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CHAPTER 1

General Introduction
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Aim of my thesis 
Homonymous hemianopia (HH) refers to the loss of vision on the same side of the visual 
field (VF) of both eyes. A hemianopic visual field defect (VFD) most commonly results from 
unilateral acquired brain injury (ABI) – or lesion – that affects one or more structures of the 
visual pathway after the optic chiasm (OC), see Fig. 1A. Spontaneous recovery from HH is 
most likely to occur within the first ten days after the ABI. Within the first three months, up 
to 50% of the individuals with HH show spontaneous, even though sometimes only 
partial, recovery of their VF. After this sensitive period, further spontaneous recovery is 
unlikely,1,2 and a VFD becomes chronic. 

Luckily, individuals with a chronic VFD may still benefit from vision rehabilitation 
therapies.3–5 Such therapies aim to improve visual functioning in, and subsequently the 
quality of life of, visually impaired persons. Some attempt a compensation of the VFD, by 
learning the individual with HH how to scan their VF more efficiently through adaptive 
eye-movement behaviour.6–14 Others attempt to restore the VF through intensive training 
inside the defect thereby improving visual functioning.15–24 These vision restoration 
therapies have shown to be advantageous for individuals with a chronic HH (hereafter HH) 
due to ABI25,26 although some controversy about their efficacy remains.27–34 Furthermore, 
not all individuals with HH benefit equally from such restoration therapies. There is an 
increasing number of studies showing that the recovery potential of – and thus the 
successful deployment of restoration therapies in  –  individuals with HH depends on the 
individuals’ residual visual functioning26,35–40 or the timing of their intervention.41–43 To 
further our understanding of the recovery potential of HH individuals, it is essential to know 
what the structural and functional consequences are of a HH due to ABI for the entire 
visual system. After all, the extent to which a visual system is structurally or functionally 
affected presumably determines the HH individuals’ recovery potential.  

Therefore, my thesis aims to investigate the functional and structural properties of the 
visual system, in the case of a HH due to ABI. Deeper knowledge about these properties 
may help to find aspects, or residual capacities, that are critical for and can thus provide 
further insights into the recovery potential of HH individuals. A more careful utilization of 
HH individuals’ recovery potential may ultimately lead to the development of more 
effective and individually tailored rehabilitation therapies. 
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To achieve this aim, my thesis addresses the following two main research questions: 

● How does the structural and functional integrity of the visual system alter when 
someone has a HH due to ABI? 

● How can functional Magnetic Resonance Imaging (fMRI)-based techniques inform 
us about any residual capacities of the visual system when someone has a HH 
due to ABI?  

I will answer these questions by addressing 1) the structural properties of a visual system 
affected by HH due to ABI, by looking at anatomical differences between the visual 
systems of participants with and without HH, 2) the functional properties of a visual 
system affected by HH due to ABI, by looking at differences between the functional 
organization of the visual cortices of participants with and without HH, and 3) how brain 
activity can reflect the HH individuals’ residual capacities. 

Importantly, I will examine these functional and structural properties of the visual system 
at large. This means that I will consider structures that are directly as well as structures 
that are not or indirectly affected by the ABI. I will refer to these as the ‘lesioned’ and ‘non-
lesioned’ structures, respectively. Furthermore, throughout my thesis, I will use the general 
term HH participants to refer to the study participants who have developed a chronic 
hemianopic VFD following an ABI.  

1.1 Outline of the thesis 

In my thesis, I describe four exploratory imaging studies in order to address the above-
mentioned questions. Using various imaging techniques, I obtained structural and 
functional measures of the visual systems of participants with and without HH. These 
included measures of both the brain and the eyes. The structural measures allowed me to 
evaluate the structural properties, i.e., the white matter (WM) integrity of the brain and the 
retinal thickness profiles of the eyes [Chapter 2]. The functional measures allowed me to 
evaluate the functional properties, i.e., the functional plasticity of the visual system in 
response to a hemispherectomy [Chapter 3], the potential of brain-activity driven VF 
reconstruction [Chapter 4], and the functional brain connectivity patterns in their relation 
to the success of vision restoration training [Chapter 5]. Below I will describe in more detail, 
for each of the four studies, how I have used these structural and functional measures to 
answer the two main research questions outlined above. In Chapter 6, the general 
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discussion, I present the highlights of my work. Furthermore, I summarize my findings, 
discuss their potential clinical relevance and make recommendations for future research. 

