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Abstract

Blindness is a widely studied phenomena in order to under-
stand the neuroplasticity in case of sensory deprivation. Num-
ber of studies focusing on the structural plasticity during vi-
sual deprivation is fewer compared to the functional plastic-
ity. In addition, samples and the results of those studies are
heterogeneous. This dissertation utilized the largest dataset
of MRI of blind subjects, that is gathered by the efforts of 10
different research labs. The aim was to overcome the previ-
ous challenges, and identify pre- and post-natal factors that
are confounding the results. In the first chapter, an extensive
literature review revealing the current status of the field and
identifying the problems is presented. The review is com-
pleted with a systematic meta-analysis. Structural plasticity
in case of congenital blindness was examined in chapter 3.
This chapter focused on between (congenital blind partici-
pants versus sighted controls) and within group (effect of the
causes of blindness, residual light perception, Braille literacy)
differences via utilizing voxel- and surface-based morphom-
etry. In chapter 4, participants with late blindness was exam-
ined. In addition to the analyses conducted on the congenital
blind subjects, effect of time spent as blind and blindness on-
set on neuroplasticity was examined. The results indicate a
consistent atrophy on the visual pathway, and a critical pe-
riod for vulnerability. In addition, the effect of premature
birth, residual light perception, Braille literacy on the struc-
tural plasticity and limited sample sizes on the results were
revealed.
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Chapter 1

Introduction

1.1 Epidemiology of Blindness

Vision is the sensory modality that people rely on most. The world we
live in is built in such a way that most of the inventions that make daily
life easier utilize visual perception (e.g., traffic lights and signs, moni-
tors and screens, etc.). However, blind people cannot make use of such
tools, and have to rely on other sensory modalities to interact with the
surrounding world. According to Bourne et al. (2021), 43.3 million peo-
ple suffer from a form of blindness. From a medical perspective, blind-
ness is defined as having less than 3/60 visual acuity in the better eye
(WHO, 2019). Visual acuity, described as the ability to see details clearly
(WHO, 2019), is measured via the Snellen scale (Perera et al., 2015; Figure
1), a chart containing letters ordered from top to bottom, from larger to
smaller font sizes. A person with normal eyesight can see the slightest
line from 6 meters away (6/6 vision). 3/60 visual acuity means that a
person has to come 3 meters close to see the top letter of the Snellen scale
that can be read from 60 meters away by a person with regular eyesight.

The prevalence of blindness increases with age. Seventy-eight per-
cent of the blind population is older than 50 years (Bourne et al., 2021).
That being said, losing sight at any age impacts the quality of life and
represents an economic burden. As reported in the World Report on Vi-
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Figure 1: Snellen chart as taken from Perera et al. (2015).

sion published by the World Health Organization in 2019 (WHO, 2019),
blindness has different effects on daily life depending on the age of onset.
Children suffer from delayed motor or cognitive development and lower
in-school achievements (Kestenberg, 1979; C. C. Peterson, J. L. Peterson,
and Webb, 2000; Tobin, 1998). At the same time, adults experience iso-
lated social life and a higher risk of unemployment (K. D. Frick et al.,
2015; Naidoo et al., 2019). Finally, elders face a higher probability of en-
tering nursing homes earlier (Friedman et al., 2004; Mitchell, Hayes, and
J. J. Wang, 1997).

According to the World Health Organization (WHO, 2019), the most
common causes of blindness are cataracts, uncorrected refractive errors,
glaucoma, and age-related macular degeneration (Figure 2). These causes
affect different eye parts or the optic nerve. Cataract impairs the cloudi-
ness in the lens, glaucoma is the ’build-up of fluid’ in the lens, refractive
errors (e.g., myopia, presbyopia) are related to the abnormal shape or
length of the eyeball, and two types of retinopathy, one caused by dia-
betes, one caused by premature birth, cause damage to the blood vessels
in the retina.

2



Figure 2: Global causes of blindness due to eye diseases (WHO, 2019)

1.2 Why study blindness to study the brain?

Blindness has offered an unprecedented opportunity to understand to
what extent sight and visual experience - and the lack of it - may be fun-
damental to shape the development of the brain functional organization
and to observe neurophysiological changes related to plastic reorganiza-
tion following the absence of a sensory input (Ricciardi, Bottari, et al.,
2020; Voss, 2019; Fine and J.-M. Park, 2018). Brain regions related to
vision are primarily affected because of lack of input, and the brain com-
pensates by focusing on the remaining and preserved sensory modali-
ties. Furthermore, if the age onset of the losing vision is known, the in-
teraction between typical neurodevelopment and compensatory plastic
phenomena can be explored and characterized. In other words, whether
the structural and functional plasticity occurs in the same way on the
mature and immature brains can be studied.

With the advances in the non-invasive neuroimaging technology, es-
pecially f/mri since mid-90s, the model offered by the sensory loss has
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been exploited. The interest in the visually deprived brain has been grad-
ually increasing (Ricciardi, Bottari, et al., 2020). Earlier studies showed
that visual cortex give cross-modal responses to other tasks ( Voss (2019)
for a review of cross-modal functional responses in visual cortex). In-
dication of these studies were already exciting in terms of figuring out
how the brain makes use of the regions whose main task is not function-
ing anymore. Of course, this approach has the assumption that brain
regions, at least the primary sensory regions are unimodal. However,
later studies revealed that sensory deprived visual cortex, along with
other regions in the brain, give response to a specific type of task, rather
than a specific modality (see Ricciardi, Bonino, et al. (2014) for a re-
view of supramodality). For example, visual cortex of both blind and
sighted people is activated to “direction” whether it is perceived visually
or auditory. Therefore, brain works in a “supramodal” way rather than
unimodal or crossmodal. The sensory deprived brain is important for
further understanding how supramodality works, hence how the brain
works.

1.2.1 Phsyiology of the visual system

In order to understand how the human brain reacts to blindness, it is es-
sential to know how it processes visual input (Figure 3). As explained in
Tovée (2008), after the light enters the eyes, the retina collects, transduces
and sends the input to optic nerves. The information collected with nasal
and temporal retinas is exchanged at optic chiasm, so that each hemi-
sphere receives information from the opposite side of the visual field.
After the exchange, the information arrives at the lateral geniculate nu-
cleus (LGN). LGN is a subnucleus of the thalamus that receives input
directly from the eyes and feedbacks from cortical areas. It has six layers
and every layer takes input from one eye. LGN is primarily responsi-
ble for sending the information to the visual cortex via optic radiations.
The primary visual cortex, also known as striate cortex, calcarine cortex,
or V1, receives input from optic radiations and relays the information
coded in the retina on the cortex. Its function is to detect relatively sim-
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ple orientation, edge, and salience features. Secondary visual cortex (V2)
is modulated by both simple properties like V1 and more complex prop-
erties, like color and disparity. From V2, there are two interacting path-
ways for visual information processing: dorsal and ventral, also known
as where and what pathways, respectively. The dorsal pathway goes
through the parietal lobe and is primarily related to the spatial and sen-
sorimotor processing. On the other hand, the ventral pathway extends
to the temporal lobe after V2 and is related to object identification and
characterization. Third visual cortex (V3), in accordance with the dor-
sal and ventral streams, has dorsal and ventral parts. Dorsal V3 takes
input from the V2 and conveys the information to the parietal cortex.
This part is related to global and coherent motion. Ventral V3, on the
other hand, is connected to inferior temporal cortex and takes less input
from V1. Ventral V3 also has color-selective cells, as it is connected to
V4, that is associated with the color perception. Lesions to this region
resulted in impaired color constancy and pattern discrimination. Lastly,
visual area 5 (V5), also known as middle temporal visual area (MT). This
region takes part in perception of direction of the motion of an object
rather than its sub-parts. When V5 is lesioned, impaired eye-pursuit
was reported, and subjects perceived the world in form of frames rather
than a continuous way. This region takes input from V1, V2, and LGN.
The visual system starts developing during gestation. Formation of the
retina starts around the seventh week of gestation and takes its relatively
mature shape around 160 days (Workman et al., 2013). Thalamus and
LGN start forming around 43 days, and axons from the retina reach LGN
around 60 days (Clancy, Darlington, and Finlay, 2001). Optic radiations
start their myelinization around 200 days and connect with the cortex at
60 days. Around day 156, the retina starts a spontaneous activity that
stimulates the whole pathway and helps its maturation (Workman et al.,
2013). However, this prenatal development is not enough for complete
maturation. After birth, both gray matter and white matter structures
continue to develop. Gray matter in V1 goes through a rapid expansion
and grows until 17 months, then shrinks via synaptic pruning until its
adult refinement. On the other hand, white matter tracts continue to
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Figure 3: A visual representation of the human visual system. Image:
Miquel Perello Nieto [CC BY-SA 4.0]

maturate until 22 years of age (Paus et al., 1999; Workman et al., 2013;
Siu and Kathryn M Murphy, 2018).

1.3 Exploring the brain and blindness with mag-
netic resonance imaging

Thanks to the advances in non-invasive imaging techniques, it is possi-
ble to measure and describe brain anatomy and function with different
methods. One of those approach, magnetic resonance imaging (MRI),
takes advantage of the magnetization of the atoms, mostly in water. (M. A.
Brown and Semelka, 2011; Huettel, A. Song, and McCarthy, 2009). MRI
devices are designed to create a homogeneous static magnetic field that
is strong enough to align nuclei in human body. This magnetic field
is transmitted to body through radiofrequency coils that resonate with
atomic nuclei at the times of interest. The resonation excites the atomci
nuclei, making them absorb the radiofrequency pulse. After the exci-
tation, the nuclei return to their equlibirium state with the static mag-
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netic field. MRI signal is generated from this relaxation process of the
nuclei. The most common magnetization technique for structural MRI,
T1, which is the magnetization in the same direction as the static mag-
netic field, generates images in which the gray matter is dark gray, white
matter is light gray, and CSF is black. This modality is used to quan-
tify morphological features of the brain such as cortical/subcortical vol-
umes, surface area, cortical thickness. In general, these features are cate-
gorized based on the technique used to generate them: voxel-based and
surface-based morphometry (Goto et al., 2022). T1 images, already in the
voxel-dimension, can be used for segmentation of different cortical (gray
and white matter) and subcortical (thalamus, hippocampus, amygdala...)
structures, and calculate their total volume as a factor of voxel dimension
and total number of voxels in the mask-segmented image. This technique
is useful to perform analyses on the whole of the segmented tissue. To
study the morphology on the regional level, concentration of the seg-
mented tissues in each voxel can be calculated. This technique, generally
known as ”voxel-based morphometry”, is applied by creating deforma-
tion fields of the tissues via normalizing them into a group template with
non-linear registration (Ashburner, 2010). The normalized images are
modulated with the amount of the deformation needed to for each voxel
to match their place in the group template. Lastly, the images are spa-
tially smoothed. In the final output, each voxel contains the probability
of the given tissue, which can be also interpreted as ”concentration”.

Although being useful for tracking the morphological differences be-
tween different populations, tissue concentration is difficult to interpret
and to tell what it represents (e.g. whether it is surface area, cortical
thickness, curvature). Surface-based morphometry, on the other hand, is
more specific and more interpretable (Dahnke, Yotter, and Gaser, 2013).
The T1 image is sent to the surface domain from the voxel domain by
calculating the distance between white matter pia mater/CSF. This step
creates a model of the cortex, which is built by ”vertices” instead of vox-
els. Each vertex consists of three points on the cortical model. Each triplet
has a face (area between the points) and each point has a geometric co-
ordination on space. Thanks to these specific information, surface area
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of a region (via the are a of the triplets), cortical thickness (the distance
between white and pial surface), and curvature (or gyrification, the ra-
tio of length between pial surface and the cortex) could be measured.
Once generated, the images are ready for statistical analyses after prepro-
cessing. In short, images are aligned to a standard template to perform
group-level analyses. Then, any statistical test of choice can be applied
to make group-level inferences.

Another imaging technique to study brain structure using MRI is
diffusion-weighted imaging (DWI) (Alexander et al., 2007). This tech-
nique quantifies the water diffusion from one point to another, hence
reveals the pathway that water follows. The resulting image has a con-
trast between white matter and gray matter, therefore useful to investi-
gate white matter integrity at macro scale. With the introduction of the
tensors, that can recognize the direction of the molecules, distinction of
the white matter fibres became possible (Basser, Mattiello, and LeBihan,
1994). Most common methods to quantify the integrity of the white mat-
ter bundles are fractional anisotropy FA and radial diffusivity (RD). FA
shows the myelin integrity (Baliyan et al., 2016).

Results from functional studies consistently indicate that most of the
large-scale architecture of the human brain develops and functions also
in the congenital blind model as well, while certainly undergoing func-
tional reorganization and long-range connectivity changes. For instance,
previous functional studies of blind individuals revealed that visual cor-
tex of blind individuals is still active during a wide range of tasks such as
auditory spatial processing (Collignon et al., 2011), tactile object recog-
nition (Amedi et al., 2010), Braille reading (Burton et al., 2002), lingus-
tic stimuli (Roeder et al., 2002), attentional tasks (Weaver and Stevens,
2007). In addition, earlier PET studies showed that congenital blind peo-
ple have more glucose consumption and higher cerebral blood flow in
occipital cortex (Wanet-Defalque et al., 1988; Uhl et al., 1993; De Volder
et al., 1997). Whether there is a structural correspondence of this func-
tional adaptation is a question mark. Structural observations are neces-
sary to determine how the brain adapts itself to deprivation of a sensory
modality, the structural foundations of the functional changes, and the

8



relationship between regular neurodevelopment and structural plastic-
ity. Structural MRI studies of blindness point to a general clean result
(significant changes in optic radiations and V1) (Noppeney et al., 2005;
Pan et al., 2007; Jiang et al., 2009; Nina L Reislev et al., 2016; H. J. Park
et al., 2009) and various results on non-vision related regions (Q. Li et al.,
2017; Inuggi et al., 2020; Zikou et al., 2012; Chebat et al., 2007).

This work introduces a neuroimaging data-sharing initative of struc-
tural T1 brain data of congenital and late blind individuals acquired by
different research groups. Launched during the ‘Blind Brain Workshop’
that was held in Lucca, Italy on October 11th-13th, 2018 (Ricciardi, Bot-
tari, et al., 2020), this action provided an unprecedentedly large sample of
156 CB and 153 LB ((blindness onset - BO > 0 year of age)) individuals.
This joint effort will allow on the one hand to replicate previous frag-
mented observations in a more reliable sample size, and, on the other
hand, to exploit the possibility to investigate directly the effects on neu-
roimaging metrics of individual characteristics relative to the etiology
and features of blindness, and with environmental factors. Importantly,
we limited a large part of the methodological noise between individ-
ual studies by unifying pre-processing and data analysis. In addition,
we also aimed at confirming the higher reliability of our multiple sites
image-based data sharing initiative as compared to a coordinate-based
meta-analytic approach to structural brain data, particularly when the
state-of-the-art is represented by observational studies with small size
samples and that have often been focusing on specific structural targets,
or limited structural-functional correlations

In summary, in this thesis, I aim to:

• Show the current state of the literature on structural reorganization
and adaptation in the case of blindness and identify what is cur-
rently missing in this characterization of blindness-related changes
in brain anatomy

• Gather a large blind sample that has enough statistical power to re-
veal the anatomical differences between congenital/early/late blind
and sighted samples
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• Identify the effect of the secondary pre- and post-natal factors (e.g.,
residual light perception - RLP, causes, Braille) on brain structural
reorganization

• Compare the results of coordinate-based meta-analysis and meta-
analysis based on real data

• Identify the effects of blindness onset on reorganization phenom-
ena occurring in a late loss of visual input
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Chapter 2

Literature Review and
Meta-analysis

The brain undergoes a set of changes after losing visual perception. Pre-
vious studies claim that these differences are observed across the whole
brain, thus in the neocortex, subcortical structures, and midbrain (Fig-
ures 4 and 5).

As seen in Figures 4 and 5, there is a large body of research on mor-
phological changes in the blind brain. Although there are many common
and reliable findings, a complete understanding of structural plasticity
in visual impairment has not been achieved yet. Inconsistencies among
the findings and heterogeneity among the sample characteristics can be
easily observed (Figures 4 and 5). The significant heterogeneity across
studies could be related to various factors. First, analyses have been so
far performed on limited samples of congenital or late blind individuals
and matched sighted controls. In high-income countries, people lack-
ing vision since birth are luckily becoming rarer, as reversible causes of
blindness can be treated timely (WHO, 2019). In addition, the exclusion
of all participants whose medical characteristics could confound result
interpretations, such as neurological or psychiatric disorders, led most
studies assessing structural differences in congenital and late blind in-
dividuals to samples that do not exceed 30 participants. Then, these
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limited, exceptional samples of congenital blind people show different
sociodemographic and clinical variables (e.g., residual light perception,
causes of blindness, premat(Anurova, Carlson, and Rauschecker, 2019;
Maller et al., 2016; C. M. Bauer, Hirsch, et al., 2017). Thus, individuals
whose nature of visual loss and lifelong characteristics may play a dif-
ferent role on brain development and (re)organization, are often merged
into unique samples. For instance, how could even a minimal perception
of light and shadows affect the development of those cortical and subcor-
tical regions that receive retinal inputs? Equally, to what extent does vi-
sual deprivation differentially influence the maturation of preterm born
cerebral structures, as compared to term born brains? Or which may be
the relevance of postnatal, environmental factors, such as Braille literacy,
that affect the blind brain for variable time lengths? Accordingly, studies
have tried to isolate the effects of diverse causes of blindness (e.g., anoph-
thalmia in Bridge, Cowey, et al. (2009), prematurity in Wan et al. (2013),
or open-angle glaucoma; Zikou et al. (2012)), to comprehend the impact
of age onset on brain structural development (Andelin et al., 2019), to
understand the role of residual light perception (Zhou et al., 2019), or
to correlate neuroanatomical metrics with individual behavioral perfor-
mances, with compensatory perceptual adaptations or with the impact of
specific clinical variables (e.g., Voss and Zatorre (2012), Voss and Zatorre
(2015) Zhou et al. (2019)). Furthermore, the two most common exper-
imental designs in the literature compare sighted controls and a blind
group consisting of both late and congenital blind sample or compare
a sighted group and congenital blind sample only (Chebat et al., 2007;
Pan et al., 2007; Leporé, Y. Shi, et al., 2009). However, in the first case,
the anatomical differences reflect the effect of losing sight at some point
in life. In contrast, in the second case, the results show the effect of not
having visual perception from birth. The brain may reshape itself differ-
ently in those two scenarios. Therefore, individual results alone would
not be sufficient to make general statements about the effect of blindness
on brain anatomy. Finally, if limited samples directly impinge on (i.e.,
overestimate) the effect size, and thus raise concerns on the replicability
and generalizability of the results Ioannidis et al. (2014), method-based
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factors, such as heterogeneity in data acquisition, processing, and anal-
ysis protocols, also may affect the observations reported across different
studies.

