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SPACE IN THE BRAIN 

One might argue that the most complex of human functions is to think in rational 
and abstract fashion. Yet, computers are beginning to outpace us in this dimension, 
beating the world’s best chess (Campbell et al., 2002), and go players (Silver et al., 

2016). Instead, it is the more mundane of human behaviors that result in the greatest 
of engineering challenges. For instance, getting a robot to perform intricate and 
adaptive movements in noisy and novel environments is exceedingly difficult 
(Wolpert et al., 2011). Performing complex movements starts with the gathering of 
sensory information (Wolpert and Flanagan, 2010). A crucial sensory dimension in 
this regard is that of space: we need to know where things are in the world before 
we can initialize a movement. To achieve this, the brain must setup and maintain 
accurate spatial representations. The present thesis focuses on how the brain 
represents sensory space, and how these representations can be calibrated to 
accommodate task demands. 

Our sensors each have a particular spatial layout along the body, such as the 
distribution of the touch sensors across the skin, of frequency selective cells in the 
cochlea, and of light sensitive cells across the retina. Each cell within such a sensor 
only samples a small portion of that sensory surface (termed the receptive field (RF)). 
Anatomical projections that carry signals from the sensor to the brain preserve the 
spatial layout of RFs across the sensory surface. In the somatosensory cortex, this 
results in maps of the skin (‘somatotopic maps’), in the auditory cortex this results in 
maps of auditory frequency (‘tonotopic maps’), and in the visual cortex this results in 
maps of the visual field (‘retinotopic maps’). In essence, all of these maps correspond 
to a particular place on the human body (i.e. skin, cochlea, retina).  

Although maps of space exist across multiple sensory domains, this thesis focusses 
on maps of visual space. Such ‘retinotopic’ organization is perhaps one of the most 
ubiquitous organizational principles of the human brain. In the human cortex, over 
30 different visual field maps have been discovered, each with unique preferences 
for visual features. In addition, retinotopic space is the only sensory 
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reference frame in which both cognition and movements can operate without any 
spatial coordinate transformation. This principle is elegantly demonstrated by 
electrical stimulation studies. Exciting a cell in an early visual brain area induces the 
experience of a flash of light at the stimulated retinotopic location (Brindley and 

Lewin, 1968). Yet, exciting a cell in an eye-movement related brain area (e.g. frontal 
eye fields) induces a saccade to the stimulated retinotopic location (Schlag and 

Schlag-Rey, 1970). Moreover, sub-threshold stimulation of motor cells causes 
changes in firing of visual cells in perceptual regions (i.e. early visual regions) that 
resemble the effects of spatial attention (Ekstrom et al., 2009; Reynolds and Heeger, 

2009; Squire et al., 2013). Thus, retinotopic organization provides a powerful 
framework for studying an array of neuroscientific questions ranging from perception 
and cognition to action.  

This chapter first provides a historic overview of the discovery of retinotopic maps, 
and of the development of methods used to measure them. Second, it outlines the 
functional differentiation of the various maps. Third, it describes the organization of 
the maps in networks. Fourth, it introduces some findings that suggest that 
retinotopic space can flexibly warp to meet task demands. Throughout, this chapter 
outlines how the work presented in this thesis aims to contribute to our 
understanding of retinotopic organization in the human brain.  

RETINOTOPIC CARTOGRAPHY – HISTORICAL OVERVIEW 

The first evidence for the idea that the brain contains maps of visual space stems 
from focal lesion studies in mammals (Russell, 2001). In humans, this was first shown 
by studies of gunshot wound victims (in WWI (Lister and Holmes, 1916; Holmes 1918; 
Gordon Holmes, 1945), and in the Russo-Japanese war (Jokl and Hiyama, 2009; 
Tubbs et al., 2012; Leff, 2015; Lanska, 2016)). It appeared that gunshot wounds in 
particular locations in the occipital cortex resulted in particular blind spots in the 
visual field. Combining lesions across cerebral gunshot victims allowed the 
reconstruction of a first and fairly accurate estimate of visual field mapping in the 
primary visual cortex (V1; Figure 1A). This showed that visual field maps were 
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contralateral (i.e. right cerebral hemisphere represents the left visual field), and that 
there was a strong overrepresentation of the fovea (i.e. the central part of the retina).  

 

Figure 1. History of retinotopic cartography (A) mapping of the visual field created by 

focal lesions caused by gunshot wounds from World War I. Figure from (Gordon 

Holmes, 1945). (B) Overview of visual areas discovered in the macaque monkey. Color 

indicates the level of retinotopic organization. Figure adapted from (Felleman and Van 

Essen, 1991). 

