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CHAPTER 1
Introduction

A key feature of the visual cortex is its topographic organization, whereby neighboring
neurons respond to stimulation in nearby regions of the visual �eld. The portion of the
visual �eld to which a neuron responds is known as its receptive �eld (RF). When RFs
form a representation of the observed image (visual space), this results in a visual �eld
map. The visual system comprises not a single, but many maps of the visual �eld. These
maps are spatially and hierarchically organized.

The development of non-invasive imaging techniques, such as functional magnetic res-
onance imaging (fMRI), together with biologically inspired neural models, has enabled
RFs properties, i.e location and size, to be estimated directly in humans, although at the
population level - a level somewhat intermediate between single neurons and that of
entire brain areas. In visual neuroscience, these techniques used to delineate the visual
�eld maps in cortex are referred to as visual �eld mapping or topographic/retinotopic
mapping. Ophthalmic or neurological disorders may result in changes in the measured
population RFs, for example alterations in their position and/or size. Such changes, also
referred to as RF dynamics, have been used to infer the neuroplastic capacity of the
adult visual brain. However, there is an ongoing debate whether such population-level
changes can be straightforwardly interpreted as an indication of neuroplasticity. This
debate has resulted from two recent �ndings. First, RF dynamics similar to those in pa-
tients with visual �eld defects can be evoked in the neural circuitry of individuals with
intact vision, and second, visual �eld maps of healthy subjects vary substantially, e.g. in
response to speci�c stimuli or under the in�uence of cognitive factors such as attention.

My primary aim with the research presented in this thesis was to enhance our under-
standing of how the visual neurons and connecting cortical circuits change, in particular
when normal vision is compromised due to a visual �eld defect or a developmental dis-
order. My secondary aim was to develop advanced techniques and paradigms to char-
acterize RFs and their connections using neurocomputational models. Accurate tech-
niques to do so are required to assess or infer changes in RFs, and thus to increase our
understanding of the neuroplastic properties of visual cortex.
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Chapter 1

1.1 Thesis Outline

My thesis consists of four chapters based on experimental evidence and one review chap-
ter. The experiments in Chapters 2, 3 and 5 are focused on the development of new
methods and stimuli that result in more accurate measurements of RFs and visual �eld
maps, while those in Chapter 4 are focused on the plasticity and stability of the visual
cortex associated with predictive masking (PM) - the process underlying the ability of
the visual system to �ll-in gaps in perception with the features of nearby regions. Fi-
nally, based on these �ndings and those of others, Chapter 6 presents my view on how
to assess visual cortical reorganization.

In chapter 2, we examine to what degree the di�erences in stimulation may cause changes
in measured RFs properties. In the visual cortex, RFs process di�erent spatial and tem-
poral features such as orientation, color, luminance, and temporal and spatial frequency.
A subpopulation of RFs corresponds to the aggregate of RFs that respond to a speci�c
property. Population receptive �eld (pRF) mapping captures the cumulative response
across all neuronal subpopulations within a voxel (an MRI volume element analogous
to a pixel but in 3D space). The conventional stimulus used during retinotopic mapping
is a moving high luminance contrast visual pattern (checkerboard like), which drives a
response from a wide range of neural subpopulations. While this results in a very strong
signal, it also limits the cortical characterization of speci�c neuronal subpopulations. In
Chapter 2 we used a second-order stimulus - in which the foreground pattern is delin-
eated from the background by di�erences of contrast or texture, rather than a di�erence
in luminance - to selectively stimulate the orientation sensitive subset of neurons. Our
approach resulted in signi�cant di�erences in position and size relative to the pRF es-
timates obtained with the conventional stimulus. This indicates that the recruitment of
neural resources depends on the task and/or stimulus.

In chapter 3, we present a new method to assess receptive �eld properties with great
detail. The current approaches to estimate receptive �elds (RFs) in humans require a
priori assumptions about a voxel’s RFs properties, including its shape and the number
of neuronal subpopulations. To overcome this limitation, in Chapter 3, we established
and validated a versatile brain mapping technique that captures the activity of neuronal
subpopulations with minimal prior assumptions and high resolution, which we called
Micro Probing (MP). We used MP to map the bilaterally fragmented receptive �elds that
are characteristic of congenital visual pathway disorders. Importantly, we did this with-
out using speci�c stimuli or speci�cally adapted models. In addition, our new technique
revealed – also in healthy observers – that voxels can capture the activity of multiple
subpopulations of neurons sampling spatially distinct regions of the visual �eld.

