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Boosting hemianopia recovery: the power of 
interareal cross-frequency brain stimulation
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Visual field loss is a common consequence of stroke and manifests in approximatively one-third of patients in the 
chronic stage. Such loss can significantly impact daily life activities, compromising tasks such as reading, navigating 
or driving. Although slow and labour intensive, evidence suggests that early interventions with tailored rehabilitation 
programmes might stimulate visual recovery and improve quality of life in stroke survivors.
To enhance the effects of such rehabilitation programmes, we designed a novel, non-invasive, pathway-specific, physi
ology-inspired cross-frequency brain stimulation protocol, where complex oscillatory signal integration was inferred 
from phase–amplitude coupling of oscillatory signals between the primary visual cortex and the motion-sensitive 
medio-temporal area. Sixteen stroke patients were enrolled in a double-blind, randomized, cross-over trial, during 
which they performed two blocks of 10 daily training sessions of a direction discrimination task, combined with one 
of the two cross-frequency transcranial alternative brain stimulation (cf-tACS versus control cf-tACS) conditions.
We found that the cf-tACS condition promoting feedforward visual inputs to the medio-temporal area significantly en
hanced motion discrimination performance and shifted visual field borders (i.e. through localized enlargement of isop
ters). Behavioural improvements associated with a change in oscillatory activity within motion processing pathways 
were proportional to the amount of residual structural fibres along these pathways and perilesional primary visual cor
tex activity. In sum, we report, for the first time, that cf-tACS, a novel, pathway-specific, physiology-inspired brain 
stimulation approach, is able to boost the efficacy of perceptual training, restoring visual motion processing and redu
cing the severity of visual impairments in adult stroke patients.
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Introduction
Visual field loss manifests in about one-third of stroke patients.1,2

Among the various forms of visual field defects, homonymous hemi
anopia is the most common form. It involves a loss of vision in the 
same half of the visual field through both eyes after unilateral retro
chiasmal lesions (i.e. involving the optic tract, the lateral geniculate 
nucleus, the optic radiations and/or the occipital cortex).3 Visual field 
deficits are associated with a myriad of functional impairments in 
reading, navigation and driving a car, among others,4,5 significantly 
decreasing quality of life.6,7 Despite the increasing demand arising 
from an ageing population, there is currently no accepted therapeutic 
solution. The main clinical options are compensatory in nature ra
ther than restorative, implying that they do not induce any signifi
cant reversal or restitution of visual deficits caused by the stroke.8-10

One main factor that contributes to the lack of established treat
ment for homonymous hemianopia comes from early descriptive 
studies that showed limited spontaneous recovery, with stabilization 
of visual field deficits after 6 months post-stroke.11-13 This led to the 
postulate that the visual system had poor capacities for functional re
covery. However, there is encouraging evidence to indicate that high
ly intensive, visual-attentional training protocols presented within 
the parametrically defined scotoma or blind field might lead to loca
lized improvements in vision.14-19 Nevertheless, these protocols typ
ically require months of training with intensive patient commitment, 
and they seem to provide only a moderate amount of improvement 
that is transferable to everyday life.14,16,20,21 Targeted interventions 
inspired from brain physiology, in particular circuit-level synchron
ization of neuronal oscillations within the visual pathways, might en
hance visual training effects and recovery after stroke.

Neural oscillations are considered essential for the dynamic co
ordination of brain circuits and systems.22 These oscillations, occur
ring at specific frequencies, reflect the temporal synchronization of 
neuronal population activity and can be detected through spiking 
time series, multi-unit activity, local field potentials, but also using 
non-invasive methods, such as magnetoencephalogram and EEG. A 
key breakthrough in past decades has been the discovery of higher- 
order interactions implemented by oscillatory activity at different fre
quencies that interact through cross-frequency coupling.23-25 For in
stance, the intricate and intertwined oscillatory activity involved in 
visual processing has been studied extensively.26-28 This activity re
flects the coactivation of millions of neurons, creating distinct oscilla
tory channels that transmit information across brain regions. 
Electrocorticography recordings have shown that interareal interac
tions, mediated by cross-frequency coupling, increase along the 

visual hierarchy, potentially enhancing the processing of spatially 
predictable targets.26,29 More precisely, studies have consistently 
documented temporally segmented ongoing gamma-band activity 
(>40 Hz), synchronized with distinct phases of alpha-band activity 
(8–13 Hz) in the visual cortex of cats, monkeys30,31 and humans.32-34

This synchronization mode enables efficient gating and filtering of 
sensory information. This is particularly relevant for visual retraining 
protocols, where a strong anticipatory processing of spatial attention 
is expected.20

Building on an improved understanding of circuit interactions be
tween visual areas during motion stimulus processing, we designed a 
non-invasive, pathway-specific, cross-frequency brain stimulation 
protocol to enhance interareal interactions.35 In this context, low- 
frequency oscillations provide a temporal structure that modulates 
high frequency-based local processing. Hence, non-invasive injec
tion of synchronized alpha oscillations into the primary visual cortex 
(V1) onto gamma oscillations in the motion-sensitive medio- 
temporal area (MT)36 by means of cross-frequency transcranial alter
nating current stimulation (cf-tACS) provides experimental condi
tions that can promote bottom-up direction of information flow. A 
single session of this cf-tACS condition has been shown to increase 
V1 alpha–MT gamma coupling in healthy young participants and in 
stroke patients.35 Combined with an established visual retraining 
protocol involving the presentation of moving dots immediately in
side the border area of the scotoma,16,19,20 we asked whether 
strengthening these specific, coordinated oscillatory motifs is able 
to reinstate more ‘physiological’ interareal interactions and whether 
this is associated with an improvement in global motion direction 
perception when paired with a random dot stimulus during training. 
We also examined whether perceptual learning transferred into im
proved luminance detection at trained blind-field locations. Finally, 
unique multimodal data that included EEG recordings, functional 
MRI (fMRI) and structural MRI were acquired in each participant to de
cipher the underlying mechanisms of pathway-specific cross- 
frequency tACS for visual field recovery, with a special focus on the 
integrity and efficiency of the V1–MT pathway.

