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Abstract

The white matter (WM) architecture of the human brain changes in response to training,
though fine-grained temporal characteristics of training-induced white matter plasticity
remain unexplored. We investigated white matter microstructural changes using diffusion
tensor imaging at 5 different time points in 26 sighted female adults during 8-months training
of tactile Braille reading. Our results show that training-induced white matter plasticity occurs
both within and beyond the trained sensory modality, as reflected by fractional anisotropy
(FA) increases in somatosensory and visual cortex, respectively. The observed changes
followed distinct time courses, with gradual linear FA increase along the training in the
somatosensory cortex and sudden visual cortex cross-modal plasticity occuring after Braille
input became linguistically meaningful. WM changes observed in these areas returned to
baseline after cessation of learning in line with the supply-demand model of plasticity. These
results also indicate that the temporal dynamics of microstructural plasticity in different
cortical regions might be modulated by the nature of computational demands. We provide
additional evidence that observed FA training-induced changes are behaviorally relevant to
tactile reading. Taken together, these results demonstrate that WM plasticity is a highly
dynamic process modulated by the introduction of novel experiences.
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Significance statement

Throughout the lifetime the human brain is shaped by various experiences. Training-induced
reorganization in white matter (WM) microstructure has been reported, but we know little
about its temporal dynamics. To fill this gap we scanned sighted subjects 5 times during
tactile Braille reading training. We observed different dynamics of WM plasticity in the
somatosensory and visual cortices implicated in Braille reading. The former showed
continuous increase in WM tissue anisotropy along with tactile training, while microstructural
changes in the latter were observed only after the participants learned to read Braille words.
Our results confirm the supply-demand model of brain plasticity and provide evidence that
WM reorganization depends upon distinct computational demands and functional roles of
regions involved in the trained skill.
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Introduction

The human brain shows a substantial propensity for training/learning-induced plastic
changes beyond the developmental critical period (May and Draganski, 2008; Lovden et al.,
2010; Zatorre et al., 2012). Recent advances in non-invasive assessment of brain's white
matter suggest dynamic changes in response to training and learning (Lerch et al., 2017;
Sampaio-Baptista & Johansen-Berg, 2017). A shortcoming of previous studies is the sparsity
of longitudinal data acquisition with many months between time points that limits inferences
on fine-grained temporal characteristics of training-induced white matter plasticity.

In the WM, local intra-cortical connectivity constrains the type and the nature of
neuronal computations while long-range white-matter connections distribute information
across different brain systems (Jbabdi et al., 2015). The study of microstructure, which in
Magnetic Resonance Imaging (MRI) refers to the description of the tissue micro-scale
characteristic content at the voxel level, has been primarily the domain of diffusion MRI
(Lerch et al., 2017). Diffusion tensor imaging (DTI) is the most common diffusion signal
representation employed to derive voxel-based scalar measures including fractional
anisotropy (FA), axial, radial or mean diffusivity (AD, RD, MD respectively; Basser et al.,
1994; Pierpaoli et al., 1996), out of which FA is generally acknowledged in evaluation of
microstructure-related changes (Lebel et al., 2017; Snook et al., 2005).

Neuroplasticity - brain’s capacity to change in response to new environmental
demands (Lovden et al., 2010) - has been studied in WM on various temporal scales ranging
from hours to weeks of training. Sagi et al. (2012) showed that 2 hours of video game
training induces MD decreases in parahipocampal WM. Several weeks of training juggling
(Scholz et al., 2009), body-balancing (Taubert et al., 2010), unicycling (Weber et al., 2019)
or verbal and spatial span tasks (Caeyenberghs et al., 2016; Metzler-Baddeley et al., 2017)
lead to changes in FA. However, a large body of evidence comes from paradigms
incorporating repetitive training schemes, usually related to motor domain and often
including only 2 (pre- and post-training) measurements (Lovden et al., 2013; Zatorre et al.,
2012).

Braille reading is a cross-modal, sensory-motor skill involving language processing
via tactile modality. Tactile reading involves evaluation of the input from finger sensation in
the somatosensory cortex followed by basic spatial analysis of Braille character dots in the
early visual cortex and finally, word form recognition in higher-order visual cortices (Merabet
et al., 2008, Zangaladze et al., 1999, Bola et al., 2019). Previous studies have shown that
teaching tactile Braille to sighted adults results in functional and anatomical reorganization of
the brain. Specifically, results of Debowska et al. (2016) indicated that 3 weeks of training

increased FA in the somatosensory system (including primary and secondary
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somatosensory cortex as well as thalamus) and visual cortex (lingual and fusiform gyri). In
addition, Bola et al. (2017) showed that 9 months of tactile reading training led to FA
increases paralleled by RD decrease in the early visual cortex. These studies included only
pre- and post-training scans, therefore the dynamics of microstructural changes during
learning of this complex skill remain unexplored.

