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SUMMARY

Cortico-cortical paired associative stimulation (ccPAS), which repeatedly pairs
single-pulse transcranial magnetic stimulation (TMS) over two distant brain re-
gions, is thought to modulate synaptic plasticity. We explored its spatial selec-
tivity (pathway and direction specificity) and its nature (oscillatory signature
and perceptual consequences) when applied along the ascending (Forward) and
descending (Backward) motion discrimination pathway. We found unspecific con-
nectivity increases in bottom-up inputs in the low gamma band, probably reflect-
ing visual task exposure. A clear distinction in information transfer occurred in the
re-entrant alpha signals, which were only modulated by Backward-ccPAS, and
predictive of visual improvements in healthy participants. These results suggest
a causal involvement of the re-entrant MT-to-V1 low-frequency inputs in motion
discrimination and integration in healthy participants. Modulating re-entrant
input activity could provide single-subject prediction scenarios for visual recov-
ery. Visual recovery might indeed partly rely on these residual inputs projecting
to spared V1 neurons.

INTRODUCTION

Visual processing represents a massive computational task for the brain, requiring highly organized and

efficient neural systems to achieve accurate perception. In primates, approximately 55% of the cortex con-

tributes to visual processing (compared to 11% for somatosensory processing or 3% for auditory process-

ing).1 Multiple components of the visual system receive, relay, and ultimately process visual information.

These structures include the eye, retina, optic nerves, chiasm, tracts, lateral geniculate nucleus (LGN) of

the thalamus, the superior colliculus, optic radiations, the primary visual (or striate, V1) cortex, and multiple

extrastriate visual cortical areas. Information processing relies not only on forward connections from lower

to higher level visual areas but also on connections that transfer information in the opposite direction.

These backward connections, which are much more numerous than the forward inputs coming from the

LGN2 and from the lower level visual areas V1 and V2, are thought to adjust, regulate, and improve the pro-

cessing of incoming stimuli.3–5 Therefore, neural responses in V1 do not mirror retinal inputs precisely, but

are modified by higher inputs to support a coherent perceptual interpretation.

One of the most studied cortical visual processing pathways is the one specialized in decoding motion

stimuli.6 The very early stage involves the primary visual cortex (V1). Early single-unit recordings in macaque

and cats showed that a subset of cells in V1 is highly direction selective.7–9 These direction-sensitive cells

then project onto the medial temporal area (MT10), where all neurons appear to be directionally selec-

tive,6,11,12 with activity well-correlated with behavioral performance onmotion tasks.13 The information rea-

ches the higher motion areas (MT, MST, and V6) also through indirect projection through V2 and V3a

areas.14,15 More precisely, MT neurons are capable of coding the direction and speed of the image mo-

tion.16–19 As such, lesions to primate V120–22 or MT22–25 will both cause deficits in visual motion perception.

Transcranial magnetic stimulation (TMS) studies in humans provide further evidence supporting the role of

both areas in motion discrimination.26,27 The majority of humans andmacaques’ studies have concentrated

on the capacity of MT cells to register motion in the fronto-parallel plane and on their directional properties

and speed preferences.9,19,24,28 In this regard, Ruzzoli and colleagues29 studied the effect of a TMS pertur-

bation on the shape of the psychometric function in a visual motion discrimination task, showing a decre-

ment in motion discrimination performance when TMS was applied over MT concomitantly with the motion
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stimulus. Furthermore, the authors found that TMS specifically affected the perceptual ability to discrimi-

nate motion direction rather than higher cognitive processes such as perceptual consciousness, decision-

making, or response selection and execution.

The interaction and synchronization between visual areas have been previously modeled. One of the first

computational models that simulated dynamic integration in the visual system and the pivotal role of back-

ward connections between visual areas in motion perception processing was proposed by Tononi et al.30

The model suggested that re-entrant connections in the visual cortex are mostly integrative, i.e., they facil-

itate the coordination of neuronal firing in anatomically and functionally segregated cortical areas. Thus,

neural responses related to the detection of motion coherence may depend on re-entrant projections

from area MT to area V1, which have been found to be mostly excitatory.31 The timing of the backward in-

puts fromMT to V1 has been studied in humans using visual masking stimuli, visually evoked potentials,32 or

by TMS perturbation.34–36 TMS studies targeting MT have consistently shown two periods of disruption,

suggestive of forward/backward processes.34 Furthermore, paired-pulse TMS protocols can estimate

the time delay for information transfer along the pathway. For instance, Pascual-Leone andWalsh35 showed

significant impairments of coherent perceptual interpretation of motion when an MT pulse was given 10 to

30 ms before a V1 pulse. Importantly, this processing channel possesses characteristic oscillatory activity

that has been linked to the transfer of specific stimulus features or endogenous variables within the

pathway. Indeed, backward projections have been found to be mediated by low-frequency alpha/beta os-

cillations while forward connections are thought to be supported by high-frequency gamma oscillations, in

both monkeys37,38 and humans.39

A more direct approach to non-invasively test the role of backward projections in motion discrimination is

to causally manipulate the synaptic strength of top-down MT-to-V1 connections. This is possible through

the use of cortico-cortical paired associative stimulation (ccPAS),40–45 an approach that relies on Hebbian