ANIMAL ELECTROPHYSIOLOGY 

At that time, non-invasive methods to record neural activity at a high enough spatial 
precision did not yet exist. This made exploration of retinotopic organization in 
humans exceedingly complex. Therefore, electrophysiological recordings in various 
species of animals provided a unique opportunity to further scrutinize the 
organization of the visual system. In these studies, researchers typically implant 
electrodes in a specific part of the animal’s cortex, and recorded responses to visual 
stimulation. The region of visual space that excites a given cell (i.e. the RF) can then 
be defined in multiple ways. In an array of Nobel-prize winning studies, Hubel and 
Wiesel were among the first to characterize such visuospatial selectivity in single 
neurons (i.e. Hubel and Wiesel, 1962). In their seminal work, neural responses were 
evoked by sliding a bar of light across the visual field. Responses to this stimulation 
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were then converted to sound, and the borders of the RF were identified qualitatively 
by ear. More quantitative approaches to determine RF borders were developed over 
the past decades. These paradigms typically require the stimulation of the entire 
visual field by many independent small stimuli (i.e. Colby et al., 1996), so that the RF 
can be identified through reverse correlation. This is generally more accurate and 
objective, but requires considerable recording time. Recently, a back-projection 
algorithm was developed that provides fast and accurate quantitative RF mapping 
(Fiorani et al., 2014). 

The ability to measure RF properties experimentally led to the discovery of many 
new visual field maps (Figure 1B). In the 1940s and 50s, studies on rabbits, cats and 
monkeys revealed a second representation of visual space surrounding V1, termed 
V2 (Talbot, 1940; Talbot and Marshall, 1941; Talbot, 1942; Thompson et al., 1950), 
followed by a third in the 60s termed V3 (Hubel and Wiesel, 1965), a fourth termed 
V4 (Zeki, 1969; 1971; 1976) and fifth termed V5/MT (Allman and Kaas, 1971). 
Throughout the late 1970s and the 1980s, more detailed knowledge about the 
topographic properties of these maps was further acquired through recordings in 
macaque monkeys  (Gattass et al., 1981; Van Essen et al., 1981; 1984; Desimone and 

Ungerleider, 1986; Van Essen et al., 1986; Maunsell and Van Essen, 1987; Gattass et 

al., 1988). In addition, an array of newly discovered visually responsive areas was 
described along the macaque occipital lobe (VP (Newsome et al., 1986), V3A, (Essen 

and Zeki, 1978; Gattass et al., 1988), VOT (Van Essen et al., 1990), V4t (Desimone and 

Ungerleider, 1986; Gattass et al., 1988)), temporal lobe (FST; (Desimone and 

Ungerleider, 1986); PIT,CIT,AIT,STP (Van Essen et al., 1990); STP (Boussaoud et al., 

1990); TF, TH (Seltzer and Pandya, 1976)), the parietal lobe (MST (Komatsu and 

Wurtz, 1988); PO, PIP, MIP, MDP (Colby et al., 1988); LIP (Andersen et al., 1985; 1990; 

Blatt et al., 1990), VIP (Maunsell and Van Essen, 1983; Ungerleider and Desimone, 

1986; Blatt et al., 1990), DP (Andersen et al., 1985; May and Andersen, 1986) and 7a 
(Andersen et al., 1985; 1990), and the frontal lobe (FEF (Bruce et al., 1985); 46 
(Barbas, 1988; Barbas and Pandya, 1989)). Not all of these visually responsive areas 
however contained maps of visual space. Specifically, areas that showed topographic 
properties were PIT (temporal cortex), PO, PIP, LIP, VIP and DP (parietal cortex), and 
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FEF (frontal cortex). See Figure 1B for a visual summary of these visual areas defined 
in the macaque (Felleman and Van Essen, 1991).  

The studies described above uncovered some general principles of retinotopic 
organization. Importantly, the cortical representation of the visual field is not a one-
to-one replication. Instead, the projection of the visual field through the lens and 
onto the retina ensures that the visual field is flipped both in horizontal and vertical 
directions (Figure 2A/B). In addition, the point of fixation (i.e. fovea) is grossly 
overrepresented in retinotopic maps (a phenomenon termed ‘cortical magnification’; 
Figure 2B/C). Also, receptive field size increases with retinal eccentricity, and along 
the visual hierarchy (Figure 2D).  

 

Figure 2. Principles of retinotopic organization (A) Simplified neural wiring schema. 