Here, we address aforementioned limitations by tracing WM changes on a more
densely sampled time interval than commonly applied two time points (pre-post) designs.
We investigated experience-induced brain plasticity in 26 sighted female subjects
participating in a tactile Braille reading course of 8 months duration. We acquired
behavioural and neuroimaging data during the learning phase across 5 time points. With this
design we conducted three types of analysis: (1) Braille learning specific structural
reorganization as compared to passive control group; (2) relations between WM structural
properties and the proficiency in tactile reading over time; (3) exploratory time course
analysis. We hypothesized that the constant novel input during training should be reflected in
FA increases in the somatosensory WM, followed by the microstructural reorganization of
the visual cortex.

Materials and methods

Experimental design

Over the course of tactile reading training participants underwent 5 behavioral testing and
brain imaging sessions approximately 2.5 months apart: pre-exposure (Time Point 0; TPO),
two during learning (TP1, TP2), one right after finishing the training (TP3) and a follow-up
study 2.5 months after the end of the training (TP4, Fig. 1A). In addition, we included a
passive control group that took part in TPO and TP3 brain imaging sessions. Subjects
received financial reimbursement both for participation in a Braille course and for each of the
MRI sessions. Apart from T1-weighted and diffusion-weighted imaging, we analysed fMRI
correlates of neural activity related to tactile reading and quantitative T1 mapping data

described in Matuszewski et al. (2021).
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Figure 1. Experimental design and behavioral results. A: Twenty six subjects from the
experimental group trained tactile Braille reading for 8-months and participated in 5 MRI and
behavioral testing sessions performed 2.5 months apart. Twenty five passive controls
participated in baseline and post-training sessions. B: Tactile Braille reading speed over the
course of training. Error bars represent standard errors of the mean adjusted for within-
subject designs according to Cousineau (2005), *p < .05, t = trend (pcorr = .066), ***p < .001,

Bonferroni corrected. (TP = Time Point).

Subjects

Thirty-two sighted, right-handed females (age mean, M = 23.2 years; standard deviation, SD
= 3.3, range 19 - 32) took part in tactile Braille reading course and MRI sessions. Six of them
were excluded due to either anatomical abnormalities detected in the first MRI session (2
individuals) or dropping out from the study (4 subjects). Thus, 26 individuals (age M = 23.1;
SD = 3.4, range 19 - 32) were included in the analyses. All were native Polish speakers and
had normal or corrected to normal vision and were naive to tactile Braille alphabet. Twenty
two of them were students or postgraduates of studies in special education of blind, 3 were
workers in a charitable foundation supporting blind people and 1 was a part-time Braille
visual transcriber. Participants were familiar with the basics of visual Braille. Informed
consents and MRI safety screening were collected prior to the study. The study was
approved by the local Committee for Research Ethics. The present study participants are
independent from those previously described by our group (Bola et al., 2016, 2017; Siuda-
Krzywicka et al., 2016). However 21 of them participated in our recently published study
using transcranial magnetic stimulation (TMS, Bola et al., 2019).

Additionally, 28 sighted, right-handed, female students (age M = 23.3; SD = 2.1,
range 19 - 27) were recruited as controls. Two subjects were excluded due to MRI artifacts
assessed based on quality check implemented in CAT12 SPM toolbox and 1 subject was
excluded due to within-subject average image creation failure, resulting in 25 subjects (age
M =23.1; SD = 2.1, range 19 - 27) included in the analyses. All were native Polish speakers,
had normal or corrected to normal vision and were naive to the Braille alphabet. During the

experiment they did not participate in any training related to acquisition of new language
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skills. Controls were demographically matched to the experimental group, with no statistically
significant differences in age, education or proficiency in foreign languages detected (ps >
.05).

Tactile reading course and performance tests

The tactile reading course lasted 8 months and involved meetings with an instructor and self-
paced work with sets of 30 exercise cards per month. Meetings with the instructor were
organized for the whole group 2 times per month in the first 2 months and in smaller groups
(5-10 subjects) once per month subsequently. The self-paced learning was based on 30
cards given monthly with each card representing roughly 15 — 20 minutes of tactile reading.
Subjects were instructed to read as regularly as possible. Due to the demanding nature of
tactile reading, the course only covered 16 Polish letters (A, B, C, D, E, |, K, L, £, M, O, P, S,
T, U, Y). The first 10 hours of the course involved basic principles of hand movements during
Braille reading as well as basic shapes discrimination. Subsequently, letters and words were
introduced, starting with easier letters (A, B, C, D, E, I, K, O) while the more difficult ones (L,
L, M, S, P, T, U, Y) were taught after 3 months of training (Fig. 1), followed by simple and
complex words reading. For details on the tactile Braille course for sighted subjects see Bola
et al. (2016). During the first 3 months of tactile training 13 subjects reported their preference
for reading with left hand despite being right-handed. This phenomenon was reported
previously both in blind and sighted subjects (Sadato et al., 2002; Siuda-Krzywicka et al.,
2016). However, since tactile reading involves using both hands simultaneously (with one
hand supporting navigation between words and lines and the other one reading), actual
tactile input is often similar but not identical e.g. more fine-grained parsing of a sign is done
by the reading hand.

