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GENERAL INTRODUCTION 
 
 
Visual information processing 
 
Visual perception seems so effortless that we easily underestimate the complexity 
of the processes that take place in our brain to generate the percepts and their 
interpretations. The relatively poor performance of computers and cameras in 
detecting and recognizing objects shows that it is not a simple task to match 
human vision (Bassett et al., 2010). To investigate how photons falling on our 
retinas are transformed into a visual experience of the external world the biological 
vision researchers first started to dissect neural mechanisms and tackle in isolation 
different brain processes. This attempt to ‘organize’ the brain into a clear 
hierarchical structure, with the processes divided into sub-processes and brain 
areas into sub-regions, resulted in the notion that the brain is composed of a great 
number of encapsulated modules (Fodor, 1983).  
 
For instance, Ungeleider and Mishkin (1982) advocated that in visual cortex two 
separable processing streams could be distinguished. According to this proposal 
the ventral cortical pathway leading from V1 through V2 and V4 to IT is specialized 
in colour and visual form information processing. This stream of information is often 
referred to as the ‘what’ pathway. Complementarily, the dorsal visual stream leads 
from V1 via V2, V3 and MT towards the parietal cortex and handles mainly spatial 
information and its time derivative, motion, the so-called ‘where’ pathway.  
 
Subsequent studies did not disqualify the ‘what-where’ dissociation, but pointed out 
a considerable overlap and cross talk of these two visual streams (Goodale et al., 
2005; Kourtzi et al., 2008; Lekhy and Sereno, 2007). These studies showed that 
both temporal (ventral) and parietal (dorsal) visual areas code object and spatial 
information. The main distinction is then substantiated by the goal the incoming 
visual information serves. Accordingly, the ventral vision is thought to serve object 
and scene recognition and the dorsal vision to provide control of goal directed 
actions (Goodale and Milner, 1992; Goodale et al., 1994).  
 
In line with the foregoing, more recently a trend emerged to advocate the role of 
interacting processes involving extensive cortical networks that display relative 
specialization combined with considerable plasticity and adaptability (Meunier et 
al., 2009). Spatial working memory represents such a multiple-node cortical 
network with an impressive capacity to adjust the pre-existing neural architecture in 
order to perform the cognitive task at hand. This network flexibility in the face of 
varying demands of the behavioural tasks performed in everyday life could be 
implemented for instance by re-routing or gain-control of visual inputs through top-
down and/or bottom-up modulatory process such as attention. Because spatial 
working memory also underlies most of the experimental tasks employed in this 
thesis, the following section expands on this important brain process. 
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Spatial working memory 
 
Spatial working memory is typically attributed to the processes carried out in the 
dorsal visual stream. This cognitive function is for instance necessary for a short-
term storage of information about position of objects in a visual scene across 
saccadic eye movements or for comparisons of spatial intervals separating objects. 
In a typical experimental task in the laboratory, observers have to extract a 
particular spatial aspect of a visually presented stimulus. Importantly, this spatial 
information has to be maintained in memory during a brief delay period when the 
stimulus is physically absent. The stored spatial information about the sample 
stimulus is subsequently used for a comparison with a test stimulus or for active 
reconstruction of the memorized spatial feature.  
 
Functionally, spatial working memory is commonly associated with the activity of 
widespread dorsal prefrontal and posterior parietal cortical regions. The dorsal 
prefrontal brain areas were shown to be especially prominent in prospective motor 
coding while the parietal cortex, in retrospective sensory coding of space (Curtis, 
2006). Prospective motor coding can be illustrated by a task, in which an observer 
forms a decision about a spatial coordinates of endpoints of an (oculo)motor 
action, like for example a saccade or a pointing arm movement to a particular 
location in the visual field, but the action itself has to be postponed until a 'go' 
signal. Hence, the parameters (amplitude and direction) of the spatially directed 
action have to be remembered during a delay-period until the response is initiated. 
In contrast, retrospective coding of spatial information represents maintenance of 
information about spatial coordinates that describe the position of a recently 
presented object in the visual field. So when we execute eye movements and 
inspect the surrounding environment the visual processing is suppressed. The pre-
saccadic spatial layout of the scene has to be remembered between the starting 
and the endpoint gaze positions. Owing to the short-term memory of the objects’ 
spatial arrangement across saccades an observer experiences spatial constancy 
instead of the jittery snapshots of the environment (Baker et al., 2003; Henriques et 
al., 1998; Klier and Angelaki, 2008; Pisella and Mattingley, 2004). 
 
It is often suggested that spatial memory is implemented by the persistent neural 
activity present during a delay-period spanning the sample stimulus offset and the 
later motor response/test stimulus onset (Funahashi et al., 1989; Gnadt and 
Andersen, 1988). Figure 1 illustrates a macaque parietal area 7a neuron that 
maintains a sample stimulus selective activity above the baseline level, even 
though there is no visual stimulus present in its receptive field (RF) during the 
delay-phase of the trial. The idea that the delay-period activity can manifest the 
storage of sensory information of a recently viewed stimulus in a particular part of 
the visual field comes from studies that show how visual spatial information is 
encoded. It is a well-established fact that a number of visual cortical areas (striate 
and extrastriate) is topographically organized in retinal coordinates (Van Essen, 
2004). Therefore, the brain can, in principle, estimate the position of the stimuli in 
the visual field by localizing the most active neurons that are driven by the 
presence of the stimulus in their RF. Following this logic, the maintenance of 
spatial location in working memory can, in theory, be realized through persistent 
activity of sensory representation. Visually stimulated neurons remain active above 
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the baseline level and hence are still identifiable for the brain. However, it remains 
unclear whether persistent delay-period activity directly reflects the sensory trace of 
the sample stimulus or some other aspect of the task related processes (cf. Curtis 
and D’Esposito, 2003; Sigala, 2009). Additionally, the role of persistent firing in 
working memory tasks was brought into question by reports where single neurons 
showed modulation by recently viewed stimuli but did not exhibit persistent activity 
during the delay phase (Pasternak and Greenlee, 2005; Sugase-Miyamoto et al., 
2008). 
 