Learning theory, which states that the pairing of subthreshold synaptic stimulation and action potential

trains can induce long-term potentiation (LTP).46 More precisely, the induction of LTP requires activation

of the presynaptic input milliseconds before the backpropagating action potential in the postsynaptic

dendrite. The first human applications performed by Stefan et al.47 showed that low-frequency TMS over

the primary motor cortex following peripheral stimulation of the median nerve induced plastic changes

in the human motor system when using timings relevant for spike-timing-dependent plasticity.48

This concept has been applied to cortico-cortical connections—e.g., between frontal and parietal areas,49

or between the cerebellum andM1.50 ccPAS has also been applied to the V1-MT pathway.51 These authors

compared different versions of ccPAS between V1 and MT in healthy subjects and found that only ccPAS

targeting the re-entrant connection from MT to V1 with an optimal time delay of 20 ms was effective in

boosting motion discrimination capacities up to 90 min.

In the present study, we applied ccPAS to the V1-MT pathway to compare the effects of enhancing forward

or ascending versus backward or descending projections on motion discrimination and visual network ac-

tivity (Forward-ccPAS versus Backward-ccPAS). We used electroencephalography (EEG), and spectral

Granger causality-based network analyses to investigate pathway specificity and directional specificity of

ccPAS, as well as the spectral content of the induced changes. The combination of spectral Granger cau-

sality and single-pulse TMS over V1 and MT allowed us to distinguish output connectivity from re-entrant

connectivity.52 In line with the prior study by Romei et al.,51 we hypothesized that enhancing backward pro-

jections would induce larger behavioral improvements and would be associated with a specific increase in

connectivity restricted to the re-entrant backward MT to V1 inputs, especially in the alpha band.

Conversely, we hypothesized that enhancing forward inputs would induce non-specific changes in bot-

tom-up direct output connections, not necessarily relevant for motion perception.
RESULTS

16 healthy subjects participated in a double-blinded and cross-over study, involving two sessions of 3 h

each, only differing by the type of ccPAS intervention applied to the participants (Forward-ccPAS, strength-

ening V1-to-MT connexion or Backward-ccPAS, strengthening MT-to-V1 connexion, Figure 1A). The two

sessions were performed at least one month apart and the order was randomized and counterbalanced

between participants. Each session comprised a familiarization phase to ensure that subjects understood

the visual discrimination task and reached stable performance. After EEG cap preparation, TMS sites and
2 iScience 26, 107064, July 21, 2023



Figure 1. Local and remote source activity in the regions of interest

(A) Illustration of the Backward- and Forward-ccPAS interventions as well as the four regions of interest.

(B) Illustration of the main EEG outcomes, local and remote source activity (LSA and RSA), output and re-entrant Granger causality connectivity between V1

and MT.

(C) Right panel: LSA profiles in response to single-pulse TMS over V1 (top) and TMS over MT (bottom) for Forward-ccPAS (left) and Backward-ccPAS (right).

Left panel: RSA profiles in response to single-pulse TMS over V1 (top) and TMS over MT (bottom) for Forward-ccPAS (left) and Backward-ccPAS (right). The

blue and red lines and shaded areas represent mean and standard error of the mean of LSA power z-scored against baseline. Black bars indicate periods of

significant difference between PRE and POST using non-parametric, cluster-based, corrected, permutation tests.
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intensities were defined (see method details). Task performances were extracted at baseline, and after

ccPAS using normalized direction range (NDR) thresholds as classically used in signal theory.21 EEG re-

sponses to single-pulse TMS over V1 and MT were also recorded at baseline and after ccPAS. During

the whole experiment, the participants sat on a chair, with the head leaning on the chinrest, in front of a

computer screen, centered 47 cm far from the eyes. The two sessions were equally rated in terms of discom-

fort and sensations. One participant dropped out, resulting in 16 datasets for Forward-ccPAS and 15 data-

sets for Backward-ccPAS.
Local and remote source activity from single-pulse TMS

We used the local EEG source activity to measure the local responses to single-pulse TMS and the

remote EEG source activity to infer about long-range effects (Figure 1B). On the local source activity,

we observed a decrease over V1 (from 15 to 100 ms), only significant for the Backward-ccPAS (Figure 1C,

left column). In contrast, Forward-ccPAS induced an increase in local MT activity (30–150 ms). Note that a

significant decrease was also found in the late components (>200 ms) in local V1 after Forward-ccPAS.

When source activity was extracted from the opposite area, Forward-ccPAS decreased remote MT activ-

ity in response to TMS over V1 (from 45 to 100 ms) (Figure 1C, second box) while Backward-ccPAS

showed the opposite effects (from 45 to 60 ms and from 110 to 130 ms). When TMS was applied to

V1, Forward-ccPAS showed a transient decrease in MT (80–100 ms) while Backward-ccPAS showed a

decrease (60–75 ms).
iScience 26, 107064, July 21, 2023 3



Figure 2. Changes in functional connectivity patterns

(A) Spectral Granger causality of the visual network after single-pulse TMS on V1 (upper row) and MT (bottom row) for Forward-ccPAS.