Naturally, structures that are most frequently reported as affected by
the lack of sight in the literature are the elements of the visual pathway.
In this review, I will cover the anatomical changes in visual pathways
and some other structures in the brain that are frequently observed to be
altered by blindness. The differences among the sample characteristics
will be highlighted throughout the review, and potential confounding
will be discussed at the end.

As this thesis aims to explore neuroplasticity in the typically devel-
oped brain, I restricted this review’s scope to studies involving ocular
blindness. For a review on cerebral/cortical blindness, please see Hirsch,
C. M. Bauer, and Merabet (2015).

2.1 Visual Pathways

2.1.1 Optic Nerves, Chiasm, Tract and Radiation

Optic nerves take input from the retina and carry the information to the
LGN or superior colliculi through optic chiasm. After the information is
processed in LGN, optic radiation carries it to the visual cortex. All those
components are white matter fibers. Myelination of white matter almost
reaches its adult level around 12-24 months of age but keeps developing
until 17 years (Paus et al., 1999).

Different methodologies were used to study the integration of white
matter in the visual pathway. The most basic method, examining the MRI
images by visual inspection, revealed that that visual white matter fibers
are atrophied in congenital blind (CB) and anophthalmic (AN-CB, a spe-
cial group of congenital blind subjects who are born without eyes) sub-
jects (Breitenseher et al., 1998; Bridge, Cowey, et al., 2009). Voxel-based
morphometry (VBM) and diffusion tensor imaging (DTI) results showed
reduced volume and fractional anisotropy (FA) in early blind (EB/CB)
sample compared to sighted controls (SC) (Noppeney et al., 2005; Pan
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Figure 4: This figure offers a synthetic perspective of previous brain struc-
tural studies on congenital/late blind samples, their sample sizes, the char-
acteristics of the blind samples relative to the causes of blindness. Each line
represents a study. On the left side, under ”Sample Distribution”, num-
ber of sighted, early and late blind participants can be seen. On the right
side, under ”Causes of Blindness”, there is the number of blind subjects
falling into four categories of blindness. The categorization was decided
based on the description of ICD10 WHO (2004): causes related to premature
birth (retinopathy of prematurity), causes related to lack of prenatal waves
(anophthalmia/microphthalmia), causes related to eye problems (e.g. glau-
coma, cataract), causes related to retina and optic pathway (e.g. retinal de-
tachment, optic pathway atrophy).
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Figure 5: Results of the studies listed in Figure 4. Each line represents a
study. On the middle column, the method of the study is listed. ”Volume”
is for volumetric approaches (total volume of the tissues of subcortical struc-
tures, or voxel-based morphometry), ”Surface” indicates a surface-based
metric is used (such as thickness or gyrification), ”DTI” refers to diffusion
tensor imaging and related metrics such as fraction al anisotropy or radial
diffusivity. On the right side, there is the list of most commonly reported
structures in those studies and the direction of the result for the relevant
structure is represented by a color.
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et al., 2007; Ptito, F. C. G. Schneider, et al., 2008; Shu, Liu, et al., 2009).
In late blind group (LB), FA was even lower compared to the congeni-
tal blind group (Wan et al., 2013), but this was falsified by Tregillus and
Likova (2020) that found lower FA in optic radiations of CB. For AN-CB
subjects, through, a reduction in the optic tract was observed in the right
occipital lobe (Bridge, Cowey, et al., 2009). One interesting finding is that
in optic radiation of AN-CB, a secondary fiber was detected and could
account for the lack of volume difference. Decreased FA was reported
for optic radiation (Yu et al., 2007; Shu, Liu, et al., 2009; Bridge, Cowey,
et al., 2009; Bridge, Coullon, et al., 2021), indicating that the consistency
of white matter is reduced in those areas.

The only study that reports null results is (Schoth et al., 2006): no
difference in relative anisotropy or pyramidal tract, when exploring DTI
to check differences between LB and SC. There are two possible expla-
nations for this null finding. First, the metrics used for measuring the
difference are different from other studies (i.e., relative anisotropy and
pyramidal tract): those metrics may be specifically detecting an aspect
that is not different between LB and . Second, blindness onset of the
sample is much higher than other studies (older than 12 years of age,
none of them had residual light perception) and it may be possible that
LB does not show any anisotropic difference.

2.1.2 Thalamus

The information sent from the optic tract is sent to the thalamus, specif-
ically LGN. In AN-CB, ventral thalamus (Bridge, Cowey, et al., 2009),
and in CB, both thalami are smaller (Cecchetti et al., 2016; Ptito, F. C. G.
Schneider, et al., 2008; Maller et al., 2016). Specifically, LGN, temporal,
prefrontal, occipital, and right premotor nuclei of the thalamus showed
volume reductions (Cecchetti et al., 2016). FA of the whole thalamus was
lower in CB (N. H. Reislev et al., 2017), and FA of pulvinar was in LB
(Dietrich et al., 2015).

Animal studies showed that if the visual pathway is damaged, the
retina can relay the visual input to the auditory thalamus, and the au-
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ditory cortex responds to visual stimuli (Sur, Garraghty, and Roe, 1988;
Frost et al., 2000). However, auditory thalamic nuclei and medial genicu-
late nucleus (MGN) did not show any volume differences in CB humans
(Cecchetti et al., 2016).

2.1.3 Corpus Callosum

The corpus callosum is the structure that connects white matter fibers be-
tween two hemispheres. Splenium is the part that connects optical fibers.
This part was intact in AN-CB (Bridge, Cowey, et al., 2009), but had re-
duced volume and surface area (Tomaiuolo et al., 2014; Ptito, F. C. G.
Schneider, et al., 2008; Cavaliere et al., 2020), and reduced anisotropy
(Shimony et al., 2006; Ashtari et al., 2015) in CB but not in LB (J. Shi
et al., 2015). Leporé, Voss, et al. (2010) reproduced similar results using
tensor-based morphometry and added that this difference is observable
only in CB, but not LB. On the other hand, using the same dataset of
anophthalmic subjects from (Bridge, Cowey, et al., 2009), reported that
there is no difference in splenium volume or diffusivity among the three
groups (AN-CB, CB, SC). These findings contrast with results of papers
that feature animal studies. Visual callosal neurons (splenium of corpus
callosum) were intact in AN-CB mice (Bola et al., 2017) but atrophied in
bilaterally enucleated mice within 12 hours after birth (Bock et al., 2013).

Another part of the corpus callosum, the isthmus, also carries visual
information. Leporé, Voss, et al. (2010) found that the isthmus is also
defective in CBs, while, Tomaiuolo et al. (2014) stated that the isthmus
is larger. The first study relied on tensor-based morphometry, the latter
one compared volumetric information across groups. One can say that
the difference in the direction of the findings is due to the methods used.
However, different methods give similar results about the splenium of
the corpus callosum, thus the inconsistency about the isthmus must be
due to another factor.

Lastly, body of the corpus callosum is often reported as the same be-
tween blind and sighted groups (Ptito, F. C. G. Schneider, et al., 2008;
Leporé, Voss, et al., 2010; Pan et al., 2007; Cavaliere et al., 2020) except

17



in a couple of studies. Posterior mid-body (region next to isthmus) was
found larger in CB (Tomaiuolo et al., 2014), but had less anatomical con-
nectivity (Nina Linde Reislev et al., 2016). The anterior body and the
genu was not reported as different between blind and sighted samples
in any of the studies.

2.1.4 Visual Cortex

Development of the visual cortex starts in the prenatal period and its
volume expands rapidly within the first few postnatal months (Peter R.
Huttenlocher, 1990), almost as big as its maximum size. It reaches its
peak around 2-3 years of age and then shrinks gradually until late child-
hood (Rice and Jr, 2000; Peter R. Huttenlocher, 1990). This pattern is also
observed in other animal species, such as cats, macaque monkeys, and
rats (Duffy, Kathryn M. Murphy, and Jones, 1998).

From the literature, it can be inferred that the brain has different ways
to reshape the visual cortex in congenital and late blindness. VBM analy-
ses showed gray matter in the visual cortex of CB and EB/CB (Noppeney
et al., 2005; Pan et al., 2007; Ptito, F. C. G. Schneider, et al., 2008). These
studies were followed by cortical thickness studies, which showed that
the visual cortex of CB is thicker than SC (Jiang et al., 2009; H. J. Park
et al., 2009). Even though results from the two methods seem to be con-
tradictory at first, H. J. Park et al. (2009) tried to find the bridge between
them. In addition to cortical thickness, the surface area was also calcu-
lated and V1 surface area resulted to be smaller in CB, matching with the
results of VBM. This finding indicates that VBM indirectly ‘measures’
also the surface area. Overall, the CB visual cortex has a smaller sur-
face but is thicker. In a deformation-based morphometry DBM analy-
sis, Yang et al. (2014) found that the visual cortex is contracted, which
is in line with results about surface area, while Aguirre et al. (2016) also
found that thickness is independent of surface area. The only study that
shows a different result from the other studies is C. M. Bauer, Hirsch,
et al. (2017). They found a significant decrease in volume, whereas null
results in thickness.
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Inuggi et al. (2020) found that a thicker cortex is already present in
CB children younger than 12 years. However, this effect was only seen
on the right cuneus, whereas the common finding in adults covers the
lingual gyrus and precuneus bilaterally. Ankeeta et al. (2021) compared
the children and adolescent VBM. The difference in the occipital cortex
was the most prominent in children who lost sight at an earlier age.

The excess thickness in the visual cortex was permanent even after re-
covering sight (Guerreiro et al., 2015). Six subjects born with congenital
cataracts and recovered their sight at a relatively early period (between
5 and 24 months) have a thicker visual cortex than normally sighted
subjects. Hölig et al. (2022) confirmed this phenomena and added that
surface area of visual cortex in the sight-restored participants was still
smaller compared to sighted participants. These studies suggest that in-
cidents that occur during critical period leave permanent damage visual
cortex and differences are irreversible even after the visual cortex starts
functioning.

Two studies (Büchel et al., 1998; Bridge, Cowey, et al., 2009), after
visual inspection of MRI images, concluded that the visual cortex of CB
and AN-CB is no different from SC. It is possible that they missed the
slight differences in surface area by visual inspection. Büchel et al. (1998),
on the other hand, used a simpler version of VBM, which may be the
reason why they could not get significant results.

The difference between LB and SC has a different pattern than CB and
SC. While Jiang et al. (2009) reported no difference in cortical thickness
for this contrast, H. J. Park et al. (2009) and Voss and Zatorre (2012) found
a thinner visual cortex in LB. Andelin et al. (2019) showed that the ratio
of surface area of the visual cortex to surface of the whole-brain changes
with blindness onset. According to their model, earlier blindness onset
is associated with a smaller visual cortex surface area. However, after a
critical period, blindness onset does not affect V1. This critical period is
roughly post-natal day 116.

Metabolic changes in the occipital lobe are also in favor of the above
findings. More glucose consumption and higher cerebral blood flow
were reported in early blind subjects (blindness onset - BO <3 years),(Wanet-
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Defalque et al., 1988; Uhl et al., 1993; De Volder et al., 1997), but not in
late blind subjects (BO 13 years, Veraart et al., 1990).

From the above findings, it is possible to conclude that an early loss of
sight before the critical period leaves the visual cortex thicker and smaller
than the typically developed brain. This critical period is the beginning
of synaptic pruning, which depends on visual experience (Andelin et
al., 2019). In case of lack of visual experience, the visual cortex cannot
eliminate the synapses and results as thicker. In the studies that feature
LB with a very late onset, development of the visual cortex is completed,
so the difference between LB and SC reported in the studies must be
due to blindness per se, not development. Cortical thickness is generally
attributed to increasing age or correlated with the performance of the
respective brain region (Squeglia et al., 2013; Kharitonova et al., 2013;
Salat et al., 2004).

The thickness of the occipital cortex has been also associated to task
performance. Thickness was negatively correlated with performance in
sound localization and pitch identification tasks in EB/CB (BO <2 years,
Anurova, Renier, et al., 2015) and pitch discrimination (Voss and Zatorre,
2012), but positively with melody discrimination task (Voss and Zatorre,
2012), in a mixed group of CB and LB subjects. Those findings show
that even after developmental plasticity (thicker occipital cortex) occurs,
experience-dependent plasticity may still affect the brain in the same di-
rection for both CB and LB groups.

Another approach to deciding the effect of blindness on brain mor-
phometry is to check the covariance of different metrics of anatomical
regions. This is often achieved by correlating cortical thickness values
among different brain regions. Structural covariance networks can pre-
dict anatomical white matter connectivity and reproduce structural net-
works (Mitelman et al., 2005; Lerch et al., 2006). Reduced anatomical
covariance between the right cuneus and the rest of the brain has been
reported in CB (Voss, Pike, and Zatorre, 2014). The cuneus was selected
as a seed region because its thickness correlates with auditory task per-
formance. Hasson et al. (2016), instead, showed that in SC, lingual and
visual regions form a separate cluster: In CB, they tend to merge with
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the rest of the network. Anurova, Carlson, and Rauschecker (2019) used
a different method and correlated FA with performance during auditory
spatial tasks, and showed that FA of inferior longitudinal fasciculus (ILF)
correlates with activity in visual and auditory areas in CB, whereas in SC,
correlation with auditory areas is negative. Shu, Jun Li, et al. (2009) com-
pared the anatomical networks of two groups using graph theory and
network metrics: EB/CB had disrupted network characteristics, such as
lower connectivity and longer path length. The region with the most dis-
rupted network characteristic was the visual cortex. In a similar study,
Jiajia Li et al. (2013) replicated the same findings and showed that the dis-
ruption is correlated with age onset of blindness. Those findings suggest
that blindness also changes communication among the different brain re-
gions. In other words, structural connections between different regions
of the brain seem to be affected by loss of vision.

2.2 Brain structures beyond visual pathways

In addition to vision, studies reported changes in other sensory or mo-
tor areas, such as increased white matter in primary and sensorimotor
cortices (Noppeney et al., 2005), thinning on the inferior temporal areas
for CB and LB, thinner visual, auditory, and sensory cortex (H. J. Park
et al., 2009; Hasson et al., 2016). Thinner cortices have been often related
to increased performance in other cognitive functions. One example of
this phenomenon is reported by H. J. Park et al. (2009). The thickness of
the superior temporal gyrus (STG) is negatively correlated with the years
of Braille reading, suggesting that post-natal experience may contribute
shaping STG (for a review of cross-modal plasticity in the blind brain,
see Ricciardi, Bonino, et al., 2014). One contradictory finding is reported
in Atilgan, Collignon, and Hasson, 2017 with no difference in thickness
in the superior temporal plane. However, the surface area was smaller in
CB.

In several cortical thickness studies, entorhinal cortices and temporal
poles were thinner in CB (Jiang et al., 2009; H. J. Park et al., 2009; Q. Li
et al., 2017; Inuggi et al., 2020). This region is related to the spatial mem-
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ory and gives direct input to the hippocampus (Strange et al., 2014). The
right hippocampus of the blind sample has a larger anterior and smaller
posterior part (Chebat et al., 2007; Fortin et al., 2008; Leporé, Y. Shi, et al.,
2009). Additionally, Chebat et al. (2007) showed that the anterior hip-
pocampus volume is positively correlated with spatial-navigation task
performance. The experiments consisted of mixed groups of EB/CB and
LB. In terms of functional activation, it was reported that hippocampus
and parahippocampal area show higher BOLD activity in blind sample
during a tactile maze task (Gagnon et al., 2012) compared to sighted con-
trols.

The caudate was found to have decreased volume and less FA in
blind sample (Zikou et al., 2012). However, in an extensive study, Voss,
Pike, and Zatorre (2014) found no volumetric difference in caudate be-
tween blind and sighted individuals. Fortin et al. (2008) exploited the
same dataset from the ’hippocampus study’ and found no correlation
between spatial navigation tasks and caudate performance.