1.1.1 Study 1 – [Chapter 2] 

In the case of a HH, the contralesional hemisphere is generally assumed to be anatomically 
‘healthy’. Whether this is fully justified remains to be determined. For example, individuals 
with HH may also experience perceptual deficits in their intact hemifield.44–52 The 
possibility that individuals with HH have developed visual pathway pathologies, in 
addition to the initial damage, to the contralesional post-chiasmal visual pathway has been 
overlooked. For this reason, I addressed the following questions in Chapter 2: Does HH 
due to ABI result in collateral damage that extends to the 1) entire visual pathway, 
particularly in the non-lesioned hemisphere; and 2) the retina of the eye? To answer the 
first question, in a group of HH participants, I evaluated the WM properties of all visual 
pathway structures. To the best of my knowledge, I am the first to apply a novel method 
called Fixel Based Analysis (FBA) for this purpose.53 To answer the second question, I 
evaluated the HH participants’ retinal thickness profiles of the papillary and macular 
Retinal Nerve Fiber Layer (RNFL) and combined Ganglion Cell-Inner Plexiform Layer 
(GCIPL) through Optical Coherence Tomography (OCT),54 a technique that allows for the 
imaging of the retina. By answering these two questions, I aimed to characterize the extent 
of collateral damage to the visual pathway from a HH due to ABI. Indeed, my findings 
showed widespread collateral damage in HH individuals that affects the entire visual 
pathway, in both the lesioned and non-lesioned hemispheres. 

1.1.2 Study 2 – [Chapter 3] 

In response to damage to the visual system, with (a partial) loss of vision as a result, the 
visual system may functionally reorganise.55–60 To what extent, when and under what 
conditions the visual system functionally reorganizes following HH due ABI is not well 
understood. Hence, more detailed studies on the (re)organization of the visual system in 
response to ABI are essential. For this reason, I addressed the following question in 
Chapter 3: Does the absence of one hemisphere alter the functional organization of the 
visual cortex in the remaining hemisphere? To answer this question, I examined the 
functional organization of the visual system of an adolescent girl whose left hemisphere 
had been surgically removed – a surgical operation known as hemispherectomy – at the 
age of three. She consequently developed a right-sided HH. In her remaining hemisphere, 
I evaluated the functional projections from the retina to the visual cortex (retino-cortical 
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projections), in terms of population Receptive Field (pRF) properties,61 and from the primary 
visual cortex (V1) to other visual areas (cortico-cortical projections), in terms of Connective 
Field (CF) properties.62 With this, I aimed to characterize the functional reorganization of 
the visual system in a case of a hemispherectomy with an associated HH. Indeed, my 
findings showed abnormal retino-cortical and cortico-cortical projections in the remaining 
hemisphere as an indication of the occurrence of small-scale reorganization. 

1.1.3  Study 3 – [Chapter 4] 

Standard approaches for VF assessment, or automated perimetry, have several 
disadvantages. One of them is that they rely on the participant consciously reporting the 
perception of a visual stimulus. Therefore, automated perimetry is unable to uncover any 
non-conscious vision that can still be present in individuals with HH,63,64 and thus cannot 
capture the full visual capacities of these individuals. For this reason, I addressed the 
following question in Chapter 4: Can fMRI-based reconstruction of the VF, as opposed to 
automated perimetry, help us to gain better insights into the visual capacities of HH 
participants? To answer this question, I used two different fMRI-based VF mapping 
techniques – i.e., the conventional pRF modeling61 and the novel Micro Probing (MP)65 – to 
reconstruct the VFs of a group of HH participants. Herewith, I studied the potential of these 
two techniques to overcome the shortcoming of automated perimetry by examining both 
conscious and non-conscious visual capacities. Indeed, my findings showed that both 
techniques are capable of VF reconstruction and can reveal neural responses in the visual 
cortex to stimuli presented in the perimetrically ‘blind’ sections of the VF. 

1.1.4  Study 4 – [Chapter 5] 

Visual Restitution Training (VRT) is a form of vision rehabilitation therapy that aims to 
improve the HH individuals' VF by either increasing local sensitivity of the defect or 
reducing its perimetric size. Not all HH individuals that undergo VRT benefit equally from 
it. Given its long and exhaustive nature, it would be advantageous, for both individuals and 
their care professionals, if we could identify individuals that are most likely to benefit from 
this rehabilitation therapy. For this reason, I addressed the following question in Chapter 

5: Can resting-state fMRI-based network connectivity measures help us to explain 
interindividual differences in VRT outcomes? To answer this question, I examined whether 
in a group of HH participants the individual differences in functional brain connectivity 
patterns were associated with individual differences in the VRT success. Specifically, I 
examined the functional connectivity (FC) patterns of five visual Resting-State (RS) 
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networks of interest, assessed prior to VRT, in relation to VRT success, i.e., a difference in 
VF sensitivity before and after VRT. Due to the nature of the task involved in the training, I 
scored the aspects of VRT success in two ways: as an effect modulated by attention and 
as an effect not modulated by attention, both expressed in a change in sensitivity of the 
VF after VRT. With this, I probed the potential of RS fMRI-based network connectivity 
patterns as a predictor of VRT success. Indeed, my findings showed that individual 
differences in a specific network connectivity pattern, i.e., the FC strength between the 
anterior precuneus and the occipital-pole network, were associated with individual 
differences in the attention-modulated training effect. 