 
 

 
 
Figure 1. Activity of a macaque parietal area 7 neuron during a spatial match-to-sample 
task. A single trial consists of a sample presentation (grey background on the left side), a 
blank delay-period of variable duration and a test stimulus display (grey background on the 
right side). The example shows a neurons’ average response to a single dot presented in 
the receptive field (RF). The dot’s position had to be remembered across the blank delay-
period in order to compare it with the test stimulus. The inset depicts the upper left quadrant 
of a video display with a dashed circle indicating the neuron’s RF, the black solid circle 
denoting the stimulus dot and the fixation-cross specifying the monkey’s gaze direction. 
Note the high level of activity during the delay-period when the stimulus is physically not 
present but its location is held in working memory. The raw firing rates were smoothed by 
convolution with a Gaussian kernel with a σ = 12 ms. 
 
 
 
Irrespective of our knowledge or ignorance of the exact mechanisms through which 
spatial working memory is implemented, both humans and nonhuman primates are 
able to perform tasks involving memorization of stimulus locations, whether relative 
to oneself or to other objects in the visual space. Since spatial processing is a 
basic (ancient) ability of high importance in all primates, these functions in humans 
and other primate species can be directly compared. This in turn, permits accurate 
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tracing of the evolutionary changes that took place in the primate brain, where 
some cortical areas shifted relative to other regions or adapted their basic functions 
to serve other purposes. A number of recent fMRI studies utilized this similar 
capacity of human and nonhuman primates in performing visuospatial and 
visuomotor tasks to functionally map parietal cortex areas and to compare the 
corresponding roles they play in these two species (Grefkes and Fink, 2005; Orban 
et al., 2006; Vanduffel et al., 2002). Moreover, spatial working memory deficits and 
related to it spatial cognition dysfunctions in humans can be investigated to a great 
detail in monkeys (Gaffan and Hornak, 1997; Marshall et al., 2002), which is 
impossible when impairments concern functions such as language.  
 
Research methods used in this thesis 
 
Neuroscientists have a wide array of research techniques to their aid that allow 
studying brain function at various levels of spatial and temporal resolution. These 
diverse methods help to answer research questions that differ in the degree of 
complexity, from single cell mechanisms to brain evolution, and are 
complementarily applied, depending on practical and ethical constraints, in humans 
and animals. In this thesis behavioural and neurophysiological experiments are 
reported that were conducted respectively on humans and rhesus macaques 
(Macaca mulatta). Both techniques involve a concept of psychophysics introduced 
by Fechner (1980/1966). Behavioural psychophysics with human subjects relates 
physical properties of the stimulus with a sensation (percept) that represents a 
rather subjective read-out measure. In contrast, neurophysiology (here single unit 
recordings) estimates the neural population response evoked by varying stimulus 
parameters. In this sense, neurophysiology represents an objective measure of 
sensory functions. Figure 2 summarizes which stages of the outside world–brain-
behaviour transformations are addressed by psychophysics and 
neurophysiological methods (cf., Ehrenstein and Ehrenstein, 1999).  
 
In this manuscript, extracellular single-unit recordings in a behaving rhesus monkey 
represent the neurophysiological method. Basically, in this technique a 
microelectrode is advanced into the brain tissue and there it picks up and forwards 
signals reflecting action potentials (spikes) fired by a neuron in close proximity of 
the electrode tip. The exact (relative) times, at which these extracellular spikes are 
recorded, are used in the subsequent analyses that relate the moment of the 
stimulus presentation with the neuron’s response. 
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Figure 2. Relation between psychophysical and neural correlates of perception. 
 
 
 
The psychophysical experiments described in chapters 3 and 4 used tasks where 
human subjects performed a task in front of a computer screen. In one case a 2-
alternative forced choice design was implemented, where the observers were 
required to memorize a briefly presented sample stimulus and compare it with a 
successively appearing test stimulus. The comparison of the sample and test 
stimuli, or rather some of their spatial attributes, involved a ‘match’ versus a ‘non-
match’ decision. The collected in variable stimulus conditions decisions and the 
corresponding response times were subsequently used to test a priori defined 
predictions about implicated neural mechanisms underlying the task performance. 
The other psychophysical experiment differed from the forced-choice design in that 
the memorized spatial information about the sample stimulus had to be explicitly 
reconstructed. This paradigm allowed an estimation of the differences (errors) 
between the physical stimulus feature parameter and the reconstructed one. As it 
is in general the case in visual neuroscience the errors the observers make can tell 
more about the neuronal mechanisms than the correctly performed trials. 
 
Research questions addressed in this thesis 
 
The above-described research techniques were exploited to investigate spatial 
information processing at the level of a single neuron and at the level of 
behavioural performance. In addition, a critical literature review study is presented 
that aimed at clarifying issues important from the brain evolution perspective.  
 
To begin with we found it crucial to determine how single neurons encode spatial 
location information when more than a single stimulus is present in the RF. Wile 
the single stimulus location poses little difficulties in terms of neuronal decoding, 



General introduction 

 12 

that is identifying the most active neurons, the decoding of positional information of 
multiple stimuli that activate neuronal populations with highly overlapping RFs 
becomes problematic. This difficulty arises mainly due to nonlinear interactions 
among the involved neurons. The pinpointing of the spatial summation rule that is 
implemented by the neurons allows a deeper understanding of the mechanisms of 
stimulus competition for neuronal representation. 
 