Materials and methods
Patients

Sixteen adult patients were enrolled ≥1 week after stroke-induced 
occipital damage (verified using structural MRIs), with reliable 30-2 
Humphrey visual field perimetry in both eyes and the ability to 
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fixate precisely (error smaller than ±1° relative to fixation spot) 
during psychophysical testing. The median time since stroke was 
11 months (range: 1–60 months). Exclusion criteria were unreliable 
Humphrey visual fields, neglect, neurological disease unrelated 
to occipital stroke, use of neuroactive drugs, and any contra- 
indication to MRI or non-invasive brain stimulation. Seven patients 
had left-sided homonymous visual field loss and nine had right- 
sided homonymous visual field loss. Twelve patients had hom
onymous hemianopia and four had homonymous quadrantanopia 
(Fig. 1A). Mean (standard deviation) age was 59.93 (11.2) years, range 
34–74 years; 18.75% were female and 81.25% male; in all patients but 
one, the aetiology of brain injury, as verified by cranial CT and/or 
MRI, was an infarction in the territory of the posterior cerebral ar
tery causing a lesion to the occipital cortex; one patient had a ca
rotid artery rupture. Note that all but one patient had an 
ipsilesional MT left intact by the lesion (for the lesion overlay 

map, see Fig. 1B). None of the patients had received or were receiv
ing any treatment for their visual field defect at the time of the 
study. All patients were native French speakers except for one 
German patient, and all had ≥5 years of education (see Table 1).

Study design

Patients were randomly allocated to one of two treatment groups: 
Group A (n = 8) first received forward cf-tACS followed by backward 
cf-tACS, whereas Group B (n = 8) first received backward cf-tACS fol
lowed by forward cf-tACS in a cross-over design (Fig. 2A). Each block 
consisted of 10 consecutive sessions (excluding weekends) of back
ward or forward cf-tACS applied over 15 days, concurrently with 
training on a left–right direction discrimination and integration 
(CDDI) task at a selected, blind-field location (red circles in 
Fig. 1A). The two blocks were performed ≥1 month apart. Before 

Figure 1 Initial visual field deficit and lesions map. (A) Composite visual field maps derived from Humphrey perimetry showing the initial loss of con
scious luminance detection sensitivity and T1 Magnetization Prepared Rapid Gradient Echo (MPRAGE) images of all individual patients. Red open cir
cles indicate the location and size of visual stimuli used for training. Note that Patient A202 dropped out after the baseline assessments. (B) Lesion 
overlay maps are mirrored to the right hemisphere when needed.

Table 1 Patients’ characteristics and demographics

ID Age (years) Sex Lesion Lesion side Time since stroke (months) MMSE

P101 34 Female Cort Left 12 27
P102 62 Male Cort Right 12 28
P103 74 Male Cort Left 60 25
P104 62 Male Cort Right 12 27
P105 66 Male Cort + subcort Right 30 27
P106 68 Male Cort Right 8 29
P107 53 Male Cort Left 2 30
P201 69 Male Cort + subcort Left 28 25
P202 40 Female Cort Left 11 28
P203 59 Male Cort Right 4 28
P204 63 Male Cort Right 4 29
P205 51 Male Cort Left 3 30
P206 56 Male Cort Right 11 30
A201 55 Male Cort Right 1 29
A202 78 Female Cort Left 1 21
A203 66 Male Cort Left 1.5 29

Note that all patients had a cortical lesion (Cort) restricted to the primary visual cortex, except P104 and P201, who had a primary visual cortex lesion and a subcortical lesion 

(subcort) affecting the left putamen and the right posterior thalamus, respectively. MMSE = Mini-Mental State Examination.
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and after each block, patients performed a 24-2 Humphrey visual 
field perimetry test, clinical scales, EEG and MRI recordings.

This study belongs to a registered trial (ClinicalTrials.gov: 
NCT05220449), was approved by the local Swiss Ethics Committee 
(2017-01761) and was performed within of the guidelines of the 
Declaration of Helsinki.

Backward and forward cf-tACS

Two customized centre–surround electrodes (outer and inner dia
meters: 5 and 1.5 cm, respectively) were connected to two 
Neuroconn DC Plus stimulators (Neurocare), which were triggered 
repetitively and at the same time to ensure no time lag between 
the two signals. The International 10/20 system was used for the lo
calization of V1 (O2 or O1 for the left or right hemisphere, respective
ly) and MT (PO8 or PO7 for the right and left hemisphere, 
respectively) on the lesioned hemisphere. A constant current inten
sity of 3 mA was applied in both stimulators, creating a current dens
ity of 0.18 mA/cm2. An a priori defined individual α [8–12 Hz] and γ [30– 
45 Hz] peak frequencies were used to apply tACS. The peak frequen
cies were extracted from a 5 min resting-state EEG prior the inter
vention. Forward tACS refers to V1 α–MT γ tACS, and backward 
tACS corresponds to V1 γ–MT α tACS (Fig. 2B). Each tACS session 
lasted ∼30 min and was administered at the same hour every day.

Training task

During tACS, patients performed a Coarse Direction Discrimination 
and Integration (CDDI) task involving a random dot stimulus appear
ing for 500 ms in a 5°-diameter circular aperture displayed on a com
puter screen (1024 × 768 at 144 Hz frame rate) (Fig. 2C). The stimulus 
consisted of black dots moving on a mid-grey background (dot life
time: 250 ms, speed: 5°/s, density: 3.5 dots/°2). Dots moved globally 
in a range of directions distributed uniformly around the leftward 

or rightward vectors.16,20,37 Participants had to respond whether 
the global direction of motion was left- or rightward. Task difficulty 
was adjusted using a 3:1 staircase, increasing dot direction range 
from 0° to 360° in 40° steps. Training sessions consisted of 255 trials. 
The visual stimulus location was individually defined as followed: 
after Humphrey perimetry, each subject underwent extensive psy
chophysical mapping of the blind-field border, as previously de
scribed.16,20 Training location was selected as the location where 
performances on the CDDI task declined to chance level (50%–60% 
correct) upon a small movement from the intact hemifield into the 
Humphrey-defined blind field. All training sessions were performed 
inside a shielded EEG room equipped with a Windows machine run
ning MATLAB (Mathworks Inc., USA) and Psychtoolbox, an EyeLink 
1000 Plus Eye Tracking System (SR Research Ltd, Canada) and a 
chin rest. Individuals sat at 60 cm from the computer screen, sup
porting their heads with the chin rest, while fixation during all trials 
was controlled with the eye tracker. If gaze shifted by >1° from the 
fixation spot, the trial was discarded and replaced.

Direction range thresholds

Daily task performance was fitted using a Weibull psychometric 
function, with a threshold criterion of 72% correct used to 
calculate direction range thresholds, where percentage correct = 1 − 
(1 − chance) × exp[− (k * x/threshold) slope] and k = {−196 log[(1 − 0.72)/ 
(1 − chance)]}(1/slope).

Both direction range and direction range thresholds were nor
malized to the maximum range of directions in which dots could 
move (360°) and expressed as a percentage using the following for
mula: normalized direction range (NDR, as a percentage) = (360° −  
direction range threshold)/360° × 100. For ease of analysis, when 
participants performed at chance (50%–60% correct for a given ses
sion), the NDR threshold was set to 100%.