(B) Spectral Granger causality of the visual network after single-pulse TMS on V1 (upper row) and MT (bottom row) for Backward-ccPAS condition. Spectral

plots displaying significant changes in Granger causality in the frequency domain are displayed for the V1-MT pathway on the right. The blue and red lines

and shaded areas represent the mean and the standard error of the mean PRE and POST ccPAS, respectively. Black bars indicate periods of significant

differences between PRE and POST using non-parametric, cluster-based, corrected, permutation tests.
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Connectivity changes in response to single-pulse TMS

We explored effective connectivity at different frequency ranges using spectral Granger causality, which

reflects directed interareal influence53 in a broader visual network known to be involved in motion direction

discrimination (Pascual-Leone and Walsh, 2001). Combining single-pulse TMS with Granger causality, we

dissociated Output Connectivity from Re-entrant Connectivity (Figure 1B). The results showed that

Forward-ccPAS (Figure 2, left column) caused a significant increase in the bottom-up V1-to-intraparietal

sulcus (IPS) connectivity in the gamma band (35–45 Hz), when V1 was stimulated. When MT was stimulated,

the V1-to-IPS connectivity was also upregulated in the theta-alpha band (5–12 Hz), while the top-down MT-

to-V1 inputs were significantly inhibited in the alpha and gamma bands.

Backward-ccPAS (Figure 2, right column) also significantly increased direct bottom-up inputs (V1-to-MT

and V1-to-IPS) in the alpha band when V1 was stimulated. Interestingly, the re-entrant MT-to-V1 pathway

was also increased in the alpha range (MT-to-V1). When MT was stimulated, the re-entrant V1-to-MT inputs

significantly decreased in the alpha band.

Behavioral results

To examine whether the changes in EEG activity and interareal connectivity translated into perceptual

changes, we used a 2-alternative, forced-choice, left-right, global direction discrimination and integration

task, as previously described.21,54–57 Subjects were asked to discriminate the left–right direction of motion

of random-dot stimuli centered at Cartesian coordinates [-5�, 5�] (i.e., the bottom left quadrant of the visual

field, relative to central fixation, see Figure 3E). Self-confidence was rated (low/medium/high) after each

trial. Auditory feedback indicated whether the response was correct or incorrect. To measure changes in

performance, we computed direction range thresholds by fitting a Weibull function to the percentage cor-

rect performance at each stimulus level and computed the stimulus value (i.e., direction range), resulting in

75% correct performance. Direction range thresholds were then normalized by themaximum range (360) to

produce the normalized direction ratio (NDR)20 (see the STAR Methods section for more details).

A mixed ANOVA on the NDR values showed a main effect of Time (F(1,11) = 13.3, p = 0.004) and a significant

ccPAS type x Time (F(1,11) = 5.37, p = 0.04). The post-hoc comparisons showed that the pre-post difference
4 iScience 26, 107064, July 21, 2023



Figure 3. Behavioral results

(A) Group-level changes in NDR thresholds for the two ccPAS conditions.

(B) Individual data and post hoc within group comparison for Forward-ccPAS.

(C) Individual data and post hoc within group comparison for Backward-ccPAS.

(D) Correlational plot between the changes in MT-V1 connectivity strength and the changes in NDR threshold for the Backward-ccPAS illustrating the results

of the forward stepward regression model.

(E) Summary of the connectivity and behavioral results.
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was only significant in the Backward-ccPAS condition (Backward-ccPAS: t13 = 3.95, p = 0.002, Forward-

ccPAS: t14 = 1.43, p = 0.17, paired t tests) (see Figure 3A for group results and Figures 3B and 3C for indi-

vidual data related to Forward-ccPAS and Backward-ccPAS, respectively). The order effect was not signif-

icant (F(1,11) = 1.21, p = 0.29). Confidence ratings also showed a significant Time x ccPAS type interaction

(F(1,14) = 4390, p < 0.001), reflecting the specific increase in ratings for the Backward-ccPAS group (Back-

ward-ccPAS: t14 = 1.6, p = 0.783; Forward-ccPAS: t15 = 22, p < 0.001, post hoc within group comparisons).

In order to relate the EEG changes described previously (local source activity andGranger causality connec-

tivity strength involving V1 and MT) to these differences in motion direction discrimination after the two in-

terventions, we designed two forward stepwise regression models, the first one with baseline-corrected

NDR values belonging to the Forward-ccPAS session and the second with baseline-corrected NDR values

belonging to the Backward-ccPAS session as dependent variables. The results showed that the first model

(Forward-ccPAS) was not significant, suggesting that none of the connectivity changes could explain

changes in NDR in this ccPAS condition. For the secondmodel (Backward-ccPAS), themodel was significant

and the retained variable was the re-entrant MT-to-V1 pathway (see Table 1 and Figure 3D). These results

showed that the significant improvement in behavior found after Backward-ccPAS could be explained by

the increase in top-down inputs from MT-to-V1. All the results are summarized in Figure 3E.
DISCUSSION

In the present study, we used a combined TMS-EEG-behavioral paradigm to investigate whether ccPAS

between V1 and MT can modulate direction-specific network plasticity and improve motion direction

discrimination in young, healthy participants.
iScience 26, 107064, July 21, 2023 5



Table 1. Multiple regression analyses

Models Significant predictors

Adj. r2 F Df p Variable Beta p

Model 1: Forward-ccPAS 0.0 2.05. 1 0.17 – – –

Model 2: Backward-ccPAS 0.28 5.68. 1 0.036 Re-entrant MT-V1 (TMS over V1) 0.58 (SD = 0.24) 0.036
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Strengthening MT-to-V1 feedback inputs improves global motion processing and awareness

