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... we all begin with the natural equipment to live a thousand kinds of life but end in the end having
lived only one.

Clifford Geertz, 1973






Abstract

Individuals treated for bilateral congenital cataracts offer a unique opportunity to investigate
the impact of early visual experience on human brain development. Previous research has
demonstrated that even a brief period of early visual deprivation leads to significant changes in the
structural and functional organisation of the visual brain, highlighting the crucial role of experience in
typical brain development. However, certain aspects of visual processing have been observed to
develop independently of experience, suggesting a complex interplay of experience-dependent and
experience-independent mechanisms involved in brain development. This dissertation aimed to
further explore the extent of experience-dependent and experience-independent development and,
in the context of two magnetic resonance imaging studies, investigated the effects of early visual
deprivation on the structural organisation of the early visual cortex and the functional organisation of

categorical processing.

Study 1 (Chapter 2) analysed ultra-high field MRI structural data with a submillimetre resolution,
revealing profound and enduring structural changes following early visual deprivation. Furthermore,
the results indicated potentially differentiated effects of early visual deprivation on various
measurements of brain structure, highlighting the complex and heterogeneous developmental
trajectories involved in brain development. Study 2 (Chapter 3) investigated the effects of early visual
deprivation on functional categorical processing specifically focusing on distributed categorical
representations and category-selective responses within distinct regions within the ventral temporal
cortex. The results provide valuable insights indicating that the general organisation of categorical
processing persists after early visual deprivation in form of distinguishable categorical patterns and
category-selective responses in selective regions. Nevertheless, early visual experience appears to be
essential for the fine-tuning and maintenance of categorical processing, as all categories exhibited
impairments characterised by less distinctive categorical patterns and reduced category-selective

responses.

Overall, the findings of this dissertation underscore that altered structural and functional organisation
of the human brain resulting from early visual deprivation may not be fully reversible, even with many
years of visual experience after sight restoration. The dissertation's comprehensive investigation
reveals the multifaceted nature of brain development, highlighting the intricate interplay between
experience-dependent and experience-independent mechanisms. These insights significantly
contribute to our understanding of brain plasticity and emphasize the critical role of early experiences

in ensuring typical brain development.
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CHAPTER I: GENERAL INTRODUCTION

Vision plays a fundamental role in our daily lives, shaping our perception of the world and facilitating
our interactions with it. The ability to see not only provides us with crucial information about our
surroundings but also influences our cognitive processes, emotional experiences, and overall well-
being. Through vision, we navigate our environment, recognize faces, appreciate the beauty of nature,
and indulge in the intricacies of art. In order to ensure the acquisition and maintenance of these vital
visual abilities, the intricate mechanisms of the brain undergo a multitude of complex changes and

adaptations throughout the lifespan of the individual.

Neuroplasticity

Our nervous system possesses a remarkable capacity to change, remodel, and reorganise itself
to adapt to new situations. This characteristic ability facilitates learning, growth, and development to
ensure our survival. The capacity of the nervous system to adapt is referred to as neuroplasticity, which
is a broad and catch-all term for the diverse ways in which the nervous system reorganises itself in
response to various stimuli (Bavelier & Neville, 2002). Neuroplasticity research aims to elucidate the
mechanisms underlying these adaptations, by connecting changes on the molecular level to
behavioural outcomes and relating these to different factors such as genetics, the environment, and
experience. The knowledge gained from this can be used to foster desirable changes by suppressing
unfavourable and encouraging beneficial outcomes in the form of brain activity or behaviour. For
instance, a deeper understanding of neuroplastic changes can be leveraged to optimise the recovery
and rehabilitation of individuals who experienced visual impairments and blindness, thereby offering

potential advancements in enhancing visual perception and functionality.

While the use of the term plasticity was first attributed to William James in 1890, the general concept
of plasticity has existed for almost 250 years (Costandi, 2016). However, from a simple correspondence
concerning how mental exercise could lead to brain growth, to linking changes in neural connections
to behavioural changes (Ramon y Cajal, 1928), the idea of a constantly changing brain faced
considerable resistance for a relatively long period before it became accepted in the field. Initially, the
persistent belief was that while the immature brain is malleable, like clay being left out in the open, it
hardens over time leaving the mature brain as a fixed structure incapable of change and recovery. The
theory of a constantly changing brain was only revived in the late 1940s and while the term neural
plasticity is attributed to Jerzy Konorski (1948) it was first popularised by Donald Hebb in 1949. Since
then, evidence for continued neuroplasticity across the lifespan has accumulated (Berlucchi & Buchtel,

2009) and, today, it is the generally accepted understanding that the nervous system remains
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adaptable throughout life with neuroplasticity as its intrinsic property and the obligatory consequence

of each sensory input, action, and association (Pascual-Leone et al., 2005).

Neuroplasticity manifests in various forms at every level of the nervous system, ranging from changes
in the form of molecular activity or the structure and function of individual nerve cells to distinct cell
populations, widespread neuronal networks, and brain-wide systems and behaviour whereby all levels
are unquestionably connected. Although they are highly interrelated, neuroplastic changes can
broadly be classified into two main types, namely structural and functional plasticity. Structural
plasticity involves the formation or elimination of cells, synapses, and nerve fibre branches leading to
the shaping of neural pathways and brain regions (May, 2011). In contrast, while functional plasticity
can be described and classified based on various aspects and levels (Grafman, 2000; Innocenti, 2022)
it generally encompasses changes in some physiological aspects of nerve cell function, such as the
frequency of nervous impulses, the degree of synchronicity among a population of cells, or the

response pattern concerning certain types of stimuli.

Different aspects of plasticity occur across different timeframes (Butz et al., 2009; Castaldi et al., 2020),
as modifications of synapses can occur over a time range of milliseconds, synapses and dendrite
branches can be created or destroyed within hours, and new cells can emerge or undergo apoptosis
over several days. Other forms of neuroplastic changes occur over longer periods. For example, the
structural maturation of the brain (Gilmore et al., 2018), the prolonged development of processing
complex visual stimuli such as faces (Germine et al., 2011), or the recovery after brain injuries (Pascual-
Leone et al., 2005) have been observed over a timeframe spanning several months or even years. In
this context, some aspects of plasticity occur continuously throughout life, whereas others are only
observed at specific periods of life. Especially the developing brain exhibits the most profound capacity
for changes. Developmental plasticity is characterised as a remarkable sensitivity to a variety of
experiences, namely the complex interplay between an individual's sensory systems and their
environment. Such experiences include, among others, sensory and motor experiences, diet, or social
aspects such as parent-child and peer relationships or socio-economic status (Kolb, 2018). For many of
these experiences, sensitive periods have been identified which are defined as phases in development
during which the impact of experience is particularly strong. Significantly, sensory input during a
sensitive period results in the development of certain capabilities or behaviour, which would not be
acquired if the appropriate stimuli were absent during that period. Consequently, typical experiences
during sensitive periods ensure typical brain development and the importance of such typical
experiences become especially evident when investigating the severe and long-lasting impacts of
adverse and atypical experiences on the developing brain. More specifically, both structural and

functional brain organisation were found to be impaired after exposure to poverty and adversity in
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childhood (MclLaughlin et al., 2019; Noble & Giebler, 2020). In this context, the recent COVID-19
pandemic provided an extreme and yet unique setting for investigating the effects of altered
experiences, giving a striking example of the effects of atypical visual experience as observed in altered
face processing in infants who experienced reduced social contacts due to emergency lockdowns and

the mandatory implementation of the use of face mask coverings in public spaces (Yates et al., 2023).

The investigation of sensitive periods has greatly profited by animal studies, whereby the first
systematic research concerning sensitive periods was published in 1935 by Konrad Lorenz in the form
of behavioural experiments on filial imprinting in birds. Lorenz observed that within a comparably short
and well-defined period after hedging, chicks would imprint on almost every moving visual object,
which became their substitute mother from that moment onwards. In the early 1960s, Wiesel and
Hubel (1963) first systematically investigated sensitive periods at the neural level. Originally termed
critical periods by Wiesel and Hubel, the terms sensitive period, critical period, or occasionally window
of opportunity are still used in various scientific fields, with fundamentally similar albeit slightly
different meanings (Voss, 2013). Similar to sensitive periods, critical periods also describe increased
susceptibility of the system to a certain type of sensory input during that period. However, while the
term sensitive period more commonly refers to the optimal period for the application of a stimulus —
before and after which the same stimuli have less influence — the term critical period usually refers to
a stricter and more impactful association between timing, experience, and learning (lllingworth &
Lister, 1964; Pascalis et al., 2020). As mentioned, the core idea of both terms is the same, namely that
having a certain experience at one point in development has a profoundly different impact on future
behaviour than having the same experience at any other point in development. For the purpose of this
dissertation, the differentiation between critical and sensitive periods is negligible and the term

sensitive periods will be used throughout.
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Sensory Deprivation Studies to Determine Experience-Dependent and Experience-Independent

Developmental Trajectories

Sensitive periods have been observed in various brain functions and behaviours across
different species. While these periods are typically manifested in behaviour, they are primarily a
characteristic of neural circuits (Knudsen, 2004). To investigate the effects of experience on neuronal
development, researchers frequently manipulate sensory input, such as through visual (Levelt &
Hlbener, 2012) or auditory deprivation (Kral et al., 2019). Visual deprivation is particularly interesting
due to methodological advantages, such as the accessibility of the eyes for experimental manipulation
and the well-known visual pathway in various species. Moreover, the time at which a young individual’s
eyes first open serves as a selective starting point for visual development (Smith & Trachtenberg,
2007). Furthermore, beyond the purely methodological advantages, there is also a more philosophical
interest in studying vision due to its dominant role as a sense in human society and culture and this
interest in understanding visual processing is reflected in a range of research fields, such as
neuroscience, developmental psychology, and clinical research to name only a few. The role of
experience in shaping the development of the brain has been a subject of extensive research in both
animal and human studies, whereby animal studies have proven particularly valuable in this regard, as
they allow for the systematic manipulation of visual experience and the measurement of its effects on
neural circuits. Researchers have used a variety of techniques to induce visual deprivation in animals,
including dark-rearing, eyelid sutures, and denucleation. These techniques provide a means of
comparing the effects of different onset and/or duration of blindness on neural development. By this
comparative approach, researchers have gained a deeper understanding of the mechanisms

underlying experience-dependent as well as experience-independent development in the brain.

The earliest studies by Hubel and Wiesel (1962) already characterised the development of the primary
visual cortex as an initial innate period of development during which genetic mechanisms are the
driving force in developing the basic neural organisation (Espinosa & Stryker, 2012; O’Leary et al.,
2007). This period of experience-independent development is followed by a sensitive period exhibiting
exceptional experience-dependent plasticity. Classical studies in the visual system of cats, non-human
primates, and mice have demonstrated that even a relatively brief period of visual deprivation during
a sensitive period can already lead to severe and long-lasting visual impairments (Drager, 1975; Hubel
et al.,, 1977; Hubel & Wiesel, 1970). These findings highlighted the importance of early visual
experience for typical visual development. The investigation of sensitive periods in non-human animals
commonly employs a variety of mostly invasive methods to decode the neural basis of sensitive

periods. For example, anatomical tracing experiments, transcranial optical imaging, or chronic
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implantation of recording electrodes were traditionally used to repeatedly sample brain regions
before, during, and after manipulation of visual experiences whereas more modern approaches profit
from advances in biochemistry and genetics that yield valuable insights concerning the molecular and
cellular level of plastic changes. Accordingly, studies in transgenic mice and pharmacological
approaches have helped to identify key aspects and molecular mechanisms involved in the timescale
of sensitive periods (Levelt & Hiibener, 2012). More specifically, changes in the balance of excitatory
and inhibitory signals in neural circuits, along with specific alterations in the levels of neuromodulators,
such as gamma-aminobutyric acid (GABA), the main inhibitory neurotransmitter, have emerged as
significant regulators of sensitive period timing and cortical plasticity (for a review, see Takesian &

Hensch, 2013).

Visual Deprivation in Humans

While studies in non-human animals provide valuable and essential insights into the
mechanisms of neurodevelopment, given the complex cognitive functions and architecture of the
human brain, it is difficult to draw direct conclusions across species. It is therefore crucial to investigate
experience-dependent development directly in humans. However, the investigation of the experience-
dependence of visual development in humans faces several ethical restrictions and is thus limited to
cases of naturally occurring blindness, in the form of congenital blindness for example due to
anophthalmia or congenital cataracts, or acquired blindness due to accidents, lesions, or
developmental cataracts. Research in permanently blind individuals allows for the investigation of the
adaptation to an atypical environment, i.e. how the human brain adapts in the absence of typical visual
experiences. By comparing different onsets of blindness, conclusions can be drawn concerning
sensitive periods of atypical development. However, in order to investigate the experience-
dependence of typical visual development, studies conducted on individuals with a transient phase of
congenitally visual deprivation are especially valuable and thus the preferred approach. Individuals
with a history of dense bilateral congenital cataracts (CC individuals) who regained their sight later in
life by surgical removal of the clouded lenses allow for an investigation into the role of early visual
experience on visual brain development. By comparing CC individuals to normally sighted controls (SC
individuals), conclusions can be drawn concerning which aspects of structural and functional brain
organisation can be recovered after early visual deprivation, thereby unmasking sensitive periods for
typical visual development. More precisely, if CC individuals show impairments in specific aspects,
despite many years of visual experience, it can be concluded that early visual experience is essential

for their development which in turn alludes to a sensitive period for the given aspect. In contrast, if no
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differences in function, structure, or behaviour are observed, it can be concluded that early visual

experience might not be essential and can subsequently be caught up at a later stage.

In contrast to animal studies, human research relies on behavioural and non-invasive neuroscientific
methods to investigate the effects of early visual deprivation on visual brain functions and structure.
However, although behavioural assessments indicate if a function is impaired or not, conclusions
concerning the neuronal basis of this assessment are not possible. More specifically, impaired
behaviour as possibly indicated by higher reaction times or error rates may have been preceded by
neuronal adaptations whereas, on the other hand, the absence of behavioural changes does not
necessarily prove the absence of altered neural processing as some form of neuronal compensation
might result in indistinguishable behaviours. The identification of the mechanisms that may underlie
modifications in brain development and behaviour is an important challenge and various
neuroscientific methods, such as electroencephalogram (EEG) and magnetic resonance imaging (MRI),
provide essential insights into the neural mechanisms of brain development. For instance, EEG is used
to record the spontaneous electrical activity of the brain and allows researchers to track event-related
potentials (ERPs) and assess different processing stages (steady-state evoked potentials, SSEP) or
functional connectivity in the form of resting-state EEG, which subsequently allows for conclusions

about the timing and basic functional organisation to be drawn.

The use of MRI has transformed the field of neuroscience. MRI scanners use strong magnetic fields to
generate images of the brain and thus provide information about the structural, functional, and, more
recently, neurochemical brain organisation. Structural MRI assesses brain structure by utilising distinct
characteristics of different tissue types, such as grey matter (GM) and white matter (WM). Due to their
tissue composition, GM and WM respond differently to magnetic impulses within an MRI sequence,
resulting in different contrasts in the image. Functional MRI (fMRI) measures brain activity by taking
advantage of changes in blood oxygenation levels, whereby the blood oxygenation level dependent
(BOLD) contrast compares the relative amount of oxygenated and deoxygenated haemoglobin in
relation to neural activity. Respective MRI sequences pick up on resulting differences in signal strength,
which visually creates images that display active brain regions as brighter than inactive regions. The
BOLD signal forms the basis for various analysis approaches that yield information concerning
selectivity, representation, or synchronicity across different brain regions while methodological
advances in MRI such as the use of ultra-high field imaging have led to the increased temporal and
spatial resolution of images and hence more detailed imaging. These advancements are increasingly
deployed to investigate mesoscopic functional organisations such as cortical laminae and columns (De
Martino et al., 2018; Dumoulin et al., 2018) and to re-evaluate structural assessments (Kupers et al.,

2022; Zaretskaya et al., 2018). Furthermore, adaptions in acquisition and data analysis opened the
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possibility of testing young children and even infants. These studies provide essential insights into
structural and functional brain development (Gilmore et al., 2018; Kosakowski et al., 2022) and form
the basis for an enhanced understanding of how the different components of structural and functional

development relate to one another (Geng et al., 2017; Gilmore et al., 2018).

Given the continuously expanding scope of sight restoration approaches such as retinal prosthetic
devices (Beyeler et al., 2017), stem cell transplantation (Cuevas et al., 2019), and genetic therapies
(Mowad et al., 2020), a well-founded understanding of the extent of neuroplastic changes following

early visual deprivation is increasingly relevant.

Leveraging Transient Blindness to Investigate Sensitive Periods for the Typical Development of the

Visual Cortex

Research on CC individuals has revealed that early visual deprivation can exert a profound
influence on visual development, whereby specific aspects of visual processing are affected to a
greater extent than others. Nevertheless, certain aspects of visual perception can remain relatively
preserved, offering valuable insights into the sensitive periods for the typical development of the

visual system.

Visual Perceptual Functions After Sight Restoration

Basic visual functions, such as visual acuity and contrast sensitivity, were reported to improve
rapidly after sight restoration (Ellemberg et al., 1999) even after long periods of visual deprivation
(Gandhi et al., 2014; Kalia et al., 2014). While the typical effects of spatial vision were reported to
emerge shortly after sight restoration (Andres et al., 2017; Gandhi et al., 2015), despite many years of
visual experience, visual acuity, contrast sensitivity, and stereovision never fully recover (Ellemberg et
al., 1999; Maurer et al., 2007; Tytla et al., 1993). In contrast, some visual perceptual functions seem to
recover completely after a transient phase of congenital blindness and, more specifically, CC
individuals have been reported to be able to detect various objects based on low-level visual cues such
as colour, shape, and size in an odd-ball design (McKyton et al., 2015), in addition to more complex
objects such as faces. Behaviourally, CC individuals demonstrated recovered face detection
capabilities, including the recognition of Mooney faces (Mondloch et al., 2003, 2013), in addition to
face identification based on the shape of internal features or external contours (Le Grand et al., 2001).
Furthermore, colour discrimination in general was observed to recover after both short-term (Maurer

et al.,, 1989) and long-term visual deprivation (McKyton et al., 2015; Pitchaimuthu et al., 2019).
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However, despite such gains, CC individuals were also reported to suffer from mid- and higher-level
object processing impairments. For instance, shape recognition based on mid-level cues such as
occlusion or depth information was reported as being impaired in such individuals (McKyton et al.,
2015). Furthermore, especially visual binding processes seem to rely on early visual experience as
involved in the perception of visual illusions (Putzar, Hotting, et al., 2007) or the integration of different
colour facets into three-dimensional figures (Ostrovsky et al., 2009). Similarly, binding processes in the
context of holistic face processing seem impaired in CC individuals (Le Grand et al., 2001) in addition
to the ability to identify faces in more challenging circumstances when the head orientation and/or

lighting conditions were changed (Geldart et al., 2002; Putzar, Hotting, et al., 2010).

The Visual Brain after Sight Restoration

The study of temporary early visual deprivation has not only revealed various behavioural
changes but also structural and functional changes in the visual brain. This has provided crucial insights
into the brain’s remarkable plasticity and adaptability, and the intricate interactions between sensory
experience and brain development. Such investigations have uncovered the variations in the effects of
early visual deprivation and understanding these nuances has advanced our comprehension of the

human brain’s resilience and its response to environmental input.

Structural brain organisation is regarded as the foundation of functional development and the
evidence increasingly describes a remarkably close link between structural brain organisation and
various perceptual and cognitive functions. For example, structural brain organisation was reported to
predict cognitive abilities such as intelligence, language, and creativity (Lebel & Beaulieu, 2011; W. Li
et al., 2015; Shaw et al., 2006) and could potentially determine inter-individual differences in human
behaviour and cognition (Kanai & Rees, 2011). Moreover, atypical or deficient structural development
has been linked to various neurodevelopmental and psychological disorders, such as depression
(Szymkowicz et al., 2016), attention deficit hyperactivity disorder (Shaw et al., 2007, 2012), autism
(Courchesne et al., 2007; Hazlett et al., 2012), and schizophrenia (Rapoport et al., 2012; Rimol et al.,
2012). As a result of the complexity and interplay involved, elucidating the key factors that drive

structural neurodevelopment is thus essential to ensure typical brain development.

Various measurements can be considered to describe the structural organisation of the brain whereby
the focus can be placed on the shape and volume of subcortical structures, the tracing of white matter
tracks, or the cortex, in the form of folding and curvature, the resulting area of the cortical surface,
and the depth of the cortex. The most commonly investigated cortical measurements include cortical

thickness and cortical volume (Winkler et al., 2010). Cortical thickness describes the distance between
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the GM-WM boundary and the boundary between GM and cerebrospinal fluid. Cortical volume, on
the other hand, is not a direct structural measurement but rather the product of cortical thickness and
surface area, with the surface area being the area of a specific region on the surface. While all three
measurements, i.e. cortical thickness, cortical surface area, and cortical volume, exhibit individual
developmental trajectories (Wierenga et al., 2014), especially the first two are genetically distinct from
each other (Panizzon et al., 2009; Winkler et al., 2010). As a result, an increasing number of studies
focus on cortical thickness and cortical surface area as distinct indices of structural neurodevelopment
(Winkler et al., 2010, 2018). While both measurements are largely under genetic control (C. H. Chen
et al., 2013; Fjell et al., 2015), experience and environmental factors have been proposed to also
influence the development as various studies found negative effects on cortical thickness and surface
area subsequent to exposure to adverse childhood events or a low social economic status (McLaughlin
et al., 2019; Noble & Giebler, 2020; Sanders et al., 2022). The effects of experience on structural brain
development were also investigated in the context of visual deprivation and the findings indicate that,
as a result of congenital visual deprivation, both cortical thickness and surface area are impaired in a
variety of species (Andelin et al., 2019; Jiang et al., 2009; Qiaojun Li et al., 2017; Park et al., 2009). The
evidence thereby suggests that it is especially early visual experience, or the absence thereof, that

drives the changes outlined above (Andelin et al., 2019; Qiaojun Li et al., 2017).

Extensive research has focused on structural changes in both non-deprived and visual cortices
following permanent congenital blindness, addressing how the brain adapts to a permanent absence
of visual input. Studies have also focused on structural changes in the brains of CC individuals, with a
particular emphasis on the recovery of brain structure following the restoration of visual input. This
research investigates how the brain adapts to the reintroduction of visual stimuli after a period of
deprivation, as opposed to the permanent absence of visual input in cases of congenital blindness.
Similar to studies in congenitally (and permanently) blind individuals, evidence in CC individuals
indicates that a long-lasting altered structural organisation results in response to such atypical
experience. In this context, impaired cortical thickness and surface area were found in the visual cortex
of CC individuals, especially the early visual cortex (Guerreiro, Erfort, et al., 2015; Hélig et al., 2022),
and possibly beyond the visual cortex (Feng et al., 2021). The fact that these structural aspects did not
recover even after many years of restored visual experience suggests that there may be a sensitive
period(s) for structural development. While numerous studies have examined the structural changes
that occur in the brain following congenital visual deprivation, a gap remains in our understanding of
the fine-scale structural alterations that may occur. To address this gap in knowledge, further
investigation using structural MRl is needed to examine potential changes in cortical thickness, surface

area, and other structural features. Since a recent study using submillimetre structural MRI reported

10
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potentially conflicting findings in congenitally blind individuals (Kupers et al., 2022), additional
research, for example involving CC individuals, could provide a more comprehensive understanding of
the structural changes that occur following visual deprivation, which could have important implications

for our understanding of brain plasticity and development.

Compared to behavioural findings, which only provide limited insights into whether a given function is
impaired, investigating the neural processing underlying a function allows for more qualitative
assessments. Specifically, when a behavioural function appears impaired, neural findings can shed light
on how differences in behaviour are related to differences in neural processing. However, an absence
of behavioural differences does not necessarily indicate an unaffected neural processing as
compensatory mechanisms may be at play in such a case. As a result, there is growing interest in
investigating the effects of early visual deprivation on the functional neural level to answer these types

of questions.

Various aspects of functional neural processing from low-level to mid and high-level visual processing
have been investigated in CC individuals. So far, the evidence from CC research indicates a remarkably
differentiated effect of early visual deprivation on striate visual processing and extrastriate processing
and, accordingly, key aspects of early visual processing were reported in CC individuals (Brockhaus et
al., 2022; Pitchaimuthu et al., 2021; Sourav et al., 2018). Similar to normally sighted individuals, CC
individuals exhibited a polarity inversion of the C1 ERP component (Sourav et al., 2018), in addition to
structured polar angle and eccentricity maps and cortical magnification factor within their early visual
cortices (Brockhaus et al., 2022). CC individuals also exhibited fundamental frequency responses in
steady-state visual evoked potentials which are associated with striate visual processing (Pitchaimuthu
et al., 2021). In contrast to the evidence concerning relatively unimpaired striate processing, the
findings indicate more profound impairments in extrastriate processing. More specifically, the study
that investigated the C1 effect in CC individuals indicated that the P1 ERP component, which is
associated with extrastriate processing, was significantly attenuated in this group (Sourav et al., 2018).
The P1 component has also been reported to be altered in CC individuals for more complex stimuli
(Bottari et al., 2016; Roder et al., 2013), which is why it has even been proposed to be utilised as a
viable biological marker for diagnosing individuals suffering from congenital cataracts (Sourav et al.,
2020). Furthermore, in CC individuals, frequencies in the visual steady-state evoked potentials
associated with extrastriate processing stages have been reported to be altered (Pitchaimuthu et al.,

2021).
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Overall, the research suggests that early visual deprivation has a greater impact on later visual
processing stages than on early ones, which implies that the development of striate processing may
rely less on early visual experience than the development of extrastriate processing. Notably, the
experience-independent development of striate visual processing is consistent with studies conducted
with congenitally blind individuals (Bock et al., 2015; Striem-Amit et al., 2015). The observation
concerning the incremental effects of early visual deprivation along the visual processing hierarchy
was recently generalised in the form of a proposition (Réder & Kekunnaya, 2021). Based on findings in
visually deprived monkeys, it was proposed that in the context of visual development, experience-
dependence increases following up the visual processing hierarchy (Hyvarinen, Carlson, et al., 1981;
Hyvarinen, Hyvarinen, et al., 1981). Accordingly, early visual processing is less dependent on visual
experiences and therefore more likely to recover from early visual deprivation than higher visual
processing stages. This proposal has been applied to findings in humans, more specifically CC
individuals, and has found confirmation in the form of the previously described differentiated effects

on striate and extrastriate processing in CC individuals.

The fact that basic visual organisation has also been reported in congenitally blind individuals (Bock et
al., 2015; Striem-Amit et al., 2015) suggests a high maturational bias at birth. Higher-level visual
processing, however, follows a prolonged developmental trajectory and was thus proposed to depend
more strongly on experiences, thereby ultimately resulting in more profound effects of visual
deprivation. While the preceding hypothesis is already supported by the differentiation between
striate vs extrastriate processing, it seems plausible that the differentiation can be pursued even
further to high-level visual processing. In contrast to low-level visual processing, higher-level visual
processing is not based on elementary features such as luminance, contrast, and orientation (Goebel
et al., 2012; Sereno et al., 1995) but rather describes the recognition and categorisation of more
complex visual stimuli. In this context, research involving CC individuals was particularly beneficial for
studying two aspects of higher-level visual processing, namely motion and face processing (Réder &
Kekunnaya, 2021), and the evidence gathered from such studies provided critical insights into the

experience-dependent nature of development in these areas.

Studies in CC individuals showed remarkably differentiated effects of early visual deprivation on the
processing of general motion, i.e. the perception of a coherent mass moving in one direction, and the
processing of biological motion, i.e. the perception of a moving body based on an implied motion by
point light figures. While motion sensitivity emerges shortly after sight-recovery (Ostrovsky et al.,
2009), even after many years of visual experience, CC individuals exhibited a higher threshold for
detecting global motion (Bottari et al., 2018; Hadad et al., 2012), which seemingly is not related to

reduced visual acuity (Rajendran et al., 2020) and hence the impaired processing of global motion
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might be related to reduced activation within the motion-selective region hMT (Guerreiro et al., 2022).
Furthermore, studies have shown that the modulation of the N1 ERP in response to the visual motion
coherence level was absent in CC individuals, as evidenced by similar amplitudes in response to visual
stimuli with different motion coherence levels (Bottari et al., 2018; Segalowitz et al., 2017) which
suggests an impaired ability to differentiate between various types of motion. In sharp contrast to
these findings, CC individuals exhibit unimpaired detection (Bottari et al., 2015) and identification of
biological motion (Rajendran et al., 2020), which is supported by largely unimpaired neural responses
(Bottari et al., 2015). The evidence gathered from CC individuals indicates a substantial difference in
experience-dependence for the developmental trajectories of global and biological motion. This
differentiation in development might also provide important insights into the ongoing discussion
concerning the neural mechanisms involved in the processing of biological and global motion.
Accordingly, numerous publications discuss the potential overlap of the motion-selective region hMT
and body-selective extrastriate body area (EBA) (Ferri et al., 2013; Spiridon et al., 2006; Weiner & Grill-
Spector, 2011). Consequently, potential functionally distinct parcellations might especially be involved
in the incorporated processing of body-related motion processing, i.e. biological motion and thus be
distinct from general motion processing — a differentiation that might be supported by individual

developmental trajectories as indicated by CC research discussed previously.

The human brain is equipped with highly specialised systems that are dedicated to processing complex
and ecologically significant visual categories such as faces, objects, body parts, places, characters, and
numbers. This functional specialisation plays a crucial role in visual categorisation and recognition,
resulting in highly efficient visual processing. Among these categories, faces are particularly important
for providing social information as they enable us to distinguish one individual from another,
understand their emotions, and identify potential mates. As a result, face perception has been
identified as an ecologically and evolutionarily significant phenomenon in a variety of species (Weiner
& Grill-Spector, 2015). Given its significance, face processing has been extensively studied in the field
of neuroscience and hence it is unsurprising that face processing is also intensively examined in CC
individuals as it provides crucial insights into the extent of experience-dependent development of the
face processing system. As already elaborated earlier, extensive research investigated face processing
in CC individuals on a behavioural level (for example Mondloch et al., 2003). The evidence derived from
such studies suggests that while simple tasks such as face detection recover after early visual
deprivation, more complex aspects of face processing, such as face recognition under difficult
circumstances, face identity processing, or holistic face processing, were reported to be impaired in CC

individuals (Geldart et al., 2002; Le Grand et al., 2001; Mondloch et al., 2003; Putzar, Hotting, et al.,
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2010). However, compared to the rather extensive behavioural evidence, comparably little is known
about the effects of early visual deprivation on the neuronal mechanisms of face processing. While
some evidence focused on individual aspects of face processing, such as lip-reading (Putzar, Goerendt,
et al., 2010), other studies focused on the general, categorical processing of faces (Grady et al., 2014;
Mondloch et al., 2013; Roder et al., 2013). Research on categorical face processing indicated that CC
individuals exhibit reduced functional specialisation in the neural face processing system (Grady et al.,
2014; Roder et al., 2013). In 2013, Réder and colleagues investigated the N170 ERP component, which
is associated with face processing (Eimer, 2011; Gao et al., 2019). While normally sighted individuals
exhibited the expected increase in the amplitude of the N170 in response to faces, CC individuals
exhibited the same amplitude for faces, objects, and scrambled versions of both categories (Roder et
al., 2013). Preliminary fMRI evidence indicated that CC individuals activated the same network of face-
sensitive regions as normally sighted individuals, but exhibited reduced activation for faces (Grady et
al., 2014). Additionally, a lack of similar impairments for the processing of places (Grady et al., 2014)
might suggest that these impairments are specific to the recognition of faces that early visual
deprivation uniquely affects face processing. Both studies cited here strongly emphasise the
importance of early visual experience for the typical development of face-specific processing and
indicate that early visual deprivation leads to long-lasting impairments in face processing. This
evidence is in line with more recent findings derived from non-human primates (Arcaro et al., 2017),

thereby indicating that there is a sensitive period for face-selective development.

While the studies cited in this section provide intriguing initial evidence concerning impaired
categorical face processing in CC individuals, the research has not yet assessed important key aspects
of categorical processing. Within the human visual cortex, the ventral temporal cortex (VTC) was
shown to play a central role in the highly specialised processing of categorical visual stimuli (Grill-
Spector & Weiner, 2014). MRl research indicated that within the VTC, visual categories are represented
in two complementary manners, namely as distinct clusters of category-selective activation, and as
distributed patterns of activation across the entire VTC (Grill-Spector & Weiner, 2014). These two
organisation principles have also been referred to in the context of univariate and multivariate analysis
approaches, respectively. The classical univariate analysis identifies distinct modules based on their
functional selectivity, i.e. they display higher responses to a specific category of stimuli than others. A
variety of such distinct functional regions was identified within the entire human visual cortex of which
many are located within the VTC. In normally sighted individuals, regions such as the fusiform face area
(FFA), the occipital face area (OFA), and the superior temporal sulcus (STS) were implicated in face-
selective processing (Kanwisher et al., 1997; Pitcher et al., 2011) whereas the fusiform body area (FBA)

and the EBA was associated with body-selective processing (Downing et al., 2001; Peelen & Downing,
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2005). Furthermore, object-selective processing was located within the lateral object complex (LOC;
Kourtzi & Kanwisher, 2000; Malach et al., 1995), while the parahippocampal place area (PPA) and the
transverse occipital sulcus (TOS) are implicated in place- and scene-selective processing (Aguirre et al.,

1998; Epstein & Kanwisher, 1998; Grill-Spector, 2003).

In contrast to the classical univariate analysis, which identifies distinct modules by their functional
selectivity, multivariate analyses, such as the multivariate pattern analysis (MVPA), propose that
categorical organisation is characterised as a distributed system rather than merely being the sum of
distinct functionally specific areas (Haxby et al., 2001; Op De Beeck et al., 2008). Evidence for a large-
scale map distinguishing between inanimate and animate visual categories has been reported
(Kriegeskorte, Mur, Ruff, et al., 2008), with higher responses to animate stimuli in the lateral VTC and
to inanimate stimuli in the medial VTC (Proklova et al., 2016). The differentiation between medial and
lateral VTC was further underlined by reported differences in cytoarchitectonic properties (Gomez et
al., 2017; Weiner et al., 2014, 2017) and connectivity (Osher et al., 2016; Saygin et al., 2012, 2016) and
was claimed to be independent of methodological characteristics such as spatial resolution (Margalit
et al., 2020). More importantly, sparsely distributed activation patterns across the VTC have also been
reported for individual categories such as faces and objects (Haxby et al., 2001; Ishai et al., 1999),

bodies (Weiner & Grill-Spector, 2010), and scenes (Cox & Savoy, 2003).

It is important to note that the multivariate view does not contradict the existence of category-
selective regions. More specifically, Haxby et al. (2001) indicated that the classification of visual
categories is successful even when excluding these selective regions, which emphasises the amount of
categorical information present in the entire VTC. Interestingly, the same specific category-selective
regions contained enough information on other, non-preferred visual categories to ensure correct
classification (Haxby et al., 2001) and hence it was suggested that category-selective regions respond
rather preferentially than category-exclusively (Ishai et al., 1999). Given the individual insights that
both analysis approaches convey, the integration of both methods yields more detailed results. For
example, a variety of categorical regions were reported to be involved in the classification of visual
categories (Kravitz et al., 2011; Walther et al., 2009) and multiple regions, which had previously been
considered as one distinct region, were subsequently divided into multiple clusters based on functional
subdomains (Cukur et al., 2016; Weiner & Grill-Spector, 2010). More generally, it was suggested that
although category-selective regions serve to distinguish between preferred and non-preferred
categories (Kriegeskorte et al., 2007; Spiridon & Kanwisher, 2002), the differentiation between non-
preferred categories (Spiridon & Kanwisher, 2002) or individual stimuli of one category (Eger et al.,

2008; Kriegeskorte et al., 2007) involves a broader processing system.
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Previous studies in CCindividuals provided valuable insights into the impaired face-selective processing
following early visual deprivation. However, these studies do not fully capture the multifaceted
organisation of categorical processing, and their findings are limited in terms of generalisability to
other visual categories beyond faces. By employing advanced neuroimaging analyses, the research can
provide a more comprehensive understanding of the neural mechanisms underlying visual processing
in CC individuals and further elucidate the long-term effects of early visual deprivation on the brain.
For example, an MVPA analysis could provide a more nuanced understanding of how early visual
deprivation affects the neural representation of different visual categories such as faces, bodies,
objects, and scenes. Similarly, a region-of-interest (ROI) analysis could allow for a more detailed

investigation of univariate category-selectivity in distinct regions of the brain.