As a follow up of the first issue, we wanted to establish how the positional 
information, obtained in the sample phase, is maintained in the working memory 
across a blank delay interval. In particular, we questioned the common notion that 
the persistent delay-period activity present in some neurons reflects the stimulus 
selectivity that is actively maintained after the stimulus disappearance. Accordingly, 
we explored the possibility that the encoded visual information about the position of 
the stimuli is retained through other mechanisms that discard the necessity of the 
stimulus selective recurrent activity bridging the interval between the sample offset 
and the test stimulus onset. 
 
Leaving aside the basic mechanisms underlying neurons' contributions to solving 
match-to-sample tasks we moved to the research questions that could be 
answered by measuring the consistencies between the input (visual stimuli) and 
the output (behavioural task performance). Specifically, in the context of the 
previously mentioned proposal that dorsal visual stream primarily serves guiding 
spatially directed (oculo)motor action, we wanted to establish whether and to what 
degree executed eye movements could influence the short-term memory of spatial 
information. We hypothesised that the memory trace of the executed eye 
movements' parameters (gaze position and/or amplitude of the saccade) might be 
utilized in the subsequent recall of spatial information. 
 
Following the trend of shifting towards the higher levels of abstraction we tested the 
hypothesis that distinct aspects of spatial relations, spatial categorization and 
distance information, are processed differently by the left and the right 
hemispheres. This research question was directly coupled to a more general issue 
of functional hemispheric asymmetry in processing spatial information. In particular, 
we tried to establish whether lateralization of spatial functions that is often reported 
in humans is also present in nonhuman primates. The knowledge of when, that is 
in which primate species, such hemispheric asymmetries occurred allows one to 
reconstruct the successive stages of brain evolution and the significance of 
particular cognitive functions in evolutionary expansion of Homo sapiens. 
 
Outline of this thesis 
 
The first two chapters take the reader to the single neuron level where the very 
basic mechanisms of spatial input integration and spatial working memory are 
investigated. The single unit measurements were taken from macaque posterior 
parietal area 7 (Figure 3A) that is attractive for two reasons. Firstly, a number of 
studies demonstrated that area 7 in macaque brain signals the location of a 
stimulus independently of directed (oculo)motor actions (Constantinidis, and 
Steinmetz, 1996; Constantinidis et al., 2001). Given these findings it is highly 
unlikely that the recorded visual responses reflect not the stimulus position 
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information but (oculo)motor action preparatory activity. Secondly, parietal area 7 is 
interesting from an evolutionary point of view. Specifically, in humans area 7 
comprises a part of the superior parietal lobule (SPL) that lies dorsally from the 
intraparietal sulcus (IPS, Figure 3B). This is in contrast to the monkey brain in 
which the parietal area 7 represents one of the regions of the inferior parietal lobule 
(IPL) located ventrally with respect to the IPS (Figure 3A). According to Brodmann 
the human IPL encompasses regions 39 and 40, which are absent in the monkey 
brain. It has been therefore questioned whether the human and monkey areas 7 
are functionally homologous (cf. Karnath, 2001; Mesulam, 1985), though some 
evidence exists in favour of homology (Lamotte and Acuna, 1978; Watson et al., 
1994). Additional research on the function and properties of the area 7 will 
contribute to the ongoing discussion regarding the evolutionary restructuring of the 
posterior parietal cortex (PPC) (Caminiti et al., 2010; Karnath, 2001; Orban et al., 
2006). 
 
 
 

 
 
Figure 3. Organization of the rhesus monkey (A) and the human (B) brain. Intraparietal 
sulcus (IPS) and posterior parietal area 7 are indicated on the lateral view (left side 
drawings) and the coronal sections (right side MRI scans). In the macaque brain the area 7 
belongs to the inferior parietal lobule, ventral from the IPS, whereas in the human brain this 
area forms a part of the superior parietal lobule (dorsal from the IPS). 
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The following two chapters report human psychophysical experiments that test 
subjects’ performance in spatial tasks. Chapter 3 examines the possibility that eye 
movements influence spatial separation encoding and reconstruction. Similarly to 
the previous study it is demonstrated that neurophysiological constraints should be 
taken as guidelines in interpreting even the results of behavioural experiments. 
Chapter 4 is focused on Kosslyn’s proposal (Baker et al., 1999; Kosslyn, 1987) that 
different classes of spatial relations, spatial separation and spatial categories, are 
processed with different efficiency by respectively the right and the left 
hemispheres. This study is an example of how psychological models of cognition 
can be validated by behavioural tests that are inspired by neurophysiological 
knowledge. 
 
The evolutionary aspect of spatial functions is handled in the last chapter that is 
written in a form of a review article. This part of the manuscript will familiarize the 
reader with a number of classical concepts in the spatial cognition research field. 
More importantly, however, it will illustrate why it is so essential to study spatial 
functions in both humans and nonhuman primates and the applications of such 
knowledge.  
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Abstract 
 
While neurons in posterior parietal cortex have been found to signal the presence 
of a salient stimulus among multiple items in a display, spatial summation within 
their receptive field in the absence of an attentional bias has never been 
established. This knowledge, however, is indispensable when one investigates the 
mechanisms of spatial attention. Therefore, in this study macaque monkeys either 
attended away from two stimuli located in a neuron’s receptive field or uniformly 
distributed attention over both these locations. Single unit activity recorded from 
parietal area 7a in response to a pair of dots was compared with the responses 
evoked by the same dots presented individually. Our results demonstrate that the 
population of area 7a neurons predominantly implements a winner-take-all rule for 
spatial summation. Interestingly, while attending away, the more optimal stimulus 
dictates the magnitude of the response to the multiple stimuli immediately after the 
stimulation onset, whereas attending to both stimuli postpones this winner-take-all 
phase. First, the response to a pair of dots approximates the average of responses 
to the composite dots, but within tens of milliseconds the averaging operation 
transforms into a phase of oscillations at about 25 Hz. Approximately 200 ms after 
stimulus onset the response stabilizes at a level of activity corresponding to a 
winner-take-all algorithm. These distinct temporal dynamics of input integration in 
the conditions with attention away and attention distributed equally over the two 
stimuli suggest that attention strengthens stimulus competition and thereby delays 
the victory over the ‘loser’ stimulus.  
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1.1 Introduction 
 