The left and right side of the visual field are mapped to the contralateral primary visual 

cortex. (B) The projection of the image onto the cortical surface is distorted. First, it is 

upside down. Second, the fovea is greatly overrepresented, a phenomenon termed 

‘cortical magnification’. (C) Schematic representation of cortical magnification in 

primary visual cortex. (D) Schematic representation of receptive field tiling in different 

visual areas. UVF, upper visual field; LVF, lower visual field. Image in (A) is created by 

Miguel Perello Nieto, (B) is taken from (Wandell et al., 2007), (C) is adapted from 

(Kandel et al., 2012) and (D) is taken from (Freeman and Simoncelli, 2011). 
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HUMAN FMRI 

In humans, Holmes’ map (Figure 1; Gordon Holmes, 1945) of primary visual cortex 
(V1) remained the epitome of knowledge about retinotopic organization in humans 
until the 1990s. Although some knowledge was gained through post-mortem 
histological staining (Clarke and Miklossy, 1990; Tootell and Taylor, 1995), through 
anatomical magnetic resonance imaging (MRI) scans of patients with focal occipital 
lesions (Horton and Hoyt, 1991) and through positron emission tomography (PET; 

Zeki et al., 1991), the greatest leap forward came with the advent of functional 
magnetic resonance imaging (fMRI; Ogawa et al., 1990). When neurons fire, they 
need to be resupplied with oxygen. fMRI measures the resulting changes in blood 
oxygenation level dependence (BOLD). Although many factors influence BOLD 
signals (Kim and Ogawa, 2012; Hillman, 2014), it is generally used as a proxy to neural 
activity (Logothetis, 2008; Winawer et al., 2013; Logothetis and Panzeri, 2014).  

fMRI measures aggregate signals of thousands of neurons at a spatial resolution of 
cubic millimeters. As neurons with similar visuospatial preferences are located close 
together on the cortex (because of the retinotopic map on which they live), each 
voxel will have an aggregate visuospatial preference (Figure 3B). In addition, whereas 
electrophysiology generally only measures a small collection of cells in a particular 
part of cortex, fMRI can record activity from the whole brain simultaneously. This 
makes fMRI well suited to measure retinotopic organization throughout the entire 
human cortex. 

The first experimental paradigm to determine voxel-wise visuospatial selectivity 
employed phase-encoded stimulus designs. In such designs, either a ring periodically 
expands and contracts, or a wedge rotates about a fixation point (Engel et al., 1994; 

1997), see Figure 3A. This in turn induces a periodic BOLD signal (Figure 3C-D), which 
can be traced back to a preferred phase of the ring (eccentricity) or wedge (polar 
angle; Figure 3E). In 2008, a novel technique was introduced that not only estimates 
the visuospatial location that evokes the largest response, but also incorporates the 
summation area (Dumoulin and Wandell, 2008). This method usually employs a 
traversing bar stimulus rather than wedges and rings (Figure 3F). Then, it optimizes 
parameters of a two-dimensional Gaussian ‘population’ RF (pRF) for each voxel 
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(Figure 3G-H). The measured pRF sizes agree well with RF sizes determined by 
electrophysiology (Dumoulin and Wandell, 2008). Since the development of the pRF 
method, the model was extended to incorporate additional factors of visual 
organization. First, it was shown that suppressive surrounds of pRFs in early visual 
cortex can be well captured by a difference of Gaussians (Zuiderbaan et al., 2012). 
Second, there have been considerable efforts to incorporate knowledge about visual 
processing into the pRF model, such as Gabor orientation and spatial frequency 
selectivity (Kay et al., 2008), non-linear spatial summation (Kay et al., 2013a), and 
divisive normalization and second-order contrast (Kay et al., 2013b). Some of these 
visual properties are further detailed in the section visual features below. Finally, an 
alternative model-free pRF mapping method was developed that can estimate pRFs 
of any shape (Lee et al., 2013).  

 

Figure 3 Measuring retinotopic organization using fMRI (A) Contracting/expanding 

ring and traversing wedge stimuli used in phase encoded paradigms. (B) The concept 

of a population receptive field (pRF). One voxel of several cubic millimeters contains 

thousands of individual neurons with highly overlapping receptive fields. This together 

gives the voxel an aggregate, or ‘population’ receptive field. (C) Periodic time courses 

and fitted sinusoids for three example voxels in a phase encoded design. (D) Fourier 
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spectra for each voxel shows a peak modulation at the experimental frequency (i.e. 6 

cycles per scan). (E) Highlight of sinusoidal fits shows shifted phases. This shift in phase 

corresponds to a preferred stimulus phase (i.e. polar angle in the wedge or 

eccentricity in the ring stimulus). (F) Traversing bar stimulus typically used when fitting 

an explicit model of population receptive fields. (G) pRF fitting procedure. The overlap 

between the stimulus and a candidate pRF model is computed for each timepoint. 