Sensitive periods in humans

Research in CC individuals provides a unique opportunity to investigate sensitive periods in
humans and thereby improves our understanding of the experience-driven development of the visual
brain. More specifically, such research addresses the question of whether early visual experience is
essential for the development of various aspects of visual processing or if these aspects can recover
after early visual deprivation. If impairments are observed in CC individuals, despite decades of visual
experience, it can be concluded that this aspect of visual development is linked to a sensitive period.
In reference to typical developmental trajectories, two types of sensitive periods for visually-driven
development have been observed. Accordingly, the effects of early visual deprivation can be direct
and immediate, i.e. if a given function cannot develop due to the absence of visual input. For example,
in typically sighted infants and children, visual acuity and global motion develop rapidly during the first
few weeks after birth (Maurer et al., 2005) and early visual deprivation during this period is considered
to prevent the construction of the neural basis of this visual function. However, in addition to
immediate effects, the available evidence also indicates that early visual deprivation affects later
developing visual functions such as face processing. These delayed effects have been termed sleeper
effects and it is assumed that early visual experience is essential for the establishment or preservation

of neural substrates that form the basis for the later developing function.

Based on the evidence derived from studies in transgenic mice and pharmacological approaches,
animal research showed sensitive periods to be directly linked to the synergy of excitatory and
inhibitory neural cells, and in this context, specifically linking the onset of sensitive periods has been
linked to the maturation of inhibitory innervation (Levelt & Hiibener, 2012). An increasing number of

studies in humans, both after short-term visual deprivation in an experimental setting (Castaldi et al.,
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2020) and subsequent to sight restoration (Raczy et al., 2022; Sourav et al., 2018), are in line with the
observation that plasticity might be mediated by changes in the balance between excitatory and
inhibitory circuits of the visual cortex. In CC individuals, a growing body of evidence implicates an
imbalance between the excitatory and inhibitory systems and, more specifically, reduced alpha
oscillatory activation has been reported in both children (W. Chen et al., 2021) and adults (Bottari et
al.,, 2016) who experienced early visual deprivation. Significantly, alpha oscillation was previously
identified as a neural marker for the inhibition of task-irrelevant neural processing (Jensen et al., 2012)
and a reduced alpha oscillation in CC individuals might therefore suggest an altered excitatory-
inhibitory balance, which is in line with more recent fMRI evidence concerning altered resting-state
functional connectivity (Raczy et al., 2022). Impaired inhibition was also proposed to contribute to
other visual impairments in CC individuals. For example, CC individuals presented an altered C1 effect
(Sourav et al., 2018) and a reduced face-selective activation that may be attributed to a failed inhibitory

response to other categories (Grady et al., 2014; Roder et al., 2013).

Other cases of temporary visual deprivation have been examined to further elucidate the effects of
visual deprivation. Studies investigating individuals who experienced developmental cataracts or single
case studies of individuals suffering from early-onset blindness who experienced long-term visual
deprivation due to accidents, address the question of what happens to established visual functions
after temporary visual deprivation. In addition to the sensitive periods related to visually-driven
development, further evidence suggests that there are also sensitive periods for damage and recovery.
Furthermore, as indicated by investigations concerning adult plasticity, the capacity for neuroplastic
changes is preserved to a great extent across the lifespan, and well beyond the timepoints
characterised as sensitive periods. Numerous studies aimed to establish the extent of residual
plasticity, for example, using short-term (monocular) occlusion in normally sighted individuals (for a
review see Castaldi et al., 2020) or by mapping changes in the visual organisation after ophthalmologic

or neurologic diseases (for a review see Dumoulin & Knapen, 2018).
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Summary and Outlook of this Dissertation

The neurodevelopment of the visual processing system is influenced by various factors such as
genetics, the environment, and experience. Several studies, both in non-human animals and humans,
have indicated that some aspects of visual processing develop without visual experience (Striem-Amit
et al., 2015; van den Hurk et al.,, 2017) and are therefore considered to develop experience-
independently. In contrast, numerous aspects of visual processing were shown to follow a prolonged
developmental trajectory (Casey et al., 2005; Grill-Spector et al., 2008), which is considered an
indication of experience-dependent development, whereby especially early visual experience is
considered crucial for typical development and has been characterised by sensitive periods (Roder &
Kekunnaya, 2021). Atypical visual experience during sensitive periods, such as early visual deprivation,
was reported to result in a variety of long-lasting impairments in behaviour, and structural and
functional brain organisation (Réder & Kekunnaya, 2021). The aim of this dissertation was to further
investigate sensitive periods in visual development and thereby disentangle experience-dependent
and experience-independent developmental trajectories for visual development. To this end, a group
of unique individuals who experienced a transient phase of congenital visual deprivation due to dense
bilateral cataracts (CC individuals) were investigated. In the context of two individual studies, the
research presented in this dissertation aimed to investigate the impact of early visual deprivation on

the structural and functional organisation of the visual brain through the analysis of MRI data.

The goal of Study 1 (Chapter 2) was to itemise and merge previous reports on structural differences in
CC individuals, whereby previous studies reported impaired cortical thickness and surface area
following early visual deprivation. The study presented here used advanced ultra-high field structural
MRI data to compare cortical thickness and surface area on a submillimetre resolution in CC individuals
and normally sighted controls. To address previous methodological differences and provide a basis for
integrating the relevant research findings, the two different analysis approaches previously used for
the comparison between structural measurements were incorporated, namely a vertex-wise analysis
and a ROl analysis approach. Based on previous results (Feng et al., 2021; Guerreiro, Erfort, et al., 2015;
Holig et al., 2022), it was hypothesised that CC individuals would exhibit increased cortical thickness
and decreased surface area within the early visual cortex in comparison to normally sighted controls

indicated by both analysis approaches.

Study 2 (Chapter 3) investigated the effects of early visual deprivation on visual categorical processing
of ecological categories such as faces, bodies, objects, and scenes. As previously described, categorical
processing within the VTC is organised in two complementary manners: firstly, distributed as a pattern

of activation across the ventral temporal cortex and secondly, in distinct clusters of category-selective
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activation. Prolonged developmental trajectories for categorical selectivity, especially for faces, have
suggested an experience-dependent development that is reliant on accumulated experience with age,
whereby the importance of experience is also emphasised by findings long-lasting face-selective
impairments in CC individuals. However, accumulating evidence indicates that the development of
categorical processing does not solely depend on experience (Kosakowski et al., 2022; van den Hurk et
al.,, 2017). To further identify experience-independent and experience-dependent developmental
trajectories of categorical processing, Study 2 investigated the effects of early visual deprivation on
the categorical processing of faces, bodies, objects, and scenes and specifically addressed the question
if distributed representation and category-selectivity are affected differently. Based on studies in
congenitally blind individuals, it was suggested that basic categorical organisation in the form of
distributed representations develops independently of experience (van den Hurk et al., 2017) and
hence it was anticipated that CC individuals would present the same large-scale categorical
organisation as normally sighted individuals. In accordance with findings concerning face-selective
impairments (Grady et al., 2014; Roder et al., 2013), it was further hypothesised that CC individuals

exhibit distinct yet reduced category-selective responses for all tested categories.

This dissertation incorporated various methodological approaches to expand and refine the existing
knowledge concerning CC individuals, thereby aiming to enhance our understanding of the extent to
which visual brain development depends on visual experience, and further explore the potential for
recovery when typical visual experience is reintroduced later in life. By investigating the interplay
between early visual deprivation, brain development, and potential recovery in CC individuals, this
research provides valuable insights into the intricate and dynamic process of neuroplasticity and

contributes to the existing understanding of how the brain develops.
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Chapter Il

The Effects of Early Visual Deprivation on the Structural
Organisation of the Human Brain
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CHAPTER II: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE STRUCTURAL ORGANISATION OF THE HUMAN BRAIN

1. Introduction

Extended visual deprivation from birth has been shown to result in long lasting impairments
in visual and multisensory processing (Lewis & Maurer, 2005, 2009; Réder & Kekunnaya, 2021, 2022).
These findings have been interpreted as evidence of sensitive periods in brain development. Sensitive
periods are thereby defined as epochs in life during which the brain is highly susceptible and the
impact of sensory experience is particularly strong (Knudsen, 2004; Levelt & Hibener, 2012). In
humans, visual sensitive periods have been studied in individuals who were born blind due to dense
bilateral cataract and who regained sight later in life due to cataract removal surgery, hence referred

to as CCindividuals (Roder & Kekunnaya, 2021).

The main body of research on CC individuals focused on behavioural changes (Guerreiro et al., 2016b;
Putzar, Hotting, et al., 2007; Sourav et al., 2019) as well as changes in functional processing across
various sensory modalities, including visual processing (Grady et al., 2014; Roder et al., 2013; Sourav
et al., 2018) and other senses (Bottari et al., 2018; Collignon et al.,, 2015; Dormal et al., 2015;
Guerreiro, Putzar, et al., 2015; Putzar, Goerendt, et al., 2007). Accumulating evidence emphasises the
importance of early visual experience for structural development as well (Brockhaus et al., 2022; Feng
et al., 2021; Guerreiro, Erfort, et al., 2015; Holig et al., 2022). Similar to studies in blind individuals
(reviewed in Paré et al., 2023), these studies reported increased cortical thickness (Guerreiro, Erfort,
et al., 2015; Holig et al., 2022) as well as reduced surface area (Brockhaus et al., 2022; Holig et al.,
2022) in CC individuals compared to normally sighted control (SC) individuals. Therefore, it could be
concluded that not only the permanent absence of vision affects brain structure (Anurova et al., 2015;
Park et al., 2009). Particularly early visual experience seems important for the typical development
of brain structure, indicating a sensitive period for structural development (Réder & Kekunnaya,
2022). Furthermore, newest evidence links these structural alterations to functional changes in CC
individuals, such as altered resting-state connectivity (Feng et al., 2021) and retinotopic organisation

(Brockhaus et al., 2022).

Especially in light of such a close interplay of structural and functional development, the importance
of early visual experience on structural brain development, might relate closely to the rapid pace of
postnatal structural changes within the first two years after birth. More specifically, at the age of only
two years the infant brain exhibits on average 97% of adults’ cortical thickness values (Lyall et al.,
2015). In fact, spatial distribution of cortical thickness is already largely present at birth (G. Li et al.,
2015). Moreover, within the first two years after birth, surfaces area increases 115% on average and
reaches on average 69% of the adult values. Nevertheless, both cortical thickness and surface area
have been reported to exhibit individual developmental trajectories and regional growth patterns of

both structural measurements differed substantially (Lyall et al., 2015; Wierenga et al., 2014).
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Accordingly, increasing evidence indicates that different genetic (C. H. Chen et al., 2013; Fjell et al.,
2015; Panizzon et al.,, 2009), environmental (Raznahan et al.,, 2012; Sanders et al., 2022) and
experience-dependent processes (Shaw et al., 2008; Sowell et al., 2004) likely drive the development
of cortical thickness and surface area. Although development of brain structure has been generally
linked to functional development (Gomez et al., 2017; Natu et al., 2019; Sowell et al., 2004), it was
suggested that particularly the development of cortical thickness is functionally driven (C. H. Chen et
al., 2011; Gogtay et al., 2004; Krongold et al., 2017; Valk et al., 2020; Westlye et al., 2010). A difference
in experience-dependence might also introduce the idea that cortical thickness and surface are

affected differently by early visual deprivation.

Recent advances in ultra-high field imaging, such as 7T MRI, have enabled submillimetre
measurements. The advanced imaging resolution has been used to address mesoscopic functional
organisation, including cortical laminae and columns (De Martino et al., 2018; Dumoulin et al., 2018)
both for early visual processing (de Hollander et al., 2021) as well as for higher-level functional
processing (Margalit et al., 2020). More recently, submillimetre MRI was also used to re-evaluate

evidence for structural reorganisation in congenitally blind individuals (Kupers et al., 2022).

In contrast to findings in blind individuals, the reported findings in CC individuals are more selective
and less consistent. For example, both increased as well as reduced cortical thickness has been
reported in the visual cortex and impairments seem to manifest differently across hemispheres (Feng
et al., 2021; Guerreiro, Erfort, et al., 2015; Holig et al., 2022). Additionally, reports differ in their
reported correlation of cortical thickness and visual acuity (Feng et al., 2021; Hoélig et al., 2022).
Results for surface area are more scarce or highly specific in terms of regions (Brockhaus et al., 2022;
Holig et al., 2022). As similar as these studies are in their conclusion that early visual deprivation does
affect brain structure, they are, nevertheless, difficult to compare given the different methodological
approaches they deployed. Prior studies have evaluated structural findings in CC individuals based on
3T and 1.5T structural MRI data (Feng et al., 2021; Guerreiro, Erfort, et al., 2015; Hélig et al., 2022)
and applied resampling techniques to improve resolution (Guerreiro, Erfort, et al., 2015; Hélig et al.,
2022). Furthermore, group differences were either computed at the vertex level (Guerreiro, Erfort,
et al., 2015) or based on regions-of-interest (ROIl) (Feng et al., 2021; Holig et al., 2022). It remains
therefore unanswered if there are indeed differentiated effect of early visual deprivation and how

they manifest when methodological differences are set aside.
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To address these methodological gaps in knowledge, submillimetre resolution structural MRI data
was acquired in a group of CC individuals, who experienced early visual deprivation for a minimum of
6 months. The data of the CC individuals was compared to normally sighted controls (SC individuals)
to assess the effects of early visual deprivation. In order to rule out that possible group differences,
were founded in residual visual impairments as commonly observed in CC individuals, an additional
third group was tested. This group consisted of visually impaired controls (VI individuals) who had
pattern vision at birth yet had other congenital or acquired visual impairments. Furthermore, the two
common analysis approaches for structural analyses, a vertex-wise as well as a ROl analysis were
incorporated to compare cortical and surface area as two independent structural measurements of

brain organisation.

Based on previous studies (Guerreiro, Erfort, et al., 2015; Holig et al., 2022), it was predicted to find
increased cortical thickness the early visual cortex of CC individuals compared to SC individuals
indicated both in the vertex-wise as well as the ROl analysis. No group differences in cortical thickness
were expected for the comparison of VI individuals to SC individuals. Additionally, based on previous
studies (Brockhaus et al., 2022; Holig et al., 2022), it was hypothesised that CC individuals, yet not VI
individuals, would exhibit reduced surface area in comparison to SC individuals, indicated by both the

vertex-wise as well as the ROl analysis.
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2. Methods
Participants

The study at hand was part of a larger project consisting of two MRI sessions, one in 3T and
one in 7T MRI and one behavioural session to determine visual and auditory acuity. For the study at

hand only structural 7T data was analysed.

To assess the effect of a temporary congenital visual deprivation, we recruited individuals with a
history of complete, dense and bilateral congenital cataract (CC) which was removed after the sixth
month. Eight CCindividuals (age range 32 — 48 years, Mage = 42 years, SD,ee = 6; 5 female) participated
in the present study. The CC individuals underwent the cataract-removal surgery at an average age
of 20.6 months (range 6 and 48 months). At testing, average visual acuity in the better eye measured
with the Freiburg Visual Acuity & Contrast Test (FrACT) was 0.65 logMAR (SDacuity = 0.37 logMAR,
range: 0.16 — 1.27 logMAR). For this measurement, participants wore their typical visual aids (i.e.,
glasses or contact lenses). For scanning, special glasses were ordered according to each individual’s
prescription. Table 1 contains detailed information of individuals’ visual characteristics. All CC
individuals were recruited in Germany based on previous study contacts or via a collaboration with
the eye clinic of the UKE Hamburg, Germany. To distinguish between the effects of early visual
deprivation and residual visual impairment, as commonly observed in CC individuals, we recruited an
additional group of visually impaired (VI) individuals who had pattern vision from birth in at least one
eye. We tested four VI individuals (age range 19 to 32 years, Mage = 23.5, SD4ee = 5.0; all female; one
left handed). Detailed description of their visual characteristics can be found in Table 1. All VI
individuals have been recruited in Hamburg, Germany, via e-mail list of the University of Hamburg for
handicapped students as well as sport and social groups for blind and visually impaired individuals. A
group of 18 sighted controls (SC) was recruited (age range 21 to 56 years, Mage = 36.1, SDage = 9.8; 11
female). Eight of these 18 individuals were matched (mSCcc) in age and gender to the CC participants
(age range 31 - 56 years, Mage = 42.0 years, SD.g = 6.9; 5 female). Average visual acuity of these
mSCcc participants was -0.15 logMAR (SDAcuity = 0.16 logMAR, range: -0.30 — 0.22 logMAR). We also
matched seven SC individuals in gender and age to the VI individuals (mSCy;: age range 21 to 36 years,
Mage = 26.6, SD,e = 4.9; all female; one left handed). SC individuals were mainly recruited in
Maastricht, the Netherlands by advertisement flyer across the university campus and sport centres
in the city of Maastricht. Due to difficulties in finding appropriate age matches for the CC individuals,

two SC individuals were recruited in Germany based on previous study contacts.

Two additional datasets had been acquired but excluded from analysis. One SC individual had two
structural scans due to technical reasons, of which only the qualitatively better scan was included and

another SC individual had to be excluded due to extensive motion. All participants, regardless of
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group, had normal hearing, normal tactile function, without history of neurological or psychological
disorders, and eligible for MRI scanning (e.g., no metallic implants, intrauterine devices, non-
removable jewellery, history of claustrophobia, heart or circulatory problems). The study was
approved by the local ethics committee for the Faculty of Psychology and Human Movement Science,
University Hamburg, in 2018. Each participant gave written informed consent for participating in this
study and received reimbursement for travel costs and some monetary compensation for their

participation.

Table 1.

Participant Characteristics and Clinical Information of Congenital Cataract (CC) and Visual Impaired (Vi)
Individuals.

Age at Age at Visual acuity in
ID  testing Sex handedness  surgery the better eye Self-reported visual impairments
(years) (month) (logMAR)

cc1 34 male right 12 0.63 Aphakia

cc2 45 male right 24 0.16 Aphakia, impaired stereopsis

cc3 48 female right 48 0.58 Aphakia, impaired stereopsis and visual field

CC4 45 female right 9 0.68 Pseudoaphakia, nystagmus, treated glaucoma,
impaired visual field and stereopsis

CC5 32 female right 24 0.18 Aphakia

CCeé 46 female right 24 1.27 Aphakia, microphthalmia, nystagmus, impaired
visual field and stereopsis

cc7 46 female right 18 1.16 Aphakia, monocular enucleation, nystagmus,
impaired visual field and stereopsis

CC8 40 male right 6 0.56 Aphakia, nystagmus, impaired visual field and
stereopsis; right eye: holey iris and
underdeveloped pupil, left eye: narrowed pupil
and shifted vision

VIl 22 female right -0.06 macular inflammation

VI2 32 female right 0.74 monocular congenital cataract

VI3 21 female right 0.97 binocular aniridia

Vi4 19 female left 0.91 squint, astigmatism, visual field loss, suspicion

of cone dystrophy and macular degeneration

Data acquisition and preprocessing

Submillimetre structural images were acquired on a 7T Siemens Magnetom equipped with a
32-channel head coil, applying an MP2RAGE sequence (240 slices, voxel size: 0.7 mm?3, TR: 5000 ms,
TE: 2.47 ms, acquisition matrix: 320 x 320, FoV: 224 x 224, flip angle 1: 5°, flip angle 2: 3°). Due to
strong intensity inhomogeneities in the magnetic field of 7T imaging, the original structural images
were intensity bias-corrected using the unified segmentation algorithm (Ashburner & Friston, 2005)
implemented in SPM 12 (Friston et al., 2007). For the bias-correction, custom parameters were
applied (full-width-half-maximum/FWHM =18 mm, sampling distance =2 mm) following official

recommendations for submillimetre processing in FreeSurfer (Zaretskaya et al., 2018). The resulting
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corrected images were further processed using the neuroimaging package FreeSurfer, version 7.1.1
(http://surfer.nmr.mgh.harvard.edu/) and its default automated reconstruction procedure “recon-
all” with the additional “-hires” flag for better high resolution surface reconstruction. The procedure
has been described in detail for example in Fischl & Dale (2000). In short, the automated processing
pipeline includes removal of non-brain tissue (Ségonne et al., 2004), Talairach transformation and
volumetric segmentation of subcortical white and grey matter structures (Fischl et al., 2002, 2004),
intensity normalization (Sled et al., 1998), tessellation of white and grey matter boundaries and
topology correction (Fischl et al., 2001; Ségonne et al., 2007). Furthermore, surface inflation and
registration of a spherical atlas based on individual cortical folding pattern to match cortical geometry
(Fischl, Sereno, & Dale, 1999; Fischl, Sereno, Tootell, et al.,, 1999) have been performed. Before
guantitative analyses could be performed, surface reconstructions were visually inspected and
manual corrections were made where needed. Corrections followed standard procedures as
documented on the FreeSurfer website
(https://surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/TroubleshootingData) and included mainly

the removal of remaining skull or dura and occasionally filling in undetected white matter voxels.

The resulting surface-based maps included vertex-wise data on cortical thickness and surface area.
Cortical thickness was thereby calculated at each vertex as the closest distance from the grey matter-
white matter boundary to the grey matter-cerebrospinal fluid (CSF) boundary (Fischl & Dale, 2000).
White matter surface area was calculated vertex-wise as the average area of adjacent triangles of
each vertex. For the group analyses, the individual cortical thickness and surface area maps were
resampled to the FreeSurfer group template fsaverage resulting in a single group file per
measurement and hemisphere. Group maps were subsequently smoothed with a 10 mm FWHM

Gaussian kernel within the early visual cortex.

Statistical analysis

For further statistical analyses, the cortex was parcelled using the multi-modal brain atlas by
Glasser et al. (2016) and a mask was used to restrict the analysis to the early visual cortex consisting
of the bilateral regions V1, V2, V3 and V4. Within the early visual cortex two different analysis
approaches were chosen to run group comparisons: First, a vertex-wise analysis was performed as
implemented in FreeSurfer based on the smoothed early visual cortex group maps. Second, an
external ROl analysis was calculated based on extracted structural measurements. Both analyses will

be explained in more detail below.
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Vertex-Wise Analyses

To investigate the effects of early visual deprivation on brain structure, cortical thickness and
surface area were compared between the CC group and age- and sex-matched SC individuals (mSCcc)
— hence referred to as matchedCC-model, by fitting linear mixed models at each vertex using
FreeSurfer. To exclude the possibility that group differences were driven by residual impairments
rather than early visual deprivation, both structural measurements were also compared between the
VI group and seven SC individuals matched in age and sex (mSCy), hence referred to as matchedVI-
model. Due to the small sample sizes, we decided to additionally compared the CC group to all tested
SC individuals (n = 18) in a model that included all three groups and age as variable of no interest,
hence referred to as allSC-model. Previous research indicated that cortical surface area is highly
influenced by one person’s head size, respectively overall brain volume (Buckner et al., 2004).
Therefore, according to general recommendations, we included estimated total intracranial volume
(eTIV) as normalised covariate in all analyses of surface area. To reduce the probability of type | errors,
all resulting t-value maps were entered in cluster-wise correction for multiple comparisons as
implemented in FreeSurfer (Greve & Fischl, 2018). Permutation simulations were run with 1000
iterations to estimate the distribution of the maximum cluster size under the null hypothesis with a
vertex-wise threshold p < .01 (two-sided). Clusters with a cluster-wise probability of p < .05 were

regarded as significant.

As indicated by Holig et al. (2022), age might have a differentiated effect on the structural
measurements in CC individuals compared to SC individuals. For the allSC-model, we therefore
calculated correlations between each structural measurement and age per group by fitting general
linear mixed models at each vertex separately for cortical thickness and surface area. The model
included group as factor and age as normalised covariate. Model slopes were compared in order to
test if correlations of age and cortical thickness or surface area differed between groups. Cluster-wise
correction for multiple comparisons was performed as already described with a vertex-wise threshold
of p < .01 (two-sided) and a cluster-wise threshold of p <.05. For surface area, we again controlled
for head size by including eTIV as normalised covariate. If group differences were indicated, group
specific correlations were calculated additionally to allow for a qualitative assessment of the
observed group difference. Additionally, we calculated exploratory correlations between each
structural measurement, i.e. cortical thickness and surface area, with visual acuity by fitting general

linear models separately for each structural measurement at each vertex of the early visual cortex.
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ROI analyses

Individual mean cortical thickness and surface area values for each parcellation of the HCP
atlas by Glasser et al. (2016), were obtained using FreeSurfer’s aparcstats2table command, separately
for cortical thickness and surface area. This resulted in one file per measurement and hemisphere,
containing average values per region and subject. Further analyses were conducted in R Statistical
Software (v4.2.0; R Core Team, 2022) and the data of early visual regions, i.e. bilateral V1 to V4, were
selected. To ensure comparability with the vertex-wise analysis, we again focused the group
comparisons on the three previously described subject model, i.e. matchedCC-model (CC vs. mSCcc),

matchedVI-model (VI vs. mSCy|), and allSC-model (CC vs. allSC).

Linear mixed models were fitted using the Ime4 package version 1.1-29 (Bates et al., 2015). For
cortical thickness, the model included group (2 levels: CC vs. mSCcc, VI vs. mSCy, or CC vs. allSC,
respectively), hemisphere (2 levels: left, right), their interaction as fixed factors and participant as a
random factor. The model specification for both matched models was as follows: cortical thickness
(in mm) ~ group*hemisphere + (1| participant). For the allSC-model, we examined a possible effect of
age by additionally including normalised age as fixed effect as well as the group*age interaction. The
model specification was accordingly: cortical thickness ~ group*hemisphere + group*age +
(1| participant). The models for comparing surface area resembled the cortical thickness models,
except that they also controlled for head size. All surface area models therefore additionally included
normalised eTlV as fixed effect as well as the interaction between group and eT/V. The model
specification for the matched-models was as follows: surface area (in mm?) ~ group*hemisphere +
group*eTIV + (1|participant). The model specification for the allSC-model was: surface area ~
group*hemisphere + group*eTIV + group*age + (1| participant). All models that included age and/or
eTIV have also been tested including all possible interaction effects as opposed to the specifically
defined interaction terms. However, the comparisons of model-fit did not indicated significant
differences, which is why the less complex models, as described above, have been selected. Degrees
of freedom, F-test values and p-values were estimated with the Kenward-Roger method (/ImerTest
package, Kuznetsova et al., 2017). For each of the models, 7712, was estimated as effect size
measurement using the package effectsize (Ben-Shachar et al., 2020). Pairwise comparisons of
estimated marginal means were calculated using the package emmeans (Lenth, 2022). For the CC
group, we again calculated exploratory correlations of cortical thickness and surface area,
respectively, with visual acuity, separately for each region. Pearson's correlation coefficients and p-

values were estimated using the package psych (William Revelle, 2023).
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3. Results
Vertex-wise Analysis of Cortical Thickness

Our analysis did not show significant differences between CC individuals and normally sighted
individuals, neither for the matchedCC-model, nor the allSC-model. However, on an uncorrected
level, multiple clusters indicated higher cortical thickness in CC individuals compared to allSC
individuals in the bilateral V1 (Figure 1; left hemisphere: cluster 1 - cluster size = 244 mm?, number of
vertices = 299, cluster 2 - cluster size = 67 mm?, number of vertices = 135, cluster 3 - cluster size = 27
mm?, number of vertices = 32 mm; right hemisphere: cluster size = 93 mm?, number of vertices = 102;
vertex-wise threshold of p < .01, uncorrected for multiple comparison). None of the clusters remained
significant after correction for multiple comparisons (p > .05). The comparison of VI individuals to
matched sighted controls (mSCy) did not indicate significant group differences. There were no
clusters indicated on the vertex-wise-threshold of p < .01 for either of the matched models.
Exploratory whole-brain cortical thickness group maps for all three subject models can be found in

the supplementary figure S1.

Figure 1

Group Difference in Cortical Thickness Between CC Individuals and All Tested SC Individuals (allSC)
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Note. Thresholded statistical significance maps (vertex-wise p < 0.01, two-sided, scale bar for both maps at the right side) displaying
differences in cortical thickness between CC individuals and allSC individuals (n = 18). Maps are superimposed on the inflated surface
(dark grey: sulci, light grey: gyri) of the FreeSurfer standard brain. Coloured lines indicate parcellations of the HCP-MMP1.0 atlas (Glasser
et al. 2016); the yellow line highlights the early visual cortex. Clusters with higher cortical thickness in the CC group are marked in red
and clusters with lower cortical thickness in blue. L = Left hemisphere, R = Right hemisphere.
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Exploratory Correlation Analyses

When testing for group differences in the correlation of cortical thickness with age in the
allISC-model, three clusters emerged in the left hemisphere (Figure 2, A): two clusters in left V1, of
which one remained marginally significant after correction for multiple comparison (cluster 1: cluster
size =358 mm?, number of vertices = 445, p = .063; cluster 2: cluster size = 60 mm?, nhumber of vertices
=100, p >.05), and one additional cluster in left V4 (cluster size = 21 mm?, number of vertices = 31, p

> .05). The right hemisphere did not indicate a significant group*age interaction.

Correlating cortical thickness with age separately for each group revealed negative correlations in the
majority of vertices of left and right early visual cortex in CC individuals (Figure 2, B). Accordingly, CC
individuals exhibited overall a decrease of cortical thickness with increased age. In SC individuals, on
the contrary, correlations of cortical thickness and age were less consistent. More specifically, less
vertices showed a correlation of cortical thickness and age, and correlations were not in general not
as strong as observed for CC individuals. Additionally, both positive and negative correlations were
indicated in the early visual cortex of SC individuals (Figure 2, C), indicating that while some vertices

exhibited a decrease of cortical thickness with increased age others exhibited an increase.

In the CC group, the exploratory correlation analysis indicated that cortical thickness was negatively
correlated with visual acuity in the majority of vertices both in the left and the right early visual cortex

(Figure 3), which suggests the thicker the visual cortex in CC individuals, the lower their visual acuity.
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Figure 2
Thresholded Results of the Correlation Analysis of Cortical Thickness and Age
A group*age interaction between CC individuals vs. all sighted controls (allSC)
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Note. A. Thresholded statistical significance maps (vertex-wise p < 0.01, two-sided, scale bar at the upper right side) for the group
comparison of CC individuals vs. normally sighted controls (allSC; n = 18) of the correlation between cortical thickness and age. Clusters in
blue indicate stronger age decline in cortical thickness in the CC group compared to the respective SC group. B. and C. Maps of correlation
coefficients (scale bar for all maps at middle right side) for (B) the CC group and (C) normally sighted controls (allSC; n = 18). Correlation
coefficients between -0.2 and 0.2 are not shown, correlation coefficients > 0.6 are shown in yellow, correlations coefficients < -0.6 in cyan.
All maps are superimposed on the inflated surface (dark grey: sulci, light grey: gyri) of the FreeSurfer standard brain. Coloured lines indicate
parcellations of the HCP-MMP1.0 atlas (Glasser et al. 2016); the yellow line highlights the early visual cortex. L = Left hemisphere, R = Right

hemisphere
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Figure 3

Results of the Correlation Analysis of Cortical Thickness and Visual Acuity in CC Individuals
aat o
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Note. Maps of correlation coefficients between cortical thickness and visual acuity for the CC group (n = 8). Scale bar at right side.
Correlation coefficients between -0.2 and 0.2 are not shown, correlation coefficients > 0.6 are shown in yellow, correlations coefficients
< -0.6 in cyan. All maps are superimposed on the inflated surface (dark grey: sulci, light grey: gyri) of the FreeSurfer standard brain.
Coloured lines indicate parcellations of the HCP-MMP1.0 atlas (Glasser et al. 2016); the yellow line highlights the early visual cortex. L =
Left hemisphere, R = Right hemisphere
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Vertex-wise Analysis of Surface Area

When comparing surface area between CC individuals to SC individuals, neither the
matchedCC-model (CC vs. mSCcc), nor the allSC-model (CC vs. allSC) indicated significant group
differences. There were no clusters indicated on the uncorrected vertex-wise-threshold of p <.01. On
an uncorrected level, there was a cluster indicating lower surface area in VI individuals compared to

matched sighted controls (mSCy)) in the right V3 (

Figure 4, cluster size = 73 mm?, number of vertices = 88, vertex-wise threshold of p < .01,
uncorrected for multiple comparison). The cluster, however, did not remained significant after

multiple comparisons correction.

Exploratory whole-brain group maps comparing surface area for each of the three subject models can

be found in the supplementary figure S2.

Figure 4

Group Difference in Surface Area Between VI Individuals and Matched Sighted Controls (mSCvi)
-log(10)p

3.00 (p <.001)
2.00 (p<.01)

-2.00

-3.00

Note. Thresholded statistical significance maps (vertex-wise p < 0.01, two-sided, scale bar at the right side) displaying differences in
surface area between VI individuals and matched SC individuals (mSCvi) in the right hemisphere. Maps are superimposed on the
inflated surface (dark grey: sulci, light grey: gyri) of the FreeSurfer standard brain. Coloured lines indicate parcellations of the HCP-
MMP1.0 atlas (Glasser et al. 2016); the yellow line highlights the early visual cortex. Clusters with lower surface area in the VI group
are marked in blue. R = Right hemisphere.
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Exploratory Correlation Analyses

The exploratory age-analysis indicated no differentiated effects of age on surface area in the allSC-
model (p >.05). Inthe CC group, the exploratory correlation analysis revealed clusters of both positive
and negative correlation of surface area and visual acuity (Figure 5). More specifically, there was a
bilateral cluster in the superior part of the early visual cortex in which surface area was negatively
correlated with visual acuity, i.e. the greater the surface area in CC individuals, the lower their visual
acuity. Additionally, the right hemisphere indicated a cluster of positive correlation in the inferior part
of the early visual cortex, such that the smaller the visual cortical surface area in CC individuals, the

lower their visual acuity.

Figure 5

Results of the Correlation Analysis of Surface Area and Visual Acuity in CC Individuals
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Note. Maps of correlation coefficients between surface area and visual acuity for the CC group (n = 8). Scale bar at right side. Correlation
coefficients between -0.2 and 0.2 are not shown, correlation coefficients > 0.6 are shown in yellow, correlations coefficients < -0.6 in
cyan. All maps are superimposed on the inflated surface (dark grey: sulci, light grey: gyri) of the FreeSurfer standard brain. Coloured
lines indicate parcellations of the HCP-MMP1.0 atlas (Glasser et al. 2016); the yellow line highlights the early visual cortex. L = Left
hemisphere, R = Right hemisphere

ROI Analysis of Cortical Thickness

For each of the regions of the early visual cortex, cortical thickness was compared for each subject
model, i.e. matchedCC-model (CC vs. mSCcc), matchedVI-model (VI vs. mSCy), and allSC-model (CC
vs. allSC). Figure 6 displays average individual cortical thickness values and group mean values per ROI

and hemisphere.
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Figure 6

Averaged Individual and Group Mean Cortical Thickness Values per ROl and Hemisphere
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Note. Graphs display average individual (single dots) and group mean (squares) cortical thickness values per ROl and hemisphere.
Regions V1, V2, V3 and V4 are depicted from top row to bottom row. The left hemisphere of each ROl is displayed on the left side, the
right hemisphere on the right side. Error bars indicate the 95% confidence interval. CC = congenital cataract-reversal individuals (n = 8),
mSCcc = sighted controls matched in age and sex to the CC group (n = 8), VI = visually impaired individuals (n = 4), mSCv = sighted controls
matched in age and sex to the VI group (n = 7), allSC = all sighted controls (n = 18).
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There were no significant effects when comparing CC individuals to matched sighted controls (mSCcc).
The allSC-model, neither exhibited significant group differences for cortical thickness, yet there was
a significant interaction of group and age in V4 (F(1,22) = 4.58, p = .044, n% = 0.172). Post-hoc
correlation analysis revealed a decrease of cortical thickness with age in CC individuals while SC
individuals exhibited a slight increase of cortical thickness with age in SC individuals (Figure 7). The
comparison of VI individuals and matched sighted controls (mSCv) did not indicate significant group

differences.

Figure 7

Group Specific Correlation of Cortical Thickness and Age in V4.
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Note. Graphs display average cortical thickness values (single dots) of CC individuals (red) and allSC individuals (blue)
separately for the left V4 (left side) and the right V4 (right side). Regression lines and values are displayed in the
respective group colour with respective 95% confidence interval (grey band).
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Exploratory correlation analysis

The exploratory correlation analysis of cortical thickness and visual acuity indicated negative
correlations for each of the region, such that the thicker the early visual cortex in CC individuals the
lower their visual acuity (Table 2). The correlations of the right V3 and right V4 were significant and

the correlations in the left V1 and the left V3 were marginally significant.

Table 2

Region-Specific Correlations of Cortical Thickness and Visual Acuity.

Vi V2 V3 V4
left right left right left right left right
Pearson’sr  -0.69 -0.58 -0.62 -0.60 -0.69 -0.82 -0.61 -0.79
p-value .057 .129 .104 113 .060 .012 .105 .020

Note. Pearson correlation coefficient r and p-values for each of the eight regions of the early visual cortex.
Significant correlations are marked in bold.