The tactile reading test consisted of 20 Braille words (3-5 letters long) with
SUBTLEX-PL frequency occurrence over 1 per million (Mandera et al.,, 2015). The
participants’ task was to read aloud with their preferred hand as many words as they could
within 60 seconds while being blindfolded. Only words read correctly were counted. Twelve
different versions of tests were used, counterbalanced across subjects and matched for

word length and letters introduced during the course.

MRI data acquisition

All MRI data were acquired using a 3T Siemens Trio scanner with a 12-channel array head
coil and a 40 mT/m diffusion gradient. For the T1-weighted anatomical scans we used a
MPRAGE sequence covering the whole brain. The protocol parameters were: TR/TI/TE =
2530/1100/3.32 ms, FOV = 256 mm x 256 mm, flip angle = 7°, isotropic voxel = 1 mm?.

Diffusion weighted images (DWI) were collected using diffusion-weighted spin echo EPI
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pulse sequence (TR/TE = 12500/93 ms, FOV = 220 mm x 220 mm, slice thickness = 2 mm,
matrix size = 128 x 128, in-plane resolution = 1.72 x 1.72 mm? , slices = 80, b = 1500 s/mm?,
diffusion gradient directions = 64, GRAPPA factor of 2), and two non-diffusion (b = 0 s/mm?)
weighted images with AP phase encoding direction were also collected. Immediately after
obtaining diffusion weighted images, field maps were acquired to correct the data for
magnetic field inhomogeneities artifact (TR/TE1/TE2 = 700/4.39/6.85 ms, flip angle = 60°,

slices = 68, slice thickness = 2 mm, FOV and in-plane resolution the same as DWI).

Data processing

For voxel-based statistical analyses MRI data were processed using MRTrix complemented
with FSL, Advanced Normalization Tools (ANTSs, http://stnava.github.io/ANTs/, Andersson &
Sotiropoulos, 2016; Avants et al., 2011) and SPM12 (Statistical Parametric Mapping,
http://www. fil.ion.ucl.ac.uk/spm/) toolbox. We first calculated white matter tissue probability

maps across all study participants and across all time points. For each subject, an average
(‘within-subject') bias-corrected T1-weighted image was estimated based on 5 time points
data using the serial longitudinal registration (SLR) tool in SPM12 (Ashburner & Ridgway,
2012). Average images were then segmented into tissue classes using enhanced tissue
probability maps (Ashburner & Ridgway, 2012; Lorio et al., 2016). However, the contrast of
T1 images was not sufficient enough to segment deep grey matter structures and these
were classified as white matter. We excluded deep grey matter areas using ICBM CerebraA
atlas (http://nist.mni.mcgill.ca/?p=904). The approach we have applied relies on the registration
of the average T1-weighted images (from each subject) to ICBM atlas (ICBM 2009a
Nonlinear Symmetric). Once the nonlinear warps and transforms were obtained, we
inversely warped the CerebrA atlas to structural space and subtracted deep grey matter
structures (putamen L/R, pallidum L/R, thalamus L/R, lateral ventricle L/R, caudate L/R) from
segmented white matter masks.

Diffusion MRI data were prepared for statistical analyses according to an established
pre-processing pipeline (Ades-Aron et al., 2018). Images were denoised with Marchenko-
Pastur principal component analysis filter (Veraart et al., 2016), corrected for Gibbs ringing
(Kellner et al., 2016), geometric EPl and motion distortion (FSL’s eddy, (Andersson &
Sotiropoulos, 2016), and BO field inhomogeneities (Andersson et al., 2001). DTI metrics (FA,
AD, RD) were calculated from diffusion tensor estimated with weighted linear least squares
(Veraart et al., 2013). Prior to performing voxel-based analysis on scalar diffusion maps, we
created a study-specific group template from each individuals’ FA map at each time point
(for visualization see scheme_normalization.png file in the OSF repository). An initial within-
subject template (rigid-affine spatial registration) was created with ‘buildtemplateparallel’

batch in ANTs (Avants et al., 2011). The resulting inter-subject templates served as single-
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subject representatives in group spatial registration (rigid-affine and symmetric diffeomorphic
registration) to the HCP1065  standard-space  (MNI)  FA-template  with
‘antsMultivariateTemplateConstruction2’ batch in ANTs (Avants et al., 2008). In this step,
maps were upsampled to 1 mm? isotropic voxel. Each individuals’ time point diffusion maps
(FA, AD, RD) were spatially registered to the study-specific group FA template in MNI space
with priorly obtained registration matrices and deformation fields. In parallel, white matter
average tissue maps derived from T1-weighted data were warped to the longitudinal inter-
subject FA template with transformations obtained from FA template registration to
longitudinal T1 template. Finally, spatially registered DTl maps were weightedly smoothed
with subject-specific white matter probability maps (Lee et al., 2009) with a 4mm isotropic
kernel. Smoothing was performed within white matter masks to reduce partial volume
effects. Additionally, we used an identical data processing strategy for TPO and TP3 data

selectively in control and experimental groups.

