
 

Research Articles | Behavioral/Cognitive   
Similar computational hierarchies for reading and
speech in the occipital cortex of sighed and blind:
converging evidence from fMRI and chronometric TMS 
 

https://doi.org/10.1523/JNEUROSCI.1153-24.2024
 
Received: 18 June 2024
Revised: 17 December 2024
Accepted: 23 December 2024
 

Copyright © 2025 the authors

This Early Release article has been peer reviewed and accepted, but has not been through
the composition and copyediting processes.The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
             formatted version of this article is published.

https://www.jneurosci.org/alerts
https://doi.org/10.1523/JNEUROSCI.1153-24.2024
https://doi.org/10.1523/JNEUROSCI.1153-24.2024


TITLE PAGE 

Running title: Computational Hierarchy in The Blind Visual Cortex 

 

Similar computational hierarchies for reading and speech in the 

occipital cortex of sighed and blind: converging evidence from 

fMRI and chronometric TMS 

 

Jacek Matuszewski1,2,*, Łukasz Bola3, Olivier Collignon1,4,*,+, Artur Marchewka2,+  

 

  

1Crossmodal Perception and Plasticity Lab, Institute of Research in Psychology (IPSY) and Institute of 
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ABSTRACT 1 

 2 

High-level perception results from interactions between hierarchical brain systems responsive 3 

to gradually increasing feature complexities. During reading, the initial evaluation of simple 4 

visual features in the early visual cortex (EVC) is followed by orthographic and lexical 5 

computations in the ventral occipitotemporal cortex (vOTC). While similar visual regions are 6 

engaged in tactile Braille reading in congenitally blind people, it is unclear whether the visual 7 

network maintains or reorganises its hierarchy for reading in this population. Combining fMRI 8 

and chronometric transcranial magnetic stimulation (TMS), our study revealed a clear 9 

correspondence between sighted and blind individuals (both male and female) on how their 10 

occipital cortices functionally supports reading and speech processing. Using fMRI, we first 11 

observed that vOTC, but not EVC, showed an enhanced response to lexical vs. non-lexical 12 

information in both groups and sensory modalities. Using TMS, we further found that, in both 13 

groups, the processing of written words and pseudowords was disrupted by the EVC 14 

stimulation at both early and late time windows. In contrast, the vOTC stimulation disrupted 15 

the processing of these written stimuli only when applied at late time windows, again in both 16 

groups. In the speech domain, we observed TMS effects only for meaningful words and only 17 

in the blind participants. Overall, our results suggest that, while the responses in the deprived 18 

visual areas might extend their functional response to other sensory modalities, the 19 
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computational gradients between early and higher-order occipital regions are retained, at least 20 

for reading. 21 

 22 

 23 

  24 
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SIGNIFICANCE STATEMENT 25 

The sighted visual cortex hierarchically interprets visual signals, from simple visual features in 26 

the early visual cortex to complex features in higher-order visual areas. The blind visual cortex 27 

is known to respond to tactile and auditory information, but is a similar computational hierarchy 28 

used to process these signals? Here we showed that the blind visual cortex processes tactile 29 

reading in a spatiotemporal hierarchy strikingly similar to the hierarchy used by the sighted 30 

visual cortex to process visual reading. Intriguingly, the blind visual cortex seems additionally 31 

involved in the processing of spoken words. Our results suggest that the computational 32 

gradients between sensory-deprived early and higher-order areas are largely independent of 33 

visual experiences, despite their enhanced responses to crossmodal input.  34 
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INTRODUCTION 35 

Congenital blindness enhances responses to other sensory modalities (tactile, 36 

auditory) in occipital regions mainly processing vision in sighted people (Bavelier & Neville, 37 

2002; Frasnelli et al., 2011). However, the principles governing this neuroplasticity, and the 38 

role of sensory experience in shaping functional organization of the cortex, are still debated.  39 

On one hand, researchers suggest that the functional organization of the blind visual 40 

cortex is largely retained (Cecchetti et al., 2016; Ricciardi et al., 2020, 2023) as tactile and 41 

auditory processing from many domains activates the visual cortex similarly to visual 42 

processing. This includes simple tactile texture processing in V1 (Stilla et al., 2008), motion-43 

selective responses in hMT+/V5 (Battal et al., 2022; Dormal et al., 2016) and similarly 44 

distributed category-selective responses in the higher-order associative ventral 45 

occipitotemporal cortex (vOTC) of sighted and blind (Mattioni et al., 2020). These results 46 

suggest the visual cortex can be organised independently of visual inputs. Alternatively, some 47 

studies suggest that in the absence of typical inputs, the visual cortex of the blind reverses its 48 

hierarchy (Amedi et al., 2003), with the early visual cortex (EVC), defined predominantly as 49 

V1 and possibly its close neighbours, becoming a higher-order computational unit engaged in 50 

complex processing, such as mathematical reasoning (Kanjlia et al., 2016) or spoken 51 

sentence processing (Burton et al., 2003; Van Ackeren et al., 2018).  52 

Visual perception is typically conceived as a hierarchical system where “low-level” 53 

information is extracted from the primary visual cortex and cascaded down the ventral and 54 

dorsal streams for more complex analyses (Heeger, 2017). In addition to such feed-forward 55 

processing scheme, recurrent processing includes feedback loops from downstream regions 56 

into V1 (Lange et al., 2018). Thus, after initial evaluation and transfer to associative cortices, 57 

feedback signals are sent back to EVC, highlighting its engagement in multiple parallel 58 

processes (de Graaf et al., 2014). Here we ask whether these computational gradients depend 59 

on visual experience. 60 
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One prototypical model of hierarchical processing between low-level and higher-order 61 

cortical regions is reading. It requires parallel operations ranging from symbol recognition 62 

followed by the connection of the letter strings to the corresponding units of speech and 63 

meaning (Dehaene, 2009; Pegado et al., 2014). These processes typically follow a 64 

spatiotemporal division of labour where simple features (lines and line junctions of letters) are 65 

processed in the EVC, whereas the orthographical and lexical statuses are determined in the 66 

vOTC (Nobre et al., 1994), later named the “visual word form area” (VWFA, Dehaene & Cohen, 67 

2011).  68 

While EVC and vOTC support Braille reading in congenitally blind people (Büchel et 69 

al., 1998; Cohen et al., 1997; Sadato et al., 1996), we don’t know how non-visual information 70 

flows between these regions. Transcranial magnetic stimulation (TMS) with multiple time 71 

windows (chronometric design) established that sighted EVC is causally involved in 72 

recognizing tactile Braille letters before vOTC (Bola et al., 2019). In congenitally blind, the 73 

computational hierarchy between low-level and higher-order occipital areas remains 74 

unexplored.  75 

Additionally, previous studies showed that the blind visual cortex may extend its roles 76 

beyond reading, to speech processing (Dzięgiel-Fivet et al., 2021; Kim et al., 2017). However, 77 

speech also activates sighted EVC (Seydell-Greenwald et al., 2023) and VWFA (Planton et 78 

al., 2019). This questions the nature of blind visual cortex reorganisation to perform new 79 

functions, as its observed activity might result from unmasking or upscaling of functional 80 

architecture present also in sighted (Makin & Krakauer, 2023). In this view, the visual cortex’s 81 

responses to speech in sighted might be similar, but weaker than in blind (Dormal & Collignon, 82 

2011). 83 

  Here we address these issues by investigating neuronal responses to reading and 84 

speech in the occipital cortex of congenitally blind and sighted subjects. We first used fMRI to 85 

characterize the EVC and the VWFA responses to lexical (words, non-words) and non-lexical 86 

information, presented in the written and the spoken modality. Then, we used chronometric 87 
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TMS to investigate whether, when and how those regions causally support reading and 88 

speech.  89 

    90 

MATERIALS AND METHODS 91 

fMRI Experiment 92 

Subjects 93 

Twenty right-handed congenitally blind adults (14 females, age mean, M = 36.6; 94 

standard deviation, SD = 7.6; level of education = M = 15.7 years; SD = 1.9 years) participated 95 

in the MRI study. Additionally, 20 demographically matched sighted adults served as a control 96 

group (14 females, age M = 36.5; SD = 7.7; level of education = M = 16.2 years; SD = 1.3 97 

years). Subsequently, 13 blind (11 females, age M = 37.7; SD = 8.6; level of education M = 98 

15.8 years; SD = 1.9 years) and 13 sighted (8 females, age M = 34.6, SD = 8.7; level of 99 

education M = 16.1 years; SD = 1.4 years) participants from the MRI sample also participated 100 

in the TMS experiment.  101 

In both experiments, the groups did not statistically differ in age (two-sample t-tests, 102 

both p values > 0.358), gender (Chi-square tests, both p values > 0.377), or level of education 103 

(two-sample t-tests, both p values > 0.305). Detailed subjects’ characteristics are presented 104 

in Table 1. None of the participants had any history of neurological illness or brain damage 105 

and all participants declared to have normal hearing. All sighted subjects had normal or 106 

corrected-to-normal vision. In all blind subjects, blindness was a result of peripheral damage. 107 

Informed consent as well as MRI and TMS safety screenings were collected before the study. 108 

Forms were sent to the blind subjects before the experiment in a format readable by the screen 109 

reading software and were available in Braille on-site. All subjects received monetary 110 
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compensation for their participation in the study. The study was approved by the local ethics 111 

committee.  112 

Behavioural tests 113 

Before the fMRI experiment, individual reading speed was examined by timing the 114 

participants’ reading of words and pseudowords from a standardized dyslexia diagnosis test 115 

(The Decoding Test, Szczerbiński & Pelc-Pękała, 2013). Original procedures and materials 116 

were used for sighted subjects (for whom the test was designed). Each test comprised two 117 

sets of 75 words gradually increasing in length, from 2 to 13 letters or 69 pseudowords (2 - 10 118 

letters). In each set subjects had 30 seconds to read the stimuli aloud as fast as possible. For 119 

blind subjects, procedures were adapted to a slower pace of tactile Braille reading. Following 120 

consultation with the test’s author, all stimuli were additionally split into equal halves containing 121 

either 38/37 words or 34/35 pseudowords per set (counterbalanced). This decision was made 122 

to avoid bias towards shorter words at the beginning of the lists, i.e. all lists were shortened 123 

with retained proportions in stimuli length. Correctly read stimuli from both sets were summed 124 

and analysed in a 2 (Group: blind, sighted) by 2 (Lexicality: words, pseudowords) mixed 125 

ANOVA with Bonferroni-corrected posthoc tests.  Welch correction to degrees of freedom was 126 

applied whenever variances were not equal. All subjects were familiarized with the procedure 127 

with a different set of exemplary stimuli.   128 

MRI data acquisition 129 

MRI data were acquired with a Siemens Trio 3T scanner (Siemens, Erlangen, 130 

Germany) with a 12-channel head coil. A structural T1-weighted image was acquired with 176 131 

slices, echo time: 3.32 ms, repetition time: 2530 ms, voxel size: 1x1x1 mm, flip angle: 7°, and 132 

field of view: 256 x 256 mm. Functional data were acquired with echo-planar imaging (EPI) 133 

pulse sequence with 35 slices, echo time: 3 ms, repetition time: 2000 ms, voxel size: 3 x 3 x 134 