ROI Analysis of Surface Area

Following the ROl-analysis approach, surface area was compared for each subject model, i.e.
matchedCC-model (CC vs. mSCcc), matchedVI-model (VI vs. mSCy), and allSC-model (CC vs. allSC),
separately for each of the atlas-defined ROl within the early visual cortex. Figure 8 displays average

individual as well as group mean surface area values per ROl and hemisphere.
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Figure 8

Averaged Individual and Group Mean Surface Area Values per ROl and Hemisphere
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Note. Graphs display average individual (single dots, scaled by head size) and group mean (squares) surface area values per ROI
and hemisphere. Regions V1, V2, V3 and V4 are depicted from top row to bottom row. The left hemisphere of each ROl is displayed
on the left side, the right hemisphere on the right side. Error bars indicate the 95% confidence interval. CC = congenital cataract-
reversal individuals (n = 8), mSCcc = sighted controls matched in age and sex to the CC group (n = 8), VI = visually impaired individuals
(n = 4), mSCwv = sighted controls matched in age and sex to the VI group (n = 7), allSC = all sighted controls (n = 18).
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CC individuals exhibited group specific differences in surface area mediated by hemisphere when
being compared to matched SC individuals. These significant group*hemisphere interactions have
been found in V2 (F(1,14) = 10.01, p = .007, 2 = .417) and V3 (F(1,14) = 5.35, p = .037, n2 = .276).
Post-hoc comparisons revealed that in both regions CC individuals showed significantly lower surface
area in the left than in the right hemisphere (left V2 < right V2, t(14) = - 2.91, p = .011; left V3 < right
V3, t(14) = -2.68, p = .018). SC individuals were more likely to show the opposite, i.e. smaller surface
area in the right than the left hemisphere, yet the difference did not reach significance (p > .05).
Additionally, when comparing groups directly per hemisphere, the matchedCC-model indicated
marginally higher surface area in the right V3 of CC individuals compared to mSCcc individuals (t(21)

=1.72, p=.0997). VIl individuals did not exhibit group differences in surface area.

Additionally, both matched models exhibited main effects of hemisphere. The matchedCC-model
indicated that across all subjects the left V1 (M = 2996, SD = 452) was smaller than the right V1 (M =
3178, SD = 496; F(1,14) = 12.54, p = .003, n,z, = .472). This difference in left and right V1 was also
observed for the matchedVI-model (F(1,9) = 15.33, p =.004, n,z, =.630). Again, surface area in the left
V1 (M = 3029 mm?; SD = 414) was smaller than the right V1 (M = 3258 mm?; SD = 433). Additionally,
for the matchedVI-model there was a main effect of hemisphere in V4 (F(1,9) = 26.26, p < .001, 771% =
.745) with surface area being smaller in the right V4 (M = 1044 mm?; SD = 207) than the left V4 (M =
1165 mm?; SD = 171).

Similar to the matchedCC-model, the allSC-model confirmed the interaction between group and
hemisphere in V2 (F(1,24) = 6.54, p = .017, nf, =.214) and V3 (F(1,24) =4.62, p = .042, nf, =.162). The
allISC-model additionally showed a marginally significant group*hemisphere interaction in V4 (F(1,24)
=3.09, p =.092, 1722, =.114). More specifically, within V2 and V3 CC individuals showed significantly
smaller surface area in the left than in the right hemisphere (left V2 < right V2, t(24) = -2.33, p =.029;
left V3 < right V3, t(24) =-2.63, p =.015). SC individuals were more likely to show the opposite, i.e.
reduced surface area in the right rather than the left hemisphere, yet the differences did not reach
significance (p > .05). In V4 on the contrary, SC individuals showed significantly higher surface area in
the right hemisphere than in the left (t(24) = 3.95, p < .001), while the difference in CC individuals did
not reach significance (p > .05). Additionally, the allSC-model indicated differences between
hemisphere in V1, V3 and V4 (significant main effect of hemisphere; V1: F(1,24) = 15.61, p <.001, 775
=.394; V3: F(1,24) = 4.98, p = .035, 7712, =.172; V4: F(1,24) = 6.88, p = .015, 775 =.223). Given that V3
and V4 were already further analysed in context of the group*hemisphere interaction, here, we only
report that across all subjects, the surface area in the left V1 (M = 3015 mm?; SD = 423) was smaller

than the right V1 (M = 3173 mm?; SD = 456).
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There were no indications for group*age interactions. There were, however, a significant main effect

of age in V2 (F(1,20) = 5.39, p =.031, 7772, =.212) as well as a marginally significant effect of age in V1

(F(1,20) = 3.79, p = .066, 77,2, =.159) indicating that surface area declined with age. Figure 9 shows

surface area in CC and allSC individuals as a function of age in V1 and V2.

Figure 9

Correlation of surface area and age in V1 and V2.
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Note. Graphs display average surface area values (single dots) of CC individuals (red) and allSC individuals (red)
per ROI. V1 values are plotted in the upper row, V2 values in the bottom row. The left column displays the left
hemisphere of each region and the right column the right hemisphere. Regression lines and values are displayed
with the respective 95% confidence interval (grey band).
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Exploratory Correlation Analysis

The exploratory correlation analysis of surface area and visual acuity indicated negative
correlations in the majority of regions, except for the right V3 and right V4 (Table 3). Accordingly, the
bilateral V1, the bilateral V2 as well as the left V3 and the left V4 indicated that the greater the surface
area of CC individuals, the lower their visual acuity. Conversely, the right V3 and V4 indicated a that
the smaller the visual surface area in CC individuals, the lower their visual acuity. However, none of

these correlations was significant.

Table 3

Region-Specific Correlations of Surface Area and Visual Acuity.

V1 V2 V3 va
left right left right left right left right
Pearson’sr  -0.29 -0.30 -0.61 -0.47 -0.59 0.18 -0.54 0.46
p-value .488 464 11 237 125 671 170 .249

Note. Pearson correlation coefficient r and estimated p-values for each of the eight regions of the
early visual cortex.
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4. Discussion

The main goal of the present study was to investigate the effects of early visual deprivation on
shaping the structural organisation of the early visual cortex and explore the potential capacity for
recovery from these changes if sight is restored later in life. To this end, submillimetre structural MRI
data was acquired in a group of adults who experienced a transient period of congenital visual
deprivation due to dense bilateral cataract which was surgically removed later in life (CC individuals).
To assess structural differences in the brain, cortical thickness and surface area of these CC individuals
were compared to normally sighted controls (SC individuals) as well as individuals, who had pattern
vision at birth, yet had other congenital or acquired visual impairments (VI individuals). In light of
methodological differences of previous studies, an additional goal of this study was to unify previous
analysis approaches. To this end, we performed a vertex-wise analysis as well as a region-of-interest
(ROI) analysis for comparing cortical thickness and surface area, respectively, between groups. Based
on previous studies, we expected to find increased cortical thickness and reduced surface area in the

early visual cortex of CC individuals compared to SC and VI individuals.

In contrast to our hypothesis, we did not find significant group differences for cortical thickness.
However, both analyses indicated higher cortical thickness in the left early visual cortex of CC
individuals compared to SC individuals on a descriptive level. In partial agreement with our second
hypothesis regarding surface area, the results revealed a significant group difference which was
mediated by hemisphere. Specifically, CC individuals exhibited significantly reduced surface area in
the left hemisphere compared to the right hemisphere. In contrast, the SC individuals tended to
exhibit the opposite pattern, with greater surface area in the left hemisphere. Further, the expected
lower surface area in CC individuals compared to the SC group was observed descriptively in the left
hemisphere. However, unexpectedly, the CC group exhibited greater surface area than the SC group

in the right hemisphere.

In conclusion, the results presented here offer valuable evidence supporting the significance of early
visual experience in shaping the structural development of the visual brain. Furthermore, the results
suggest the possibility of distinct effects resulting from early visual deprivation on different structural
measurements, such as cortical thickness and surface area. This, in turn, opens up new avenues for
further investigation and exploration in this area research especially in connection with ultra-high

field MRI.
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Cortical thickness

Multiple studies prior to this study at hand reported long-lasting effects of early visual deprivation on
brain structure despite many years of visual experience. The majority of studies focused the
investigation of cortical thickness in CC individuals on the visual cortex (Guerreiro, Erfort, et al., 2015;
Holig et al., 2022) while a single study reported changes on the whole-brain level (Feng et al., 2021).
All three studies consistently reported increased cortical thickness in the early visual cortex of CC
individuals compared to SC individuals (Feng et al., 2021; Guerreiro, Erfort, et al., 2015; Hoélig et al.,
2022). In the results presented here, likewise, higher cortical thickness in CC individuals compared to
SC individuals was indicated within the left V1. However, this group difference only emerged on an
uncorrected level and only when comparing CC individuals to the group of all tested sighted controls.
Based on the location of these clusters, this observation resembled the reports by Holig et al. (2022)
and Feng et al. (2021). Further, in connection to the observed clusters, one might consider
descriptively higher cortical thickness values in the left V1 in CC individuals compared to SC individuals

in the ROI analysis resembling reports by Guerreiro et al. (2015).

The absence of significant group differences, in contrast to previous studies, necessitates
careful consideration of several factors. Multiple variables could potentially contribute to the
disparity in study outcomes. First and foremost, with a group of 21 CC individuals, Holig et al. (2022)
tested almost three time as many CC individuals as the study at hand. Due to the analytical approach
of the vertex-wise analysis which estimates group differences at each vertex, the statistical power of
this approach is limited and requires an elaborate number of subjects to yield significant results when
being corrected for multiple comparisons. Even despite limiting the analysis to the early visual cortex,
a sample as small as ours might have been simply underpowered in order to yield significant results.
Yet it is worth noting that even the uncorrected clusters were relatively small, which suggests that
the observed effects of group difference were subtle. Further, that the group differences in cortical
thickness only emerged when including a larger number of subjects for the analysis might also
support the notion that the lack of statistical power, stemming from the small sample size, may have
influenced the results, rather than the absence of an actual effect. The observation of limited group
differences due to small sample size might be supported by the resembling small clusters reported
by Feng et al. (2021) who tested eleven CC individuals. Likely limited by a reduced cluster size, Feng
et al. did not apply a correction for multiple comparisons for reporting group differences. A cluster-
wise correction for multiple comparisons as implemented in FreeSurfer is based on cluster size and
small clusters have a lesser chance of surviving corrections. Especially when applied on the whole-
brain level, the correction could most likely have let to reduced results if not even the absence of

significant group difference. This would explain the use of a more liberal approach to correct for false
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positives, i.e. a reduced uncorrected threshold and a cluster-size minimum. Overall, limited group
difference in cortical thickness for CC individuals compared to SC individuals might be influenced by

limited statistical power due to a small sample.

Even more surprising was the absence of significant group differences for cortical thickness in the ROI
analysis. Utilising a ROl analysis approach has the potential to enhance statistical power by averaging
vertex values within each region for each subject. This method is particularly advantageous in studies
with small sample sizes, as it allows for more effective testing. For example, Guerreiro et al. (2015)
reported significantly increased cortical thickness in a group of only six CC individuals using this
approach. However, it is important to consider that when dealing with small effects, the averaging of
data within a region may lead to the loss of specific effects. In light of the vertex-wise results, it can
be inferred that this may have been the scenario for the data reported in this study, despite the

slightly larger sample size and without a correction for multiple comparisons.

An alternative explanation for the disparity in study outcomes could potentially stem from differences
in region definition. Specifically, Guerreiro et al. (2015) employed a solely structural atlas to define
regions within the visual cortex, whereas the analyses conducted here relied on the multimodal atlas
by Glasser et al. (2016), which may vyield distinct region definitions. It is worth considering the
possibility that variations in the sizes of the calcarine sulcus and the V1, respectively, could influence

data averaging within that area, thereby potentially impacting any observed group differences.

When comparing MRI study results, particularly in the context of structural MRI analyses, it is
important to consider the spatial resolution of the MRI data. Evidence indicates that different
magnetic field strengths have a substantial impact on the estimation of structural measurements,
such as cortical thickness (Han et al., 2006). Previous studies have relied on lower magnetic field
strengths, such as 1.5T (Holig et al., 2022) and 3T (Feng et al., 2021; Guerreiro, Erfort, et al., 2015),
whereas 7T MRI offers the potential for higher signal-to-noise ratio, contrast-to-noise ratio, and
increased spatial resolution in the submillimetre range. Consequently, acquisitions at submillimetre
resolution, combined with advanced processing techniques (Zaretskaya et al., 2018), have the
potential to provide more precise tissue contrasts. Accurate tissue contrast is crucial for defining grey
and white matter in the brain, which is essential for obtaining reliable surface reconstruction and,
ultimately, accurate estimates of cortical thickness and surface area. Recently, the application of 7T
MRI has provided an opportunity to re-evaluate structural findings in congenital blind individuals
(Kupers et al., 2022). Amongst other structural measures, cortical thickness was compared between
congenitally blind and normally sighted individuals. Interestingly, in contrast to previous reports
(recently reviewed by Paré et al., 2023), Kupers et al. found that group differences in cortical thickness

were only observed in specific areas of the visual cortex, without reaching statistical significance after
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correction for multiple comparisons. Notably, these differences were not evident in the regions

surrounding the calcarine sulcus, which locates V1 as the primary visual cortex.

It might be considered that the study by Kupers et al. may share similar limitations regarding
statistical power with a sample size of 12 congenially blind individuals, as previously discussed for the
current study. However, it is important to note that the study successfully replicated other previously
reported structural changes following congenital blindness, such as volumetric alterations in grey
matter volume and subcortical structures (Kupers et al., 2022). Thus, together with the results
reported here, this finding might indicate on overall reduced effect of early visual deprivation on

cortical thickness.

It has been proposed that the myelin content in the brain can influence the perceived boundary
between grey matter and white matter (Natu et al., 2019). Specifically, Natu et al. reported that a
lower myelin content in children most likely reduces the contrast which results in an inward shift of
the boundary, leading to higher measurements of cortical thickness. White matter atrophy within the
early visual cortex of congenitally blind individuals has been reported in previous studies (Modi et al.,
2012; Shimony et al., 2006), and this finding has been further supported by the recent 7T MRI report
(Kupers et al., 2022). It seems possible that previous structural analyses of cortical thickness
conducted with lower MRI resolutions may have been influenced by the difference in tissue contrast,
potentially leading to an overestimation of cortical thickness. However, the submillimeter resolution
provided by 7T scanning has allowed for more accurate assessment, revealing diminished group

differences in cortical thickness.

In sum, the evidence potentially indicates the possibility of differentiated effects of early visual
deprivation on specific structural measurements. Given the distinct developmental trajectories of
cortical thickness and surface area (Wierenga et al., 2014), it appears that their development may
depend differently on visual experience. Accordingly, cortical thickness might be less affected by early

visual deprivation than surface area.

The use of 7T MRI is still comparably new and therefore, evidence on effects of magnetic field
strength, particularly on structural measurements, is still sparse. While the comparisons of structural
measures have been focused on multi-site comparisons (Jovicich et al., 2006) or on the comparison
of 1.5T data to 3T data (Han et al.,, 2006), particularly in terms of clinical application such as
diagnostics, 7T imaging has proven its advantages (Balchandani & Naidich, 2015; De Ciantis et al.,
2016; Van Der Kolk et al., 2013). Despite advanced image quality, 7T imaging also brings potential
challenges, both in the acquisition of data as well as the analysis, that require adequate consideration

to exploit its full potential. For example, imaging acquisition at ultra-high field needs to consider
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increased power deposition in human tissue, and hindered maintenance of a homogeneous
radiofrequency field impedes image quality. While radiofrequency inhomogeneities are primarily
addressed prior to image acquisition by shimming the magnetic field, further corrections are
performed during data preprocessing. Given the relatively new approach of submillimetre MRI,
further methodological considerations might be needed for future standardised analyses, such as
data preprocessing, bigger samples to claim strong effects or alternative approaches for estimating

significance (Feng et al., 2021).

Surface Area

Along with changes in cortical thickness, reduced surface area in the early visual cortex,
specifically the primary visual cortex (V1) is considered a well-established neuroanatomical
consequence of early blindness, indicated by MRI results and validated by histological reports in a
variety of species (Andelin et al., 2019). Similarly to the reports in permanently blind humans, reduced
surface area has been reported in the early visual cortex of CC individuals (Brockhaus et al., 2022;
Holig et al., 2022) confirming that it is particularly early visual deprivation rather than late occurring

visual deprivation that affects surface area (Andelin et al., 2019).

The findings presented in this study only partially align with previous results. Specifically, group
differences in surface area were observed in the regions V2 and V3, suggesting that the effects of
early visual deprivation may extend beyond V1, consistent with the reported finding by Holig et al.
(2022). Further, the group difference within V2 and V3 were specific to the hemispheres. Specifically,
CCindividuals exhibited the expected reduced surface area in comparison to SC individuals in the left
hemisphere, albeit only at a descriptive level. Conversely, the right hemisphere showed the opposite
trend. However, hemispheric differences within the groups were the primary contributing factor of
the reported group differences. Accordingly, CC individuals displayed significantly reduced surface
area in the left hemisphere compared to the right hemisphere, while SC individuals tended to exhibit

the opposite pattern.

Based on previous reports (Andelin et al., 2019; Park et al., 2009), there are indication that the right
early visual cortex, particularly V1/calcarine sulcus, descriptively exhibits greater surface area
compared to the left early visual cortex. However, this pattern was consistent across all tested groups,
including individuals with congenital blindness, early blindness, late blindness, and normally sighted
individuals. Accordingly, the here observed difference in hemispheres should not have been specific
to CC individuals. Furthermore, genetic investigations support a bilaterally symmetric pattern in

surface area development (C. H. Chen et al., 2011, 2012), suggesting an overall limited difference
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between hemispheres. Further, although neither Holig et al. (2022) nor Brockhaus et al. (2022)
directly compared surface area between hemispheres, reduced surface area in CC individuals
compared to SC individuals has been reported similarly in both the left and right early visual cortex
(Holig et al., 2022). Consequently, thus far, there seem to be no indications of distinct effects of early
visual deprivation that are specifically limited to one hemisphere, emphasizing the need for caution
when interpreting the observed hemispheric differences in the study at hand. Considering the small
sample size on which this study is based, it is important to acknowledge that individual data points

may have influenced the results.

It is worth noting that the absence of group differences within the V1 region in this study specifically
contradicts the findings reported by Brockhaus et al. (2022), as their analysis primarily relied on the
same structural data from both CC and SC individuals. In an attempt to address this discrepancy, a
preliminary analysis was conducted to explore potential factors, including differences in the matching
of SC individuals, variations in V1 definition (attributable to the use of a different atlas), and the
applied statistical tests. However, despite taking these factors into consideration, the disparity in
study outcomes remained. Further detailed analyses may help elaborate on whether the observed
differences could have arisen from variations in the software used for estimating the structural

measurements.

Exploratory correlation analyses

The present study revealed notable differences in the development of cortical thickness, in
contrast to surface area, with age between CC individuals and SC individuals. Specifically, the results
indicated a more pronounced age-related decline in cortical thickness among CC individuals
compared to SC individuals. Cortical thinning is commonly observed in typically sighted individuals
from early childhood to adulthood (Amlien et al., 2016; Walhovd et al., 2016). Thus, the observed
variations in age-related changes, particularly the stronger cortical thinning, may potentially signify
the restoration of neural circuits compensating for the period of visual deprivation after sight is
regained. In congenitally blind children, changes in cortical thickness have not been observed until
the age of 13 years (Inuggi et al., 2020), yet cortical thickness in the visual cortex of congenitally blind
adults might increase (Kupers & Ptito, 2014). The contrasting direction of age-related changes
observed in permanently blind individuals compared to sighted and CC individuals may imply a

process of visual experience-induced changes that continue until adulthood.

However, it is important to consider certain factors regarding the interpretation of these findings.

Firstly, the effect of age was assessed only when comparing the CC group to the allSC group in the
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respective subject model. The allSC group had a wider age range than the CC group, which could
explain the reported interaction of group and age. This statistical limitation may be attributed to
differences in age distribution between the two groups. Additionally, it should be emphasized that
the study's sample size of CC individuals was small, and their age range was limited, with the majority
aged between 40 and 48 years and only two individuals between 32 and 34 years. These factors might
have impacted the accuracy of the correlation between cortical thickness and age. Nonetheless, this
study, along with previous findings by Holig et al. (2022), suggests that age may exert diverse effects
on the structural organisation of the brain following a transient period of early visual deprivation.
Further research should delve deeper into investigating whether neural circuits can truly resume their
typical developmental trajectories, especially considering the distinct developmental trajectories of

cortical thickness and surface area.

Further exploratory analyses within the CC group revealed a negative correlation between cortical
thickness and visual acuity, indicating that individuals with thicker early visual cortex tend to have
lower visual acuity. While previously, contradicting evidence has been reported on this relationship
(Feng et al., 2021; Holig et al., 2022) this finding underscores the potential behavioural significance
of structural brain changes following early visual deprivation. Conversely, increased cortical thickness
in peripherally responsive visual areas of individuals with macular degeneration has been associated
with compensatory gain of function leading to spared peripheral vision, while central vision loss was
associated with cortical thinning (Burge et al., 2016). This seemingly contradicting findings potentially
imply the existence of various mechanisms that could potentially connect behavioral and structural
changes. In contrast to Holig et al. (2022), the results from the current study suggested a negative
correlation between surface area and visual acuity in most of the early visual cortex of CC individuals,
indicating that individuals with greater surface area tend to have lower visual acuity. However, an
additional cluster in the right hemisphere suggested the opposite trend. It is important to note that

these correlations between surface area and visual acuity did not reach significance.

In general, it is important to exercise caution when interpreting correlational findings that are based
on a limited sample size, as potentially deviating individual data points within the sample can

significantly impact the observed results.
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The Integration of Analysis Approaches

Previous studies investigating structural differences following transient early visual
deprivation have employed either a vertex-wise approach to estimate group differences (Feng et al.,
2021; Holig et al., 2022) or calculations based on average values for defined regions-of-interest
(Brockhaus et al., 2022; Guerreiro, Erfort, et al., 2015). In contrast, the present study incorporated
both a vertex-wise analysis and a ROl analysis to investigate the effects of early visual deprivation.
Incorporating both approaches allows to directly compare the results and gain valuable insights into
the specific methodological demands and advantages of each analysis method. This comparison not
only enhances our understanding of the current study but also provides essential guidance for future
studies in the field. Regarding cortical thickness, it seems plausible that the clusters indicating group
differences were too small to survive multiple comparisons. The limited size of these clusters might
also explain the lack of differences observed in the ROI-based analysis. For example, even the three
clusters within the left V1 might not have been sufficient to demonstrate a group difference across
the entire region of the left V1. In contrast, for surface area, the ROI-based analysis yielded results
where the vertex-wise analysis indicated none. It is possible that group differences in surface area
might have been more widespread, involving a greater number of vertices, yet subtler in terms of the
magnitude of differences. Consequently, individual clusters might not have emerged, but the overall
region could still indicate a group difference. In conclusion, considering the limitations of small
sample sizes, both analysis approaches offer distinct advantages that contribute to a more
comprehensive understanding of the data. Since comparative research in this area is still limited,
future studies should explore the integration of these analysis methods. This is particularly relevant
in light of the emerging use of ultra-high field MRI, where alternative approaches may be necessary

to accurately estimate statistical significance.

Limitations

It is important to acknowledge that the sample size of the CC group consisting of eight
individuals was relatively small, which is attributed to the rarity of individuals who experienced
bilateral dense congenital cataracts for a minimum of 6 months. This limited sample size may have
influenced the effect size of potential group differences, particularly in the vertex-wise analysis, as
discussed earlier. Additionally, the inclusion of a third group with visual impairments aimed to
distinguish between the effects of early visual deprivation and those associated with visual
impairments. However, the sample size of this group was also limited, consisting of only four

individuals, which restricts the scope of interpretation for the results. Moreover, it is important to
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consider the heterogeneity of visual impairments within this group, as individuals had varying degrees
of visual impairments. Despite these limitations, the study at hand provides valuable insights into the
potential of submillimetre structural data and the methodological characteristics of two commonly
used analysis approaches. These findings offer valuable guidance for future research, particularly in
relation to the potential effects of early visual deprivation beyond the visual cortex as previously

reported (Feng et al., 2021).

Conclusion

In conclusion, this study represents an important step in understanding the effects of early
visual deprivation within the early visual cortex, indicating that impaired structural brain
development due to visual deprivation from birth may not be fully reversible. The investigation of
cortical thickness and surface area using both vertex-wise and ROl analysis approaches provides
valuable insights into the comprehensive effects of early visual deprivation. The analysis of
submillimetre structural data holds promise for future structural MRI analyses, suggesting potentially
differentiated effects of early visual deprivation on different aspects of brain structure. However,
further research is necessary to gain a comprehensive understanding of these effects and to refine

the use of different analysis methods.
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1. Introduction

The VTC in adult humans exhibits a highly specialised organisation for processing complex
visual stimuli, including faces, bodies, objects, and scenes. These visual stimuli are represented in two
complementary manners across the VTC. Firstly, distributed patterns of activation throughout the
entire VTC encode information about the categorical membership of the visual stimuli (Haxby et al.,
2001; Kriegeskorte, Mur, & Bandettini, 2008). Secondly, certain regions within the VTC respond more
strongly to specific categories of stimuli than others, such as face-selective regions located along the

fusiform gyrus (Kanwisher et al., 1997).

Both distinct regions as well as distributed patterns of category specific activation have been found
remarkably consistent across subjects (Grill-Spector & Weiner, 2014; Kanwisher, 2010), which raises
the question of how this multifaceted categorical organisation develops. Besides various anatomical
factors that are considered to determine where selective regions emerge (for a review see Op de
Beeck, Pillet, & Ritchie, 2019), the question of whether or not visual experience is necessary for the
development still receives a lot of debate. To investigate this question, researchers have primarily
focused on the development of distinct categorical regions, i.e. when do these regions emerge and
are age-related changes in size or selectivity observable. fMRI research investigated the development
of selective regions within the visual cortex that are involved in the processing of faces (Gathers et
al., 2004; Golarai et al., 2007, 2010; Passarotti et al., 2003, 2007; Scherf et al., 2007), places and
objects (Golarai et al., 2007; Scherf et al., 2007) as well as bodies (Peelen et al., 2009) and indicated
late developmental changes in category-selectivity in children between the age of 4 and 11 (Cantlon
et al., 2006, 2011; Golarai et al., 2007). These changes have been discussed to reflect experience-
dependent developmental mechanisms given that it takes the first decade of life for these changes

to occur (Golarai et al., 2015).

Particularly face-selective cortices follow a prolonged developmental trajectory and continue to
develop into late adolescence (Aylward et al., 2005; Golarai et al., 2007). More specifically, face-
selective regions such as FFA, OFA and the STS have been reported to take between 8 to 10 years of
age to solidly form (Gathers et al., 2004; Scherf et al., 2007, 2011). A variety of neural mechanisms
has been proposed to accompany this development, such as age-related changes in spatial extent of
face-selective activation, both increase (Golarai et al., 2007, 2010; Pelphrey et al., 2009; Scherf et al.,
2011) as well as decrease (Passarotti et al., 2003), and/or changes in response characteristics of face-
selective neurons (Cantlon et al., 2011; Golarai et al., 2010), yet consensus has not been reached.
These neurophysiological changes might contribute to the marked behavioural changes in categorical
processing seen in late childhood. More specifically, the maturation of expert face processing

mechanisms occurs around the age of 10 years, indicated by an absence of the face inversion effect
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in children younger than nine years of age, and improves linearly with age (Hills & Lewis, 2018;
Schwarzer, 2000). The face inversion effect has been described to result from progressive tuning of
face-selective regions: while all tested age groups, i.e. children, adolescents and adults, showed
similar response profiles to upright faces, only children at the age of 8 to 11 years showed higher
response to inverted than upright faces - a response that decreased with age (Passarotti et al., 2007).
However, face processing continues to mature even beyond the first decade of life. For example,
face-recognition memory reaches adult-level around 16 years (Carey et al., 1980; Chance et al., 1982),

while face-learning abilities improve even until the age of 30 years (Germine et al., 2011).

The importance of early visual exposure to faces for the formation or maintenance of the face-
processing system is also emphasised by findings in visually deprived non-human animal studies.
Face-deprived monkeys were able to recognise and discriminate faces within a month of face-
exposure (Sugita, 2008), yet they had not developed face-selective domains, while other categorical

regions, as well as retinotopic organisation, developed normally (Arcaro et al., 2017).

Although improvements in behavioural performance have been reported in late childhood as well for
place-selective processing (Day, 1975; Mackworth & Bruner, 1970; Munsinger & Gummerman, 1967;
Vurpillot, 1968), body-selective processing (Bank et al., 2015; Seitz, 2002; Weigelt et al., 2014) and
object-selective processing (for a review see Nishimura, Scherf, & Behrmann, 2009), there is only
limited evidence for neurophysiological changes in the respective category-selective regions. The
emergence of these regions has been reported for middle to late childhood (Golarai et al., 2007;
Peelen et al., 2009; Scherf et al., 2007). However, evidence for further age-related changes on a
neurophysiological level are either inconsistent, for example in the case of place-selectivity (Chai et
al., 2010; Golarai et al., 2007; Meissner et al., 2019), or not indicated at all, as in the cases of body-
selectivity (Peelen et al., 2009; Pelphrey et al., 2009) or object-selectivity (Golarai et al., 2010; Scherf
et al., 2007).

Despite the multitude of evidence emphasising the importance of visual experience for the
developmental of categorical processing, its role is questioned considering the accumulating
evidence for early maturation in infants. Specifically for faces, some studies indicated face-selective
behaviour shortly after birth. More specifically, face-preferential looking is already present within the
first minutes and days after birth (Goren et al., 1975; Johnson et al., 1991), which is supported by
findings of adult-like face-specific cortical routs (Buiatti et al., 2019) and specialised face-processing
already present at early infancy (Kouider et al., 2013). In general, neurodevelopmental research using

non-invasive methods such as EEG, magnetoencephalography (MEG), and functional near-infrared
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spectroscopy (fNIRS) have reported high-level responses in infants not just to faces (de Haan &
Nelson, 1999; de Heering & Rossion, 2015), but also to scenes (Powell et al., 2018), and bodies (Lisboa
et al., 2020; Meltzoff et al., 2018). Importantly, it has been discussed that the lack of fMRI evidence
for high-level responses in infants, compared to the increasing number of behavioural studies and
other electrophysiological measures, are rather a result of methodological limitation in MRI than
absence of proof (McKone et al., 2012). More recently, methodological adaptations allowed to test
awake infants between two and nine months of age. Similar to adults, tested infants already showed
spatial organisation which differentiated between faces and places (Deen et al., 2017) and even
showed category-selectivity for faces, places and bodies (Kosakowski et al., 2021). Visual experience
at such a young age is comparably limited and yet adult-like processing has been reported. These
findings might suggest that other, experience-independent mechanisms are involved in the

development of category-selectivity.

Visual experience as the sole driving force for the development of category-selectivity might seem at
odds even more so with the observation of category-selectivity being preserved in congenitally blind
individuals. In congenitally blind individuals, visual areas have been observed to be activated during
auditory processing, including language processing (Bedny et al., 2011; Roder et al., 2002), voice
recognition (Holig et al., 2014) and sound localization (Collignon et al., 2011; Gougoux et al., 2005).
This phenomenon is referred to as cross-modal plasticity, in which visual areas are integrated into the
processing of preserved modalities. Moreover, a multitude of studies reported that cross-modal
organisation follows the category-selective organisation in congenitally blind individuals and can be
found for the auditory modality (van den Hurk et al., 2017), as well as for the tactile modality (Ratan
Murty et al., 2020). Cross-modal category-selective responses have been demonstrated in small,
clustered regions within the VTC, such as face regions (Fairhall et al., 2017; Holig et al., 2014; Ratan
Murty et al., 2020), the visual word form area (VWFA; Reich, Szwed, Cohen, & Amedi, 2011; Striem-
Amit, Cohen, Dehaene, & Amedi, 2012), body parts (Kitada et al., 2014; Striem-Amit & Amedi, 2014),
numbers (Abboud et al., 2015), scenes and large non-manipulative objects (He et al., 2013; Wolbers
et al., 2011), as well as tools and common objects (Amedi et al., 2007; Peelen et al., 2013, 2014).
Additionally, multiple studies reported that sighted and blind individuals share similarities for large-
scale distributed representations within the VTC (Mahon et al., 2009; Pietrini et al., 2004; van den
Hurk et al., 2017). More specifically, Van den Hurk et al. were able to show that visual categorical
responses in sighted individuals were able to predict auditory categorical responses in blind
individuals and vice versa, which leads to the conclusion that both groups show the same underlying

functional organisation, although respondent to different modalities.
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Taking these reported results together might indicate that multiple mechanisms are involved in the
development of specialised categorical processing. The evidence in congenitally blind individuals
indicates that large-scale categorical organisation develops without visual experience. As mentioned
before, the multivariate approach also includes selective regions, which would account for cross-
modal categorical selectivity in distinct regions. Moreover, the experience-independent development
of large-scale categorical organisation would most likely also facilitate the development in sighted
individuals, which could align with early functional maturation in infants. However, visual experience
and especially early visual experience seems to be essential for the maintenance and fine-tuning of

univariate selectivity as indicated by the developmental studies in normally sighted individuals.

To further disentangle the effects of early visual experience and its role in the development of
categorical processing, this study investigated a group of individuals, who experienced a transient
period of congenital visual deprivation due to dense bilateral cataracts (CC individuals). In CC
individuals, visual functions have been studied both on a basic level, such as visual acuity and
peripheral vision (Lewis & Maurer, 2005), as well as on a more complex level, such as perception of
illusory contour and faces (Putzar, Hotting, et al.,, 2007, 2010). Although face processing in CC
individuals has been investigated extensively on a behavioural level (Gandhi et al., 2017; Le Grand et
al.,, 2001; Mondloch et al., 2013; Putzar, Hotting, et al., 2010; Robbins et al., 2010), less evidence
exists on the neurophysiological level of face processing. Two studies investigated the underlying
neural mechanisms of categorical face processing and demonstrated face-specific impairments in CC
individuals (Grady et al., 2014; Réder et al., 2013). Analysing ERPs, Roder et al. (2013) investigated
the N170 component, which is a known face-sensitive neural marker (Eimer, 2011) and is discussed
to originate in middle and posterior fusiform gyri (Gao et al., 2019). In normally sighted individuals,
the N170 component is enhanced when being presented with faces compared to other categories.
Roder et al. presented images of faces, houses and scrambled versions of both to CC individuals,
individuals with developmental cataract and normally sighted individuals. Only CC individuals did not
show the face-specific enhancement, but rather showed similar responses to all presented categories
(Roder et al., 2013). In an fMRI study, Grady et al. (2014) reported that CC individuals showed face-
specific activation in the same regions as normally sighted individuals, yet the response for faces was
weaker than in sighted controls. Further, only CC individuals showed object-selective activation in
face regions (Grady et al.,, 2014). Taking these two results together, one can conclude that CC
individuals exhibit an ill-specialised face processing system, in which face-selective responses are

reduced and processed rather similar to other categories.
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The studies by Roder et al. (2013) and Grady et al. (2014) both suggest that CC individuals have
impaired face-selective processing due to early visual deprivation. These findings highlight the
importance of investigating the effects of early visual deprivation on the processing of other
categories, such as bodies, objects, and scenes. Moreover, a combination of multivariate and
univariate analysis techniques, such as MVPA and ROI analysis, can provide a more comprehensive
understanding of the effects of early visual deprivation on visual processing and potentially shed light
on new insights into the neural mechanisms involved in visual perception. To this end, we acquired
functional MRI data of a group of individuals, who had experienced congenital visual deprivation due
to bilateral dense cataract for a minimum of 6 months and compared them to a group of normally-
sighted control (SC) individuals and a group of individuals, who experienced other (congenital or
acquired) visual impairments, but had pattern vision at birth (VI individuals). All participants were
presented with short video clips of faces, body parts, objects and scenes, which allowed us to test a
variety of categorical responses. To investigate the effects of early visual deprivation on the
processing of these visual categories, an MVPA analysis was used to provide a more nuanced
understanding of the specific patterns of brain activity associated with different categories of visual
stimuli, while a univariate ROl analysis was used to provide information about the activation levels of
specific brain regions in response to different visual stimuli. The study at hand aims to extend previous
findings not just in terms of multiple additional categories being tested, but especially because both

univariate as well as multivariate analyses have been conducted.
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2. Hypotheses

Multivariate analysis

1) We hypothesised that all visual categories can be classified above empirical chance level within all
individuals of the three tested groups (both in within-subject classification as well as in within-group

classification).

2) We expected successful classification between the SC group and the CC group.

Univariate analysis within VTC

3a) For bilateral face-selective regions mFus-faces, pFus-faces and 10G-faces, as well as for the
combined region avg-faces, we expected higher responses for faces compared to the remaining
stimulus categories (bodies, objects, scenes) for all three groups (CC individuals, visually impaired and

normally sighted controls).

3b) However, we expected to find a reduced face-selective response in CC individuals compared to

normally sighted and visually impaired controls.

4a) For bilateral body-selective region OTS-bodies, we expected a higher response for bodies

compared to the remaining stimulus categories (i.e. faces, objects, scenes) in all three groups.

4b) However, we expected to find a reduced body-selective response within the OTS-bodies of CC

individuals compared to normally-sighted and visually impaired controls.

5a) For the bilateral place-selective region CoS-places, we expected a higher response for places

compared to the remaining stimulus categories (i.e. faces, objects, bodies) in all three tested groups.