This is then convolved with the hemodynamic response function (HRF) to create a 

model prediction for this pRF, given the stimulus design. The parameters of the pRF 

(x and y center location and a size parameter), are then optimized using some sort of 

optimization procedure (i.e. grid search or gradient-descent based approach). (H) 

Example resulting pRF profile in visual space. Figures are adapted from (Brewer and 

Barton, 2018), (Brewer and Barton, 2012), and (Dumoulin and Wandell, 2008). 

The first fMRI studies on retinotopic organization in humans describe human 
homologues of macaque V1/2/3/4 and V3A (Sereno et al., 1995; DeYoe et al., 1996; 

Engel et al., 1997). Soon after, multiple maps were identified dorsally from V3A along 
the intra-parietal sulcus, termed V3B, IPS0-5 and SPL1 (Press et al., 2001; Sereno et 

al., 2001; Schluppeck et al., 2005; Silver et al., 2005; Swisher et al., 2007; Konen and 

Kastner, 2008). Comparing these maps to areas in the macaque brain, IPS0 conforms 
anatomically best with DP, and IPS 3 with LIP (Wandell et al., 2007). Medially and 
anteriorly from V3(A), an additional visual field map was described in humans referred 
to as area V6 (Pitzalis et al., 2006; 2010). Recently, a cluster of retinotopic maps was 
discovered along the superior temporal sulcus termed pSTS1-4 (Barton and Brewer, 

2017). Laterally from V3, two visual field representations were described as LO1 and 
LO2 (Larsson and Heeger, 2006; Swisher et al., 2007). These areas correspond 
anatomically most to macaque areas V4d and V4t. Progressing further laterally 
towards the temporal occipital boundary lies a strongly motion selective cluster of 
areas commonly referred to as hMT+ (DeYoe et al., 1996). This region was shown to 
contain multiple topographic maps of visual space, first referred to as TO1 and TO2 
(Amano et al., 2009), and later specified to MT/V5, pMSTv, pFST, pV4t, phITd, and 
phPITv (Kolster et al., 2010). Ventrally from area V3 lies another stream of visual field 
maps. First, abutting the foveal part of V3 lies an area termed hV4 (Brewer et al., 

2005; Winawer and Witthoft, 2015). This area is different from macaque V4 and is 
therefore termed ‘h’ (for human; but see Hansen et al., 2007). Progressing more 
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ventrally are four additional maps of space termed VO1 and VO2 (Brewer et al., 

2005), and PHC1 and PHC2 (Arcaro et al., 2009). In frontal cortex, multiple maps of 
visual space have also been identified in humans, including iPCS and sPCS (Kastner 

et al., 2007; Jerde et al., 2012; Mackey et al., 2017), and possibly in the dlPFC (Hagler 

and Sereno, 2006). Region sPCS is thought to be the human homologue of macaque 
frontal eye fields (Blanke et al., 1999; Kastner et al., 2007; Mackey et al., 2017). Figure 
4 provides a visual overview of the discovered maps. Recently, the Human 
Connectome Project (HCP) has made available an fMRI dataset containing 
retinotopic mapping scans for 181 subjects (Benson et al., 2018). This dataset of 
unprecedented quantity promises to lead to the discovery of novel visual field maps. 
In sum, fMRI in humans not only confirmed human homologues of macaque 
retinotopic maps, it also led to the discovery of many new visual field maps.  

 

Figure 4. Retinotopic maps in human cortex identified through fMRI (A) Retinotopic 

maps in early and ventral visual areas. (B) Retinotopic organization in the dorsal 

(V3A/B-IPS-FEF), and lateral (LO/TO) streams. The retinotopic labels include many of 

the discovered maps, but lack areas V6 (Pitzalis et al., 2006; 2010), PCS (Mackey et al., 

2017), and STS (Barton and Brewer, 2017). In addition, this atlas does not take the 

multitude of visual field representations in hMT+ into account (Kolster et al., 2010). 