Visual neurons preferentially respond to stimuli presented in a specific region of 
space called the receptive field (RF). When multiple stimuli are located within a 
receptive field, the neuron’s response is modulated by perceptual goals (e.g., 
selection or integration of information) and by contextual scene characteristics 
(e.g., stimulus salience or contrast differences). In general, responses to multiple 
targets do not simply resemble the sum of responses to each target in isolation. 
Instead, neurons often discharge at a rate that either approaches the average of 
responses to individual stimuli (Britten and Heuer, 1999; Ghose and Maunsell, 
2008; Lee and Maunsell, 2010; Miller et al., 1993a; Missal et al., 1997, 1999; 
Recanzone et al., 1997; Rolls and Tovee, 1995; Sato, 1989; Zoccolan et al., 2005) 
or the highest response obtained with any single target (Finn and Ferster, 2007; 
Gawne and Martin, 2002 Lampl et al., 2004). Such a mechanism of sensory 
response normalization has been proposed to result from an increase in the 
strength and/or number of a neuron’s inhibitory inputs (Busse et al., 2009; Ghose 
and Maunsell, 2008; Lee and Maunsell, 2009, 2010; but see MacEvoy et al., 2009). 
 
A similar normalization mechanism is thought to mediate the modulation of single 
unit responses by attention (Ghose, 2009; Ghose and Maunsell, 2008; Lee and 
Maunsell, 2009, 2010; Reynolds and Heeger, 2009). Spatial attention can bias the 
competition for a neuronal representation between multiple visual stimuli in a cell’s 
RF (Ghose and Maunsell, 2008; Lee and Maunsell, 2010; Luck et al., 1997; Moran 
and Desimone, 1985; Reynolds et al., 1999; Treue and Maunsell, 1996, 1999). In 
short, when attention is directed towards one of the multiple stimuli the firing rate 
changes to resemble the response evoked by the individual presentation of the 
target stimulus. Importantly, while attention can modulate the gain of the specific 
inputs to a neuron it does not alter the computational mechanisms by which a 
neuron combines the inputs from across its RF (Ghose and Maunsell, 2008). In 
order to understand the effects of attention itself, it is important to first determine 
the fundamental summation rules of the neurons under investigation, because 
attentional selection acts on top of the basic mechanisms of spatial integration (cf. 
Ghose, 2009; Ghose and Maunsell, 2008).  
 
Spatial summation mechanisms have been explored in the primary visual cortex 
V1, (Bair et al., 2003; Busse et al., 2009; Cavanaugh et al., 2002a, 2002b; Levitt 
and Lund, 2002; MacEvoy et al., 2009; Rust et al., 2005; Smith et al., 2006; Van 
Wezel et al., 1996;), extrastriate visual areas V2, V4 (Luck et al., 1997; Reynolds et 
al., 1999; Gawne and Martin, 2002) and MT/MST (Britten and Heuer, 1999; Heuer 
and Britten, 2002; (Recanzone et al., 1997) and a higher visual cortical area IT 
(Miller et al., 1993a; Missal et al., 1999; Rolls and Tovee, 1995; Sato, 1989; 
Zoccolan et al., 2005). However, surprisingly little is known about spatial 
summation by neurons in posterior parietal cortex (PPC), an area commonly 
considered to be implicated in controlling spatial attention (Bisley and Goldberg, 
2003, 2006; Colby and Goldberg, 1999; Constantinidis, 2006; Constantinidis and 
Steinmetz, 2001, 2005; Corbetta and Shulman, 2002; Gottlieb et al., 1998; 
Herrington and Assad, 2010; Saalmann et al., 2007; Steinmetz and Constantinidis, 
1995).  
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Parietal neurons have been shown to express the presence of a behaviourally 
relevant or perceptually salient stimulus embedded among distracter stimuli (Bisley 
and Goldberg, 2003, 2006; Constantinidis and Steinmetz, 2001, 2005; Ipata et al., 
2009; Kusunoki et al., 2000; Roggeman et al., 2010). Since the tasks in these 
studies were developed to show the effects of spatially directed attention, neuronal 
responses were heavily biased by attention (either bottom-up or top-down) and not 
very informative about the basic mechanisms of spatial integration. Attentional 
biases favour a highly nonlinear winner-take-all response mechanism and mask 
the neuronal representation of the unattended stimulus when simultaneously 
presented in the RF. In the current study we aimed to determine the elementary 
spatial summation algorithms of posterior parietal neurons under conditions of 
minimal attentional bias. We recorded from single units in posterior parietal area 7a 
of the macaque brain while attention was either directed away from two identical 
dots in the RF during a fixation task or was equally distributed between these two 
dots, the locations of which needed to be remembered for a delayed match-to-
sample task. Responses evoked by a pair of dots were compared to responses to 
presentations of a single dot at each of the used locations. Because we were 
especially interested in the temporal dynamics of summation processes (Allen and 
Freeman, 2006; Malone et al., 2007; Moldakarimov et al., 2005; Perge et al., 
2005a, 2005b; Rollenhagen and Olson, 2005; Ruksenas et al., 2007; Tiesinga, 
2005), we examined the sensory integration rules at different moments of visual 
stimulation. 
 