3.85 mm, flip angle: 80°, and field of view: 64 x 64 mm. Functional data were corrected for B0 135 

field inhomogeneities with a double-echo gradient echo sequence (field map) with 186 slices, 136 
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echo time1: 4.5 ms, echo time2: 6.96 ms, repetition time: 800 ms, flip angle: 60°, and field of 137 

view: 72 x 72 mm. The field map sequence was collected in the middle of the experiment (after 138 

the 3rd functional run out of 6).  139 

fMRI: task and stimuli 140 

 During the scanning, subjects were asked to carefully process words, pseudowords 141 

and control stimuli. All stimuli were presented in blocks of 4 in one of the two modalities: 142 

reading (tactile Braille for blind/visual alphabet for sighted subjects) or speech (Figure 1A). 143 

Tactile Braille stimuli were presented via NeuroDevice tactile Braille display (Debowska et al., 144 

2013), visual stimuli were presented on an LCD monitor, and auditory stimuli were presented 145 

via MRI-safe headphones.  146 

 All words and pseudowords were 3-4 letters (1-2 syllables) long and were balanced 147 

across conditions for frequency and the number of adjectives, verbs or nouns. Pseudowords 148 

were created by letter transposition or substitution, resulting in meaningless but 149 

pronounceable stimuli. Control stimuli represented chains of repeated non-linguistic 150 

characters. During reading, they consisted of 3, 4 or 5 hash (#) strings for sighted subjects or 151 

full six-dot Braille characters that carry no linguistic meaning for blind subjects. For auditory 152 

control stimuli, we used vocoded speech with varying numbers (2,3 or 4) of repeated noise 153 

bursts prepared with Praat software (www.praat.org). Vocoding divides the speech signal into 154 

3 frequency bands, applies the dynamic amplitude contour of the original to a noise source, 155 

and then recombines these into a unitary signal again (Dzięgiel-Fivet et al., 2021). Thus, 156 

vocoded stimulus retains its speech-related dynamic frequency and amplitude pattern, but 157 

lacks phonetic information. Here, the vocoded pattern obtained from a 1-syllable word was 158 

multiplied to obtain different numbers of repetitions matched to visual and tactile control 159 

conditions. Subjects were briefly trained before the experiment to familiarise themselves with 160 

all kinds of stimuli.  161 
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To ensure that subjects paid attention to all stimuli, we introduced a simple 1-back task 162 

throughout the experiment. Subjects reacted with a button press when two consecutive stimuli 163 

within blocks were identical, i.e. boy-boy for words or ### - ### for control (Figure 1A). There 164 

were 7 pseudorandomized targets in each condition (10% of trials). The targets and the order 165 

of trials within blocks were counterbalanced across subjects with 2 pseudorandomized sets: 166 

A and B, which had identical stimuli apart from different targets (repetitions).  167 

The experiment was divided into 6 runs. Each run was further divided into 3 second-168 

order blocks, containing a block of 4 stimuli from each condition (reading: words, 169 

pseudowords, control and speech: words, pseudowords, control). To avoid constant switching 170 

between sensory modalities, the order of conditions was randomized within each modality, but 171 

the modalities were always alternating (e.g. read: control-pseudowords-words → speech: 172 

pseudowords-control-words → read: words-control-pseudowords → speech…). Due to 173 

alternating sensory modalities within each run, we opted not to use a physical blindfold, as 174 

putting it on and off could result in increased motion in the scanner. Therefore, before each 175 

modality switch, subjects heard a distinct sound cue informing about the upcoming modality, 176 

which the sighted group associated with “eyes open” (reading) or “eyes closed” (speech). The 177 

starting modality was counterbalanced across subjects and stimuli sets and alternated 178 

between runs. In other words, in each group subjects were evenly divided into 4 scenarios: 179 

(1) set A starting with reading in odd and speech in even runs, (2) set A starting with speech 180 

in odd and reading in even runs, (3) set B starting with reading in odd and speech in even 181 

runs, and (4) set B starting with speech in odd and reading in even runs. Visual stimuli were 182 

presented for 1 second, tactile Braille stimuli were presented for 3 seconds and auditory stimuli 183 

were presented for roughly 1 second. All trials within blocks were divided by a 1-second inter-184 

stimuli interval, and blocks were divided by a randomized 3-5 seconds rest period. In the case 185 

of switching modality, there was an additional 2.5-second rest period between the cue and the 186 

start of the first condition (Figure 1A). In total, 18 blocks and 72 stimuli were presented in 187 

each condition (6 runs * 3 repetitions * 4 stimuli). 188 
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 Behavioural performance in the 1-back task was measured with d’ statistic (D. M. 189 

Green & Swets, 1966), which accounts for individual response style differences. First, 190 

responses from all subjects, conditions, and modalities were categorized into 4 categories: (1) 191 

hits - correct button presses for targets, (2) misses - lack of responses for targets, (3) false 192 

alarms - button presses for non-target stimuli, and (4) correct rejections - lack of responses 193 

for non-targets. Next, the hit rate was calculated as the number of hits/number of hits + misses 194 

and the false alarm rate as the number of false alarms/number of false alarms + correct 195 

rejections. Finally, d’ was calculated as Z(hit rate) - Z(false alarm rate), where Z(x) is the 196 

inverse of the cumulative Gaussian distribution. To ensure that the d’ values were finite, for 197 

the subject-condition combinations in which the hit rate or false alarm rate was equal to 0 or 198 

1, we used 0.01 or 0.99 instead (Finc et al., 2020). Calculated d’ statistics for all experimental 199 

conditions were analysed in a 2 (Group: blind, sighted)-by-2 (Modality: reading, speech)-by-3 200 

(Condition: words, pseudowords, control) mixed ANOVA. Greenhouse-Geiser correction p-201 

value correction for non-sphericity was applied where needed. Post-hoc tests were calculated 202 

as t-tests with Bonferroni-corrected p values for the number of planned comparisons (namely: 203 

comparisons between conditions/modalities within each group and comparisons between 204 

groups within each condition/modality). Welch correction to degrees of freedom was applied 205 

whenever variances were not equal. Comparisons within each group were Bonferroni-206 

corrected (12 comparisons). Comparisons between groups were not corrected to avoid type 207 

II errors.  208 

fMRI: data analyses 209 

The fMRI data from all runs were unwarped via voxel displacement maps calculated 210 

from field maps, realigned for motion correction using 4th-degree B-Spline, slice-time 211 

corrected, coregistered to the subject’s T1-weighted image, normalised to Montreal 212 

Neuroimaging Institute space with voxel size of 2 mm isotropic through estimated deformation 213 

field and smoothed with full width at half maximum Gaussian kernel of 5 mm. One blind subject 214 

requested a break between the 5th and 6th run, resulting in the acquisition of an additional 215 
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field map. For this subject, data from the 6th run were unwarped with a second voxel 216 

displacement map. All other preprocessing steps were identical.  217 

Next, preprocessed data from all runs were entered into subject-specific general linear 218 

models (GLMs). Timings of all experimental condition blocks across both sensory modalities 219 

were entered as regressors of interest. Additionally, auditory cues informing about the 220 

upcoming sensory modality, 1-back targets and 6 head movement parameters were included 221 

as regressors of no interest. Data were convolved with the specified timings through canonical 222 

hemodynamic response function and filtered with a 128Hz high-pass filter. Serial correlations 223 

in the data were accounted for using an autoregressive (AR1) model during classical restricted 224 

maximum likelihood parameter estimation.  225 

To characterize the profile of neuronal responses in the EVC and the VWFA, contrast 226 

estimates from all experimental conditions were extracted from two regions of interest (ROI). 227 

The EVC was defined as a combination of retinotopically mapped ventral and dorsal V1 maps 228 

from visfatlas (Rosenke et al., 2021). The visual word form area was defined as a 5 mm radius 229 

sphere in the canonical coordinates reported by Cohen et al. (2002), transformed from 230 

Talariach (X = -39; Y = -58; Z = -9) to MNI space (X = -41; Y = -57; Z = -16) via mni2tal web 231 

app.   232 

Extracted data were entered into ROI-specific 2 (Group: blind, sighted)-by-2 (Modality: 233 

reading, speech)-by-3 (Condition: words, pseudowords, control) mixed ANOVAs. 234 

Greenhouse-Geiser p-value correction for non-sphericity was applied where needed. The 235 

significance of neuronal response was tested with one sample T-tests against zero, 236 

comparisons between conditions were calculated with paired T-tests and comparisons 237 

between groups were calculated with two-sample T-tests. Welch correction to degrees of 238 

freedom was applied whenever variances were not equal. All p values were Bonferroni-239 

corrected for the number of performed comparisons (24 for one sample T-tests and 18 for 240 

comparison T-tests).  241 
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The fMRI data were analysed using SPM12 (Wellcome Trust Centre for Human 242 

Neuroimaging) software running on MATLAB 2016b (Mathworks, Massachusetts, USA). 243 

Behavioural data analyses, ROI analyses and plots were performed using R (4.1.3, R Core 244 

Team, 2022), with tidyverse (Wickham et al., 2019), rstatix (Kassambara, 2021), ez 245 

(Lawrence, 2016), cowplot (Wilke, 2019), patchwork (Pedersen, 2020), ggpubr (Kassambara, 246 

2020), and RColorBrewer (Neuwirth & Neuwirth, 2022), marginaleffect (Arel-Bundock, 2023) 247 

R packages.  248 

 249 

TMS Experiment 250 

TMS: task and stimuli 251 

 In the TMS experiment, subjects performed a lexical decision task in which they had 252 

to discriminate between words and pseudowords. This task was chosen as it is an established 253 

TMS protocol successfully used in previous TMS studies investigating the involvement of the 254 

VWFA in linguistic processing by evoking across visual (Duncan et al., 2010; Pattamadilok et 255 

al., 2015), auditory (Pattamadilok et al., 2019) and tactile (Siuda-Krzywicka et al., 2016) 256 

sensory modalities. Tasks were performed via reading (tactile Braille alphabet for the blind, 257 

visual alphabet for the sighted) or speech processing in separate runs for each TMS site. This 258 

resulted in 4 runs: EVC reading, EVC speech, VWFA reading, and VWFA speech. To avoid 259 

sensory stimulation fatigue (especially for tactile reading in the blind), runs were ordered by 260 

the TMS site with alternating sensory modalities. In other words, subjects never read or listen 261 

to stimuli in two consecutive runs. Sighted subjects were blindfolded during speech runs with 262 

a physical blindfold mask that was resting on the subject’s neck during reading runs and lifted 263 

to cover the eyes during speech runs. The quality of neuronavigation registration was checked 264 

before starting each run.      265 
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All stimuli came from a larger database of words and pseudowords that were used in 266 

our previous experiments (Banaszkiewicz et al., 2021; Kuper et al., 2021; Matuszewski et al., 267 

2021). Briefly, 4-to-6 letters long words were probed from the SUBTLEX-PL database 268 

(Mandera et al., 2014) with a restriction of occurrence frequency higher than 1 per million. 269 