5b) However, we expected to find a reduced place-selective response in CC individuals compared to

normally sighted and visually impaired controls.
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Extended findings on categorical regions

6a) For the remaining body-selective regions, which are the bilateral regions MTG-bodies, LOS-bodies
and ITG-bodies, we expected a higher response for bodies compared to the remaining stimulus

categories (i.e. faces, objects, scenes) in all three tested groups.

6b) However, we expected to find a reduced body-selective response in CC individuals compared to

normally sighted and visually impaired controls.

7a) For place-selective right-lateralised TOS-places, we expected a higher response for places

compared to the remaining stimulus categories (i.e. faces, objects, bodies) in all three tested groups.

7b) However, we expected to find a reduced place-selective response in CC individuals compared to

normally sighted and visually impaired controls.

Exploratory analysis

8) We were interested to investigate and compare the categorical response profile for the remaining
ROl as provided by the functional visual atlas (Rosenke et al., 2020). This included early visual regions
(bilateral regions vid, v2d, v3d, vlv, v2v, v3v) as well as regions that have other categorical
preferences than tested within our paradigm, more specifically the bilateral motion-selective hMT as

well as the left-lateralised character-selective regions pOTS-characters and |0S-characters.
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3. Methods

Participants

The study at hand was part of a larger project consisting of two MRI sessions, one in 3T and

one in 7T MRI and one behavioural session to determine visual and auditory acuity.

Detailed description on the recruitment of participants as well as inclusion and exclusion criteria can
be found in the first study of this dissertation project (Chapter 2). Shortly, three groups were tested:
First, a group of eight individuals who experienced complete, dense and bilateral congenital cataract
(CC) for a minimum of sixth months (age range 32 — 48 years, Mage = 42 years, SD.g = 6; 5 female).
The CC individuals underwent cataract-removal surgery at an average age of 20.6 months (range 6
and 48 months). The CC group was identical to the group reported for the first study of the
dissertation project. Table 4 contains detailed information of individuals’ visual characteristics.
Second, a group consisting of thirteen sighted controls was recruited (allSC: Mage = 35.9 years, SDage =
9.2 years, range 21 - 56 years, 8 female). Eight of these thirteen SC individuals were approximately
matched in age and gender to the CC participants (mSCcc: age range 31 - 56 years, Mag = 40.9 years,
SD.ge = 7.5; 5 female). Average visual acuity of these mSC participants was -0.06 logMAR (SDacuity =
0.23 logMAR, range: -0.30 — 0.33 logMAR). Third, an group of visually impaired (VI) individuals was
recruited who had pattern vision from birth in at least one eye. We tested three VI individuals (age
range 21 — 32 years, Mag = 25, SD = 6.1, all female). Two individuals had congenital, yet incomplete
visual impairments and one had an acquired visual impairment. Detailed description of their visual
characteristics can be found in Table 4. All VI individuals have been recruited in Hamburg, Germany,
via e-mail list of the University of Hamburg for handicapped students as well as sport and social
groups for blind and visually impaired individuals. It is noteworthy, that all subjects, i.e. CC, VI and SC
individuals, who participated in this study also participated in the first study (Chapter 2). However,
due to technical and organisational reasons not all individuals of the VI and the SC group participated

in the 3T scanning session, which was basis for the analyses at hand.
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Table 4

Participant Characteristics and Clinical Information of Congenital Cataract (CC) and Visual Impaired (Vi)
Participants.

Age at Age at Visual acuity in
ID testing Sex handedness  surgery the better eye Self-reported visual impairments
(years) (month) (logMAR)

cc1 34 male right 12 0.63 Aphakia

cc2 45 male right 24 0.16 Aphakia, impaired stereopsis

Ccc3 48 female right 48 0.58 Aphakia, impaired stereopsis and visual field

CC4 45 female right 9 0.68 Pseudoaphakia, nystagmus, treated glaucoma,
impaired visual field and stereopsis

CC5 32 female right 24 0.18 Aphakia

CcCeé 46 female right 24 1.27 Aphakia, microphthalmia, nystagmus, impaired
visual field and stereopsis

cc7 46 female right 18 1.16 Aphakia, monocular enucleation, nystagmus,
impaired visual field and stereopsis

ccs 40 male right 6 0.56 Aphakia, nystagmus, impaired visual field and
stereopsis; right eye: holey iris and
underdeveloped pupil, left eye: narrowed pupil
and shifted vision

Vi1 22 female right -0.06 macular inflammation

VI2 32 female right 0.74 monocular congenital cataract

VI3 21 female right 0.97 binocular aniridia

The study was approved by the local ethics committee for the Faculty of Psychology and Human
Movement Science, University Hamburg, in 2018. Each participant gave written informed consent for
participating in this study and received reimbursement for travel costs and some monetary

compensation for their participation.

Experimental Design

The experimental paradigm has been described in detail by van den Hurk et al. (2017). Briefly,
participants were presented with stimuli of four different categories matched for the auditory and
visual modality, with four runs per modality. Stimuli belonged to the categories of either Body, Face,
Object or Scene. However, for the study at hand, only the visual modality is of interest. Each visual
run consisted of four overall-blocks in which each category, i.e. Face, Body, Object, Scene, was
presented once. Each category-block consisted of eight stimuli with a 200 ms interstimulus interval,
followed by a 200 ms inter-block interval. The overall-blocks (consisting of all four category-blocks)
were separated by a 12 s fixation-only period showing a white fixation cross on black background. In
contrast to the original paradigm, two of the four overall-blocks per run were presented in colour,
while the remaining two blocks were presented in black and white. The presentation order of

category-blocks was counterbalanced within and between runs to account for possible order effects.

Due to technical problems, one of the normally sighted subjects was presented with a deviating

presentation order, which resulted in three blocks of coloured stimuli and only one block of greyscale
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stimuli. We decided to exclude this participant for the MVPA analysis due to the imbalance in
category, yet keep it for the univariate analysis given that the content of categorical information is

the same as for all the other subjects.

Task and Stimuli

The task and stimuli were those described in van den Hurk (2017). Briefly, visual stimuli
consisted of 16 short (~1,800 ms) video clips per category (i.e. face, body, object, scene). In the face
category, we presented clips like laughing or whistling. In the body category, the video clips portrayed
actions like hand-clapping or footsteps. In the object category, for example, we showed clips of a car
or a ball. Stimuli of the scene category showed for example a train station or waves on a beach. To
assure visibility despite visual impairments of CC and VI participants, we doubled the size of the visual
stimuli which resulted in an onscreen stimulus size of 28*17 cm. Participants performed a one-back
task judging the categorical similarity of each stimulus to the previous stimulus on a scale from 1
(highly similar) to 4 (highly dissimilar) via button press of the dominant hand. To assess whether
participants perceived the categorical differences, custom-written MATLAB code was used to analyse
if participants perceived the transitioning stimuli from one category to the next category less similarly
than stimuli within one category-block. More specifically, we tested if the average response of within-
category trials was significantly lower than the average response in between-category trials. Based
on the procedure from van den Hurk et al. (2017) we aimed to exclude subjects who responded in
less than five between-category trials. However, our analysis revealed that comparably few subjects
met this criterium. More specifically, only two out of eight CC individuals (25%), eight out of 13 SC
individuals (61.5%) and one out of three VI individuals (33%) would have been eligible for the
behavioural analysis. To allow for meaningful assessment of data we therefore included subjects who
responded at least once, which resulted in only one CC individual and three SC individuals being

excluded. In the case of multiple button presses, only the first response was analysed.

Data acquisition

Functional and anatomical MRl images were acquired on a 3 Tesla Siemens Magnetom Prisma
Fit scanner (Erlangen, Germany) equipped with a 32-channel head coil. For functional scans, we
acquired 180 - 217 single-shot echoplanar (EP) images (iPAT factor 2, type GRAPPA, acquisition matrix
=100*100, FoV = 200*200, voxel resolution = 2mm?3, 64 slices, no inter-slice gab, TR = 2000ms, TE =

30ms, multiband factor = 2, flip angle = 77°, activated pre-scan normalisation). Before each functional
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scan, which had the phase encoding direction posterior to anterior (P-A), a distortion correction run
acquired five EP images with equal acquisition parameters, but opposite phase encoding direction
(i.e. anterior to posterior, A-P). In addition to functional images, 3D high-resolution T1 images were
acquired using a MPRAGE sequence (iPAT factor 2, type GRAPPA, 192 slices, acquisition matrix
256*256, FoV 256*256, voxel resolution 1mm?, no interslice gap, TR = 2300ms, TE = 2.98m:s, flip angle
= 9°, active pre-scan normalisation & (inline) distortion correction). Each run lasted approximately 9
minutes. Stimuli were presented using a custom-written MATLAB R2014a code (The MathWorks, Inc.,
Natick, Massachusetts, United States) and Psychtoolbox-3 (Brainard, 1997). In a separate behavioural
session, we assessed visual acuity, contrast perception and Vernier acuity using the computer-based
program FrACT (Bach, 2007) as well as colour perception using the Farnsworth Panel D-15 Test

(Linksz, 1966).

Data preprocessing

Functional and structural data were preprocessed and analysed using BrainVoyager 20
(Goebel et al.,, 2006). Functional preprocessing consisted of slice scan-time correction (sinc
interpolation), head motion correction (trilinear/sinc interpolation), and temporal high-pass filtering
removing linear trends and low-frequencies below four cycles per run. Subsequently, we corrected
each functional run for geometric distortions using the BrainVoyager COPE plugin. The COPE plugin
estimates and corrects deformations due to non-zero off-resonance fields by using a pair of images,
which are acquired in opposite phase-encoding directions. In our case, this refers to each pair of
distortion correction run and the directly ensuing functional run. Individual anatomical images were
initially corrected for inhomogeneities and segmented from the surrounding head tissue. The data
were then transformed to standard Talairach space and automatically segmented at the grey matter-
white matter boundary. To assure good segmentation results, we visually inspected each hemisphere
and manually corrected the automatically created boundary if necessary. The cortex-based alignment
approach implemented in BrainVoyager was used to align each subjects’ curvature information to the
dynamic group average of all tested subjects (N = 24). This resulted in an average surface
reconstruction separately for the left and right hemisphere. Similar to van den Hurk et al. (2017), we
manually defined the VTC on our group average surfaces for the left and right hemisphere individually
by tracing well known anatomical boundaries: occipito-temporal sulcus, posterior transverse
collateral sulcus, parahippocampal gyrus, and the anterior tip of the MFS (Grill-Spector & Weiner,
2014). After preprocessing, functional data were co-registered to the respective subjects’ anatomical
image, normalised to Talairach space and 4D volume time course files were created. For univariate

analyses, 4 mm FWHM spatial smoothing was applied, while no spatial smoothing was applied for the
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MVPA (Vetter et al., 2020). A two-gamma hemodynamic response function was fitted for each
categorical predictor, i.e. Body, Scene, Face, Object, and z-transformed 3D motion parameters of each

functional run were added as confounds.

Statistical analysis

MVPA analysis

An MVPA was used to discriminate patterns of activation for the categories Body, Face,
Object and Scene, separately for colour and black and white (hence listed as “_bw”) stimuli in each
participant. For the analysis, we used custom-written Matlab code in combination with the NeuroElf
v1.0 toolbox (NeuroElf.net). Voxel’s time courses were modelled with a two gamma hemodynamic
response function including categorical predictors for each of the eight categories (i.e. Face, Body,
Object, Scene, Face_bw, Body bw, Object_bw, Scene_bw) and z-transformed motion parameters.
We used the resulting beta maps as trial estimations, in which each trial was labelled according to its
corresponding category. The volumetric estimations were sampled to the reconstructed surfaces in
depth along the vertex normals (-1lmm to 3mm) using trilinear interpolation. Using the vertex
alignment information from the cortex based alignment procedure, we aligned each subject’s
reconstructed surface to the group aligned space and applied the previously defined VTC mask. For
classification, we selected vertices along the VTC mask. Beta values were normalized by z-scoring the
training and testing datasets and fed into a linear support vector machine classification algorithm
(LIBSVM toolbox (Chang & Lin, 2011)). The classification was performed on category pairs which were
assembled separately by colour, resulting in six category pairs in colour and six pairs in black and

white.

Three different classification results were of interest: within-subject classification, within-group
classification and between-group classification. The concrete analysis steps will be explained more
specifically per analysis. For within-subject classification, we used a leave-one-run-out cross-
validation. More specifically, for each of the twelve category pairs, we trained the classifier on three
runs of one subject and tested the classifier on the remaining run of that same subject. This cross-
validation procedure was repeated three times so that for each subject and category pair, each run
was once used as the test dataset. The resulting four classification accuracies per subject and category
pair were further averaged across runs, leaving the final classification accuracy per subject and
category pair. This procedure was repeated for each of the twelve category pairs and each subject.
To evaluate classification performance, we performed a permutation procedure estimating the

distribution parameters under the null hypothesis. For each of the four cross-validation runs, we
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shuffled category labels 1000 times within each run of the training dataset and tested the classifier
on the test dataset. The accuracies were then averaged across runs resulting in 1000 permutation
accuracies under the null hypothesis per subject and category pair. To evaluate significance on an
individual subject level, we ranked the final classification accuracy against the ranked permutation
accuracies. Additionally, to evaluate classification performance on the group level, we computed the
average prediction accuracy across subjects per category pair and tested it against the average
permutation accuracies using a non-parametric Wilcoxon sign rank test. P-values were corrected for
multiple comparisons using an FDR correction while maintaining a false discovery rate of g = 0.05. To
furthermore compare the classification between groups directly, we averaged accuracies across all
twelve category pairs per group and tested the mean difference between groups against a

distribution of means, which were computed by shuffling group labels 10,000 times.

In addition to within-subject classification, between-subject classification was analysed. The
procedure was similar to the within-subject classification, except that we trained and tested the
classifier for each category pair on two different subjects. More specifically, we trained the classifier
on the data of subject 1 and tested on the data of the remaining subjects 2-23. The two subjects
belonged to either the same group, hence referred to as within-group classification, or different
groups, hence referred to a between-group classification. For statistical evaluation on the individual
subject level, we again performed the permutation procedure with 1000 shuffles of category labels
for each test subject and subsequently tested our true classification accuracies against the averaged
permutation accuracies using a non-parametric Wilcoxon sign rank test. The prediction accuracies
and permutation accuracies were averaged and assigned to the training subject. To evaluate
significance on the group level, we averaged the classification accuracies and permutation accuracies
per category pair across training subjects. Using a non-parametric Wilcoxon sign rank test, we tested
the averaged classification accuracies against the averaged permutation accuracies. All p-values were

corrected for multiple comparisons with an FDR correction with g = 0.05.
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Univariate analysis

Because we were also interested in how early visual deprivation affects categorical processing
in literature-based regions, a surface-based regions of interest (ROI) analysis was performed. Voxel-
based time course files were sampled to the respective individual reconstructed vertex-based
surfaces. For this transformation, data was integrated in depths along the vertex normals from -1.0
mm to 3.0 mm using trilinear interpolation. Because in this study we were only interested in the
categorical processing, (and not on the processing of colour) we decided to collapse categories across
colour conditions. This resulted in four conditions, which were ‘Body’, ‘Scene’, ‘Face’, ‘Object’. We
computed surface-based general linear models using BrainVoyager based on the group-aligned
surface information, smoothed surface time course files and motion-corrected design matrices. The
latter, as previously mentioned, contained only the categorical conditions (i.e. Face, Body, Object,
Scene). Because we were specifically interested in group differences within literature-based
categorical regions and to increase statistical power given our small sample size (Poldrack, 2007) we
used a region of interest (ROI) analysis. ROl were defined using the probabilistic functional atlas of
the occipital-temporal cortex by Rosenke et al. (2020). This atlas consists of 33 regions in total, 17
regions for the left hemisphere and 16 regions for the right hemisphere, including early visual areas
as well as a variety of higher-level visual regions. In the following, each region will be described briefly.

For more information see Rosenke et al. (2020).

We primarily focussed the analysis on regions that are associated with the four tested categories. Of
those, face-selective regions were of specific interest, given that until now effects of early visual
deprivation have only been reported in the face-processing system (Grady et al., 2014). The atlas
defines three bilateral face regions — in the mid-lateral fusiform gyrus (mFus-faces) and posterior
lateral fusiform gyrus (pFus-faces), corresponding to the fusiform face area (Kanwisher et al., 1997),
as well as in the inferior occipital gyrus (I0G-faces). Although not directly associated as such by
Rosenke et al., the I0G-faces most likely reflects the OFA (Gauthier et al., 2000). The differentiation
into three face-selective regions has been emphasised lately as contrary to earlier believes, the
middle and posterior face-selective regions show differentiations both on the cytoarchitectural as
well as the functional level (Weiner et al., 2014; Weiner & Grill-Spector, 2010; Zhen et al., 2015). We
needed to consider possible differences among face-selective regions, as they might influence the
conclusions of whether there are group differences or not. Yet because of our small sample size,
dividing into small regions also brings the disadvantage of less statistical power. We therefore
decided to also investigate the average of all three regions, which was labelled avg-faces. As body-
selective regions, Rosenke et al. defined a bilateral region in the occipital-temporal sulcus, the OTS-

bodies region, which corresponds to the FBA (Peelen & Downing, 2005; Schwarzlose et al., 2005), as
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well as three additional bilateral regions in the lateral occipital cortex. These three regions, the middle
temporal gyrus (MTG-bodies), the lateral occipital sulcus (LOS-bodies), and the inferior temporal
gyrus (ITG-bodies) are together referred to as the EBA (Downing et al., 2001), a region, that again only
recently has been identified as a complex of multiple subparts (Ferri et al., 2013; Weiner & Grill-
Spector, 2011). The atlas entails furthermore a bilateral place-selective region within the collateral
sulcus (CoS-places) corresponding to the PPA (Epstein & Kanwisher, 1998) and additionally a right-
lateralised place-selective region in the transverse occipital sulcus (TOS; Hasson, 2003; also referred
to as occipital place area (OPA). Unfortunately, the functional atlas does not entail regions for object
processing, although object-selectivity has been tested. The reason for not including object-selective
regions in the functional atlas according to the authors was a strong variability among the tested
subjects, which did not allow for reliable definition (Rosenke et al., 2020). Additionally, the atlas
contains two left-lateralised character-selective regions, namely the posterior occipital-temporal
sulcus (pOTS-characters) and the inferior occipital sulcus (I0S-characters), the mid-level bilateral
hMT, which is associated with the processing of motion (Tootell et al., 1995) and early visual regions,

consisting of V1, V2 and V3, both in a dorsal and a ventral location.

Given its important role for categorical processing, we focused our analysis firstly on the VTC. We
selected a sub-set of atlas regions that overlapped with our previously defined VTC mask. Five regions
were selected accordingly, namely the mFus-faces, pFus-faces, |I0G-faces, OTS-bodies and CoS-places.
For the previously mentioned bilateral avg-faces, all three individual face regions were combined
respectively for the left and right hemisphere. For each ROI, beta values were extracted for all
subjects (N = 24) according to our experimental design. Our main interest was the direct comparison
of CC individuals and SC individuals. Therefore, we calculated a model based on the CC individuals
and a subset of eight SC individuals matched in age and sex, hence referred to as the matched-model

(N = 16).

ROI analyses were performed using the statistical software R (R Core Team, 2016). For each of the
ROI, a linear mixed model was fitted using the Ime4 package (Bates et al., 2015), specifying group and
category as factors, a random intercept for each subject and the extracted beta values as the
dependent variable. We used the ImerTest package (Kuznetsova et al., 2017) for obtaining F-test
values including p-values with the Kenward-Roger method for estimating denominator degrees of
freedom. All ANOVA outputs were collected and corrected for multiple comparisons using FDR
correction while maintaining a false discovery rate of g = 0.05. If the results indicated significant or
marginal significant effects, we further performed pairwise comparisons of estimated marginal
means using the package emmeans (Lenth, 2022). For category main effects, we tested each category

response averaged across groups against each of the remaining categories, resulting in six pairwise
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comparisons. For a group main effect, we tested the overall group mean against the other groups. In
the case of a group*category interaction, we split the data first by group to compare categories
separately for each group and second by category to compare groups directly for each of the four
categories. All post-hoc results were collected and an FDR correction was applied maintaining q =

0.05.

Because our sample size of eight individuals was quite small and the advantage of linear mixed models
in dealing with unequal sample sizes (G. Chen et al., 2013), we wanted to investigate if possible effects
would depend on the sample size and if increasing the size of our sighted control sample would give
stronger results. In a second approach, we hence re-run the analysis described above based on data
of all tested subjects. Accordingly, the sample consisted of 13 SC individuals, eight CC individuals and

three VI individuals. We hence referred to this model as the all-subjects-model (N = 24).

As described above, the functional atlas contains a variety of other regions. Given the little evidence
for categorical processing in the rare sample of CC individuals, we decided to make use of all ROI
within the functional atlas provided by Rosenke et al. (2020). Our third point of focus included
therefore the remaining ROI provided by the atlas beyond the border of VTC. Those regions were split
into regions that are associated with tested categories such as places and bodies, and other regions,

such as the character regions, the motion-selective hMT as well as all six early visual regions.

To summarise our ROl analyses, the study had three main goals: 1) category-selective responses
within the VTC were directly compared between the CC group and eight matched SC individuals. 2)
we investigated whether comparing the CC group of eight individuals to all tested SC individuals and
three Vlindividuals would influence the results. 3) we tested possible category effects in all ROl based
on the functional atlas by Rosenke et al., which expanded the regions to categorical regions outside

the VTC, as well as untested categorical and early visual regions.
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4, Results

Behavioural Analysis Results

The average dissimilarity of the CC group in between-category trials was 2.52 (SD = 1.06) and
in within-category trials 2.66 (SD = 0.45). The SC group perceived between-category trials (M = 2.92,
SD = 1.06) slightly more dissimilar than within-category trials (M = 2.65, SD = 0.53). Yet neither of the
two groups exhibited the expected category differences (CC individuals: t(6) = -0.32, p > .05; SC
individuals: t(10) = 0.967, p > .05). The VI group perceived the between-category trials (M = 3.71, SD
= 0.33) as more dissimilar than within-category trials (M = 2.63, SD = 0.16). Due to the small sample

size, no statistic evaluation has been performed.

MVPA Results

We divided the MVPA into three analyses of interest. First, we assessed within-subject
classification, where training and testing the classifier was based on one subjects’ data. Second, we
performed within-group classification, in which we focused on all subjects of each group. Third, we
run the between-group classification focussing on participants of different groups, meaning training

the classifier on a subject of one group and testing on the subjects of another group.
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Within-subject classification

Figure 10 displays the within-subject classification results averaged for each group.
Classifications for all twelve category-pairs were significantly better than empirical chance level as
calculated by the permutation tests for SC and CC group. Due to the small sample size of three
individuals, the results of the VI group are only displayed for demonstration purposes. To investigated
if groups differed regarding their classification results a permutation test was performed. Comparing
classification results directly between groups, showed significant lower overall classification
accuracies in the CC group (mean accuracy M = 88.67%, SD = 6.95) compared to the SC12 group (M =
95.31%, SD =3.83, p=.006). The VI group (M =95.58%, SD = 5.06) showed on average similar accuracy

values to the SC group.

Figure 10

Within-Subject Classification Results for Normally Sighted Individuals, CC Individuals and VI
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Note. Average classification results for each of the twelve category-pairs separately for normally sighted
individuals (allSC; n = 12; displayed in green), CC individuals (CC; n = 8; displayed in red) and VI individuals
(VI; n = 3; displayed in blue). Error bars represent standard errors.
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Within-group classification

The within-group classification results are shown in Figure 11. In the SC group all category-
pairs have been correctly classified. In the CC group category-pairs have been correctly classified, only
‘Body vs. Scene’ did not survive the correction for multiple comparisons (p = .055). The results for the
VI group are again presented only for illustration purposes. Again, we compared classification results
across groups and found significantly lower accuracy for the CC group (M = 71.61%, SD = 10.69)
compared to the SC group (M = 80.76%, SD = 8.89, p = .019). The VI group exhibited on average
accuracy values between the other two groups (M =74.13%, SD = 12.88).

Figure 11

Within-Group Classification Results for Normally Sighted Individuals, CC Individuals and VI

Individuals
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Note. Average classification results for each of the twelve category-pairs separately for normally sighted

individuals (allSC; n = 12; displayed in green), CC individuals (CC; n = 8; displayed in red) and VI individuals
(VI; n = 3; displayed in blue). Error bars represent standard errors.
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Between group classification

We were also interested if categories could be successfully classified across groups. Again,
given the small sample size of our VI group, the between-group analysis was performed only for the
SC and CC groups. All category-pairs have been correctly predicted when training the classifier on the
CC data and tested on the SC data (M = 78.72%, SD = 2.75) as well as when reversing the prediction
direction, i.e. training on the SC data and testing on the CC data (M = 70.15%, SD = 2.44). Comparing
the classification results of both prediction directions indicated no significant difference (p = .954).

Figure 12 displays the average prediction accuracies for both classification directions.

Group
B ccsc
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Figure 12

Between Group Classification Results for Both Classification Directions
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Note. Average classification results for each of the twelve category-pairs separately for CC-to-SC
generalisation (dark grey) and SC-to-CC-generalisation (light grey). Error bars represent standard errors.
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ROI Analysis Results Within the VTC

Because we are interested in directly comparing both subject models separately per region,
we decided to list both models directly per ROl rather than reporting models separately. For
readability, only the category-specific post-hoc comparisons are reported in the text, while the
remaining results are listed in the Appendix B. For each ROI, tables list the average beta values per
category and group and entail the mSC group, i.e. matched SC individuals, as well as the allSC group,
based on the data of all tested SC individuals. For the respective graphs, rather than displaying results
of the same subject twice, we decided to display the mSC individuals in light green while only the five
additional SC individuals in the allSC group are displayed in dark green. All reported p values were

corrected for multiple comparisons.

mFus-faces

mFus-faces_lh (matched-model). For the left mFus-faces, there was a significant main of
category (F(3,42) = 5.08, p = .013, r]lz, =.266). There was no effect of group (F(1,14) = 2.89, p = .222,
nf, =.171), nor a significant interaction between group and category (F(3,42) = 1.99, p = .227, r]zz, =
.124). Overall, the category Obiject elicited the highest response (M = 0.96, SD = 0.47) followed by
Face (M =0.90, SD = 0.39), Body (M = 0.71, SD = 0.42) and Scene (M = 0.64, SD = 0.54). The group-
specific average category responses are displayed in Table 5 and in Figure 13. All post-hoc results can
be found in supplementary table S1. Here, we only report the face-specific comparisons, given that
they are the preferential category for the mFus-faces regions. Post-hoc pairwise comparisons
revealed significant differences for ‘Face vs. Scene’ (t(42) = 2.75, p = .015) and a marginal difference

for ‘Body vs. Face’ (t(42) =-2.01, p =.074).

mFus-faces_lh (all-subjects-model). Based on the data of all subjects, we found a significant
effect of category (F(3,63) = 11.68, p < .001, n,z, =.357). There was no effect of group (F(2,21) = 1.05,
p =.553, nf, =.091). In contrast to the matched-model, there was a marginally significant interaction

between group and category (F(6,63) = 2.69, p = .054, nf, =.204).

For post-hoc comparison, we first split the data from the left hemisphere by group and compared
categorical response profiles within each group. The group-specific average category responses are
displayed in Table 5 and in Figure 13. SC and VI individuals exhibited the highest response to the
category Face, followed by Object, Body and Scene. CC individuals on the contrary showed the highest
response to the category Object, followed by Faces, Body and Scene. All post-hoc results can be found

in supplementary table S14. Here, we only report the face-specific comparisons, given that they are
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the preferential category. For the SC group, the comparisons ‘Body vs. Face’ (t(63) = -3.97, p =.001)
and ‘Face vs. Scene’ (t(63) = 4.86, p < .001) became significant. For the VI group, only the comparison
‘Face vs. Scene’ became significant (t(63) = 4.31, p < .001), while ‘Body vs. Face’ was marginally
significant (£(63) = -2.15, p = .071). For the CC group, categories did not differ significantly from each
other. Secondly, we split the mFus-faces_lh data by category to compare groups directly. We found
marginal differences between SC group and CC group for the category Body (t(42) = -2.04, p = .092)
and the category Scene t(42) = -2.12, p = .078), as well as a marginal difference between CC group
and VI group for the category Scene (t(42) = 2.18, p =.071). All further post-hoc results can be found

in supplementary table S15.

mFus-faces_rh (matched-model). We found a significant effect of category (F(3,42) = 24.43,
p < .001, 77;2; = . 636). Neither was there a group effect (F(1,14) = 1.58, p = .326, nf, =.101) nor an
interaction between the two (F(3,42) = 1.11, p = .428, 77;2; =.073). Overall, the category Face elicited
the highest response (M = 1.19, SD = 0.45), followed by Object (M =0.79, SD = 0.41), Body (M =0.77,
SD = 0.34) and Scene (M = 0.36, SD = 0.46). The group-specific average category responses are
displayed in Table 6 and in Figure 14. All face-specific comparisons became significant (p < .001) and

can be found in supplementary table S2 with the remaining category comparisons.

mFus-faces_rh (all-subjects-model). Similarly to the matched model, we only found a
significant effect of category (F(3,63) = 27.85, p < .001, nf, = .570). There was neither an effect of
group (F(2,21) =0.16, p = .878, r)IZ, =.015), nor an interaction between group and category (F(6,63) =
0.75, p = .734, nf, =.067). Highest response was found for the category Face (M = 1.26, SD = 0.46),
followed by Body (M = 0.83, SD = 0.37), Object (M = 0.82, SD = 0.42) and Scene (M = 0.40, SD = 0.48).
All face-specific comparisons became significant (‘Body vs. Face’: t(63) = -4.57, p < .001; ‘Face vs.
Object’: t(63) = 4.62, p < .001; ‘Face vs. Scene’ t(63) =9.14, p < .001). The remaining post-hoc results

can be found in supplementary table S16.

73



CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

Categorical responses within the bilateral mFus-faces

Table 5

Figure 13

Individual and Group Average Categorical Responses within the mFus-faces_lh

Body Face Object Scene
group M SD M SD M SD M SD
allSC 056 0.34 099 045 093 043 046 0.52
mSC 047 034 085 0.37 084 051 041 0.58
CcC 095 0.37 095 043 1.07 042 087 041
VI 0.73 041 122 055 083 0.27 024 0.26

Table 6

beta values

Individual and Group Average Categorical Responses within the mFus-faces rh

Body Face Object Scene
group M SD M SD M SD M SD
allSC 081 035 132 049 0.77 048 0.34 0.60
mSC 0.65 0.27 1.18 055 065 049 0.20 0.57
CcC 0.88 0.37 119 037 094 026 052 0.27
VI 0.74 056 1.18 068 0.71 058 0.34 0.41

beta values
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Note. Categorical responses within the bilateral mFus-faces, with values for the left mFus-faces on the upper
panel and values for the right mFus-faces on the lower panel. The tables (left side) display each group’s average
response and standard deviation to each category. The graphs (right side) display average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SCindividuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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pFus-faces

pFus-faces_lh (matched-model). There was a significant effect of category (F(3,42) =6.92, p
=.002, 17?, =.331). There was neither an effect for group (F(1,14) = 2.50, p = .227, nf, =.152), nor an
interaction between group and category (F(3,42) = 1.66, p = .299, n,z, =.106). The highest response
was evoked by the category Object (M = 1.28, SD = 0.39), followed by Face (M = 1.17, SD = 0.41),
Scene (M = 1.02, SD = 0.47) and Body (M = 0.96, SD = 0.37). The group-specific average category
responses are displayed in Table 7 and in Figure 15. Post-hoc tests revealed significant differences for
‘Body vs. Face’ (t(42) = -2.65, p = .018) and a marginal difference for ‘Face vs. Scene’ (t(42) = 1.94, p

=.083). The remaining post-hoc results can be found in supplementary table S3.

pFus-faces_lh (all-subjects-model). Similarly to the matched-model, we found a significant
effect of category (F(3,63) = 9.27, p < .001, r]lz, =.306). There was no effect of group (F(2,21) = .65, p
=.665, nf, =.058), nor an interaction between group and category (F(6,63) = 1.48, p = .354, nf, =.123).
The highest response in the left hemisphere was found for the category Object (M =1.33, SD =0.37),
followed Face (M =1.21, SD = 0.42), Scene (M =1.00, SD = 0.46) and Body (M =0.98, SD = 0.34). The
group-specific average category responses are displayed in Table 7 and in Figure 15. The face-specific
post-hoc comparisons ‘Body vs. Face’ (t(63) = -2.66, p = .023) and ‘Face vs. Scene’ (t(63) =-3.14, p =

.007) became significant. The remaining post-hoc results can be found in supplementary table S17.

pFus-faces_rh (matched-model). There was a significant effect of category (F(3,42) = 11.19,
p <.001, 1122, = . 444) for the pFus-faces_rh. There was no effect of group (F(1,14) = 1.73, p = .315, nf,
=. 110) nor an interaction between group and category (F(3,42) = 0.81, p = .524, nf, =. 055). The
highest response was found for the category Object (M = 1.25, SD = 0.35), followed by Face (M =1.17,
SD =0.36), Scene (M = 0.93, SD = 0.40) and Body (M = 0.92, SD = 0.28). The group-specific average
category responses are displayed in Table 8 and in Figure 16. Post-hoc pairwise comparisons revealed
two of the three face-specific comparisons to be significant, which were ‘Body vs. Face’ (t(42) =-3.44,
p = .003) and ‘Face vs. Scene’ (t(42) = 3.36, p = .003). Additional post-hoc results are listed in

supplementary table S4.

pFus-faces_rh (all-subjects-model). We found a significant effect of category (F(3,63) = 12.56,
p<.001, 77;2; =.374). Neither the effect of group (F(2,21) =0.34, p = .788, 7712; =.031) nor the interaction
between the two (F(6,63) = 0.92, p = .665, n§ = .080) became significant. The highest response was
shown for the category Object (M =1.29, SD = 0.33), followed by Face (M = 1.22, SD = 0.37), Body (M
=0.95, SD =0.26) and Scene (M =0.92, SD = 0.39). The group-specific average category responses are
displayed in Table 8 and in Figure 16. Similar to the left pFus-faces, face-specific comparisons ‘Body
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vs. Face’ (t(63)

remaining post-hoc results can be found in supplementary table S18.

Categorical responses within the bilateral pFus-faces

Table 7

Figure 15

Individual and Group Average Categorical Responses within the pFus-faces |h

Body Face Object Scene
group M SD M SD M SD M SD
allSC 088 0.34 123 034 132 041 0.93 0.53
mSC 0.77 035 113 035 1.15 040 0.82 0.55
CcC 115 030 121 049 141 036 1.21 0.30
VI 097 035 118 0.70 1.21 0.29 0.74 0.30

Table 8

beta values

-3.07, p =.009) and ‘Face vs. Scene’ (t(63) = 4.06, p < .001) became significant. The

Bl e

Figure 16

Body

Face Object
condition

Individual and Group Average Categorical Responses within the pFus-faces rh

Body Face Object Scene
group M SD M SD M SD M SD
allSC 089 026 125 035 125 0.38 0.87 047
mSC 0.81 027 1.14 0.38 1.13 0.39 0.81 0.51
CC 1.04 025 120 037 1.38 0.26 1.05 0.23
VI 1.01 025 113 055 1.22 0.28 0.81 0.29

beta values

T
Scene

Body

Face Object
condition

T
Scene

Note. Categorical responses within the bilateral pFus-faces, with values for the left pFus-faces on the upper
panel and values for the right pFus-faces on the lower panel. The tables (left side) display each group’s average
response and standard deviation to each category. The graphs (right side) display average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SCindividuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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10G-faces

10G-faces_lh (matched-model). For the left 10G-faces, there was a significant effect of
category (F(3,42) = 20.44, p < .001, nj = . 593). No effect of group found (F(1,14) = 2.93, p = .222, 1}
=. 173). The interaction between group and category was marginally significant, however, did not
survive FDR correction (F(3,42) = 2.83, p = .125, 7712, =.168). In the left I0G-faces, the category Face
elicited the highest response (M = 1.17, SD = 0.47), followed by Object (M = 1.16, SD = 0.37), Body (M
=0.83,SD =0.38) and Scene (M =0.73, SD = 0.38). The group-specific average category responses are
displayed in Table 9 and in Figure 17. Two of the three face-specific comparisons became significant,
which were ‘Body vs. Face’ (t(42) = -4.76, p < .001) and ‘Face vs. Scene’ (t(42) = 6.27, p < .001).

Additional post-hoc results are listed in supplementary table S5.

10G-faces_lh (all-subjects-model). For the 10G-faces_lh there was a significant effect of
category (F(3,63) = 24.54, p < .001, r]lz, =.539). There was no effect of group (F(2,21) = 0.31, p =.788,
17,2, =.029). In contrast to the matched-model, there was a marginally significant interaction between

group and category (F(6,63) = 2.47, p = .077, r]lz, =.190).