Data availability

Source data used to create all figures along with the code for data processing and statistical
analysis are available at OSF (Open Science Framework) project directory:
https://osf.io/tgh6f/?view_only=f7cc63c3e87e4449b09d7953e67dd23f. ROIl-level data and

codes to perform statistical analysis are provided in the R-project code. Preprocessed MRI

data that support the findings of this study are available upon request from the
corresponding authors. The data are not publicly available due to privacy protection

regulations.

Statistical analysis

Behavioral data were analyzed with repeated measures ANOVAs: one-way with time
(5) as a within-subject factor. Post-hoc tests were calculated with Bonferroni correction for
multiple comparisons. Greenhouse-Geisser F-test and degrees of freedom correction was
used for cases where sphericity assumptions were violated.

The FA maps were analyzed in two repeated measures ANOVAs (RM-ANOVA).
Firstly, Braille group data (5 time points) were analyzed in 5x2 repeated measures ANOVA
with ‘time’ (TPO/TP1/TP2/TP3/TP4) as within- and ‘reading hand’ (right/left) as between-
subject factors, and an additional ‘subject’ factor to account for the dependency of the
acquired data. Since there was no significant effect of ‘reading hand’ and no interaction
between ‘time’ and ‘reading hand’, ‘time’ effect was tested for pooled groups of right and left
hand readers. The main effect of ‘time’ contrast was thresholded at p < .001 voxel-wise and

p < .05 Family Wise Error (FWE) cluster corrected and used as an explicit mask for 2x2
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ANOVA (Braille-Control) analysis to test for structural plasticity specific to Braille reading
training.

A 2x2 ANOVA with ‘time’ (TPO/TP3) as within- and ‘group’ (Braille-Control) as
between-subject factors, and an additional ‘subject’ factor was performed to investigate
interaction between ‘group’ and ‘time’. The results are reported at a threshold p < .001
voxelvise, FWE cluster corrected for multiple comparisons to p <.05.

Additionally, we performed region of interest (ROI) analysis within spheres (radius =
4 mm, to match the filter kernel size, corresponding to the smallest cluster size from either
2x2 ANOVA or 5x2 RM-ANOVA) defined around peak F-values obtained in 5x2 RM-ANOVA.
Analysis was performed using Linear Mixed Effect (LME) model followed by pairwise
comparisons Estimated Marginal Means (EMMs) implemented in nime (Laird & Ware, 1982)
and emmeans (Searle et al., 1980) packages, in R 3.6.0 (R Core Team, 2019), respectively.
We computed post-pre training (TP3-TP0O, 2x2 ANOVA) differences in DTl measures and
entered them into two-sample T-tests with Braille and passive control groups accordingly. All
post-hoc comparisons were Bonferroni corrected for the number of performed statistical
tests, including time (if applicable) and diffusion metrics (FA, AD, RD). Specifically, p values
in the models including 2 TPs were multiplied by 9 - 3 (diffusion metrics) x 3 statistical tests
(2 one sample t tests measuring the change significance within each group and 1 two-
sample t test representing the interaction) and in the models with 5 TPs p values were
multiplied by 30 (10 possible time comparisons x 3 metrics). In addition to standard errors of
the mean, error bars for plots (Figure 3) representing longitudinal data were adjusted in
order to correctly reflect the variance in the within-subject design by removing between-
subject differences accounted for in the repeated measures statistical analyses (see
Cousineau, 2005, Morey, 2008 for details). Both raw and normalized data as well as the R
code used for transformations are available in the OSF project. Anatomical WM structures
were labeled with ‘MRI Atlas of Human Brain Matter’ (Oishi, 2010).

Finally, we calculated correlations between behavioral measures and FA with the
rmcorr package (Bakdash & Marusich, 2017) in R 3.6.0 (R Core Team, 2019), as it allows
using all repeated measures’ data points while not violating the assumption of observations’
independence. Confidence Intervals (Cls) for correlation coefficients were calculated by

bootstrap method with 100 resamples.
Results
Prior to training, out of 26 subjects, 1 subject was able to read 3 words, one subject

read 2 words and 2 subjects read 1 word per minute (group M = 0.31; SD = 0.11, range 0-3).

At the end of the training subjects were able to read around 8 words per minute (M = 8.04;

10
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SD = 4.13, range 1-17). The ANOVA showed a significant effect of time (F4gs = 60.73; p <
0.0001) indicating reading improvement over time. Post-hoc tests between adjacent TP pairs
showed significant increase in reading speed between TPO and TP1 (tpe = 7.2, Peor <
0.0001), TP1 and TP2 (tqs) = 6.4, pcorr < 0.0001), trend-level increase between TP2 and TP3
(tes) = 2.6, pecor = 0.066) as well as significant decrease in follow up (TP4) as compared to
post-training (TP3) test (tzes) = 4.8, pPeor < 0.001; Fig. 1B).