Figure 2 Study design, cf-tACS interventions and visual training task. (A) Study flow diagram. (B) Schematic representation of the two interventions: 
forward cf-tACS and backward cf-tACS. (C) Coarse Direction Discrimination and Integration (CDDI) task illustration. cf-tACS = cross-frequency tran
scranial alternating current stimulation.
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Perimetric mapping of visual field defects

Perimetry was conducted using a Humphrey Field Analyzer II-i750 
(Zeiss Humphrey Systems, Carl Zeiss Meditec) and MonCvONE-SAP 
(Metrovision) by a scientist blinded to the group allocation of each 
participant. The static 30-2 testing patterns were collected for 
each eye, repeated twice with a break in between. Sensitivity 
thresholds were determined at a specified number of test locations, 
with fixation controlled using the systems’ eye tracker and gaze/ 
blind spot automated controls, visual acuity corrected to 20/20, a 
white size III stimulus, and a background luminance of 11.3 cd/m2.

To refine scotoma boundaries, we additionally performed kinetic 
perimetry using the same perimeters mentioned above that emu
lates manual standard Goldmann perimetry38 twice on each eye, 
whereby sensitivity thresholds were determined by moving stimuli 
of various sizes and light intensities along a vector from the blind re
gion to a seeing region. Stimulus speed was 4°/s, the visual field size 
was 30° with a grid resolution of 5°, a white size III stimulus was 
used, with a background luminance of 11.3 cd/m2. This measures 
the concentric constriction of the isopter. This returns contour lines 
or isopters with a very high spatial resolution, resulting in a map of 
visual field sensitivity.39 Measurements were performed either at 
the Centre Medical Universitaire (CMU) in Geneva or at the 
Clinique Romande de Réadaptation in Sion, by the same operators.

Luminance detection thresholds obtained from the four static 
test patterns were averaged from identical locations in the two 
eyes to produce a unique visual map and interpolated in MATLAB 
(Mathworks) to create one composite static visual field map for 
each patient, as previously described.15 For the kinetic perimetry, 
stopping radial positions for each meridian were averaged and dis
played on a polar plot, reflecting visual field borders. From these 
boundaries, surface maps were computed in degrees squared. To de
termine potential changes, difference maps were generated; signifi
cant areas that improved on the static perimetry were defined as 
visual field locations that differed by ≥6 dB [conservative standard 
of change at twice the measurement error of the Humphrey test 
(Zeiss Humphrey Systems, Carl Zeiss Meditec)].15 For the kinetic per
imetry, a minimum increase of 10°2 localized offset compared with 
the normal isopter (i.e. no defect) is considered to be significant.40

EEG recording and analyses

Resting-state EEG and task-EEG activity (using the CDDI task) was 
recorded before the first session and after the last training session 
of each block using a 64-channel, transcranial magnetic stimulation 
(TMS)-compatible, active system (BrainAmp DC amplifiers and 
BrainCap EEG cap, Brain Products GmbH). The EEG cap set-up was 
done according to the 10–20 standard system. Electrode impedances 
were adjusted and kept <10 kΩ using conduction gel. Impedance le
vels were checked throughout the experiment and corrected if 
needed during breaks between conditions. The signal was recorded 
using DC mode, filtered at 500 Hz with an anti-aliasing low-pass fil
ter, and digitalized at 5 kHz sampling frequency. During the experi
ment, the ground electrode was Fpz, and reference electrode was Cz.

All the preprocessing steps were run in MATLAB, using the EEGLAB 
toolbox.41 Data were re-referenced to the average of all channels, 
band-pass filtered between 1 and 80 Hz, notch filtered between 48 
and 52 Hz, and divided into epochs of 1.5 s length. Visual inspection 
was used to remove explicit artefacts among channels and trials, fol
lowed by the reconstruction of dropped channels and epochs. 
Ultimately, an independent component analysis was applied to the 
downsampled data (1000 Hz) to remove electrophysiological 

interferences, such as eyeblinks or muscle artefacts. Brainstorm soft
ware42 together with OpenMEEG BEM plugins were used to perform 
source-level reconstruction of EEG data. Initially, the cortex and 
head mesh (15 000 and 10 000 vertices, respectively) of the patient 
were generated using the automated MRI segmentation routine of 
FreeSurfer.43 The forward model was then computed using the sym
metric boundary element method developed in the open OpenMEEG 
freeware, using default values for conductivity and layer thickness.44

The source-level activation was computed using a minimum norm 
imaging linear method with sLORETA as inverse model. The dipole 
orientation of the source model has been defined as constrained to 
the cortex surface. The covariance matrix was computed from the 
concatenated epoch baselines, e.g. the recorded activity before the on
set of each trial (−0.5 to 0.005 s). All metrics involving a frequency- 
domain decomposition were calculated through Morlet wavelets be
tween 2 and 60 Hz. The source points belonging to specific areas of 
interest (i.e. primary visual cortex (V1), motion-sensitive medio-tem
poral area (MT), intraparietal sulcus, frontal eyed field (FEF)) were de
fined manually for each subject according to the fMRI localizer 
recordings performed before the EEG acquisitions.

Initially, we examined the time–frequency content of the V1–MT 
pathway during the CDDI task at the source level. Given that our 
tACS interventions were based on the V1–MT phase–amplitude rela
tionship, we computed the two directions of source-based phase– 
amplitude coupling (PAC)45 between V1 and MT (i.e. αphase V1 γamp 

MT and γamp V1 αphase MT). This was done using the spectral source ac
tivity, with phase data frequency ranging from 8 to 12 Hz and ampli
tude data ranging from 30 to 45 Hz, by means of the EEGLAB plug-in 
Event Related PACTools (PACTools).46 Specifically, PAC was defined as:

PAC =
1
n
|
􏽘n

t=1

at(f ) eiut | (1) 

where t corresponds to a certain time point, a denotes the power at a 
certain specific frequency for this specific time point, i is the imaginary 
variable, θ the phase angle and n the number of time points.