For post hoc testing, we first split the data from the left hemisphere by group to compare the
responses to the categories within each group. The group-specific average category responses are
displayed in Table 9 and in Figure 17. Both for SC individuals and for VI individuals the category Face
elicited the highest response, followed by Object, Body and Scene. In CC individuals, the category
Objects elicited the highest response, followed by Face, Body and Scene. In the SC group, post-hoc
comparisons revealed the face-specific comparisons ‘Body vs. Face’ (t(63) =-6.52, p <.001) and ‘Face
vs. Scene’ (t(63) = 7.51, p <.001) to be significant. For the VI group, only one face-specific comparison
became significant, which was ‘Face vs. Scene’ (t(63) = 4.38, p <.001). Similarly in the CC group ‘Face
vs. Scene’ was the only significant face-specific comparison (t(63) = 2.41, p = .041). All remaining post-
hoc comparisons can be found in in supplementary table S19. We additionally split the I0G-faces_|h
data by category to compare groups directly. Pairwise comparison did not indicate group differences

(supplementary table S20).
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10G-faces_rh (matched-model). For the right 10G-faces, there was a significant effect of
category (F(3,42) = 22.40, p < .001, 77;2; =.615). There was no effect of group (F(1,14) = 1.14, p = .381,
r]f, =.075), nor was there a interaction between the two (F(3,42) =1.29, p = .377, 77;27 =.085). Overall,
the category Face evoked the highest response (M = 1.30, SD = 0.45), followed by Object (M = 1.07,
SD =0.31), Body (M =0.79, SD = 0.41) and Scene (M = 0.70, SD = 0.36). The group-specific average
category responses are displayed in Table 10 and in Figure 18. All face-specific comparisons became
significant (‘Body vs. Face’ (t(42) =-6.21, p < .001), ‘Face vs. Object’ (t(42) = 2.75, p = .015) and ‘Face
vs. Scene’ (t(42) =7.34, p < .001). The remaining post-hoc results can be found in supplementary table

S6.

10G-faces_rh (all-subjects-model). Similarly to the matched model, only the effect of
category became significant (F(3,63) = 28.16, p < .001, 77;2; = .573). There was no effect of group
(F(2,21)=0.05, p =.949, nf, =.005), nor was there an interaction between group and category (F(6,63)
=1.01, p=.612, 7722j =.088). Across groups, the highest response was found for the category Face (M
=1.38,SD =0.41), followed by Object (M =1.14, SD = 0.30), Body (M = 0.85, SD = 0.39) and Scene (M
=0.72, SD = 0.35). The category Face differed significantly from all other categories (‘Body vs. Face’:
t(63) =-6.27, p < .001; ‘Face vs. Object’: t(63) = 2.96, p = .012; ‘Face vs. Scene’ t(63) = 8.56, p < .001).
The group-specific average category responses are displayed in Table 9 and in Figure 17. All post-hoc

comparisons can be found in supplementary table S21.
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Categorical responses within the bilateral I0G-faces

Table 9

Individual and Group Average Categorical Responses within the I0G-faces_Ih

Body Face Object Scene
group M SD M SD M SD M SD
allSC 078 0.34 131 039 121 041 0.70 045
mSC 0.64 023 1.14 038 1.02 0.36 0.51 0.34
CC 1.03 042 120 057 129 0.36 0.95 0.29
VI 098 036 1.27 046 113 0.20 0.53 0.19

Table 10

Individual and Group Average Categorical Responses within

Body Face Object Scene
group M SD M SD M SD M SD
allsSC 077 035 141 034 114 034 0.70 0.40
mSC 063 024 130 0.38 098 0.29 0.59 0.39
CcC 095 049 130 053 116 032 0.80 0.30
VI 092 026 143 046 113 0.11 058 0.33

beta values

Figure 17
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Note. Categorical responses within the bilateral I0OG-faces, with values for the left I0G-faces on the upper panel
and values for the right I0G-faces on the lower panel. The tables (left side) display each group’s average
response and standard deviation to each category. The graphs (right side) display average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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avg-faces

avg-faces_lh (matched-model). There was a significant effect of category for the left avg-
faces (F(3,42)=11.06, p<.001, 7772, =.441). There was a marginal effect of group, which did not survive
the FDR correction for multiple comparisons (F(1,14) = 3.26, p = .167, n,z, =.189). Similarly, there was
a marginal interaction between group and category, which did not survive the FDR correction (F(3,42)
=2.59,p=.147, n% =.156). The highest response was evoked by the category Object (M =1.13, SD =
0.39), followed by Face (M = 1.08, SD = 0.40), Body (M = 0.84, SD = 0.36) and Scene (M = 0.80, SD =
0.42). The group-specific average category responses are displayed in Table 11 and in Figure 19. Post-
hoc pairwise comparisons revealed two of the three face-specific comparisons to be significant, which
were ‘Body vs. Face’ (t(42) = -3.38, p =.003) and ‘Face vs. Scene’ (t(42) = 3.94, p = .001). All post-hoc

results can be found in supplementary table S7.

avg-faces_lh (all subjects model). Similarly to the matched subjects model, results indicated
a significant category effect (F(3,63) = 18.20, p <.001, r)rz, =.464). There was no effect of group (F(2,21)
=0.71, p=0.582, r]f, =0.064). However, we found a significant group*category interaction for the left

hemisphere (F(6,63) = 2.89, p = .034, r],z, =.216).

To investigate the group*category interaction further we first split the data by group to compute
pairwise comparisons of category for each group separately. Post-hoc analyses revealed different
response profiles per group. The group-specific average category responses are displayed in Table 11
and in Figure 19. In the SC group, responses were highest for the category Face, followed by Object,
Body and Scene. Two face-specific comparisons indicated significant differences for ‘Body vs. Face’
(t(63) = -5.50, p < .001) and ‘Face vs. Scene’ (t(63) = 6.00, p < .001). The VI group showed a similar
response profile with the highest response to the category Face, followed by Object, Body and Scene.
The comparison ‘Face vs. Scene’ (t(63) = 4.35, p < .001) was the only face-specific comparison to
become significant. Additionally, the comparison ‘Body vs. Face’ was marginally significant (t(63) = -
1.98, p =.099). However, for the CC group the category Object elicited the highest response, followed
by Face, Body and Scene. No face-specific comparison became significant. The remaining post-hoc
results can be found in the supplementary table $22. Secondly, we split the data of avg-faces_|h by
category to compare groups directly with each other. After correction for multiple comparisons only
the comparison of ‘CC vs. VI’ for the category Scene was marginal significant (t(34) = 2.01, p = .099).

All remaining post-hoc results are listed in supplementary table S23.
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avg-faces_rh (matched-model). There was a significant effect of category (F(3,42) = 25.65, p
< .001, n3 = .647).There was no effect of group (F(1,14) = 2.09, p = 0.255, n; = 0.130), nor an
interaction between the two (F(3,42) = 1.46, p =.307, 77;2; =.095). In the right avg-faces, the category
Face elicited the highest response (M = 1.22, SD = 0.38), followed by Object (M = 1.04, SD = 0.30),
Body (M = 0.83, SD = 0.30) and Scene (M = 0.66, SD = 0.31). The group-specific average category
responses are displayed in Table 12 and in Figure 20. All face-specific comparisons became significant
(‘Body vs. Face’ (t(42) =-5.76, p < .001), ‘Face vs. Object’ (t(42) = 2.61, p = .020) and ‘Face vs. Scene’

(t(42) = 8.19, p < .001)). The remaining post-hoc results can be found in supplementary table S8.

avg-faces_rh (all subjects model). Similarly to the matched subjects model, results indicated
a category effect in the right hemisphere (F(3,63) = 35.55, p < .001, lez; =.629). There was no effect
of group (F(2,21) = 0.20, p =.823, r]lz, =.018), nor an interaction between the two (F(6,63) = 1.22, p =
420, TI;Z; =.104). The highest response was evoked by the category Face (M =1.28, SD = 0.38), followed
by Object (M =1.08, SD = 0.3), Body (M = 0.88, SD = 0.29), Scene (M = 0.68, SD = 0.32). The category
Face differed significantly from each of the remaining categories (‘Body vs. Face’ (t(63) = -6.19, p <
.001); ‘Face vs. Object’ (t(63) = 3.10, p = .007) and ‘Face vs. Scene’ (t(63) = 9.84, p < .001)). Additional

post-hoc results are listed in supplementary table S24.
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Categorical responses within the bilateral avg-faces

Table 11

Individual and Group Average Categorical Responses within the avg-faces_I|h

Body Face Object Scene
group M SD M SD M SD M SD
allsC 074 030 1.18 0.37 1.15 039 0.70 0.46
mSC 0.63 028 1.04 0.34 101 041 058 046
CC 1.04 032 112 048 126 0.35 1.01 0.26
VI 090 0.37 1.23 057 1.06 0.17 0.50 0.16

Table 12

beta values

Figure 19
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Individual and Group Average Categorical Responses within the avg-faces _rh

Body Face Object Scene
group M SD M SD M SD M SD
allsC 082 0.27 1.33 0.37 1.05 034 0.64 0.38
mSC 070 019 121 041 092 0.32 0.54 0.37
CcC 096 034 123 038 116 0.24 0.79 0.20
VI 0.89 033 125 056 1.02 0.31 0.58 0.30

Note. Categorical responses within the bilateral avg-faces, with values for the left avg-faces on the upper panel
and values for the right avg-faces on the lower panel. The tables (left side) display each group’s average
response and standard deviation to each category. The graphs (right side) display average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually

impaired individuals (n = 3).
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

OTS-bodies

OTS-bodies_lh (matched-model). For the left hemisphere, there was a significant main effect
category (F(3,42) = 10.05, p < .001, 1712, =. 418). There was however, no main effect of group (F(1,14)
=1.51, p =.326, n% =.098), nor was there an interaction between the two (F(3,42) = 1.03, p = .449,
77% =.068). The highest response was evoked by the category Object (M = 1.07, SD = 0.49), followed
by the category Face (M = 0.90, SD = 0.49), Body (M = 0.86, SD = 0.47) and Scene (M = 0.58, SD =
0.41). The group-specific average category responses are displayed in Table 13 and in Figure 21. All
post-hoc results can be found in supplementary table S9. Here, we only report the body-specific
comparisons, given that they are the preferential category for the OTS-bodies regions. Pairwise
comparisons indicated significant differences for ‘Body vs. Object’ (t(42) = -2.31, p = .040) and ‘Body
vs. Scene’ (t(42) = 3.10, p = .006).

OTS-bodies_lh (all-subjects-model). Similarly to the matched-model, we found a significant
effect of category (F(3,63) = 11.14, p < .001, r],z, =.347). There was no effect of group (F(2,21) = 0.68,
p = .665, r],z, =.061), nor an interaction between group and category (F(6,63) = 1.18, p = .516, nf, =
.101). The category Object elicited the highest response (M = 1.06, SD = 0.45), followed by Face (M =
0.97, SD = 0.44), Body (M = 0.87, SD = 0.40) and Scene (M = 0.53, SD = 0.44). The group-specific
average category responses are displayed in Table 13 and in Figure 21. The only body-specific
comparison that indicated a significant difference was ‘Body vs. Scene’ (t(63) = 3.88, p = .001).

Additional post-hoc results are listed in supplementary table S25.

OTS-bodies_rh (matched-model). For the right hemisphere, we found a significant main
effect of category (F(3,42) = 15.08, p <.001, n,z, =.519), but no significant main effect of group (F(1,14)
=0.46, p =.524, r)f, =.032). Interestingly, we found a significant group*category interaction (F(3,42)
= 4.82, p = .016, r)f, = . 256). The highest response within the OTS-bodies_rh was evoked by the
category Face (M = 0.90, SD = 0.39), followed by Object (M = 0.78, SD = 0.38), Body (M =0.72, SD =
0.26) and Scene (M =0.39, SD = 0.41).

Because of the category*group interaction in the right hemisphere, we split the data for
further post-hoc analyses. Firstly, we split the data by group to examine the response profiles of each
group separately. The categorical responses differed between the SC group and the CC group. All
group specific average category responses can be found in Table 14 and in Figure 22. For the SC group,
the category Face elicited the highest response, followed by Body, Object and Scene. Post-hoc
analysis, revealed the comparisons ‘Body vs. Face’ (t(42) = -2.28, p =.042) and ‘Body vs. Scene’ (t(42)
=4.51, p <.001) to be significant. For the CC group, the highest response was evoked by the category
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Object, followed by Face, Body and Scene. There was only one marginally significant body-specific
comparison, which was ‘Body vs. Object’ (t(42) =-1.99, p = .076). Additional post-hoc results are listed
in supplementary table S10. Secondly, we split the data by category to compare groups directly per
category. However, no group comparison indicated differences between the SC group and the CC

group (supplementary table S11).

OTS-bodies_rh (all-subjects-model). Similar to the matched model, we found significant
category effect for the right OTS-bodies (F(3,63) = 27.48, p < .001, n,z, = .567) as well as a significant
group*category interaction (F(6,63) = 4.07, p = .004, n,z, =.279). There was no effect of group (F(2,21)
=0.42, p = .764, 1} = .038).

For the group*category interaction in the right hemisphere, we first split the data by group. The
group-specific average category responses are displayed in Table 14 and in Figure 22. The SC group
and the VI group exhibited a similar response pattern with the highest response to the Face category,
followed by Body, Object and Scene. Both groups showed significant differences for ‘Body vs. Face’
(SC: t(63) =-2.84, p = .015; VI: t(63) = -2.75, p = .019) and ‘Body vs. Scene’ (SC: t(63) = 6.25, p < .001;
VI: t(63) = 2.70, p = .022). For the CC group, the response profile showed the highest response to the
category Object, followed by Face, Body and Scene. The comparison ‘Body vs. Object’ reached only
marginal significance (t(63) = -2.18, p = .068). Further post-hoc results are listed in supplementary
table S26. We additionally split the data by category and compared each group per category with

each other. However, there were no significant group differences (supplementary table S27).
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Categorical responses within the bilateral OTS-bodies
Table 13 Figure 21

Individual and Group Average Categorical Responses within the OTS-bodies_Ih

group
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Table 14 Figure 22
Individual and Group Average Categorical Responses within the OTS-bodies_rh
Body Face Object Scene
2_
group M SD M SD M SD M SD
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@
] .
mSC 0.73 031 099 048 064 048 0.22 048 2 i. u ®
- 2
CcC 0.70 0.23 0.81 0.29 093 0.18 0.55 0.27 07
VI 0.58 0.28 1.04 048 056 020 0.12 0.08
-1
Boldy Fa\lce Obiect Scéne
condition

Note. Categorical responses within the bilateral OTS-bodies, with values for the left OTS-bodies on the upper
panel and values for the right OTS-bodies on the lower panel. The tables (left side) display each group’s average
response and standard deviation to each category. The graphs (right side) display average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SCindividuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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CoS-places

CoS-places_lh (matched model). For the CoS-places_lh, there was a significant main effect of
category (F(3,42) = 94.24, p < .001, 1712, =. 871). There was a marginal effect of group, which did not
survive FDR correction (F(1,14) = 3.47, p = .193, 7712, =.199). There was no interaction of group by
category (F(3,42) = 0.94, p = .477, 77,2, =.063). In the left CoS-places, the category Scene elicited the
highest response (M = 1.38, SD = 0.41), followed by Object (M =0.81, SD = 0.31), Body (M = 0.34, SD
=0.29) and Face (M =0.00, SD = 0.29). The group-specific average category responses are displayed

in Table 15 and in Figure 23. All pairwise comparisons became significant (supplementary table S12).

CoS-places_lh (all-subjects-model). There was a significant effect of category (F(3,63) =
157.79, p < .001, nj = .883). There was no effect of group (F(2,21) = 2.44, p = .209, n; = .188).
Additionally, there was a marginally significant interaction between group and category which did
not survive the FDR correction for multiple comparisons (F(6,63) = 2.14, p = .131, 77;2; =.169). The left
hemisphere, showed highest response to the category Scene (M =1.41, SD = 0.48), followed by Object
(M =0.75, SD = 0.37), Body (M = 0.39, SD = 0.35) and Face (M = 0.06, SD = 0.32). The group-specific
average category responses are displayed in Table 15 and in Figure 23. All pairwise comparisons

became significant (supplementary table S28).

CoS-places_rh (matched model). For the CoS-places_rh, we found a significant main effect
of category (F(3,42) = 187.37, p < .001, r)IZ, =.930). There was no main effect of group (F(1,14) = 2.54,
p=.227, r]zz, =.153), nor an interaction between the two (F(3,42) = 0.14, p = .938, 77;23 =.010). In the
right CoS-places the highest response was found for Scene (M = 1.38, SD = 0.41), followed by Object
(M=0.81, SD =0.31), Body (M =0.34, SD = 0.29) and Face (M = 0.00, SD = 0.29). The group-specific
average category responses are displayed in Table 16 and in Figure 24. All categories differed

significantly from each other (supplementary table S13).

CoS-places_rh (all-subjects-model). Similarly to the matched model, we only found a
significant effect of category (F(3,63) = 267.72, p < .001, nf, = .927). There was no effect of group
(F(2,21) =1.18, p=.516, r)zz, =.101), nor an interaction between group and category (F(6,63) = 1.85, p
=.209, 77;2; =.150). The right hemisphere showed the same order of categorical response with the
highest response to Scene (M =1.47, SD = 0.42), followed by Object (M =0.82, SD = 0.31), Body (M =
0.32, SD = 0.29) and Face (M =-0.03, SD = 0.30). The group-specific average category responses are
displayed in Table 16 and in Figure 24. All categories differed significantly from each other

(supplementary table S29).
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Categorical responses within the bilateral CoS-places

Table 15

Figure 23

Individual and Group Average Categorical Responses within the CoS-places_|h

Body Face Object Scene
group M SD M SD M SD M SD
allsSC 0.21 0.33 -0.08 029 065 0.38 1.31 0.46
mSC 0.24 0.35 -0.07 0.27 0.67 041 1.23 0.49
CcC 062 0.23 0.30 0.16 0.83 0.31 1.46 0.50
VI 0.57 031 0.02 044 1.00 041 172 0.54

Table 16

beta values

group
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Individual and Group Average Categorical Responses within the CoS-places_rh

Body Face Object Scene
group M SD M SD M SD M SD
allsC 0.19 0.23 -0.09 0.29 0.73 0.30 141 047
mSC 020 025 -0.10 0.29 0.70 0.34 1.27 0.49
CcC 048 0.28 0.10 0.28 092 0.26 1.49 0.31
VI 043 0.36 -0.14 0.37 1.00 042 1.69 0.52

beta values
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Note. Categorical responses within the bilateral CoS-places, with values for the left CoS-places on the upper
panel and values for the right CoS-places on the lower panel. The tables (left side) display each group’s average
response and standard deviation to each category. The graphs (right side) display average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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Additional ROI Analysis Results

We additionally included the remaining regions provided by the functional atlas by Rosenke
et al. (2020). All results described in the text are based on the all-subjects-model. For each region, we
display average beta values with standard deviation. Additionally, we calculated separate averages
for the matched SC individuals, which are listed as mSC. All post-hoc comparisons are attached as
supplementary material. For readability, we only describe post-hoc comparisons that include the

respective preferential category, all other comparisons are included in the respective post-hoc table.

MTG-bodies

Both left and right MTG-bodies showed a significant category effect (LH: F(3,63) = 48.22, p <.001, 771%
=.697; RH: F(3,63) = 28.61, p < .001, n% =.577). No further effects became significant (p > 0.05).

MTG-bodies_lh. The category Body (M = 0.71, SD = 0.51) elicited the highest response,
followed by Face (M = 0.65, SD = 0.51), Object (M =0.22, SD = 0.40), and Scene (M =-0.24, SD = 0.33).
The group-specific average category responses are displayed in Table 17 and in Figure 25. Post-hoc
tests revealed significant differences for ‘Body vs. Object’ (t(63) = 5.71, p < .001) and ‘Body vs. Scene’
(t(63) = 10.57, p < .001). Additional post-hoc results for the MTG-bodies_|h can be found in

supplementary table S30.

MTG-bodies_rh. In the right MTG-bodies, the category Face elicited the highest response (M
=0.57, SD = 0.50), followed by Body (M =0.33, SD = 0.36), Object (M =0.03, SD = 0.29), and Scene (M
=-0.34, SD = 0.31). The group-specific average category responses are displayed in Table 18 and in
Figure 26. Body-specific post-hoc comparisons for ‘Body vs. Object’ (t(63) = 3.11, p = .006) and ‘Body
vs. Scene’ (t(63) = 6.64, p < .001) became significant. The comparison ‘Body vs. Face’ was only
marginal significant after FDR correction (t(63) = -2.03, p = .076). The remaining post-hoc results can

be found in supplementary table S31.
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Categorical responses within the bilateral MTG-bodies

Table 17

Figure 25

Individual and Group Average Categorical Responses within the MTG-bodies_Ih

Body Face Object Scene
group M SD M SD M SD M SD
allSC 056 053 056 057 0.16 042 -0.32 0.39
mSC 041 045 035 043 0.05 027 -0.32 0.30
CcC 094 047 0.75 046 031 038 -0.14 0.25
VI 0.80 042 0.78 041 025 040 -0.17 0.24

Table 18

beta values

Individual and Group Average Categorical Responses within the MTG-bodies _rh

Body Face Object Scene
group M SD M SD M SD M SD
allsC 033 0.36 065 054 0.01 028 -0.39 0.32
mSC 0.18 0.35 055 050 -0.05 0.28 -0.37 0.36
CcC 0.38 044 057 052 0.10 0.34 -0.24 0.34
VI 0.19 013 0.26 0.09 -0.09 0.19 -0.35 0.07

Note. Categorical responses within the bilateral MTG-bodies, with values for the left MTG-bodies on the upper
panel and values for the right MTG-bodies on the lower panel. The tables (left side) display each group’s average
response and standard deviation to each category. The graphs (right side) display average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SCindividuals are displayed in dark green; VI: visually

impaired individuals (n = 3).
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LOS-bodies

Both in left as well as in the right LOS-bodies we found a significant category effect (LH: F(3,63) =
28.61, p < .001, 7 = .433; RH: F(3,63) = 11.90, p < .001, n; = .362). The left LOS-bodies additionally
showed a marginal effect of group, which did not survive the FDR correction (F(2,21) = 2.92, p = .164,

n% =.218). No further effects became significant (p > 0.05).

LOS-bodies_lh. In the left LOS-bodies the category Body elicited the highest response (M =
1.08, SD = 0.68), followed by Object (M = 0.51, SD = 0.40), and equally respondent Face (M = 0.50, SD
=0.54) and Scene (M =0.50, SD = 0.44). The group-specific average category responses are displayed
in Table 19 and in Figure 27. Post-hoc comparison results can be found in supplementary table S32.

All body-selective comparisons became significant (p <.001).

LOS-bodies_rh. In the right LOS-bodies the category Body elicited the highest response (M =
1.27, SD = 0.35), followed by Face (M =0.96, SD = 0.45), Object (M = 0.86, SD = 0.33), and Scene (M =
0.64, SD =0.45). The group-specific average category responses are displayed in Table 20 and in Figure
28. Similarly to the LOS-bodies_|h, all body-selective comparisons for the LOS-bodies_rh were

significant (p < .01). The post-hoc results are listed in supplementary table S33.
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

Categorical responses within the bilateral LOS-bodies

Table 19

Figure 27

Individual and Group Average Categorical Responses within the LOS-bodies_Ih

Body Face Object Scene
group M SD M SD M SD M SD
allsSC 092 0.78 0.38 0.64 0.37 032 0.32 0.35
mSC 090 0.82 042 060 0.31 0.31 0.26 0.35
CcC 1.35 040 0.77 0.21 0.78 0.40 0.88 0.35
VI 1.04 081 0.30 059 040 0.48 0.32 043

Table 20

beta values

Individual and Group Average Categorical Responses within the LOS-bodies_rh

Body Face Object Scene
group M SD M SD M SD M SD
allSC 130 045 1.02 049 0.81 0.35 050 0.41
mSC 1.14 041 096 055 074 0.29 0.39 0.31
CcC 1.22 023 098 047 1.00 0.32 0.93 047
VI 1.26 014 0.71 0.07 0.71 0.10 0.48 0.32

beta values
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Note. Categorical responses within the bilateral LOS-bodies, with values for the left LOS-bodies on the upper
panel and values for the right LOS-bodies on the lower panel. The tables (left side) display each group’s average
response and standard deviation to each category. The graphs (right side) display average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SCindividuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

ITG-bodies

We found a significant category effect for the left (F(3,63) = 50.51, p < .001, nzz, =.706) and
right ITG-bodies (F(3,63) = 54.22, p < .001, 7712, = .721). Additionally, the right ITG-bodies showed a
marginal effect of group, which did not survive FDR correction (F(2,21) = 2.96, p =.163, 77;2; =.220). No

further effects became significant (p > 0.05).

ITG-bodies_lh. In the left hemisphere the category Body elicited the highest response (M =
1.49, SD = 0.46), followed by Face (M = 1.04, SD = 0.38), Object (M = 0.83, SD = 0.41) and Scene (M =
0.29,SD=0.41). The group-specific average category responses are displayed in Table 21 and in Figure
29. All body-selective comparisons for the ITG-bodies_lh became significant (p < .001) and are listed

in detail with the remaining results in supplementary table S34.

ITG-bodies_rh. The right hemisphere exhibited the same order of categorical response with
the highest response to the category Body (M = 1.25, SD = 0.34), followed by Face (M = 1.11, SD =
0.40), Object (M = 0.81, SD = 0.33) and Scene (M = 0.26, SD = 0.34). The group-specific average
category responses are displayed in Table 22 and in Figure 30. The body-selective comparisons ‘Body
vs. Object’ (t(63) = 5.41, p < .001) and ‘Body vs. Scene’ (t(63) = 11.93, p < .001) became significant,
while the comparison ‘Body vs. Face’ remained marginally significant after FDR correction (t(63) =

2.12, p =.063). All remaining post-hoc results are listed in supplementary table S35.
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

Categorical responses within the bilateral ITG-bodies

Table 21

Figure 29

Individual and Group Average Categorical Responses within the ITG-bodies_|h

Body Face Object Scene
group M SD M SD M SD M SD
allsC 144 052 1.00 041 0.73 042 0.16 0.36
mSC 129 055 090 045 059 043 0.12 0.36
CcC 160 039 119 032 1.03 044 0.54 0.42
VI 1.37 042 083 0.31 0.74 0.09 0.23 0.34

Table 22

beta values

Individual and Group Average Categorical Responses within the ITG-bodies _rh

Body Face Object Scene
group M SD M SD M SD M SD
allsC 123 033 1.09 040 0.77 0.33 0.18 0.30
mSC 1.06 0.28 098 0.37 072 0.36 0.18 0.33
CcC 139 032 130 035 096 0.36 044 041
VI 098 0.32 0.70 0.34 057 013 0.12 0.10

beta values
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Note. Categorical responses within the bilateral ITG-bodies, with values for the left ITG-bodies on the upper
panel and values for the right ITG-bodies on the lower panel. The tables (left side) display each group’s average
response and standard deviation to each category. The graphs (right side) display average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SCindividuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

TOS-places_rh

There was a significant effect of category for the TOS-places_rh (F(3,63) =37.59, p < .001, n,z,
=. 642) with highest response for the category Scene (M = 1.20, SD = 0.40), followed by Object (M =
1.00, SD =0.34), Body (M =0.81, SD =0.34) and Face (M =0.57, SD = 0.45). No further effects became
significant (p > 0.05). The group-specific average category responses are displayed in Table 23 and in
Figure 31. Post-hoc comparisons revealed significant differences between all scene-specific

comparisons (p < .01). All post-hoc results are listed in supplementary table S38.

Table 23 Figure 31

Individual and Group Average Categorical Responses within the TOS-places_rh

Body Face Object Scene
2_
group M SD M SD M SD M SD
.l
allsSC 0.78 0.39 053 047 0.97 038 1.15 045 @1_ ﬁ il
S Q L A
mSC 079 037 059 047 095 040 1.03 044 & =
< A
CcC 093 0.18 0.79 0.32 1.14 0.16 1.33 0.23 01
VI 065 045 0.14 041 074 044 1.04 0.55
-14
Boldy Falce Obiect Scéne
condition

Note. Categorical responses within the right TOS-places. The table (left side) displays each group’s average
response and standard deviation to each category. The graph (right side) displays average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually
impaired individuals (n = 3).

94

group
[ ansc

mSC
@® CC

A Vv




CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

Exploratory Analysis

Given that the following regions had no direct association with the tested categories, no directed
hypothesis have been phrased in regards to their category preferences. Post-hoc comparisons of
categories main effects will only be listed in the respective post-hoc tables in the appendix, yet not

listed in the results section.

pOTS-characters_lh

We found significant category effect for pOTS-characters_lh (F(3,63) = 14.05, p < .001, 77;2; =.401). No
further effects became significant (p > 0.05). The category Object elicited the highest response (M =
1.12, SD = 0.42), followed by Body (M = 0.93, SD = 0.40), Face (M = 0.93, SD = 0.44), and Scene (M =
0.54,SD =0.42). The group-specific average category responses are displayed in Table 24 and in Figure

32. Post-hoc results can be found in supplementary table S36.

Table 24 Figure 32

Individual and Group Average Categorical Responses within the pOTS-characters_|h

Body Face Object Scene

group M SD M SD M SD M SD

allSC 087 045 099 045 1.06 048 042 042

mSC 0.77 044 0.83 043 093 056 042 0.44

beta values

e

CC 1.06 035 091 046 125 042 0.75 042

Vi 0.88 026 066 0.35 1.04 0.03 053 0.17

group
[ ansc

mSC
@® CC

AV

Body Face Object Scene
condition

Note. Categorical responses within the left pOTS-characters. The table (left side) displays each group’s average
response and standard deviation to each category. The graph (right side) displays average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SCindividuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

10S-characters_Ilh

Analysis revealed a significant category effect for the 10S-characters_Ih (F(3,63) =9.71, p < .001, r)f, =
.316). No further effects became significant (p > 0.05). Similar to the pOTS-characters_lh, we found
the highest response for the category Object (M = 1.30, SD = 0.33), followed by Face (M =1.24, SD =
0.38), Body (M =1.01, SD =0.38) and Scene (M =0.98, SD = 0.37). The group-specific average category
responses are displayed in Table 25 and in Figure 33. Post-hoc results can be found in supplementary

table S37.

Table 25 Figure 33

Individual and Group Average Categorical Responses within the 10S-characters_Ih

Body Face Object Scene

group M SD M SD M SD M SD

group

[ alisc
mSC

@® CC

AV

allSC 096 039 124 032 132 039 101 044 & | & L] 2 4!
©
>
mSC 085 040 1.11 032 1.11 0.30 0.82 0.29 2
o
CC 110 035 125 046 132 0.29 1.01 0.28 01
Vi 095 051 119 054 117 0.18 0.81 0.28
-1+
Boldy Falce Obiect Scéne
condition

Note. Categorical responses within the left |0S-characters. The table (left side) displays each group’s average
response and standard deviation to each category. The graph (right side) displays average individual (smaller
symbols, faded colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital
cataract individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green);
allSC: all tested sighted individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

hMT

We found significant category effects both for the left hMT (F(3,63) = 57.70, p < .001, nf, =.733) as
well as the right hMT (F(3,63) = 112.39, p < .001, n,z, =.843). No further effects became significant (p
> 0.05).

hMT_Ih. In the left hemisphere the highest response was elicited by the category Body (M =
1.19, SD = 0.68), followed by Face (M =0.72, SD = 0.56), Object (M = 0.36, SD = 0.45) and Scene (M =
-0.005, SD = 0.38). The group-specific average category responses are displayed in Table 26 and in

Figure 34. Post-hoc results can be found in supplementary table S39.

hMT_rh. The right hemisphere followed the same order of categorical response, which were
highest response to the category Body (M = 1.21, SD = 0.32), followed by Face (M = 1.00, SD = 0.36),
Object (M = 0.43, SD = 0.30) and Scene (M = -0.06, SD = 0.30). The group-specific average category
responses are displayed in Table 27 and in Figure 35. Post-hoc results can be found in supplementary

table S40.
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

Categorical responses within the bilateral hA(MT

Table 26

Figure 34

Individual and Group Average Categorical Responses within the hMT _|h

Body Face Object Scene
group M SD M SD M SD M SD
allSC 1.04 082 059 066 020 045 -0.15 0.37
mSC 096 085 064 062 0.21 050 -0.17 0.39
CC 149 038 098 024 065 0.34 030 0.22
Vi 1.03 053 054 054 029 045 -0.19 0.39
Table 27

beta values
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Individual and Group Average Categorical Responses within the hMT rh

Body Face Object Scene
group M SD M SD M SD M SD
allsC 122 036 1.00 031 037 0.22 -0.15 0.23
mSC 1.02 031 091 030 033 026 -0.16 0.29
CcC 1.23 031 1.07 045 056 043 0.10 0.39
VI 1.09 023 082 0.34 031 0.14 -011 0.14

beta values
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Note. Categorical responses within the bilateral hMT, with values for the left hMT on the upper panel and values
for the right hMT on the lower panel. The tables (left side) display each group’s average response and standard
deviation to each category. The graphs (right side) display average individual (smaller symbols, faded colours)
and group mean (larger symbols, bright colours) categorical responses. CC: congenital cataract individuals (n =
8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green); allSC: all tested sighted
individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually impaired individuals

(n=3).
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

V1 -dorsal

For both left (F(3,63) = 12.38, p < .001, 1712, =.371) and right vid (F(3,63) = 25.89, p < .001, r]zz, =.552)
we found a significant category effect, as well as a marginal group effect for vid_rh (F(2,21) = 4.67, p
=.058). Further, before FDR correction, we found a marginal group effect for the left vid as well as
indications for group*category interactions in both hemisphere, which did not survive FDR correction

(p > .05).

V1d_lh. For the left hemisphere, we found the highest response for the category Scene (M =
1.43, SD = 0.46), followed by Object (M = 1.16, SD = 0.36), Face (M = 1.11, SD = 0.37) and Body (M =
1.04, SD=0.36). The group-specific average category responses are displayed in Table 28 and in Figure

36. Post-hoc results can be found in supplementary table S41.

Vid_rh. In regards to the category effect of vid_rh, we found highest responses for the
category Scene (M = 1.61, SD = 0.51), followed by Object (M =1.21, SD = 0.40), Body (M = 1.01, SD =
0.35) and Face (M = 0.93, SD = 0.37). The group-specific average category responses are displayed in
Table 29 and in Figure 37. Post-hoc results can be found in the supplementary tables S42 and S43. In
regards to the marginal group effect, CC individuals showed the highest overall response (M = 1.41,
SD = 0.28), followed by SC individuals (M = 1.14, SD = 0.52) and VI individuals (M = 0.78, SD = 0.47).

Only the comparison between CC group and VI group became significant (t(21) = 2.96, p = .035).
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Categorical responses within the bilateral dorsal V1

Table 28

Figure 36

Individual and Group Average Categorical Responses within the vid_|h

Body

Face

Object

Scene

group

M SD

M SD

M SD

M SD

allsC
mSC
cC
Vi

0.95 0.32

0.84 0.31
1.30 0.28

0.70 0.37

111 0.32

0.98 0.27
1.23 0.38

0.75 0.40

1.12 0.38

0.97 0.36
1.35 0.23

0.87 0.41

1.50 0.51

1.34 0.47
1.47 0.33

0.99 0.39

Table 29

beta values

Individual and Group Average Categorical Responses within the vid rh

Body Face Object Scene
group M SD M SD M SD M SD
allSC 091 034 083 031 1.17 0.38 1.68 0.55
mSC 0.86 0.39 0.79 0.35 1.03 0.34 150 0.54
CcC 1.31 015 121 028 143 0.18 1.71 0.25
VI 066 0.21 061 043 081 065 1.03 0.62

beta values
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Note. Categorical responses within the bilateral dorsal V1, with values for the left vid on the upper panel and
values for the right vld on the lower panel. The tables (left side) display each group’s average response and
standard deviation to each category. The graphs (right side) display average individual (smaller symbols, faded
colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital cataract
individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green); allSC: all
tested sighted individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

V1 - ventral

For both left and right vlv, we found a significant category effect (LH: F(3,63) = 33.25, p <.001, nf, =
.613) RH: F(3,63) =45.15, p <.001, 7712, =.683). However, for the left hemisphere we additionally found
a group*category interaction (F(6,63) = 3.65, p =.010, 7712) =.258). The right v1v additionally exhibited
a marginal group effect, which did not survive FDR correction (F(2,21) = 3.63, p =.107, r]zz, =.257). No

further effects became significant (p > 0.05).

V1v_lh. To investigate the group-category interaction further, we split the data of the viv_|h
by group. The group-specific average category responses are displayed in Table 30 and in Figure 38.
For SC and VI individuals, the category Scene elicited the highest response, followed by Object, Face
and Body. For CC individuals, the category Scene also elicited the highest response but followed then
by Object, Body and Face. Post-hoc-analyses revealed for SC individuals significant differences
between all categories except for ‘Face vs. Object’. Both for VI and CC individuals only the three
comparisons with the highest category ‘Scene’ became significant, i.e. ‘Body vs. Scene’, ‘Scene vs.
Face’, ‘Scene vs. Object’. Post-hoc results can be found in supplementary table S44. When splitting
the data by category, three group comparisons became marginally significant. More specifically, for
the category Body, CC individuals showed a higher response than SC and VI individuals. Additionally,
CC individuals showed higher responses than VI individuals in the category ‘Object’. Post-hoc results

can be found in supplementary table S45.