The intervention of interest tested in this study aimed at strengthening synaptic plasticity of MT-to-V1 feed-

back projections. V1 receives inputs from neighboring area V2 and from a number of higher level cortical

areas (including MT, IPS, and FEF), transmitting the outcomes of many cognitive operations such as atten-

tion, expectation, or imagination. As a matter of fact, V1 receives considerably more feedback and lateral

inputs than forward thalamic afferents.58 V1 is therefore a processing and integrative center and part of a

complex cortical processing cascade. Those modulatory, backward projections from higher visual areas or

associative areas are thought to control the gain of thalamocortical inputs to V1 through the activation of

glutamatergic receptors, among others.59–61

Evidence from macaques62 and humans35,63 has shown that back-projections from extrastriate areas to V1

are crucial for motion discrimination. In an earlier study, Romei and colleagues (2016) appliedMT-V1 ccPAS

(Backward-ccPAS) in healthy subjects and found improved motion coherence discrimination, suggesting

plastic changes within this pathway. We provided further evidence for this finding, with a significant

enhancement of motion direction discrimination only after Backward-ccPAS and not Forward-ccPAS.

Furthermore, Backward-ccPAS significantly improvedmotion awareness, as evidenced by increased, meta-

cognitive confidence rating, confirming the role of this pathway for motion awareness.35,63 Of note, confi-

dence ratings have been shown to influence visual discrimination.64 Therefore, we cannot infer whether

ccPAS exerted its effects directly on motion perception, which then impacted confidence ratings or the

opposite. Interestingly, previous research has found that the macaque lateral intraparietal area, homolog

of the human IPS, plays a crucial role in forming confidence in perceptual decision-making.42,65,66 Granger

causality results did reveal an increase in V1-to-IPS connectivity for both conditions; therefore, strength-

ening the MT-V1 pathway might also support the neural circuitry of metacognitive judgements of percep-

tual decision-making, but future studies should be performed to understand how these two brain functions

interact with each other.42

However, modulating the reciprocal forward projections did not further boost motion direction discrimina-

tion or motion awareness. The Forward-ccPAS only showed a small, non-significant improvement that

might be related to a well-reported gradual improvement through practice at motion direction discrimina-

tion.67,68 Importantly, the absence of significant improvements justifies the absence of a Sham comparison

in this study, and is partly supported by anatomical studies, showing a mixing of early parallel pathways

within V1 that result in an apparent lack of compartmentalization in outputs from V1 to extrastriate cortical

areas.69,70 Some researchers have even provided evidence against parallel-processing models of the pri-

mate visual system. Furthermore, the fact that the ccPAS protocol was applied at rest might prevent the

possibility of a functional routing through specific cortical circuits relevant to motion processing. Finally,

neurons projecting directly from V1 to MT are located within layer 4B, closer to the layer 4Ca border,

deeper than neurons projecting to other visual areas such as V2 or V371 and deeper than MT-projecting

neurons to V1, which are mostly located within layer 1.72 This combination of factors (fibers’ density and

cortical depth) could explain why the forward inputs are less sensitive to TMS.

Neural correlates of ccPAS

The network-based interventions showed slight local changes in early EEG source activity in response to

single-pulse TMS, especially when measured remotely from the stimulation site. We interpret these results

as reflecting changes in signal propagation from the stimulated region to the recorded region. In line with

the directionality of ccPAS, Forward-ccPAS increased source activity in MT when V1 was stimulated and

decreased V1 source activity when MT was stimulated. Similarly, Backward-ccPAS increased source activity

in V1 whenMTwas stimulated, and induced a short window of inhibition ofMT source activity in response to

single pulse over V1. The Granger causality results provided additional insights on synaptic transmission

and information flow within the cortical motion network. While the source activity profiles are computed
6 iScience 26, 107064, July 21, 2023
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from a mixture of signals from all frequency bands, we used spectrally resolved Granger causality73 to test

hypotheses on specific oscillatory channels mediating backward and forward inputs.37,38 Crucially, the

combination of Granger causality measures with single-pulse TMS allowed us to distinguish between direct

output signal diffusion from re-entering signal transmission.74 This distinction was particularly relevant to

Backward-ccPAS, where the re-entrant top-down MT-to-V1 connection was significantly increased in the

alpha range (8–12 Hz), in proportion with enhanced motion direction discrimination (see Figure 3E for a

summary of our findings). In turn, the bottom-up, re-entrant V1-to-MT pathway was decreased in alpha,

suggesting that the Backward-ccPAS protocol is highly sensitive to and primarily acts on re-entrant fibers.