1.2 Background 

In the sections below, I provide a concise and general introduction to the most important 
concepts used in the experimental chapters of this thesis [Chapters 2 – 5]. First, I will 
discuss the primary structures of the human visual pathway and the basic principles of the 
functional organization of the visual cortex. Second, I will discuss how damage to the visual 
pathway can affect visual performance (resulting in a VFD) and, ultimately, may lead to 
neurodegeneration of the visual pathway. Third, I will discuss the current approaches of 
vision rehabilitation for individuals with hemianopic VFDs. Lastly, I will discuss the main 
methodologies used to undertake the research presented in this thesis.  

1.2.1 The Visual Pathways – from the retina to the cortex 

“You don’t need eyes to see, you need vision” sings Maxwell Jazz, lead singer of the British 
electronic band Faithless, in their song “Reverence”. In other words, although the eyes play 
a crucial role in vision, there is more to it. The visual interpretation of the world relies on 
many physiological and cognitive processes that revolve around the functioning of the 
entire visual system. An essential part of this is the processing along the visual pathway, 
which starts at the retina and extends to the primary visual cortex (V1), see Fig. 1B.  

First, light enters the eye through the cornea and then travels through the pupil and lens 
after which it is projected onto the retina. This projection copies an inverted representation 
of a viewer's range of vision, the VF, where the left part of the VF – or hemifield – is 
projected onto the right half of the retina and vice versa. The fovea is the region of the 
retina with the highest density of light-sensitive cells, and thus with the highest visual 
acuity. There, at a layer of various light-sensitive cells (i.e., the rods and cones), the neural 
processing of the light begins. From the rods and cones, signals are transmitted via the 
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bipolar cells to the Retinal Ganglion Cells (RGC), see Fig 1A.66 The axons of the RGC 
converge at the Optic Discs,67 the exit point on the retinas, and then leave the eye and form 
the Optic Nerves (ON). The ONs of both eyes converge at a point called the Optic Chiasm 
(OC). Here, the ON fibers arising from the nasal RGC of both eyes cross to continue as a 
contralateral Optic Tracts (OT) and are called ‘crossing fibers’. The ON fibers arising from 
the temporal RGC of both eyes do not cross at the OC but continue as ipsilateral OT, and 
are called ‘non-crossing fibers’. Because of the partial crossing of ON fibers at the OC, each 
OT conveys the visual signals coming from the contralateral hemifield only. The OTs relay 
each at a Lateral Geniculate Nucleus (LGN), after which new fibers continue as the Optic 
Radiation (OR) which eventually terminates at V1, an area located in the most posterior 
part of the occipital lobe.66 Because of the contralateral processing in the post-chiasmal 
structures, the left V1 processes visual information coming from the right hemifield and 
vice versa, see Fig. 1B. 

Figure 1. A. Illustration of the light projection onto the retina, where the light signals excite the rods and cones. 

From there, signals are transmitted via the bipolar cells to the retinal ganglion cells, whose axons converge at 
the optic disc and form the optic nerve. Illustration adapted from ‘Light in the Retina’ by Casey Henley, url: 

https://openbooks.lib.msu.edu/neuroscience/chapter/vision-the-retina/ B. Illustration of the visual pathway. 
Important to note is the contralateral processing of the visual field after the chiasm, where the left post-chiasmal 

visual pathway processes the information coming from the right hemifield and vice versa. Yellow bars indicate 
possible ABI locations, and thus an obstruction of visual processing, that will lead to left homonymous 

hemianopia. Illustration adapted from Miquel Perello Nieto, url: https://commons.wikimedia.org/wiki/ 
File%3AHuman_visual_pathway.svg 
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1.2.2 Functional organization of the visual cortex 

Although at V1, the striate area, the primary visual pathway terminates, this is not where 
the visual processing stops. In fact, the full visual cortex expands beyond V1 and consists 
of a multitude of bilateral visual areas (called extrastriate areas), each specialized in the 
processing of a particular aspect of vision.68 In addition, just like V1, many of these visual 
areas possess a cortical representation of the entire contralateral hemifield which we call 
a Visual Field Maps (VFM).69 This topographic organization is commonly referred to as a 
retinotopic organization,70 meaning that neighboring cells in a visual area process the 
visual information coming from neighboring cells in the retina. The functional specialization 
and retinotopic organization of these visual areas allow for the simple and complex 
processing of visual information they receive, either directly or indirectly, from V1.  