Figure adapted from (Wang et al., 2015). 
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VISUAL FEATURES 

The myriad retinotopic maps that tile the cortical surface inspires the question about 
why visual space is represented so redundantly. A potential answer to this question 
can be found in the differential function of these visual field maps. Activity of neurons 
within different maps (and even within the same map) are excited by different types 
of stimuli. Hubel and Wiesel already discovered that only bars with a particular 
orientation excite a given V1 cell (Hubel and Wiesel, 1998). This means that a neuron 
does not only filter the visual world based on location (i.e. a receptive field), but also 
based on particular visual features. This featural selectivity can be thought of as the 
shape of the receptive field (Ringach, 2004). This section details some of such featural 
filter properties.  

The initial conceptualization of a receptive field was that of an on-off structure, where 
light in the center depolarizes, and light in the surround hyperpolarizes the cell 
(Barlow, 1953; Kuffler, 1953), see Figure 5A. Yet, Hubel and Wiesel showed that cells 
in V1 are only excited by bars of light of a particular orientation (Hubel and Wiesel, 

1998), see Figure 5B-C. They suggested that this selective preference stems from 
particular connectivity to a collection of LGN cells that have receptive fields along a 
particular line in visual space. They referred to cells with such a location specific 
orientation preference as simple cells. Downstream neurons that then receive input 
from multiple simple cells with similar orientation preference but at slightly offset 
locations (i.e. spatial phases), are endowed with phase-independent orientation 
tuning and are referred to as complex cells. As these complex cells integrate over 
multiple simple cells, their receptive fields will be inherently larger. In addition, cells 
with similar receptive fields can have preferences for orientations at different spatial 
frequencies (Henriksson et al., 2008), see Figure 5D. Yet, spatial frequency does 
increase with retinal eccentricity, alongside RF size.  

Filter shapes are not only defined in visual space. In fact, as neurons integrate inputs 
over time, filter shapes are also inherently defined in a temporal dimension (Movshon 

et al., 1978). It was shown that tilted filter shapes in three dimensions (i.e. two-
dimensional visual space and a time dimension), are a fitting mathematical 
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description of motion direction tuning (DeAngelis et al., 1993). The temporal 
dimension can also directly be encoded by a feature selectivity through tuning for 
temporal frequency (Lui et al., 2007), see Figure 5E. Combining temporal and spatial 
frequency coding together can explain velocity tuning in area MT (Perrone and 

Thiele, 2002).  

In addition to these luminance-based properties, feature selectivity also arises from 
color preference (Figure 5F). Light sensitive S-, M-, and L cones in the retina are 
sensitive to short, medium and long wavelengths respectively (Solomon and Lennie, 

2007). Parvocellular cells in the LGN integrate activity differentially across these 
cones. Specifically, cells that compare S-cone activity against M+L cones yields a 
blue-yellow contrast, whereas cells that compare M to L activity provide a red-green 
contrast (Schluppeck and Engel, 2002). Whereas temporal information is mainly 
represented in the lateral visual stream (i.e. in hMT+; Liu and Wandell, 2005), color 
information is mainly processed by ventral visual areas hV4 and VO (Brewer et al., 

2005; Brouwer and Heeger, 2013), see Figure 5G. 

Combining selectivity of multiple orientation selective neurons can result in cells that 
are sensitive to particular shapes. It is assumed that this provides neurons further in 
the processing hierarchy (Felleman and Van Essen, 1991) with increasingly complex 
shape tuning properties (Kobatake and Tanaka, 1994). For instance, area LO 
responds to simple objects, whereas area PHC is sensitive to scenes and faces (Grill-

Spector and Weiner, 2014), see Figure 5H, I. Interestingly, such increasingly complex 
tuning properties are also found across layers in artificial convolutional neural 
networks (Figure 5G). 
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Figure 5. Visual feature selectivity. (A) Bipolar cells in the retina receive excitatory input 

from a select region of the retina (the RF), and inhibitory input from surrounding cells, 

creating a center-surround activity profile. (B) Hubel and Wiesel showed that bars of a 

particular orientation stimulate cells in visual cortex optimally. They modelled this as 

a collection of spatially arranged inputs from LGN. Neurons in V1 further prefer 

orientations of a particular orientation (C), spatial frequency (D), and temporal 

frequency (E). Finally, the retina is tiled with four different types of light sensitive 

photoreceptors that respond differentially to electromagnetic frequencies. 