Pseudowords were created by changing one letter within a word, resulting in orthographically 270 

and phonologically plausible strings with no meaning. Across all conditions, words were 271 

matched for frequency, length, number of syllables, and neighbourhood size. An identical 272 

procedure was employed for pseudowords, except for frequency. In total, 160 words and 160 273 

pseudowords were divided into 8 experimental conditions (4 TMS time windows x 2 TMS sites 274 

x 2 sensory modalities), resulting in 20 trials (10 words + 10 pseudowords) per condition. 275 

Visual stimuli were presented on the screen in front of sighted participants and tactile Braille 276 

was presented with an Active Star display (HelpTech, Germany). All auditory stimuli were 277 

recorded in a soundproof room, digitized with a 16-bit analogue-to-digital conversion at a 278 

sampling rate of 44 kHz and presented via pneumatic in-ear ER1 headphones (Etymotic 279 

Research, USA), which also served as hearing protection against the TMS coil noises.  280 

Each run started with a 10 s fixation, followed by a trial presentation. Each trial 281 

consisted of word or pseudoword presentation, TMS pulses were administered in one of the 282 

4 time windows (see TMS protocol for details). There was a 2 s period for lexical decision and 283 

a 2-to-3 s (randomized) rest period before the next trial (Figure 2a). Visual stimuli were 284 

presented for 560 ms to match the average duration of the auditory stimuli. Due to the complex 285 

nature of haptic processing tactile Braille was presented for 3000 ms (Dzięgiel-Fivet et al., 286 

2021; Kim et al., 2017; Veispak et al., 2013) and was read with the subjects’ reading hand of 287 

choice. The order of stimuli within conditions was randomized for each subject. Stimuli sets 288 

were counterbalanced across TMS sites.  289 

 Subjects were familiarized with the procedure before the experiment via training and 290 

instructed to respond as quickly as possible. Stimulus presentation and TMS pulse timings 291 

were controlled using a program written in the Presentation 21.0 environment 292 
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(Neurobehavioral Systems, USA). All responses were given via the CEDRUS RB-540 293 

response pad (Cedrus, USA).  294 

TMS: localization of sites 295 

 During the TMS experiment, the early visual cortex (EVC) and the Visual Word Form 296 

Area (VWFA) were targeted through a neuronavigation system. Before the experiment, all 297 

TMS target sites were marked on subjects’ anatomical scans in Brainsight software. The EVC 298 

site was marked at the posterior termination of the calcarine cortex (Bola et al., 2019; 299 

Chambers et al., 2013; Merabet et al., 2008). The coil position was perpendicular to the 300 

calcarine sulcus, which ensured pulse trajectory along the EVC. Note that in opposition to 301 

fMRI analyses which used an external anatomical mask of V1 from the visfatlas,  claiming that 302 

V1 was specifically targeted with TMS is not straightforward, as even with stimulation along 303 

the calcarine sulcus, neighbouring V2 area might also receive partial stimulation (Salminen-304 

Vaparanta et al., 2012). Therefore, we use the term “EVC” here. The VWFA site was localized 305 

as an intersection between canonical coordinates from the literature and individual brain 306 

activity patterns during the fMRI reading task. First, the reading (words + pseudowords) > 307 

control contrasts from the fMRI 1-back task in the tactile and visual modality were calculated 308 

for blind and sighted subjects respectively (see fMRI: task and stimuli for details). This 309 

procedure allowed us to map vOTC responses to orthographic processing. Next, a 10-mm 310 

sphere in canonical VWFA location (MNI X = -41, Y = -57, Z = -16, Cohen et al., 2002) was 311 

warped to each subject’s native space using inverse deformation fields generated from the 312 

SPM segmentation step. These spheres were then overlapped with the obtained patterns of 313 

brain activity, resulting in individually defined and theoretically constrained reading responses 314 

in the VWFA. Finally, peaks of those reading-specific activations within the individually 315 

adjusted VWFA sphere were chosen as TMS targets.  316 

 Furthermore, to ensure that the chosen sites were not systematically different across 317 

groups, single-subject data were normalized to MNI space and all coordinates were averaged 318 
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across participants. The mean (± standard error of the mean) MNI coordinates for the EVC 319 

(Blind X = 0.9 ± 1.3; Y = -87 ± 0.8; Z = 1.2 ± 2.3; Sighted X = 0.3 ± 1.3; Y = -88.7 ± 1; Z = 5.4 320 

± 3) were not different between groups, indicated by two-sample T-tests (T(24) = 0.31; p = 321 

0.757, T(23) = 1.41; p = 0.170; and T(22) = -1.10; p = 0.28; for X, Y and Z, respectively). 322 

Similarly, no group differences were found in the coordinates of the VWFA (Blind X = -39.9 ± 323 

1; Y = -56.3 ± 1.5; Z = -13.4 ± 1.7; Sighted X = -41 ± 0.7; Y = -56.6 ± 1; Z = -12.4 ± 1.8): T(22) 324 

= 0.93; p = 0.360, T(21) = 0.20; p = 0.846; and T(24) = -0.40; p = 0.691; for X, Y and Z, 325 

respectively). The quality of registration was checked before each run to rule out accidental 326 

movements of the headband containing neuronavigation sensors. To additionally verify the 327 

experimental target locations, we overlayed normalised group coordinates with the 328 

retinotopically mapped V1 location from the recent visual cortex atlas (Rosenke et al., 2021) 329 

and the sphere from reported VWFA coordinates to ensure that the targets are within the 330 

boundaries of the stimulated structures. Normalized target coordinates are presented for 331 

visualization purposes in Figure 2b. Additionally, group average and individual normalized 332 

coordinates are presented in the Figure 3.  333 

TMS was expected to affect the subjects’ performance across the two sites at different 334 

times. Therefore, the sites could serve one another as inherent control. With the inclusion of 335 

the control time window, a separate control site was not required in this design. 336 

TMS: protocol 337 

 Stimulation was performed using a MagPro X100 stimulator (MagVenture, 338 

Hückelhoven, Germany) with a 70-mm figure-of-eight coil. The stimulation was guided via the 339 

Brainsight 2 neuronavigation system (Rogue Research, Montreal, Canada) with a Polaris 340 

Vicra infrared camera (Northern Digital, Waterloo, Canada). During each trial, a paired-pulse 341 

TMS with an interpulse interval of 40 ms (25 Hz) was applied at one of 4 time windows relative 342 

to the trial onset: -40/0 ms, 60/100 ms, 160/200 ms, or 260/300 ms (Figure 2c). Summation 343 

of the TMS pulses in the paired-pulse stimulation results in larger effects than single-pulse 344 
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(Walsh & Pascual-Leone, 2003). In turn, it increases the possibility of an observable TMS 345 

effect at the behavioural level and was successfully used in language processing studies (see 346 

Turker & Hartwigsen, 2021 for review). This design was adopted from a cross-validated study 347 

using TMS in the early and higher-order visual cortices during scene perception (Wischnewski 348 

and Peelen, 2021a, 2021b) with a few notable differences: 1) with limited access to the 349 

congenitally blind subjects we opted to use a within-subject design that resulted in stimulation 350 

across all sites for each participant, instead experiments performed on independent samples 351 

for each site; 2) to control for potential TMS side effects we decided to use an additional control 352 

time window (namely: -40/0 ms) with biologically-improbable neuronal contributions to sensory 353 

processing. This allowed us to perform comparisons across experimental time windows within 354 

each site.   355 

TMS was performed with individually adjusted intensity based on the resting motor 356 

threshold. The motor threshold was measured as the lowest stimulator output required to 357 

observe a visible hand twitch in at least 5 out of 10 trials during stimulation of the contralateral 358 

hand area in the primary motor cortex. The right primary motor cortex (M1) was marked as a 359 

target for resting motor threshold measurements. M1 location was marked via anatomical 360 

landmarks as the “omega knob” in the right precentral gyrus - the location of the canonical 361 

hand area in M1 (Merabet et al., 2004; Vidoni et al., 2010). Stimulation intensity for the training 362 

and experimental procedures was set to 110% of the motor threshold measured by visible left-363 

hand twitches following around half of 10 pulses to right M1. This method of determining the 364 

stimulation intensity has been successfully applied in multiple previous TMS studies that used 365 

“virtual lesion” protocols to investigate the functional role of the left-vOTC in visual reading, 366 

tactile reading, and speech processing tasks (Bola et al., 2019; Duncan et al., 2010, 2010; 367 

Pattamadilok et al., 2015; Siuda-Krzywicka et al., 2016). The average individual motor 368 

threshold, measured by maximum stimulation output power, was 39.7% (SD = 8%, range 28-369 

54%) for the blind group and 36.7%(SD = 4.7%, range 28-46%) for the sighted group. There 370 

was no significant difference in intensity between groups (two-sample T-test t(19.4) = 1.16, p 371 
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= 0.261). Subjects did not report any side effects during the EVC stimulation. During the VWFA 372 

stimulation, minimal head twitches were observed due to the proximity of neck muscles. Most 373 

subjects noticed these effects but did not find them uncomfortable. One blind subject reported 374 

that the stimulation was unpleasant. In this case, the TMS intensity was reduced to 100% 375 

motor threshold. Since the side effects were independent of the TMS timings, these peripheral 376 

effects were accounted for by comparisons to the within-site control time window.  377 

The order of TMS sites and sensory modalities was counterbalanced across subjects. 378 

Additionally, within each sensory/TMS site condition, the order of the TMS time windows was 379 

randomized for each condition for each subject before the experiment. The randomization was 380 

performed with the rule that in adjacent experimental trials, TMS had to be applied at adjacent 381 

time windows (e.g. 60/100 ms → 160/200 ms → 60/100 ms → -40/0 ms, etc.). Such a staircase 382 

procedure is widely used in chronometric TMS studies (Bola et al., 2019; Pattamadilok et al., 383 

2015; Sliwinska et al., 2012) to reduce the probability of subjects differentiating the stimulation 384 

conditions between time windows - especially between the earliest and the latest TMS onsets.  385 

TMS: procedure 386 

First, we asked subjects to provide informed consent and complete a safety screening. 387 

Next, we familiarized them with the principles of TMS and the neuronavigation system. 388 

Subsequently, we registered subjects to their structural MRI scan containing marked TMS 389 

target sites (EVC, and VWFA). Afterwards, we measured the resting motor threshold by 390 

applying single TMS pulses to the hand area in the right M1. Then, we conducted two short 391 

training sessions with paired-pulse TMS for reading and speech processing to familiarize the 392 

subjects with the task and stimulation. Finally, we performed the actual TMS experiments, 393 

divided into 4 runs with short breaks between them. Additionally, before each run, we applied 394 

TMS to the target site to test for potential side effects of the stimulation and ensure the 395 

subjects’ comfort. The whole procedure lasted approximately 120 minutes for blind or 90 396 

minutes for sighted subjects.  397 
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TMS: data analyses 398 

Before data analyses, all trials were trimmed to exclude atypically accelerated or 399 

delayed responses. For each subject, these trials were defined as button presses faster or 400 

slower than 2.5 SD in each experimental condition (2.6% trials for the blind and 2.5% trials for 401 

the sighted). All data analyses were performed with R (4.1.3, R Core Team, 2022).  402 

Analyses were split into reaction times and accuracy. For each metric, linear mixed-403 

effect models were used to fit the data. Fixed factors predicting accuracy or reaction time were 404 

represented by an interaction between the TMS site, lexicality and TMS time window for each 405 

group separately. Random effects included subject and stimuli length (model equation: 406 