Investigating the properties of these VFMs can teach us a lot about how visual information 
is processed across the visual cortex. Unsurprisingly, many studies have investigated VFM 
properties in the healthy and diseased brain. For example, studies have investigated how 
visual projections on the retina are represented in the brain, by studying the properties of 
retino-cortical projections,61,69 or how visual information is relayed from one visual area to 
another, by studying the properties of cortico-cortical projections.62  

Observations regarding properties of the retino-cortical projections are often made for a 
population of neurons within a visual area and are described in terms of the characteristics 
of their cumulative receptive field (RF), or population Receptive Field (pRF).61 An RF can be 
characterized as a single location in visual space that alters the firing rate of a light-
sensitive cell at the retina and hence the response of a cortical neuron. A pRF can thus be 
referred to as an integrated region in visual space that alters the response of a population 
of cortical neurons. The pRF characteristics commonly used to describe VFM properties are 
1) the preferred center location of a pRF in visual space coordinates; and 2) the size of the 
pRF in degrees of visual space, see Fig. 2.  

Similarly, observations regarding the properties of the cortico-cortical projections are also 
made for a population of neurons within a visual area and are described in terms of the 
characteristics of their connective field (CF).62 A CF can be characterized as a location in 
cortical space (a source region) from which another cortical area (a target region) samples 
its information. In the case of visual processing, a CF describes how a VF representation is 
projected from one visual area to another. Similar to the pRF, the CF characteristics 
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commonly used to describe VFM properties are 1) the center location of a CF in cortical 
space coordinates, and 2) the size of the CF in degrees of cortical space. 

In Chapter 3 I will use both the retino-cortical and cortico-cortical projections to describe 
the functional organization of the visual system in the case of HH due to a 
hemispherectomy. In Chapter 4 I will infer the properties of the retino-cortical projections 
in a group of HH participants and use these properties to reconstruct the VF of HH 
participants. 

Figure 2. Illustration of (population) Receptive Fields (RF) within visual space. The orange and blue dots represent 

the preferred center location within a (p)RF and the black outline represents the size of the (p)RF. On the left, an 
RF of a single visual cortex neuron is shown. In the middle, the RFs of multiple visual cortex neurons are shown. 

On the right, the cumulative RF of a population of neurons (i.e., population RF) is shown.  

1.2.3 Homonymous visual field defects 

Damage to the various structures of the visual pathway may result in a loss of vision – a 
VFD – in the topographically corresponding part of the VF. A homonymous VFD refers to 
(partial) loss of vision in one side of the VFs of both eyes, see Fig. 3. The primary cause of 
a homonymous VFD is damage to visual pathway structures that come after the OC (i.e., 
the post-chiasmal pathway), see Fig. 1B. For example, damage to the right OT, OR or V1 
may result in a loss of vision in the left VF, and vice versa. The most common causes of 
homonymous VFDs are stroke, traumatic brain injury or tumor resection.2 Depending on 
the size of the post-chiasmal damage, the blindness can expand a full hemifield (called 
homonymous hemianopia), a quarter of a hemifield (called homonymous quadrantanopia) 
or a small part of a hemifield (called homonymous scotoma). Furthermore, some 
individuals with a homonymous hemianopia or quadrantanopia show preservation of the 
central parts of their VFs, when the fibers that extend to the occipital pole (the most 
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posterior part of V1) remain unaffected. This phenomenon is called macular sparing, see 
Fig. 3. It should also be noted that the VFDs are not necessarily complete, i.e., covering the 
entire half or quarter of the VF, or identical for the left and right eyes. Moreover, VFDs can 
have parts of absolute (i.e., with no sensitivity at all) or relative (i.e., with a decreased 
sensitivity) blindness.  

The HH participants described in this thesis have either a complete or incomplete HH, due 
to acquired damage to the post-chiasmal visual pathway. The cases of ABI reported in this 
thesis have primarily been the result of either a stroke or a tumor resection, however, in 
Chapter 3, I described the case of a person with a hemispherectomy. A hemispherectomy 
is a rare surgical procedure where one hemisphere is disabled, completely removed, or 
disconnected from the other hemisphere. It is performed on individuals, often still children, 
who suffer from severe epilepsy and who are unresponsive to drug treatment or other 
types of interventions. 

 

 

 

 
Figure 3. Illustrations of VFDs of various extents 

depending on the size of the underlying damage. Gray-

scaled overlays are used to indicate the extent and 
sensitivity of the defect (i.e., the darker, the lower the 

VF sensitivity); they do not necessarily reflect how the 
defect is perceived by an HH individual. The left 

homonymous hemianopia (on top) results from an ABI 
affecting all fibers of the right OT, OR or full V1 (or a 

combination thereof). The left homonymous 
quadrantanopia and scotoma (middle) result from an 

ABI affecting only a certain portion of the fibers of the 

right OT and OR, or part of V1. The bottom panel shows 
a left HH with macular sparing. 