The cerebellum is related, among other functions, to the initiation of
eye movements and some studies managed to detect the differences in
cerebellum between blind and sighted individuals. Modi et al. (2012) de-
tected a large area in the cerebellum that shows a decrease in gray matter
volume. Kosif, Sahin, and Gürel (2013) made a volumetric comparison
and found that total volume of cerebellum was smaller in congenitally
blind females. Yang et al. (2014) and Wan et al. (2013) reported expansion
and increases in cerebellar gray matter. However, in additional analysis,
it is revealed that some of this increase can be attributed to preterm birth
(Wan et al., 2013). Interpreting those results is challenging since they do
not have a common pattern.

If we focus on the white matter pathways, the inferior longitudinal
fasciculus (ILF), which connects auditory and visual cortices, results at-
rophied in some studies (Ptito, F. C. G. Schneider, et al., 2008; Nina L
Reislev et al., 2016; Nina Linde Reislev et al., 2016). Nina Linde Reislev
et al. (2016) also reported that time spent as blind has a positive correla-
tion with fractional anisotropy of left ILF. It maybe suggested that even
though ILF is defective compared to sighted, it recovers its integrity as
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time passes.
The corticospinal tract connects motor cortices to the spine. Since

blind people need to increase their finer finger skills for Braille reading,
an anatomical difference in this population can be expected. Yu et al.
(2007) showed an increased FA in the corticospinal tract of early blind
(BO<1) male individuals, but not female individuals. Author speculated
that this results can be attributed to the fact that number of males who
have a profession related to finger use (guitarist, pianist, massaguse)
were more than the number of females who have the same profession
in the sample. Therefore, this difference can be explained with the exper-
tise rather than the sex difference. Lao et al. (2015) also found an increase
in corticospinal tract but without gender difference. Tregillus and Likova
(2020) found the same effect for LB.

The uncinate fasciculus, the white matter bundle that connects the
frontal lobe to the temporal lobe, is larger in EB/CB on the left hemi-
sphere (C. M. Bauer, Cattaneo, and Merabet, 2018) and has higher FA in
and LB than SC (Tregillus and Likova, 2020). Uncinate is related to higher
cognitive functions such as verbal memory, working memory, and name
retrieval (Cited in Tregillus and Likova, 2020). These are the functions
in which blind subjects show higher performance than sighted (Tregillus
and Likova, 2020).

Unlike the visual pathway, effect of blindness on other regions have
inconsistent results. This can be caused by a small effect size of the true
effect. The sample of the studies (in terms of characteristics and size)
may not be suitable to detect a difference with a small effect size. Alter-
natively, the reported findings may not be reflecting the truth they can
be sourced from the variability in the samples and methods used in the
studies.

2.3 Blindness-related variables that could affect
structural changes in the brain

Some variables may appear to affect the results but are often overlooked
by researchers. Taking a close look at those may help to improve the
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quality of research protocols and to better interpret the experimental ob-
servations.

2.3.1 Braille Literacy

Being a skill that is learned by blind subjects only, Braille literacy can be
considered a potential confounding for blindness research. Even though
many studies have shown that the visual cortex is recruited for the Braille
reading (Sadato, 2005, for a review), structural changes related to this ac-
tivity are not extensively explored. The only direct evidence, as reported
above, is from Park’s study in 2009. They showed a negative correlation
between thickness on STG and years of Braille reading. The effect was
still strong (Pearson r=-0.56 and -0.49 for right and left hemispheres) after
correction the data for age. Age correction is important because years of
Braille reading increases with age, creating collinearity between the two
factors. Using only sighted subjects, Bola et al. (2017) and Matuszewski
et al. (2021) showed increased volume in early visual gray matter and in-
creased FA in white matter in the early visual cortex after nine months of
blindfolded Braille training. These changes were still present after nine
months of no training.

2.3.2 Residual Light Perception

Some blind people can still perceive light and can detect if it is day or
night or the lights are on. This may be an essential parameter that, be-
yond affecting the individual circadian rhythms, may impact also brain
structural changes. Atrophy in the optic nerves, chiasm and tracts, and
superior frontal gyrus were less severe for the RLP subjects Shimony et
al. (2006) and Zhou et al. (2019). In terms of cortical thickness, there was
no difference found between RLP and non-RLP groups Qin et al. (2013).

Comparing subjects with and without RLP can tell us how much of
the atrophy is due to blindness or how much of the integrity of WM is
due to residual light perception.
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2.3.3 Time Spent as Blind - Blindness Onset

Studies listed in this review give solid evidence for the effect of blindness
on the visual cortex. Together with the critical period, blindness onset
could affect the thickness of the visual cortex. However, it is not entirely
clear how intrinsic brain organization and experience-dependent plastic-
ity do interact, or how blindness alone affects the brain over time. If there
is a fixed effect of time, it must be accounted for in future studies.

There are some attempts to clarify this relationship. For example, ear-
lier BO (Noppeney et al., 2005; Voss, Pike, and Zatorre, 2014) and time
spent as blind (TSAB, Pan et al. (2007)) were associated with decreased
gray and white matter density in optic radiations in the EB/CB. The asso-
ciation between GM and TSAB was only valid for different small regions
(Pan et al., 2007). Authors commented that this might be due to the fact
that the visual cortex is atrophic but is invaded by other modalities. So
the effect of atrophy can be interrupted by compensatory, cross-modal
plastic phenomena. If we consider VBM results as an indicator of surface
area, which is independent of the critical period, the results complete
each other.

As for cortical thickness, H. J. Park et al. (2009) found no correlation
between cortical thickness and any metrics, whereas Voss and Zatorre
(2012) reported that thickness of lingual gyrus correlated positively with
BO and cuneus thickness correlated negatively with TSAB as blind in a
mixed sample of CB and LB. Since there is a clear distinction between CB
and LB in terms of thickness, the two samples must be studied separately
to have more accurate estimates and acquire more consistent results.Q.
Li et al. (2017) found that earlier BO is related to thicker V1, and this
relationship is significant for the BO that occurred in childhood and ado-
lescence.

In LB, optic nerve volume is correlated negatively with the TSAB. No
such correlation was found for optic chiasm, optic tract, and LGN (Ptito,
Paré, et al., 2021). D. Wang et al. (2013), on the other hand, reported no
correlation between FA of white matter and BO or TSAB neither in CB
nor in LB.
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To study the effect of blindness independently from development,
there must be data showing the effect of blindness in different periods,
before and after the cortex completes its maturation. That would enable
us to detect how much time blindness needs to leave a permanent effect
on brain structure. In other words, a critical period for structural plastic-
ity. Time spent as blind is a useful parameter for this purpose, but cannot
be manipulated in an experimental setting. Blindfolding studies enable
us to specify the duration of visual impairment, so it is possible to detect
plastic changes quickly. The occipital cortex starts responding for other
modalities after a short period of blindfolding (2 hours, reviewed in Laz-
zouni and Lepore, 2014). However, there is no evidence for a critical
period for structural plasticity.

2.3.4 Causes of Blindness

Every study has a unique distribution of causes of blindness. If one type
of disorder is dominant in the sample, the results of that study may be bi-
ased. For example, one of the most common types of blindness, retinopa-
thy of prematurity (RoP), is related to preterm birth.

It has been shown that preterm birth has a systematic effect on brain
anatomy. Smaller total gray and white matter volumes (D. K. Thomp-
son et al., 2008), and smaller subcortical structure volumes (Boardman
et al., 2006; B. S. Peterson, Vohr, Staib, Cannistraci, B. A. Dolberg, et al.,
n.d.) were observed in RoP. These effects correlate with gestational age
(Boardman et al., 2006; B. S. Peterson, Vohr, Staib, Cannistraci, B. A. Dol-
berg, et al., n.d.). Deformation in white matter is stronger in the more
immature RoP. Therefore, including many RoP subjects in the sample
could impact the results. Since there is a unique effect of RoP subjects,
and they are only included in the blind group, it is impossible to tell if dif-
ferences between the sighted and the blind groups are due to blindness
or to prematurity. There have been some attempts to clarify this relation-
ship. After removing RoP subjects from their VBM analysis, Wan et al.
(2013) found that differences in temporal and frontal regions disappear.
Ptito, F. C. G. Schneider, et al. (2008) also limited their analysis to preterm

26



birth subjects and observed that total GM and WM decreases were larger
in those subjects. However, even without RoP subjects, the difference be-
tween other blind groups and sighted people was still significant. This
may explain the variation in the results, especially in findings that are
not on the visual pathway.

Studies investigating the effect of one specific disorder usually in-
volve participants who are not completely blind yet. This must be due
to the difficulty of finding enough subjects that are both blind and have
the same cause of blindness. Partial visual impairment caused by open-
angle glaucoma (Zikou et al., 2012; Chen et al., 2013), amblyopia (Men-
dola et al., 2005), retinitis pigmentosa (Ohno et al., 2015; Machado et al.,
2017), Leber’s hereditary optic neuropathy (Barcella et al., 2010) showed
very similar patterns of structural differences to those of EB/CB and LB.
Their occipital lobe has reduced volume, optic radiations have reduced
volume, and fractional anisotropy weaker. Those studies show that atro-
phy in the visual pathway starts before losing sight completely.

2.3.5 Statistical Power

As shown in the Figure 4, the number of blind subjects in listed stud-
ies is not more than 36 (mean=18.6±8.2). Studies with low sample sizes
tend to miss the detection of true effects (if any) and report inflated false
positives (Yarkoni, 2009). It has been suggested that to detect large and
medium effects, the sample size must be around 80. However, even if the
sample size is 100, it is difficult to detect small effects (Geuter et al., 2018).
A more recent study, Marek et al. (2022), highlighted that brain-wide as-
sociation studies need thousands of subjects in order for the results to be
reproducible. Therefore, the inconsistencies among the previous studies
can be attributed to the low power of the studies. For example, Zikou
et al. (2012) and Chen et al. (2013) applied VBM on patients with pri-
mary open-angle glaucoma and sighted controls. Both studies used the
same analytical tool (SPM, versions were different). However, their re-
sults were quite dissimilar. One study reported gray matter reductions
in caudate and putamen, the other reported in superior and inferior pari-
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etal gyri. The only common area between the two results was the left cal-
carine sulcus. Moreover, Zikou et al. (2012) did not report any gray mat-
ter increase in glaucoma patients, whereas Chen et al. (2013) did. What
can be the source of the difference? The cause of blindness, methodol-
ogy, and software are identical and sample sizes are similar 15 and 18
(for only the experimental group). This is a clear example of how studies
with small samples could suffer from overestimation of results, as dis-
cussed below.

2.4 Meta-Analysis

2.4.1 Methods

Our multiple sites image-based data sharing initiative to structural brain
data was compared to a coordinate-based meta-analytic approach, such
as the activation-likelihood estimation (ALE) that gathers MNI coordi-
nates of peak locations to integrate published findings of observational
studies with small size samples (Turkeltaub et al., 2002). Critically, this
quantitative approach overcomes the typical limitations inherent in sin-
gle neuroimaging studies (e.g., sensitivity to analytic procedures, lack of
replication studies, as well as small sample size - (Carp, 2012; Salimi-
Khorshidi et al., 2009) and was aimed to identify the brain regions con-
sistently associated with structural changes in congenital blindness.

The literature search was started by searching for “congenital blind
MRI morphometry” and “early blind MRI morphometry” on Pubmed
(https://www.ncbi.nlm.nih.gov/pubmed/). The preliminary pool of 29
studies, after duplicates were removed, was first screened by title and
then abstract. Studies fulfilling the following criteria were retained:

• Studies written in English language;

• Empirical structural MRI studies, while excluding review and meta-
analysis articles, single case reports and those employing other tech-
niques;
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• Studies reporting any neurometric (voxel or surface-based mor-
phometry, white matter integrity) comparison between EB/CB/LB
(otherwise healthy subjects) vs. SC in whole-brain activation co-
ordinates (results must be corrected via multiple comparison cor-
rection), rather than results limited to region of interest (ROI) or
using small volume corrected (SVC) analyses (Müller et al., 2018).
The direction of the results (blind <sighted or sighted <blind) is
ignored;

• Studies dealing with blindness due to non-ocular causes (i.e., corti-
cal visual impairment) are excluded.

• In case of studies dealing with partial visual impairment (e.g. stud-
ies about one causes of blindness - glaucoma, Leber’s amaurosis
etc. . . ), if the participants have visual acuity below the WHO’s cri-
teria of blindness (less than 6/60), they were considered as blind
and included in the study.

This selection phase resulted in 10 studies fulfilling our criteria. When
an article fit our criteria but lacked MNI coordinates of the results, we
tried to directly contact the corresponding or the first author of the stud-
ies to have the necessary information regarding MNI coordinates of the
whole-brain results, so that we can include the experiment in our analy-
ses.

The studies cited by or citing these papers were checked as a next
step. This step highlighted nine further studies fitting our search criteria.
This procedure included the main ALE meta-analysis on blind partic-
ipants in 19 previously published studies (see Table 1), resulting from
19 experiments (individual comparisons reported) with 675 subjects and
178 foci. This number of contrasts is in line with minimum requirements
for ALE meta-analyses (Eickhoff, T. E. Nichols, et al., 2016; Müller et al.,
2018) and allows achieving sufficient power for moderate effects ensures
that results will not be driven by single experiments.

Importantly, combining multiple contrasts from the same set of sub-
jects can lead to dependence across experiment maps, lowering the va-
lidity of the results. To avoid this, we accounted for within-group effects
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by combining the coordinates from all of a paper’s relevant contrasts into
a single experiment (Turkeltaub et al., 2002).

Using the GingerALE software, an ALE analysis was performed to
identify consistently altered brain structures in EB/CB compared to SC
(Eickhoff, Laird, et al., 2009). Activation foci were initially interpreted
as the centers of three-dimensional Gaussian probability distributions to
capture the spatial uncertainty associated with each coordinate. All coor-
dinates were reported or converted into MNI space, using the automatic
routine implemented in GingerALE. The three-dimensional probabilities
of all activation foci in a given experiment were then combined for each
voxel, resulting in a modeled activation (MA) map. The union of these
maps produces ALE scores describing the convergence of results at each
brain voxel (Turkeltaub et al., 2002). To distinguish “true” convergence
across studies from random convergence (i.e., noise), the ALE scores are
compared with an empirically defined null distribution (Turkeltaub et
al., 2002). The latter reflects a random spatial association between ex-
periments, with the within-experiment distribution of foci being treated
as a fixed property. A random-effects inference is thus invoked by focus-
ing on the above-chance convergence between different experiments and
not on the clustering of foci within a specific experiment. From a com-
putational standpoint, deriving this null hypothesis involved sampling
a voxel at random from each MA map and taking the union of the re-
sulting values. The ALE score obtained under this assumption of spatial
independence was recorded, and the permutation procedure was iter-
ated 100 times to obtain a sufficient sample of the ALE null distribution.
The “true” ALE scores were tested against the ALE scores obtained un-
der the null distribution and thresholded at p <0.05, corrected for voxel-
level family-wise error rate (FWE) (Eickhoff, Bzdok, et al., 2012).

2.4.2 Results

The coordinate-based meta-analysis consisted of 19 studies, 675 subjects,
and 178 foci. From the distribution of the foci included in the analyses
(Figure 7), it can be seen that the foci are primarily distributed along
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Study Number of Subjects Number of Foci

Noppeney et al., 2005 57 6
Pan et al., 2007 30 13

Ptito, F. C. G. Schneider, et al., 2008 32 14
Shu, Liu, et al., 2009 34 4

Voss and Zatorre, 2012 32 1
Modi et al., 2012 28 13
Wan et al., 2013 40 32

Voss, Pike, and Zatorre, 2014 40 2
Anurova, Renier, et al., 2015 40 14

Ashtari et al., 2015 22 6
Dietrich et al., 2015 29 5
Cecchetti et al., 2016 58 32

Nina L Reislev et al., 2016 42 6
C. M. Bauer, Hirsch, et al., 2017 28 1

Hou et al., 2017 32 2
Zhou et al., 2019 36 3

Inuggi et al., 2020 31 10
Ankeeta et al., 2021 35 8

Bridge, Coullon, et al., 2021 29 1

Total 675 173

Table 1: List of the studies included in meta-analysis and number of the foci
extracted from them.
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Coordinates Label

0 -76 4 Interhemispheric Lingual Gyrus
24 -16 -10 Right Globus Pallidus

0 -88 4 Lingual Gyrus
-26 -68 16 White Matter
-24 -70 18 Cuneus
-12 -66 22 Precuneus

Table 2: Cluster locations identified by meta-analysis in MNI space.

the visual pathway, but also expand uniformly all over the brain. The
meta-analysis identified significant clusters on the lingual gyrus, cuneus,
precuneus, white matter region on optic radiations, and a subcortical re-
gion close to LGN (Figure 6, Table 2). Those regions are on the main
visual pathway and represent the most consistent findings across struc-
tural brain studies in blindness. Regions that are discussed in the lit-
erature but not on the visual pathway (such as STG, ILF, sensorimotor
regions) are not found as significantly affected by blindness in by the
meta-analysis.

2.5 Conclusions

Brain reorganization following visual deprivation is differentially affected
by blindness onset (Figure 8). Compared to physiological development,
losing eyes and retina before light perception leads atrophy in the white
matter tracts of visual pathway, smaller LGN, less FA and an additional
fibre in optic radiation (Bridge, Cowey, et al., 2009) and smaller (Andelin
et al., 2019) and thicker (Jiang et al., 2009) visual cortex. In addition to
this list, losing sight during perinatal period but before critical time (17th
postnatal week - Andelin et al., 2019) defects splenium of corpus callo-
sum (Tomaiuolo et al., 2014; Leporé, Voss, et al., 2010; Shimony et al.,
2006; Ptito, F. C. G. Schneider, et al., 2008). Even though there is a trend
for increase in visual cortex surface area in early blind subjects compared
to anophthalmic subjects, it is not significant (Andelin et al., 2019).
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Figure 6: Results of the ALE meta-analysis showing clusters with significant
ALE maxima (p<0.05). Top row: saggital view, middle row: axial view,
bottom row: coronal view.