Accuracy / Reaction Time ~ Site * Time Window * Lexicality + (1|Subject) + (1|Length)). 407 

Additionally, to directly test TMS site x Time Window x Modality interactions we computed 408 

models including sensory modality as a fixed factor interacting with the rest. Finally, to test for 409 

interaction effects between blind and sighted groups we computed a linear model including 410 

the group factor with lme function from nlme R package (Pinheiro, 2009). To account for 411 

differences in reaction times between reading and speech and in reading between groups 412 

(tactile/visual) model weights were offset by constant variance function allowing the group x 413 

sensory modality variance inequalities. However, due to reaction time differences across 414 

reading and speech conditions, further post-hoc analyses were performed with estimated 415 

marginal means computed within group-and-modality-specific models to properly estimate 416 

standard errors for speech and reading with emmeans package. Post-hoc pairwise tests were 417 

Bonferroni-corrected for the number of all performed comparisons. Specifically, we were 418 

interested in two main types of comparisons computed within each group, stimulated site, and 419 

sensory modality: 1) TMS effects in relation to the control time window (3 comparisons); and 420 

2) TMS effects between all “experimental” time windows (3 comparisons, namely early vs 421 

middle, early vs late and middle vs late). Therefore, with 6 comparisons per site (2), group (2) 422 

and sensory modality (2), all p values were multiplied by 24. Such a strict procedure was 423 

chosen to partially offset the more robust approach of trial-based linear mixed-effects models 424 
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(see below), which results in more degrees of freedom in comparison to traditional group-level 425 

statistics.  We did not directly compare the TMS effects across stimulated sites and sensory 426 

modalities due to confounding factors, such as side effects of the TMS pulses or overall 427 

temporal characteristics of processing in each sensory modality.  428 

Reaction time data were fitted with lmer command, using a Gaussian link function and 429 

included trimmed correct responses (1854 and 1928 trials for blind reading and speech and 430 

1782 and 1774 for sighted reading and speech respectively). For accuracy analyses in the 431 

TMS experiment, we followed guidelines from Jaeger (2008), which were also implemented in 432 

previous TMS studies that served as an inspiration for this experiment (Pattamadilok et al., 433 

2019; Bola et al. 2019). Specifically, given the bimodal nature of responses, accuracy analyses 434 

were performed with a generalized linear mixed effect model binomial link function from the 435 

LME4 R package (Bates, 2016). The reaction time joint model included 7338 correct trials. 436 

The accuracy joint model included 7796 trials including correct (7338), incorrect (412) and 437 

missing (46) responses which were treated as incorrect. For all models, model-fitting was 438 

optimized with “nAGQ = 0” and “control = glmerControl (optimizer = “nloptwrap”)” functions to 439 

account for a large number of trials (Bates, 2016; Pattamadilok et al., 2019). All models were 440 

additionally compared to a null (random intercept-only) model with analyses of deviance 441 

performed by a likelihood ratio test to ensure the fit. The significance of fixed effects and their 442 

interactions was tested with Type III Analysis of Variance with Satterthwaite’s method for 443 

degrees of freedom estimation and Wald chi-square tests for reaction time and accuracy 444 

models respectively. All post hoc pairwise comparisons were computed using estimated 445 

marginal means in the emmeans R package.  446 

Finally, since estimated marginal means represent model-based values which can be 447 

difficult to interpret (especially for accuracy), we also include observed values for visual 448 

inspection and comparison. “Observed reaction time” data represent TMS effects computed 449 

for mean reaction times in each experimental condition (Figures 12 and 14). “Observed 450 

accuracy” figures represent TMS effects computed for accuracy rates, i.e. decrease in 451 
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correctness (%) in all TMS time windows in relation to the control time window and are included 452 

in the (Figures 13 and 15).  453 

 454 

Data availability 455 

The code and data used in this study are available as a GitHub repository: 456 

https://github.com/JacMatu/fMRI_chronoTMS_Blind_Sighted.  457 

 458 

RESULTS 459 

Behavioural results  460 

 First, we investigated the reading speed of words and pseudowords in both groups. A 461 

2 (Group: blind, sighted) - by - 2 (Lexicality: words, pseudowords) mixed ANOVA indicated a 462 

significant main effect of group (F(1,38) = 128.2, p < 0.001), main effect of lexicality (F(1,38) 463 

= 260.4, p < 0.001) and group x lexicality interaction (F(1,38) = 39, p < 0.001). Bonferroni-464 

corrected posthoc tests showed expectedly that within 1 minute both groups read more words 465 

than pseudowords (paired T-tests: Blind T(19) = 9.1; pcorr < 0.001; Sighted T(19) = 13.3; pcorr 466 

< 0.001) and that holistic visual reading in sighted was faster than sequential Braille reading 467 

in blind regardless of the lexicality (two-sample T-tests: Pseudowords T(28) = 7.9; pcorr < 0.001; 468 

Words T(37) = 13; pcorr < 0.001, Figure 4).    469 

Next, performance in the fMRI task showed that while the groups performed 470 

comparably in the linguistic conditions, blind subjects were better than sighted subjects in the 471 

degraded speech control condition processing and worse in the reading control condition 472 

processing. We analysed the behavioural performance across all conditions (words, 473 

pseudowords, control) in reading and speech processing. We calculated d’ statistics in each 474 

condition to account for subjects’ response strategies. A mixed ANOVA with condition and 475 
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modality as within-subject factors and the group as between-subject factor revealed a 476 

significant main effect of condition (F(2,76) = 15.7; p < 0.001), group x modality interaction 477 

(F(1,38) = 23.7; p < 0.001), modality x condition interaction (F(2,76) = 3.8; p = 0.041), and a 478 

group x modality x condition interaction (F(1,38) = 1.9; p < 0.001). Simple main effect analyses 479 

revealed no effect of group (F(1,38) = 1.1; p = 0.295) or modality (F(1,38) = 1.9; p = 0.171). 480 

Planned comparisons between conditions and groups in each modality revealed that sighted 481 

subjects performed worse in speech control conditions than in words and pseudowords (both 482 

T(19) = 4.3; pcorr = 0.005) and they were worse than blind subjects (T(24) = 3.3; pcorr = 0.019). 483 

There were no differences across conditions within each modality for the blind subjects (all 484 

pcorr > 0.444). Blind subjects performed worse than sighted in the reading control (T(22) = 3; p 485 

= 0.006) and pseudowords (T(29) = 2.6; p = 0.016) conditions and marginally worse in speech 486 

pseudowords condition (T(19) = 1.8; p = 0.083) (Figure 1B).  487 

fMRI results 488 

Sensory deprivation does not cause V1 to prefer linguistic stimuli 489 

 First, to characterize the profile of the EVC responses to all types of stimuli, we tested 490 

the differences of the BOLD (blood-oxygen-level-dependent) signal levels across groups and 491 

conditions against 0 with Bonferroni-corrected one sample T-tests (Figure 5, left). The EVC 492 

of the blind subjects responded significantly to all types of stimuli during reading (control T(20) 493 

= 3.9, pcorr = 0.032,  pseudowords T(20) = 5.3, pcorr = 0.001, words T(20) = 4.1, pcorr = 0.019) 494 

and speech processing (control T(20) = 9.7, pcorr < 0.001,  pseudowords T(20) = 5.7, pcorr < 495 

0.001, words T(20) = 6.5, pcorr < 0.001). On the other hand, the EVC of the sighted subjects 496 

significantly responded to reading sensory control stimuli (T(20) = 4.6, pcorr = 0.006), but not 497 

pseudowords (T(20) = 2.2, pcorr = 0.99) words (T(20) = 2.4, pcorr = 0.801). This difference could 498 

be perhaps driven by increased visual attention during detailed visual search in the control 499 

condition, in opposition to automatised reading in other conditions. Consistently with the 500 

results of studies that used sounds (e.g., Laurienti et al., 2002; Vetter et al., 2014), we found 501 

negative BOLD responses in the EVC of the blindfolded sighted participants during speech 502 

JN
eurosci

 Acce
pted M

an
uscr

ipt



processing in all conditions (control T(20) = -4.2, pcorr = 0.016,  pseudowords T(20) = -6.4, pcorr 503 

< 0.001, words T(20) = -6, pcorr < 0.001).  504 

 Next, to test the selectivity of responses we computed a mixed ANOVA, which showed 505 

significant main effects of group (F(1,38) = 63.4, p < 0.001), sensory modality (F(1,38) = 9.4, 506 

p = 0.004) and condition (F(2,76) = 18.6, p < 0.001). Crucially, there was a significant 3-way 507 

group-modality-condition interaction, highlighting distinct patterns of neuronal responses in the 508 

EVC across groups (F(2, 76) = 12.9, p < 0.001, see Table 2 for details of posthoc pairwise 509 

comparisons). While the abovementioned analyses showed that the blind EVC responded to 510 

all types of tactile stimuli during reading, these responses were non-selective, as indicated by 511 

insignificant differences between sensory control stimuli, words and pseudowords (Figure 5 512 

upper, Table 2). However, low-level control sounds during speech processing evoked 513 

stronger responses than words or pseudowords in the EVC, hinting at a possible preference 514 

for low-level stimuli in the auditory modality or a potential higher attentional demand in this 515 

condition (Figure 5 upper, Table 2). A similar pattern was observed in sighted subjects during 516 

visual reading, with stronger V1 responses to low-level reading control than to words or 517 

pseudowords and no differences between the latter. Additionally, no differences between 518 

conditions were found during speech processing in sighted (Figure 5 upper, Table 2). 519 

  Finally, while it goes beyond the scope of this manuscript, we also tested other sides 520 

of this 3-way interaction: comparisons between groups (blind, sighted) and sensory modalities 521 

(reading, speech) within each condition. Briefly, these results showed that differences in the 522 

level of V1 activity between blind and sighted were only significant during speech processing 523 

(words, pseudowords and control), and not during reading. Lastly, congenitally blind subjects 524 

activated V1 more for speech than tactile reading, but only in the control condition, with no 525 

differences during words and pseudowords processing. Expectedly, sighted subjects activated 526 

V1 more for (visual) reading than for speech processing in all conditions. Details of these tests 527 

are provided in Table 3.  528 

 529 
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 530 

VWFA prefers lexical material irrespective of sensory deprivation and 531 

processing modality 532 

 The VWFA of the congenitally blind subjects responded significantly to pseudowords 533 

and words both during reading and speech processing (read pseudowords T(19) = 5.2, pcorr = 534 

0.002, read words T(19) = 5.6,  pcorr < 0.001; spoken pseudowords T(19) = 7; pcorr  < 0.001; 535 

spoken words T(19) = 6.7; pcorr < 0.001; Figure 5, lower). Additionally, significant responses 536 

to the control condition were found in the blind, but only during speech processing (T(19) = 537 

4.3; pcorr = 0.022) and not reading (T(19) = 1.3; pcorr = 0.999). In sighted subjects, both 538 

pseudowords (T(19) = 6.1; pcorr < 0.001) and words (T(19) = 5.1; pcorr = 0.004) evoked 539 

significant activity, but only during visual reading. We did not observe significant activity to 540 

speech processing in sighted subjects in any condition (all ps > 0.517).  541 

 Next, we tested the selectivity of responses with a mixed ANOVA, which, similarly to 542 

the EVC, showed significant main effects of group (F(1,38) = 7.9, p < 0.001), sensory modality 543 