1.2.4 Neurodegeneration of the Visual Pathway 

In general terms, neurodegeneration refers to a pathological condition that affects a neuron 
and involves the loss of its function and structure.71 Anterograde neurodegeneration refers 
to axonal loss following damage to the cell body, whereas retrograde neurodegeneration 
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refers to cell body loss following damage to the axon. Sometimes the damage to a neuron 
results in the degeneration of another, anatomically connected, neuron. This process is 
called transsynaptic degeneration (TSD). In the case of the visual system, damage in the 
eye may result in degeneration of neural tissue at the level of the visual cortex through 
anterograde TSD, whereas damage to the visual cortex may result in degeneration of 
neural tissue at the level of the eye through retrograde TSD, see Fig. 4.72,73 

Various non-invasive imaging methods allow us to monitor TSD of the visual system. For 
example, we can use optical coherence tomography (OCT) to trace retrograde TSD 
affecting the eye, and advanced magnetic resonance imaging (MRI) techniques to trace 
retrograde TSD affecting the brain.72,73 In Chapter 2, I use these methods (see also Section 
1.3) to characterize bidirectional TSD in HH participants. Given the retinotopic organization 
of the visual system, we can utilize these methods to trace TSD at topographical 
corresponding locations. This means that in case of damage to the visual pathway, as seen 
in individuals with HH, we can correlate widespread TSD to the observed structural and 
functional changes in the eyes. 

Figure 4. Illustration of retrograde and anterograde transsynaptic degeneration (TSD) of the visual pathway. The 
large ‘damage’ icons indicate the initial damage, the small damage icons indicate the TSD. On the left, an example 

of retrograde TSD where damage to the left OR leads to degeneration at retinotopically corresponding locations 
in both eyes. On the right, an example of anterograde TSD where damage to the temporal retina of the right eye 

leads to the degeneration of the retinotopically corresponding fibers of the right OR. Illustration adapted from 
Sharma et al. 73 
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1.2.5 Vision rehabilitation therapies 

It is increasingly recognized that individuals with a VFD may benefit from rehabilitation 
therapies that focus on improving individuals’ visual functioning. Current vision 
rehabilitation therapies take either a substitutional, compensatory or restorative 
approach.3–5,74 The first two approaches primarily aim at compensating for the loss of vision 
with the help of visual aids75–80 or through improved effective visual scanning behaviour.6–

14,81 The latter primarily aims at restoring the loss of vision through prolonged visual 
training. Through the principles of visual perceptual learning, such vision restoration 
therapies have shown to be successful in reducing the perimetric size16,82–89 or increasing 
the local sensitivity16,20,22,24,39,89 of the VFD, improving objective15,18,21,24,86,90–92 and 
subjective26,85,86,93,94 visual functioning, improving daily life activities16,95 or inducing 
changes in visual cortical processing.33,35,39,85,87,96,97 The success of these restoration 
therapies are thought to rely on the residual capacities of the visual system26,35–40 or the 
timing of the intervention,41–43 and has shown to be enhanced when combined with non-
invasive brain stimulation98–103 or when it includes attentional cueing.17,104,105 On the 
contrary, visual recovery may be limited by high internal processing noise106 or shrinkage 
of the Optic Tract.42 

One of the proposed underlying mechanisms for the (partly) restoration of vision is that 
training stimulates and thereby reactivates the structurally spared yet functionally affected 
visual cortex.23,84,107 Another, not mutually exclusive, explanation is that vision can be 
restored by exploiting the retained, yet unconscious, ability of some HH individuals to 
detect or discriminate visual stimuli in their VFD. The underlying neural mechanism of this 
‘blindsight’ phenomenon63,64,108 is thought to be a subcortical processing route that 
surpasses V1,109–116 or the presence of spared tissue in the visual cortex.117–119 By 
appropriately training this blindsight ability, thereby reinforcing the underlying neural 
mechanism, visual perception may become conscious.18–20,120,121  

Despite having shown to be successful in improving visual functioning, not all individuals 
with HH benefit equally from restoration therapies. In Chapter 4, I aimed to identify a 
functional neural correlate that can explain individual differences in restitution training 
outcome and thereby reflects the individual differences in the residual capacities of the 
visual system. 
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1.3 Methodology 

In this thesis, I used various imaging methods to examine the functional and structural 
properties of the visual system of HH participants, to get a better insight into its residual 
capacities. Below I explain these methods in a bit more detail.  