V1iv_rh. In the right v1v, the highest response was found for the category Scene (M = 1.58,
SD =0.61), followed by Object (M =1.03, SD = 0.50), Body (M =0.95, SD = 0.44) and Face (M =0.82,
SD =0.49). The group-specific average category responses are displayed in Table 31 and in Figure 39.

Post-hoc-comparison can be found in the supplementary table S46.
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

Categorical responses within the bilateral ventral V1

Table 30

Figure 38

Individual and Group Average Categorical Responses within the viv_Ih

Body Face Object Scene
group M SD M SD M SD M SD
allsC 092 030 1.11 031 1.17 032 171 047
mSC 0.85 029 1.00 029 1.06 0.29 159 045
CcC 131 030 125 040 135 0.22 1.61 0.36
VI 0.73 056 0.80 0.87 081 0.66 1.23 0.66

Table 31

beta values

Individual and Group Average Categorical Responses within the viv_rh

Body Face Object Scene
group M SD M SD M SD M SD
allSC 087 043 074 044 1.01 048 1.63 0.61
mSC 080 045 0.69 042 088 044 1.41 0.59
CcC 125 012 113 021 129 0.13 1.75 0.27
VI 0.54 065 035 082 048 0.84 0.90 0.95

Note. Categorical responses within the bilateral ventral V1, with values for the left vlv on the upper panel and
values for the right vlv on the lower panel. The tables (left side) display each group’s average response and
standard deviation to each category. The graphs (right side) display average individual (smaller symbols, faded
colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital cataract
individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green); allSC: all
tested sighted individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually

impaired individuals (n = 3).
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CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

V2 —-dorsal

There was a significant category effect both for the v2d_lh (F(3,63) = 5.47, p = .006, nf, =.207) as well

for the v2d_rh (F(3,63) = 15.86, p < .001, 77;2; =.430). No further effects became significant (p > 0.05).

V2d_lh. For the left v2d, the category Scene (M = 1.34, SD = 0.42) elicited the highest
response, followed by Body (M = 1.21, SD = 0.34), Object (M = 1.18, SD = 0.35) and Face (M =1.12,
SD = 0.35). The group-specific average category responses are displayed in Table 32 and in Figure 40.

Post-hoc-comparison can be found in the supplementary table S47.

V2d_rh. For the right v2d, the category Scene elicited the highest response (M = 1.40, SD =
0.43), followed by Object (M =1.24, SD = 0.37), Body (M = 1.02, SD = 0.31) and Face (M =1.02, SD =
0.37). The group-specific average category responses are displayed in Table 33 and in Figure 41. Post-

hoc-comparison can be found in the supplementary table S48.
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Categorical responses within the bilateral dorsal V2

Table 32

Figure 40

Individual and Group Average Categorical Responses within the v2d_Ih

Body Face Object Scene
group M SD M SD M SD M SD
allsC 1.15 030 1.14 030 1.14 0.38 1.38 0.50
mSC 1.02 025 1.01 028 1.00 0.39 1.20 0.40
CC 140 034 122 038 136 024 139 0.30
Vi 096 0.29 0.71 0.27 090 0.27 1.07 0.22

Table 33

Individual and Group Average Categorical Responses within

Body Face Object Scene
group M SD M SD M SD M SD
allsSC 092 029 096 036 1.17 046 1.35 0.55
mSC 0.82 030 0.79 0.36 095 043 1.09 047
CcC 126 021 123 029 139 0.18 152 0.25
VI 0.83 029 0.76 046 1.08 0.20 1.29 0.08
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Note. Categorical responses within the bilateral dorsal V2, with values for the left v2d on the upper panel and
values for the right v2d on the lower panel. The tables (left side) display each group’s average response and
standard deviation to each category. The graphs (right side) display average individual (smaller symbols, faded
colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital cataract
individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green); allSC: all
tested sighted individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually
impaired individuals (n = 3).

104

group
[ asc

mSC
® CC

AV




CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

V2 - ventral

Both in the left as well as in the right v2v, we found a significant effect of category (LH: F(3,63) =
24.59, p < .001, r]zz, =.539; RH: F(3,63) =61.19, p < .001, n,z, =.744) as well as marginal group effects
(LH: F(2,21) = 4.01, p = .083, 7712; =.276; RH: F(2,21) = 4.59, p = .058, 7712) = .304). No further effects

became significant (p > 0.05).

V2v_lh. In the left v2v, the category Scene elicited the highest response (M = 1.44, SD = 0.59),
followed by Object (M = 1.05, SD = 0.53), Face (M = 0.99, SD = 0.54) and Body (M =0.93, SD = 0.51).
The group-specific average category responses are displayed in Table 34 and in Figure 42. Post-hoc-
comparison can be found in the supplementary tables S49 and S50. Overall, the CC group (M = 1.38,
SD =0.30) showed higher responses than the SC group (M =1.08, SD = 0.52) and VI group (M =0.49,
SD = 0.81). Post-hoc pairwise comparisons indicated a significant difference between the CC group

and the VI group (t(21) = 2.81, p = .047).

V2v_rh. In the v2v_rh Scene as well elicited the highest responses (M = 1.55, SD = 0.57),
followed by Object (M = 1.08, SD = 0.48), Body (M = 0.83, SD = 0.40), and Face (M = 0.81, SD = 0.47).
The group-specific average category responses are displayed in Table 35 and in Figure 43. Post-hoc-
comparison can be found in the supplementary tables S51 and S52. Similarly to the v2v_lh, inv2v_rh
the CC group (M = 1.32, SD = 0.30) showed overall higher response than the SC group (M = 1.05, SD
=0.53) and the VI group (M =0.50, SD = 0.78). Pairwise comparisons indicated a significant difference
between CC group and VI group (t(21) =3.01, p =.032).
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Categorical responses within the bilateral ventral V2

Table 34

Figure 42

Individual and Group Average Categorical Responses within the v2v_Ih

Body Face Object Scene
group M SD M SD M SD M SD
allSC 085 046 097 044 1.01 048 1.47 053
mSC 0.86 0.33 091 0.31 098 0.32 1.37 040
CC 1.27 023 124 032 134 020 1.65 0.27
Vi 0.37 0.74 043 1.05 043 089 0.73 1.03

Table 35

beta values

Individual and Group Average Categorical Responses within the v2v_rh

Body Face Object Scene
group M SD M SD M SD M SD
allsC 0.77 035 0.77 038 1.05 041 159 0.53
mSC 0.67 0.33 065 0.34 092 040 140 0.50
CcC 110 010 111 0.19 1.34 0.12 1.73 0.23
VI 0.39 066 0.23 084 047 0.84 092 1.05

beta values
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Note. Categorical responses within the bilateral ventral V2, with values for the left v2v on the upper panel and
values for the right v2v on the lower panel. The tables (left side) display each group’s average response and
standard deviation to each category. The graphs (right side) display average individual (smaller symbols, faded
colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital cataract
individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green); allSC: all
tested sighted individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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V3 —dorsal

We found a significant category effect both for v3d_I|h (F(3,63) = 16.14, p < .001, n,z, =.435) as well as

for the v3d_rh (F(3,63) = 15.04, p < .001, 77;2; =.417). No further effects became significant (p > 0.05).

V3d_lh. In the left v3d, the category Scene elicited the highest response (M =1.35, SD = 0.36),
followed by Object (M = 1.27, SD = 0.31), Body (M = 1.20, SD = 0.30) and Face (M =0.99, SD = 0.37).
The group-specific average category responses are displayed in Table 36 and in Figure 44. Post-hoc-

comparison can be found in the supplementary table S53.

V3d_rh. The right v3d followed the same categorical response with highest response to Scene
(M =1.30, SD = 0.42), followed by Object (M =1.18, SD = 0.41), Body (M = 1.07, SD = 0.34), Face (M =
0.89, SD =0.43). The group-specific average category responses are displayed in Table 37 and in Figure

45. Post-hoc-comparison can be found in the supplementary table S54.
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Categorical responses within the bilateral dorsal V3

Table 36

Figure 44

Individual and Group Average Categorical Responses within the v3d_Ih

Body Face Object Scene
group M SD M SD M SD M SD
allSC 1.19 034 1.01 038 126 0.37 136 044
mSC 1.07 0.33 0.87 034 1.11 037 1.19 040
CcC 1.28 0.27 1.09 033 135 025 1.37 0.29
Vi 1.08 026 066 038 111 0.14 1.24 0.19
Table 37

beta values

Individual and Group Average Categorical Responses within the v3d_rh

Body Face Object Scene
group M SD M SD M SD M SD
allsC 1.03 0.38 084 050 110 051 1.23 0.54
mSC 0.84 031 060 045 086 0.44 0.99 0.36
CcC 119 025 1.04 028 1.34 0.18 144 0.19
VI 096 037 0.72 046 1.09 022 123 0.12

beta values
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Note. Categorical responses within the bilateral dorsal V3, with values for the left v3d on the upper panel and
values for the right v3d on the lower panel. The tables (left side) display each group’s average response and
standard deviation to each category. The graphs (right side) display average individual (smaller symbols, faded
colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital cataract
individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green); allSC: all
tested sighted individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually
impaired individuals (n = 3).
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V3 - ventral

We found a significant category effect both for the v3v_Ih (F(3,63) = 23.35, p <.001, nf, =.527) as
well as for the v3v_rh (F(3,63) = 71.47, p < .001, n,z, =.773). No further effects became significant (p
> 0.05).

V3v_lh. In left hemisphere, we found the highest response for the category Scene (M = 1.44,
SD = 0.44), followed by Object (M = 1.19, SD = 0.44), Body (M = 1.06, SD = 0.45), Face (M = 1.03, SD =
0.51). The group-specific average category responses are displayed in Table 38 and in Figure 46. Post-

hoc-comparison can be found in the supplementary table S55.

V3v_rh. In the right v3v, the highest response was found for the category Scene (M = 1.58,
SD = 0.46), Object (M = 1.25, SD = 0.44), Body (M =0.94, SD = 0.37), Face (M = 0.91, SD = 0.51). The
group-specific average category responses are displayed in Table 39 and in Figure 47. Post-hoc-

comparison can be found in the supplementary table S56.
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Categorical responses within the bilateral ventral V3

Table 38

Figure 46

Individual and Group Average Categorical Responses within the v3v_Ih

Body Face Object Scene
group M SD M SD M SD M SD
allsC 1.01 036 1.03 0.33 1.17 034 1.44 041
mSC 097 038 094 035 111 0.35 1.27 0.36
CcC 1.29 030 119 037 135 025 1.53 0.32
VI 069 090 0.63 121 081 098 1.19 0.85

Table 39

beta values

Individual and Group Average Categorical Responses within the v3v_rh

Body Face Object Scene
group M SD M SD M SD M SD
allSC 092 0.32 091 043 123 042 1.60 0.51
mSC 0.85 0.37 0.81 044 110 040 142 0.51
CcC 110 017 111 023 143 0.16 1.69 0.18
VI 062 079 039 106 086 0.83 125 0.73

Note. Categorical responses within the bilateral ventral V3, with values for the left v3v on the upper panel and
values for the right v3v on the lower panel. The tables (left side) display each group’s average response and
standard deviation to each category. The graphs (right side) display average individual (smaller symbols, faded
colours) and group mean (larger symbols, bright colours) categorical responses. CC: congenital cataract
individuals (n = 8; displayed in red); mSC: matched sighted individuals (n = 8; displayed in light green); allSC: all
tested sighted individuals (n = 13; the additional 5 SC individuals are displayed in dark green; VI: visually

impaired individuals (n = 3).
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5. Discussion

The present study investigated the influence of transient congenital visual deprivation on visual
categorical processing of four prominent visual categories, namely faces, bodies, objects, and scenes.
To this end, we acquired functional MRI data of three different groups: a group of individuals with a
history of congenital dense bilateral cataract (CC individuals), a group of normally sighted controls
(SC individuals), and a group of visually impaired controls (VI individuals). Given the multifaceted
organisation of categorical processing, we applied two different analysis approaches to investigate
possible effects of early visual deprivation. First, we used the multivariate pattern analysis (MVPA) to
investigate whether early visual deprivation affects the distributed neural pattern of the four tested
categories within the ventral temporal cortex (VTC). Second, we used a univariate region of interest
(ROI) analysis to investigate whether CC individuals exhibit different categorical response profiles in
distinct category-selective regions due to their experience of early visual deprivation. In general, the
results revealed that while the large-scale categorical organisation was relatively unaffected by early
visual deprivation, it did affect categorical fine-tuning in form of less distinctive distributed
information within the VTC as well as ill-specialised processing in category-selective regions. Thus,
the study at hand did not just replicate previously reported face-selective impairments in CC

individuals, but additionally described similar effects for other visual categories.

Effects of Early Visual Deprivation on Categorical Representations

As predicted, all visual categories have been classified above empirical chance level both in
the CC group and the SC group. However, when comparing the average classification accuracies
directly between groups, both within-subject as well as within-group classification, the SC group
yielded significantly higher classification accuracies than the CC group. Furthermore, in accordance
with our hypothesis, classification was successful between the SC group and the CC group with less
accurate classification when training on SC data as compared to the accuracies obtained when
training on the CC data. In order to differentiate between effects of congenitally visual deprivation
and effects of residual visual impairments, we also included a third group consisting of three VI
individuals. For the VI group, all categories have been classified with comparably high accuracy.

However, due to the small sample size results cannot be discussed on a statistical level.

Overall, the MVPA results indicated that CC individuals did not just exhibit distinguishable categorical
patterns, but furthermore, as suggested by the successful between-group classification, exhibited the
same large-scale categorical organisation as SC individuals. Nevertheless, the reduced classification

accuracies in CC individuals might suggest that the nature of discriminant information present in the
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input vertices differs not just between CC individuals and SC individuals, but already among CC
individuals. Given that the data of the VI group exhibited more similarities to the SC group than to
the CC group might suggest that early visual deprivation rather than reduced visual acuity have led
to changes in CC individuals, which most likely are characterised as inconsistent categorical patterns
in CC individuals rather than consistent group differences compared to SC individuals. As the MVPA
classification results do not indicate where within the VTC these group differences occur or how they
are characterised, there are multiple explanations to consider. Less accurate classification in CC
individuals compared to SCindividuals could be the result of otherwise organised categorical patterns
in CCindividuals. For example, face-selective patterns in the VTC of CC individuals might have involved
different vertices than in SCindividuals. An alternative explanation might be that CC individuals simply
exhibited a reduced extent of category information, which would also result in confounded
classification results. However, given the successful between-group classification for all category pairs
in both prediction directions, i.e. training on CC data and testing on SC data, and vice versa, it seems

unlikely that both groups deviate in their categorical organisations.

To our knowledge, the present study was the first that used MVPA to investigate the influence of
early visual deprivation on distributed categorical representations within the VTC. The results provide
new evidence that despite a prolonged period of congenital visual deprivation, CC individuals
exhibited categorical differentiation as well as highly similar large-scale organisation to SC individuals.
As this conclusion is based on cross-sectional data, we cannot claim whether distributed categorical
organisation develops independently of early visual deprivation or largely recovers of such. However,
evidence in congenitally blind individuals proposes that basic neural organisation, such as retinotopic
and large-scale categorical organisation, rather develops independently of visual experience (Bock et
al.,, 2015; Striem-Amit et al., 2015; van den Hurk et al., 2017). Furthermore, based on previous
research in CC individuals, it has been discussed that visual functions with a high organisational bias,
therefore highly matured after birth, are less affected by early visual deprivation (Réder & Kekunnaya,
2021). The here reported results align with this conclusion as CC individuals exhibited a highly
comparable large-scale categorical organisation to SC individuals. Nevertheless, the results also
indicated that the lack of early visual experience leads to inconsistent categorical organisation in CC
individuals despite many years of visual recovery. This finding might also explain the reported
asymmetry in between-group classification direction. This asymmetry resembles those of other
studies (Paquette et al., 2018; van den Hurk et al., 2017) and it has been proposed that generalisation
works best from lower to higher signal-to-noise ratio (van den Hurk & Op de Beeck, 2019). This

conclusion does fit the here presented data as CC individuals exhibited less accurate within-subject
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classification, i.e. low signal-to-noise ratio, than SC individuals, i.e. high signal-to-noise ratio, and
better between-group classification results have been obtained for classification from CC individuals

to SC individuals.

Effects of Early Visual Deprivation on Category-Selectivity

It was hypothesised that all three groups would show the designated category-selectivity as
indicated by the functional atlas in the respective regions. More specifically, it was hypothesised that
face-selective regions would show higher responses to faces than the other categories, body-selective
regions would exhibit higher responses to bodies than other categories and scene-selective regions
higher responses to scenes than to any other category. However, we expected CC individuals to
exhibit reduced responses to the respective preferred category than the other groups. Furthermore,
we were interested in the categorical response profiles of other regions provided by the functional

atlas that have not been associated with one of the tested categories.

In regards to face-selectivity, in partial agreement with both hypotheses, right hemispheric face-
regions were more likely to exhibit face-selectivity equally for all three groups, while left hemispheric
regions were more likely to exhibit impaired face-selectivity in CC individuals. These face-selective
impairments were not just characterised by less face-selective response as expected. In fact, CC
individuals exhibited higher responses to object than faces and increased responses to non-preferred
categories. These findings for left-lateralised face-selective impairments manifested specifically for
the all-subjects model and were stronger in the avg-face region than in the individual face-regions. In
partial agreement with the hypotheses, body-selectivity was found in the majority of body-selective
regions, though not within the VTC, while all scene-selective regions showed scene-selectivity as
expected. In contrast to the hypotheses, there was no evidence for a reduced body-selective nor
scene-selective response in CC individuals. Nevertheless, CC individuals tended to show higher non-
preferential responses both in body- and scene-selective regions, respectively. Additionally, there
were indications for overall higher responses in CC individuals in respective regions. For the
exploratory part of the analysis, we found that all additional regions exhibited a preference for one
of the tested categories, although not originally associated with it. While CC individuals showed no
difference in category-preference, there were indications for overall higher responses in CC

individuals as for example in the majority of early visual regions.

113



CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

So far, research on categorical processing in CC individuals focussed mainly on faces. Overall, we were
able to replicate findings of face-specific impairments in CC individuals as reported by Grady et al.
(2014) and Roder et al. (2013). Similar to Grady et al., we demonstrated that CC individuals showed
less face-selective responses than SC individuals. However, in contrast to Grady et al., we found
object-selective responses within face-selective regions were not unique for CC individuals as also SC
individuals exhibited high responses to objects. Yet more interestingly, it is the category preference
that differed between groups. Despite the fact that the reduced response towards the preferred
category in CC individuals was unique for faces, tendencies for higher non-preferential responses
were also observed in body- and scene-selective regions. Moreover, CC individuals also exhibited

overall higher responses than the other groups also in non-categorical regions.

In contrast to the hypotheses, not all regions exhibited category-preferences as expected. The
stronger face-selective responses in right than in left lateralised face-selective regions is frequently
reported in various face-selective regions (Rossion et al., 2000; Yovel et al., 2008; Zhen et al., 2015)
and has been referred to as right lateralised face-selectivity. The bilateral lack of face-preference in
the pFus-faces, however, asks for an alternative explanation other than the right lateralisation of
face-selectivity. Rosenke et al. defined the functional atlas without including object-selective regions
as it could not be reliably located due to insufficient activation patterns. However, this does not mean,
that there are no object-selective vertices in the VTC as various reviews and studies (Grill-Spector &
Weiner, 2014; Weiner, Natu, et al., 2018) as well as other functional atlases (Julian et al., 2012) have
reported beforehand. It seems therefore very likely that the reported response in the pFus-faces
reflected object-selective vertices rather than face-selective vertices. Evidence has been reported
according to which posterior fusiform regions in contrast to anterior fusiform regions, did not indicate
face-selective impairments in CC individuals (Grady et al., 2014). Grady et al. concluded, that this
finding might be related to different levels of specialisation for face-selective processing. In this study
at hand, we did not find group differences either for the pFus-faces, which would agree with the
conclusion by Grady and colleagues. Nevertheless, there was overall more object- than face-selective
responses both in the SC group as well as in the CC group, which weakens the argument in the first

place and makes the mentioned influence by object-selective vertices more likely.

Furthermore, despite the indications of group by condition effect in the right OTS-bodies, this result
seems more likely to reflect face-selective rather than body-selective impairments in CC individuals.
This interpretation is mainly based on the overall face-preferences in SCand VI individuals and object-
preference in CC individuals, and dissimilarities to the other tested body-selective regions. This in
general reduced body-selective response in the OTS-bodies, commonly referred to as the fusiform

body area (FBA), might be associated with substantial overlap of FBA and the face-selective FFA
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(Schwarzlose et al., 2005), which might result in high face-selective responses in general. Moreover,
in the left FBA body-selective activation is less common if not even absent at all (Taylor et al., 2007).
The here reported lack of body-specific response in all groups within OTS-bodies, left as well as right
hemisphere, might therefore reflect either overall minor univariate body-selectivity within the
fusiform gyrus, or influence of other vertices selective to other visual categories, such as faces or

objects, due to individual deviations from the functional localiser.

In general, evidence indicated that early visual experience might be essential, besides other aspects,
for the development of the inhibitory neural network (Reh et al., 2020). Previous research in CC
individuals has discussed that early visual deprivation might have interrupted the development of
inhibitory neural mechanisms in CC individuals (for a review see Roder & Kekunnaya, 2021). More
specifically, reduced neural inhibition in CC individuals has been associated with increased response
in striate processing (Sourav et al., 2018), reduced posterior alpha oscillatory activity (Bottari et al.,
2016) and ill-specialised face-processing (Réder et al., 2013). The here reported results provide
further evidence that face-selective impairments in CC individuals might partially be associated with
impaired inhibition which resulted in increased responses to non-preferred categories. Yet more
importantly, these results are the first that indicate that impaired inhibition might similarly affect the

processing of other visual categories, such as body- and scene-selective processing.

Methodological Considerations and Limitations

Our data suggest that while distributed representations in CC individuals were slightly
affected yet equal for all categories, univariate selectivity showed elaborate but highly specific, that
is mostly face-specific, impairments in CC individuals. The question arises as to what causes the
discrepancy between analyses regarding individual categories, i.e., why does congenital visual
deprivation lead to such differentiated levels of impaired fine-tuning for different visual categories,

although MVPA identified similar impairments for all categories.

First, one has to consider that MVPA and ROl analyses were based on differently sized brain regions.
While the MVPA was analysed for the entire VTC, category-selective ROl were considerably smaller
and constitute only peaks of activation within the much bigger distributed activation pattern across
the whole VTC (Haxby et al., 2001). Considering face-selectivity, we were able to show that the MVPA
indicated impairments in CC individuals also manifested in individual face-selective regions. Even

more so, our results propose the idea that less-distinct face-selective patterns are driven by less

115



CHAPTER 1lI: EFFECTS OF EARLY VISUAL DEPRIVATION ON THE PROCESSING OF VISUAL CATEGORIES

differentiated responses towards the tested categories, i.e. reduced face-selective response coupled
with increased non-preferred responses. However, this was not the case for body- and scene-
selective processing. The MVPA analysis indicated impaired classification for both bodies as well as
scenes, yet there were no significant indications of impaired univariate selectivity in neither body-
selective nor scene-selective regions. Due to the size difference of the tested regions, i.e. VTC vs.
distinct regions, it might be plausible that reported impairments in the MVPA analysis reflect group
differences outside the respective regions. Using scene-selectivity as an example, MVPA might have
detected less scene-selective neurons within the VTC yet outside the PPA. Thus, the MVPA detected
impaired scene-selectivity for CC individuals within the VTC, yet no group differences were found in
the univariate analysis because the PPA itself was unaffected. Alternatively, impaired classification as
reported by the MVPA might also be linked to a reduced number of category-selective neurons within
the distinct region. Yet to compensate the most likely resulting reduced category-selectivity, neurons
would have needed to acquire some kind of neural compensation mechanism (Grill-Spector et al.,
2008). However, we did not just report a lack of group difference, but in fact tendencies for increased
responses in CC individuals. Therefore, rather than impairments in the distinct region, it seems more
likely that the extent of scene-selectivity in CC individuals was reduced. In fact, developmental studies
reported an age-related increase of activation volume for face-selective regions (Golarai et al., 2007,
2010; Peelen et al., 2009; Pelphrey et al., 2009; Scherf et al., 2007, 2011; but see Passarotti et al.,
2003) as well as scene-selective regions (Golarai et al., 2007; Meissner et al., 2019). It seems plausible
that early visual deprivation leads to an interruption of this developmental process and results in a
reduced extent of category-selectivity in CC individuals. Since age-related volume increase has not
been reported for object-selective (Golarai et al., 2007, 2010; Scherf et al., 2007) or body-selective
regions (Peelen et al., 2009; Pelphrey et al., 2009), and findings for scenes-selective regions are in
fact not as consistent as for faces-selective regions, further research is needed to confirm this

consideration.

The second aspect that might explain the discrepancy in univariate and multivariate results is that
MVPA and univariate analyses reflect different aspects of functional processing. MVPA identifies the
underlying neural pattern in terms of their informational content, i.e. what information is
represented in a vertex. The classical univariate analysis focuses on a region’s function, i.e. responses
towards preferred and non-preferential categories. The different aspects both analyses reflect,
contribute essentially to the understanding of functional processing, but at the same time also make
it difficult to draw a direct conclusion from one analysis to the other. A less precise categorical
organisation, i.e. less categorical fine-tuning, might lead to less univariate selectivity as there is
reduced category-specific information decoded. Yet even if a specific neuron contains relevant

information that leads to the differentiation of stimuli, does not mean that this information is
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necessarily used in the processing of that stimulus (Williams et al., 2007). Findings of patient and
stimulation studies emphasise the causal role of category-selective regions in behavioural outcome
(Pitcher et al., 2009; Schalk et al., 2017; Wada & Yamamoto, 2001). For distributed representations
such as representational similarity patterns, evidence for a causal relation with behaviour is still
scarce, despite repeated reports of a correlational link (Cohen et al., 2014; Groen et al., 2018). For
example, intracranial electronic stimulation of the FFA appears to affect only face-specific processing,
but not the perception of other, non-face objects (Parvizi et al., 2012; Schalk et al., 2017). In the
absence of evidence directly linking one method with the other, one has to consider that the here
reported MVPA and univariate results are merely coincidental. Accordingly, the impaired processing
of faces is unique in its finding given that it’s the only category exhibiting impairments in both

multivariate as well as univariate analyses.

The third considerable aspect that might have influenced the here reported results lies in the
methodological basis for each analysis. In contrast to the classical univariate ROl analysis, MVPA
allows for much more sensitive detection of small differences between stimuli or groups (Cox &
Savoy, 2003; Norman et al., 2006), as the analysis is based on a voxel-by-voxel analysis and entails
therefore more data points. This has been reported in various patient studies as for example in
prosopagnosia patients: While the classical univariate analysis failed to detect any group differences
for face and object discriminability, MVPA revealed significantly reduced discriminability for
congenitally prosopagnosia patients compared to control subjects (Rivolta et al., 2014). In terms of
the here reported results, effects of early visual deprivation might be smaller in body- and scene-
selective cortices than in face-selective cortices and simply not sufficient for significant univariate

effects, while MVPA was sensitive enough to detect these smaller differences.

The fourth aspect in considering the result differences is based on the development of category-
selective processing and might indicate why the effects of early visual deprivation manifest the
strongest on face-selective cortices. Despite intriguing new evidence for early maturation of some
category-selectivity (Kosakowski et al., 2021), it seems undeniable that visual experience still is
essential for the emergence of other category-selective regions (Kosakowski et al., 2021), further
categorical fine-tuning of univariate selectivity and representation similarity (Cohen et al., 2019; Deen
et al.,, 2017; Golarai et al., 2007; Scherf et al., 2011) and/or maintenance of category-selectivity
(Huber et al., 2015). Yet especially the development of face-selective processing, has been reported
to follow a unique developmental trajectory. Firstly, face-selective regions have been reported to
take longer to mature than other regions — far beyond the first decade of life (Aylward et al., 2005;
Golarai et al., 2010; Peelen et al., 2009; Scherf et al., 2007). Secondly, previous research in CC

individuals identified a sensitive period for the typical development of face-selective processing
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(Roder & Kekunnaya, 2021). More specifically, it is assumed that early visual deprivation leads to an
interruption of essential sensory input which further leads to persistent impairments in CC individuals
despite many years of recovery. Both arguments indicate a unique development trajectory for face-
selective processing. Accordingly, face-selectivity more than any other visual category is affected by
early visual deprivation either due to the reduced extent of face-experience and/or from missing the

sensitive period that guarantees the typical development.

Given that our univariate results primarily replicate face-selective impairments in CC individuals, it is
tempting to conclude that the development of other visual categories is not subject to a sensitive
period during which visual input is necessary for normal development. However, that conclusion
would be premature and dismiss the still meaningful indications of ill-specialised processing of the
remaining tested visual categories, such as bodies, objects and scenes. The here reported results
simply show that visual input during early infancy is not as necessary for the processing of bodies,
objects and scenes as it is for faces. Whether body- and scene-selectivity — possible object-selectivity
as well — recovers to a higher degree or is simply less affected in the first place has to be left

unanswered to this point.

Overall, a variety of underlying processes and developing neural mechanisms might have contributed
to these differentiated results and need to be considered in their interpretation. Besides the
previously mentioned increase in activation volume, developmental changes in the response
characteristics have been proposed as well. Face-selective changes with age have been mainly
described as an increase in the face-selective response or overall face-selectivity (Golarai et al., 2010,
2015; Grill-Spector et al., 2008; Scherf et al., 2007), but also as reduced responses towards
unpreferred stimuli such as objects (Cantlon et al., 2011). Similar although less consistent findings
have been reported for the development of scene-selectivity. Individual studies have reported an
increased response magnitude in the right PPA, which is also positively correlated with recognition
memory (Chai, 2010) or an increased bilateral scene-selectivity characterised by higher scene-
selective response as well as reduced response towards non-preferred stimuli (Meissner et al., 2019).
Furthermore, even if regions show similar functional changes, anatomical evidence proposes
different underlying microstructural mechanisms that interplay with the functional changes (Gomez
et al., 2017; Natu et al., 2019). Therefore, the maturation of category-selectivity might not just follow
individual developmental trajectories but might as well be accompanied by various anatomical
mechanisms. Both mentioned functional changes, that is the age-related increase in selectivity as
well as the increase in activation volume have been proposed to be dependent on visual experience

(Cohen et al., 2019; Golarai et al., 2015). Therefore, early visual deprivation might have led to
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impaired processing in CC individuals either by a reduced extent of category-selective information
within the VTC, as specifically referred to in the first argument, and/or reduced category-selectivity
within distinct regions. And although respective evidence in normally sighted individuals is so far
limited to face-selective and scene-selective regions, based on our results it seems likely that similar
developmental changes occur in other visual categories. It might therefore be suggested that early
visual deprivation leads to ill-specialised category organisation in CC individuals, which manifests not

just in reduced category-selectivity but also in a reduced extent of categorical information.

There are some limitations of the present study which need discussion. To assure that participants
perceived the different visual categories, we assessed participants’ dissimilarity ratings of the
presented stimuli during scanning. Our analysis revealed that in terms of percentage, fewer CC
individuals than SC individuals would have met the original testing criterion. Nevertheless, in the
adapted analysis, neither the CC group nor the SC group perceived the tested categories differently.
The residual visual impairments in CC individuals might have made it more difficult for CC individuals
to fulfil the task. Yet the lack in perceived category differences might not solely be related to these
visual impairments given that both groups failed in perceiving the expected category differences.
Most importantly, however, both fMRI analyses revealed that to a great extent both SC individuals as
well as CC individuals did exhibit differentiated categorical responses. It seems therefore more likely
that the findings might have revealed a misunderstanding or uncertainty of task rather than a failure
in categorical processing. Still, this finding was surprising given that no such problems have occurred

in the original study by van den Hurk (2017) and the task remained the same for this study.

We furthermore need to acknowledge that we tested only small groups considering eight CC
individuals and three VI individuals. However, given the rarity of suitable participants, both congenital
cataract individuals as well as late required visually impaired individuals, comparable sample sizes are
commonly observed (Guerreiro et al., 2016a, 2016b; Guerreiro, Erfort, et al., 2015; Guerreiro, Putzar,
et al., 2015). Multiple steps have been taken to account for possible difficulties. Two separate data
models have been calculated enabling the direct comparison of CC and SC individuals in the matched-
model as well as a comparison based on a higher number of control subjects in the all-subjects model.
Linear mixed models have been calculated instead of classical ANOVA to allow for better analysis with
unbalanced sample sizes (G. Chen et al., 2013). Two different analysis methods have been applied of
which MVPA has been proven to be highly sensitive to even with small effects (Cox & Savoy, 2003;
Norman et al.,, 2006). Most importantly, we were able to replicate findings of face-selective
impairments in CC individuals based on slightly bigger samples (Grady et al., 2014; Réder et al., 2013),

which allows for similar conclusions of other findings in this study. Nevertheless, further research is
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needed to make conclusive statements regarding effects of early visual deprivation on the
development of body- and scene-selectivity, given the inconsistent findings of developmental

research and the absence of related studies in CC individuals.

Moreover, no independent functional localiser data had been acquired due to limited resources.
Instead, an independent localiser was used for the definition of functional ROI. Due to the objective
definition of ROI using the atlas, we were unable to assess information about individual differences
in region location or differences in size, which might be important sources of information for possible
effects of early visual deprivation on the development of category processing as described previously.
Furthermore, the atlas by Rosenke et al. did not include object-selective region(s), which given our
study design would have been agreeable to draw cohesive conclusions. One could argue that keeping
the category of objects in the analysis despite no respective region might have influenced the
conclusions. And in fact, we do see object preference, where the atlas indicates other preferences as
for example in the bilateral pFus-faces. However, keeping the category of objects as the fourth
category allowed us to draw specific conclusions as for example object-preference in CC individuals
similar to the findings by Grady et al. (2014), which we would not have been able to detect if excluded.
At the same time, using an object localiser has mentionable advantages. In absence of independent
functional localiser data, functional ROl are commonly defined by dividing the data into definition
and test dataset. However, given the already limited amount of data, this would most likely result in
a considerable data loss. Using the independent localiser therefor allowed for a highly specific
definition of ROI as well as preventing data loss. Furthermore, identical ROI for all subjects allow for
objective testing and direct comparison, that is for example within typical face-selective regions
(based on the data of normally sighted individuals), do CC individuals exhibit differences. Despite ROI
size being a considerable source of information, group-specific differences in ROI size might also
confound further analyses. Especially if CC individuals would show smaller ROI, as discussed
previously, this might influence the overall activation levels and ideally would have to be controlled
for. Future research might combine both approaches in order to answer some of the proposed
explanations. Additionally, the atlas by Rosenke et al. also entailed regions, which we would not have
been able to investigate otherwise. By using the functional atlas, we were able to investigate if CC
individuals would exhibit otherwise located category-selectivity and possible effects of early visual

deprivation of other visual regions.
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Conclusion

The present study provides new evidence for differentiated effects of early visual deprivation on the
development of categorical processing. While we found the large-scale categorical organisation to be
relatively unaffected by early visual deprivation, categorical fine-tuning and particularly face-selective
processing exhibited impairments. In general, previous evidence indicated lower-level visual
processing to be less affected by early visual deprivation than higher-level processing or to recover
to a larger extent, for example striate vs extrastriate processing reported by Sourav et al. (2018).
Consequently, it has been suggested that the effects of early visual deprivation increase following the
visual processing hierarchy (Roder & Kekunnaya, 2021). Based on the results reported here, a more
differentiated view on the effects of early visual deprivation might be necessary. More specifically,
our data suggests that it is specifically the maintenance and fine-tuning of category-selectivity rather
than the neural set-up, i.e. the large-scale categorical organisation, that is affected by early visual
deprivation. This is also supported by the observation that visual functions with a high organisational
bias are less affected by early visual deprivation than visual functions that follow a prolonged
development and are more dependent on visual experience (Réder & Kekunnaya, 2021). In fact, basic
neural set-up, such as retinotopy and categorical organisation has been reported in congenitally blind
individuals (Bock et al., 2015; Striem-Amit et al., 2015; van den Hurk et al., 2017) and therefore might
develop without visual experience in contrast to experience-dependent development of category-

selectivity in normally sighted individuals (Grill-Spector et al., 2008).

In conclusion, together with previous evidence, the here presented results convey compelling
evidence for the differential development trajectories of distributed categorical representation and

univariate selectivity especially in relation to their dependence on early visual experience.
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The Experience-(In)dependent Development of the Human Brain

Neurodevelopment involves a highly complex and dynamic process that encompasses the growth,
organisation, and maturation of the brain. Influenced by a fine interplay involving innate genetic
programs, environmental factors, and experiences, this process results in the formation of neuronal
circuits in early brain development. With genetics laying the foundation for structural and functional
development, heightened susceptibility towards experiences enables individuals to adapt to their
unique environments (Fagiolini et al., 2009; Knudsen, 2004). However, this susceptibility also conveys
vulnerability as atypical experiences can impact the neuronal organisation and have enduring effects
(Roder & Kekunnaya, 2021). Understanding the extent to which experience-independent and
experience-dependent factors influence brain development, in addition to comprehending the
interplay between structural and functional development, is essential for gaining profound insights

into the complex processes that drive the remarkable development of the human brain.