Figure 7: All foci that are included in the meta-analysis. It can be seen that
there is a high concentration of the foci on the optic radiations and visual
cortex (shown in yellow) and lower concentration throughout the rest of
the brain (shown in red).
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Losing sight after the critical period thins visual cortex and the sur-
face area stays statistically similar to the sighted control. There was no
difference in the integrity of the splenium of corpus callosum (Leporé,
Voss, et al., 2010). The rest of the reported differences, mainly on the non-
visual brain, results to be inconsistent across studies and would need fur-
ther investigation. This is also confirmed by the meta-analysis results.

Tracing the neuroplastic changes in the brain depending on the age
onset of visual deprivation (including blindfolding studies), may allow
us to differentiate the effect of development from the effect of blindness.
As long as the effects of natural development is known to us, it is possi-
ble to place blindness onset on any point on the scale (as in Figure 8). For
example, a researcher who wants to study solely the effect of visual de-
privation, must choose the subjects whose blindness onset is very close
to the right side of the scale, staying away from critical periods. Nat-
urally, it is not possible to apply blindfolding for a long time in order
to study the critical period for structural plasticity. In this case, subjects
whose blindness onset is close to current day must be chosen. Time spent
as partially blind is another crucial factor in this equation, as the brain
starts reshaping itself when there is partial visual loss.

Figure 8: A visual summary of the effects of blindness on brain anatomy.

In the light of the topics discussed in the literature review and the
results of the meta-analysis, it can be said that samples that are used for
blindness research have to properly take into account all factors that are
shown to or may have an effect on brain anatomy. For example, to ac-
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count for the effect of residual light perception, only the subjects without
light perception should be included in the study. If this is not possible,
at least it can be included as a regressor in the statistical model, even
though this model will not completely rule out the effect. Likely, dif-
ferent causes of blindness, if they are shown that they have a unique
affect on brain anatomy, can be treated differently. Retinopathy of pre-
maturity and anophthalmia are good examples for this case. Studies that
can point the effect of different causes will help improve the literature.
Lastly, sample size must be as large as possible. Otherwise, even though
the characteristics of the samples are arranged perfectly, we may not be
confident of the results.
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Chapter 3

Structural Changes in the
Congenitally Blind Brain

3.1 Methods

3.1.1 Data Collection and Contributing Sites

Research groups that have been previously working on structural brain
changes in visual deprivation were invited to share their 3D structural
T1 MRI scans of congenital or early blind samples and their matched
sighted individuals. Ten research groups from different international in-
stitutions: Université Catholique de Louvain - Belgium; Copenhagen
University – Denmark; University of Oxford - United Kingdom; Na-
tional Institute for Physiological Science, Japan; Massachusetts Eye and
Ear Infirmary – Harvard Medical School, USA; University of Montreal
– Canada; IMT School for Advanced Studies Lucca - Italy; University
of Turin – Italy; Brainnetome Center and Beijing Normal University –
China participated in the study and shared their structural images and
supplementary metadata (e.g., blindness onset, cause of blindness, pres-
ence of residual light perception, visual acuity, Braille literacy, etc.) after
obtaining approval for data sharing from their local institutional review
boards. Members from all contributing groups also signed an online
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agreement for sharing their data with the IMT School members and a
nondisclosure form. Data has been collected and analyzed on the IMT
School servers. Detailed information of the samples supplied by each
research group can be seen in online supplementary table. Across dif-
ferent laboratories, MRI data were acquired using 1.5, 3T or 4T scanners,
T1/3D-TFE/MPRAGE/FSGPR sequences, 3/4 B0 strength, TR changing
between 1120-8100, TE changing between 2.19-4.7.

3.1.2 MRI dataset and Samples

The research groups gathered 156 T1 images of congenital participants
and sighted controls for the study. After data processing and a quality
check procedure (see below), 127 CB (blindness onset=0 years of age,
34.17 ± 11.3 years old, 53 female) and 127 SC (34.15 ± 12.2 years old, 49
female) were used to create two samples that were balanced in terms
of age, gender and scanning site (online supplementary table). Apart
from three left-handed (one CB), four ambidextrous (two CB), and 64
not reported (26 CB), all participants were right-handed. All sighted and
blind subjects received a medical interview or examination to exclude
any disorder that could affect brain function and metabolism other than
blindness in the blind group. All participants provided written consent
before the MRI examinations according to the approved protocols of each
contributing site.

Causes of blindness included retinopathy of prematurity, optic nerve
atrophy/dystrophy/damage, congenital cataract, congenital glaucoma,
anophthalmia, microphthalmia or eye dysplasia (e.g., eyeball, retinal,
fundus, etc.), Leber’s congenital amaurosis, congenital retinitis pigmen-
tosa, infection, tumor, and others. Details on demographic and clini-
cal information of the contributing samples are reported in Supplemen-
tary Table 2. Furthermore, according to the shared individual metadata,
eighty-eight CB individuals of our sample were able to read Braille lan-
guage (average 27.6 ± 14.1 years of Braille reading experience).
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3.1.3 Data Preprocessing and Hypothesis Testing

The preprocessing of the structural T1-weighted MRI images of the CB
and SC samples acquired at the various contributing sites included two
steps: anterior commisure-posterior commissure (AC-PC) alignment (done
via FSL, Jenkinson et al., 2012 and skull-stripping/tissue segmentation
(done via Advanced Normalization Tools package (ANTs - Avants, Tusti-
son, and G. Song, 2011). To achieve AC-PC alignment (normalizing the
orientation of the images), affine transformation matrices to MNI tem-
plate (from FSL’s library) were first created. Then, the scaling factor
was removed from these matrices, leaving only transformation and ro-
tation parameters. This step generated the transformation matrices to
MNI space but keeping the original size of brains. Since the MNI tem-
plate is already on the AC-PC plane, the transformation matrices hold
the information for AC-PC alignment for the raw images in one step. The
alignment was completed by applying the matrices on the raw images.
Next, skull-stripping and tissue segmentation - gray matter (GM), white
matter (WM), and cerebro-spinal fluid (CSF)- was applied with ANTs.
ANTs has a template that has priors for skull-stripping and tissue seg-
mentation (2012 MICCAI Multi-Atlas Labeling Challenge Data, B. Land-
man, S. Warfield, MICCAI 2012). The procedure is as follows: the input
image is non-linearly registered to ANTs’ template, skull-stripping and
tissue segmentation is applied within the template space, and the skull-
stripped and segmented files are sent back to the subject’s space. The
quality of segmentation and brain extraction were explored visually for
each subject. Low-quality images and images with low-quality segmen-
tation were removed from the dataset. Then, the remaining SC and CB
samples were matched in terms of blindness, age, gender, and scanner
site, resulting in the final sample of 127 subjects in both groups.

An alternative way to account for the confounding effect of the dif-
ferent scanning sites is the ComBat method, offered by Johnson, C. Li,
and Rabinovic, 2007. The difference between ComBat and generalized
linear model (GLM) is that ComBat adjusts the parameter estimate of the
data from the different batches via empirical priors whereas the param-
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eters are left untouched. In this paper, ComBat was implemented on the
volumetric comparison of subcortical structures. Instead of adding the
scanning site as a regressor to remove the site effects, ComBat algorithm
was used via GenePattern (Reich et al., 2006) and residuals are saved.
Adjusting the site effects with ComBat did not change the significance
of the results. The resulting list was still the same. The F-scores of the
group regressor almost overlapped. The very limited difference did not
justify the use of ComBat for the rest of the analyses; thus, the site effects
were removed within the GLM approach.

The main aim of this study was to investigate differences in corti-
cal and subcortical morphometry related to the congenital lack of visual
input. Individual segmentation of cortical and subcortical volumes, cor-
tical thickness and the other neuromorphic indices were merged for par-
ticipants across all sites into one comprehensive model.

The following multiple linear regression model was used to explain
the variance in the sample:

Y=Intercept+Parenchyma+Age+Gender+Group+ScannerSite+errorterm
Parenchymal volume (sum of gray and white matter volumes), age

and gender were included in the model in order to account for individ-
ual differences, whereas scanning sites were included to account for con-
founds that can be caused by different scanners and acquisition sites.
CSF volume was not included in the calculation of whole-brain volume
because ANTs segment the tissues within a mask that does not cover
the whole cranium. Complete calculation of CSF volume is not possible
within that mask. Therefore, adding CSF volume into account would
only introduce a confound in our analysis.

For each participant, left and right cerebral and subcortical volumes,
voxel-based concentration of the gray and white matter, cortical thick-
ness, and gyrification were calculated.

For the cortical thickness and gyrification analyses, the parenchymal
volume was not included in the model, because, before the calculation of
the surface values, surface models were already normalized to a template
and their size differences were accounted for. See the relevant section for
further details. The regressors of the model are orthogonal except from

39



parenchymal volume, that is not collinear, but also not orthogonal, with
age and gender.

The model was tested with a non-parametric permutation test with
10,000 permutations. Considering the fact that permuting a model with
one regressor would be faster than a model with many regressors, the
main model was first applied on the data without the ”Group” regressor
and the residuals were saved. Those residuals were used as dependent
variables and explained by the group regressor. For each iteration, the
group labels were shuffled and the largest F-stat of the whole brain was
saved to create an F-stat distribution The value at the 95th percentile of
this distribution was used as the significance threshold. The original F-
stats were considered as significant if they are larger than the threshold
value. This procedure was repeated for each voxel/vertex/structure (de-
pending on the type of the analysis). This non-parametric significance
test also corrects for the family-wise error rate (T. Nichols and Hayasaka,
2003) and has a strict threshold. Although this is the preferred method of
this work to correct for multiple comparisons, FDR correction was also
applied for the sake of the comparison between correction methods. The
results of the FDR correction are either presented along with the permu-
tation corrected results, or in the supplementary materials.

In a different model, to check the potential difference of the effect of
age between groups, residuals of the following model were acquired:

Y=Intercept+Parenchyma+Gender+Group+ScannerSite+errorterm

The only difference between this model and the previous one de-
scribed above is the Age regressor. The data was not cleaned from te
effect of age on purpose. The residuals were fed into another regres-
sion model where the independent variables were age, group, and an
interaction term between age and group. The permutation procedure
described above was applied on the coefficients of this interaction term.
Instead of F-stat of the whole model, for each iteration, the maximum
absolute value of the interaction coefficient in the whole brain was saved
to create a permutation distribution. This test was done on whole-brain
and region-of-interest-based (ROI-based) cortical thickness, gyrification,
VBM and volumetric comparison of subcortical structures (see below for
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the details of the analyses).

3.1.4 Comparisons Between Congenitally Blind and Sighted
Group

Voxel-based Analyses

VBM was applied via the SPM toolbox (Ashburner, 2010). GM and WM
masks were first created for each subject. Then, a study-specific template
is created to calculate the deformation fields to that template for each
subject. Lastly, the group template is transformed into MNI space and
the generated transformation matrix is combined with the deformation
fields of each image. The combined matrices are used to send smoothed
(we used 4mm Gaussian kernel) and Jacobian modulated images to MNI.
For the complete process, please see the tutorial (Ashburner, 2010). The
resulting files are used to compare the volumetric concentration of GM
and WM at the whole-brain level. After generating the VBM results
for both GM and WM, Talairach-Tournoux atlas (Talairach, 1988) and
Tractotron software (Foulon et al., 2018; http://www.toolkit.bcblab.com)
were used to decompose the significant GM and WM clusters. The whole
procedure is as follows. First, the mean VBM image (created by addition
of mean GM and mean WM images) was non-linearly registered to the
MNI152 template from FSL’s library space. This is because the MNI tem-
plate that SPM uses (DARTEL) is larger than MNI152 template, which is
utilized by the atlases and the tools that are used to decompose the brain
regions. Then, significant clusters of GM and WM results were binarized
and saved as masks. The transformation matrices and warp fields that
are generated during Dartel to MNI registration were used to send the
cluster masks to the MNI template. Lastly, GM results were decomposed
via AFNI’s whereami function (Cox, 1996). This function returns the cor-
responding ROI name from the available atlases in AFNI’s library based
on the coordinates of the cluster. Talairach-Tournoux atlas (Talairach,
1988) was the atlas of choice.

WM results were decomposed with Tractotron, which is a software
using FMRIB software library (FSL) as well as previously published white
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matter tract atlases (Rojkova et al., 2016) in the MNI152 referential to. For
a given lesion, Tractotron provides a probability and the severity of dis-
connection for almost all known tracts. In other words, Tractotron takes a
lesion mask (mask of the significant results in our case) and outputs the
proportion of overlap between the mask’s volume and the WM tracts’
volume. FSL’s run-first-all function was used to segment the caudate nu-
cleus, hippocampus, thalamus, amygdala, putamen and globus pallidus
for both hemispheres. In addition, segmentation of cerebellum was ac-
quired via ANTs. From the binarized segmentation masks, volumetric
information of the mentioned structures was extracted. Along with sub-
cortical structures, parenchymal, gray and white matter volumes were
also calculated through the segmentations acquired from this function.
Parenchymal volume was removed from the regression model for the
comparison of these three volumes. The volumetric information of the
abovementioned structures compared between CB and SC groups. Hip-
pocampus masks generated by FSL were segmented into three regions -
head, body and tail – using AFNI . As previously defined by Chebat et al.
(2007) a segmentation procedure was followed to divide the hippocam-
pus into four parts on the y-axis. This procedure defines the anterior
quartile as the head and posterior quartile as the tail. These masks are
used to compare the volume of the three segments of the hippocampi
between groups.

Surface-based Analyses

Surface-based cortical thickness analysis was estimated using an auto-
mated Computational Anatomy Toolbox (CAT12, Gaser, Dahnke, et al.,
2016), an extension of the SPM toolbox available in MATLAB (Math-
Works, Natick, MA, USA). CAT12 is considerably faster, and the thick-
ness estimates are still highly correlated to FreeSurfer performance (Seiger
et al., 2018). CAT12 uses projection-based thickness to measure thick-
ness and create surface meshes. To achieve that, the software first relies
on tissue segmentation (GM, WM and CSF) of the images to estimate
the distance from WM to CSF and projects the local maxima (equivalent
to cortical thickness) to a surface. Then, CAT12 corrects the topological
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defects and registers all the surfaces to a sphere. Here, all meshes are
resampled to 32k (average vertex spacing is around 2mm) and a smooth-
ing with a given 15 mm-FWHM Gaussian kernel was applied. Fitting all
the meshes to the same template (the sphere) accounts for the size differ-
ences in the brain. Therefore, parenchymal volume is not included in the
regression model for the surface-based measures (thickness and gyrifica-
tion), since the inter-subject variability in the brain size is already dealt
with. SC-CB contrast was tested for each vertex on the surface mesh,
using the model described in section 3.1.3. The whole brain vertex-wise
comparison was followed by a whole-brain ROI-based analysis. Mean
thickness values for 68 brain regions defined by Desikan-Killiany atlas
(Desikan et al., 2006) were compared between SC and CB. The same pro-
cedure was repeated with a different parcellation, the HCP-MM1 atlas
(Glasser et al., 2016), that defines the cortical regions based on the func-
tional dynamics rather than structural properties. The aim was to see the
distribution of the structural differences in the functional areas.

Since occipital areas have been reliably reported as altered by con-
genital blindness, to specifically confirm the lack of difference within the
calcarine sulcus in the whole brain comparison, the SC-CB comparison
was repeated within an occipital ROI that was generated by choosing
the vertices with a p<0.05 for the SC-CB comparison. The same analysis
was repeated and corrected for multiple comparisons within this mask.
The only difference between the whole-brain comparison and within-
ROI comparison is that instead of saving the maximum F-score in the
whole brain, maximum F-score in the occipital ROI was saved in each
permutation. Since the area of interest is much smaller, the significance
threshold might change. A possible change in the significant result may
indicate the null result on the calcarine sulcus is due to a thresholding
issue.

SC-CB analysis was repeated with small random subsamples to iden-
tify potential findings due to a small number of subjects. Number of
participants in the subsamples was set to 34 participants (17 each group)
because the mean sample size in the literature review table is 33.9 (mean
SC=20.5, mean CB=13.3). The procedure is as follows: first, random sub-
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samples of 17 subjects from each group was chosen. Then a regression
analysis was applied, and F-stat for each vertex was saved. Lastly, if the
F-stat of a vertex is larger than 18 (the critical F-value for the analysis
with the whole sample), the final value of that vertex was increased by 1.
This procedure was repeated 100 times.

Mean thickness values in 68 ROIs (Desikan-Killiany atlas parcella-
tion, Desikan et al., 2006) were also used to create covariance matrices
for CB and SC groups. Pearson’s correlation coefficient was used to cal-
culate the relationship between ROIs, and these values were standard-
ized via Fisher’s Z transformation. Difference between matrices of the
CB and SC samples was calculated via node-wise subtraction of the Z-
scores. Significance test of the differences was done with the permutation
procedure explained above. After shuffling the labels of the subjects, co-
variance matrices were created, and difference matrices were calculated.
This procedure was repeated 10,000 times. For each repetition, the maxi-
mum absolute value of the largest difference is saved. The 95th percentile
value of the random distribution was used as the critical value.