In Chapter 4 we unravel the neuronal recon�guration and cortical circuitry underlying
PM. PM plays a very important role in the masking of cortical and retinal lesions. Be-
sides being a fundamental attribute of healthy vision, PM has important implications for
the early detection of ophthalmologic pathologies. PM hinders the early self-detection
of visual �eld defects, which prevents timely diagnosis and leads to delayed treatment
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and increased risk of blindness. A marked example of this relates to the ophthalmic
pathology glaucoma, in which patients only notice their peripheral visual �eld defect
at an advanced stage. We investigated the neural mechanisms underlying PM. We used
fMRI and neural modeling to track changes in cortical population receptive �elds (pRFs)
and connectivity. We found that in response to the introduction of an arti�cial scotoma
(mimicking a lesion to the visual system), there is a system-wide recon�guration of cor-
tical connectivity and RFs. Based on these �ndings, we concluded that these changes
originate in the lateral occipital cortex (LO), are most likely guided by extrastriate sig-
nals, and that they underlie the PM of scotomas.

In Chapter 5 we present a novel method to access visual �eld loss based on MP using
only fMRI. We evaluated the accuracy and reliability of our fMRI-based techniques in
healthy participants with simulated scotomas (SS) across di�erent cortical areas (e.g.,
V1, V2 and V3). In participants with glaucoma, we compared the visual �elds obtained
with standard automated perimetry (SAP) and fMRI-based techniques. We showed that
fMRI-based reconstruction of the visual �eld enables the evaluation of vision loss and
provides important information about the function of the visual cortex. This information
may either complement standard techniques to assess the visual �eld, i.e SAP, or could
provide visual �eld information in patients unable to perform SAP.

Finally, Chapter 6, presents our view on how to study cortical neuroplasticity in oph-
thalmic and neurological disorders. We discuss recent advances to improve the reliabil-
ity and suitability of visual �eld mapping approaches for studying neuroplasticity. At
the same time, we argue that the inherent reliance of current visual �eld mapping ap-
proaches on visual input remains a major challenge for interpreting results in terms of
neuroplasticity. Therefore, to assess visual cortical reorganization, we suggest the use of
methods that do not require visual stimulation at all, such as cortico-cortical modeling.
Such approaches avoid many of the complications associated with the stimulus-driven
pRF methods. We also reviewed methods that can be used to do this, including several
recent studies that have used such techniques to study plasticity.

1.2 Background

In the following sections, I will brie�y describe the organization of a healthy visual sys-
tem and how glaucoma a�ects the visual system; I also outline some of the biologically-
inspired computational neural models used to detail the structure and connectivity of
the visual cortex.

1.2.1 Visual pathways

Light enters the eye through the cornea, and after passing through the pupil it reaches
the lens. The optics of the eye (cornea and lens together) projects an inverted image
of the outside world onto the retina (layer of photoreceptors: cones and rods), where
the light is converted into an electric (neuronal) signal (Dowling and Dowling, 2016).
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This signal is transmitted via bipolar cells to ganglion cells. The axons of the ganglion
cells exit the eye through the optic disc and form the optic nerve. At the optic chiasm,
the nasal �bers from each eye decussate so that the left visual �eld is processed in the
right hemisphere and vice versa (Cotter, 1990). From the optic chiasm, the optic �bers
enter the lateral geniculate nucleus (LGN). Postsynaptic �bers leave the LGN as the optic
radiations, which terminate in the primary visual cortex (Figure 1.1).

Figure 1.1 Schematic diagram of healthy visual pathways and visual �eld maps in hu-
mans. The upper row shows the left and right visual �elds, which are processed in the contralat-
eral hemisphere after the decussation in the optic chiasm. The bottom row depicts the visual �eld
maps for left and right V1. The image is based on Ho�mann, M. B., Dumoulin, S. O. (2015).