In recent decades, sophisticated non-invasive brain imaging techniques have undergone
progressive expansion, leading to an enhanced understanding of brain structure and function. Among
these techniques, MRI has emerged as the primary modality for both clinical and research
applications. MRI and its various adaptations offer valuable insights into brain tissue morphology,
structural composition, spatio-temporal signals of brain activity, connectivity, and metabolic changes.
Furthermore, because MRI not only permits the scanning of the brains of young children but also the
repeated scanning of the same individual over time, it is particularly useful for investigating
neurodevelopmental pathways. Extensive MRI research has focused on brain development by
observing inter-individual differences or intra-individual time changes in brain structure or function,
either by comparing different age groups or by tracking individuals in their brain development.
Moreover, MRI studies on twins have elucidated the relative contributions of genetics and
environment on developmental trajectories, by comparing similarities between monozygotic twins,
who share approximately 100% of the same genes, and dizygotic twins, who share approximately
50% of the same genes. Neonatal twin studies highlight the highly heterogeneous and complex
impact of genetic influences on early brain development, while the significance of experiences in
shaping the brain increases over time (Maggioni et al., 2020). Accumulating evidence describes the
spatiotemporal patterning of cortical development in the human brain following a hierarchical
development from lower-order primary and unimodal cortices to higher-order transmodal
association cortices (Sydnor et al., 2021). In general, the order in which the cortex matures
corresponds to cognitive milestones in human development (Giedd, 2004; Gogtay et al., 2004; Sowell
et al., 2003, 2004). Primary sensory and motor systems mature earliest, followed by temporal and

parietal association cortices involved in basic language skills and spatial attention. The prefrontal and
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lateral temporal cortices, which integrate primary sensorimotor processes and modulate basic
attention and language processes, appear to mature last. This reported hierarchical development
parallels post-mortem studies in non-human and human primates suggesting a protracted
development of the prefrontal cortex in comparison to sensorimotor cortices (Bourgeois & Rakic,

1996; Huttenlocher, 1979).

Notably, a significant portion of the structural cortical development occurs prenatally,
thereby resulting in an advanced structure of the infant's brain at birth (Knickmeyer et al., 2008; G. Li
et al., 2015). Moreover, the majority of developmental changes in the structural brain occur within
the first two years of life (Giedd & Rapoport, 2010; Gilmore et al., 2018; Wierenga et al., 2014). Given
that experience at this age is limited, this early structural maturation implies a highly routed genetic
basis (Rakic, 2009). However, genetic influences on brain development exhibit regional specificity,
with posterior regions — particularly occipital and parietal areas — being more influenced by genetics
compared to frontal regions, and also differ concerning various structural measures (Maggioni et al.,
2020). More specifically, cortical thickness and surface area are both highly heritable, yet genetically
uncorrelated (Panizzon et al., 2009; Winkler et al., 2010) and influenced by regionally distinct genetic
factors (C. H. Chen et al., 2012, 2015; Rimol, Panizzon, et al., 2010; Schmitt et al., 2008). Moreover,
surface area has been implicated as having a stronger genetic influence compared to cortical
thickness (Jha et al., 2018; Maggioni et al., 2020), which might be related to the observation that
surface area rather than cortical thickness differs across species (Fish et al., 2008). In contrast, the
development of cortical thickness is considered more functionally driven given its posterior-to-
anterior trajectory and the thereby high resemblance to functional maturation (C. H. Chen et al.,

2011; Gogtay et al., 2004; Krongold et al., 2017; Valk et al., 2020; Westlye et al., 2010).

These observed changes in brain structure may have implications for brain function as this
hierarchical pattern of development is not just observable in terms of the general functional
development, but already within the visual system (Braddick & Atkinson, 2011). The visual system
consists of a series of interconnected processing areas, each handling increasingly complex visual
information (Goebel et al., 2012). In the development of the visual system, low-level visual processing
exhibits a high degree of maturation at birth (Arcaro & Livingstone, 2017; Ellis et al., 2021) and
matures earlier than higher-level visual processing (Casey et al., 2005; Gomez et al., 2018). This
hierarchy is believed to reflect the way in which the brain processes visual information requiring a
gradual extraction of relevant stimulus properties (DiCarlo et al., 2012; Serre et al., 2007) as also
exemplified by neural networks (LeCun et al., 2015). Over time, the brain undergoes adaptive changes

through learning and exposure, gradually becoming more specialized, which leads to greater
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efficiency and accuracy of higher-level visual processing (Brants et al., 2016; Gauthier & Nelson, 2001;

Golarai et al., 2015; Hills & Lewis, 2018).

More complex higher-level visual processing, such as visual categories, follows a more
protracted development with distinct trajectories for different category-selective areas (Grill-Spector
etal., 2008). In recent years, these trajectories have been extensively investigated for categories such
as faces, bodies, scenes, and objects and especially the manifestation of these category-selective
regions has been considered experience-dependent, given that their development spans across the
first decade of life (Aylward et al., 2005; Gathers et al., 2004; Golarai et al., 2007; Passarotti et al.,
2003; Pelphrey et al.,, 2009; Scherf et al., 2007). However, recent advances in MRI acquisition
techniques have enabled researchers to test awake infants and challenge the notion of delayed onset
of category-selective regions (Deen et al., 2017; Kosakowski et al., 2022). Of these, one study reported
adult-like category-selective responses in infants as young as 2 months (Kosakowski et al., 2022).
These findings suggest an earlier onset of categorical processing than previously thought, which
potentially strengthens the influence of experience-independent mechanisms during development.
In fact, a growing body of evidence suggests that genetics can also influence the categorical
organisation and, in this context, Abbasi et al. reported that category-selectivity maps for faces,
bodies, objects, and scenes were more similar in monozygotic than in dizygotic twins (Abbasi et al.,
2020). Another study found that monozygotic twins tend to exhibit greater similarities in their
response to faces and scenes compared to words (Polk et al., 2007). This evidence does not just
indicate the involvement of genes in high-level visual organisation but moreover might suggest a
stronger genetic influence on natural and evolutionary-relevant categories such as faces and scenes,

in contrast to man-made objects.

As the evidence mounts in support of experience-independent early functional development,
it has been discussed that — perhaps not surprisingly — early functional and structural development
might be closely intertwined. Overall, cognitive ability in infants, children, and adults is associated
with individual differences in various structural measures (Girault et al., 2020; Karama et al., 2009;
Narr et al., 2007; Shaw et al., 2006). More specifically, structural differences might potentially explain
inter-individual differences in behaviour (Genon et al., 2022; Kanai & Rees, 2011) and have been
linked to intelligence (Colom et al., 2006; Narr et al., 2007; Shaw et al., 2006), creativity (W. Li et al.,
2015; Takeuchi et al., 2010), and memory (Maguire et al., 2000). Similarly, abnormal structural
development has been extensively linked to various neurodevelopmental, neurological, and
psychological diseases such as schizophrenia (Haijma et al., 2013; Rapoport et al., 2012; van Erp et
al., 2018), bi-polar (Hanford et al.,, 2016; Rimol et al.,, 2012; Rimol, Hartberg, et al.,, 2010), and

depressive disorders (Qian Li et al., 2020) in addition to autism (Courchesne et al.,, 2007;
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Khundrakpam et al.,, 2017; Pagnozzi et al., 2018; Zielinski et al., 2014) and attention-

deficit/hyperactivity disorder (Albajara Sdenz et al., 2019).

The close link between structure and function is also specifically observable for categorical
organisation, and structural characteristics have been considered to determine where category-
selective regions emerge (Grill-Spector & Weiner, 2014). More specifically, within the VTC, functional
regions have been consistently and predictably located (Aguirre et al., 1998; Epstein & Kanwisher,
1998; Grill-Spector et al., 1999; Kanwisher et al., 1997; Malach et al., 1995), whereby this consistent
organisation is not unique to humans and numerous studies have suggested a more fundamental
basis for the categorical organisation that extends beyond humans. Specifically, these studies have
shown a high degree of similarity in categorical organisation between humans and other non-human
primates (Rakic, 2009) and similar categorical organisation has been reported in non-human primates
for the large-scale categorical organisation (Kriegeskorte, Mur, Ruff, et al., 2008) and distinct regions
for faces, bodies, and scenes (Lafer-Sousa et al., 2016; Nasr et al., 2011; Natu et al., 2021; Pinsk et al.,

2009; Rajimehr et al., 2011).

These similarities between species support an evolutionary and genetically driven early brain
development, with a highly interconnected progression of structure and function. Based on animal
studies, a broader concept emerged, in which the cortex is prenatally patterned by a combined action
of various genetic mechanisms involving transcription factors, morphogens, and signalling molecules
(O’Leary et al., 2007). These genetic gradients provide regional boundaries for the initial formation of
cortical areas, distinguished from one another by their cyto- and chemoarchitecture, and input and
output connections, that ultimately serve diverse cortical functions (Espinosa & Stryker, 2012). This
genetic patterning has also been identified in humans with parcellations into regions of maximal
shared genetic influence (Chen, 2013) which, to some extent, are already present at birth (Ball et al.,
2020). The resulting structural characteristics that accompany the patterns further guide functional
development. For instance, the categorical organisation is highly influenced by the cortical folding
patterns in the VTC (Weiner et al., 2014; Weiner, Barnett, et al., 2018; Witthoft et al., 2014) and the
mid-fusiform gyrus serves as an anatomical landmark involved in the predictable location of the mid-
fusiform face area (Weiner et al., 2014; Weiner & Grill-Spector, 2010), and the separation of face-
selective from place-selective regions (Nasr et al., 2011). Other structural characteristics have also
been implicated in the development of functional organisation, such as connectivity fingerprints
(Osher et al., 2016; Saygin et al., 2012, 2016) and cytoarchitectonic properties (Weiner et al., 2017).
These factors not only result in a consistent location of functional representation relative to cortical
folds, but also a consistent spatial relationship among functional representations, both for distinct

selective regions and large-scale maps.
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Despite the broad influences of genetics on visual development, experience remains crucial. In the
1960s, Hubel and Wiesel made ground-breaking discoveries by recording the neural activity of visually
deprived cats and monkeys (reviewed by Daw, 2009). They found that selective receptive fields and
functional architecture could develop without visual experience, indicating the involvement of innate
mechanisms in determining the organisation of receptive fields and cortical columns (Hubel et al.,
1976; Hubel & Wiesel, 1963). This innate phase, however, was followed by a period during which
visual experience was crucial for the refined development of the striate visual cortex (Wiesel & Hubel,

1965) — a sensitive period.

The discovery of the crucial role of early visual input in striate visual cortex development sparked
extensive research into the plasticity of the visual system (Daw, 2009). This research area also
encompasses investigations into the extent to which cortical representation of other sensory
modalities, such as auditory and somatosensory input, change in the absence of visual input (Lopez-
Bendito et al., 2022; Pavani & Réder, 2012; Rauschecker & Harris, 1983; Rauschecker & Korte, 1993).
Overall, Hubel and Wiesel 's (1963) discovery of an innate phase followed by a sensitive period of
visual experience has had a significant impact on the understanding of cortical development and
plasticity in the visual system. Following their work, many authors have made contributions to the
study of synaptic reorganisations that are associated with monocular and binocular deprivation,
examining the effects of deprivation on other areas of the visual system and the development of

visual properties beyond binocularity in a wide range of species.

In visually deprived humans, such as congenitally blind individuals, extensive research investigated
structural and functional changes both in the ‘visual’ and in other, non-deprived cortices (Noppeney,
2007; Roder & Kekunnaya, 2022). While the investigation of permanently blind individuals usually
addresses the adaptability of the brain in the complete absence of visual input, this line of research
also provides valuable insights into the experience-independent aspects of visual development.
Persisting organisational principles in typically visual cortices in congenitally blind individuals (Bock et
al., 2015; Trampel et al., 2011; van den Hurk et al., 2017) suggest that these principles have developed
independently of visual experience. However, there is still much to be learned about the interplay

between genetic factors and early sensory experience in shaping typical visual development.

One promising avenue for addressing this gap in knowledge is through the study of individuals who
experienced a transient period of visual deprivation due to congenital cataracts and who underwent
surgery later in life to restore their vision. This unique population presents a valuable opportunity to
investigate the potential for recovery of the originally deprived visual system. By examining the
behavioural changes and neural organisation in CC individuals, researchers can gain insights into the

plasticity of the visual system and whether it is capable of returning to its typical developmental
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trajectory. Moreover, this research elucidates the interplay between experience-independent factors
and experience in shaping the development of the visual brain, thereby providing a more
comprehensive understanding of the mechanisms underlying visual processing. If visual structure or
function is found to be impaired in CC individuals, it suggests that early visual experience is essential
for the typical development of these functions and that they cannot be fully recovered even after
many years of seeing. On the other hand, if visual structure or function is found to be largely
unaffected in CC individuals, it suggests that they do not rely as much on early visual experience.
Overall, studying CC individuals can deepen our understanding of the role of early visual experience
in shaping the brain and inform suitable and targeted interventions for individuals with visual

impairments.
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Chapter summary — The Effects of Early Visual Deprivation on the Structural Organisation

The aim of Study 1 (Chapter 2) was to investigate the impact of a transient period of early
visual deprivation on the structural organisation of the early visual cortex. Several studies indicated
that congenital visual deprivation leads to long-lasting structural changes as most recently reviewed
by Paré et al. (2023). Previous studies on congenitally blind individuals have indicated higher cortical
thickness and reduced surface area within the visual cortex compared to sighted individuals or those
experiencing late-onset blindness (Andelin et al., 2019; Anurova et al., 2015; Bridge et al., 2009; Jiang
et al., 2009; Park et al., 2009; Qin et al., 2013). Similarly, research on individuals with congenital
cataracts has shown an increased cortical thickness and reduced surface area (Feng et al., 2021;
Guerreiro, Erfort, et al., 2015; Holig et al., 2022), highlighting the crucial role of early visual experience
in the typical development of the visual brain. Furthermore, these findings imply that impaired brain

structure cannot fully recover from congenital visual deprivation.

In order to delve deeper into the consequences of early visual deprivation, the first study conducted
within the framework of this dissertation (Chapter 2) examined advanced ultra-high field MRI data
with submillimetre resolution in a group of eight individuals who had experienced congenital
cataracts. This investigation focused on analysing cortical thickness and surface area as distinct
structural measures. It was hypothesised that CC individuals would exhibit increased cortical
thickness and reduced surface area within the early visual cortex in comparison to normally sighted
individuals. Furthermore, the study aimed to establish a methodological foundation for the direct
comparison of results using two commonly employed analysis approaches for assessing structural

differences: a vertex-wise analysis and a ROl analysis.

In contrast to the results from previous studies in CC individuals, the current investigation indicated
differences in cortical thickness between the CC and SC individuals, only at an exploratory level, i.e.
without applying corrections for multiple comparisons. Regarding surface area, the study revealed a
significant group by hemisphere interaction whereby CC individuals exhibited significantly reduced
surface area in the left hemisphere compared to the right hemisphere. In contrast, the SC individuals
tended to exhibit the opposite pattern, with larger surface area in the left hemisphere. Interestingly,
descriptively, the expected smaller surface area in CC individuals compared to the SC group was
observed in the left hemisphere. However, unexpectedly, the CC group exhibited larger surface area

than the SC group in the right hemisphere.
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The Experience-(In)dependence of Structural Brain Development

The development of brain structure is influenced by both experience-dependent and
experience-independent factors. While genetics have been reported to play a significant role in
shaping basic brain organisation, early visual experience is essential for the typical development of
the structural organisation of the visual brain. Structural changes following early visual deprivation
are most consistently reported in the visual cortex and visual pathway and include reduced WM and

GM volume, reduced surface area, and increased cortical thickness (reviewed by Paré et al., 2023).

While the results presented here are substantially in line with previous reports on changes in surface
area reported here, they indicate only limited effects of early visual deprivation on cortical thickness.
Although contradicting the majority of the evidence gathered in both congenitally blind and CC
individuals, it is noteworthy that another recent study using ultra-high field MRI data with
submillimetre resolution has also reported only limited effects on cortical thickness (Kupers et al.,
2022). The contradicting reports may be attributed to methodological differences such as the
increased spatial resolution in submillimetre MRI, as discussed extensively in Chapter 2. However, it
is important to note that while reports of grey matter changes due to early visual deprivation within
the occipital lobe are commonly referred to as ‘amongst the most consistent’ findings (Paré et al.,
2023), the body of evidence is not unanimous. Increased cortical thickness in congenitally blind
individuals has been reported in ‘11 out of 14 studies’ (Paré et al., 2023) in at least one occipital lobe
area, whereas only in ‘8 out of 14 studies’ within the peri-calcarine area (Kupers et al., 2022), which

amounts to ‘8 out of 15 studies’ when including the results by Kupers et al. (2022).

As previously elaborated, cortical thickness and surface area follow distinct developmental
trajectories over the life span (Gilmore et al., 2018; Wierenga et al., 2014). Specifically, imaging
studies have revealed an initial increase of cortical thickness which peaks around the age of 1 — 2
years and continuously declines thereafter (Amlien et al., 2016; Walhovd et al., 2016; Wang et al.,
2019), whereas surface area continues to expand well into early adolescence (Amlien et al., 2016)

followed by a slow decline (Wierenga et al., 2014).

The developmental changes in cortical thickness have been proposed to be associated with
alterations in the synaptic architecture of grey matter, characterised by an initial period of
synaptogenesis, i.e. the formation of synapses, and followed by synaptic pruning, i.e. the elimination
of synapses (Huttenlocher et al., 1982). Therefore, differences in cortical thickness observed after
early visual deprivation have been suggested to indicate a disruption in synaptic pruning in the
absence of typical visual experience (Jiang et al., 2009; Park et al., 2009), which is supported by

findings in visually deprived monkeys indicating that synaptic pruning rather than synaptogenesis
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depended on visual experience (Bourgeois et al., 2000). However, more recently, cortical thinning has
been linked to age-related changes in myelination and, in this context, an increase in myelination
alters the contrast of the apparent boundary between grey and white matter, shifting it outward and

producing thinner GM (Natu et al., 2019; Vandekar et al., 2015; Whitaker et al., 2016).

Accordingly, in the context of structural changes resulting from early visual deprivation, it could be
argued that the impact of visual deprivation is potentially more pronounced on WM than cortical
thickness, which would align with the diminished effects on cortical thickness indicated by the
findings presented here and in the study by Kupers et al. (2022). In fact, WM atrophy has been
reported in congenitally blind individuals (Paré et al., 2023) and was also replicated by recent ultra-

high field MRI results (Kupers et al., 2022).

On the basis of histological and MRI results, changes in surface area have been attributed to early
visual deprivation affecting the expansion in surface area that occurs early in development (Andelin
et al., 2019), rather than the decline observed later in development (Wierenga et al., 2014). Again,
these changes could potentially be associated with impaired WM development, as cortical surface
expansion during typical development has been associated with the myelination of WM fibers

(Cafiero et al., 2019).

Overall, distinct developmental trajectories of cortical thickness and surface area, are possibly
characterised by different extent of experience-dependence. With cortical thickness assumed to
follow a more functionally driven maturation (Krongold et al., 2017; Valk et al., 2020), it appears
highly plausible to expect stronger effects of visual deprivation than on surface area, which is
attributed a stronger genetic influence (Jha et al., 2018). However, the results presented here, along
with the findings by Kupers et al. (2022), may be interpreted as the opposite, thereby indicating

reduced effects of early visual deprivation on cortical thickness compared to surface area.

Nevertheless, the potentially limited effects of early visual deprivation on cortical thickness do not
imply a generally limited effect of visual deprivation on structural brain organisation. Interestingly,
developmental studies with children suggested that changes in surface area, rather than cortical
thickness, are the driving factor behind the observed reduction in GM volume in occipital regions
(Lyall et al., 2015; Sowell et al., 2002), which might explain findings of reduced GM volume and surface

area, even despite limited changes in cortical thickness.

In summary, this Study 1 of this dissertation explored the consequences of early visual deprivation
on the structural organisation of the early visual cortex. Through analyses of submillimetre structural
data, enduring yet distinct effects of early visual deprivation were observed. Thus, Study 1 provides

evidence for a sensitive period of structural brain development in humans and in this context,
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structural organisation cannot fully recover from a transient period of early visual deprivation. These
findings enhance our understanding of how early visual deprivation influences the developmental
trajectory of the visual cortex and emphasise the intricate interplay between visual experience and
brain structure. Further investigation by future research is needed to ascertain whether these
differentiated effects are attributable to methodological factors due to the relatively new application

of ultra-high field MRI or indicative of substantial underlying differences.
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Chapter summary — The Effects of Early Visual Deprivation on the Categorical Organisation

In addition to long-lasting structural impairments, early visual deprivation has also been reported to
affect various visual functions (Roder & Kekunnaya, 2021). Study 2 (Chapter 3) investigated the
effects of early visual deprivation specifically on visual categorical processing. Accumulating evidence
indicates experience-independent developmental mechanisms involved in the development of
category-selective processing (Kosakowski et al., 2022; van den Hurk et al., 2017). However, previous
research has shown persistent impairments in face processing in CC individuals (Le Grand et al., 2004;
Mondloch et al., 2013), highlighting the importance of early visual experience for the typical
development of face processing. To date, very few studies focused on the neural basis of these face-
selective impairments and the results indicated that these impairments were mainly driven by
reduced face-selective responses in CC individuals (Grady et al., 2014; Réder et al., 2013). However,
despite these valuable initial insights, important aspects of categorical processing were not
investigated yet. To examine the multifaceted organisation of categorical processing, the Study 2
combined two methods that allowed detangling the role of experience-dependent and experience-
independent development, focusing on the large-scale categorical representation and category-
selectivity within distinct regions. Based on evidence in congenitally blind individuals (Mahon et al.,
2009; van den Hurk et al., 2017), It was hypothesised that CC individuals would exhibit the same large-
scale categorical organisation as normally sighted individuals. Additionally, it was hypothesised that
within category-selective regions, CC individuals would exhibit category-selective responses, which
would, however, be characterised by reduced responses to the respective preferred categories,

similar to findings in face-selective regions (Grady et al., 2014).

In accordance with the hypothesis, CC individuals exhibited distinguishable categorical patterns for
faces, bodies, objects, and scenes, and the same large-scale categorical organisation as SC individuals.
Yet, notably, CC individuals exhibited less distinctive representation of the four categories, which was
not just observable in contrast to normally sighted individuals, but already among the CC individuals.
Moreover, face-selective impairments were confirmed in CC individuals. Significantly, however, the
results demonstrated that these impairments were not just characterized by reduced face-selective
response but also by increased responses to the non-preferred categories. And while the extent of
impaired category-selectivity in CC individuals was unique for faces, other visual categories such as

bodies, and scenes also indicated impaired processing to some extent.
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The Experience-(In)dependence of Categorical Development

Visual processing in the human brain exhibits individual and highly specific developmental
trajectories. Lower-level visual processing matures earlier compared to higher-level visual processing,
which undergoes longer developmental periods (Casey et al., 2005; Sydnor et al.,, 2021). This
difference in maturation suggests that the development of functional processing is influenced by both
experience-dependent and experience-independent mechanisms. It has been proposed that early-
maturing functions present a high maturational bias at birth and are therefore less experience-
dependent in their development, thereby rendering them more resilient to atypical visual input (Levi,
2005; Roder & Kekunnaya, 2021). Conversely, slower-developing functions depend more strongly on
experience, which also makes them more vulnerable to atypical visual experience (Roder &
Kekunnaya, 2021). As a consequence, various structures and functions may be sensitive to visual

deprivation at different stages of development.

Particularly, categorical processing undergoes a protracted period of development and maturation
(Grill-Spector et al., 2008), which would, accordingly, imply a substantial dependence on early visual
experience. In fact, previous studies have demonstrated this through the significant impairment of
face-selective processing in CC individuals (Grady et al., 2014; Roder et al., 2013), underscoring the
significance of early visual experience for the typical development of face processing. Notably, the
findings presented in Study 2 (Chapter 3) clearly establish that impaired categorical processing is not
exclusive to faces. In fact, all four examined categories - faces, bodies, objects, and scenes - exhibited

impaired processing.

Nevertheless, it is crucial to emphasise that CC individuals exhibited distinguishable categorical
representations and demonstrated category-selective responses within the respective regions. This
finding suggests that the fundamental organisation of categorical processing develops despite the
transient period of early visual deprivation. This conclusion aligns with accumulating evidence that
supports the involvement of experience-independent mechanisms in the development of categorical
processing supported by findings of persistent categorical organisation in congenital blind individuals
(van den Hurk et al., 2017), early functional maturation in infants (Deen et al., 2017; Kosakowski et

al., 2022), and strong genetic influences (Abbasi et al., 2020; Polk et al., 2007).

The results presented in this dissertation provide essential insights into the extent to which
categorical processing is affected by early visual deprivation. While the existing literature extensively
discusses face-specific impairments (Maurer, 2017; Roder & Kekunnaya, 2021), the results derived
from Study 2 clearly emphasise the severity of impairment in contrast to other categories as

specifically indicated by impaired category-selectivity within respective regions. Especially in light of
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these new findings contrasting different categories, raise the question of why early visual deprivation
has such profound effects on face processing. Consistent with the aforementioned relationship of
increased experience-dependence following a prolonged developmental, differentiated effects of
early visual deprivation may be attributed to the complex and diverse developmental trajectories of
visual categorical processing (Grill-Spector et al., 2008) and specifically face-selective regions exhibit
a prolonged developmental period extending beyond childhood (Golarai et al., 2007, 2010; Scherf et
al., 2007). In contrast, object-selective and body-selective regions have been reported to reach an
adult-like spatial extent and show mature responses during early childhood (Golarai et al., 2007;
Peelen et al., 2009; Pelphrey et al., 2009; Scherf et al., 2007), whereas the evidence for developmental
changes in scene-selective regions is less consistent (Chai et al., 2010; Golarai et al., 2007; Meissner

et al., 2019).

The unique development of face processing is even more highlighted by the specific role of genes in
determining the development face perception (Duchaine et al., 2007; Grueter et al., 2007; Wilmer et
al.,, 2010; Zhu et al., 2010) and the distinguished structural changes, such as microstructural
proliferation (Gomez et al., 2017) and an increase in myelination (Natu et al., 2019), the parallel these
changes. While the recent evidence in the context of early maturation of categorical processing in
infants potentially challenges the claimed sleeper effect of early visual deprivation on face processing,

it only extents the encompassed developmental trajectory.

To conclude, the results presented in this dissertation provide important insights into the effects of
early visual deprivation on visual categorical processing. More specifically, it was shown that the
general categorical set-up does develop independently of early visual experience, although early

visual experience is crucial for the maintenance and fine-tuning of categorical responses.
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The Effects of Early Visual Deprivation

In line with findings in congenitally blind individuals (Qin et al., 2013), the broad picture
emerging from the recent decades of research in CC individuals seems to be that the impact of early
visual deprivation on brain structure is particularly prominent in early visual regions, while the effects
on brain function appear to increase from lower-level to higher-level visual processing (Roder &
Kekunnaya, 2021). This dissertation provides evidence supporting these observations, indicating that
even with years of visual experiences after sight restoration, impaired structural and functional brain
development due to visual deprivation from birth is not fully reversible. Recent evidence directly
linked altered early visual brain structure to changes in early visual processing (Brockhaus et al., 2022;
Feng et al., 2021). Yet, these changes in altered early visual organisation may have implications
beyond the initial stages, potentially affecting higher-level visual processing due to factors such as
the feedforward hierarchy of visual processing (Serre et al., 2007; Ungerleider & Mishkin, 1982), non-
sequential development (Maurer & Lewis, 2018), or structural changes that limit functional recovery
(Holig et al., 2022) resulting in altered functional developmental trajectories impacting high-level
visual processing (Vogelsang et al., 2018). While the precise mechanisms of neuroplasticity remain
elusive, it is indisputable that the development of the brain's structure and function is intricately
interconnected (Sydnor et al.,, 2021) and a multitude of experience-dependent and experience-

independent neural mechanisms are involved in the maturation of the brain (Knudsen, 2004).
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Clinical and Practical Implications

Dense bilateral cataracts are a leading cause of avoidable blindness (Gogate et al., 2010).
Although cataracts are easily treatable in adulthood, their presence at birth leads to considerably
poorer outcomes (Allen, 2020; Bronsard et al., 2018). As a result, the immediate treatment of children
born with dense bilateral cataracts is crucial because any delay in addressing the condition exposes
them to visual deprivation, resulting in long-lasting impairments and hindering typical development.
There is strong evidence that even brief periods of bilateral visual deprivation have extensive
implications (Lewis & Maurer, 2009; Roder & Kekunnaya, 2021) and long-lasting impairments have
been observed in various aspects of visual processing, including low-level functions (Ellemberg et al.,
1999; Maurer et al., 2007), social perception (Geldart et al., 2002; Le Grand et al., 2004), and high-
level categorical processing (Grady et al., 2014; Roder et al., 2013). The findings of this dissertation
also demonstrate the profound effects of early visual deprivation on the structural and functional

organisation of the visual brain.

While various studies emphasize the importance of early treatment of congenital cataracts (Gogate
et al., 2010), they also suggest that even late surgery yields a (subjectively) increased quality of life
for individuals affected by cataracts (Kalia et al., 2017). Research on the impact of visual deprivation,
as explored in the context of this dissertation, contributes to our understanding of the experience-
dependence of the visual system and helps identifying the visual abilities that should be assessed,
prioritized, and targeted for counselling, assessment, and rehabilitation purposes. By focusing on the
visual abilities that have a significant impact on daily function and quality of life, this knowledge can
help improve interventions and support individuals in maximizing their visual potential. Recent
advances in retinal gene therapy offer new ways of reversing blindness, which renews the interest in
the crucial role of plasticity after sight restoration (Mowad et al., 2020). While improvements in visual
function are highly dependent on age, with treatment effectiveness significantly declining with
advancing age (Fronius et al., 2014), the neurodevelopmental perspective gives reason for optimism,
as several studies indicate a capacity to develop visual skills beyond the traditionally recognized
sensitive period (reviewed by Castaldi et al., 2020; Levi, 2005). While neuroplasticity has been
considered to be preserved for higher-level functions in adulthood, such as learning and memory
(Fuchs & Fliigge, 2014), the adult cortex also retains some potential for visual plasticity as
demonstrated by the behavioural and neural changes associated with perceptual learning (Beyeler et
al., 2017; Hills & Lewis, 2018; Watanabe & Sasaki, 2015). For example, adults with amblyopia can
improve their perceptual performance through extensive practice using challenging visual tasks,
which potentially results in improved visual acuity (Levi, 2005). To enhance future (re)habilitation

services, it is crucial to delve deeper into the neuroscientific aspects associated with visual
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development and plasticity. Despite promising advancements in sight restoration techniques such as
the "bionic eye" (Beyeler et al., 2017), it is important to recognize that certain limitations persist as
practice alone may not be sufficient to enhance certain visual abilities, even despite a prolonged
period of normal vision (Sikl et al., 2013). This either emphasizes the importance of early treatment
or the need for alternative ways of enhancing adults’ plasticity. While the application of manipulating
biochemical constraints is currently not feasible in a rehabilitation context, there is an increasing body
of evidence suggesting that such interventions can enhance the plasticity of the human visual cortex

(Castaldi et al., 2020).

Methodological Characteristics

Various methodological aspects shall be considered as they have contributed significantly in
the course of this dissertational project. First and foremost, this dissertation was based on the
opportunity to study a unique population of individuals who experienced a transient period of
congenital visual deprivation due to dense bilateral cataract. Given the rareness of such individuals,
the here presented results provide essential and valuable insights into the existential role of early
visual experience on the development of the brain. An accumulating number of studies apply
computational modelling and deep neural networks to exploit sensitive periods and the effects of
visual deprivation (Thomas & Johnson, 2006; Vogelsang et al., 2018). In contrast to these modelling
approaches, our study adopted a data-driven and empirical analysis to extract valuable information
directly from the collected data and thus reflecting actual neural changes following early visual

deprivation.

The acquisition of data from individuals with visual impairments to incorporate them as a second
control group posed additional challenges. Despite the inherent difficulties in recruitment, it was
imperative to include three to four VI individuals in both studies of this dissertation, as this inclusion
played a crucial role in exploring the data and provided valuable context to the findings. Considering
the inherent heterogeneity of visual impairments within the VI group and the therefor resulting
variations in onset and severity, it may be prudent for future studies to explore the utilization of
glasses that simulate specific visual impairments. Such an approach would enable researchers to
investigate the immediate effects of visual impairments on visual processing without inducing
underlying neural changes. By employing these simulated glasses, researchers could assess the
impact of different types of visual impairments on visual processing, thereby expanding our
understanding of the specific effects and implications. This would contribute to more targeted

interventions and support for individuals with visual impairments.

138



CHAPTER IV: GENERAL DISCUSSION

One of the notable characteristics made this dissertation was the unique opportunity to acquire MRI
data in Maastricht, which, despite presenting some recruitment challenges, provided an exceptional
chance to obtain both 3T and 7T MRI data. The utilization of 7T scanning proved particularly
advantageous for capturing submillimetre structural measurements, enabling a more comprehensive
analysis of structural changes following early visual deprivation, as elaborated in Study 1 (Chapter 2).
Although group analyses with this comparatively new analysis approach of 7T MRI data still require
additional methodological considerations (Zaretskaya et al., 2018), the use of this advanced scanning
technique has provided intriguing insights into the effects of early visual deprivation on the structural

organisation of the visual brain (Kupers et al., 2022; Trampel et al., 2011).

Both studies of this dissertation incorporated a comparison of analysis methods either for examining
effects of transient congenital visual deprivation on the structural organisation of the early visual
cortex in Study 1 (Chapter 2) or on the functional organisation of visual categorical processing in Study
2 (Chapter 3). In both studies, this incorporation of analysis approaches provided an essential gain of
insights into the effects of early visual deprivation and thus the understanding of the highly complex

and divers development of the structural and functional organisation of the brain.
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Summary and General Conclusion

Altered sensory experience during early development has the potential to induce plastic
changes in the nervous system, influencing both the structural and functional organisation of the
brain. By studying individuals who experienced a transient period of congenital visual deprivation and
who regained sight only later in life, this dissertation aimed to explore the mechanisms of experience-
dependent development. Specifically, the investigation sought to determine whether and to what
extent neural circuits originally deprived of visual input could recover and resume their typical
developmental trajectory following sight restoration. Within the context of two MRI studies, this
dissertation addressed the question of how early visual deprivation affects the structural (Study 1)
and functional organisation (Study 2) of the visual brain by investigating a unique group of individuals
who had congenital dense bilateral cataracts for a minimum of six months and comparing them to

normally sighted and visually impaired controls.

Study 1 (Chapter 2) analysed ultra-high field MRI structural data with a submillimetre resolution to
examine the impact of early visual deprivation and compared cortical thickness and surface area,
respectively, between groups to assess structural changes. The results of the analysis revealed
enduring impairments in the structural organisation of the early visual cortex. Furthermore, the study
unveiled potential differentiated effects of early visual deprivation on various structural
measurements, which might emphasise the complex and heterogeneous development of the human
brain. These findings provide valuable insights into the consequences of early visual deprivation and

contribute to our understanding of brain development.

Study 2 (Chapter 3) investigated the impact of early visual deprivation on the functional processing
of four visual categories, namely faces, bodies, objects, and scenes. The findings of Study 2 clearly
demonstrate impaired categorical processing across all four categories following early visual
deprivation indicated by less distinctive categorical representations and reduced category-selectivity
in selective regions. Notably, the results highlight that the severity of impairments is particularly
pronounced for faces. However, it is important to note that CC individuals did exhibited
distinguishable categorical patterns and category-specific responses, suggesting that certain aspects
of categorical processing persist after a transient period of early visual deprivation. In conclusion, the
study suggests that the development of large-scale categorical organisation occurs independently of
early visual experience, while emphasising its crucial role for the maintenance and fine-tuning of

specialized categorical processing.

The findings of this study underscore that even after many years of visual experience following sight

restoration, the structural organisation of the early visual cortex remains impaired. This suggests that
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the early visual structure established during critical periods of development may not be fully
reversible. The consequences of visual deprivation extend beyond structural abnormalities, as
impaired categorical processing of neural representations was observed across multiple distinct
category-selective regions. These findings indicate that the impairments resulting from early visual
deprivation extend to both the structural and functional aspects of brain development. The disrupted
organisation of the early visual cortex and impaired categorical processing underscore the intricate
interplay between early visual experience and the development of neural circuitry. The implication
of these results is that visual deprivation from birth can have long-lasting consequences for the
structural and functional development of the brain. This highlights the importance of early
intervention and visual stimulation to promote optimal brain development in individuals with

congenital visual deprivation.