In addition, by using the CAT12 toolbox, the gyrification index was
also derived. The method described in Luders et al. (2006) is adopted
to calculate this metric. This metric is used to quantify the cortical fold-
ing, and to run a between-groups comparison. Gyrifcation index (also
known as cortical folding) is described as the ratio of ”amount of cortex
buried within the sulcal folds as compared with the amount of visible
cortex” (Schaer et al., 2012). Luders et al. (2006) adopted this metric and
calculated the relevant value for each vertex.

3.1.5 Within-blind Group Comparisons

The comparisons that resulted in significant differences (whole-brain and
ROI-based cortical thickness, gyrification, VBM on both gray and white
matter, volumetric comparisons of the subcortical structures and total
gray matter, white matter, and parenchyma) were selected to make fur-
ther investigations within the CB group, and assess the effects on neu-
roimaging metrics of individual characteristics relative to the etiology
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and features of blindness, limiting to those variables that were available
in the sample metadata for each site. Importantly, we limited a large
part of the methodological noise between individual studies by unifying
pre-processing and data analysis.

After cleaning the data from age, gender, site, and parenchymal vol-
ume (not included in the surface-based analyses), residuals of the blind
sample were used in additional within-group comparisons to investigate
the extent to which distinct causes of blindness, residual light perception,
or common postnatal experiences (i.e., Braille reading) might have influ-
enced the main effect of the congenital lack of vision on morphometric
measures.

To explain the contribution of the selected variables on the differences
between groups, the CB sample was further examined by taking poten-
tially important factors into consideration. These factors are causes of
blindness, residual light perception and Braille literacy.

Available causes of blindness were sent into four main categories
in order to create a more homogenized distribution: causes related to
preterm birth (retinopathy of prematurity - RoP), causes related to lack
of perinatal waves (anophthalmia/microphthalmia - AN-CB), causes re-
lated to eye issues (glaucoma, cataracts), causes related to retinal or optic-
pathway issues (optic nerve atrophy, Leber’s amaurosis, retinoblastoma,
retinal dysplasia). Classification of the causes were decided based on
their description on ICD10, classification of mental and behavioral disor-
ders (WHO, 2004). Main categories and the original causes (as sent by the
contributors) can be seen in the online supplementary table. At the end,
33 participants were labeled with causes related to preterm birth, 22 par-
ticipants with causes related to lack of perinatal waves, 19 participants
with causes related to eye issues, 41 participants with causes related to
retinal and optic pathway issues.

Premature birth affects the anatomy of the brain regardless of vision
(Hasler, T. T. Brown, and Akshoomoff, 2020). Therefore, in the following
analyses, RoP is treated separately then the rest of the causes. To identify
the differences between RoP and the rest of the causes of blindness, a lin-
ear regression model with where RoP blind individuals were compared
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with the rest of the blind sample. An additional model was run in which
an interaction term between age and RoP regressor was added. Lastly,
main comparison (SC-CB) was repeated without RoP blind individuals
and their matched sighted controls (remaining number of participants in
each group = 93).

Causes related to lack of perinatal waves, eye issues or retinal/optic
pathway issues were included in a separate one-way model together in
order to see if any of the causes captures more variance than others.

Effects of Braille literacy and RLP were examined in separate regres-
sion models. Braille literacy was included as a numerical regressor (age
onset instead of categorical) because of the imbalanced distribution of the
participants (88 Braille literate vs. 6 Braille illiterate). Subjects whose age
of Braille onset is unknown were discarded from the analysis, leaving 68
of them (correlation between Braille onset and age=0.2, p0.05). Effect of
RLP, on the other hand, was coded as a dummy variable (number of sub-
jects with RLP=46 vs. number of subjects without RLP=67) to explain the
variance in the structural measures. Both analyses were repeated with a
model additional regressor that tells if the cause of the blindness of the
subject is RoP or not, and an interaction term between the two regressors.

The results of all models were corrected with permutation procedure
in both whole-brain and within the significant regions/structures revealed
by the main (SC-CB) comparison.

3.2 Results

3.2.1 Sighted vs. Congenital Blind Groups

Demographics

There were no significant age (two-way t-test, t=.016, p=.987, Cohen’s
d=.002) or gender-related (X2 =0.262, p=.609) differences between groups.

Quantitative comparison of brain volumes

When assessing the differences in the overall brain parenchymal volume,
GM and WM were significantly decreased in CB subjects as compared to
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Difference in cmˆ3 Percent decrease Cohen’s d P-value
Parenchymal 62.91 5.21 0.55 <0.05
Gray Matter 32.27 5.11 0.48 <0.05
White Matter 30.63 5.32 0.44 <0.05

Table 3: Difference between parenchyma, gray and white matter volumes
between groups.

SC (differences in cm3 were 62.9±150.6, 32.3±79.4 and 30.6±89.4, respec-
tively, Table 3). Percent volume losses related to blindness since birth
ranged around 5% (specifically, 5.2%, Cohen’s d=.55 for parenchymal
volume; 5.1%, d=.48 for GM; 5.3%, d=.44 for WM). A preliminary multi-
dimensional scaling was applied based on GM and WM volumes using
Euclidean distance metric in order to see if the subject form different clus-
ters (Figure 9). However, both SC and CB groups and subclasses of CB
group were close to eachother and did not show clear seperation.

This was confirmed by a whole-brain VBM analysis showing patterns
of gray and white matter atrophy primarily affecting vision-related cor-
tical and subcortical structures, or pathways. Specifically, the results of
VBM analysis for GM and WM are presented in Tables 5- 4, and Figures
10- 11 .

For the GM, when compared to the SC group, the CB group had sig-
nificantly lower VBM only in primary and extrastriate visual cortices.
These brain areas included the bilateral calcarine and lingual cortices,
cuneus, posterior parahippocampal gyri, medial dorsal nuclei. More-
over, bilateral anterior parahippocampal gyri only showed increases in
gray matter in the CB group when compared with SC.

For the WM, when compared to the SC group, the CB group had sig-
nificantly lower VBM in optic radiations, inferior longitudinal, left infe-
rior fronto-occipital, posterior part of the corpus callosum whereas CB
group had higher VBM in right pons, right corticospinal tract, and right
frontostriatal circuit.
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Figure 9: Multi-dimensional scaling of all subjects based on gray and white
matter volumes. The distribution does not show clear distinction between
congenital blind-sighted group or blind subjects with different causes of
blindness.
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Figure 10: Regional grey matter differences between CB and SC. Positive
values (warm colors) show the regions with atrophy in CB, negative values
(cold colors) show the regions with atrophy in SC (p<0.05, corrected for
multiple comparisons).

Figure 11: Regional white matter differences between CB and SC. Positive
values (warm colors) show the regions with atrophy in CB, negative values
(cold colors) show the regions with atrophy in SC (p<0.05, corrected for
multiple comparisons).
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Tract Overlap (%)
CB>SC Pons right 0.24

Corticospinal right 0.17
Frontostriatal right 0.12
Frontoaslant right 0.08

Frontal superior longitudinal right 0.07
Anterior thalamic projections right 0.06

Optic radiations left 0.03
Superior longitudinal I left 0.01

Corpus callosum 0.009
Frontostriatal left 0.007

Inferior longitudinal left 0.002
SC>CB Optic radiations left 19.44

Optic radiations right 15.58
Inferior longitudinal left 5.30

Inferior frontooccipital left 4.70
Inferior frontooccipital left 4.12

Posterior cingulum left 3.25
Inferior longitudinal right 2.97

Corpus callosum 1.60
Pons right 1.01

Table 4: Decomposition of the differences in white matter tracts by Trac-
totron. The overlap shows the percentage overlap between the significant
clusters and the given white matter tract.
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Size (voxels) Cluster center(X Y Z) Atlas Region
SC>CB 1550 1 -77 5 Right cuneus

53 26 -36 1 Right parahippocampal gyrus
44 -26 -36 1 Left parahippocampal gyrus
22 6 -14 14 Right Thalamus (Medial Dorsal Nucleus)
21 22 -38 -44 Right cerebellar Tonsil
21 -18 -38 -43 Left cerebellar tonsil
20 -13 -99 22 Left Cuneus
15 6 2 -15 Right subcallosal gyrus
13 27 -49 7 Right parahippocampal gyrus
9 19 -11 -19 Right ventral DC
8 -1 -16 -19 Left thalamus
7 -1 -9 -9 Left thalamus
6 31 12 -33 Right superior temporal gyrus
6 -3 1 -14 Left subcallosal gyrus
5 4 -9 12 Left thalamus (medial dorsal nucleus)

CB>SC 34 -18 -9 -13 Left parahippocampal gyrus
21 20 -8 -15 Right parahippocampal gyrus
5 26 -24 -9 Right parahippocampal gyrus
5 -24 -23 -9 Left parahippocampal gyrus
5 4 -17 -6 Right thalamus
3 25 -27 -8 Right parahippocampal gyrus

Table 5: Decomposition of the positive and negative differences in gray mat-
ter intensity by Talairach-Tournoux atlas (Talairach, 1988).

Volume alterations in the hippocampus

Even though a cortical area, the hippocampal volume has been segmented
and independently evaluated, since several reports have specifically fo-
cused on assessing volumetric alterations in this brain structure sensitive
to spatial processing and memory (e.g., Chebat et al., 2007; Leporé, Y. Shi,
et al., 2009). Volumetric comparison of overall size, head, body, and tail
of hippocampus showed that overall size, both the tails and head and
body of the right hippocampus are smaller in CB compared to SC.

Volume modifications in subcortical volumes

When assessing the subcortical structures (Table 7), congenital blindness
was associated with significantly smaller volumes in the right amygdala,
both the left and right thalamus, globus pallidus of blind participants.
For confirmatory analysis, the data were corrected for total gray mat-
ter volume instead of parenchymal volume. The same structures were
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Difference in cmˆ3 Percent decrease Cohen’s D P-value (corrected)

Left Head 100.72 8.71 0.54 >0.05
Left Body 143.55 7.56 0.48 >0.05
Left Tail 89.16 10.46 0.58 <0.05
Right Head 106.98 9.23 0.57 <0.05
Right Body 164.2 8.43 0.61 <0.05
Right Tail 138.34 15.28 0.92 <0.05

Table 6: Volumetric difference in segments of hippocampus between con-
genital blind and sighted sample.

Difference in cmˆ3 Percent decrease Cohen’s D P-value (corrected)

Left Amygdala 0.11 9.88 0.43 >0.05
Right Amygdala 0.20 18.43 0.69 <0.05
Left Caudate 0.21 6.25 0.43 >0.05
Right Caudate 0.21 6.12 0.41 >0.05
Left Hippocampus 0.33 9.46 0.62 <0.05
Right Hippocampus 0.40 11.33 0.83 <0.05
Left Pallidum 0.13 7.64 0.70 <0.05
Right Pallidum 0.13 7.99 0.70 <0.05
Left Putamen 0.30 6.12 0.50 >0.05
Right Putamen 0.23 4.66 0.37 >0.05
Left Thalamus 0.7 9.44 0.82 <0.05
Right Thalamus 0.67 9.26 0.82 <0.05
Cerebellum 4.76 3.13 0.31 >0.05

Table 7: Volumetric difference in subcortical structures between congenital
blind and sighted sample.

found significant after the correction.

Changes in cortical thickness and gyrification

Cortical thickness comparison resulted in two clusters in both hemispheres
(Figure 12). The first cluster, lingual gyrus and cuneus, is found to be
thicker in CB. Calcarine sulcus, in the middle of this large cluster, did not
show any difference. In the second cluster, the entorhinal cortex shows a
thinner cortex. The within-ROI correction revealed the same pattern. On
a side note, the cluster that shows no significant difference between blind
and sighted groups on the calcarine sulcus becomes smaller when the
FDR correction is applied, and completely disappears if there is no multi-
ple comparison applied (online supplementary materials ). This gradual
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change indicates that the thickness difference in the pericalcarine area
extends to calcarine sulcus but does not completely cover the area. The
ROI-based analysis (Desikan-Killiany parcellation, Desikan et al., 2006)
supported these findings (Table 8). In addition to occipital and entorhi-
nal cortices, this analysis introduced two regions; left middle temporal
and left lateral occipital cortices. These two regions did not survive the
permutation threshold in the whole-brain analysis but could be seen in
the FDR corrected results (Figure 39 ). ROI results on cortex and corti-
cal thickness analyses identify the same regions: occipital and entorhinal
cortices. Occipital cortex has smaller volume but thicker in CB, whereas
the entorhinal cortex has larger volume but thinner. In general, entorhi-
nal cortices and temporal poles are the thickest regions with the highest
variability (Figure 13). However, the inter-individual variability in these
regions are not likely a confound for our analysis because they effect both
CB and SC groups.

The results of the functional parcellation, HCP-MM1 atlas, indicated
the CB has thicker cortex in V1, V2, and V3 of both hemispheres, and
left parieto-occipital sulcus, wheras thinner cortex in left perirhinal en-
torhinal cortex (Table 9). These results are consistent with the results of
the whole-brain and the previous ROI analyses, and show that the corti-
cal difference are unique to early visual areas. Percent thickness change
among the visual areas show the same pattern: the difference between
CB and SC is the highest in the primary visual areas and decreases in the
higher visual areas (Figure 14). Lastly, the difference in V1 being lower
than the difference in V2 is consistent with the whole-brain analysis, con-
sidering the area that show no difference on the calcarine sulcus.

In a subsequent comparison of cortical thickness between CB and SC,
mean thickness values derived from 68 ROIs of Desikan Killiany atlas
were calculated. Pearson correlation between each region was calcu-
lated. This step created a structural connectivity matrix for each group.
Difference in the connectivity strength between groups for each node of
the matrix was calculated. Significance testing of the difference was com-
pleted with the permutation procedure explained in section 3.1.3. The
results showed that none of the ROI pairs have different levels of corre-
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Figure 12: Percent cortical thickness difference between CB and SC. Positive
values (warm colors) show thinner cortex in SC, negative values (cold col-
ors) show thicker cortex in CB (p<0.05, corrected for multiple comparisons)

ROI Percent Change

Left Cuneus 4.76
Right Cuneus 3.88

Left Entorhinal -5.54
Right Entorhinal -5.95

Left Lateraloccipital 2.3
Right Lingual 4.82
Left Lingual 3.91

Left Middletemporal -2.47
Left Pericalcarine 6.09

Right Pericalcarine 5.53
Left Temporal Pole -4.45

Right Temporal Pole -5.6

Table 8: Percent thickness difference in the significant ROIs (ROIs derived
from Desikan-Killany atlas). Positive values show thickness increase in CB,
negative values show thickness increase in SC (p<0.05, corrected for multi-
ple comparisons).
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Figure 13: Mean thickness of the ROIs across whole brain for both blind
and sighted groups. Error bars show the standard deviation of the mean.
Asterisk marks the significant differences at p<0.05, corrected for multiple
comparisons.
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ROI Percent Change

V1 Left 5.98
V1 Right 5.18
V2 Left 6.89

V2 Right 5.67
V3 Left 3.03

V3 Right 3.05
Left Parieto-Occipital 3.76

Left Perirhinal Entorhinal -4.57

Table 9: Percent thickness difference in the significant ROIs (ROIs derived
from HCP-MM1 atlas). Positive values show thickness increase in CB, neg-
ative values show thickness increase in SC (p<0.05, corrected for multiple
comparisons).

Figure 14: Percent cortical thickness difference between CB and SC in visual
areas defined by HCP-MM1 atlas. Only the differences in V1, V2, and V3
were significant (p<0.05, corrected for multiple comparisons). It can be seen
that the difference decreases in the higher visual areas.
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lation between groups.
To understand the effect of sample size on the results, the thickness

comparison on the whole-brain level was repeated with random sub-
samples of 17 participants for each group 100 times. Apart from the
occipital and entorhinal cortices that were also reported in the original
analysis, areas on sensorymotor cortices, middle frontal gyrus, middle
cingulate gyrus were identified. The results convey that, even with our
strict threshold, if we had a smaller sample size, it was likely (around
10%) to find one of the areas that are shown in the map significant. On
the other hand, the lingual gyrus, the most stable area, was found to be
significant 33 times out of 100, implying that we could miss it in our re-
sults if we had a small dataset (Figure 15).

Figure 15: Regions identified by comparisons between smaller subsamples.
Warmer colors mark the areas that are found significant more times. Even
with small sample sizes, the occipital cortex was the most consistent finding.

Analysis of the last surface-based metric, gyrification index, showed
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that lingual, cuneus, middle temporal, inferior temporal, medial orbitofrontal
and postcentral gyri are less folded in blind group (Figure 16, table). Pre-
cuneus and lingual gyrus coincide with regions identified in the analysis
in the analysis performed to compare cortical thickness between CB and
SC.

Figure 16: Percent gyrification difference between CB and SC. Negative val-
ues show more gyrification in CB (p<0.05, corrected for multiple compar-
isons).

Age related effects

Main linear effects of age were observed for all cortical and subcortical
volumes, but no differences in age-related effects were found between
the two experimental groups after the permutation correction, consis-
tently with several previous findings suggesting a not significant impact
of aging on structural differences (e.g., Pan et al., 2007; H. J. Park et al.,
2009). After FDR correction, only in the gyrification index, a small re-
gion on the pars triangularis and inferior temporal gyrus were identified
(Appendix).
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Difference in cmˆ3 Percent decrease Cohen’s d P-value (corrected)

Parenchymal 58.25 5.02 0.52 <0.05
Gray Matter 20.12 3.32 0.28 >0.05
White Matter 38.12 6.89 0.54 <0.05

Table 10: Difference between parenchyma, GM, and WM volumes between
premature born blind sample and blind sample born in term.