MRI recording and analyses

Whole-brain MRI was performed with a 3 T Siemens scanner available 
at Fondation Campus Biotech Genève (FCBG), Geneva, Switzerland or 
the same scanner at Hôpital du Valais, Sion, Switzerland. 
High-resolution anatomical images were acquired for reference using 
an Magnetization-Prepared Rapid Gradient Echo (MPRAGE inversion 
time = 900 ms, with voxel size = 1 mm × 1 mm × 1 mm. One run of 657 
scans with the measurement of the T2*-weighted blood oxygenation 
level-dependent (BOLD) effect was acquired with a gradient echo- 
planar imaging protocol and the following parameters: echo time (TE)  
= 30 ms, repetition time (TR) = 1000 ms, flip angle = 90°, voxel size = 3 
mm × 3 mm × 2 mm, field of view = 204 mm × 204 mm, matrix size =  
68 × 68, and 37 axial slices each of 2 mm thickness. Finally, diffusion- 
weighted MRI data were acquired using a pulsed gradient spin echo se
quence with the following parameters: TR = 5000 ms; TE = 77 ms; slices  
= 84; field of view = 234 mm × 234 mm; voxel resolution = 1.6 mm × 1.6 
mm × 1.6 mm; slice thickness of 1.6 mm; readout bandwidth = 1630 
Hz/pixels; 64-channel head coil; and GRAPPA acceleration factor = 3. 
Seven T2-weighted images without diffusion weighting (b0; b = 0 s/ 
mm2) were acquired, including one in the opposite phase encoding dir
ection. A total of 101 images with non-collinear diffusion gradient direc
tions distributed equidistantly over the half-sphere and covering five 
diffusion-weighting gradient strengths were obtained [b-values = (300, 
700, 1000, 2000, 3000) s/mm2; shell samples = (3, 7, 16, 29, 46)].
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Functional MRI

Data were analysed using the Statistical Parametric Mapping toolbox 
(SPM12b, Wellcome Trust Center, London, UK; http://www.fil.ion.ucl. 
ac.uk/spm), implemented in MATLAB 2019b (The Mathworks Inc., 
MA, USA). The preprocessing steps included correction for field in
homogeneity, slice timing correction, motion correction and unwarp
ing. Then, the structural image of each participant was co-registered 
to the mean realigned echo-planar imaging (EPI) volume. The 
co-registered T1 image was then normalized to the Montreal 
Neurological Institute (MNI) reference space using the unified seg
mentation approach.47 The resulting deformation parameters were 
applied to the individual EPI volumes, which were then smoothed 
using an isotropic 4 mm full-width half-maximum Gaussian kernel.

For all datasets, we modelled a General Linear Model using two 
regressors based on the subject’s trial-by-trial accuracy in line with 
our staircase procedure {correct [74.63 (±9.6) trials/incorrect (25.99 
(±9.7) trials]}. Regressors were modelled as series of events (repre
senting individual epochs) convolved with a canonical haemo
dynamic reference waveform. Low-frequency confounds were 
controlled by high-pass filtering at 1/128 Hz, and head-movement 
estimates derived from the realignment procedure served as add
itional covariates of non-interest. Voxel-wise parameter estimates 
for all conditions and each covariate resulting from the least mean 
squares fit of the model to the data were computed. For the group 
analysis, left-side lesions were mirrored to the right hemisphere. 
A full factorial design was used with the factors time (pre, post) 
and tACS condition (forward cf-tACS, backward cf-tACS). Post hoc 
comparisons were performed by extracting beta weights in the sig
nificant group-level cluster at the individual level, when signifi
cance was reached. The statistical significance threshold was set 
to a height threshold of P < 0.001 uncorrected at the voxel level, 
and P < 0.05 at the cluster level after false-discovery rate correction.

To probe the functional state of the perilesional area and inves
tigate how stimulation of the perilesional area propagates to the 
rest of the brain, we used online TMS–fMRI coupling.48 The meth
odological details regarding TMS–fMRI data acquisition and ana
lyses can be found in the Supplementary material.

Diffusion-weighted imaging

Structural diffusion images were preprocessed by means of FSL49 and 
MRtrix50 software. A denoising step was applied initially via the dwi
denoise function (MRtrix), followed by correction of the Gibbs ringing 
artefact via mrdegibbs (MRtrix).51 Images were then corrected for mo
tion, susceptibility-induced fields, eddy current-induced distortions, 
and bias field via the FSL functions topup,52 eddy_openmp53,54 and 
fast.55 Probability maps for CSF, grey and white matter were estimated 
from the T1-weighted image via the fast function (FSL), then regis
tered to the average b0 image using ANTs.56 A fibre orientation distri
bution function was also derived at the voxel level from multi-shell, 
multi-tissue-constrained spherical deconvolution. It was then used 
to compute whole-brain probabilistic tractography via a second-order 
integration over fibre orientation distribution (iFOD2).57 The algorithm 
stopped once 10 million streamlines were generated. Each streamline 
was then weighted based on spherical deconvolution-informed filter
ing of tractograms (SIFT2, MRtrix).58 To extract streamline informa
tion between V1, V5 and the thalamus, two main techniques were 
used. V1 and V5 were derived from the functional localizer using indi
vidual, thresholded activation in the ipsi- and contralesional hemi
spheres. The thalamus was extracted from the Destrieux atlas 
parcellation, an output of the recon-all function of Freesurfer on the 
T1-weighted image.59 All masks were registered to the average b0 

image using ANTs. Finally, the function tckedit50 from MRtrix was 
used to extract specific streamlines passing through V1 and V5, V1 
and the thalamus, or V5 and the thalamus. The sum of the weights 
or the average fractional anisotropy (FA) along these tracts were 
used as indicators of cross-sectional area and integrity, respectively.

Statistical analyses

To compare the EEG metrics (phase–amplitude coupling, Granger 
causality and time–frequency values) before and after the two 
tACS/training interventions, we used cluster-based non-parametric 
permutation tests. We evaluated differences in threshold perform
ance for the CDDI task between the two interventions and across 
days, using a linear mixed model built with the raw NDR threshold 
as a dependent variable, training day, tACS condition and order as 
fixed effects, and patient as a random effect. Finally, an ANOVA 
was applied on the model parameters. When only the two interven
tions were directly compared without a fixed effect, a paired t-test 
was performed after ensuring normality of the distribution with a 
Shapiro–Wilk test. Non-parametric equivalents were used if needed. 
A probability of type I error of P < 0.05 was considered statistically sig
nificant. Finally, to evaluate the value of a structural and a functional 
variable for predicting improvements in visual processing after for
ward cf-tACS, we ran a backward regression model (P to enter: 0.05, 
P to remove: 0.1). Change in NDR thresholds was the dependent vari
able, and the predictors were the lesion sizes, manually extracted 
from the T1 images of each patients, the activity of perilesional V1 ex
tracted from the combined TMS–fMRI examination and the residual 
ipsilesional V1–MT tract derived from the diffusion-weighted images.

Results
One patient dropped out after the first block, and one subacute pa
tient was excluded after baseline measurements because of a full 
spontaneous recovery. As a result, 15 patients completed the forward 
cf-tACS block and 14 patients completed the backward cf-tACS block.