(F(1,38) = 5.9, p = 0.019) and condition (F(2,76) = 37.5, p < 0.001). However, due to higher 544 

responses to words and pseudowords than to sensory control conditions across all groups in 545 

both modalities, there was no significant 3-way group-modality-condition interaction, hinting at 546 

similar patterns of neuronal responses in the VWFA across groups (F(2, 76) = 0.7, p = 0.478, 547 

see Table 2 for detailed comparisons). Instead, we observed two 2-way interactions: group-548 

by-modality (F(1,38) = 38.9; p < 0.001 ) and group-by-condition (F(2,76) = 4.6; p = 0.013), 549 

which were driven by responses to speech being present in the blind group (Figure 5, lower). 550 

Contrary to results observed in V1, neuronal responses in the VWFA indicated the preference 551 

for lexical material, which was demonstrated by stronger activation for words and 552 

pseudowords in reading and speech in both congenitally blind and sighted subjects (Figure 553 

5, lower, Table 2). Even though it was weaker, this pattern was observed also in sighted 554 

subjects during speech processing. To directly test the hypotheses about differences in activity 555 

across ROIs, modalities and conditions both in blind and sighted, we performed additional 556 
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interaction analyses within each group. These results showed that, indeed, an ROI-by-557 

modality-by-condition interaction is present both in blind (F(2,38) = 10.6, p < 0.001) and 558 

sighted (F(2,38) = 5.2, p = 0.01).  559 

Additionally, we also compared the levels of activity in each condition between groups 560 

(blind, sighted) and sensory modalities (reading and speech, within each group). These results 561 

showed no differences between the blind and sighted during reading and significantly stronger 562 

VWFA responses in the blind during speech processing in all conditions (Table 3). Finally, 563 

comparisons between sensory modalities within each group showed no differences between 564 

conditions during tactile reading and speech processing in the blind and preference towards 565 

visual reading over speech for all conditions in the sighted (Table 3).  566 

TMS results 567 

Blind EVC and VWFA support the early stages of reading similarly to sighted 568 

First, we investigated the spatial and temporal patterns of TMS-induced slowdowns 569 

during reading and speech processing in the congenitally blind group.  We ensured that the 570 

overall model fit is improved by the inclusion of all fixed (sensory modality, TMS site, TMS time 571 

window, Lexicality) and random (subject, stimuli length) effects, by comparing it to the null 572 

model (i.e. a model with a random subject intercept only, (χ2(32) = 3989.9, p < 0.001).  573 

Crucially, the full linear mixed-effect model showed significant 3-way interaction between 574 

sensory modality, stimulated site and time window, implying that TMS affected the blind EVC 575 

and the visual word form area differently in reading and speech (F(3, 3736) = 2.84, p = 0.036). 576 

We also observed the main effects of sensory modality (F(1, 3736) = 6619; p < 0.001), site 577 

(F(1, 3736) = 41.9; p < 0.001), time window (F(3, 3736) = 9.3; p < 0.001) and lexicality (F(1, 578 

3736) = 262.4; p < 0.001), with overall reaction times slower for reading, generally slower in 579 

all experimental time windows in relation to control, slower when TMS was administered to 580 

the visual word form area, and when subjects were processing pseudowords.  581 
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Next, to investigate the modality-specific patterns in the EVC and the visual word form 582 

area we performed pairwise comparisons using estimated marginal means from the modality-583 

specific models. TMS shouldn’t interfere with stimuli processing in the control time window (-584 

40/0 ms). Therefore, we defined the specificity of the stimulation as a significance of 585 

differences between reaction times in each “experimental” time window (namely: 60/100 ms, 586 

160/200 ms and 260/300 ms) and the control time window, which allowed us to account for all 587 

confounding factors related to the stimulation itself. When blind subjects were reading in tactile 588 

Braille, TMS administered to the EVC caused slowdowns 60/100 ms (T(1824) = 3.27; pcorr = 589 

0.026), 160/200 ms (T(1824) = 3.22; pcorr = 0.031) and 260/300 ms after stimulus presentation 590 

(T(1824) = 3.69; pcorr = 0.005, Figure 6, top left). This effect shows that the blind EVC 591 

participates in tactile stimuli processing from the earliest moments, but this effect is 592 

generalized across time, with no temporal specificity. Contrary, in the visual word form area of 593 

the blind TMS effect during reading was absent in the earliest time window (T(1824) = 0.72; 594 

pcorr = 0.999), but significant in both later time windows with gradual increase of the slowdown 595 

towards the latest time window (T(1824) = 3.88; pcorr = 0.003 and T(1824) = 5.27; pcorr < 0.001 596 

for 160/200 ms and 260/300 ms respectively, Figure 6, top left). This result implies that the 597 

visual word form area engages in tactile reading only after the initial sensory evaluation of the 598 

stimuli. During speech processing in the blind, TMS did not cause any significant reaction time 599 

differences from the baseline control time window (all pcorr values in the EVC and the visual 600 

word form area > 0.99; Figure 6, bottom left).  601 

Next, to further investigate the temporal patterns of the visual cortex’s engagement in 602 

reading and speech processing, we compared the magnitude of the TMS effects between 603 

subsequent experimental time windows. We found no differences between 60/100ms, 604 

160/200 ms and 260/300 ms when TMS was administered to the blind EVC, neither during 605 

tactile reading nor during speech processing (all pcorr > 0.99). However, we found significant 606 

differences between later time windows and the earliest time window in the visual word form 607 

area that were specific to tactile reading. Specifically, in comparison to the 60/100 ms time 608 
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window, TMS induced greater slowdowns when it was delivered 160/200 ms (T(1824) = 3.17; 609 

pcorr = 0.036) and 260/300 ms (T(1824) = 5.04; pcorr < 0.001) after stimuli presentation, with no 610 

differences between the latter two (T(1824) = 1.37; pcorr > 0.99;  Figure 6, top left).  611 

 We used an identical analytical approach in the sighted controls, including data from 612 

visual reading and speech processing. In the sighted, we also observed the main effects of 613 

sensory modality (F(1, 3511) = 2103.7; p < 0.001), site (F(1, 3511) = 24.9; p < 0.001), time 614 

window (F(3, 3511) = 5.5; p < 0.001) and lexicality (F(1, 3511) = 255.8; p < 0.001), with overall 615 

reaction times slower for reading, generally slower in all experimental time windows in relation 616 

to control, slower when TMS was administered to the visual word form area and when subjects 617 

were processing pseudowords. We observed a two-way interaction between sensory modality 618 

and TMS time window, with significant slowdowns in all experimental time windows in relation 619 

to the control time window, but only during reading (ps < 0.028). Additionally, we observed a 620 

two-way interaction between sensory modality and stimulated site, with slower reaction times 621 

during the visual word form area stimulation, again specific to reading (p < 0.001). The 3-way 622 

interaction between sensory modality, stimulated site and TMS time window was not 623 

significant in the sighted subjects (F(3,3511) = 0.61; p = 0.608).  624 

 While the temporal patterns of TMS effects in the sighted were weaker than in blind 625 

subjects, they retained a remarkable similarity between the groups. First, we tested for TMS 626 

specificity using the control time window as a baseline. This analysis showed, that when 627 

sighted subjects were reading visually, TMS pulses administered to their EVC slowed down 628 

their reaction times in the earliest (60/100 ms, T(1753) = 3.24; pcorr = 0.029) and the latest time 629 

window (260/300 ms; T(1753) = 3.13; pcorr = 0.042, Figure 6, top right), supporting potential 630 

interaction between feedforward and feedback processing in the EVC of the sighted. While 631 

these slowdowns were much smaller (~40 ms) than in the blind (~120 ms), differences in both 632 

groups constituted ~6-7% increases from the baseline (control) reaction times. We did not find 633 

a significant TMS effect in the middle time window, 160/200 ms after stimuli presentation 634 

(T(1753) = 2.7; pcorr = 0.168), which may be partially driven by our conservative approach to 635 
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multiple corrections (puncorr = 0.007). Similarly to the blind, TMS applied to the sighted visual 636 

word form area slowed down reading reaction times in the middle (T(1753) = 4.03; pcorr = 637 

0.001) and late (T(1753) = 4.58; pcorr < 0.001, Figure 6, top right) time windows in relation to 638 

the control baseline, supporting the view of higher-order processing occurring in the ventral 639 

occipitotemporal cortex. We did not observe any significant changes in reaction times induced 640 

by TMS during speech perception in sighed subjects (all pscorr > 0.99, all psuncorr > 0.155).  641 

 Next, similarly to the blind, we compared the magnitudes of the TMS effects between 642 

subsequent experimental time windows. In the sighted, we did not observe significant 643 

differences between any time windows in the EVC during reading or speech (all pscorr > 0.99). 644 

In the visual word form area, the magnitude of the slowdowns increased progressively across 645 

time, and we observed a reading-specific trend that did not reach statistical significance after 646 

corrections for multiple comparisons. However, in comparison to the early time window, 647 

increases in reaction times were greater in the middle (T(1753) = 2.33; puncorr = 0.019, pcorr = 648 

0.466) and in the late time window (T(1753) = 2.86; puncorr = 0.004, pcorr = 0.010, Figure 6, top 649 

right). Therefore, while the slowdowns induced by TMS during visual reading in sighted were 650 

smaller than tactile reading in the blind, the relative temporal patterns remained remarkably 651 

similar between the groups. 652 

To explicitly test for differences in spatial and temporal TMS patterns between groups, 653 

we tested for a 4-way interaction between group, TMS site, sensory modality, and time with a 654 

joined mixed linear-effects model with additional offset for group-by-modality variance 655 

inequality, which accounted for differences in reaction times between groups in reading (tactile 656 

Braille vs visual alphabets), but not speech processing. This interaction was insignificant 657 

(χ2(3) = 2.67, p = 0.45).   658 

 659 

Next, we investigated TMS-induced effects of accuracy in the lexical decision tasks. A 660 

full model showed a trend for the tested 4-way interaction between group, sensory modality, 661 
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TMS site and time windows (χ2(3) = 7.12, p = 0.068). However, further investigation of the 662 

temporal TMS patterns through modality-and-group-specific models showed no significant 663 

time x site interactions (blind reading χ2(3) = 1.57, p = 0.66; blind speech χ2(3) = 4.75, p = 664 