Pre-post training effects of Braille training (comparison with control group)

Effects specific to tactile training were tested in the interaction between ‘group’ (Braille-
Control) and ‘time’ (TPO & TP3, Fig. 2). The analysis revealed FA increases in left
postcentral gyrus white matter (PoG-WM L, cluster extent = 115, F-value = 48.83, MNI = [-
13, -29, 53]) and left middle/lateral occipital white matter (O2-WM L, cluster extent = 112, F-
value = 34.97, MNI = [-22, -83, -1]). Moreover, there was a significant FA decrease in the
right posterior part of the internal capsule (pic R, cluster extent = 223, F-value = 22.37, MNI
=[21, -12, 3]). In order to further characterize the observed alterations in FA, we analyzed
AD and RD within each above region of interest. T-tests were conducted on diffusion
measures separately and p-values were adjusted with Bonferroni correction within each ROI.
FA significant post training difference between Braille and Controls (t47.9s) = -6.388; Peorr <
0.001; with significant increase in Braille group, tps) = 7.081, peor < 0.001) in PoG-WM L was
accompanied by a significant interaction in RD (tu7.97) = 3.177; pcor < 0.05) driven by a
decrease of the measure in the Braille group after training (t4) = -4.064; pcor < 0.01, while no
significant differences between groups in AD were found (ts.7s = -2.262; pcor > 0.05). For
02-WM L, there was a significant group difference in FA (tuse9) = -5.495; pcor < 0.0001).
More specifically, FA increase (t4) = 5.116; peorr < 0.001) was followed by significant change
in RD and non-significant change in AD in the Braille group (t(4) = -3.176; pcorr < 0.05 and t(24)
= 2.214; peor > 0.05, respectively). Additionally, there was a non-significant group difference
(ta7.95 = 2.035; peor > 0.05) in RD whereas a significant pre-post training group difference in
AD (ta7.98) = -3.842; peor < 0.001), driven by significant decrease in control group (t4) = -
3.230; peorr < 0.05), was detected. FA significant post training decrease in Braille group in
comparison to Controls (t47.99) = 4.529, peor < 0.001; with significant decrease within Braille
group, tp4) = -5.228; peor < 0.001) in pic R was followed by significant group difference in RD
(tasos) = -4.464, peor < 0.001), with RD increase in Braille group (t24=4.385; pcor < 0.01).
However, there were no significant differences neither between nor within Braille-Control
(ta7.63) = -1.044 for a group interaction, tps) = 0.025 in Braille group; tp4y = -1.519 in Control
group, all pScor > 0.05) in AD.

11
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Figure 2. Areas specific to Braille training effects overlaid on group-specific FA-MNI
template. Voxel clusters of increased or decreased FA are denoted by red and blue,
respectively (left). Time (TP3 — TPO) — by — group (Braille — Control) interactions: Braille
(post-pre) > Control (post-pre) comparison evaluated for FA, AD and RD measures.
Asterisks between bars indicate significant group x time interactions. *p < 0.05, **p < 0.01,
***n < 0.001, ns = not significant, Bonferroni corrected (right). FA = fractional anisotropy; AD
= axial diffusivity; RD = radial diffusivity; R = right; L = left. Error bars represent SEMs
adjusted for within-subject designs (Morey, 2008).

Time course of Braille training effects

Aiming to understand the dynamics of training changes we analyzed diffusion measures in
specific ROIs. ROIs obtained from Braille-Control interaction (Fig. 2) were extracted from
longitudinal (5 TPs) Braille group analysis.