Forward cf-tACS improves visual function in the 
blind field

Because the training task relied heavily on motion discrimination, we 
first examined pre/post changes in kinetic visual field maps. The 
results revealed that forward tACS significantly improved kinetic 
visual field boundaries in comparison to backward tACS [forward 
tACS: +698.3 ± 921.8°2, backward tACS: +121.9 ± 805.3°2, paired t-test: 
t(12) = −2.24, P = 0.045] (Fig. 3A for the group results and pre/post 
kinetic visual field maps from one example patient). In most patients, 
the extension corresponded to the trained area (for all kinetic visual 
field maps, see Supplementary Fig. 1). Baseline maps were not differ
ent in the two groups [t(12) = −0.42, P = 0.68, paired t-test]. We also 
compared the composite visual field maps extracted from static 
Humphrey perimetry as previously described,60 before and after the 
intervention. The static visual field maps showed a significant, loca
lized increase in both conditions, albeit stable visual fields before 
starting the protocol [Fig. 3B, one-sample t-test for forward tACS: 
t(13) = 4.33, P < 0.001; for backward tACS: t(14) = 6.14, P < 0.001; for all 
individual pre/post differences, see Supplementary Fig. 2]. However, 
there was no significant difference in static perimetry change be
tween the two tACS conditions [t(13) = −0.382, P = 0.71, paired t-test].

We also measured changes in NDR thresholds, indexing motion 
perception abilities in the blind field. The performance of patients 
was close to chance (54.3% ± 4.2% correct) at the beginning of training. 
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Importantly, performances at baseline did not differ between forward 
and backward cf-tACS groups [t(13) = −1.07, P = 0.31]. Training with 
both cf-tACS conditions improved NDR thresholds [−19% ± 26%, 
with respect to baseline; one-sample t-test: t(13) = −4.5, P < 0.001 for 
forward cf-tACS; and −10.2% ± 31%, one-sample t-test: t(13) = −2.2, 
P = 0.05 for backward cf-tACS]. The ANOVA testing the mixed linear 
model on the daily baseline-corrected NDR thresholds showed a 
significant Training Day × tACS condition interaction [F(9,196) = 2.5, 
P = 0.01]. This reflected a dissociation between the two learning 
curves, observable from Training Day 6, with forward tACS showing 
larger improvements in motion direction discrimination (Fig. 3C). 
There was a significant effect of training day [F(9,27) = 7.14, P < 0.001] 
but no effect of order or tACS condition (P > 0.05). No differences in mo
tion awareness and response times were observed between the two 
interventions (Supplementary Fig. 3).

Changes in cross-frequency oscillatory coupling

To test the hypothesis that forward cf-tACS would specifically 
modulate bottom-up V1 αphase–MT γamp PAC, we compared the 

maximal PAC values in the time domain during motion process
ing before and after forward cf-tACS and backward cf-tACS 
(Fig. 4A , top, with associated co-modulograms provided at 
bottom).

This analysis revealed an early increase in V1 αphase–MT γamp PAC 
at ∼100 ms after stimulus onset for forward cf-tACS. This was fol
lowed by a significant decrease at ∼300 ms after stimulus onset. 
Interestingly, this pattern of early enhanced bottom-up PAC was al
ready present after only one session of forward cf-tACS (reported in 
a previous manuscript61). The reverse direction, V1 γamp–MT αphase 

PAC, showed a significant increase in a late time window at ∼300 
ms after stimulus onset. Neither of the two PACs showed significant 
changes after backward cf-tACS.

Changes in functional activity and structural 
connectivity

To investigate further how motion signals were processed dif
ferently after the combined training + cf-tACS intervention, we 
compared fMRI activation patterns elicited by the same motion 

Figure 3 Changes in visual fields and motion direction processing. (A) Group difference in kinetic visual field areas between forward cf-tACS and back
ward cf-tACS. Adjacent maps show kinetic visual field borders of an example patient before (blue lines)/after (red lines) forward cf-tACS and backward 
cf-tACS, and plots of the area of the Humphrey visual fields that improve by >6 dB15 after forward cf-tACS and backward cf-tACS (bottom row). (B) Mean 
and individual data corresponding to the pre/post improvement in static visual field. (C) Baseline-corrected behavioural performance at the training 
task measured across the 10 daily sessions, for forward cf-tACS and backward cf-tACS. *Significant one-sample t-tests in each tACS condition. cf-tACS  
= cross-frequency transcranial alternating current stimulation. 
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discrimination task. We designed a full factorial ANOVA with 
factors time (pre/post) and tACS condition (forward/backward). 
This whole-brain analysis led to a significant effect of time in 
V1. The extracted beta weights in V1 showed a BOLD increase 

after tACS in both conditions (Fig. 4B). The Time × tACS condi
tion interaction showed significant activity in the ipsilesional 
MT, bilateral frontal eye field (FEF) and ipsilateral prefrontal 
cortex (MNI coordinates are reported in Supplementary 

Figure 4 Electrophysiological and imaging results. (A) Maximal phase–amplitude coupling between V1 αphase–MT γamplitude and the opposite V1 
γamplitude–MT αphase for the two tACS groups (top row) and the associated co-modulograms (bottom row). Significant differences in the phase–amplitude 
coupling time windows are indicated with grey rectangles. (B) Functional MRI results from the full factorial design showing the main effect of time (left) 
with the associated beta weights in V1 for the two tACS conditions. Also shown are the Time × tACS condition interaction, showing significant clusters 
in the ipsilesional MT, bilateral FEF and ipsilesional lateral prefrontal cortex, and the associated interaction in beta weights in the ipsilesional MT. (C) 
Changes in structural connectivity measured with fractional anisotropy (left) and sum of the weighted V1–MT tracts (right). No significant differences 
were found before/after any of the interventions. cf-tACS = cross-frequency transcranial alternating current stimulation; FEF = frontal eye field; MT =  
medio-temporal area; V1 = primary visual cortex.
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Table 1). The betaweights in the ipsilateral MT confirmed an in
crease after forward cf-tACS and a decrease after backward 
cf-tACS. Note that this contrast also led to a significant cluster 
in the ipsilesional lateral geniculate nucleus at a more liberal 
threshold (P < 0.001 uncorrected).

We also compared the structural properties of white matter fi
bres connecting the ipsilesional V1 to the ipsilesional MT using 
diffusion-weighed imaging, positing that they might underlie the 
interareal communications reported above. We extracted the sum 
of the weights and FA of the relevant tracts connecting V1 to MT bi- 
hemispherically, reflecting the importance of the bundles and the 
structural integrity of the tracts, respectively. Although we could 
not formally detect a significant effect, there was a trend for a 
side effect, reflecting structural reorganization and loss of struc
tural fibres in the lesioned hemisphere [FA: F(1,96) = 3.31, 
P = 0.07] (Fig. 4C).

Baseline functional and structural predictors of 
forward cf-tACS efficacy

We investigated whether individual functional or structural mar

kers could predict the outcomes of forward cf-tACS in 11 of these 

patients. One dataset was excluded because of wrong targeting, 

and four patients did not elect to take part in this optional study. 