1.3.1 Assessment of visual functioning 

Visual Field assessment 

A visual field (VF) refers to the range of our visual world we can perceive while we fixate 
on a central point. The VF is commonly expressed in terms of degrees of visual angle 
around fixation. In the human binocular visual system, the VF subtends, horizontally, more 
than 200° in diameter.122 The results of a VF assessment, or perimetry, give a pictorial 
representation of an observer's ‘hill of vision’. The top of this hill, which corresponds to the 
location of the fovea, represents the VF location with the highest visual sensitivity. The 
base of the hill, at the peripheral VF, represents the area with the lowest visual 
sensitivity.123 A common form of perimetry is Standard Automated Perimetry (SAP), a 
method that uses automated and standardized stimulus presentation and response 
recordings to assess the VF.124 A popular device for SAP is the Humphrey's Field Analyzer 
(HFA). The HFA systematically presents stimuli with varying levels of contrast at various 
fixed locations within the VF. While fixating on a central point, observers have to press a 
button whenever they have seen a stimulus presented in their VF. Based on their 
responsiveness, a contrast sensitivity (CS) value can be determined for each of the tested 
VF locations. Each obtained CS value is then compared to an age-corrected normative CS 
value, to determine whether it is within or outside the normal limits for the observer’s age. 

I used an HFA to perform perimetry and determine the presence and size of the VFD in the 
HH participants [Chapter 2 – 5] and to determine changes in CS across the VF in response 
to VRT [Chapter 5]. Fig. 5 shows HFA readouts of a healthy observer and a typical HH 
individual, with a graphical representation of the CS measured at VF locations up to 24° 
from fixation. The darker the pixels, the lower the CS measured for that location.  

Typical HFA readouts show a low CS for two temporal test locations (at ~15° from 
fixation), which correspond to the ‘blind-spots’. The blind-spot is the point on the retina 
where the optic disc is located, and thus has no light-sensitive cells, hence there’s no 
stimulus detection possible. The HFA of the typical HH individual shows CS values outside 
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normal limits for almost all testing points in the left hemifield. This participant thus 
experiences a left hemianopic VFD.  

 

 

 

 

 

 

 

 

  

 

Figure 5. Typical HFA readouts of a healthy observer (top) with a normal VF, and an individual (bottom) with a 

HH. A darker pixel depicts a lower contrast sensitivity value measured for that VF location. The dark spots in the 
temporal (T) hemifields correspond to the blind-spot. 

Imaging of the retina  

Optical Coherence Tomography (OCT) is a fast and non-invasive method for imaging the 
macula and the optic disc, or optic nerve head (ONH), of the retina. In addition, it can be 
used to reconstruct cross-sectional images of the retina from which, by employing 
segmentation algorithms, thickness profiles of various retinal cell layers can be 
estimated.125 These thickness profiles make OCT an appropriate tool for identifying and 
describing retinal pathologies.  

I used OCT to estimate the thickness profiles of the RNFL and the GCIPL at the macula 
and the RNFL at the ONH, to characterize transsynaptic degeneration in the retina of the 
HH participants. For this, I obtained the thickness measures for eight segments centered 
around the macula and twelve sectors centered around the ONH, see Fig. 6. 
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Figure 6. Typical OCT readouts of the right eye of a healthy individual. Outlined in orange are the retinal images 
obtained from the macula (top) and the ONH (bottom). Outlined in blue are the cross-sectional images 

reconstructed for the macula (top) and ONH (bottom). On the right are the thickness measurements of the GCIPL 

obtained for the eight segments around the macula (top) and of the RNFL for the twelve sectors positioned on a 
circle of 3.46 mm diameter around the ONH (bottom). Each thickness measure is color-coded for how its value 

compares to a normative data set (e.g., the green and white are considered normal).  

1.3.2 Magnetic Resonance Imaging of the brain 

Magnetic Resonance Imaging (MRI) is a non-invasive imaging technique that makes use of 
strong magnetic fields and magnetic field gradients. It allows for a 3D visualization of the 
anatomy and the metabolic functioning of body parts, such as the brain.  

Structural MRI 

Structural MRI allows for investigating the anatomical properties of the brain, for example 
through T1-weighted imaging. T1-weighted imaging can demonstrate the disparities in 
T1 relaxation times, i.e., the time taken for excited (or spinning) protons to realign with the 
external magnetic field, of different tissue types. In T1-weighted imaging, the disparities 
of T1 relaxation times are reflected in high-resolution images with different brightness 
intensities in high-contrast. Here, compartments filled with fluid (for example Cerebral 
Spinal Fluid (CSF)) appear dark, whereas tissues with a high-fat content (for example WM) 
appear bright.126  

In this thesis, I used T1-weighted imaging to visualize the brain anatomy of HH and healthy 
participants. Furthermore, the generated images were used to discriminate between 
different tissue types (i.e., CSF, WM and Gray Matter (GM)) [Chapter 2 – 5] and, in the case 
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of HH participants, to delineate the lesion [Chapter 2 and 5]. Fig. 7 shows examples of a 
T1-weighted image obtained from a healthy and a HH individual.  

Figure 7. Examples of a T1-weighted image (i.e., 

high-contrast anatomical image) of a healthy (left) 
and a HH individual (right). In the case of the HH 

individual, damage to the visual cortex is observed 

and indicated by the red arrow. 