The time courses of each region and metrics are depicted in Fig. 3. The LME model
was applied for each diffusion measure separately and p-values were adjusted with
Bonferroni correction within each ROIl. LME model with Bonferroni correction revealed
significant time effects for every ROl and diffusion measure (PoG-WM L: t(100) = 10.702, pcor
< 0.0001 for FA, t(100) = 8.471, peorr < 0.0001 for RD, and t(100) = 4.671, pcor < 0.01 for AD; O2-
WM L: tr00) = 12.286, pcor < 0.0001 for FA, and t100) = 6.052, peorr < 0.001 for RD; pic R: (100
=15.719, peorr < 0.0001 for FA, t(100) = 11.208, pcorr < 0.0001 for RD) besides AD in O2-WM L
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and in pic R (t100) = 0.636 and t(o) = 2.299, respectively with all pscr > 0.05). Post-hocs
comparisons with Bonferroni correction were evaluated only for statistically significant
measures within each ROI after the LME model analysis. For PoG-WM L there was a linear-
like increase of FA over the whole training period with pre-post (TPO-TP3) training
significance of to0) = -5.561, peorr < 0.0001. In the follow-up, FA significantly dropped after
the end of training (TP4-TP3, t(00) = 5.145, pcorr < 0.0001) and reached baseline level. The
analysis of RD in PoG-WM L revealed significant decreases over the first 6 months (TP2-
TPO) of training (RD: t(100) = 4.883, pcorr < 0.0001). RD and AD increased over the TP2-TP4
(too) = -4.287, peor < 0.001) and TP2-TP3 (t100) = -4.109, pcor < 0.001) periods,
respectively, to reach the onset level after training in the follow-up (TP4) period. In the O2-
WM L we observed significant FA increase between 3rd and 6th month (TP1-TP2) of training
(t(100) = -3.795, pcorr < 0.01) and that change remained significant till the end of Braille course
(TP1-TP3, t(100) = -4.863, pcorr < 0.0001). Similarly to the PoG-WM L FA time course, FA
decreased after TP3 and reached the baseline in the follow-up (TP4, tuo0) = 4.646, Pcor =
0.0001). RD time course for vision associated white matter presents reversed pattern: RD
decreased in TP1-TP2 time window (t(100) = 3.130, pcorr < 0.05) and this change remained
significant in TPO-TP3 comparison (t(100) = 3.266, Peor < 0.05). Both measures reached the
baseline in the follow-up. For motor associated areas, the most significant reorganization
occurred in the TP1-TP2 time window denoted by FA decrease (t(100) = 3.682, peor < 0.01).
FA change remained significant till the course end (TP3-TPO, t(o0) = 5.711, pcor < 0.0001)
and increased to reach the baseline in the follow-up. For the right posterior part of internal
capsule, post-hocs analysis detected RD significant increase between TP1 and TP3 (t(100) = -
4.297, peorr < 0.001) and decrease in TP4 (t100) = 6.238, Pcor < 0.0001). There were no
significant changes in AD detected neither in the O2-WM L nor in the pic R across the study

duration and follow-up.
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Figure 3. Region of interest analyses for Braille-Control interaction areas: detailed
time courses of structural plasticity in Braille group during training. Error bars represent
SEMs adjusted for within subjects designs (Morey, 2008). *p < 0.05, **p < 0.01, ***p < 0.001,
Bonferroni corrected. FA = fractional anisotropy; AD = axial diffusivity; RD = radial diffusivity;
TP = time point; R = right; L = left.

Brain - behavior correlations during learning

To test the association between structural plasticity and Braille reading skills, we used
repeated measures correlations (Bakdash & Marusich, 2017) between tactile reading speed
(measured by words per minute) and absolute values of FA at each TP extracted from
regions reported on Figure 2. Since in TPO subjects were naive to tactile reading, only data
from TP1-TP4 were included in the analysis. Correlation analysis showed significant positive

relationship of tactile reading speed with FA in the motor area (PoG-WM L, riz7) = 0.35, p <
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0.01; Cls: 0.153/0.551, Fig. 4. left) and in the visual cortex (O2-WM L, rz7 = 0.47, p < 0.0001
Cls: 0.330/0.604, Fig. 4. middle). Negative relationship with FA was observed in the right
posterior part of internal capsule (rz7 = -0.45, p < 0.0001 ; Cls: -0.575/-0.284, Fig. 4. right).
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Figure 4. Brain-behavior correlations: relations between Fractional anisotropy (FA) and
Braille reading speed (measured by tactile words per minute, tWPM). A set of 4, same color
dots represent separate observations of FA and tWPM from the same participant (alongside
with a color-matched regression line fit). The dashed black line corresponds to overall
regression fit. Analyses were performed with repeated-measurements correlations (Bakdash
& Marusich, 2017) using data from TP1 to TP4. R = right; L = left.

White matter reorganization over time (Braille group)

In order to localize changes which were not specific to the interaction between TPO&TP3
and the control group, we tested for the main effect of time across the whole brain. We show
changes in motor (bilateral superior corona radiata, bilateral posterior limb of internal
capsule, precentral and superior frontal gyri), visual (middle/lateral occipital gyrus), and
language (supramarginal gyrus) related white matter areas (Fig. 5., Tab. 1). There was no
‘time’ x ‘reading hand’ interaction. As a consequence, the ‘time’ effect was tested for pooled
groups of right and left hand readers. However, since these results are not compared to the
control group due to our design’s limitation, we did not explore the detailed time courses.

The specificity of the observed changes should be analyzed in the future studies.
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Figure 5. Main effect of time point: White matter FA changes in Braille readers group.
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Anatomical WM structures were labeled with MRI Atlas of Human Brain Matter — K. Qishi (p-
value = 0.05, FWEc = 213, punc= 0.001).

Table. 1. White matter FA changes in the experimental group for all time points.
Anatomical WM structures were labeled with MRI Atlas of Human Brain Matter — K. Qishi, p-
value = 0.05 (FWEc = 213, punc = 0.001, MNI peak F-values).