Contrasting the different cone activations yields blue-yellow and red-green opposing 

channels. (G) Feature selectivity of units in first layer of convolutional neural networks 
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(CNN) shows remarking similarities to known properties in early visual cortex. Feature 

tuning becomes increasingly complex in progressive CNNs layers. (H) Differential 

sensitivity to modulations in color compared to temporal frequency (TF) shows 

preferential color sensitivity in areas hV4 and VO and preferential selectivity to TF in 

hMT+. (I) Sensitivity to complex visual features in ventral visual cortex. A and D from 

http://cnx.org/content/col11496/1.6/; B from https://foundationsofvision.stanford. 

edu/chapter-6-the-cortical-representation/. G is from (Zeiler and Fergus, 2014) and 

(Guclu and van Gerven, 2015). H is data from Chapter 4 of this thesis. Figure I taken 

from (Grill-Spector and Weiner, 2014).  

VISUOSPATIAL COGNITION AND ACTION 

The ventral visual stream can thus be well described by increasingly complex feature 
selectivity. Initially, the ventral regions were thought to contain no spatial selectivity. 
However, recent studies do in fact find retinotopic representations in ventral visual 
regions (Arcaro et al., 2011; Kay and Yeatman, 2017; Patel et al., 2018). Yet, receptive 
fields here are indeed very large and show a strong foveal bias. Damage to the 
ventral visual regions is known to lead to behavioral deficits in the recognition of 
object identities (Schneider, 1969; Mishkin et al., 1983; Goodale and Milner, 1992). 
In contrast, damage in the dorsal visual regions lead to spatially specific action-
related deficits, such as neglect (Schneider, 1969; Mishkin et al., 1983; Goodale and 

Milner, 1992). This resulted in the notion that ventral visual cortex is crucial for the 
identification of visual features, whereas dorsal visual regions are mainly important 
for visuospatial cognition and action.  

The dorsal areas including IPS and hFEF respond most strongly when some sort of 
spatial cognition is required (Konen and Kastner, 2008; Bressler and Silver, 2010; 

Sprague and Serences, 2013; Leoné et al., 2014; Mackey et al., 2017). This involves 
both the evaluation of potentially interesting peripheral saccade targets (i.e. covert 
spatial attention), the retention of past locations (i.e. spatial working memory), and 
the execution of a saccade. When performing such demanding visuospatial tasks, a 
coherent network of brain regions is activated. This network has been referred to as 
the ‘multiple demand network’ (Duncan, 2010), and includes areas along the IPS, the 
PCS, the anterior insula and the ACC (including the human homologue of macaque 
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supplementary eye fields (SEF; Grosbras et al., 1999; Jamadar et al., 2013), and 
superior temporal gyrus and sulcus (STG-S); red regions in Figure 6A). This network 
can be further subdivided into a dorsal attention network (DAN) implicated in goal-
directed top-down attention, and a ventral attention network (VAN) important for 
stimulus-driven, bottom-up attention (Corbetta et al., 1998), see Figure 6B. To avoid 
confusion, it should be noted that the VAN is not located in the ventral visual stream 
(i.e. hV4, VO, PHC), but instead runs rather laterally (i.e. along MT+ / TPJ). Many of 
the nodes in the DAN have previously been shown be retinotopically organized 
(IPS0-5, iPCS, sPCS, and DLPFC). While regions in the VAN do not appear to be 
retinotopically organized, a recent study suggests that these region as a whole do 
code for stimulus position (Hansen et al., 2015).  

The networks described above also manifest in spontaneous fluctuations in the BOLD 
signal measured during resting-state fMRI. In such paradigms, brain activity is 
recorded while subjects lie still in the scanner and are instructed to think of nothing 
in particular. Applying functional connectivity analyses to these data can then provide 
parcellations of functional networks  (Yeo et al., 2011; Glasser et al., 2016; Margulies 

et al., 2016; Huntenburg et al., 2018; Guell et al., 2018b). This approach uncovered 
networks that closely resemble task-induced networks, such the DAN, VAN, the 
visual- and somatomotor network and additional ‘frontoparietal’ and ‘limbic’ network 
(Yeo et al., 2011), see Figure 6C. 

Recent investigations of patterns of functional activity in the cerebellum revealed 
that most of the cerebral networks (except for the visual network) have cerebellar 
counterparts (Buckner et al., 2011), see Figure 6D. This observation runs counter to 
classical idea that the cerebellum is mainly involved in fine-grained motor behavior. 
Indeed, the conceptualization of the cerebellum has shifted over the past decades 
(Buckner, 2013; Koziol et al., 2013), assigning a key role for the cerebellum in myriad 
cognitive functions. More importantly, these discoveries also highlight that the 
cerebellum is well connected to the cerebral cortex. As the cerebral cortex abundant 
in retinotopic organization, and as retinotopic organization is preserved through 
inter-regional connections (Heinzle et al., 2011; Haak et al., 2013; Jbabdi et al., 2013; 