0.19; sighted reading χ2(3) = 4.58, p = 0.21; sighted speech χ2(3) = 3.55, p = 0.31). Exploratory 665 

analyses of the TMS effects across groups, time, sites and sensory modalities (i.e. changes 666 

in accuracy induced by TMS stimulation in comparison to the control time window in each 667 

experimental condition) showed no effects (Figure 7). Given that the overall accuracy reached 668 

the level of 94%, the current task was most likely too easy for the subjects to induce errors 669 

with TMS (citation for task difficulty effects).  670 

 671 

Lexicality modulates TMS effects over time, but only in the blind group 672 

 Is the temporal hierarchy of the EVC and the visual word form area affected by stimulus 673 

lexicality? Words and pseudowords are characterized by similar low-level properties and both 674 

follow orthographic rules, while differing in semantic meaning, which is only found in real 675 

words. Our initial fMRI results hinted at no differences in the level of EVC and visual word form 676 

area activity between the two types of stimuli (Figure 5). Nevertheless, we used the 677 

opportunity that our subjects performed a lexical decision task during the TMS study to further 678 

inspect potential lexicality modulation of the visual cortex’s engagement in blind and sighted 679 

subjects by dividing our stimuli into words and pseudowords. Note that estimated marginal 680 

means are computed from averaging only ten trials and are more exploratory in nature, 681 

especially given no direct Group x TMS site x Time Time Window x Lexicality 4-way interaction 682 

from a joint linear model (χ2(3) = 0.43, p = 0.94). 683 

 Since pseudowords are more demanding to process than words, expectedly we found 684 

the main effects of lexicality (with slower reaction times to pseudowords than words) present 685 

in reading and speech processing both in the blind (reading F(1,1824) = 273.4; p < 0.001; 686 

speech F(1, 1898) = 99.2; p < 0.001) and the sighted group (reading F(1,1753) = 173.7; p < 687 
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0.001; speech F(1, 1745) = 151.2; p < 0.001, Figure 8). Additionally, interaction analyses 688 

showed a significant modality-by-lexicality (F(1,3736) = 81.2, p < 0.0001) and modality-by-689 

time-by-lexicality interaction in the blind group (F(3, 3736) = 3, p = 0.029), indicating that stimuli 690 

lexicality affected temporal profiles of responses differently for reading and speech. However, 691 

these patterns were similar in EVC and VWFA (4-way interaction with the TMS site included 692 

F(3, 3736) = 0.04, p = 0.993). No significant lexicality interactions we found in the sighted 693 

subjects.  694 

Next, we explored detailed time courses of the TMS effects on RT for words and 695 

pseudowords separately. In the blind group, TMS administered to the EVC resulted in 696 

comparable effects for words and pseudowords in the two initial time windows. However, in 697 

the latest time window (in relation to the control time window), induced slowdowns were 698 

increased selectively for words (T(1824) = 3.51; pcorr = 0.022), and not for pseudowords 699 

(T(1824) = 1.71; pcorr = 0.999), suggesting that stimuli meaning may have an impact at the 700 

later stages of neuronal computations in the blind EVC (Figure 9 top left, see Figure 14 for 701 

observed values). Conversely, lexicality did not impact the reaction times differently during the 702 

visual word form area stimulation in the blind, with comparable, progressively increasing 703 

slowdowns towards the latest time window observed both for words (T(1824) = 4.22; pcorr = 704 

0.001) and pseudowords (T(1824) = 3.26; pcorr = 0.055, puncorr = 0.001). To directly test the 705 

linear increases of the slowdowns, we fitted a linear contrast over time windows separately for 706 

words and pseudowords during the stimulation of each site. In the VWFA, we found a 707 

significant fit both for words (T ratio (1824) = 4.9, p < 0.0001) and pseudowords (T ratio (1824) 708 

= 3.6, p < 0.001). This was not the case for the EVC, in which linear fit was found only for 709 

words (T ratio (1824) = 3.3, p = 0.004), and not for pseudowords (T ratio (1824) = 1.7, p = 710 

0.378).  711 

In the sighted group, we did not observe any significant lexicality effects during reading 712 

with TMS over the EVC. However, TMS in the visual word form area resulted in slowdowns 713 

observed in later time windows for reading words (middle time window T(1753) = 4.24; pcorr = 714 
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0.001; late time window T(1753) = 4.21; pcorr = 0.001) and were much weaker for pseudowords 715 

(middle time window T(1753) = 1.51; pcorr = 0.999, puncorr = 0.131; late time window T(1753) = 716 

2.29; pcorr = 0.999, puncorr = 0.022; Figure 9 top right, see Figure 14 for observed values). 717 

 Finally, during speech processing, we observed hints of weaker lexicality effects limited 718 

to the blind group in the early time window, represented by word-selective slowdowns both in 719 

the EVC (T(1898) = 2.14;  puncorr = 0.026) and the visual word form area (T(1898) = 3.02;  puncorr 720 

= 0.003; pcorr = 0.062, Figure 9 bottom, see Figure 14 for observed values). Additionally, we 721 

tested the differences in the TMS effects magnitudes by investigating marginal effects. 722 

Specifically, we tested differences in contrasts of reaction times in each time window and the 723 

control time window between words and pseudowords (contrast of contrasts). These results 724 

showed, that in the blind group, TMS induced greater slowdowns during the speech 725 

processing of words than pseudowords in the early time window in the EVC (contrast estimate 726 

= 106.6; SE = 34.5, z = 3.09; pcorr = 0.048) and the VWFA (contrast estimate = 106.6; SE = 727 

34.5, z = 3.09; puncorr = 0.005; pcorr = 0.11). No effects for speech processing were observed in 728 

the sighted group, even with more lenient significance levels. 729 

Similarly to main analyses, TMS did not impact blind subjects’ accuracy, with no 730 

significant lexicality main effects (all ps > 0.344, Figure 10) or interactions (all ps > 0.285) in 731 

reading or speech processing. In the sighted group, we found a significant main effect of 732 

lexicality during reading (χ2(1) = 5, p = 0.025), with lower accuracy for pseudowords. No 733 

lexicality interactions were significant in the sighted group (Figure 11, see Figure 15 for 734 

observed values).  735 

  736 

DISCUSSION 737 

We combined fMRI and chronometric TMS to characterize brain responses and the 738 

computational hierarchy between the EVC and the VWFA during reading by touch (Braille) or 739 
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vision and processing speech in congenitally blind and sighted subjects. Our results support 740 

the view that the spatiotemporal hierarchy for linguistic processing in the occipital cortex of 741 

sighted and congenitally blind is largely similar.  742 

Using fMRI, we observed that the EVC responded to all conditions (words, pseudowords 743 

and sensory control), regardless of their linguistic status during reading in blind and sighted, 744 

suggesting that the EVC supports low-level sensory extractions, in both groups. Indeed, blind 745 

V1 activates for simple tasks like texture exploration (Stilla et al., 2008), vibrotactile stimulation 746 

(Müller et al., 2019) or sounds (Collignon et al., 2011; Norman & Thaler, 2019), without any 747 

linguistic context. Moreover, blind EVC responded to all sounds. Responses to speech in the 748 

blind V1 compared to sighted were reported previously (Bedny et al., 2012; Burton, 2003). 749 

Here, V1 activity was significantly higher for the meaningless control condition than for words 750 

and pseudowords, similarly to visual processing in sighted (Figure 5). This suggests that 751 

higher-order linguistic operations are not required to engage the blind EVC, as it may retain 752 

its tuning towards low-level processing in atypical modalities (Bednaya et al., 2022). Our TMS 753 

results showed that EVC is crucial for reading both in blind and sighted in the earliest (60/100 754 

ms) time window. This effect was extended to spoken word processing only in the blind group. 755 

Similar effects occurring 50 ms post-stimulation were previously found in the blind population 756 

for sound (Collignon et al., 2007, 2009) and touch (Müller et al., 2019). Where do these early 757 

cross-modal signals originate? Studies suggest they might be bottom-up inputs from 758 

subcortical regions, representing a sensory component of stimuli evaluation (Bavelier & 759 

Neville, 2002). While blind optic radiations degenerate (Paré et al., 2023), these pathways 760 

could be used by other modalities resulting in partially similar roles of sighted EVC. In this 761 

view, low-level processing could originate from the lateral geniculate nucleus to layer 4 of V1 762 

(roughly 35 ms post-stimulation, Müller et al., 2019) together with cortico-cortical inputs from 763 

other sensory regions.  764 

Interestingly, reading effects in EVC were also extended to other time windows (160/200 765 

and 260/300 ms). What is the nature of these computations? First, in the context of reading, 766 
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they could be linked to serial updates of processed input. Especially in the Braille reading, this 767 

extended effect could be driven by progressing from letter to letter. Interestingly, similar 768 

extensions to later time windows were observed in the sighted, in which visual reading is rather 769 

holistic. While this might be against a simplified cortical hierarchy, similar effects beyond early 770 

processing were observed in sighted EVC. Specifically, intracortical recordings during reading 771 

showed that following the initial increase in activity, sighted EVC actives again around 500 ms 772 

following stimuli presentation (Woolnough et al., 2021, 2022). This is also consistent with 773 

mixed results reported from visual masking studies showing critical time windows ranging from 774 

-50 ms to 200 ms (de Graaf et al., 2014), suggesting that TMS applied to V1 most likely reflects 775 

multiple recurrent visual processes (Lee et al., 1998, Chambers et al., 2013). Therefore, due 776 

to the high degree of cortico-cortical connections and a mixture of feedforward and feedback 777 

signals, V1’s roles in more complex processing might be observed in sighted subjects.  778 

Beyond the EVC, results from our study showed that the higher-order word selective visual 779 

cortex (presumably VWFA) retains its preference towards linguistic material – highlighted by 780 

increased responses to words and pseudowords over control stimuli for both groups, further 781 

causally supported by our TMS results. Consistently with other chronometric TMS studies on 782 

reading (Duncan et al., 2010; Pattamadilok et al., 2015), our results highlight vOTC’s 783 

engagement in reading only after 100/150 ms. Since VWFA was critical only at the later stage, 784 

its role could be linked to retained orthographical analysis in the blind, which supports 785 

hypothesis of retained visual cortex’s organization. While other fMRI studies showed 786 

similarities between visual and tactile reading in blind (Reich et al., 2011) and trained sighted 787 

subjects (Siuda-Krzywicka et al., 2016, Bola et al., 2019), our results show that dynamics 788 

between low-level and higher-order blind visual cortices might be retained. Furthermore, both 789 

groups responded more to lexical stimuli than control conditions during reading and speech, 790 

highlighting the multimodal nature of linguistic processing in vOTC, even in sighted subjects. 791 

However, the exact nature of these responses is still debated (Pattamadilok et al., 2019). In 792 

conjunction with TMS effects, these results suggest that the order of operations could 793 
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propagate from EVC through vOTC to the language network with a posterior-anterior gradient 794 

in sighted and blind people (Lerma-Usabiaga et al., 2018).  795 

Our fMRI data show that the linguistic preferences occurred only in the vOTC and not in 796 

the EVC. Furthermore, our TMS results show that the computations in EVC can precede those 797 

occurring in vOTC in a similar fashion in sighted and blind subjects, suggesting that basic 798 

computational gradients might be largely independent of a lifelong lack of visual experience. 799 

Additionally, while the evidence for higher-order linguistic processing in the blind EVC was 800 

reported previously (Amedi et al., 2003; Bedny et al., 2011; Van Ackeren et al., 2018), traces 801 

of non-visual processing in the EVC were also found in sighted, including scene 802 

representations (Vetter et al., 2014), speech processing (Seydell-Greenwald et al., 2023) and 803 

object representations (Borghesani et al., 2016). Therefore, EVC might be involved in multiple 804 

processes driven by bottom-up and top-down signals, resulting in low-level processing 805 