These findings are in accordance with animal and human electrophysiological studies: alpha oscillations in

the visual cortex have been shown to characterize backward processing while gamma waves are thought to

mediate forward connectivity.37,39,75 The changes in interareal coupling we report in the present study

might support the hypothesis of a better local and specialized processing after the Backward-ccPAS pro-

tocol. Note that the connectivity analysis also revealed a slight but significant decrease in connectivity be-

tween MT and V1 after Forward-ccPAS and between V1 and MT in the Backward-ccPAS, suggesting that

there might be an associated long-term depression-like effect that occurs concomitantly to the LTP-like ef-

fect on the other direction. Interestingly, this was more prominent when the networks were probed with

TMS over MT. We can speculate that V1 is more robust to plastic changes while MT shows more flexible

patterns of activity as demonstrated earlier.76

Conclusion

This study reports the first evidence of pathway-specific plasticity modulation in humans using a causal

probe of effective connectivity via the combination of single-pulse TMS and EEG-derived Granger causal-

ity. Fundamentally, these results provide evidence that such focality can be achieved non-invasively in hu-

mans. Additionally, these results pave the way to new applications in patients. Manipulating top-down sig-

nals in the visual system through Backward-ccPAS could be used to quantify the acute capacity of the visual

system to reorganize and from this index, extract a predictor for visual recovery potential in pathological

states. The ‘‘amount’’ of induced plasticity in hemianopic stroke patients, for instance, could reveal

precious information about the functional state of their visual system, and predict whether an individual’s

brain is able to recruit backward projecting neurons to the spared V1 population to support recovery.77

Limitations of the study

A limitation of our study is the small sample size. While we have addressed this limitation by ensuring the

features of interest (NDR and GC-based connectivity) have very good test-retest sensitivity levels.89,90

There is an increasing awareness of the importance of both reliability and reproducibility in brain stimula-

tion studies.91,92 Therefore, future work should use an independently collected and larger sample to vali-

date our findings. Another limitation is the absence of direct comparison of our bifocal ccPAS stimulation

with monofocal V1 or MT stimulation. While we think that this condition was not as relevant for pathway-

specific neuromodulation, a few studies have found a modulation of motion discrimination with monofocal

stimulation93,94 but no studies reported any changes in functional connectivity. A last bifocal condition

could have been simultaneous V1 and MT stimulation. This control condition has been tested previously

and has been shown to have no effect on performances.51 Finally, it is likely that the effect and magnitude

of ccPAS over the MT-to-V1 back projections, potentially mediated by spike timing-dependent plasticity

(STDP), might be subject to state-dependent shifts in neocortical excitability.95–97 These different excit-

ability states could be indexed or indirectly readout using EEG-derived phases of neocortical oscillations,

in particular during the alpha cycle.96 Therefore, to further improve the effects of the Backward-ccPAS inter-

vention, one could implement it in a neocortical-excitability state-dependent framework. Future studies

should test whether phase information extracted through online EEG recordings could be used to trigger

the paired-pulse TMS over MT and V1, either to control the onset of the paired pulse or the time delay be-

tween the conditioning and test pulse (MT and V1 pulse) to ultimately boost its effects.
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Custom code This study Available upon request

FieldTrip Oostenveld et al.78 Git commit 4c12371

MATLAB Mathworks R2019a

Brainstorm Tadel et al.80 https://neuroimage.usc.

edu/brainstorm
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Estelle Raffin (estelle.raffin@epfl.ch).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d Extracted behavioural and Granger Causality data are made available in the Zenodo Database: https://

doi.org/10.5281/zenodo.7969185.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

16 healthy subjects (9 F, 7M, mean G SD age: 27G4 years) participated in the study. All participants pro-

vided informed, written consent prior the experiment and none of them met the MRI or TMS exclusion

criteria.80 This study was approved by the local Swiss Ethics Committee (2017-01761) and performed in

accordance with the Declaration of Helsinki.
METHOD DETAILS

General procedures

This double-blinded and cross-over study involved two sessions of 3 hours each, only differing by the type

of ccPAS intervention applied to the participants. The two sessions were performed at least one month

apart and the order was randomized and counter-balanced between participants. Each session comprised

a familiarization phase including 3 blocks of 20 trials each, to ensure that the subjects understood the visual

discrimination task and reached stable performance. After EEG cap preparation, TMS sites and intensities

were defined (see below for more details). Task performances and EEG responses to single pulses over V1

and MT were measured at baseline, followed by one of the two ccPAS interventions. Ten minutes after the

end of the ccPAS, task performances and single pulse TMS-EEG over V1 andMTweremeasured again. Dur-

ing the whole experiment, the participants sat on a chair, with the head leaning on the chinrest, in front of a

computer screen, centred 47 cm far from the eyes. Every subject was asked to fill in a short questionnaire

related to eventual issues and inconveniences caused by the single pulse TMS or ccPAS intervention at the

end of both sessions.
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Please see below figure
Brain stimulation and behavioral measurements

(A) Example of an individual functional localizer, online neuronavigation, and coil positioning.

(B) The motion direction discrimination and integration task used before and after the ccPAS interventions.
Single pulse TMS

For single-pulse TMS over V1 and MT, biphasic TMS pulses inducing an antero-posterior followed by post-

ero-anterior current in the brain (AP-PA) were sent through a MC-B65-HO butterfly coil (MagVenture A/S,

Denmark) plugged in a MagPro XP TMS stimulator (MagVenture A/S, Denmark). Pulses duration was 200 ms

for MagPro 100 and 300 ms for the MagPro XP, delivered through continuous neuronavigation monitoring

using the Localite neuronavigation software (Localite GmbH, Germany).

To determine stimulation intensities, we evaluated the phosphene threshold81 on both V1 and MT. If the

participants reported phosphenes (9/16 for V1 and 5/16 for MT), we set the stimulation intensity at 90%

of the phosphene’s threshold. If no phosphenes could be evoked, we used 65% of themaximal stimulator’s

output (MSO) in all participants to maximize signal-to-noise ratio and comfort during the exam. Because of

discomfort related to the fact that MT is located close to the ear, we decreased the intensity to 60% MSO.