1.2.2 Organization of the Visual cortex

The visual cortex is located in the occipital lobe and consists of a multitude of visual ar-
eas. Each visual area is retinotopically organized and processes an entire representation
of the contralateral visual space (Wandell et al., 2009). More than 16 visual areas have
been identi�ed in the human brain (Wandell et al., 2007). These areas are hierarchically
organized. V1 corresponds to the primary visual cortex, as it receives direct input from
the LGN and is the �rst location in the visual pathway where information from the two
eyes is combined. V1 is located on the calcarine sulcus and it is bounded by the areas
V2 and V3, which consists of a dorsal and a ventral area.
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Two important characteristics of the visual �eld maps are the following: 1) the size
of the receptive �elds increases with distance from the center of the visual �eld, i.e.,
neurons with relatively small receptive �eld sizes respond to the central visual �eld,
while neurons with larger receptive �eld sizes respond to the periphery; and 2) the size
of the receptive �eld increases with visual hierarchy, i.e. neurons in higher-order cortical
areas generally have larger receptive �eld sizes and are therefore less sensitive to spatial
location (Dumoulin and Wandell, 2008). The increase of the RF size with visual hierarchy
results from the pooling of visual information from V1 towards the temporal and parietal
lobes.

Low level features, including spatial frequency, orientation, color, and motion, are pro-
cessed by the early visual cortices (such as V1), while increasingly complex features,
such as object shape and face, are processed sequentially by extrastriate visual cortices
(Grill-Spector et al., 2001; Kanwisher and Yovel, 2006; Malach et al., 1995). The pooling
of information from V1 to higher order areas corresponds to the feedforward process-
ing of information, which is further complemented with recurrent feedback from higher
order areas to early visual areas. It is commonly assumed that the integration of feed-
forward and feedback interactions along the visual hierarchy modulates the perception
of the visual input (Morgan et al., 2018; Muckli et al., 2015).

1.2.3 Visual �eld defects

The visual �eld (VF) corresponds to the complete representation of the visual space, and
is usually measured in degrees of visual angle from �xation. The visual �eld consists of
the following components: 1) the fovea, which comprises the central 2.5 degrees from
�xation; 2) the central vision, which corresponds approximately to the central 18 degrees
diameter of the VF; and 3) the periphery, which is the area of vision outside the central
vision.

When a retinal or cortical lesion impairs processing of the complete visual scene, this
results in gaps in perception. These are known as visual �eld defects or scotomas. An
example of a natural scotoma is the blind spot, a photoreceptor-less area in the retina
where the optic nerve exits the eye (Figure 1.2). In binocular viewing conditions, the
blind spot is unnoticed because the corresponding portion of the brain still receives vi-
sual input via the other eye. However, the blind spot also remains unnoticed in monoc-
ular viewing, because the visual brain �lls in the gap. When visual �eld defects in both
eyes a�ect the same location in the visual �eld, the corresponding portion of the brain no
longer receives stimulation. Also here, the gap may remain perceptually unnoticed due
to �lling-in. The standard technique to measure the visual �eld is Standard Automated
Perimetry (SAP); a common device for SAP is the Humphrey’s Field Analyzer (HFA).
SAP probes the visual �eld in a systematic way (using a 6x6 degree grid) with a light
stimulus and measures the contrast sensitivity in comparison to that of aged-matched
controls.
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Figure 1.2 HFA printout of a participant with glaucoma (upper row) and a healthy par-
ticipant (lower row). Darker regions correspond to lower contrast sensitivity. Typical contrast
sensitivities are 35 dB for the fovea and 30 dB for the central visual �eld; black areas correspond
to a sensitivity of 0 dB or less. Every -3dB means that the contrast sensitivity is reduced by half.
Note the presence of the blind spot in the healthy subject.

1.2.4 Glaucoma

Glaucoma results from a progressive loss of retinal ganglion cells (RGCs) and a thinning
of the retinal nerve �ber layer. An increase in intraocular pressure (IOP) is the most
important risk factor in glaucoma. Glaucoma is characterized by a gradual increase in
visual �eld defects that typically start in the periphery (Weinreb et al., 2014, A. and H.,
1970). Although no cure is known, the management of glaucoma is based on lowering
the IOP using drugs (i.e eye drops), or laser therapy and various surgical procedures
intended to improve the drainage of �uid from the eye (Beidoe and Mousa, 2012). If left
untreated, glaucoma may result in irreversible blindness, so early detection is crucial.
However, the disease frequently goes unnoticed as individuals with a scotoma often do
not realize that such damage exists until an ophthalmic test is performed. Due to these
factors, glaucoma is the leading cause of irreversible vision loss worldwide (Kapetanakis
et al., 2016; Tham et al., 2014).