Figure 8. Examples of a DW image, which reflects 

differences in water diffusion properties (left) and an 
fMRI image, which reflects changes in BOLD signal 

(right), of a healthy individual.

Diffusion-weighted imaging 

Diffusion-weighted imaging (DWI) allows for investigating the axonal architecture of WM 
fibers by measuring the random motion of water in biological tissue.127 The diffusion of 
water molecules in tissue is highly dependent on its cellular environment. For example, in 
the absence of any boundaries or obstacles, there are no directional restrictions for the 
water to move; this is called free or isotropic diffusion, see Fig. 9A. On the contrary, in the 
presence of a linear axonal architecture, the motion of water is constrained and coherent 
with the primary direction of the axonal bundle; this is called restricted or anisotropic 
diffusion, see Fig. 9B. By modeling the diffusion of water molecules in WM fibers, DWI 
allows for mapping the tissue's axonal trajectories.127 Fig. 8 (left) shows examples of a 
diffusion-weighted image obtained from a healthy participant.  

In this thesis, I used DWI to characterize the water diffusion in WM structures and thereby 
probe the state of the axonal architecture [Chapter 2]. When surrounded by affected fibers, 
for example in case of axonal damage or axonal loss, see Fig. 9C, the diffusion properties 
are likely to be different compared to when surrounded by unaffected tissue.  
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Figure 9. Illustration of types of water diffusion. Panel A illustrates a case of isotropic water diffusion, where the 

movement of a water molecule (purple dot) is not hindered and the molecule can thus move freely. Panels B and 

C illustrate cases of anisotropic diffusion, where the movement of a water molecule is restricted by its 
environment, for example in the presence of axons (blue bars). Panel C furthermore illustrates a decrease in the 

anisotropic diffusion of water, as compared to Panel B, due to a decreased axonal density and the presence of a 
damaged axon. Illustration adapted from.131 

Functional MRI 

Functional MRI (fMRI) allows for investigating functional processes in the brain by 
measuring the indirect consequences of its neural activity.128 Active neural tissue has an 
increased need for oxygen which leads to an increased supply of oxygenated blood. Once 
the oxygenated blood has reached its destination it releases the oxygen to the active 
neurons, a process called the hemodynamic response. The resulting change in the blood's 
level of oxygen, or the Blood-Oxygen-Level-Dependent (BOLD) signal,129 can be 
measured with fMRI. Changes in the BOLD signal are, when systematically measured over 
a certain period of time, reflected in so-called time-series. By examining the measured 
time-series, fMRI allows for indirectly measuring brain activity based on its metabolic 
demand.130 Fig. 8 (right) shows an example of an fMRI image obtained from a healthy 
participant at time point X.  

In this thesis, I used fMRI to (indirectly) measure participants' brain activity when visually 
stimulated [Chapter 3 and 4] or when at rest [Chapter 3 and 5]. These measures provided 



  

 24 

me with a better understanding of the various processes that underlie the visual 
functioning of individuals with HH. 

1.3.3 Data analyses 

I used various modeling approaches to analyze the DWI and fMRI data described above. 
In general, data were analyzed on a voxel-by-voxel basis, which means that calculations 
or estimates are made per volumetric pixel of an MRI image. In the case of MRI imaging of 
the brain, a voxel typically refers to a population of neurons (e.g., a 1mm3 voxel contains ~ 
23.000 neurons). Below, I explain the main modeling approaches in more detail. 

Fixel-Based Analysis 

I used Fixel-Based Analysis (FBA)53 to analyze DWI data and herewith characterize WM 
properties in HH and healthy participants [Chapter 2]. Conventional DWI models, such as 
voxel-based morphometry,132 allow only for voxel-level inference. FBA, on the contrary, 
allows for quantitatively modeling multiple WM fiber populations – ‘fixels’ – with different 
orientations within a voxel. Given that most WM voxels contain multiple fiber populations, 
called crossing-fibers,133 DWI models operating on a voxel level often encounter the 
‘crossing-fiber problem’. FBA can deal with this problem by modeling water diffusion in a 
fiber-tract specific manner and thereby allows for detecting fiber specific changes in WM.  