3.2.2 Within-blind Group Comparisons in Congenitally
Blind Group

Volumetric Comparison
Parenchymal and white matter volumes resulted to be significantly

decreased in RoP after the correction of the individual analyses. The
other variables did not result in a significant corrected F-score or p-value
for any brain structure. The rest of the tests (other causes, braille, RLP,
interaction between braille or RLP with RoP, interaction between age and
RoP) among all subcortical structures or significant ones only, corrected
with permutation or FDR, did not result in any significant difference.

VBM
VBM comparison between RoP and other causes of blindness revealed

smaller tissue intensity in the anterior middle temporal gyrus for both
tissues when corrected in the whole brain (Figures 17 and 18).

Figure 17: Regional grey matter differences between CB and AN-CB. Nega-
tive values (cold colors) show the regions with atrophy in AN-CB (p<0.05,
corrected for multiple comparisons).
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Figure 18: Regional white matter differences between CB and AN-CB. Neg-
ative values (cold colors) show the regions with atrophy in AN-CB (p<0.05,
corrected for multiple comparisons).

Similar to the volumetric comparisons, VBM comparison did not in-
dicate any significant differences in the main effect of other causes of
blindness (causes related to retinal waves, eye or optic pathway), the
main effect of Braille reading, or the main effect of residual light percep-
tion. In addition, the interaction between RoP and Braille reading, RLP,
age, and interaction between age and Braille, RLP groups were tested.
These comparisons are corrected separately both in the whole brain and
within the region found in the SC-CB comparison.

Cortical Thickness
After multiple comparison correction within the ROI derived from

the main analyses (SC-CB), RoP showed significant differences. These
are both on the occipital cortex and survive both permutation and FDR
corrections (Figure 19, two small regions after permutation correction
and pericalcarine area after FDR). These areas indicate a thicker cortex in
RoP. None of the results survived the whole-brain correction. The mag-
nitude of difference (less than 1%), may explain why the results did not
survive the strict whole-brain threshold. For comparison, the difference
between SC and CB in occipital cortex changed between 4% and 8%.

Similar to the results of the other metrics, RLP, Braille reading, and
the other causes of blindness did not show any significant results, when
corrected at a whole brain or within the significant cluster derived from
the main comparison. Additionally, the interaction between RoP, age,
Braille reading, and RLP did not return any significant results as well.

The main comparison (SC-CB) was repeated after removing the RoP
subjects and their sighted controls from the sample (Figure 20). The re-
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Figure 19: Percent thickness change between premature blind sample and
blind sample born at term; within the significant cluster aqcuired from the
congenital blind-sighted comparison. (A) Results corrected via permuta-
tion. (B) Results corrected via FDR. Marked areas show a thicker cortex in
premature blind sample.
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sults show that CB, without RoP, shows a similar pattern of differences
to the previous analysis but at a lower significance. The difference in the
cuneus and the calcarine sulcus was almost completely gone.

Figure 20: Sighted-congenital blind group comparison after removing pre-
mature blind sample and their sighted controls. The area is similar to the
result of the SC-CB comparison, but it is smaller.

Gyrification
RoP subjects were also different from the rest of the CB individuals in

terms of gyrification (Figure 21). Their right lingual gyrus, left anterior
middle and superior temporal gyrus, and right posterior inferior tem-
poral gyrus was more gyrified than the rest of the blind subjects when
corrected in the whole brain. When corrected in the significant cluster
found in the main comparison (SC-CB), the results slightly change but
reflect the same pattern (Figure 22). Both results are corrected with per-
mutation correction.

Lastly, RLP, Braille reading, and the other causes of blindness did not
show significant results, whether corrected in the whole brain or within
the significant cluster derived from the main comparison. Additionally,
the interaction between RoP, age, Braille reading, and RLP did not return
any significant results as well.
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Figure 21: Gyrification difference between premature blind sample and
blind sample born at term in the whole-brain. Marked areas show increased
thickness in premature blind sample. (p<0.05, corrected for multiple com-
parisons).
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Figure 22: Percent gyrification difference between RoP-NRoP within the
significant cluster resulted from the SC-CB comparison. The marked areas
show increased gyrification in premature blind subjects (p<0.05, corrected
for multiple comparisons).
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3.3 Summary of the Findings/Discussion

In this chapter, structural properties of the brain (thickness, gyrification,
intensity, overall volume) were compared between blind subjects who
lost vision perinatally and sighted controls. The aim was to identify the
plastic changes of brain structures, when visual input lacks since birth,
and the contribution of the residual effects (such as causes of blindness,
residual light perception, and Braille literacy) to these changes.

Overall, lack of vision from birth is associated with alteration in the
visual pathway. The cuneus and lingual gyrus of the CB were thicker,
smaller and had a higher curvature. This pattern is the most common
among the findings in the literature (Noppeney et al., 2005; Pan et al.,
2007; Ptito, F. C. G. Schneider, et al., 2008) and supports the experience-
dependent plasticity of the visual cortex (Jiang et al., 2009; H. J. Park et
al., 2009). As discussed before (Rice and Jr, 2000; Peter R. Huttenlocher,
1990), typical development of the visual cortex starts with a rapid ex-
pansion up to 2-3 years of postnatal age and is followed by a synaptic
pruning that stabilizes the volume of the visual cortex by removing the
unwanted synapses. This work, along with the previous ones, shows
that the visual cortex preserves its original postnatal shape (after corti-
cal expansion) in case of lack of vision from birth. Therefore, it can be
said that the synaptic pruning - happening within two years of age - is
experience-dependent. According to results from sight recovery studies
(Aguirre et al., 2016; Feng et al., 2021; Hölig et al., 2022), restored vision
does not initialize the pruning process later in life. The thickness and the
surface area of the occipital cortex of the sight-recovered subjects was
larger than the sighted ones, even if sight is restored in the first years
of life. These findings imply that if experience-dependent brain develop-
ment of visual cortex during a sensitive period is interrupted,the atrophy
is not reverted later in the life in case of exposure to vision.

Interestingly, we did not observe any thickness difference on peri-
foveal area. While early visual areas are found to be thicker in CB, a re-
gion on bilateral perifoveal area are the same between two groups. This
finding is similar to the results from previous studies (H. J. Park et al.,
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2009; Bridge, Cowey, et al., 2009; Anurova, Renier, et al., 2015), but not
all. It must be noted that none of the previous studies found such a large
area of effect that covers both lingual gyrus and cuneus. Although it is
not possible to directly confirm it in this study, in terms of retinotopy,
the region that shows no difference between groups corresponds to pe-
ripheral vision that comes right after the central vision/fovea (Weaver
and Stevens, 2007; Ferreira et al., 2017). There is one study that exam-
ined the thickness of V1 in detail. Burge et al. (2016) divided V1 from
”most central vision” to ”most peripheral” vision. Thickness of 9 ROIs
from this dissemination were compared between sighted controls and
patients with macular degeneration, who do not have central vision. It
was shown that mid-peripheral regions, corresponding to the areas that
did not show any difference between SC and CB, were thicker in patients
with macular degeneration. However, this difference was observable in
the pericalcarine gyrus, banks of calcarine sulcus, but not in the depth
of calcarine sulcus, which coincides with our results. Although the sam-
ple suffer from central vision loss only, not total blindness, partial visual
impairment show similar atrophy patterns with total blindness (Ohno
et al., 2015; Machado et al., 2017; Mendola et al., 2005). Results from
Burge et al. (2016) show that thickness within V1 can fluctuate and show
within-regional differences. The same analysis can be repeated for total
blindness in order to see the regional changes in V1 in case of blindness.

Structural changes in visual cortex of CB is not associated with the
changes in the other regions of brain. This finding contradicts with re-
sults of a very similar study (Voss and Zatorre, 2015), where the au-
thors reported that cuneus of CB has stronger anatomical connectivity
with inferior occipital gyrus, and weaker connectivity with frontal and
supplementary eye fields, inferior parietal lobule, and precentral gyrus.
As much as the inconsistency in the results can be attributed the fac-
tors identifed in Chapter 2 (variety in the sample size and characteristics
such as blindness onset and pre-/ post-natal factors), in the specific case
of connectivity, the discrepancy can be related to the individual varia-
tion. Sen et al. (2022) showed that the resting-state functional connectiv-
ity patterns of CB has more variability compared to SC, especially for the
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visual cortex. If this heterogenity in functional connectivity also persists
in structural connectivity, then it is natural to see no differences groups
considering the large sample size.

Another common finding across the studies is the volume loss in op-
tic radiation. Current work successfully replicated this result. In the
VBM comparison, both right and left optic radiation had smaller vol-
umes. White matter VBM is mainly associated with radial diffusivity, a
metric that shows altered myelination (Belke et al., 2015).

These findings indicate that lack of vision from birth affects the struc-
ture of the visual pathway in a rather negative way. In case of lack of
a sensory modality, brain regions mainly related to vision do not de-
velop as in the typical brain. Structural plasticity does not compensate
for those regions in another way, even though the visual cortex start re-
sponding to other modality inputs (i.e. so called ”cross-modal plastic-
ity”). The source of this change in the function may be the corticocortical
connections rather than thalamocortical. This is because according to
our results, strong atrophy found on the connections between thalamus
and visual cortex, but the structural relationship between cortical regions
were intact. Along with the LGN, the nuclei of the thalamus that project
to temporal, frontal, and somatosensory cortices were atrophied (Cec-
chetti et al., 2016; N. H. Reislev et al., 2017), and the blind group did not
show any stronger thalamocortical connections compared to the sighted
group. Therefore, non-visual information must be delivered to the visual
cortex via corticocortical connections. Klinge, Eippert, et al. (2010), for
example, found stronger corticocortical functional relationship between
primary visual and auditory cortices of blind people, but similar thala-
mocortical connections. Their reference point in thalamus was MGN, to
assess whether MGN relays the auditory information to the visual cortex.
Even though this study did not find proof for thalamocrtical pathway to
relay cross-modal information on visual cortex, animal studies showed
that the thalamus could stimulate the visual cortex through MGN (Sur,
Garraghty, and Roe, 1988; Frost et al., 2000). This can be another expla-
nation for non-visual stimuli in the visual cortex. However, no study on
humans confirms this process.
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Apart from the visual pathway, congenital blindness is also asso-
ciated with regions that are not involved in the main visual pathway
but receive visual feedback. For example, for the first time, this work
shows that visual deprivation is related to smaller right amygdala vol-
ume. However, the function of the amygdala in blind individuals was
explored previously. In their study, Klinge, Röder, and Büchel (2010)
showed that CB have stronger amygdala activity in response to negative
emotional stimuli, but not to positive stimuli, compared to sighted in-
dividuals. This activation was significant for the right amygdala only,
implying that there may be a relationship between the excess in the acti-
vation and the loss in size. According to visual fear processing hypothe-
ses, the amygdala takes direct input from superior colliculi via pulvinar.
This connection was also shown via tract-tracing studies (Silverstein and
Ingvar, 2015) for a review on visual fear processing). Therefore, lack of
visual input for emotion processing may play a role in the amygdala’s
size. In terms of lateralization, the right amygdala gives greater response
to fear and gaze shift than the left amygdala (Hardee, J. C. Thompson,
and Puce, 2008). This finding may be another indicator of the connection
between the function and the decrease in the volume.

Globus pallidus is among the structures that showed volume decrease
in congenital blind individuals. Like the amygdala, there is no previ-
ous research exploring the structure or function of the globus pallidus
in blind. Being associated with voluntary movement control (Klaassen
et al., 2021), it can be hypothesized that visual cues are essential for de-
veloping pallidum and voluntary movement control. This hypothesis is
supported by the fact that blind people have poorer posture control than
sighted (Perera et al., 2015). Without vision, it may be more challenging
to control the movements, and the size of the pallidum must be related
to this challenge.

The entorhinal cortex, which is mainly associated with spatial mem-
ory, showed cortical thinning in congenital blinds. This is a finding that
has been previously shown in some of the cortical thickness studies (H. J.
Park et al., 2009; Voss and Zatorre, 2012; Q. Li et al., 2017). CB have supe-
rior way-finding skills than sighted (Fortin et al., 2008). This increase in
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the performance may be related to the thinning, as cortical thinning is as-
sociated with better performance in some tasks (Verbal IQ - Burgaleta et
al., 2014; Working memory - Kharitonova et al., 2013). Another possible
explanation for cortical thinning is older age (Salat et al., 2004). However,
there was no interaction between age and the cortical thickness between
the groups. The general trend of thickness decay with older age was the
same in both CB and SC. Therefore, the thinning in entorhinal cortices is
more likely to be related to its function. The high individual variability
in the anatomical features of this region was also reported before (Gon-
charova et al., 2001; Heinsen et al., 1996). Therefore, our results do not
reflect a methodological noise, rather they present a replication of the
previous findings.

Both hippocampi were smaller in CB. Following the previous discus-
sion in the literature, we segmented the hippocampus in the anterior-
posterior direction and compared the head, tail, and body segments of
blind subjects with sighted. Posterior parts of both hippocampi and the
body and tail of the right hippocampus were the smaller regions. The
left hippocampus’s head and body did not result in significant differ-
ences. It can be speculated that the posterior hippocampus is related to
visual memory since it is consistently smaller in CB. The London taxi
driver study (E. A. Maguire, Woollett, and Spiers, 2006) can be shown
as supporting evidence for this hypothesis. In that study, it was shown
that the posterior hippocampus of the taxi drivers is larger than controls.
Since our study shows the opposite (smaller posterior hippocampus vs.
controls), it can be argued that visuo-spatial memory is associated with
the size of the posterior hippocampus.

The anterior part of hippocampus, likewise, suffers from volume loss.
This part directly takes input from the entorhinal cortex and is often as-
sociated with spatial memory (Strange et al., 2014). Thinning on the en-
torhinal cortex may be associated with the smaller head of the hippocam-
pus. Additionally, the reason why the right hippocampus suffers more
from the volume loss can be the lateralization of the function. The right
hippocampus responds to allocentric representation rather than egocen-
tric (Iglói et al., 2010). Previous research shows that EB/CB utilize ego-
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centric navigation strategies, and visual experience enhances allocen-
tric navigation (Iglói et al., 2010; Iachini, Ruggiero, and Ruotolo, 2014).
Therefore, it can be argued that the the volume difference in right hip-
pocampus related to this lateralization of function.

In this work, for the first time, the gyrification difference between CB
and SC was tested. The visual cortex, along with the anterior medial and
inferior temporal gyrus, were more gyrified. The difference in the visual
cortex can be attributed to the disruption of the typical development due
to the lack of visual input. The anterior middle temporal gyrus, on the
other hand, is mostly associated with semantic tasks (Davey et al., 2016;
Visser et al., 2012). However, there is another function related to the an-
terior middle temporal gyrus (aMTG). Some studies report that aMTG
plays a role in recognizing familiar faces (Borghesani et al., 2019; Gob-
bini and Haxby, 2007). In this context, the excess of gyrification can be
justified since there is no visual input to feed this region.

From a general perspective, it can be seen that some cortical or sub-
cortical regions that take part in visual processing or receive visual feed-
back are atrophied (e.g., hippocampus, entorhinal, anterior medial tem-
poral), but some are not (e.g., parahippocampal gyrus, rest of the higher-
order visual pathways -dorsal and ventral-). It can be inferred that those
intact regions do not suffer from a lack of vision from birth. What keeps
them intact may be their multi (or supra) modality. They may not rely on
vision as much as the atrophied regions to follow typical development.

There has been an ongoing discussion on how premature birth affects
the research on blindness. The number of RoP included in the samples
of the previous research is relatively high, as in our dataset. Previous ev-
idence shows that premature birth affects brain structure and this effect
is mainly seen in the white matter and the subcortical structures (Board-
man et al., 2006; B. S. Peterson, Vohr, Staib, Cannistraci, A. Dolberg, et
al., 2000). To differentiate the general effect of premature birth from the
effect of blindness on the brain structure, blind subjects who lost their
sight due to premature birth were treated differently from the rest of the
blind subjects. Our analyses show that RoP, compared to the rest of the
blind subjects, have smaller total white matter volume, smaller and more

70



gyrified anterior middle gyrus, thicker and more gyrified visual cortex.
In order to show that the effects on these regions are not due to RoP only,
the comparison between blind and sighted subjects was repeated after re-
moving the RoP from the sample. The result was the same, except it was
weaker. Therefore, it can be argued that the regions mentioned above are
more susceptible to atrophy in case of blindness acquired due to preterm
birth. In their study, Wan et al. (2013), states that after removing the RoP
subjects from the blind sample, the volume decreases found on middle
temporal gyri disappear as in our study. However, they add that vol-
ume decreases in frontal gyri, caudate nucleus, and thalamus disappear.
These regions are not found to be related to RoP in our study. Ptito,
F. C. G. Schneider, et al. (2008), on the other hand, showed that RoP in
their sample do not affect the whole-brain comparison. They are only
associated with smaller gray and white matter volume than other blind
subjects. Our results confirm them and add that RoP subjects indeed
affect the results.