The delay between the onset and the diagnosis of glaucoma results from three factors:
1) the inability of patients to physically perceive high IOP, 2) visual �eld loss in one
eye can be compensated for by information from the other eye, and 3) the brain has the
capability to mask the visual �eld defect, once binocular, by predicting and interpolating
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the missing information with the visual features (color, brightness, texture, and motion)
of the surroundings. The latter is considered the main factor that is responsible for the
delay in the early detection of glaucoma.

Damage to the RGC axons, resulting from a pressure di�erence at the lamina cribrosa,
causes the death of the RCG cell bodies and a�ects the optic nerve (Burgoyne, 2011).
This suggests that changes at the level of the brain could also occur. Indeed, mounting
evidence indicates that neurodegeneration in glaucoma is not restricted to the retina and
optic nerve, but spreads along the entire visual pathway (Chen et al., 2013; Li et al., 2012;
Prins et al., 2016; Yu et al., 2013). However, the degree to which these changes a�ect the
visual cortex is highly controversial, especially the notion of functional reorganization
resulting from a prolonged lack of visual input.

1.2.5 Predictive Masking (Perceptual �lling-in)

When the information extracted from a visual scene is incomplete, the visual system at-
tempts to compensate for the gaps in perception by predicting and interpolating based
on information from nearby regions of the visual �eld. This process, known as percep-
tual �lling-in or predictive masking (PM), is essential for the stability of perception, and
it takes place regularly in various forms when people observe their surrounding envi-
ronment. For example, PM occurs when objects fall on the blind-spot, when one object
is occluded by another, or when people stare steadily for a long time at an image with
missing patches of texture (Haak et al., 2015; Weil and Rees, 2011). However, PM is also
clinically relevant. Similar to how we are unaware of the blind-spot in our eye when we
close the other eye, patients with retinal damage can remain unaware of their defects,
especially when the visual �eld defect does not a�ect foveal vision and visual acuity is
preserved. As a result, PM delays the early detection of lesions and thereby increases the
risk of blindness in progressive eye diseases. Despite its scienti�c and clinical relevance,
the neuronal origins of PM are still poorly understood.

According to the most widely supported theory, PM relies on an active neuronal pro-
cess rather than on simply ignoring the incomplete portion of the visual �eld (Komatsu,
2006; Meng et al., 2007; Weil and Rees, 2011). The neuronal activity in the lesion projec-
tion zone may result from: 1) lateral propagation of neural signals, with the spread of
activation across the retinotopic map of the visual cortex from the border to the interior
of the masked surface (De Weerd et al., 1995), and 2) cortical remapping so that the RFs
from the lesion projection zone are displaced towards the spared portion of the visual
�eld (Chino et al., 2001). This means that a set of neurons is activated in such a way that
a visual stimulus is perceived at a location in the visual �eld at which no visual input is
actually present. But how does this actually happen? Chapter 4 describes our research
to understand and model the neuronal processes underlying PM.
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1.2.6 Computational Neuroimaging

1.2.6.1 Functional Magnetic Resonance Imaging (fMRI)

Currently, it is not possible to measure the activity of single neurons with non-invasive
procedures. However, the development of non-invasive neuroimaging techniques, such
as fMRI, has enabled researchers to estimate the neuronal population activity. This
approach is possible due to the coupling between blood supply and neuronal activity.
Brie�y, fMRI uses a magnetic �eld to detect changes in blood oxygenation, which is used
as a proxy for neural activity. Increased neuronal activity elicits a need for oxygen and
glucose consumption, which is accompanied by an increase in local blood �ow (Logo-
thetis and Wandell, 2004). Changes in the ratio between oxyhemoglobin (hemoglobin
bound to oxygen) and deoxyhemoglobin (hemoglobin without bound oxygen) can be
detected due to their di�erential magnetic susceptibility and resulting e�ect on the mea-
sured magnetic resonance (MR) signal. The signal intensity will be di�erent depending
on whether neurons in a speci�c part of the cortex were active or not. Areas with high
concentrations of oxyhemoglobin (active region) produce a stronger signal than areas
with lower oxyhemoglobin levels (inactive region) (Amaro and Barker, 2006). The re-
sulting di�erences between fMRI images enable researchers to distinguish active brain
regions (with high oxygen consumption and, consequently, a high in�ux of oxygen-rich
blood) from inactive ones. The dependence of the recorded signal on blood oxygena-
tion is the basis of the technique and why it is often referred to as blood-oxygen-level-
dependent (BOLD) imaging (Ogawa et al., 1990; Ogawa and Lee, 1990).