Gravel et al., 2014, 2018; Haak et al., 2018), this suggests that retinotopic 
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organization could persist into the cerebellum. In fact, a recent study showed that a 
region in the cerebellum inherits visuospatial selectivity through connectivity with 
retinotopically organized areas along the intra-parietal sulcus (IPS; Brissenden et al., 

2018). Uncovering retinotopic organization in the cerebellum would extend this 
powerful framework for studying perception, cognition and action to the cerebellum. 
Chapter 2 of this thesis therefore further scrutinizes potential retinotopic 
organization in the human cerebellum. For this, we used the recently released and 
high-powered (N=181) 7T HCP retinotopy dataset (Benson et al., 2018). 

 

Figure 6. Cortical networks. (A) Cortical regions that typically activate for many 

different cognitive tasks (i.e. attention / working memory) are shown in red. This 

network is referred to as the ‘multiple demand’ network (MD; Duncan, 2010). The blue 

network of regions typically deactivates in such tasks and is referred to as the default 

mode network (DMN; Raichle, 2015). Image from (Noyce et al., 2017). (B) This multiple 

demand network can be further subdivided into a dorsal attention network (DAN; top 

panel) and ventral attention network (VAN; bottom panel; Corbetta and Shulman, 

2002). The multiple demand network here is shown in red and yellow, and the default 
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mode network in green. Image from (Corbetta et al., 2008). (C) The DAN, VAN and 

DMN are also readily discernable in studies of resting state connectivity. Colors here 

indicate the different networks (see legend). (D) Most of these cortical networks have 

counterparts in the cerebellum. Images from (Buckner et al., 2011; Yeo et al., 2011). 

When performing demanding cognitive tasks, another network of regions (at 
maximum geodesic distance from the sensory cortices (Margulies et al., 2016)) 
consistently deactivates (Raichle, 2015). This network usually activates when 
disengaging with directly available sensory information, and is often referred to as 
the default mode network (DMN; blue regions in Figure 6A, green regions in Figure 
6B). Specifically, the DMN activates for mind-wandering (Poerio et al., 2017), social 
reasoning (Mars et al., 2012), autobiographical memory (Spreng and Grady, 2010), 
self-projection (Buckner and Carroll, 2007), and creativity (Beaty et al., 2014). While 
the activations of the DMN have thus been the topic of debate over the last decades, 
the nature of the deactivations in this network so far remain elusive. In fact, it is often 
assumed that the default mode network simply deactivates as a whole whenever a 
demanding cognitive task is engaged (Raichle, 2015). Yet, we know from the task-
positive network that these regions do not activate as a whole during task execution. 
Instead, voxels only activate for specific visual task locations (Sprague and Serences, 

2013; Sprague et al., 2014). As (1) the task-positive network is so tightly 
anticorrelated with the DMN, and (2) connectivity between regions is known to 
transfer signals of visuospatial selectivity (Heinzle et al., 2011; Haak et al., 2013; 

Jbabdi et al., 2013; Brissenden et al., 2018; Haak et al., 2018), this implies that 
retinotopic organization could persists into the deactivations in the DMN. If these 
deactivations are in fact specific to visuospatial stimulation, this would (1) provide a 
first description of computational structure in DMN deactivations and (2) would show 
that the DMN is not only involved in self-generated thought but also with sensory 
processing. In Chapter 3 of this thesis, we explored this notion and examined 
whether deactivations in the default-mode network can be understood by relating 
them to a visuospatial frame of reference. 
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RETINOTOPIC FLEXIBILITY  

ATTENTION 

One might assume that visuospatial preferences of neurons are fixed, as the retina is 
wired to the LGN and to subsequent visual areas in a given anatomical fashion. Yet, 
visual neurons do not only receive bottom-up inputs, but are also connected to a 
wide range of upstream neurons with different visuospatial preferences. Resulting 
feedback connections ensure that the brain is not just a passive recording device, 
but allows perceptual processing to be biased to portions of the sensorium that are 
of temporarily increased behavioral relevance. For instance, covertly attending a 
peripheral visual location temporarily boosts behavioral performance (Anton-

Erxleben and Carrasco, 2013), neural responses (Luck et al., 1997; Reynolds et al., 

2000) and BOLD responses (Tootell et al., 1998; Silver et al., 2005; Datta and DeYoe, 

2009) at the attended location. Such covert spatial attention has been shown to bias 
receptive field positions towards the attended peripheral location (Connor et al., 