Considering that the thicker visual cortex is related to the interrupted
synaptic pruning, the thicker and more gyrified visual cortex of RoP sub-
jects imply that the synaptogenesis produces a larger mass in case of pre-
mature birth. Even though synaptogenesis starts in the fetus (Fox, Leav-
itt, and Warhol, 1999), the visual cortex expands dramatically only after
birth (Peter R Huttenlocher and Dabholkar, 1997). Therefore, the thick-
ness and gyrification difference must be due to the overexpansion of the
visual cortex after premature birth. The analysis of the RoP sample can
be enhanced in the future if the gestational age of the subjects is known
and if a control sample born prematurely but not blind is available.

The rest of the causes of blindness were categorized according to the
following features: causes related to lack of perinatal waves (anoph-
thalmia/microphthalmia), causes related to eye issues (glaucoma, cataracts),
causes related to retinal or optic-pathway issues (optic nerve atrophy,
Leber’s amaurosis, retinoblastoma, retinal dysplasia). These causes do
not differ in terms of the morphological changes they cause. They can be
investigated under the general term of “congenital blindness.” The loca-
tion of the atrophy (eye or optic nerve) or whether the subject received
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spontaneous prenatal retinal activity does not affect the brain structure
per se. Even though prenatal spontaneous retinal activity is known to
contribute to the development system (Butts and Rokhsar, 2001), it may
not affect the brain morphometry macro level, but only on the cellular
level. This lack of difference is in line with previous studies, which the
surface area of V1 (Andelin et al., 2019) and splenium of corpus callo-
sum (Bock et al., 2013) are not affected by the lack of prenatal waves,
compared to early acquired blindness.

Another topic that has been discussed in blindness research is resid-
ual light perception. Previously, it had been shown that white matter
integrity is more preserved in the blind individuals that can perceive
residual light (Shimony et al., 2006; Zhou et al., 2019). In the current
study, RLP was not associated with changes in brain structure. One ex-
planation for the lack of difference can be that the studies that found a
difference caused by RLP were DTI studies, a more sensitive method for
assessing white matter integrity. Likewise, Pan et al. (2007), using only
the VBM metric derived from T1 MRI scans, did not find any effect. An-
other alternative can be that the lack of difference reflects the truth, and
the partial visual loss studies support this explanation. Individuals that
are partly blind still show the same patterns of atrophy in the brain (Men-
dola et al., 2005; Ohno et al., 2015; Machado et al., 2017). Therefore, the
visual pathway reshapes itself in the same way regardless of the residual
light perception.

Unlike Matuszewski et al. (2021), and Bola et al. (2017), who found
changes in white matter (measured via FA) in sighted after Braille train-
ing, our study shows that Braille literacy is not related to any change in
the brain structure. To our knowledge, this work is the first one to assess
the structural correlates of Braille reading in blind individuals. The lack
of effect indicates that functional plasticity related to the Braille reading
(Sadato et al., 1998; Gizewski, Timmann, and Forsting, 2004) cannot be
attributed to any structural reorganization in the brain.

In conclusion, the structural differences in the brain of the CB reflect
an interrupted neurodevelopment of the visual system, rather than com-
plete reshaping. The visual cortex and optic radiations give a snapshot
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of their version around the time of birth, and their development is in-
terrupted due to the lack of external input: An intense synaptic den-
sity in the occipital cortex that reach its peak between 8 and 24 post-
natal months (Peter R. Huttenlocher, 1990), blood and glucose consump-
tion level is similar to the same period (Chugani, Phelps, and Mazziotta,
1987), white matter connections are present but their volume is yet to be
myelinated and to increase their volume to adult level (Fine and J.-M.
Park, 2018).
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Chapter 4

Structural Changes in the
Late Blind Brain

4.1 Methods

4.1.1 Data Collection and Contributing Sites

The data collection procedure was described in section 3.1. Among the
10 research groups that contributed to the project, five included 3D struc-
tural T1 MRI scans of the late blind individuals (blindness onset - BO >

0 year of age) and their sighted controls. Although non-congenital blind
subjects are categorized as ”early blind, adolescent blind, late blind de-
pending on their blindness onset in some studies, we wanted to use ”late
blindness” term for all subjects whose blindness onset is not 0. This is be-
cause in the following analysis, we make the statistical analyses for iden-
tifying the effect of blindness onset and time spent as blind, therefore we
wanted to keep our ”noncongenital blind” sample homogenous. Those
research groups are Université Catholique de Louvain -Belgium, Mas-
sachusetts Eye and Ear Infirmary, Harvard Medical School - the USA,
IMT School for Advanced Studies Lucca and University of Turin – Italy,
Brainnetome Center and Beijing Normal University – China. In total, 153
late blind participants (LB) and 226 sighted controls (SC) were available
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in the dataset. Detailed information on the samples can be seen in online
supplementary table.

Across different laboratories, LB MRI data were acquired using 1.5,
3T, or 4T scanners, T1/3D-TFE/MPRAGE sequences, 3/4 B0 strength,
TR changing between 2000-8100, TE changing between 2.19-4.38

4.1.2 MRI dataset and Samples

The research groups gathered 153 LB and their SC T1 images for the
study. After data processing and a quality check procedure (see be-
low), 115 LB (BO>0 years of age), 32.55 ± 9.91years old, 34 female, 1
hermaphrodite) and 115 SC (30.51 ± 9.1 years old, 39 female) were used
to create two samples that were balanced in terms of age, gender and
scanning site (online supplementary material). Apart from 5 left-handed
(2 LB), one ambidextrous LB, and 11 not reported, all participants were
right-handed. Mean BO was 13.6 ± 9.2, and mean time spent as blind
(TSAB) was 18.96 ± 10.87. All sighted and blind subjects received a med-
ical interview or examination to exclude any disorder affecting brain
function and metabolism other than blindness in the blind group. All
participants provided written consent before the MRI examinations ac-
cording to the approved protocols of each contributing site. 36 of the SC
were also selected for the SC group of the congenital blind analyses. This
selection procedure was blind to the ID of the participant. The only aim
was to create a balanced age, gender, and site distribution between blind
and sighted groups. Since the total SC sample is almost twice as big as
SC and LB groups separately, some SC happened to be selected for both
samples.

4.1.3 Data Preprocessing and Hypothesis Testing

The same data preprocessing and hypothesis testing procedures explained
in chapter 3.1 were used.
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4.1.4 Comparisons Between Late Blind and Sighted Group

Procedures that are explained in chapter 3.1 were followed. A volumet-
ric comparison of total tissue and subcortical volumes, VBM, cortical
thickness, and gyrification metrics were used to compare the LB and SC
groups.

4.1.5 Within-blind Group Comparisons in Late Blind Group

Volumetric comparison of total tissue and subcortical volumes, VBM,
cortical thickness, and gyrification metrics were selected to make further
investigations within the LB group. After cleaning the data from age,
gender, site, and parenchymal volume (not included in the surface-based
analyses), residuals of the blind sample were used in additional within-
group comparisons to investigate the extent to which distinct causes of
blindness, residual light perception (RLP), common postnatal experiences
(i.e., Braille reading), or time spent as blind might have influenced the
main effect of the congenital lack of vision on morphometric measures.

To explain the contribution of the selected variables on the differences
between groups, the LB sample was further examined by considering po-
tentially important factors. These factors are causes of blindness, blind-
ness onset and time spent as blind, residual light perception, and Braille
literacy.

Categorization of the causes of the blindness was done as described
in Chapter 3. Three subjects were labeled with the causes of blindness
related to lack of perinatal waves, 38 subjects were labeled with causes
related to eye issues, 58 subjects were labeled with causes related to reti-
nal or optic pathway issues. Since the number of subjects in the first
group was too small, they were removed from the further analyses, and
only the second and third groups were compared.

Similar to the uneven distribution of the Braille literacy within the CB
sample, the number of Braille literate LB (n=95, 94 with a known onset,
mean age of onset= 15.7 ± 7.98) was much higher than the number of
Braille illiterate (n=17). 16 Braille readers out of 95 learned the alphabet
before their BO. Average Braille literate years before losing sight: 8.26
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± 10.09. 5 of them had retinopathy, 3 retinitis pigmentosa, 3 cataracts,
2 glaucoma, 1 optic nerve atrophy/dystrophy/damage, 1 eyeball dys-
plasia. Braille onset of one participant was coded as bigger than their
age at scan time. That participant is removed from further analyses. In
addition, two subjects marked as “not Braille literate anymore” were ex-
cluded because of possible confoundings. At the end, LB were divided
into three groups as Braille illiterate (n=17), Braille literate before losing
sight (n=15), and Braille literate after losing sight (n=76). The difference
between the three groups was tested with a one-way ANOVA.

The number of LB who can perceive residual light perception (n=56)
and who cannot (n=58) was close to each other. These two groups were
directly compared with a linear regression model where the regressor
was a categorical variable indicating the group (RLP or not RLP).

One of the main interests of this thesis is the effect of blindness on-
set (BO) and time spent as blind (TSAB) on brain anatomy. Having the
same BO, atrophy in the subjects with different TSAB can have different
magnitudes. Likewise, the brains of two subjects with the same TSAB
can be different because of earlier/later BO. Clarifying the effect of these
two parameters will help us see the critical point of neurodevelopment
and the regular progress of plasticity.

Naturally, BO and TSAB are highly correlated (spearman rho=-0.63,
p<0.05), and it is impossible to include them in a classic linear regression
model due to collinearity. Therefore, the two parameters are reduced to
one by using the following formula: (BO-TSAB)/Age

This formula (from now on will be referred to as blindness index ( BI)
gives a value between -1 and 1. Lower BI indicates later BO and shorter
TSAB, and higher BI indicates earlier BO and longer TSAB (Figure 23).
This measure is not correlated with age (Pearson’s r=0.09, p=0.28, Spear-
man’s rho=0.14, p=0.1). The Spearman correlation between BO was 0.2
(p=0.02), and between TSAB and age was 0.52 (p<0.01).

After cleaning the data from age, gender, site (and parenchymal vol-
ume for volumetric and the VBM analyses), the residuals of the late blind
sample were explained with BI. Subjects who learned the Braille alphabet
before losing sight (n=15) were not included in this analysis. These sub-
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jects may have experienced partial visual impairment long before they
completely lose sight. As it was shown that partial visual impairment
also affects the visual pathways (Ohno et al., 2015; Machado et al., 2017;
Mendola et al., 2005), BO of those subjects may not reflect the real onset
of atrophy and confound the BI analysis. After removing the subjects
mentioned above, the number of participants in the sample was down
to 100 from 113. This analysis aims to see if the variance in the rele-
vant structural measure can be explained with the timing of the BO and
the duration of the TSAB. Significance testing of this relationship was
done via the permutation procedure explained above (to sum up: ran-
dom shuffling of the BI values, repeating the analysis 10,000 times). If
there is any significant relationship, a second step was applied to clarify
whether it is sourced from BO or TSAB.

Figure 23: Graphical representation of the blindness index (BI). Positive BI
indicates that the participant spent more than half of their lifespan as blind,
indicating late blindness onset and short time spent as blind. Negative BI,
on the other hand, indicates early blindness onset and long time spent as
blindness.

After finding the areas related to BI, the second aim was to identify
if the relationship is sourced from BO or TSAB. In order to do so, first,
the contribution of each subject to the whole model was calculated via a
stepwise regression model. The procedure is as follows: Mean values of
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the clusters identified by the BI regression was calculated. This step was
done to avoid the computational load of doing the same calculations for
each vertex/voxel found. The acquired series was explained with BI as
explained above. The F-score of this model was saved. Then, the same
test was repeated with excluding one subject each time. The difference
between the original F-score and the newly calculated one after removing
a subject was calculated in each iteration. The idea was to see if there is a
critical BI value where the strength of the model decreases significantly.

In addition to BI, BO, and TSAB were also used to explain the vari-
ance within the LB in separate models. This step is applied as a sanity
check. In theory, both TSAB and BO should pick up similar regions with
each other and BI.

Another attempt to clarify the effects of BO and TSAB was imple-
mented via identifying subsamples whose BO or TSAB is above the crit-
ical period for GM and WM development. Participants whose BO is
later than these thresholds should have had regular neurodevelopment.
Therefore, the variance among them can be explained with TSAB only.
Likewise, participants whose TSAB is longer than decades could be used
to explore the effect of BO. Therefore, 24 subjects, whose BO is later than
19, were used to explain the variance in structural measures with TSAB.
Similarly, another 24 subjects whose TSAB is longer than 27 years were
used to explore the effects of BO.

4.2 Results

4.2.1 Sighted vs. Late Blind Groups

Demographics

There were no significant age (two-way t-test, t=1.694, p=.987, Cohen’s
d=.002) or gender-related (X2 =0.44, p=.091) differences between groups.

Quantitative comparison of brain volumes

When assessing the differences in the overall brain parenchymal volume,
GM and WM were significantly decreased in LB subjects compared to
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Difference in cm3 Percent decrease Cohen’s d P-value (corrected)

Parenchymal 82.16 6.65 0.70 <0.05
Gray Matter 41.5 6.65 0.66 <0.05
White Matter 40.65 6.82 0.61 <0.05

Table 11: Volumetric difference in total volumes of the tissues between LB
and SC.

Difference in cm3 Percent decrease Cohen’s D P-value (corrected)

Left Amygdala 0.05 4.23 0.22 >0.05
Right Amygdala 0.15 12.26 0.59 >0.05*
Left Caudate 0.25 7.18 0.50 >0.05
Right Caudate 0.23 6.62 0.47 >0.05
Left Hippocampus 0.15 4.10 0.30 >0.05
Right Hippocampus 0.22 5.80 0.45 >0.05
Left Pallidum 0.16 9.30 0.84 <0.05*
Right Pallidum 0.15 8.76 0.78 <0.05*
Left Putamen 0.31 6.05 0.49 >0.05
Right Putamen 0.26 5.09 0.41 >0.05
Left Thalamus 0.62 8.05 0.79 >0.05*
Right Thalamus 0.56 7.41 0.74 >0.05
Cerebellum 7.79 5.13 0.47 >0.05

Table 12: Volumetric difference in subcortical structures between LB and
SC. *: Significant when corrected with FDR.

SC (differences in cm3 were 82.16±168.84, 41.5±88.87, and 40.65±94.82,
respectively, Table 11). Percent volume losses related to blindness since
birth ranged around 6.7% (specifically, 6.65%, Cohen’s d=.70 for parenchy-
mal volume; 6.65%, d=.66 for GM; 6.82%, d=.61 for WM).

When assessing the subcortical structures (Table 12), late blindness
was associated with significantly smaller volumes in the left (0.16±0.3
cm3, 9.3%, d=0.84) and right globus pallidus (0.15±0.3 cm3, 8.76%, d=0.78)
of the late blind participants. The left thalamus and right amygdala were
also significant when corrected with FDR.

Voxel-based Morphometry

VBM results showed a significant volume decrease in the WM of the op-
tic radiations and the GM of the early visual cortex (Figures 25, 24). When
corrected with FDR (instead of permutation correction, figures 48, 49),
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the results were the same, suggesting that the rest of the brain is prone to
structural plasticity changes in case of acquired blindness.

Figure 24: Regional grey matter differences between LB and SC. Positive
values (warm colors) show the regions with atrophy in LB (p<0.05, cor-
rected for multiple comparisons).

Figure 25: Regional white matter differences between LB and SC. Positive
values (warm colors) show the regions with atrophy in LB (p<0.05, cor-
rected for multiple comparisons).

Cortical Thickness and Gyrification

Late blindness was associated with the increased thickness of the cuneus
(Figure 26. Similar to VBM results, the FDR corrected results gave almost
the same difference maps (Figure 50).

Gyrification showed a difference in the occipital cortex as well (Figure
27). This effect covers the lingual gyrus and right cuneus.

There was no significant interaction between sight and age in terms
of any structural measure tested here. Age has the same effect on both
sighted and late blind groups.
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Figure 26: Percent cortical thickness difference between LB and SC. Neg-
ative values (cold colors) show thicker cortex in LB (p<0.05, corrected for
multiple comparisons)
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Figure 27: Percent gyrification difference between LB and SC. Negative val-
ues (cold colors) show increased gyrification in LB (p<0.05, corrected for
multiple comparisons).
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4.2.2 Within-blind Group Comparisons in Late Blind Group

BI, corrected via permutation in the whole-brain level, is related to thick-
ness in cuneus and lingual gyrus area (Figure 28). As BI increases, thick-
ness increases in the region revealed by BI. In other words, as BO gets
earlier and TSAB gets longer, thickness increases. The stepwise regres-
sion approach was applied to the mean thickness from the area identified
by BI, in order to see if there is a critical BI value after which the explana-
tory power of the model spikes or drops. As shown in the Figure 30,
the distribution of the changes in the strength of the model is not consis-
tent and does not give a hint for a critical value for BI, after which the
strength of model drops or increases. Instead, the strength of the model
changes dramatically when the participants who spent a high or low per-
centage of their life as blind are excluded, however, there is no indication
of which side (low BI or high BI) is more dominant.

The separate models for BO and TSAB, on the other hand, show a
difference in the results. When corrected within the whole brain via per-
mutation, BO was found to be associated with an area on the lingual
gyrus (Figure 33), whereas TSAB had no significant association on the
brain. This difference in the results were more evident in the unthresh-
olded maps. Correlates of TSAB was more spread and uniform, whereas
correlates BO was more concentrated on the visual cortex (Figure 29). In
addition, F-stat of the models was much stronger in the BO map (max.
F-stat = 31.63) compared to BO map (max F-stat: 13.63). It can be said
that, although they are collinear, BO is more decisive in terms of struc-
tural plasticity after visual loss, compared to TSAB. This statement can
be further supported by the fact that BO related region is involved in the
area that is found by the SC-CB comparison, but not SC-LB comparison
(Figure 31).