1.2.6.2 Non-invasive measurement of receptive �elds

The combination of fMRI with biologically-inspired computational neural models has
enabled characterization of RF properties at a larger scale. For this purpose, the no-
tion of the RF has been extended to the collective RF of a population of neurons within
a voxel, which is called the population Receptive Field (pRF). The technique takes ad-
vantage of the retinotopic organization of the visual cortex. A temporally and spatially
well-de�ned stimulus systematically samples every position of the visual �eld while si-
multaneously recording the stimulus-evoked brain activity. This makes it possible to
map the topographical and neuroanatomical organization of the human visual cortex.
Biologically plausible models such as pRF mapping are now widely used for the detailed
characterization of visual cortical maps at the level of neuronal populations (Dumoulin
and Wandell, 2008). In essence, this method models the pRF as a two dimensional Gaus-
sian, where the center corresponds to the pRF’s position and the width to its size. The
model pipeline and description are presented in Figure 1.3.

In the research presented in chapters 4 and 5 we used the pRF model as a means to quan-
tify changes in the structure and function of the visual cortex in response to incomplete
visual input. We also addressed some of the limitations of this method, and in chapter 3
we proposed a model that enables the characterization of the pRF at a more �ne-grained
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level of detail.

Figure 1.3 The pRFmodeling procedure. The model describes, per voxel, how the pRF proper-
ties position (x,y) and size (σ ) are estimated. The response of a voxel to the stimulus is calculated
as the overlap between the stimulus mask (binary image of the stimulus aperture: moving bar)
at each time point and the neural model. Subsequently, the delay in hemodynamic response is
accounted for by convolving predicted time courses with the hemodynamic response function
(HRF). Finally, the pRF model parameters are adjusted for each cortical location to minimize the
di�erence between the prediction and the measured BOLD data. The best �tting parameters are
the output of the analysis. Adapted from Dumoulin and Wandell, 2008 (Dumoulin and Wandell,
2008).

1.2.6.3 Cortico-cortical models: Connective Field modeling

To fully understand the plasticity of the visual cortex, it is fundamental to complement
the characterization of the RFs with their connectivity. Cortico-cortical models may
capture the e�ects of structural reorganization and can identify which neural circuits
have the potential to reorganize and which are stable. An example of this type of model
is the connective �eld (CF) model, which applies the notion of a receptive �eld to cortico-
cortical connections (Haak et al., 2013). In our study, the neuronal response in a target
region is predicted based on the response in a source region.

The CF model, as originally proposed by Haak and colleagues (2013), assumes a circu-
larly symmetric 2D Gaussian model on the surface of the source region as the integration
�eld from source to target (Haak et al., 2013). This 2D Gaussian is de�ned by its position
(v0) and size (σ ); where d(v,v0) is the shortest distance between voxel v and the con-
nective �eld center v0, and (σ ) is the Gaussian spread (mm). Distances are calculated
across the cortical surface, using Dijkstra’s algorithm (Dijkstra, 1959; Haak et al., 2013).
The connective �eld pipeline is illustrated in Figure 1.4.
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B

V1

1
Weight

V2d

A

V2 pRF model prediction
V1>V2 CF model prediction
Measured V2 signal

Figure 1.4 A: CF pipeline as described by Haak and colleagues, 2013 (27). The model com-
prises 2 steps: 1) predict the fMRI response, p(t), by multiplying the CF model д(v0,σ ) with the
measured source fMRI signal a(v, t) and 2) estimate the CF position (v) and size (σ ) by varying
parameters and selecting the best �t between the predicted time series and the measured BOLD
signal y(t). This procedure is then repeated for every voxel in the target region. B: The V2 re-
sponse is predicted based on the pRF (stimulus driven, in blue) and the connective �eld model
(cortical driven, in red). The color map on the brain shows the V1>V2 CF model weights for a
speci�c voxel.
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