1.2 Methods 
 
1.2.1 Subjects and electrophysiological recordings  
 
Two male rhesus macaques (Macaca mulatta) weighing 8 and 11 kg (monkeys A1 
and A2, respectively) participated in this study. After a period of familiarization with 
the behavioral setup, the monkeys underwent a surgical procedure to implant a 
stainless-steal recording chamber and head post. The recording cylinder was 
placed over a right (monkey A1) and left (monkey A2) hemisphere craniotomy 
centred respectively at stereotaxic coordinates posterior- lateral 0.0 - 11.0 mm and 
7.0 - 14.0 mm relative to the intra-aural line. The animal housing, handling, 
recording and surgical procedures were approved by the Animal Use Committee 
(DEC) of Utrecht University and in accordance with national and international 
guidelines for animal use in research. 
 
Single unit activity was recorded with tungsten microelectrodes (0.1 – 1.0 MΩ, 
FHC) manually inserted through a guide tube and further advanced by a hydraulic 
micropositioner (David Kopf Instruments). Action potentials from single cells were 
isolated with a window discriminator (BAK Electronics Inc., USA) and registered at 
a sampling rate of 2 kHz for online analysis and data storage using a Macintosh G4 
computer with a National Instruments PCI 1200 data acquisition board.  
 
Because the animals are still participating in other experiments, we do not have 
histological confirmation of the putative brain region from which the measurements 
were taken. However, scrupulous mapping and detailed descriptions of all 
encountered cells gave us sufficient confidence that we recorded from area 7a. In 
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particular, we were able to establish the course of the intraparietal sulcus (IPS) by 
charting the grid positions with neuronal activity gaps. The visual cells we recorded 
from were located in the upper few millimetres of the lateral bank of the IPS and 
approached from the lateral-posterior in monkey A1 and medial-anterior in monkey 
A2 positions of the recording chambers.  
 
 1.2.2 Behavioral monitoring and experimental setup 
 
Throughout the experiments, eye movements were recorded and analyzed online 
with a video-based eye tracker (Eyelink II, SR Research) at a sampling rate of 250 
Hz, pupil only mode. During a trial the monkey had to keep its gaze within a virtual 
window with a radius of 2 deg centred on a fixation-cross in the middle of the 
screen. For monkey A1 also hand positions were monitored to determine its 
behavioural responses signalled by raising one of its hands. A 4 cm wide Plexiglas 
ridge in the primate chair enabled the animal to rest its hands and ensured a 
standard starting hand position. Fibre TBV photocells (OMRON E32-DC500) 
attached 16 mm above the ridge were connected to an optical fibre photoelectric 
switch (OMRON E3X-NH) and detected hand movements. This analogue signal 
was amplified, digitized and sent to the display computer for stimulus control. 
Visual stimuli were generated using custom-made software running on the same 
Macintosh G4 computer used for data collection and presented on a 22” Sony 
Graphic Color Display (GDM-500PST), at a resolution of 1024 x 768 pixels and a 
refresh rate of 100 Hz. The experiments took place in a darkened room where the 
monitor was placed at a distance of 68 cm from the monkey’s eyes.  
 
1.2.3 Stimuli 
 
To establish how area 7a neurons integrate inputs evoked by two identical dots 
marking two discrete locations in the RF we determined whether a cell’s response 
to both stimuli could be predicted by its responses to the individual stimuli. Pairs of 
dots and single dots at one of the two ‘pair’ positions were presented in an 
interleaved manner. In all the experiments the fixation-cross and stimulus dots 
were white and subtended 0.19 x 0.19 deg of visual angle on a dark grey 
background. The dots were presented at one or two out of eight equally spaced 
positions (every 10 deg of arc) along a virtual arc with a radius of 8.9 deg of visual 
angle centred on the fixation-cross (Figure 1.1A). Due to time limitations, we tested 
only ten combinations of location pairs (Figure 1.1A, lower panel). These ten 
location pairs included four different distances between the two dots (10, 30, 50 
and 70 deg of arc). This stimulus layout was kept the same across all cells, but 
moved around the perimeter to cover the recorded cell’s RF. 
 
1.2.4 Behavioural tasks 
 
In all experiments we avoided spatial attentional biases in two ways: By training the 
monkeys either not to attend any of the stimuli or to distribute attention evenly 
across the multiple stimuli. The first condition was implemented in a Fixation task, 
where attention was directed towards the fixation-cross. For monkey A2, the task 
was only to fixate this central cross and no behavioural response was required. 
Because this monkey has never been trained to perform any other task we can be 
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confident that he did not pay specific attention to the eccentrically displayed dots. 
Monkey A1, however, was also trained to perform a delayed match-to sample task 
(DMS) and we had to minimize the likelihood that in a simple Fixation task it was 
not automatically attending to the stimulus dots. Hence, the animal was additionally 
trained to detect and report by raising its right hand within 0.6 s a colour-change of 
the central fixation-cross occurring at a random time after stimulus offset (Figure 
1.1B). Presumably, this requirement forced the monkey to pay more attention to 
the fixation-cross and at the same time to direct attention away from the stimuli in 
the RF. For both monkeys the visual stimulation in the Fixation task was the same 
with the sample dot(s) being flashed for 0.5 s in the RF of the recorded neuron 
(Figure 1.1B). Similarly, after the stimulus offset a variable duration delay period 
was used in both versions of the Fixation task (Figure 1.1B). 
 