In conclusion, this dissertation provides compelling evidence that the effects of early visual
deprivation on brain structure and function are enduring and not fully reversible after sight
restoration, emphasising the critical role of early visual experience in shaping the developing brain.
Through comprehensive analyses of the effects of early visual deprivation, this dissertation
contributes to our understanding of how altered sensory experiences during sensitive periods can
shape the structural and functional development of the human brain. It highlights the importance of
early intervention and rehabilitation strategies to facilitate optimal recovery and mitigate the long-

term consequences of early sensory deprivation.
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APPENDIX
Appendix A - Structural Whole-Brain Group Difference Maps

Figure S1

Exploratory Whole-Brain Cortical Thickness Group Maps
A ccindividuals vs. matched sighted controls (mSCcc)
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“
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B ccindividuals vs. all sighted controls (allSC)
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Whole-brain statistical significance maps: Cortical thickness. Thresholded statistical significance maps (vertex-wise p < 0.05, two-sided,
scale bar for all maps at bottom) displaying cortical surface area differences (A) between CC individuals and matched sighted controls
(mSCcc), and (B) between CC individuals and all tested sighted controls (allSC). Clusters with larger cortical surface area in the CC group are
marked in red and clusters with lower surface area in blue. All maps are superimposed on the inflated surface (dark grey: sulci, light grey:
gyri) of the FreeSurfer standard brain. Coloured lines indicate parcellations of the HCP-MMP1.0 atlas (Glasser et al. 2016); the yellow line
highlights the early visual cortex. L = Left hemisphere, R = Right hemisphere.
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Figure S2
Exploratory Whole-Brain Surface Area Group Maps
A ccindividuals vs. matched sighted controls (mSCcc)

lateral view posterior view superior view

medial view anterior view inferior view
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and (B) between CC individuals and all tested sighted controls (allSC). Clusters with larger cortical surface area in the CC group are marked

'L a'{
(p<.05) (p <.001)
in red and clusters with lower surface area in blue. All maps are superimposed on the inflated surface (dark grey: sulci, light grey: gyri) of

-log(10)p
Whole-brain statistical significance maps: Surface area. Thresholded statistical significance maps (vertex-wise p < 0.05, two-sided, scale bar
the FreeSurfer standard brain. Coloured lines indicate parcellations of the HCP-MMP1.0 atlas (Glasser et al. 2016); the yellow line highlights

for all maps at the bottom) displaying cortical surface area differences (A) between CC individuals and matched sighted controls (mSCcc),
the early visual cortex. L = Left hemisphere, R = Right hemisphere.
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Appendix B - Post-Hoc Calculations Functional Analysis

Post-Hoc Calculations for the matched-Model Separately per Region

The tables presented here list the respective comparisons separately per category-pair or in case of
a group condition interaction, a comparison of category-pair separated by group or a comparison of
group separated by category-pair. The tables list the respective difference value (Estimate), the
standard error (SE), the t-value with respective degrees of freedom (t(df)), as well as the uncorrected

(Puncorr) and corrected p-values (pcorr)-

mFus-faces

Table S1

Results of Pairwise Comparisons of Conditions Within the mFus-faces_lh

contrast Estimate SE #(42) Puncor Peorr

Body - Face -0.19 0.09 -2.01 .051 .074
Body - Object -0.24 0.09 -2.60 .013 .020
Body - Scene 0.07 0.09 0.74 .461 .512
Face - Object -0.06 0.09 -0.59 .559 .602
Face - Scene 0.26 0.09 275 .009 .015
Object - Scene  0.31 0.09 3.34 .002 .003

Table S2

Results of Pairwise Comparisons of Conditions Within the mFus-faces_rh

contrast Estimate SE #42) pucor  Pcor

Body - Face -042 0.01 -4.34 <.001 <.001
Body - Object -0.03 0.01 -0.27 .786  .821

Body - Scene 0.41 0.01 421 <.001 <.001
Face - Object 0.39 0.01 4.07 <.001 <.001
Face - Scene 0.83 0.01 8.56 <.001 <.001
Object - Scene 0.43 0.01 449 <.001 <.001
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pFus-faces

Table S3

Results of Pairwise Comparisons of Conditions Within the pFus-faces_Ih

contrast Estimate SE (42) puncor Peorr

Body - Face -0.21 0.08 -2.65 .011 .018
Body - Object -0.32 0.08 -4.09 <.001 <.001
Body - Scene -0.06 0.08 -0.71 479 .524
Face - Object -0.11 0.08 -144 157 .200
Face - Scene 0.15 0.08 1.94 .060 .083
Object-Scene  0.26 0.08 3.38 .002 .003

Table S4

Results of Pairwise Comparisons of Conditions Within the pFus-faces_rh

contrast Estimate SE (42) pPuncor  Peor

Body - Face -0.25 0.07 -3.44 .001 .003
Body - Object -0.33 0.07 -4.65 <.001 <.001
Body - Scene -0.01 0.07 -0.08 .937 .937
Face - Object -0.09 0.07 -1.21 .233 .286
Face - Scene 0.24 0.07 3.36 .002 .003
Object - Scene 0.33 0.07 4.57 <.001 <.001
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10G-faces

Table S5

Results of Pairwise Comparisons of Conditions Within the IOG-faces_Ih

contrast Estimate SE (42) puncor Peorr

Body - Face -0.34 0.07 -4.76 <.001 <.001
Body - Object -0.32  0.07 -459 <.001 <.001
Body - Scene 0.11 0.07 151 .138 .179
Face - Object 0.01 0.07 0.17 .863  .883
Face - Scene 0.44 0.07 6.27 <.001 <.001
Object- Scene 043  0.07 6.10 <.001 <.001

Table S6

Results of Pairwise Comparisons of Conditions Within the IOG-faces_rh

contrast Estimate SE #(42) pPuncor  Peor

Body - Face -0.51 0.08 -6.21 <.001 <.001
Body - Object -0.28 0.08 -346 .001 .003
Body - Scene 0.09 0.08 1.13 .264 319
Face - Object 022 0.08 275 .009 .015
Face - Scene 0.60 0.08 7.34 <.001 <.001
Object - Scene 0.37 0.08 4.59 <.001 <.001
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avg-faces

Table S7

Results of Pairwise Comparisons of Conditions Within the avg-faces_Ih

contrast estimate SE #42) Ppuncor  Peor

Body - Face -0.24 0.08 -3.38 .002 .003
Body - Object -0.30 0.08 -4.10 <.001 <.001
Body - Scene 0.04 0.08 0.56 .578 .605
Face - Object -0.05 0.08 -0.72 .476 .509
Face - Scene 0.28 0.08 394 <.001 .o001
Object-Scene  0.34 0.08 4.66 <.001 <.001

Table S8

Results of Pairwise Comparisons of Conditions Within the avg-faces_rh

contrast estimate SE {42) puncor  Peor

Body - Face -0.39 0.07 -5.76 <.001 <.001
Body - Object -0.21  0.07 -3.15 .003 .005
Body - Scene 0.16 0.07 243 .020 .030
Face - Object 0.18 0.07 261 .013 .020
Face - Scene 0.55 0.07 8.19 <.001 <.001
Object-Scene  0.38 0.07 5.58 <.001 <.001
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OTS-bodies

Table S9

Results of Pairwise Comparisons of Conditions Within the OTS-bodies_|h

contrast estimate SE #42) Ppuncor  Peor

Body - Face -0.04 0.09 -044 662 .703
Body - Object -0.21  0.09 -2.31 .026 .040
Body - Scene 0.28 0.09 3.10 .003 .006
Face - Object -0.17 0.09 -1.87 .069 .094
Face - Scene 032 0.09 3.54 .001 .002
Object-Scene 048 0.09 540 <.001 <.001
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Table S10

Results of Pairwise Comparisons of Conditions per Group Within the OTS-bodies_rh

group contrast estimate SE {42) puncor  Peorr

mSC Body - Face -0.26 011 -2.28 .028 .042
Body - Object 0.09 011 083 411 464
Body - Scene 0.51 0.11 451 <.001 <.001
Face - Object 035 011 3.11 .003 .006
Face - Scene 0.77 011 6.78 <.001 <.001

Object - Scene 0.41 0.11 3.68 .001 .002

CcC Body - Face -010 011 -0.92 .361 415
Body - Object -0.22 011 -199 .053 .076
Body - Scene 0.15 011 1.34 187 234
Face - Object -012 011 -1.07 .291 .345
Face - Scene 0.26 011 226 .029 .043

Object - Scene  0.38 0.11 3.33 .002 .003

Table S11

Results of Pairwise Comparisons of Groups per Condition Within the OTS-bodies_rh

condition contrast estimate SE {27) puncor Pecorr

Body mSC-CC 0.03 0.18 0.16 .871 .883
Face mSC-CC 0.18 0.18 1.02 .315 .368
Object mSC-CC -029 0.18 -1.62 .116 .1583
Scene mSC-CC -0.33 0.18 -1.84 .077 .103
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CoS-places

Table S12

Results of Pairwise Comparisons of Conditions Within the CoS-places_|h

contrast estimate SE  #42) puncor  Peorr

Body - Face 0.31 0.08 4.06 <.001 <.001
Body - Object -0.32 0.08 -425 <.001 <.001
Body - Scene -0.92 0.08 -12.00 <.001 <.001
Face - Object -0.63 0.08 -8.31 <.001 <.001
Face - Scene -1.23 0.08 -16.06 <.001 <.001
Object - Scene -0.59 0.08 -7.75 <.001 <.001

Table S13

Results of Pairwise Comparisons of Conditions Within the CoS-places_rh

contrast estimate SE  #42) puncor  Peorr

Body - Face 0.34 0.06 547 <.001 <.001
Body - Object -047 0.06 -761 <.001 <.001
Body - Scene -1.04 0.06 -16.83 <.001 <.001
Face - Object -0.81 0.06 -13.07 <.001 <.001
Face - Scene -1.38 0.06 -22.30 <.001 <.001
Object - Scene  -0.57 0.06 -9.23 <.001 <.001
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Post-Hoc Calculations for the All-Subject-Model Separately per Region

mFus-faces

Table S14

Pairwise Comparisons of Conditions per Group Within the mFus-faces_Ih

group contrast Estimate SE #63) Puncor  Pcor

allSC Body - Face -0.43 0.11 -3.97 <.001 <.001
Body - Object -0.36 0.11 -3.35 .001 .004
Body - Scene 0.10 0.11 0.89 .378 .521
Face - Object 0.07 0.11 062 .538 .639
Face - Scene 0.53 0.11 486 <.001 <.001
Object - Scene 0.46 011 424 <.001 <.001

CcC Body - Face 0.00 0.14 0.04 972 972
Body - Object -0.12 0.14 -0.84 402 .536
Body - Scene 0.08 0.14 0.59 .560 .654
Face - Object -0.12 0.14 -0.88 .383 .521
Face - Scene 0.08 0.14 0.55 .583 .676

Object - Scene 0.20 0.14 143 158  .264

Vi Body - Face -049 023 -215 .035 .071
Body - Object -0.09 0.23 -040 .688 .750
Body - Scene 0.49 0.23 216 .034 .071
Face - Object 040 023 175 .086 .159
Face - Scene 0.98 0.23 431 <.001 <.001

Object - Scene 0.58 0.23 257 .013 .029
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Table S15

Results of Pairwise Comparisons of Groups per Condition Within the mFus-faces_Ilh

condition contrast Estimate SE {42) puncor Pcor

Body allsC-CC -0.39 0.19 -2.04 .047 .092
allsC - VI -0.17  0.27 -0.63 .530 .639
CC - VI 0.22 0.29 0.76 .453 .566

Face allsC-CC 0.05 019 024 .808 .840
allSC - VI -0.23 0.27 -0.84 .408 .539
CC - VI -0.27 029 -0.95 .346 .492

Object allsC-cC -0.14 019 -0.75 .459 .567
allSC - VI 0.10 0.27 037 .713 .771
CC - VI 0.24 0.29 0.85 .402 .536

Scene allSC - CC -0.41 0.19 -2.12 .039 .078
allSC - Vi 0.22 0.27 0.81 422 545
CC-VI 0.63 0.29 2.18 .035 .071
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Table S16

Results of Pairwise Comparisons of Conditions Within the mFus-faces_rh

contrast Estimate SE #(63) pPuncor  Peor

Body - Face -0.41 0.09 -4.57 <.001 <.001
Body - Object 0.00 0.09 0.05 .962 .970
Body - Scene 0.41 0.09 4.57 <.001 <.001
Face - Object 0.42 0.09 4.62 <.001 <.001
Face - Scene 0.83 0.09 9.14 <.001 <.001
Object - Scene  0.41 0.09 452 <.001 <.001

181



APPENDIX

pFus-faces

Table S17

Results of Pairwise Comparisons of Conditions Within the pFus-faces_Ilh

contrast Estimate SE #(63) pPuncor  Peor

Body - Face -0.21 0.08 -2.66 .010 .023
Body - Object -0.31  0.08 -4.03 <.001 .001
Body - Scene 0.04 0.08 0.48 .630 .705
Face - Object -0.11 0.08 -1.37 176 .283
Face - Scene 0.24 0.08 3.14 .003 .007
Object-Scene  0.35 0.08 4.51 <.001 <.001

Table S18

Results of Pairwise Comparisons of Conditions Within the pFus-faces_rh

contrast Estimate SE #(63) pPuncor  Peor

Body - Face -0.22  0.07 -3.07 .003 .009
Body - Object -0.30 0.07 -4.32 <.001 <.001
Body - Scene 0.07 0.07 0.99 .324 470
Face - Object -0.09 0.07 -1.25 214  .341
Face - Scene 0.29 0.07 4.06 <.001 <.001
Object - Scene 0.37 0.07 5.31 <.001 <.001
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10G-faces

Table S19

Results of Pairwise Comparisons of Conditions per Group Within the I0G-faces_Ih

group contrast Estimate SE #(63) puncor  Peor

allISC Body - Face -0.54 0.08 -6.52 <.001 <.001
Body - Object -0.43 0.08 -5.30 <.001 <.001
Body - Scene  0.08 0.08 0.98 .329 472

Face - Object 0.10 0.08 1.23 .224 353
Face - Scene 0.62 0.08 751 <.001 <.001
Object - Scene 0.52 0.08 6.28 <.001 <.001

cC Body - Face -0.17 0.10 -1.66 .102  .182
Body - Object -0.27 0.10 -2.56 .013  .029
Body - Scene  0.08 0.10 0.75 .454  .566
Face - Object -0.09 0.10 -0.91 .369 .518
Face - Scene  0.25 0.10 241 .019 .041

Object - Scene 0.35 0.10 3.32 .002 .004

\ Body - Face -0.29 0.17 -1.70 .094 172
Body - Object -0.15 0.17 -0.88 .381 .521
Body - Scene  0.46 0.17 267 .010 .023
Face - Object 0.14 0.17 0.82 415  .543
Face - Scene 0.75 0.17 438 <.001 <.001
Object - Scene 0.61 0.17 3.56 .001 .002
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Table S20

Results of Pairwise Comparisons of Groups per Condition Within the I0G-faces_Ih

condition contrast Estimate SE #33) puncor Pecor

Body alsC-CC -0.25 018 -1.39 .175 .283
allsC - VI -0.21 0.26 -0.81 .425 .545
CC - VI 0.04 027 016 .877 .904

Face allsC-cC 0.1 0.18 0.63 .534 .639
allSC - VI 0.04 026 0.15 .884 .904
CC - VI -0.08 0.27 -0.28 .783 .820

Object allsC-cC -0.08 0.18 -0.46 .649 .715
allSC - VI 0.08 0.26 0.30 .765 .817
CC - VI 0.16 0.27 0.59 .559 .654

Scene allSC - CC -0.25 0.18 -1.40 172 .283
allSC - Vi 0.17 0.26 0.66 .514 .628
CC - Vi 0.42 0.27 155 130 .226

Table S21

Results of Pairwise Comparisons of Conditions Within the I0G-faces_rh

contrast Estimate SE #(63) puncor  Peor

Body - Face -0.50 0.08 -6.27 <.001 <.001
Body - Object -0.26 0.08 -3.31 .002 .004
Body - Scene 0.18 0.08 229 .025 .054
Face - Object 0.24 0.08 296 .004 .012
Face - Scene 0.68 0.08 8.56 <.001 <.001
Object-Scene 045 0.08 5.60 <.001 <.001
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avg-faces

Table S22

Results of Pairwise Comparisons of Conditions per Group Within the avg-faces_Ih

group contrast estimate SE {63) puncor  Peorr

allSC Body - Face -044 0.08 -550 <.001 <.001
Body - Object -041 0.08 -519 <.001 <.001
Body - Scene 0.04 0.08 049 .622 .707
Face - Object 0.02 0.08 0.31 .756 794
Face - Scene 0.48 0.08 6.00 <.001 <.001

Object - Scene 0.45 0.08 5.68 <.001 <.001

cC Body - Face -0.08 0.10 -0.75 458 574
Body - Object -0.21  0.10 -2.10 .039 .077
Body - Scene 0.03 0.10 0.32 .748 .79
Face - Object -0.14 0.10 -1.36 .179  .279
Face - Scene 0.11 0.10 1.07 .289 418
Object - Scene 0.25 010 243 .018 .038

\ Body - Face -0.33 0.17 -198 .052 .099
Body - Object -0.16  0.17 -0.96 .339 452
Body - Scene 039 017 237 .021 .043
Face - Object 0.17 017 1.02 .312 438
Face - Scene 0.72 017 435 <.001 <.001

Object- Scene 055 0.17 3.33 .001 .004
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Table S23

Results of Pairwise Comparisons of Groups per Condition Within the avg-faces_lh

condition contrast estimate SE #(34) Puncor Pcor

Body alsCc-cc -030 017 -1.82 .078 .133
allSC - VI -0.16 0.24 -0.66 .511 .632
CC - VI 0.15 0.25 0.58 .566 .679

Face alsC-cC 006 017 0.35 .730 .786
allSC - VI -0.05 0.24 -0.20 .840 .850
CC - VI -0.11 025 -042 .674 .745

Object alsC-cC -010 0.17 -0.62 .536 .653
allSC - VI 0.10 0.24 040 .691 .754
CC - VI 020 025 0.79 433 .559

Scene allSC - CC -0.31 0.17 -1.86 .072 .128
allSC - VI 0.20 0.24 0.82 420 .551
CC - Vi 0.51 0.25 2.01 .053 .099

Table S24

Results of Pairwise Comparisons of Conditions Within the avg-faces_rh

contrast estimate SE #63) puncor  Peor

Body - Face -0.38 0.06 -6.19 <.001 <.001
Body - Object -0.19 0.06 -3.09 .003 .007
Body - Scene 0.22 0.06 3.65 .001 .001
Face - Object 0.19 0.06 3.10 .003 .007
Face - Scene 060 0.06 9.84 <.001 <.001
Object - Scene  0.41 0.06 6.75 <.001 <.001
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OTS-bodies

Table S25

Results of Pairwise Comparisons of Conditions Within the OTS-bodies_|h

contrast estimate SE #63) Ppuncor  Peor

Body - Face -0.05 0.09 -0.51 613 .692
Body - Object -0.14 0.09 -1.51 .136 .233
Body - Scene 0.36 0.09 388 <.001 .001
Face - Object -0.09 0.09 -1.00 .320 .470
Face - Scene 0.41 0.09 438 <.001 <.001
Object-Scene  0.50 0.09 5.39 <.001 <.001
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Table S26

Results of Pairwise Comparisons of Conditions per Group Within the OTS-bodies_rh

group contrast estimate SE #63) puncor  Peorr

allSC Body - Face -0.23 0.08 -2.84 .006 .015
Body - Object 0.09 0.08 1.08 .283 429
Body - Scene 0.50 0.08 6.25 <.001 <.001
Face - Object 0.32 0.08 3.92 <.001 .001

Face - Scene 0.73 0.08 9.09 <.001 <.001

A

Object - Scene 0.42 0.08 5.17 .001 <.001

cC Body - Face -0.10 0.10 -1.01 .315 470
Body - Object -0.22 0.10 -2.18 .033 .068
Body - Scene 0.15 010 147 146 247
Face - Object -0.12 010 -1.17 245  .381
Face - Scene 0.26 0.10 248 .016 .035

Object-Scene  0.38 0.10 3.66 .001 .002

\ Body - Face -046 017 -2.75 .008 .019
Body - Object 0.02 017 011 912 .926
Body - Scene 0.45 017 2.70 .009 .022
Face - Object 048 017 286 .006 .015
Face - Scene 0.92 0.17 545 <.001 <.001

Object - Scene 0.43 017 259 .012 .028
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Table S27

Results of Pairwise Comparisons of Groups per Condition Within the OTS-bodies_rh

condition contrast estimate SE #(37) Puncor Pcor

Body alsC-CC 0.05 0.16 0.30 .767 .817
allSC - VI 0.17 022 0.77 .448 .566

CC-VI 0.12 0.23 0.53 .601 .684

Face alsc-cC 017 0.16 110 .277 .425
allSC - VI -0.06 022 -0.28 .778 .820

CC-VI -0.23 023 -1.00 .323 .470

Object alsC-cc -0.27 0.16 -1.71 .096 .173
allSC - VI 0.10 0.22 046 .650 .715

CC - VI 037 023 157 .126 .221

Scene alsC-cC -031 0.16 -1.97 .056 .107
allSC - VI 0.12 0.22 054 .595 .683

CC - VI 043 023 182 .077 .146
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CoS-places

Table S28

Results of Pairwise Comparisons of Conditions Within the CoS-places_|h

contrast estimate SE  #63) puncor  Peorr

Body - Face 0.38 0.07 565 <.001 <.001
Body - Object -0.36  0.07 -534 <.001 <.001
Body - Scene -1.03 0.07 -15.23 <.001 <.001
Face - Object -0.74 0.07 -10.99 <.001 <.001
Face - Scene -1.41 0.07 -20.88 <.001 <.001
Object - Scene  -0.67 0.07 -9.89 <.001 <.001

Table S29

Results of Pairwise Comparisons of Conditions Within the CoS-places_rh

contrast estimate SE  #63) puncor  Peorr

Body - Face 0.41 0.06 6.97 <.001 <.001
Body - Object -0.51 0.06 -8.74 <.001 <.001
Body - Scene -1.16  0.06 -19.83 <.001 <.001
Face - Object -0.92 0.06 -15.71 <.001 <.001
Face - Scene -1.57 0.06 -26.80 <.001 <.001
Object - Scene  -0.65 0.06 -11.09

A

.001

A

.001
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MTG-bodies

Table S30

Results of Pairwise Comparisons of Conditions Within the MTG-bodies_Ih

contrast Estimate SE  t(63) pPuncorr  Peorr

Body - Face 0.07 0.09 0.75 .455 .525

Body - Object 0.53 0.09 571 <.001 <.001
Body - Scene 0.97 0.09 10.57 <.001 <.001
Face - Object 0.46 0.09 496 <.001 <.001
Face - Scene 0.90 0.09 9.81 <.001 <.001

Object - Scene 0.45 0.09 485 <.001 <.001

Table S31

Results of Pairwise Comparisons of Conditions Within the MTG-bodies_rh

contrast Estimate SE  t(63) Puncor  Peorr

Body - Face -0.19 0.09 -2.03 .047 .076
Body - Object 0.29 0.09 3.11 .003 .006
Body - Scene 0.63 0.09 6.64 <.001 <.001
Face - Object 0.49 0.09 5.14 <.001 <.001
Face - Scene 0.82 0.09 8.66 <.001 <.001

Object - Scene 0.33 0.09 3.52 .001 .002
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LOS-bodies

Table S32

Results of Pairwise Comparisons of Conditions Within the LOS-bodies_Ih

contrast Estimate SE  t(63) Puncor  Peorr

Body - Face 0.62 0.11 5.81 <.001 <.001
Body - Object 0.59 0.11 553 <.001 <.001
Body - Scene 0.60 0.11 5.63 <.001 <.001
Face - Object -0.03 0.11 -0.28 .780  .807
Face - Scene -0.02 0.11 -0.19 .851 871

Object - Scene 0.01 0.11 0.09 .927 .937

Table S33

Results of Pairwise Comparisons of Conditions Within the LOS-bodies_rh

contrast Estimate SE  t(63) puncor  Peorr

Body - Face 0.36 0.11 3.38 .001 .003
Body - Object 0.42 0.11 3.96 <.001 .001
Body - Scene 0.62 0.11 5.85 <.001 <.001
Face - Object 0.06 0.11 058 562 .620
Face - Scene 0.26 0.11 2.47 .016 .030

Object - Scene 0.20 0.11 1.89 .063 .100
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ITG-bodies

Table S34

Results of Pairwise Comparisons of Conditions Within the ITG-bodies_Ih

contrast Estimate SE  t(63) pPuncorr  Peorr

Body - Face 0.47 0.10 4.88 <.001 <.001
Body - Object 0.64 010 6.70 <.001 <.001
Body - Scene 1.16 0.10 12.17 <.001 <.001
Face - Object 0.17 0.10 181 .075 .117

Face - Scene 0.69 0.10 7.28 <.001 <.001

Object - Scene 0.52 0.10 5.47 <.001 <.001

Table S35

Results of Pairwise Comparisons of Conditions Within the ITG-bodies_rh

contrast Estimate SE  t(63) Puncorr  Peorr

Body - Face 0.17 0.08 212 .038 .063
Body - Object 0.43 0.08 5.41 <.001 <.001
Body - Scene 0.95 0.08 1193 <.001 <.001
Face - Object 0.26 0.08 3.28 .002 .004
Face - Scene 0.78 0.08 9.80 <.001 <.001

Object - Scene 0.52 0.08 6.52 <.001 <.001
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pOTS-characters_Ih

Table S36

Results of Pairwise Comparisons of Conditions Within the pOTS-characters_|h

contrast Estimate SE  t(63) Puncor  Peorr

Body - Face 0.08 0.09 092 .363 .458
Body - Object -0.18 0.09 -2.10 .040 .065
Body - Scene 0.37 0.09 4.27 <.001 <.001
Face - Object -0.26 0.09 -3.02 .004 .008
Face - Scene 0.29 0.09 3.35 .001 .003

Object - Scene 0.55 0.09 6.37 <.001 <.001

10S-characters_Ilh

Table S37

Results of Pairwise Comparisons of Conditions Within the I0S-characters_Ih

contrast Estimate SE  t(63) Puncor  Peorr

Body - Face -0.22  0.07 -3.00 .004 .008
Body - Object -0.26 0.07 -3.60 .001 .002
Body - Scene 0.06 0.07 0.88 .383 472
Face - Object -0.04 0.07 -0.60 .548 .614
Face - Scene 0.28 0.07 3.88 <.001 .001

Object - Scene 0.33 0.07 448 <.001 <.001
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TOS-places_rh

Table S38

Results of Pairwise Comparisons of Conditions Within the TOS-places_rh

contrast Estimate SE t(63)  Puncorr  Peorr

Body - Face 0.30 0.07 4.48 <.001 <.001
Body - Object -0.16 0.07 -2.43 .018 .032

Body - Scene -0.39 0.07 -5.82 <.001 <.001
Face - Object -0.46 0.07 -6.92 <.001 <.001
Face - Scene -0.69 0.07 -10.31 <.001 <.001

Object - Scene  -0.23 0.07 -3.39 .001 .003
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hMT

Table S39

Results of Pairwise Comparisons of Conditions Within the hMT _|h

contrast Estimate SE  t(63) pPuncorr  Peorr

Body - Face 0.48 0.09 5.09 <.001 <.001
Body - Object 0.80 0.09 8.51 <.001 <.001
Body - Scene 1.20 0.09 12.69 <.001 <.001
Face - Object 0.32 0.09 342 .001 .003

Face - Scene 0.72 0.09 7.59 <.001 <.001

Object - Scene 0.39 0.09 4.18 <.001 <.001

Table S40

Results of Pairwise Comparisons of Conditions Within the hMT _rh

contrast Estimate SE  t(63) Puncorr  Peorr

Body - Face 0.22 0.07 2.95 .004 .009

Body - Object 0.77 0.07 10.34 <.001 <.001
Body - Scene 1.23 0.07 16.64 <.001 <.001
Face - Object 0.55 0.07 739 <.001 <.001
Face - Scene 1.01 0.07 13.69 <.001 <.001

Object - Scene 0.47 0.07 6.30 <.001 <.001
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Table S41

Results of Pairwise Comparisons of Conditions Within the vid_Ih

contrast Estimate SE  t(63) Puncor  Peorr

Body - Face -0.05 0.06 -0.78 .437 .517
Body - Object -0.13 0.06 -2.12 .038 .064
Body - Scene -0.34 0.06 -5.63 <.001 <.001
Face - Object -0.08 0.06 -1.33 .187  .258
Face - Scene -0.29 0.06 -4.84 <.001 <.001

Object - Scene  -0.21 0.06 -3.51 .001 .002
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Table S42

Results of Pairwise Comparisons of Conditions Within the vid rh

contrast Estimate SE t(63)  Puncorr Peorr

Body - Face 0.07 0.07 1.01 .317 .415
Body - Object -0.18 0.07 -2.47 .016 .030
Body - Scene  -0.51 0.07 -7.06 <.001 <.001
Face - Object  -0.25 0.07 -3.48 .001 .002
Face - Scene -0.59 0.07 -8.07 <.001 <.001

Object - Scene -0.33 0.07 -459 <.001 <.001

Table S43

Results of Pairwise Comparisons of Groups Within the vid _rh

contrast Estimate SE t(21)  Puncorr  Peorr

allsc-cc -0.27 0.14 -190 .163 .231

allsCc-vI 0.37 0.20 1.80 .195 .267

CC-Vi 0.64 0.22 296 .020 .035
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Table S44

Results of Pairwise Comparisons of Conditions per Group Within the viv_Ilh

group contrast Estimate SE  t(63) Puncor  Peorr

allSC  Body - Face -0.19 0.07 -292 .005 .010
Body - Object -0.25 0.07 -3.74 <.001 .001
Body - Scene -0.79 0.07 -11.93 <.001 <.001
Face - Object -0.05 0.07 -0.81 .419 .502
Face - Scene -0.60 0.07 -9.01 <.001 <.001

Object - Scene  -0.54 0.07 -8.19 <.001 <.001

CC Body - Face 0.07 0.08 0.77 .443 521
Body - Object -0.03 0.08 -0.38 .707 .746
Body - Scene -0.30 0.08 -354 .001 .002
Face - Object -0.10 0.08 -1.15 .255 .342
Face - Scene -0.36 0.08 -431 <.001 <.001

Object - Scene  -0.27 0.08 -3.16 .002 .005

W Body - Face -0.07 0.14 -049 .624 .671
Body - Object -0.08 0.14 -0.56 .578 .634
Body - Scene -0.49 0.14 -3.55 .001 .002
Face - Object -0.01 0.14 -0.07 946 .953
Face - Scene -0.42 0.14 -3.06 .003 .007

Object - Scene -0.41 0.14 -299 .004 .008
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Table S45

Results of Pairwise Comparisons of Groups per Condition Within the vlv_lh

condition contrast Estimate SE  t(28) Ppuncor Peorr

Body allscC-cCc  -040 0.18 -2.24 .033 .057
allsC - vi 0.18 0.25 0.72 476 .544

CC-ViI 0.58 0.27 2.17 .039 .064

Face allscC-cc  -0.14 0.18 -0.78 .444 521

allsC - vi 0.31 0.25 1.22 .232 .314

CcCc-vi 0.45 0.27 1.67 .106 .158

Object allscC-cc  -0.18 0.18 -1.02 .316 .415
allsCc - vi 0.35 0.25 140 .173 .243

CcCc-vi 0.53 0.27 2.00 .055 .089

Scene allsC-CcC 0.10 0.18 0.54 .594 .646

allsc - vi 0.48 0.25 191 .066 .104

cCc-vi 0.39 0.27 1.45 158 .224

Table S46

Results of Pairwise Comparisons of Conditions Within the viv_rh

contrast Estimate SE t(63)  Puncorr  Peorr

Body - Face 0.14 0.06 2.28 .026 .045
Body - Object -0.04 0.06 -0.59 .558 .619
Body - Scene -0.54 0.06 -8.61 <.001 <.001
Face - Object -0.18 0.06 -2.87 .006 .011
Face - Scene -0.69 0.06 -10.89 <.001 <.001

Object - Scene -0.51 0.06 -8.02 <.001 <.001
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v2d

Table S47

Results of Pairwise Comparisons of Conditions Within the v2d_Ih

contrast Estimate SE  t(63) Puncor  Peorr

Body - Face 0.15 0.06 231 .024 .043
Body - Object 0.04 0.06 0.60 .549 .614
Body - Scene -0.11 0.06 -1.69 .095 144
Face - Object -0.11  0.06 -1.71 .092 .141
Face - Scene -0.25 0.06 -4.01 <.001 <.001

Object - Scene  -0.14 0.06 -2.30 .025 .044

Table S48

Results of Pairwise Comparisons of Conditions Within the v2d_rh

contrast Estimate SE  t(63) Puncor  Peorr

Body - Face 0.02 0.07 030 .767 .799
Body - Object -0.22  0.07 -3.17 .002 .005
Body - Scene -0.38 0.07 -5.63 <.001 <.001
Face - Object -0.24  0.07 -3.47 .001 .002
Face - Scene -0.41 0.07 -5.93 <.001 <.001

Object - Scene  -0.17 0.07 -2.46 .017 .031
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v2v

Table S49

Results of Pairwise Comparisons of Conditions Within the v2v_Ih

contrast Estimate SE  t(63) Puncor  Peorr

Body - Face -0.05 0.06 -0.87 .389 .477
Body - Object -0.10 0.06 -1.62 .110 .163
Body - Scene -0.46 0.06 -7.72 <.001 <.001
Face - Object -0.04 0.06 -0.75 .454 525
Face - Scene -0.40 0.06 -6.85 <.001 <.001

Object-Scene  -0.36 0.06 -6.10 <.001 <.001

Table S50

Results of Pairwise Comparisons of Groups Within the v2v_Ih

contrast Estimate SE  t(21) Ppuncorr Peorr

allsC-cCc  -0.30 0.21 -143 .342 .436
allsC - VI 0.59 0.30 1.97 .145 .209

CC-Vi 0.89 0.31 2.81 .027 .047
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Table S51

Results of Pairwise Comparisons of Conditions Within the v2v_rh

contrast Estimate SE t(63)  Puncorr  Pcorr

Body - Face 0.05 0.06 0.89 377 471
Body - Object -0.20 0.06 -3.41 .001 .003
Body - Scene -0.66 0.06 -11.26 <.001 <.001
Face - Object -0.25 0.06 -430 <.001 <.001
Face - Scene -0.71 0.06 -12.15 <.001 <.001

Object - Scene  -046 0.06 -7.85 <.001 <.001

Table S52

Results of Pairwise Comparisons of Groups Within the v2v_rh

contrast Estimate SE  t(21) Puncorr Peorr

allsc-cc  -0.27 0.18 -1.52 .301 .398
allsC - Vi 0.54 0.26 2.12 .110 .163

CC-Vi 0.82 0.27 3.01 .017 .032
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v3d

Table S53

Results of Pairwise Comparisons of Conditions Within the v3d_lh

contrast Estimate SE  t(63) Puncor  Peorr

Body - Face 0.26 0.06 4.27 <.001 <.001
Body - Object -0.06 0.06 -0.97 .336 .430
Body - Scene -0.14 0.06 -2.30 .025 .044
Face - Object -0.32 0.06 -5.24 <.001 <.001
Face - Scene -0.41 0.06 -6.57 <.001 <.001

Object - Scene  -0.08 0.06 -1.33 .187 .258

Table S54

Results of Pairwise Comparisons of Conditions Within the v3d_rh

contrast Estimate SE  t(63) Puncor  Peorr

Body - Face 0.19 0.07 2.83 .006 .012
Body - Object -0.12 0.07 -1.76 .083  .129
Body - Scene -0.24 0.07 -3.61 .001 .002
Face - Object -0.31  0.07 -4.59 <.001 <.001
Face - Scene -0.43 0.07 -6.45 <.001 <.001

Object - Scene  -0.12  0.07 -1.85 .068 .107
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v3v

Table S55

Results of Pairwise Comparisons of Conditions Within the v3v_Ih

contrast Estimate SE  t(63) Puncor  Peorr

Body - Face 0.05 0.06 0.85 .400 .488
Body - Object -0.12 0.06 -2.02 .048 .077
Body - Scene -0.39 0.06 -6.79 <.001 <.001
Face - Object -0.16 0.06 -2.86 .006 .011
Face - Scene -0.44 0.06 -7.64 <.001 <.001

Object - Scene -0.27 0.06 -4.77 <.001 <.001

Table S56

Results of Pairwise Comparisons of Conditions Within the v3v_rh

contrast Estimate SE t(63)  Puncorr  Peorr

Body - Face 0.08 005 1.50 .138 .201

Body - Object -0.29 0.05 -5.44 <.001 <.001
Body - Scene -0.63 0.05 -11.67 <.001 <.001
Face - Object -0.38 0.05 -6.94 <.001 <.001
Face - Scene -0.71 0.05 -13.18 <.001 <.001

Object -Scene  -0.34 0.05 -6.23 <.001 <.001
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