We explored whether substantial residual fibres between V1 and 

MT or a functionally responsive ipsilesional primary visual cortex 

is a prerequisite to achieve improvements. We extracted the 

fMRI-derived beta weights in response to TMS applied to the ipsile

sional V1 before the intervention [see Materials and Methods sec

tion, Fig. 5A(i) for the TMS–fMRI set-up and Supplementary Fig. 4

for the individual TMS–fMRI set-up for all patient]. Group-wise 

fMRI activation revealed significant clusters in the perilesional V1 

and remote clusters in the bilateral FEF and cuneus (Fig. 4B). To 

Figure 5 Online TMS–fMRI and regression results. [A(i)] Whole group results of the two-sample t-test contrasting high-intensity TMS versus low- 
intensity TMS and TMS–fMRI set-up with the coil positioning. [A(ii)] Results of the covariate analysis showing the regions in the ipsilesional V1 and 
contralesional FEF that increased significantly with improved motion discrimination. (B) Regression plots between the normalized detection range 
(NDR) changes and functional/structural predictors, illustrating the multiple regression analysis. P < 0.001 uncorrected, at the voxel level and to 
that of P < 0.05 at the cluster level after false-discovery rate correction. FEF = frontal eye field; MT = medio-temporal area; TMS = transcranial magnetic 
stimulation; V1 = primary visual cortex.
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investigate a potential link between TMS-induced BOLD activity 
and the individual changes in motion discrimination in the blind 
field, a covariate analysis was run. It showed a significant activation 
cluster in the ipsilesional V1 [Fig. 5A(ii)].

Finally, a multiple regression model was built using functional and 
structural predictors measured prior to the start of the intervention to 
explain the changes in motion perception: the lesion volume (in milli
metres cubed), the beta weights in V1 induced by TMS over the perile
sional V1 area and the sum of the weighted ipsilesional V1–MT tracts. 
The backward regression model was significant [F(2,9) = 8.7, P = 0.013] 
and explained a relevant amount of the variance (R2 = 0.72). The beta 
weights in V1 and the summed weights of the V1–MT tracts were re
tained as significant predictors [V1 beta weight: t(9) = −3.1, P = 0.02; 
sum: t(9) = −3.3, P = 0.02]. Importantly, the two predictors were not 
correlated with each other (r = 0.29, P = 0.41). The lesion size did not 
contribute to behavioural changes. Figure 5B illustrates the relation
ship between the change in NDR thresholds and V1 beta weights 
(left) or the summed weights of the tracts (right). Note that none of 
the demographical data (age and time since stroke) were correlated 
with visual improvements (all P > 0.05).

Discussion
Although non-invasive brain stimulation has been investigated 
widely in stroke patients for the recovery of motor functions, only a 
few clinical studies have applied brain stimulation to patients in con
junction with visual training.62,63 Using conventional transcranial 
direct current stimulation (tDCS),64-71 transcranial alternating cur
rent stimulation (tACS),72 high frequency transcranial random noise 
stimulation62 or repetitive transcranial magnetic stimulation73 of the 
visual cortex, most of these studies showed promising results (but 
see Räty et al.74). Here, we developed a new interventional strategy 
based on co-entrainment of inter-regional oscillatory activity to syn
chronize feedforward oscillatory interactions using multifocal, 
pathway-specific, physiology-inspired cf-tACS to reduce visual im
pairment after an occipital stroke. The improvements in motion de
tection thresholds and in kinetic perimetry were observed in a 
relevant part of our cohort, which transferred to everyday life experi
ences. For instance, Patient P206 reported being ‘able to see the right 
arm of his wife when seated on the passenger seat, when she is driv
ing. This was impossible before the protocol’. This novel, 
physiology-inspired approach pairs brain stimulation with a motion 
training programme recognized as promising in patients with chron
ic cortically induced blindness, but which is intense to administer 
and requires lengthy treatment (several months) in order to elicit 
substantial benefits.15,16,20 It builds on the recent evidence suggesting 
that deficits of vision secondary to a stroke might be caused by not 
only the primary focal tissue damage, but also by a change in inter- 
regional communication or functional synchronization in under
lying brain networks.75,76 Based on this pathophysiological concept, 
we investigated the effect of promoting forward (using forward 
cf-tACS: α-tACS over V1 and γ-tACS over MT) versus backward infor
mation flow (using backward cf-tACS as the control condition: γ-tACS 
over V1 and α-tACS over MT) on motion discrimination learning and 
visual field recovery.

Pathway and directed effects of cross-frequency tACS

The proposed physiology-inspired cf-tACS protocol is based on the 
extensive literature of animal model, human and computational 
modelling studies demonstrating that alpha-modulated gamma 
oscillations affect the probability of neurons in the visual system 

to respond to an incoming stimulus.31,32,77,78 In an interareal re
gional framework, the neuronal population that mediates alpha os
cillations projects onto the population oscillating at a gamma 
frequency, producing an efficient interareal communication chan
nel in the visual system.78-80 In the present study, forward cf-tACS, 
which we postulated to enhance feedforward information flow, re
sulted in enhanced motion discrimination and integration learning 
in comparison to backward cf-tACS in stroke patients with occipital 
cortex damage (for a schematic summary of results, see Fig. 6).

In line with the idea that forward cf-tACS could act by restoring 
optimal interareal oscillatory interactions, the EEG-based PAC be
tween V1 and MT showed phasic modulations during motion pro
cessing in both directions. More precisely, the bottom-up V1 αphase– 
MT γamp coupling significantly increased after forward cf-tACS during 
the first 100 ms of motion processing, suggesting enhanced early 
feedforward inputs to MT, followed by a significant decrease, prob
ably preventing the system from saturating.81 PAC has been proposed 
to coordinate neural processing by gating local neural activity, re
flected in high-frequency oscillations, through a temporal window 
of a low-frequency oscillation.80 A previous local field potential study 
investigating interareal PAC mechanisms suggested that high- 
gamma oscillations reflect population spiking, i.e. the output activity 
of a neuronal ensemble, whereas low-frequency oscillations (in our 
case, in alpha) reflect somatic/dendritic processing, hence the input 
activity of a neuronal ensemble.36 By connecting the output of a dri
ver with the input of a receiver network, this mechanism ensures 
pathway and direction-dependent communication, which is opti
mized in the present study for motion-related signal processing, in
creasing motion decoding. A possible scenario involves coordinated 
activity of excitatory and inhibitory neuronal populations in perile
sional V1 influencing postsynaptic potentials at gamma frequencies 
in neurons projecting to MT36 either directly or indirectly via V2 or 
V3.82,83 This scenario is supported further by our fMRI results show
ing increased activity in perilesional V1 and in MT after forward 
cf-tACS, potentially capturing enhanced low-frequency coupling be
tween MT and V1 44, which would match with the expected en
hanced feedforward inputs induced by forward cf-tACS. The EEG 
data also showed an increase in the opposite MT αphase–V1 γamp 

PAC during the late time window of motion processing (>300 ms after 
stimulus onset), as additional top-down modulations after forward 
cf-tACS. Overall, our results suggest that forward cf-tACS is likely to 
reactivate dynamical patterns of bi-directional V1–MT coupling, act
ing on the full feedforward–feedback motion processing loop.