1997; Womelsdorf et al., 2006; Klein et al., 2014; Vo et al., 2017). See Figure 7A and 
Figure 7B. Indeed, these changes in spatial sampling are well explained by 
computational models that incorporate changes in feedback from higher order visual 
areas (Womelsdorf et al., 2008; Miconi and VanRullen, 2016). In such models, neurons 
in higher-order visual areas (e.g. within the DAN) that have RFs on the attended 
location multiplicatively drives neurons in lower-level visual areas. Activity in these 
downstream visual neurons is thereby biased towards the attended location, causing 
their RF to expand towards this location. Such spatial resampling results in a greater 
number of cells responding to the attended location caused by increased receptive 
field overlap. This in turn leads to increased visual resolution at the attended location 
(Vo et al., 2017). Behavioral studies have suggested that such spatial resampling 
depends on attended visual features. Specifically, it was shown that knowledge 
about the spatial scale of the upcoming stimulus can flexibly alter the degree of 
spatial resampling that optimizes sampling for that stimulus (Yeshurun et al., 2008; 

Barbot and Carrasco, 2017). This suggests that feature-based attention can influence 
spatial resampling, implying that visuospatial sampling is even more flexible than 
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previously assumed. Chapter 4 examines this hypothesis using fMRI data to measure 
pRFs under conditions of differential spatial and feature-based attention. 

 

 

Figure 7. Distortions of retinotopic coordinates (A) Receptive field of a single cell in 

macaque MT recorded when covert spatial attention was directed to the diamond 

(upper panel) or to the circle (lower panel). Adapted from (Womelsdorf et al., 2006). 

(B) Changes in pRF position of all voxels in area hV4, when attention is directed to a 

peripheral location (indicated by open circle) versus fixation (indicated by filled circle). 

Adapted from (Vo et al., 2017). (C) Changes in saccade endpoint before and after 

saccadic adaptation. Adapted from (Collins et al., 2007). 

SACCADIC ADAPTATION 

Perception, attention and action are closely linked (Rizzolatti et al., 1987). For 
instance, generating an eye movement towards a specific location temporarily 
enhances behavioral performance at that location, akin to effects of attention without 
eye movements (Rolfs and Szinte, 2016; Wollenberg et al., 2018). In addition, 
stimulating cells in eye movement-related areas changes firing of visual cells that 
resemble the effects of spatial attention (Ekstrom et al., 2009; Reynolds and Heeger, 

2009). Visuospatial perception, cognition and action thus all share the same 
retinotopic principles and machinery. However, they do depend differentially on the 
various retinotopic maps. This means that the spatial coordinates of action 
commands need to be calibrated to the spatial coordinates of perceptual inputs. Yet, 
changes in biological properties of our bodies (e.g. muscle strength, fatigue) require 
continuously adapting motor commands to maintain spatial accuracy. Some of these 
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alterations occur over a relatively long time scale (e.g. weight changes or reduction 
in joint cartilage with senescence) whereas others are more transient (e.g. fatigue). 
Our brain must therefore keep track of changes in the different spatial reference 
frames at many different timescales.  

A powerful experimental paradigm that can induce a transient change in the spatial 
mapping between sensory inputs and motor outputs is that of saccadic adaptation 
(McLaughlin, 1967). Here, a saccadic target jumps to a consistently different location 
during the execution of a saccade. The brain learns to correct for this systematic 
error, and over time produces saccades to the displaced location (Figure 7C). Recent 
studies have shown that this learning is constituted by a more implicit, slow learning 
process and by a more fast, explicit learning process (McDougle et al., 2015). At the 
same time, saccades can be induced by rather sudden, exogenous stimuli, or can be 
the result of more endogenous and voluntary scanning of the environment. Chapter 
5 investigates the degree to which such implicit and explicit learning contribute to 
saccades that are either more voluntary or more automatic in nature.  

OVERVIEW OF THIS THESIS 

This thesis first focuses on the cartography of retinotopic mapping. Specifically, 
Chapter 2 investigates retinotopic organization in the cerebellum. Chapter 3 
examines whether deactivations in the default mode network can be understood by 
referencing them to visuospatial stimulation. Then, the thesis turns to the flexibility 
of retinotopic organization. Chapter 4 describes the changes in visuospatial 
preferences through the interactions of feature-based and spatial attention. Finally, 
Chapter 5 investigates how saccadic spatial distortions accumulate over time 
depending on whether these movements are more reactive or more voluntary.

 

  



 

 

 
 
 
 
 
 



 

 

  