MNI coordinates

Region Extent F-value
(x,y,2)

Posterior limb of internal capsule R 464 17.20 21 12 3
Precentral gyrus WM L 4283 14.17 -10 -24 58
Superior corona radiata R 3727 13.76 19 -17 40
Supramarginal gyrus WM R 321 12.36 52 -33 35
Middle/Occipital gyrus WM L 312 11.37 -21 -84 -2
Posterior corona radiata R 302 10.75 22 -32 23
Middle/Occipital gyrus WM R 290 9.29 32 -62 33
Superior corona radiata L 213 9.06 -16 19 34

377 8.84 17 -6 42
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Superior frontal gyrus WM R

Middle/Occipital gyrus WM L 296 8.80 -32 =72 27
Middle frontal gyrus WM R 235 8.45 27 35 22
Posterior limb of internal capsule L 535 7.77 -22 -15 5
Discussion

In this study, we monitored WM microstructure reorganization in sighted subjects
exposed to intensive training in tactile Braille reading. We show that learning-specific WM
plasticity occurs both intra- and cross-modally, which was reflected by FA increases in
somatosensory and visual cortex, respectively. The observed changes followed distinct time
courses, with visual cortex cross-modal plasticity occuring only after achieving a proficiency
level that allows to read Braille words (Fig. 3). WM reorganization observed in these areas
returned to baseline after cessation of learning. We provide additional evidence that FA
changes in the visual and somatosensory cortex as well as the subcortical part of the motor
tracts are behaviorally relevant to tactile reading (Fig. 4). Taken together, these results
demonstrate that brain plasticity is a highly dynamic process modulated by the introduction
of novel experiences.

Braille reading involves first and foremost the evaluation of novel tactile input. This
input is present from the very beginning of learning in the form of basic tactile discrimination
and introduction of single letters followed by more complex stimuli until the end of training
(Fig. 1A). In our data this gradient was paralleled by FA increases together with RD
decreases in the somatosensory WM. Studies based on animal models indicated that
simultaneous alterations in these two metrics could be driven by myelination (Sampaio-
Baptista et al., 2020; Sampaio-Baptista et al., 2013; Song et al., 2005; Beaulieu 2002), which
was suggested as central to learning-induced neuroplasticity (Fields, 2010; 2015; Heath et
al., 2017). Such intra-modal reorganization within the trained sense seems intuitive and was
observed in other studies involving functional and structural changes in tactile experiences
including short-term tactile reading training (Debowska et al., 2016), somatotopy remapping
(Kolasinski et al., 2016), somatosensory stimulation (Schmidt-Wilcke et al., 2018) or
perceptual learning (Pleger et al., 2003). Recently we also showed a similar pattern of
gradual anatomical changes of sensory cortices in the grey matter of sighted Braille learners

(Matuszewski et al., 2021). Additionally, FA of the somatosensory WM was correlated with
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the acquired tactile reading speed (Fig. 4, left). The exact role of the somatosensory cortex
in tactile reading has been debated with some studies observing its functional and structural
remapping (Debowska et al., 2016) and others not (Siuda-Krzywicka et al., 2016; Bola et al.,
2017). Our results showed that gradual microstructural reorganization in the somatosensory
WM might be related to simple exposure to novel tactile stimuli further linked to the progress
in Braille reading. These novel stimuli after basic evaluation, require fine-grained spatial
analysis of the characters occuring in the visual cortex (Bola et al., 2019; Merabet et al.,
2008; Saito et al., 2006; Sathian et al., 2011; Stilla & Sathian, 2008).

In previous research, involvement of the visual cortex in the processing of non-visual
information was reported both with (Saito et al., 2006; Zangenehpour and Zatorre, 2010) and
without specific training (Amedi et al., 2001; Eck et al., 2013; 2016; Sathian et al., 2011).
Visual cortex anatomy can also undergo reorganization by various trainings including colour
naming (Kwok et al., 2011), juggling (Draganski et al., 2004; Scholz et al., 2009), mirror
reading (llg et al., 2008) or 9 months of tactile reading training (Bola et al., 2017). Here we
show that, contrary to continuous microstructural reorganization in the somatosensory
cortex, FA increases (mirrored by significant RD decreases) in the visual WM occur after 3
months of training, when subjects are progressing from single letters to words reading (Fig.
1A and 3 middle). Furthermore, FA of the visual WM was positively correlated with tactile
reading speed (Fig. 4, middle). These results indicate that the temporal dynamics of
microstructural plasticity might be modulated by the nature of computational demands. Since
tactile reading assimilates novel sensory input into existing language network, FA changes
found in the middle/occipital gyrus could reflect improved connectivity between areas
participating in detailed spatial analysis of haptic stimuli and high-level visual or language
networks via inferior fronto-occipital or longitudinal fasciculus. Such neuroplastic changes
would occur only when Braille became linguistically meaningful. This hierarchy and
information flow between visual areas during tactile reading was verified in our additional
study incorporating chronometric TMS (Bola et al., 2019).