 
 

 
 
Figure 1.1: Experimental paradigms. (A) Stimulus field placed within a neuron’s receptive 
field (RF – grey dashed circle). The dots were displayed individually or in pairs based on 
specific combinations of the 8 single locations. The lower panel depicts an enlarged stimulus 
field with lines indicating the 10 pairs of locations used across the whole study. (B) Single 
trial events and main conditions of the Fixation task. For both monkeys the sample stimulus 
presentation was followed by a time-variable delay. For monkey A1 the colour of the fixation-
cross changed after the delay and to receive a reward he had to raise his right hand within 
0.6 s from the colour-change. Monkey A2 had to keep fixating across the whole trial period 
in order to receive the reward. (C) Single trial events and main conditions of the delayed 
match-to-sample (DMS) task. While fixating the central cross monkey A1 was required to 
memorize location(s) indicated by the position of the sample dot(s) and compare the 
location(s), after a delay, with the test location(s). By raising his right or left hand, the animal 
signalled a ‘match’ or a ‘non-match’, respectively.  
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In the second condition, monkey A1 had to equally distribute attentional resources 
between two simultaneously stimulated locations in order to memorize them both 
and compare them with the test locations in the DMS task. One- and two-dot trials 
were pseudo-randomly interleaved within a session but the number of dots in the 
sample and the test phase of a single trial was always the same. The monkey 
indicated ‘match’ and ‘non-match’ choices by raising its right or left hand, 
respectively, while keeping the other hand in the resting position. To start a trial 
monkey A1 placed both hands in the resting position and fixated a central cross for 
at least 0.4 s. If during a trial the gaze position left the fixation window and/or the 
hands were displaced from the resting position in a period other than the test 
phase, the trial was aborted and the colour of the fixation-cross changed to red. 
After the fixation-only period (0.4 s), the sample stimulus appeared for 0.5 s 
followed by a variable delay period (0.7 - 1.0 s) during which the monkey had to 
keep fixating and remember the sample dot position(s) (Figure 1.1C). After the 
delay period, the corresponding number of test dots was presented and stayed on 
the display for 2.5 s or until the behavioral response. In the two-dots trials both 
locations had to be the same as in the sample phase to qualify as a ‘match’. The 
monkey received a liquid reward when its response was correct. 
 
1.2.5 Receptive field localisation 
 
The selection of cells and location of the stimulus field was based on neuronal 
responses to one-dot presentation at one of 12 possible locations spaced every 30 
deg of arc on the perimeter of a virtual circle around the fixation-cross. This one-dot 
task allowed a rough estimate of the neuron’s RF location. While we placed the 
stimulus field within the estimated RF, we did not position it exactly at its centre. 
Rather, the pattern of eight adjacent locations was centred on one of the cardinal 
or oblique axes, always at the same eccentricity. Moreover, we did not explicitly 
search for purely visual or visual-with-delay-activity neurons and as a result both 
types of cells were recorded. Such liberal sampling rules allowed us to get a good 
indication of the overall activation profile of a population of neurons that were in 
one way or another driven by our stimuli and likely contributed to the way they 
were perceived. 
 
1.2.6 Data analysis 
 
To be included in the analyses a neuron had to show a positive ON response to at 
least 1 out of 8 tested dot locations and at least 3 trials per condition had to be 
performed correctly. To test the first criterion a series of paired-sample t-tests were 
run for each neuron and each of the 8 dot locations comparing the average firing 
rate during the 0.5 s of sample presentation with the firing rate during a 0.2 s 
period before stimulus onset (p < 0.05 not corrected for multiple comparisons). 
After application of both selection criteria we included to the subsequent analyses 
26 (96 %) neurons from monkey A1 and 47 (98 %) neurons from monkey A2 
recorded during the Fixation experiment and 113 (93 %) cells from monkey A1 
encountered during the DMS sessions. The median number of trial repetitions per 
condition (only correct trials) was 13 and 14, respectively for monkey A1 and A2, 
for the Fixation task and 13 for the DMS sessions. The data from the two monkeys 
collected in the Fixation experiment were combined (in total 73 neurons) and in the 
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rest of the text we refer to the Fixation experiment meaning the results from both 
animals. This procedure is justified by the lack of a significant difference between 
the two data sets (Wilcoxon rank sum test, p = 0.22, z-value = 1.21). For the 
statistical comparison we calculated for each neuron a ratio between the mean 
firing rate elicited by the pair of dots and the average response to the more optimal 
of the two dots when presented individually (medians respectively for monkey A1 
and A2, 1.01 and 1.04). 
 
For both experiments, neuronal responses were quantified as the mean firing rate 
during sample presentation. In addition, the DMS design allowed us to determine 
whether the cognitive state of the monkey affected the stimulus integration rule. 
That is apart from the comparison of the conditions with attention directed away 
from the stimuli (Fixation) and distributed evenly across the targets (DMS) we could 
also contrast the sample and test phases of the DMS task. While visual stimulation 
in the two trial phases was identical, the animal’s cognitive state was somewhat 
different (bottom-up attention to the sample stimuli as opposed to the test period 
with test locations encoding and the subsequent comparison to the memorized 
sample locations). For the test presentation in the DMS task we calculated the 
average instantaneous firing rate within the first 0.35 s window from test onset 
because with variable reaction times this was the longest interval available for all 
trials. The measure of the baseline activity was only used to select cells based on 
their visual ON response and not subtracted from the reported mean activity across 
the experimental data. Peri-stimulus time histograms of the responses were 
calculated with bin sizes that depended on whether they were used for 
visualization or statistical analysis. Details are given in the text when necessary. 
 
Models fitting  
We evaluated a neuron’s spatial summation algorithm with a generalized scaled 
power (GSP) model previously adopted to explain paired-stimulus responses of 
macaque MT and V4 neurons (Britten and Heuer, 1999; Ghose and Maunsell, 
2008) but originally developed by Simoncelli and Heeger (1998) to describe the 
extraction and representation of visual motion. Equation 1.1 relates the neuronal 
response to a pair of stimuli (RATEPair) to responses obtained with constituent 
stimuli, one of which is more optimal then the other (RATEMax and RATEMin): 
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        Equation 1.1. 