FBA produces three quantitative metrics to describe microscopic and macroscopic 
properties of WM: 1) fiber-density (FD), which reflects the density of fibers within a bundle; 
2) fiber-bundle cross-section (FC), which reflects the size of the cross-sectional area of a 
fiber bundle; and 3) fiber density and bundle cross-section (FDC), which reflects a 
combination of FD and FC, see Fig. 10. Using these metrics, WM changes can be described 
at both a microscopic level, in terms of axonal loss as probed by FD, a macroscopic level, 
in terms of fiber bundle atrophy as probed by FC, or a combination of both as probed by 
FDC.53  



 

 25 

C
ha

pt
er

 1
 

Figure 10. Cross-section illustrations of 

WM fiber-bundles displaying changes 
in the microscopic and macroscopic 

properties of a fiber bundle, described 
using the three quantitative FBA 

metrics: FD, FC, and FDC. Each dot 

represents a single axon. A. Normal 
fiber-bundle. B. Fiber-bundle with 

reduced FD, reflecting a microscopic 
change (i.e., a loss of axons across the 

entire bundle). C. Fiber-bundle with 
reduced FC, reflecting a macroscopic 

change (i.e., fiber-bundle atrophy). D. 
Fiber-bundle with reduced FDC, 

reflecting both axonal loss and fiber-

bundle atrophy. Illustration adapted 
from Raffelt et al.53 

 

Visual Field mapping 

I used two different VF mapping approaches to analyze fMRI data obtained when the 
participants were visually stimulated. Herewith, I described the RF properties of the visual 
cortex. In particular, I used the conventional population Receptive Field (pRF) modeling to 
evaluate pRF properties, and hence the retino-cortical projections, of various visual areas 
in a hemispherectomy brain [Chapter 3]. Furthermore, I evaluated the usefulness of both 
the conventional pRF modeling and Micro Probing (MP) to reconstruct the VF of a HH 
individual, as an alternative to automated perimetry [Chapter 4].  

Conventional pRF modeling 

Conventional pRF modeling allows for quantitatively modeling the cumulative response, 
i.e., the pRF, of a population of visual neurons within a voxel to a wide range of stimuli.61 
This pRF provides us with a preferred center location and size of a voxel's RF. To 
accomplish this, the model first defines a large set of possible 2D Gaussian pRFs using 
three parameters: x and y (defining its center location) and σ (defining its width). Then, a 
pRF response is predicted by convolving each pRF with a standard hemodynamic 
response function (HRF), resulting in a predicted time-series. Finally, these predicted time-
series are iteratively tested to fit the voxel's actual time-series, until the best pRF fit (i.e., 
the one with the highest variance explained) is found. This procedure is repeated for every 
voxel of interest, see inner box of Fig. 11. 
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Micro Probing 

Micro Probing (MP) allows for quantitatively modeling the cumulative response of a 
subpopulation of neurons within an fMRI voxel.65 The MP fitting procedure is based on the 
conventional pRF fitting procedure. In MP, however, a Bayesian Markov Chain Monte Carlo 
(MCMC) sampling approach is used to fit a 2D Gaussian probe to a voxel's time-series. 
With this approach, the probe's center location (x,y) is based on two latent variables and 
the width (σ) is small and fixed. Like the pRF procedure, a voxel's predicted response is 
calculated and convolved with an HRF before fitting it to the voxel's actual response. The 
MCMC sampling approach allows for efficient sampling of the VF and results in a single 
probe map per voxel. A probe map consists of many probe locations with their 
corresponding variance explained and mimics the sampling density of the VF for that 
particular voxel. This procedure is repeated for every voxel of interest, see the outer box of 
Fig. 11.  

Figure 11. The fitting procedure of the pRF modeling and MP shown as a flow chart. For every fMRI voxel of 

interest, this fitting procedure is repeated until the best fit is obtained. The example stimulus aperture is a dynamic 

‘wedge and ring’, as used in Chapter 4. In Chapter 3, a different stimulus aperture was used. Figure adapted from 
Halbertsma et al.134 

Connective Field modeling 

I used Connective Field (CF)62 modeling to analyze fMRI data obtained when the 
participants were visually stimulated and when at rest. Herewith, I described the 
intracortical RF properties of the visual cortex. In particular, I used CF modeling to describe 
the cortico-cortical projections of V1 to the extrastriate visual areas in a hemispherectomy 
brain [Chapter 3].  

CF allows for quantitatively modeling a voxel's response, in a target region, in terms of the 
activity of a voxel elsewhere in the brain, the source region. Like the pRF modeling, CF 
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modeling provides us with the preferred center and width of a voxel's CF. To accomplish 
this, the model first defines a possible 2D Gaussian CF using three parameters: x and y 
(defining its center location) and σ (defining its width). Then, a CF response for a target 
region (for example V2) is predicted by convolving the time-series of a source region (for 
example V1), resulting in a predicted time-series for V2. Finally, these predicted time-
series are iteratively tested to fit the target voxel's actual time-series, until the best CF fit 
(i.e., the one with the highest variance explained) is found. This procedure is repeated for 
every voxel within the defined target region, see Fig. 12. 

 

 

 

 

 

 

 

 

Figure 12. Fitting procedure of the Connective Field 
modeling shown as a flow chart. The procedure 

reflects the estimation of a connective field with V1 
as the source and V2 as the target region. For every 

target voxel of interest, this fitting procedure is 

repeated until the best fit is obtained. Figure adapted 
from Haak et al.62 
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