was equally likely to

be a valid trial, invalid trial or neutral trial), and in the other half, the symmetric region (ipsilateral; distractor-stimulated, whichwas equally likely

to be a valid trial, invalid trial or neutral trial). A feedback tone (400 Hz, 150 ms) was given after an incorrect response.

We used a lower intensity for the psychophysics-TMS task to ensure that no phosphenes were perceivedduring themain experimental task

(conducted onmid-gray background). During the psychophysics-TMS task, if the stimulated regionmatched the response-cued region, it was

a target-stimulated condition; otherwise, it was a distractor-stimulated condition (Figure 2C).

TMS over occipital cortex affects the contralateral hemifield.12 Thus, the distractor-stimulated condition can be considered as a control

condition (similar to a no-TMS condition), and the target-stimulated condition was the one in which TMS should disrupt target processing.

Importantly, in our experimental design, observers could not know whether they were experiencing a valid or invalid cue trial (as the cue was

uninformative) and whether they were in a target-stimulated or distractor-stimulated trial until the response cue appeared. Thus, the current

experimental design eliminated the need for a sham condition, which can produce a different somatosensory experience than the sham100,101

and can bring expectation and placebo effects (see102).

The whole experiment consisted of 4 sessions, and each session contained 10 blocks of 48 trials. Each observer completed 1920 trials in

total, which included of 80 trials per condition (two different levels of contrast: c50 and dmax; three attentional conditions: valid, neutral, and

invalid; two adaptation conditions: adaptation and non-adaptation; two stimulated conditions: target-stimulated and distractor-stimulated

(Figure 2C).
iScience 27, 111155, November 15, 2024 11
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QUANTIFICATION AND STATISTICAL ANALYSIS

Task performance indexed by d’ [z(hit rate) – z(false alarm rate)] across conditions. The correct discrimination of clockwise trials were consid-

ered as hits and incorrect discrimination of counter-clockwise trials were considered as false alarms.12,22,43,97,103,104

Repeated-measures ANOVA along with effect size (h2) were computed in R92 and used to assess statistical significance. Partial h2 was pro-

vided for all F tests, where h2=0.01 indicates small effect, h2=0.06 indicates a medium effect, and h2=0.14 indicates a large effect. Cohen’s

d was computed for each post-hoc t-test, where d=0.2 indicates a small effect, d=0.5 indicates a medium effect, and d=0.8 indicates a large

effect.105
12 iScience 27, 111155, November 15, 2024
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