 
This equation captures a large range of spatial summation behaviours, including 
averaging (AVR: α = 0.5 and n = 1) and winner-take-all operations (MAX: α = 1, 
large n). The fitting procedure was executed with the Matlab function nlinfit that 
implements a Gauss-Newton algorithm with Levenberg-Marquardt modifications for 
global convergence to find least-squares parameter estimates. The percentage of 
variance accounted for by the model was calculated as 100 * (1 – 
variance(observed – predicted) / variance(observed)) (Carandini et al., 1997; 
Britten and Heuer, 1999). 
Partial correlations  
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We computed partial correlations to define whether a neuron’s response to a pair 
of stimuli correlated most with the response to the more optimal of the two 
constituent stimuli (MAX), the less optimal of the two constituent stimuli (MIN), or 
the average of the responses elicited by individual presentations of the two 
composite stimuli (AVR) (Movshon et al., 1985; Movshon and Newsome, 1996; 
Smith et al., 2005). The mean firing rates observed during presentation of 10 
distinct pairs of dots were separated for sample and test phases and used to 
compute partial correlations for the MAX, MIN and AVR predictions. This procedure 
ensures that an evaluation of the correlation between ‘pair’ responses and the 
MAX prediction, takes the correlation of the MAX model with the AVR model into 
account in the following way: 
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         Equation 1.2. 

 
Here rAVR denotes the correlation of the data with the AVR prediction, rMAX is the 
correlation of the data with the MAX prediction and rMAX_AVR is the correlation of the 
two predictions. The partial correlation of the observed ‘pair’ responses with the 
AVR model is calculated in an analogous manner. In the next step we used 
Fisher’s r-to-Z transformation to correct for a not-normal sampling distribution of 
Pearson’s r. Therefore, each value of R was converted into a z-score using 
Equation 1.3 (example for RMAX): 
 

! 

Z MAX =

0.5 ln

1+ RMAX( )

1" RPAIR( )

# 

$ 
% 
% 

& 

' 
( 
( 

1

df

          Equation 1.3, 

 
where df denotes degrees of freedom (the number of data points representing 10 
different pairs of dots minus 3). In the last step of classification we tested Z-value 
for significance using a criterion of 1.28 (equivalent to p = 0.90). If the value of ZMAX 
exceeded the value of ZAVR (or zero, if ZAVR was negative) by 1.28, the neuron was 
classified as using a MAX operation for spatial summation. Likewise, if the value of 
ZAVR exceeded the value of ZMAX by the same amount, the cell was classified as 
using an AVR operation. If none of these conditions were satisfied, the neuron 
remained unclassified. 
 
Fourier transforms  
The exploratory inspection of the population peri-stimulus time histograms revealed 
a number of clear peaks and troughs in the initial phase of the visual response. We 
decided therefore to identify the frequency components of the differences between 
the ‘Pair’ and ‘Single’ responses by computing discrete Fourier transforms with the 
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Matlab fft function. These transforms were calculated for the two populations of 
neurons that were recorded in the DMS and the Fixation experiments. Similar to 
the calculations of the mean firing rates the sampling period was set to 0.5 s and 
0.35 s for the sample and test phases, respectively.  
 
1.3 Results 
 
1.3.1 Task performance 
 
From the following performance analyses we excluded trials with broken fixations 
since they were immediately aborted. In the Fixation task performed by monkey A1 
the percentage of correctly completed trials, that is reported on time fixation-cross 
colour-change, was not affected by the number of presented dots (88 vs. 87 % for 
one and two dots, respectively, p > 0.05, t(25) = 1.18) indicative that attention was 
successfully drawn away from the peripheral dots to the central fixation task. 
Contrary to that, in the DMS task performance was better for the one- than for the 
two-dot condition, evidenced by the fraction of correct responses and the reaction 
times (81 vs. 76 % respectively: t(112) = 8.40, p < 0.001; 445 vs. 461 ms 
respectively: t(112) = 6.52, p < 0.001).  
 
1.3.2 Responses to individual and pairs of dots 
 
In both tasks, Fixation and DMS, we presented to each neuron a single dot at 8 
contiguous iso-eccentric locations. Using the same 8 locations we also showed 10 
pairs of dot locations. Figure 1.2 illustrates average activity of an example cell 
during the presentation of a single sample dot at all 8 tested locations. The mean 
response elicited by a pair of dots is shown for one combination (Figure 1.2, 
simultaneous presentations of dots at locations #1 and #8). In this particular case, 
the neuron’s response to a pair is larger than the response to either of the two 
individual stimuli.   
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Figure 1.2: Peri-stimulus time histograms of an example neuron in response to a sample dot 
at different locations. The figure schematically portrays the upper left quadrant of the 
experimental display with the fixation-cross in the lower right corner and the 8 tested 
locations marked with numbered solid black circles. The upper left inset shows the spatial 
tuning curve along the perimeter for this neuron, i.e., mean firing rate evoked by 
presentation of a single dot at each of the 8 locations. The black histograms (2 ms bins) next 
to the numbered circles show average firing rates during the sample dot presentations. The 
histogram near the fixation-cross displays the average sample phase response to the 
simultaneous presentation of dots at locations #1 and #8.  
 