The relationship between BO and the thickness was clarified in the
subsequent analysis. LB group was divided into 6 based on their BO:
BO<3 (n=13), 2<BO<7 (n=12), 6<BO<11 (n=23), 10<BO<15 (n=17), 14<BO<19
(n=25), 20<BO (the rest of the LB, n=10). These six groups, plus the
sighted controls, were used to explain the variance in the mean thick-
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Figure 28: Correlates of BI with cortical thickness. Higher blindness in-
dex (meaning earlier blindness onset and longer time spent as blind)is as-
sociated with increased cortical thickness on lingual gyrus and precuneus
(p<0.05, corrected for multiple comparisons).

Figure 29: Unthresholded F-stat maps of the relationship between cortical
thickness and BO (A) TSAB (B). Effect of BO is visible the visual cortex,
whereas effect of TSAB on the same region is also found but its F-stat is
much weaker.
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Figure 30: Distribution of the change in the model strength after remov-
ing one participant from the model that explains mean thickness in lingual
gyrus and cunus with BI. A sinusoidal shape was expected to identify a
critical BI value, however, the resulting distribution is not suitable for fit-
ting such a model.
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Figure 31: Clusters identifited by the BI (green), and SC-LB (orange), SC-CB
(blue) and the overlap of SC-CB and SC-LB (red). It can be seen that the
region identified by BI is a subregion of the cluster identified by SC-CB.

ness in the BI-relevant regions (Figure 32). The model was significant
(p<0.0001, F=5.55). The BO<3 group has significantly higher values than
all LB with BO>6 and higher than the sighted group (post-hoc correc-
tion between groups was done with the Bonferroni method at p=0.05).
In addition, the 2<BO<7 group was significantly higher than the 19<BO
group.

Apart from cortical thickness, GM intensity was the only other mea-
sure that showed a significant relationship with BI (Figure 34). A region
on the left lingual gyrus showed a positive relationship between BI and
GM intensity. The stepwise approach resulted in a graph that is similar to
the one generated by cortical thickness data, therefore individual mod-
els of BO and TSAB were taken into consideration. Separate analyses
of BO and TSAB did not reveal any significant pattern when corrected
with FDR or permutation in the whole brain, but both revealed large
areas on the occipital cortex when corrected with FDR only within the
significant cluster identified by the main (SC-LB) analysis. However, the
region identified by BI does not correspond to neither the SC-CB, nor the

87



Figure 32: Mean thickness of the BI-related region explained by different
BOs and sighted controls. The BO<3 group has significantly higher values
than all LBs with BO>6 and higher than the sighted group (post-hoc cor-
rection between groups was done with the Bonferroni method at p=0.05).
In addition, the 2<BO<7 group was significantly higher than the 19<BO
group.
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Figure 33: Correlates of BO with cortical thickness. Earlier blindness onset is
associated with increased cortical thickness on lingual gyrus and precuneus
(p<0.05, corrected for multiple comparisons).

Figure 34: Correlates of BI with GM intensity. Higher blindness index
(meaning earlier blindness onset and longer time spent as blind)is associ-
ated with increased GM intensity on lingual gyrus (p<0.05, corrected for
multiple comparisons).

89



Figure 35: Clusters identifited by the BI (red), and SC-LB (light green) and
the overlap of SC-LB and SC-CB (dark green). It can be seen that correlates
of BI forms a different cluster than the other analyses.

SC-LB cluster (Figure 35. Taken both findings into consideration, it can
be said that although there is an effect of onset of losing sight or time
spent as blind in the early visual cortex, the peak of this effect is found
in a region that is on a different part of the visual cortex. Specifically,
The six BO categories explained above were used to explain the mean
intensity in the BI-related region (Figure 36). The model was significant
(p<0.0001, F=11.62). BO<3 group had significantly higher intensity than
all the LB with BO>6, 14<BO group had lower intensity than all the LB
with BO<11. SC have significant difference with BOs higer than 14 (post-
hoc correction between groups was done with the Bonferroni method at
p=0.05. Although SC group has higher GM intensity compared to both
CB and LB groups in calcarine area, the BI-related region on the ventral
visual cortex has a different trend. SC has higher intensity compared to
BO>14 groups, and the LB with earlier onset has higher intensity com-
pared to LB with late onset.

Analyses of high BO and high TSAB groups did not reveal any sig-
nificant pattern. These groups consisted of BO values higher than 19 and
TSAB groups larger than 27. The aim was to reduce the collinearity be-
tween the two variables by eliminating the hypothetically insignificant
values for both regressors. However, these subsets of groups were still
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Figure 36: The BI-related region’s mean GM intensity is explained by dif-
ferent BOs and sighted controls. BO<3 group had significantly higher in-
tensity than all the LBs with BO>6, 14<BO group had lower intensity than
all the LBs with BO<11. The only significant difference of SC was with the
14<BO group (post-hoc correction between groups was done with the Bon-
ferroni method at p=0.05).
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Figure 37: Correlates of BI (top row), BO (middle row), and TSAB (bot-
tom row) when corrected with FDR within the significant cluster of main
(SC-LB) comparison. Warm colors show positivie relationship, wheras cold
colors show negative relationship.

not related to any of the structural measures, and the correlation between
BO and TSAB in the high BO group was -0.2 (pearson r, p=0.32), and in
the high TSAB group was -0.04 (pearson r , p=0.8).

Braille literacy was found to be relevant to only one brain structure.
Braille readers who learned the alphabet after losing sight have smaller
cerebellum than the Braille illiterate group (Figure 38) (4.2 cm3, 2.08%,
d=0.25). This was confirmed via a further post-hoc test (Tukey’s honest
significant difference criterion, p<0.05).

Like the Braille reading, RLP was associated with only one brain
structure. Right pallidum is smaller in non-RLP group compared to RLP
group (0.07 cm3, 4.03%, d=0.39).

Lastly, there was no difference between the causes of the blindness
in any of the metrics. These results are the same whether corrected with
permutation, FDR, in the whole brain or the significant clusters derived
from the main (SC-LB) analyses.

92



Figure 38: Mean cerebellum volume between different Braille groups. The
difference between first (Braille illiterate) and third (Braille learned after the
loss of vision) was significant after post-hoc correction.
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4.3 Summary of the Findings/Discussion

In this chapter, structural properties of the brain (thickness, gyrification,
intensity, overall volume) were compared between blind subjects who
lost vision after birth and sighted controls. The aim was to identify the
neuroplastic changes in the brain structure when visual perception is lost
later in life; and the contribution of the residual effects (such as causes of
blindness, residual light perception and Braille literacy, blindness dura-
tion/onset of blindness) to these changes.

Acquired blindness is related to smaller total brain volume, volume
reductions on the optic radiations, and more curved, smaller, occipital
cortex. Smaller white and gray matter volume in the visual pathway (via
VBM analysis) has been reported previously (Voss, Pike, and Zatorre,
2014). However, the rest of the findings are inconsistent with the previ-
ous literature. This is partly because there is no consensus on the effect
of acquired blindness in brain structure, which is one of the motivations
of this study. For example, cortical thickness in LB shows different pat-
terns: No difference was found on the visual cortex (Jiang et al., 2009;
Q. Li et al., 2017), or the visual cortex was thinner in the LB (H. J. Park
et al., 2009; Voss and Zatorre, 2012). This work suggests that the previ-
ous results that show a thinning in LB are due to chance, and there is no
difference between the thickness of the occipital cortex between SC and
LB subjects. Similarly, other areas reported in the previous research (so-
matomotor areas, parahippocampal gyrus, superior temporal gyrus. . . )
are not found in this work. On the other hand, VBM results look consis-
tent with previous research, although only one study uses the distinction
between CB and LB for VBM studies as it was used for thickness studies
(Voss, Pike, and Zatorre, 2014). In that study, it was shown that gray mat-
ter volume on the occipital cortex is smaller in the LB group, as we did.
Lastly, similar to VBM results, the gyrification comparison also showed
the same pattern: more gyrification on the occipital cortex in LB. To our
knowledge, this is the first study that explores the gyrification difference
between blind and sighted groups.

Overall, the lack of significant results except for the visual pathway
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and the effect of blindness onset on the visual cortex suggest that func-
tional cross-modal plasticity on the cortex (Ricciardi, Bonino, et al., 2014
for a review) does not have a structural basis. This is because the only
difference between LB and SC is on the visual pathway, which can be
attributed to the onset of blindness. Blind subjects with the earliest on-
set show the characteristics of the CB (thicker visual cortex), and this
effect decays as the onset of blindness increases, and brain development
is more complete. The only exception to this hypothesis can be the in-
creased gyrification in LB. Since there is no association between this met-
ric and the blindness onset, and the late-onset subjects acquire the blind-
ness after the visual cortex takes its adult-like shape, one could argue
that there should be no difference between LB and SC, like the cortical
thickness. However, we see increased gyrification, similar to the results
of CB. It is not very likely that the subjects did not go through the typi-
cal development steps that shape the brain. Therefore, there is a chance
that the visual cortex becomes more gyrified after losing sight, and this
change in structure can be attributed to the cross-modal plasticity of the
visual cortex.

One of the main aims of this thesis was to identify the relationship
between time spent as blind, age onset of blindness, and the morpho-
metric changes in the brain due to blindness. Our analyses showed that
the onset of blindness, but not the time spent as blind, is correlated with
the occipital cortex’s cortical thickness and volumetric measures. The
earlier onset of blindness is associated with more atrophy, similar to CB.
This finding suggests that the atrophy of the visual cortex is due to the
interrupted neurodevelopment rather than compensatory plasticity that
occurs in the case of loss of vision. Previous research, where they only
observed the onset of blindness, also found the same trend (Q. Li et al.,
2017; Anurova, Carlson, and Rauschecker, 2019). Cortical thickness and
the surface area differences in the visual cortex decreased as the onset
of blindness increased. A novel finding of this study is that the region
on the lingual gyrus, whose gray matter intensity changes with blind-
ness onset, forms a different cluster than the one found after compar-
ing sighted and blind population, which covers pericalcarine area. Still,
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when looked into the pericalcarine area only, rather than the whole brain,
and corrected with a less strict threshold, the a meaningful relationship
between GM volume and BO was seen. It can be said that although
blindness gradually affects the gray matter volume of the early visual
areas, this effect peaks in higher areas in the ventral pathway. This find-
ing shows similarity with the one that Pan et al., 2007 reported. They
found that blindness duration is related to small localized regions, rather
than the whole visual cortex. Although they conducted the analysis with
TSAB, their sample was all EB/CB whose BO was earlier than 6 years.
This sample characteristic is in accordance with our finding, the earlier
the BO is, the the stronger the association with GM.

Globus pallidus was the only subcortical structure that showed a vol-
ume decrease in LB. It was even smaller in the blind subjects who could
not perceive residual light. As discussed in the previous chapter, globus
pallidus is related to voluntary movements, and visual cues may be nec-
essary to regulate them (Klaassen et al., 2021). Smaller pallidus in blind
subjects who cannot perceive light also support this statement, as resid-
ual light perception may still be helpful to guide the movements.

Blind subjects who learned the Braille alphabet after vision loss had
smaller cerebellar volume than the blind subjects that are not Braille liter-
ate. Even though some studies have shown the functional association be-
tween the Braille reading and cerebellum (Sadato, 2005; Gizewski, Tim-
mann, and Forsting, 2004), no studies have shown the structural relation-
ship between them.

Lastly, the causes of blindness were not related to any structural change
within the LB. Whether they are sourced from an issue in the eye, retina,
or optic pathway, they are always associated with a similar brain struc-
ture.

In summary, structural plasticity shows different patterns depending
on the time of loss of sight. If the sight is lost roughly before the visual
cortex completes its development, the typical neurodevelopment will be
interrupted, and the visual cortex will stay thicker. However, if the sight
is lost much later in life, regardless of how much time spent as blind, the
effect of blindness on the brain will be the same: smaller optic radiations,
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more curved and smaller visual cortex, and smaller pallidum. Whether
the LB are Braille literate or can perceive light or not affects only a limited
number of structures (pallidum and cerebellum).
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Chapter 5

Conclusions

The main aim of this thesis was to identify the structural changes in
the brain in the case of blindness. Even though there have been several
studies on this topic, due to the inconsistency among the results and the
heterogeneity in sample characteristics of the previous research, a study
with a large and uniform sample to allow a more detailed and reliable
investigation was necessary. For my thesis, thanks to the contribution of
the researchers from different parts of the world, we managed to create
such a dataset that may answer the open questions in the field. It was
the largest MRI dataset consisting of congenital and late blind samples
up-to-date.

In chapter 2, a literature search was conducted to summarize the
current state of the literature and to identify the potential variable that
could confound the previous research. Atrophy on the visual pathways
was consistently reported across studies. However, some findings on the
whole brain (temporal gyrus, corpus callosum, sensorimotor areas, cau-
date, hippocampus) were differently reported and open to discussion. A
coordinate-based meta-analysis supported the controversy of the results.
Among all the regions reported in the studies, only the occipital cortex
and the LGN survived the analysis. This heterogeneity among the re-
sults was attributed to a number of factors such as small sample sizes,
different causes of blindness dominating each study, different blindness

98



onset and time spent as blind, residual light perception, and post-natal
experience with Braille reading.

Considering the issues identified in chapter 2, structural features (to-
tal volume, VBM intensity, thickness, gyrification) of the blind and sighted
participants were compared in chapters 3 and 4. The results suggest
that the onset of vision loss is important for the structural plasticity of
the brain. If vision is lost perinatally, typical development of the visual
cortex is interrupted and cannot progress due to lack of sensory input.
In addition, regions or structures not directly related to the visual path-
way are also affected (i.e., entorhinal cortex and middle temporal gyrus,
hippocampus, amygdala). Late blindness, on the other hand, especially
when vision is lost after adulthood, has a much narrower area of effect,
mostly restricted to optic radiations and early visual cortex. This effect
has no relationship with how much time the person spends as blind.

This work brought new insights into controversial topics in blindness
research. First, blind subjects born prematurely show a different brain
structure than the rest of the blind subjects; they have smaller total white
matter volume, smaller and more gyrified anterior middle gyrus, thicker
and more gyrified visual cortex. In order to create a homogeneous sam-
ple and generate reliable results, it is suggested that they should be ex-
cluded or at least accounted for in further research. The rest of the causes
of blindness have no specific effects on the brain structure. Second, resid-
ual light perception and Braille reading are essential in the case of late
blindness only. These two factors effected the brain structure of late blind
subjects, but not congenital blinds. Lastly, a larger sample size helps re-
ducing the false positives. This study showed that smaller subsamples
of the dataset resulted in significant regions that are also reported in the
previous research.

Naturally, current work has some limitations. To start with, DTI scans
would have been useful to examine the white matter tracts in detail. In
the current dataset, only T1 MRI images were available. Although ap-
propriate for gray matter-related metrics, T1 MRI images are not suffi-
cient for a reliable white matter examination. Another shortcoming is
the sensitivity of the supplementary information (i.e., metadata). Since
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the loss of sight in the first years of life is critical, it would be more accu-
rate to conduct this study based on the postnatal month (or day, ideally)
on which the subjects lost their sight. Similarly, more information could
be derived on premature born blind subjects if their gestational age was
known.

Apart from misrecording the information, well-categorized but miss-
ing information was a challenge for this study. For example, subjects
who lost their sight most recently in this dataset had been blind for four
years already. This duration is too long for observing the temporal changes
in the brain. This lack of data makes it impossible to track the temporal
plasticity change right after losing sight. Ideally, the availability of sub-
jects who lost their sight within the year or two before the MRI scan can
significantly contribute to this study. The perfect case would be to have
the data from the sight recovery and the blindfolding, or longitudinal
studies.

To conclude, this work gathered the largest anatomical dataset of
blind subjects thanks to different research groups from all over the world
to investigate the structural plasticity in the case of blindness and address
the controversial issues. This project highlights the importance of collab-
oration between research groups and data-sharing to accelerate scientific
progress. Hopefully, this project will be the first of many consortiums in
this field of research.
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Appendix A

Supplementary Figures

Figure 39: Percent thickness decrease in CB compared to SC (corrected with
FDR at 0.05).
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Figure 40: Percent gyrification increase in CB compared to SC (corrected
with FDR at 0.05)

Figure 41: Percent GM intensity decrease in CB compared to SC (corrected
with FDR at 0.05)
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Figure 42: Percent WM intensity decrease in CB compared to SC (corrected
with FDR at 0.05)

Figure 43: Regions showing an interaction between age and blindness in
gyrification (corrected with FDR at 0.05)
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Figure 44: Scatter plot of the age and mean gyrification of the ROIs shown
in the figure above.

Figure 45: Intensity loss in WM of RoP compared to NRoP in CB (corrected
with FDR).

Figure 46: Region that shows an interaction between age and RoP on cere-
bellum white matter in CB (corrected with FDR)
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Figure 47: Intensity loss in GM of RoP compared to NRoP in CB (corrected
with FDR).

Figure 48: Percent GM intensity decrease in LB (FDR corrected)

Figure 49: Percent WM intensity decrease in LB (FDR corrected)
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Figure 50: Percent thickness in LB (both left hemisphere, side and bottom
view - nothing on the right hemisphere, FDR corrected)

Figure 51: Pearson correlation between BO and cortical thickness at whole-
brain level.
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