The mean stimulation intensity for V1 was 66G6 % MSO and for MT 61G4 % MSO. On each area, 90 TMS

pulses were performed with an inter-pulse interval of 4G1s. Stimulation intensities were re-evaluated at the

beginning of the second session and adjusted if needed.

To precisely target individual V1 and MT areas, we used a standard fMRI MT localizer task performed prior

the TMS-EEG session (see above figure). During the functional localizer, the screen displayed radially mov-

ing dots alternating with stationary dots (see e.g. Sack et al., 2007). A block design alternated six 15 s blocks

of radial motion with six blocks featuring stationary white dots in a circular region on a black background.

This region subtended 25� visual angle, with 0.5 dots per square degree. Each dot was 0.36� diameter. In

the motion condition the dots repeatedly moved radially inward for 2.5 s and outward for 2.5 s, with 100%

coherence, at 20�/s measured at 15� from the center. Participants were passively looking at the screen and

were asked to focus on a fixation point located in themiddle of the screen. The resulting activationmap and

the individual T1 image were entered into the neuro-navigation software to define the coil positions (see

above figure). The mean coil positions for V1 were -16G9, -86G8, -5G22 and for MT were 66G9, -55G9,

-7G17 (coordinates x, y z, MNI space). The coil was held tangentially to the scalp with the handle pointing

upwards and laterally at 45� angle to the sagittal plane.
ccPAS interventions

ccPAS was delivered via two independent TMS stimulators externally triggered with Signal (Digitimer,

Cambridge Electronic Design, Cambridge, UK). MT was stimulated using the same stimulator/coil com-

bination than for single pulse TMS-EEG recordings, i.e., with a MagVenture MagPro XP stimulator

(MagVenture A/S, Denmark) connected to a MC-B65-HO coil. The right MT area was stimulated with a

MagVenture MagPro X100 stimulator connected to a smaller coil to allow precise anatomical targeting,

i.e., the MC-B35 coil. The same coil positions used for single TMS were applied for the ccPAS procedure,

with both coils being neuronavigated (see above figure). The same intensities were used for MT. For V1,
iScience 26, 107064, July 21, 2023 13
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since we used a different coil, we recalibrated the stimulation intensity to match the single pulse TMS

condition. 90 pairs of biphasic stimuli were continuously delivered at a rate of 0.1 Hz for 15 min. The

coil handle for MT was held tangentially to the scalp and pointed downwards at an angle of 120�G5

clockwise.

Because our goal was to explore direction-specificity effects of ccPAS in themotion processing network, we

compared two types of ccPAS, differing by the order of the two pulses. In the backward MT-V1 ccPAS con-

dition (Backward-ccPAS), the first TMS pulse was applied toMT followed by a pulse to V1. In the forward V1-

MT ccPAS condition (Forward-ccPAS), the TMS pulses order was reversed; the first pulse was administered

to V1 and the second to MT (see above figure). The inter-stimulus interval (ISI) was set at 20ms for both

ccPAS conditions, because it corresponds to the time delays of MT-V1 back projections.35,63 This timing

is critical to create sequential presynaptic and postsynaptic activity in the network, and to generate the

occurrence of STDP.48,83
Behavioural task

We used a well-established 2-alternative, forced-choice, left-right, global direction discrimination and inte-

gration task (150 trials in total), as previously described.21,54–57 Subjects were asked to discriminate the left–

right direction of motion of random-dot stimuli. They performed 150 trials, with each trial initiated by fix-

ation of a small spot of light within an electronic window 2 3 2� in size. Steady fixation of this target for

1000ms resulted in a tone signaling the onset of stimulus presentation during which subjects were required

to maintain fixation. A break in fixation during stimulus presentation produced a loud, 1 s tone and the

termination of the trial. After 500 ms, the stimulus and fixation spot disappeared, and the subjects were

required to indicate whether they perceived the global direction of motion of the stimulus to be toward

the right or the left by pressing the right or left arrow key on a computer keyboard placed in front of

them. Correct and incorrect responses were signaled by different computer-generated tones, so that

the subjects instantly knew whether they performed correctly or not. The sequence of presentation of right-

ward and leftward drifting stimuli was randomized. The degree of difficulty or direction range was

increased with task performance by increasing the range of dot directions within the stimulus using a 3:1

staircase design. For every 3 consecutive correct trials, direction range increased by 40�, while for every

incorrect response, it decreased by 40�.

Stimuli consisted of a group of black dots moving globally left- or rightwards, with a density of 2.6 dots/deg2

in a 5�-diameter circular aperture centred at cartesian coordinates [-5�, 5�] (i.e., the bottom left quadrant of

the visual field, relative to central fixation (see above figure). The dots moved at a speed of 10�/s for a life-

time of 250 ms (half the stimulus duration). Self-confidence was rated (low/medium/high) after each trial.

After each trial, auditory feedback indicated whether the response was correct or incorrect.