Tactile reading also carries an important motor component, as it relies on fine-tuned
hand and finger movements required for proper Braille characters identification. In our study
this motor domain was reflected by significant FA changes in the posterior limb of internal
capsule, which contains corticospinal tracts. Counterintuitively, the temporal dynamic
analysis indicated decreases in FA during training, followed by return to baseline in the
follow-up scan (Fig. 3, bottom). Moreover, FA in this region was negatively correlated with
the tactile reading speed. This pattern of changes is highly unlikely to be caused by axon
demyelination observed i.e. in aging (Lebel et al., 2012; Sexton et al., 2014). Multiple
reviews showed that FA inferred information about microstructural anisotropy is significantly

affected by underlying tissue characteristics, particularly crossing fibers (Jbabdi et al., 2010;
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Vos et al., 2011; Tuch et al., 2002). In that view, FA decreases could be observed on the
voxel level even if the task-relevant part of the fibers would increase its FA. Similar
decreases during learning were reported in previous studies (Taubert et al,. 2010).
Specifically, the posterior limb of internal capsule hosts sensory fibers of the corticospinal
tract leading to motor areas as well as tracts of optic radiation. Additionally, one recent study
also demonstrated possible homunculus-like organization of fibers in PIC (Quian & Tan,
2017). Therefore, selective FA increase in hand fibers could be masked by the underlying
WM microstructure.

Finally, exploratory analysis provided preliminary evidence that during training
changes over time appear also in other regions (Table 1), which could be broadly classified
as motor, visual or language related. In these regions the reorganization might have occured
with a different timeline, either before participants reached peak performance or in the follow
up, therefore it was not visible in the interaction with the passive control group. Thus its
relevance for Braille reading learning should be verified in future studies.

We did not observe any training-specific structural changes located in the reading
network. However, as Braille is an alphabet presented in atypical sensory modality, only the
nature of input is novel, while it enables access to already known (Polish) language. This
explains why anatomical changes are observed in sensory regions and not in the higher-
order parts of the reading network located in the temporal or frontal lobe. This could be
indirectly supported by various studies reporting left inferior frontal gyrus anatomical
reorganization in bilinguals or during second language acquisition (Banaszkiewicz et al.,
2021, Lietal., 2014).

Our results are in line with the view that WM demonstrates highly dynamic,
experience-dependent plasticity during learning (Sampaio-Baptista, Johansen-Berg, 2017).
In our study FA in the areas undergoing training-specific reorganization returned back to
baseline (Fig. 3) during follow-up scan (TP4) after the withdrawal from tactile reading. This
finding is in line with the supply-demand model of plasticity (Lovden et al., 2010). In this
view, experience-dependent brain structure changes are assumed to adapt to demands
introduced by novel experiences. Specifically, this process is observed in continuous
increases in a given brain structure metric (i.e. volumetric change), until the demands for
optimal processing are met. Similar patterns of WM properties were reported by de Lange et
al. (2018) where older adults followed a 40-week program consisting of alternating memory
training and rest periods. In their study, changes in FA and MD followed roughly an S-shape
curve, with increases during training and retractions during resting periods.

Several key limitations of this study should be discussed. Firstly, although DTI
provides markers sensitive to microstructural tissue reorganization, its metrics are not

specific to biologically interpretable tissue properties (Lerch et al., 2017). Furthermore, DTI
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only provides a rough characterization of the underlying structure, which captures the most
prominent features at low b-values (Novikov et al., 2018). Multiple biophysical diffusion
models (e.g. NODDI - Neurite Orientation Dispersion and Density Imaging or CHARMED -
Composite Hindered and Restricted Model of Diffusion) allowing more fine-tuned analysis of
the WM microstructure have been proposed to tackle this issue (see Panagiotaki et al.,
2012; Nilsson et al., 2013 for review). However, biophysical modelling requires a priori
knowledge on the tissue characteristics to appropriately estimate different compartments
(e.g. sticks used to describe fibers) and accurately derive scalar metrics. Additionally,
inclusion of the quantitative MRI recently showed distinctive profiles of reading (and math)
network tract sub-bundles (Grotheer et al., 2019). Therefore, using advanced multi contrast
and optimised MRI acquisitions would contribute to deeper understanding of the tissue
changes during Braille learning by mapping i.e. crossing fibers, neurite densities or myelin
water fraction. Secondly, test-retest reliability of the diffusion metrics over time would provide
useful information regarding the stability of MRl measurements. However, in this case
shorter time-scales of minutes (Koller et al. 2021; Veraart et al. 2021) or days (Landman et
al. 2011, Luque Laguna et al. 2020), instead of several months, are needed. Lastly, inclusion
of the passive control group allowed us to measure the specificity of the experience-induced
neuroplasticity. However, our design incorporated control scans only before (TP0Q) and after
(TP3) training. While this approach allowed us to capture the specificity of cumulated
learning effects, it limited the conclusions about the detailed time course of WM
reorganization.

In conclusion, with a unique longitudinal design including multiple time points we
provide novel perspectives into the dynamics of experience induced cross-modal
neuroplasticity. We demonstrate that in sighted adults, behaviourally-relevant microstructural
properties of WM are modulated by learning with regionally-specific time courses.
Additionally, observed changes returned to baseline after cessation of learning, supporting
the view that WM changes, possibly driven by myelin plasticity, follow the supply-demand
pattern of neuroplasticity.
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