Interestingly, our results showed that training on a motion dir
ection discrimination task (irrespective of the cf-tACS condition) 
was associated with increased BOLD activity in the ipsilesional 
V1. This is in line with past studies showing that visual training 
in cortically blind patients results in an enlargement of population 
receptive fields in the perilesional V1, and increases blind-field 
coverage in these patients.84 Previous visual relearning studies sug
gest that patients might require several dozen practice sessions 
over weeks and months before showing meaningful improvements 
in visual field recovery.16,19,60 In the present study, 11 of the 15 pa
tients in the forward cf-tACS condition showed meaningful im
provements of direction range thresholds after only six sessions. 
This suggests that the rate of improvement in NDR thresholds in 
our study might be several times faster than the ones reported in 
previous studies using comparable tasks. Future studies should in
vestigate whether increasing the training regimen and tACS dose 
would lead to better results, especially given that visual relearning 
might have a protective effect against trans-synaptic retrograde de
generation occurring after a stroke.85 In a similar attempt to speed up 
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relearning of visual motion discrimination learning in blind fields of 
homonymous hemianopia patients, Herpich et al.62 administered vis
ual training coupled with transcranial random noise stimulation. The 
results showed comparable extra-learning than with forward 
cf-tACS, but in the present study, we provide, for the first time, en
couraging evidence that the extra-learning is coupled with enhanced 
visual field recovery in comparison to training alone or to backward 
cf-tACS, and we provide a unique set of multimodal neurophysio
logical markers of the intervention. Forward cf-tACS might also allow 
patients to regain a similar amount of visual field as reported by these 
past studies after months of training, in a much shorter period of 
time. Another important aspect to consider when referring to these 
earlier studies is the different study designs. Previous studies were 
home based, enhancing patient compliance but with limited control 
on the exact set-up (eye movements, level of attention etc.). In our 
proof-of-concept study, patients were training every day in the la
boratory, with continuous eye tracking monitoring and feedback 
from a researcher.

Static perimetry is currently the most commonly used type of 
perimetry to assess visual field maps. Our results revealed a mean 
increase of 62.9°2 (for forward cf-tACS) and 65.5°2 (for backward 
cf-tACS). These values are within the range of results obtained after 
months of training sessions reported in home-based studies (from 
+∼45°219 to +∼100°215,16,64,75,76,86) after ≥4 months of training. 
Improved motion direction discrimination and V1–MT oscillatory 
interactions when training was combined with forward cf-tACS 
also translated into an enlargement of visual field borders assessed 
with kinetic perimetry, in comparison to backward cf-tACS. 
Interestingly, in most of the patients (see Supplementary Fig. 1), 
the improvements were localized in the area that had been stimu
lated visually during the training protocol, confirming the retinotop
ic specificity of the training-induced improvements.16,60 Hence, 

future studies should incorporate complementary ways of assessing 
visual field recovery, such as kinetic perimetry, potentially more sen
sitive to subtle changes.

Extending the capacity to detect motion in the blind field defini
tively has a positive and practical impact in patients’ lives, as acknowl
edged by the positive comments from our patients. However, the 
limitations associated with this study should be considered. First, al
though similar to the sample sizes found in comparable studies,14,62,84

the small number of patients in this study prevents the results from 
being generalized broadly. Second, we did not measure long-term ef
fects of the protocol. Therefore, it is unknown whether patients retain 
their visual improvements months after the end of the intervention. 
Third, although we controlled for the directionality of the oscillatory 
interactions, we did not include a direct comparison to conventional 
transcranial direct current stimulation or tACS nor a sham tACS con
dition. Future studies with a pure sham intervention would help to 
disentangle the improvements explained by the visual training alone, 
by the tACS intervention alone or by the interaction between the two. 
Finally, future studies should also include objective measurements of 
the clinically meaningful effects of the intervention.

Predictive values of residual V1 reactivity and V1–MT 
structural integrity

The multimodal evaluation battery performed before and after the 
intervention aimed to evaluate predictors of forward cf-tACS ef
fects. Based on prior literature,84 our initial hypothesis was that 
the residual V1 neurons spared by the lesion are crucial for visual 
recovery. To probe causally the level of residual functions of perile
sional V1 neurons in the present study, we used the unique oppor
tunity of TMS–fMRI to measure the local response to TMS in the 
perilesional area before the intervention. We found that 

Figure 6 Graphical summary of the results. The clinical, behavioural and neuronal changes induced by the forward cf-tACS intervention (left panel) and 
the structural and functional variables that were associated with visual improvements (right). cf-tACS = cross-frequency transcranial alternating cur
rent stimulation.
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TMS-evoked activity was predictive of the changes induced by 
training + forward cf-tACS in direction range thresholds in the blind 
field (there was no such association with training + backward 
cf-tACS), suggesting that the more functional surviving cortical tis
sue, the more likely it is that a patient will benefit from forward 
cf-tACS. Conversely to tACS, TMS depolarizes neurons in the stimu
lated region and results in localized neural activity that drives 
metabolic demand, indirectly measured with BOLD signal change. 
Although it is impossible to disentangle the type of neuronal activ
ity underlying BOLD signal change, it offers insights into the func
tion of the targeted brain area and its interactions with other 
regions. Our group results showed BOLD activity in the stimulated 
ipsilesional V1 cortex, near to the lesion. This could indicate that re
sidual pathways or spared neurons in the perilesional area might 
still be functional and connected with anatomically but also func
tionally relevant areas. Another strong predictor of forward 
cf-tACS effects was the number of structural fibres connecting V1 
to MT. The relationship between structural markers and brain 
stimulation effects has been shown repeatedly in various contexts 
and networks.86-89 Again, this finding provides another piece of evi
dence for target engagement, with both training and forward 
cf-tACS relying strongly on the cortical motion pathway for their ef
fects. Notably, those two independent variables need to be consid
ered together to explain a sufficient amount of variance in the 
response to forward cf-tACS.

Conclusion
The results provide first proof-of-concept evidence that pathway- 
specific, physiology-inspired tACS might be a novel treatment op
portunity to boost post-stroke visual field recovery. The interven
tion relies on the hierarchical oscillatory interactions between 
visual cortical areas, which can be supported or restored with this 
physiologically inspired protocol. The unique set of multimodal 
measurements confirmed the relevance of these oscillatory chan
nels for visual learning in patients and showed reactivation of the 
ipsilesional V1–MT pathway.
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Supplementary materials 

 

Transcranial Magnetic Stimulation combined with functional Magnetic Resonance Imaging 

To probe the functional state of the perilesional area and investigate how stimulation of the 

perilesional area propagates to the rest of the brain, we used online TMS-fMRI coupling 1. For 

this purpose, two dedicated coil arrays were used 2. This setup consisted of an ultra-slim 7‐

channel receive‐only coil array, which was placed between the subject's head and the TMS 

coil (MRi-B91, MagVenture, Farum, Denmark) and connected to a MagPro XP stimulator 

(MagVenture, Farum, Denmark). A second, receive-only MR coil was positioned over Cz in the 

EEG 10-20 system to allow a full coverage of the participant’s brain.  