The task was implemented in Matlab 2019b (Version 1.8, The MathWorks Inc., USA) coupled with an EyeLink

1000 Plus Eye Tracking System (SR Research Ltd., Canada) sampling at a frequency of 1000 Hz to control gaze

and pupil movements in real time. The task was projected onto a mid-grey background LCD projector (1024 x

768 Hz, 144 Hz). Participants used the left-right arrows of the keyboard to respond with their right hand; they

pressed ‘‘a’’, ‘‘s’’ or ‘‘d’’ to indicate low/medium/high confidence respectively, on a trial-by-trial basis.
EEG recordings

EEG was recorded using a 64-channels, TMS-compatible system (BrainAmp DC amplifiers and BrainCap

EEG cap, Brain Products GmbH, Germany) with the ground electrode at Fpz, the reference electrode at

Cz, and the Iz electrode added to the international standard 10-20 layout. Electrode impedances were

adjusted and kept under 5 kOhms using conduction gel. The impedance levels were checked throughout

the experiment and corrected if needed during breaks between the recordings. The signal was recorded

using DC mode, filtered with an 500 Hz anti-aliasing low-pass filter, and digitalized at 5 kHz sampling fre-

quency. Channel coordinates were individually assessed using the neuro-navigation software at the end of

the experiment. We used active noise cancellation intra-auricular earphones (BoseQC 20, USA) tomask the

TMS click susceptible to evoked auditory responses on the ongoing EEG activity. The sound level was

adjusted for each subject, so that the TMS click delivered became barely audible without any discomfort

for the participant. A thin layer of soft plastic was placed on the coil surface to dampen both sensory

and auditory feedback to the subjects.
14 iScience 26, 107064, July 21, 2023
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TMS-EEG pre-processing

EEG analysis was performed on the EEG recordings of the 90 single pulses sessions over V1 and MT. Pre-

processing was computed in MATLAB, using the EEGLAB toolbox, the open source TMS-EEG Signal An-

alyser (TESA) plugin84 and the Brainstorm plugin.79

Detection of bad channels was performed using the EEGLAB built-in function. Then, the raw EEG signal

was epoched in a window of [-0.2, 0.8]s around the stimulation pulse onset, and demeaned. Afterwards,

a window of [-5, 25]ms around the pulse onset was removed, to remove the TMS artefact, and the missing

data was interpolated using a cubic function by considering the data 5ms before and after the removed

TMS artefact window. EEG data were then down-sampled from 5000Hz to 1000Hz, and bad epochs

(huge rubbing artefacts or undefined, significant noise) were removed by visual inspection. On average,

13 epochs out of 90 were removed per recording. Interpolated data in the TMS artefact window were

removed gain, in order to compute the first round of Independent Component Analysis (ICA), aiming at

eliminating components of the pulse artefact. This first ICA was computed by first performing a PCA

compression using the TESA built-in function, and by then performing a symmetric fast-ICA with hyperbolic

tangent as contrast function. The artefact components were removed manually by visual inspection. On

average, 7 (G3) components out of 64 were removed. The EEG signal was re-interpolated in the removed

window as described previously, and frequency filtered with a bandpass filter between 1 and 80Hz, with a

4th degree Butterworth notch filter between 48 and 52Hz to remove the power line noise. Data belonging

to the artefact window were removed once more as described earlier, and a second round of fast-ICA was

computed to remove other types of artefacts, such as eye movement, blinking, acoustic artefacts and small

head movement.84 On average, 4 (G1) components out of 64 were removed. Finally, the EEG signal was

spatially filtered using a Common Average Reference (CAR) filter.
TMS-EEG local/remote source activity (L/RSA)

Source reconstruction for each TEP was performed following the default procedure proposed in the Brain-

storm (version 23-Mar-2022) software85 together with the OpenMEEG Boundary Element Method (BEM)

plugins. First, to each individual was assigned a default head model (ICBM152), with cortex and head

meshes (15,000 and 10,000 vertices respectively). The forward model was then computed using the sym-

metric BEM developed in the OpenMEEG freeware, using default values for conductivity and layer thick-

ness.86 The locations of the electrodes were individually co-registered on the head model. For each of

the single pulse TMS selected epochs, the source level activation was computed using a minimum norm

imaging linear method with sLORETA as the inverse model. The dipole orientation of the source model

was defined as unconstrained to the cortex surface. Source orientation was kept orthogonal to the cortical

surface and source amplitude was estimated using the default values of the Brainstorm implementation of

the whitened and depth-weighted linear L2-minimum norm solution.

In order to extract local and remote source activity (L/RSA) power, two ROIs were created on each indi-

vidual anatomy using the individual TMS coordinates for V1 and MT (see above, section ‘‘single pulse

TMS’’), covering about 195 vertices of cortical mesh for V1 and 320 for MT. LSA and RSA power was

then computed for each cortical target by averaging the absolute, smoothed (using a spatial smoothing

filter with full width at half maximum of 5 mm) and normalized (z-score against baseline) source activity

within its corresponding ROI. LSA consisted in the matched condition where local source activity was ex-

tracted. RSA consisted in the same procedure but extracting source activity of the non-stimulated area

(unmatched condition - see above figure). Grand average L/RSA power was finally calculated for each

stimulation site and ccPAS condition by averaging L/RSA power across subjects. Note that LSA refers

to the matched condition (source activity extracted locally) and RSA refers to the unmatched condition