(feedforward inputs) and more complex tasks (feedback signals) from higher-order visual 806 

areas (de Graaf et al., 2014; Kok et al., 2012; Lange et al., 2018). These might be additionally 807 

modulated by attentional demands (Duymuş et al., 2024; Stevens et al., 2007). Here, higher 808 

attentional demands could partially modulate EVC BOLD responses to control conditions 809 

(which include a 1-back task on a non-verbalizable material). Overall, our results support the 810 

idea that V1 might serve as a “cognitive map” beyond low-level representations (Linton et al., 811 

2024).  812 

In contrast to reading, apart from weaker word-specific slowdowns in the earliest time 813 

window of the blind group, we did not observe significant TMS effects during speech 814 

processing. This may seem puzzling given the above-mentioned evidence for the visual 815 

cortex’s engagement in speech processing, but there are a few possible explanations. First, 816 

while we aimed for a balanced design with TMS time windows identical across groups and 817 

conditions, auditory, visual and tactile processing is inherently different in time. Therefore, it is 818 

possible that TMS with timings tailored to speech would reveal a different pattern of results. 819 

Second, while speech-related activity in the visual cortex was reported both in blind and 820 
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sighted, these activities might be, to some degree, epiphenomenal and not causally involved 821 

in auditory processing since they could represent a by-product of connections between early 822 

sensory areas or top-down signals, in line with a theory treating V1 as a “multimodal cognitive 823 

blackboard” (Roelfsema & de Lange, 2016). Finally, since in blind TMS effects were observed 824 

selectively for meaningful word processing (Figure 9), blind EVC’s response to sounds might 825 

be modulated by semantic meaning (Bedny et al., 2011; Van Ackeren et al., 2018; Xu et al., 826 

2023). Thus, V1, which receives (predominant) feedforward but also feedback signals could 827 

prefer low-level processing of spatially-arranged Braille texture, while supporting more 828 

complex, feedback-driven processing (e.g., semantic). Here, a hint for such a mechanism 829 

could be partially supported by stronger slow-downs observed for words and not pseudowords 830 

in the latest time window during blind EVC stimulation (Figure 9) – an effect not present in the 831 

sighted. These results raise an intriguing possibility that for speech, EVC enhances its tuning 832 

to higher-level semantic processing already observable in sighted (Seydell-Greenwald et al., 833 

2023) but would causally support perception/behaviour only in the blind. This response in the 834 

blind EVC may build on existing connections observable in the sighted, but those connections 835 

might still show functional reorganisation due to crossmodal plasticity (Dormal & Collignon, 836 

2011). However, given the exploratory nature of this analysis, these results should be 837 

interpreted with caution. 838 

We acknowledge our study’s limitations. Additional TMS time windows tailored specifically 839 

for each modality would allow tracing later stages of linguistic processing (e.g., semantics) in 840 

reading and speech and a more direct comparison between groups and modalities. While our 841 

main aim was to trace the causal involvement of the visual cortex in linguistic processing with 842 

chronometric TMS, a refined design with well-defined categories would enable inference about 843 

fine-tuned representations through multivoxel pattern analyses. 844 

In conclusion, our findings suggest that initial stages of reading hierarchy are similar 845 

between blind and sighted, with V1 being critical to Braille and visual reading before the vOTC, 846 

supporting partial retention of V1’s original functions. While such hierarchy was not observed 847 
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in speech, the blind EVC was crucial for meaningful word processing, suggesting possible 848 

feedback signals from language network driving more complex computations. Therefore, while 849 

blindness may extend roles performed by the deprived cortices, their computational hierarchy 850 

might not depend on visual experience.   851 
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FIGURE LEGENDS 

 

Figure 1 Overview of experimental design and behavioural results in the fMRI study. (A): 

Tactile Braille (for congenitally blind), visual (for sighted), and auditory (both groups) words, 

pseudowords and control stimuli were presented in blocks of four in a pseudorandomised, 

alternating order. Before the switch in sensory modality, subjects were presented with an 

auditory cue. Sighted subjects were instructed to close their eyes during speech processing. 

Subjects were performing a 1-back task, in which a button had to be pressed when identical 

stimuli appeared consecutively (10% of trials, see red frames for examples). (B): Behavioural 

results: performance in the fMRI task summarized with d’ statistics (right). Error bars represent 

the standard error of the mean. All sighted subjects scored 100% correctly in spoken words 

and pseudowords (hence no error bars). Asterisks above conditions indicate group differences 

and asterisks above the line indicate within-group differences between conditions. ISI = 

interstimulus interval; *p < 0.05; **p < 0.01, Bonferroni-corrected (see Methods for details). 

 

Figure 2 Overview of experimental design and stimulation protocols in the TMS study. (A): 

Congenitally blind and sighted subjects performed lexical decision tasks during reading (tactile 

Braille / visual alphabets) or speech processing. Subjects discriminated between single words 

or pseudowords, presented in a random order. EVC = early visual cortex, VWFA = visual word 

form area. (B): Pulses were administered to the early visual cortex or the visual word form 

area in separate runs for reading and speech processing. The plot visualizes the average 

normalized coordinates for blind (blue) and sighted (orange) groups in the MNI space. 

Stimulation during the experiment occurred in native space to account for individual 

differences in neuroanatomy. Red lines contain edges of the retinotopically mapped V1 in the 

early visual cortex (upper panel) and the original reported location of the Visual Word Form 

Area. V1 mask was created by combining left and right ventral and dorsal V1 regions from the 
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visfatlas (Rosenke et al., 2021). The Visual Word Form Area is represented by a 7 mm radius 

sphere with the centre of X = -41; Y = -57; Z = -16 (Cohen et al., 2002). Individual target 

coordinates are additionally displayed in Figure 3. (C): In each trial, two transcranial magnetic 

stimulation pulses were applied 40 ms apart (25 Hz) in one of the four time windows relative 

to the stimulus onset: -40/0 ms, 60/100 ms, 160/200 ms, or 260/300 ms. 

 

Figure 3 Representation of TMS targets normalised to MNI space: group average (upper 

panel) and individual (lower panel) coordinates for the early visual cortex and visual word form 

area in congenitally blind and sighted subjects. Actual stimulation was performed in the native 

space of each subject to account for inter-subject neuroanatomical variability. Normalisation 

to MNI space was performed in BrainSight software. See Methods for details on TMS target 

localization. 

 

Figure 4 Behavioural results: pseudowords and words reading speed. Subjects were tested 

with standardized reading lists and had to read aloud as fast as possible for one minute. *** 

p < 0.001, Bonferroni corrected. 

 

Figure 5 Functional MRI results: responses to sensory control stimuli, pseudowords and 

words during reading (tactile Braille or visual) or speech processing in the early visual cortex 

(upper panel) and the visual word form area (VWFA, lower panel) of congenitally blind and 

sighted subjects. Regions of interest, from which the signal was extracted are represented in 

red: V1 data were extracted from the combined primary visual cortex masks in visfatlas 

(Rosenke et al., 2021); the VWFA data were extracted from a 5mm radius sphere placed at 

the original coordinates reported by Cohen et al. (2002). The asterisks above bars represent 

the significance of one-sample T-tests against 0 and the asterisks between bars represent the 
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significance of post hoc paired T-tests. All p values were corrected for multiple comparisons 

with Bonferroni correction. NS = not significant, *p < 0.05, **p < 0.01, ***p < 0.001. 

 

Figure 6 TMS effects on reaction times across groups (left: congenitally blind, right: sighted), 

sensory modalities (top: reading, bottom: speech), TMS sites (the early visual cortex, the 

visual word form area) and time. Graphs represent TMS effects calculated by contrasts 

between reaction time estimated marginal means in each time window (TMS pulses delivered 

60/100, 160/200 or 260/300 ms after stimuli presentation) related to the control time window 

(with pulses delivered -40/0 ms in relation to the stimuli presentation). Error bars represent the 

standard error of the contrast estimates. Raw observed mean TMS effects are additionally 

presented in Figure 12. Symbols above time window labels represent the significance of its 

contrast to the control time window. Ns = not significant, *p < 0.05; **p < 0.01; ***p < 0.001; t 

p = 0.1, Bonferroni corrected (see Methods for details).  

 

Figure 7 TMS effects on accuracies across groups (congenitally blind, sighted), sensory 

modalities (reading, speech), TMS sites (the early visual cortex, the visual word form area) 

and time. Graphs represent TMS effects calculated by contrasts between accuracy in each 

time window related to the control time window (with pulses delivered -40/0 ms in relation to 

the stimuli presentation). All effects are presented on a logit scale used in linear mixed effects 

analyses and they correspond to changes oscillating around 5% of increases or decreases in 

accuracy. Error bars represent the standard error of the contrast estimates. Raw observed 

TMS effects calculated as changes in accuracy (%) are additionally presented in Figure 13. 

Values above each time window represent the significance of its contrast to the control time 

window. Ns = not significant. 
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Figure 8 TMS reaction times: main effects of lexicality across groups and modalities. 

Estimated marginal mean reaction times for pseudowords and words in blind (left) and sighted 

(right) groups during reading (top) and speech processing (bottom). For each sub-plot, data 

were averaged across TMS sites (the early visual cortex and the visual word form area) and 

TMS time windows (control, early, middle, and late, see Methods for details). Data divided into 

the above-mentioned experimental conditions are presented in Figure 10 (estimated marginal 

means) and Figure 14 (observed reaction times). *** p < 0.001. 

 

Figure 9 TMS effects on reaction times across lexicalities (words, pseudowords), groups (left: 

congenitally blind, right: sighted), sensory modalities (top: reading, bottom: speech), TMS sites 

(the early visual cortex, the visual word form area) and time. Graphs represent TMS effects 

calculated by contrasts between reaction time estimated marginal means in each time window 

(TMS pulses delivered 60/100, 160/200 or 260/300 ms after stimuli presentation) related to 

the control time window (with pulses delivered -40/0 ms in relation to the stimuli presentation). 

Solid lines represent TMS effects for words and dashed lines represent TMS effects for 

pseudowords. Raw observed mean TMS effects are additionally presented in Figure 14. Error 

bars represent the standard error of the contrast estimates. Asterisks above each time window 

label represent the significance of its contrast to the control time window for words or 

pseudowords. Asterisks within each time window indicate differences in the magnitude of the 

TMS effect between words and pseudowords. *p < 0.05; ***p < 0.001; t pcorr = 0.117 (puncorr = 

0.004), Bonferroni corrected (see Methods for details).  

 

Figure 10 TMS accuracies: main effects of lexicality across groups and modalities. Estimated 

marginal mean reaction times for pseudowords and words in blind (left) and sighted (right) 

groups during reading (top) and speech processing (bottom). For each sub-plot, data were 

averaged across TMS sites (the early visual cortex and the visual word form area) and TMS 
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time windows (control, early, middle, and late, see Methods for details). Data divided into the 

above-mentioned experimental conditions are presented in Figure 13 (estimated marginal 

means) and Figure 15 (observed error rates). *** p < 0.001. 