An event-related design was used to map the effect of TMS bursts composed of three 

pulses at alpha (10Hz) frequency. Three conditions were pseudorandomized and 

counterbalanced across the run: high-intensity TMS (HighTMS), low-intensity TMS (LowTMS) 

and no TMS (noTMS). There were 25 repetitions of each condition, with an inter-trial interval 

(ITI) of 6 seconds (covering 3 repetition times). The TMS intensity was set to ≈ 80% [range: 75 

to 90%] maximal stimulator output (MSO) for the HighTMS condition, and ≈38 % [35 to 43%] 

MSO for the LowTMS condition. Intensity was individually adjusted prior to the measurement 

to ensure phosphene sub-threshold stimulation and progressively increased until patients 

reported discomfort. The intensity was then chosen to achieve a reliable BOLD signal while 

preserving participant comfort. Participants were asked to look at a fixation cross throughout 

the acquisition, displayed in the middle of a 44cm x 27cm LCD monitor at a 2.5m distance, via 

a mirror mounted on the head coil or on a frame on top of the TMS-fMRI setup. The duration 



of the Rest TMS sequence was 9 minutes. The TMS coil was individually placed to target 

perilesional cortex using oil capsules placed on the TMS-MRI coil casing to monitor the coil 

position visible on a T2 image (see Supplementary Figure S4B for the TMS targeting of all 

patients). 

The TMS-fMRI sequences were acquired with a GE-EPI sequence using the same 

parameters: 40 axial slices, slice thickness = 2.2 mm, in-plane resolution = 2.2 mm, TR = 2000 

ms, TE = 30 ms, FOV = 242 mm, flip angle = 67°, GRAPPA = 2, Multiband Factor (MB) = 2. A gap 

was introduced between consecutive EPI volumes in order to guarantee artefact free MR 

images after TMS stimulation 3. A single repetition time (TR=2000 ms) was therefore 

composed of 40 slices acquired during 1430 ms followed by a gap of 570 ms before the next 

volume acquisition. The synchronization of the TMS pulse was carried out with an in-house 

script using Matlab (R2019). 

Static field mapping was also performed with the TMS-MRI coils using the same 

double-echo spoiled gradient echo sequence (TR = 652 ms, TE = 4.92 and 7.38 ms, slice 

thickness: 2.2 mm, in-plane resolution = 2.2 mm, flip angle = 60°) that generates two 

magnitude images and one image representing the phase difference between the two echoes. 

The same pre-processing steps than the ones described above were applied to the 

fMRI data except for two additional co-registration steps. A first co-registration was 

performed between the mean realigned and slice-timing-corrected image and the SSFP 

sequence acquired with the same MR coil (and thus the same spatial coverage). The resulting, 

co-registered image was once more co-registered to the SSFP sequence acquired with the MR 

coil integrated into the scanner (i.e., the body coil, thus preserving the contrast). The latter 

could then be easily co-registered to the high resolution T1-weighted image acquired with the 



64-channel head coil that covered the whole brain, and later transformed into standard MNI 

space using a segmentation-based normalization approach 4. 

Univariate analyses were performed on the fMRI data. We defined a design matrix 

comprising the three conditions (HighTMS, LowTMS and noTMS). T-contrasts for each TMS 

condition were established for all participants. In this study, we focused on the contrast 

HighTMS versus LowTMS using a paired-t-test at the group level. The statistical significance 

threshold was set to p < 0.001 uncorrected at the voxel level and to p < 0.05 at the cluster 

level after false-discovery rate (FDR) correction. To explore inter-individual variability, mean 

beta values were extracted from individual ipsilesional V1 clusters. 

  



 

Table S1: Cluster information and MNI coordinates of the fMRI full factorial design analysis during 

motion discrimination. 

     
Regions F values Z max Cluster extent MNI coordinates 

(x;y;z) 

Time effect (F test)     

R Primary Visual Cortex 13.4 3.35 31 4;-76;-3 

R Med. Pre-Frontal Ctx. 12.7 3.26 19 3;46;3 

L IFG 11.7 3.39 17 -29;46;28 

Interaction Time X tACS cond. 
 

 
  

R MT 21.4 4.24 309 52;-56;-14 

L Frontal Eye Field 17.56 3.85 44 46;22;34 

R Frontal Eye Field 12.68 3.26 12 -38 ;12 ;46 

R Prefrontal Ctx. 14.3 3.47 12 42 ;48 ;-8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1 



 

Individual composite kinetic visual field maps before and after the interventions. Kinetic visual 

field maps before (blue contours) and after (red contours) Forward cf-tACS (left panels) and 

backward cf-tACS (right panels) for all individual patients, with the individual location of the visual 

stimulus used during the visual training denoted by a red circle on each map. 

 

 

  



Figure S2 

 

Individual composite static visual field maps before and after the interventions. Baseline visual 

fields (left panels) and Post>Pre differences associated with Forward-tACS (Middle panels) and 

Backward-tACS (right panels). Changes were considered when visual sensitivity improved more 

than 6 dB. The red circle on each map symbolizes the location of the visual stimulus used for the 

CDDI training. 

 

 

  



 

Figure S3 

 

 

 

Motion awareness and response times. Changes in motion awareness and response times after 

Forward-tACs (blue) and Backward-tACS (red). We also explored potential differences in motion 

awareness after the intervention, measured with a three items scale rating self-confidence on a 

trial-by-trial basis. eFigure 4A shows the difference in motion awareness between Training 1 and 

Training 10, on correct trials for the two tACS conditions. Subjective awareness of the stimulus did 

not significantly change between the first and the last sessions for both groups (Time effect: F(1,11) 

= 0.7, p = 0.43). Note that some patients reported a clear sensation of motion (the left-or rightward 

for the CDDI task) while some appeared to predominantly rely on non-conscious motion processing. 

Additionally, reaction times of correct trials showed a common decrease after training (significant 

Time effect: F(1,20) = 13.1, p = 0.002) but no Time by tACS condition interaction (F(1,18) = 1.3, p = 

0.27). 

 

  



Figure S4 

 

 

 

TMS-fMRI targeting in all patients. Structural images based on t2 haste sequence displaying for 

all patients the TMS coil position targeting the perilesional area. Note that P105 was excluded from 

the analysis due to wrong targeting. 
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