(source activity extracted from the other region). The focus of the study was on LSA and RSA early com-

ponents (<200ms after the onset).
TMS-EEG connectivity analysis

We explored effective connectivity at different frequency ranges using spectral Granger Causality, which is

a metric of directed interareal influence53 in a broader visual network known to be involved in motion di-

rection discrimination.35 Local source activity was extracted from two areas in addition to V1 and MT:

the inferior parietal sulcus (IPS, �120 vertices) and the Frontal Eye Field (FEF, �140 vertices).
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Granger causality is a measure of linear dependence, which tests whether the variance of error for a linear

auto-regressive (AR) model estimation of a signal x(t) can be reduced when adding a linear model estima-

tion of a second signal y(t). If this is true, signal y(t) has a Granger causal effect on the first signal x(t), i.e.,

independent information of the past of y(t) improves the prediction of x(t) above and beyond the informa-

tion contained in the past of x(t) alone. The term independent is emphasized because it creates some inter-

esting properties for Granger Causality, such as that it is invariant under rescaling of the signals, as well as

the addition of a multiple of x(t) to y(t). The measure of Granger Causality is non-negative, and zero when

there is no Granger causality. According to the original formulation of Granger Causality, the measure of

Granger Causality from y(t) to x(t) is defined as:

Fy/x = ln

�
Varðe1Þ
Varðe2Þ

�

Which is 0 for Var(e1) = Var(e2) and a non-negative value for Var(e1) > Var(e2). Note that Var(e1) R Var(e2)

always holds, as themodel can only improve when adding new information. Under fairly general conditions,

Fy/x can be decomposed by frequency if the two AR models in time domain are specified as:

xðtÞ =
Xp
k = 1

�
Akxx xðt � kÞ + Akxy yðt � kÞ� + sxy
yðtÞ =
Xp
k = 1

�
Akyy yðt � kÞ + Akyx yðt � kÞ� + syx

In each equation the reduced model can be defined when each signal is an AR model of only its own past,

with error terms sxx and syy . We can then define the variance-covariance matrix of the whole system as:

X
=

2
4
X
xx

X
xyX

yx

X
yy

3
5

Where
P

xx = VarðsxxÞ, etc. Applying a Fourier transform to these equations, they can be expressed as:

�
AxxðuÞ AxyðuÞ
AyxðuÞ AyyðuÞ

��
xðuÞ
yðuÞ

�
=

�
ε1ðuÞ
ε2ðuÞ

�

Rewriting this as:

�
xðuÞ
yðuÞ

�
=

�
HxxðuÞ HxyðuÞ
HyxðuÞ HyyðuÞ

��
ε1ðuÞ
ε2ðuÞ

�

Where HðuÞ is the transfer matrix, the spectral matrix is then defined as:

SðuÞ = HðuÞ
X

H�ðuÞ
Finally, assuming independence of the signals x and y, and

P
xy =

P
yx = 0, we can define the spectral

Granger Causality as:

Fy/xðuÞ = ln

�
SxxðuÞ

HxxðuÞ
P

xxH
�
xxðuÞ

�

Granger Causality was then computed between the four clusters (V1, MT, IPS and FEF), in a frequency range

of 1-45 Hz and with a definition of 3 Hz, in order to explore the role of different rhythms in the causal con-

nectivity between brain regions. Note that the use of Granger causality on source-projected EEG data re-

duces the problem of signal mixing and volume conduction, probably because Granger causality reflects

causal, i.e. time-delayed, interactions, and explicitly discards instantaneous interactions resulting from

signal mixing.38,39,87 Importantly, we computed Granger Causality on the EEG signals in response to single

pulse TMS. This combination allowed us to distinguish direct output signals from re-entrant signals (see

above figure). In the manuscript, we used the term ‘‘output connectivity’’ to refer to the condition where

single-pulse TMS was applied to the first area (e.g., TMS over V1, Granger Causality from V1 to MT). In

contrast, we refer to ‘‘re-entrant connectivity’’ for the condition when TMS was applied to the second

area (e.g., TMS over MT and Granger Causality from V1 to MT).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioural data

We computed direction range thresholds by fitting a Weibull function to the percentage correct perfor-

mance at each stimulus level and computed the stimulus value (i.e., direction range), resulting in 75% cor-

rect performance. This criterion was selected because it lays halfway between chance (50% correct) and

100% correct on this two-alternative task (Huxlin et al., 2009). Direction range thresholds were then normal-

ized by the maximum range (360) to produce the Normalized Direction Ratio (NDR) (e.g., Sailonz et al.,

2010) using the following formula:

NDRthresholdð%Þ =

�ð360� � WeibullfittedDRÞ
360

��
� 100

NDR valueswere entered into amixedANOVA that included Time (Pre vs Post) and ccPAS type (Forward versus

Backward) as within-subject factor and ccPAS order (first Forward versus first Backward) as between-subject fac-

tor. Post hoc t-tests were performed when appropriate and significance was defined for p values <0.05.

EEG data: Significant differences in L/RSA curves as well as in connectivity strength/frequency-resolved

Granger Causality were evaluated within-subjects through a non-parametric, cluster-based, corrected,

permutation testing, excluding frequency-wise outliers (>2SD).88

Behavior and EEG: Individual NDR values were then computed as a ratio expressing the change between

pre- and post-tests, and entered into forward stepwise regressions to determine which neural pathway

modulation(s) (V1-to-MT or MT-to-V1) and which frequencies best predicted changes in motion direction

discrimination.
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