 

 

Figure 11 TMS effects on accuracies across lexicalities (words, pseudowords), groups 

(congenitally blind, sighted), sensory modalities (reading, speech), TMS sites (the early visual 

cortex, the visual word form area) and time. Graphs represent TMS effects calculated by 

contrasts between accuracy in each time window related to the control time window (with 

pulses delivered -40/0 ms in relation to the stimuli presentation). Solid lines represent TMS 

effects for words and dashed lines represent TMS effects for pseudowords. All effects are 

presented on a logit scale used in linear mixed effects analyses and they correspond to 

changes oscillating around 5% of increases or decreases in accuracy. Raw observed TMS 

effects calculated as changes in accuracy (%) are additionally presented in Figure 15.  Error 

bars represent the standard error of the contrast estimates. Values above each time window 

represent the significance of its contrast to the control time window.  

 

Figure 12 Control visualization of observed TMS effects on reaction times across groups (left: 

congenitally blind, right: sighted), sensory modalities (top: reading, bottom: speech), TMS sites 

(the early visual cortex, the visual word form area) and time: observed data. Graphs represent 

TMS effects calculated by contrasts between mean reaction time in each time window (TMS 

pulses delivered 60/100, 160/200 or 260/300 ms after stimuli presentation) related to the 

control time window (with pulses delivered -40/0 ms in relation to the stimuli presentation). 

Error bars represent the standard error of the contrast estimates.  
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Figure 13 Control visualization of observed TMS effects on accuracies across groups 

(congenitally blind, sighted), sensory modalities (reading, speech), TMS sites (the early visual 

cortex, the visual word form area) and time: observed data. Graphs represent percentage-

based error rates TMS effects calculated by contrasts between accuracy in each time window 

related to the control time window (with pulses delivered -40/0 ms in relation to the stimuli 

presentation). Error bars represent the standard error of the contrast estimates.  

 

Figure 14 Control visualization of observed reaction times (lexicality effects). TMS effects on 

reaction times across groups (left: congenitally blind, right: sighted), sensory modalities (top: 

reading, bottom: speech), TMS sites (the early visual cortex, the visual word form area) and 

time. Graphs represent TMS effects calculated by contrasts between reaction time observed 

means in each time window (TMS pulses delivered 60/100, 160/200 or 260/300 ms after 

stimuli presentation) related to the control time window (with pulses delivered -40/0 ms in 

relation to the stimuli presentation). Solid lines represent TMS effects for words and dashed 

lines represent TMS effects for pseudowords. Error bars represent the standard error of the 

contrast estimates.  

 

Figure 15 Control visualization of observed accuracy (lexicality effects). TMS effects on 

accuracy across groups (left: congenitally blind, right: sighted), sensory modalities (top: 

reading, bottom: speech), TMS sites (the early visual cortex, the visual word form area) and 

time. Graphs represent percentage-based error rates calculated by contrasts between 

reaction time observed means in each time window (TMS pulses delivered 60/100, 160/200 

or 260/300 ms after stimuli presentation) related to the control time window (with pulses 

delivered -40/0 ms in relation to the stimuli presentation). Solid lines represent TMS effects for 

words and dashed lines represent TMS effects for pseudowords. Error bars represent the 

standard error of the contrast estimates. 
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TABLE LEGENDS 

 

Table 1. Characteristics of the subjects. Age and education are given in years. F = female; M 

= male; L = left; R = right; RoP = retinopathy of prematurity; CRS = congenital rubella 

syndrome; LCA = Leber’s congenital amaurosis. 

 

Table 2. Post-hoc pairwise comparisons for BOLD responses in the early visual cortex across 

groups and conditions in the fMRI task. V1 data were extracted from the combined primary 

visual cortex mask in visfatlas (Rosenke et al., 2021). VWFA data were extracted from a 5mm 

radius sphere placed at the original coordinates reported by Cohen et al. (2002). Comparisons 

are performed with paired T-tests. All p values were adjusted for multiple comparisons with 

Bonferroni correction. ROI = region of interest, V1 = primary visual cortex, VWFA = visual word 

form area, Sig. = statistical significance, ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001.  

 

Table 3. Post-hoc pairwise comparisons for BOLD responses in the early visual cortex and 

the visual word form area across groups and conditions in the fMRI localizer task. Data were 

extracted from the combined primary visual cortex mask in visfatlas (Rosenke et al., 2021) 

and visual word form area defined as a 5mm radius sphere placed at the original coordinates 

reported by Cohen et al. (2002). Comparisons between sensory modalities are performed with 

paired T-tests. Comparisons between groups are performed with two-sample T-tests. All p 

values were adjusted for multiple comparisons with Bonferroni correction. Sig. = statistical 

significance, ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001. ROI = region of interest, 

V1 = primary visual cortex, VWFA = visual word form area.  
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Table 1. Characteristics of the subjects. Age and education are given in years. F = female; M = male; L = left; R = right; RoP = retinopathy of 

prematurity; CRS = congenital rubella syndrome; LCA = Leber’s congenital amaurosis. 

 

Blind subjects  Sighted subjects 

Subject Age Sex Education Reading Hand Blindness onset Blindness cause Light Perception  Subject Age Sex Education 

1 38 F 17 L 0 Mechanical damage No  1 36 F 17 

2 40 M 12 R 0 RoP Faint  2 41 M 17 

3 51 F 15 L 0 Unknown No  3 38 M 17 

4 39 F 17 L 0 RoP Faint until 12 y.o.  4 33 F 17 

5 47 F 17 R 0 CRS No  5 23 M 17 

6 33 F 17 L 0 RoP Faint  6 34 M 14 

7 26 F 17 R 0 CRS No  7 32 F 14 

8 30 M 17 R 0 Unknown Faint  8 22 F 14 

9 39 F 17 L 0 RoP No  9 36 F 17 

10 46 F 12 L 0 RoP No  10 34 F 17 

11 36 F 17 R 0 Corneal atrophy Faint  11 26 F 17 

12 40 M 17 R 0 Optic nerve atrophy Faint  12 38 F 17 

13 38 F 17 R 0 Retinoblastoma No  13 47 F 17 

14 44 F 17 R 0 LCA Faint  14 44 F 17 

15 38 M 17 L 0 RoP Yes, left eye  15 35 F 17 

16 21 F 14 R 1 Retinoblastoma No  16 39 F 17 

17 24 M 14 L 0 RoP Faint  17 46 F 14 

18 31 F 17 R 0 Optic nerve atrophy No  18 50 F 17 

19 35 M 14 L 0 Mechanical damage No  19 30 M 17 

20 35 F 12 L 0 RoP Faint, left eye  20 45 M 14 

 



Table 2. Post-hoc pairwise comparisons for BOLD responses in the early visual cortex across 

groups and conditions in the fMRI task. V1 data were extracted from the combined primary 

visual cortex mask in visfatlas (Rosenke et al., 2021). VWFA data were extracted from a 5mm 

radius sphere placed at the original coordinates reported by Cohen et al. (2002). Comparisons 

are performed with paired T-tests. All p values were adjusted for multiple comparisons with 

Bonferroni correction. ROI = region of interest, V1 = primary visual cortex, VWFA = visual word 

form area, Sig. = statistical significance, ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001.  

 

ROI Group Modality Comparison T pcorr sig. 

V1 Blind Reading Control - Pseudowords -0,5 0.9999 ns 
 Blind Reading Control - Words 1,2 0.9999 ns 
 Blind Reading Pseudowords - Words 2,9 0.1800 ns 
 Blind Speech Control - Pseudowords 4,5 0.0046 ** 
 Blind Speech Control - Words 4,7 0.0031 ** 
 Blind Speech Pseudowords - Words 0,1 0.9999 ns 
 Sighted Reading Control - Pseudowords 4,9 0.0020 ** 
 Sighted Reading Control - Words 5,2 0.0010 *** 
 Sighted Reading Pseudowords - Words -1,2 0.9999 ns 
 Sighted Speech Control - Pseudowords 2,6 0.3060 ns 
 Sighted Speech Control - Words 2,5 0.3960 ns 
 Sighted Speech Pseudowords - Words 0,5 0.9999 ns 

VWFA Blind Reading Control - Pseudowords -4.7 0.0036 ** 
 Blind Reading Control - Words -4.6 0.0043 ** 
 Blind Reading Pseudowords - Words 1.1 0.9999 ns 
 Blind Speech Control - Pseudowords -4.4 0.0075 ** 
 Blind Speech Control - Words -3.9 0.0221 * 
 Blind Speech Pseudowords - Words 0.4 0.9999 ns 
 Sighted Reading Control - Pseudowords -6.8 0.0000 *** 
 Sighted Reading Control - Words -3.7 0.0480 * 
 Sighted Reading Pseudowords - Words 3.0 0.1920 ns 
 Sighted Speech Control - Pseudowords -3.6 0.0480 * 
 Sighted Speech Control - Words -3.7 0.0240 * 
 Sighted Speech Pseudowords - Words -1.6 0.9999 ns 
       

 



Table 3. Post-hoc pairwise comparisons for BOLD responses in the early visual cortex and 

the visual word form area across groups and conditions in the fMRI localizer task. Data were 

extracted from the combined primary visual cortex mask in visfatlas (Rosenke et al., 2021) 

and visual word form area defined as a 5mm radius sphere placed at the original coordinates 

reported by Cohen et al. (2002). Comparisons between sensory modalities are performed with 

paired T-tests. Comparisons between groups are performed with two-sample T-tests. All p 

values were adjusted for multiple comparisons with Bonferroni correction. Sig. = statistical 

significance, ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001. ROI = region of interest, 

V1 = primary visual cortex, VWFA = visual word form area.  

 

ROI Condition Modality/Group Comparison T pcorr sig. 

V1 Control Reading Blind - Sighted -0,3 0.9999 ns 
 Pseudowords Reading Blind - Sighted 1,8 0.9999 ns 
 Words Reading Blind - Sighted 0,1 0.9999 ns 
 Control Speech Blind - Sighted 9,9 0.0000 *** 
 Pseudowords Speech Blind - Sighted 8,5 0.0000 *** 
 Words Speech Blind - Sighted 8,7 0.0000 *** 
       
 Control Blind Reading - Speech -6,4 0.0001 *** 
 Pseudowords Blind Reading - Speech -0,9 0.9999 ns 
 Words Blind Reading - Speech -2,7 0.2628 ns 
 Control Sighted Reading - Speech 5,3 0.0007 *** 
 Pseudowords Sighted Reading - Speech 5,4 0.0006 *** 
 Words Sighted Reading - Speech 4,9 0.0019 ** 

VWFA Control Reading Blind - Sighted -2.2 0.8760 ns 
 Pseudowords Reading Blind - Sighted -0.1 0.9999 ns 
 Words Reading Blind - Sighted 0.1 0.9999 ns 
 Control Speech Blind - Sighted 5.2 0.0002 *** 
 Pseudowords Speech Blind - Sighted 5.7 0.0001 *** 
 Words Speech Blind - Sighted 4.8 0.0006 *** 
       
 Control Blind Reading - Speech -3.3 0.0938 ns 
 Pseudowords Blind Reading - Speech -2.6 0.3840 ns 
 Words Blind Reading - Speech -2.2 0.9999 ns 
 Control Sighted Reading - Speech 5.0 0.0018 ** 
 Pseudowords Sighted Reading - Speech 6.3 0.0001 *** 
 Words Sighted Reading - Speech 4.8 0.0032 ** 
       

 