 
 
The population peri-stimulus time histograms for the Fixation (n = 73) and the DMS 
(n = 113) tasks are shown in Figure 1.3 (A and B, respectively). The mean 
response to a pair of dots is compared to the responses evoked by individual dots. 
Responses to the single dots that comprised a pair were classified and labelled 
based on their mean firing rate during the sample (or test) phase. The dot that 
evoked the larger response was labelled as maximum (Figure 1.3, thin grey line - 
‘max’), the other dot as minimum (Figure 1.3, thin grey dotted line - ‘min’). The 
heavy black line in Figure 1.3 (‘pair’) represents the response to a simultaneously 
presented pair of dots. The position of this black line (‘pair’) in relation to the solid 
(‘max’) and dotted (‘min’) grey lines indicates whether the response to two stimuli 
resembles an average (black line between the grey lines) or a winner-take-all 
summation algorithm (black line on top of one of the grey lines). Such clear overlap 
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of ‘pair’ and ‘max’ responses is apparent in the mean population response when 
attention is not focused on any of the stimulus dots (Fixation experiment, Figure 
1.3A). Intriguingly, the average population response to a pair of dots in the DMS 
experiment shows mixed results with temporal dependencies (Figure 1.3B). We will 
discuss this temporal evolution of the ‘pair’ response in more detail later, but focus 
first on quantifying the neuronal spatial summation behaviour based on time-
averaged mean firing rates. 
 
 
 

 
 
Figure 1.3: Population peri-stimulus time histograms of the pair and single dot conditions. 
(A) Average response to a sample stimulus in the Fixation task (n = 73). (B) Average 
response to the sample (left side) and the test stimulus (right side) in the DMS task (n = 
113). The solid black lines represent the responses to a pair of dots (‘pair’), the solid and 
dotted grey lines illustrate the responses to the single dots of a pair with a higher (‘max’) and 
lower (‘min’) mean firing rate, respectively. The raw firing rates were smoothed by 
convolution with a Gaussian kernel (σ = 8 ms). 
 
 
 
Based on the averaged firing rates, we calculated the best fitting parameters of the 
generalized scaled power (GSP) model (see Equation 1.1 in Methods section). A fit 
to the averaged responses of all recorded single units (73 in the Fixation task and 
113 in the DMS task; Figure 1.3) explains a large percentage of the variance for 
both experiments  (95 % for the Fixation and respectively 92.2 % and 91.1 % for 
the sample and test DMS). Importantly, the best fitting scaling parameter α is close 
to one and the power term n is much greater than 1 (in the same order, α-
parameter: 1.00, CI 0.98 ÷ 1.03; 0.92, CI 0.88 ÷ 0.97 and 0.94, CI 0.89 ÷ 0.99; n-
parameter: 18, CI -24 ÷ 59; 10, CI -3 ÷ 24 and 9, CI -1 ÷ 19) indicating a winner-
take-all summation algorithm. 
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When we fit the GSP model to the response of each individual neuron, a 
considerable fraction of cells yields negative values for the percentage of variance 
explained by the model (0.25, 0.24 and 0.35 for the Fixation task and sample and 
test DMS, respectively) (Figure 1.4A and B). The following results take into 
consideration only the neurons for which a positive value of explained variance 
was obtained. The GSP model explained 60.3 % of ‘pair’ response variance of the 
Fixation data (median calculated across 55 cells, Figure 1.4A left plot) with most of 
the cells converging on the scaling parameter α around one (Figure 1.4A middle 
plot) and the power parameter n around 3 (Figure 1.4A right plot). For the DMS 
data the GSP performed much more poorly, with the median percentage of 
variance accounted for being only 27.9% and 38.5% for the sample and test, 
respectively (Figure 1.4B).  
 
Overall, the results of the model fitting demonstrate a number of important issues. 
The GSP model provides a reasonable description of the summation rule operating 
in individual 7a neurons, when attention is not explicitly directed towards the 
stimuli. Most of the neurons recorded in the Fixation task showed very little scaling 
of the ‘pair’ response and a weak nonlinearity. However, the model could not fit a 
considerable fraction of cells and across the remaining ones the parameters’ 
values are considerably scattered (Figure 1.4A middle and right plots). This 
inadequacy of the GSP model to explain responses in individual neurons is 
particularly apparent for the DMS task (Figure 1.4B). While, this may be partly due 
to a low signal-to-noise ratio and/or limited dynamic response range of the cells we 
recorded from, it might also be the case that the model just does not explain the 
summed responses in 7a very well when attention to the stimuli is applied. The 
latter explanation seems very reasonable given the temporal evolution of summed 
responses we briefly touched upon above (Figure 1.3B). However, it is worth 
repeating that when all 7a neurons are considered together, the GSP model 
performs very well for all experimental data sets and the resulting best fitting 
parameters show little scaling and a considerable nonlinearity of the responses to 
the multiple stimuli.  
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Figure 1.4: Performance of the GSP model. (A) The results of model fitting for the Fixation 
task (n = 73). From left to right the explained variance accounted for by the model, the 
scaling parameter α and the power parameter n. (B) The explained variance accounted for 
by the model for the DMS (n = 113) for the responses to the sample (left) and the test (right). 
The medians for the variance explained by the model, the parameter α and n were 
calculated across the cells with positive explained variance values.  
 
 
 
Figure 1.5 illustrates the between- and within-neuron variability of responses to a 
pair of dots that likely contributes to the low explanatory power of the model. The 
data in Figure 1.5 are plotted in relation to the MAX and AVR summation 
algorithms corresponding to distinct ranges of model parameters (MAX: α = 1 with 
large n, AVR: α = 0.5 with n = 1). The y-axis represents the ‘pair’ responses 
normalized by the responses to the ‘max’ location and the x-axis shows similarly 
normalized and summed responses to the two single locations (Zoccolan et al., 
2005). This latter calculation yields values between 1 (‘min’ = 0) and 2 (‘min’ = 
‘max’), depending on the difference between the ‘max’ and ‘min’ response. The 
location of a data point in the panels of Figure 1.5 is indicative of the spatial 
summation algorithm employed by the corresponding neuron (Zoccolan et al., 
2005). The larger black and white circles mark individual neurons (in the upper 
panels) and their responses to 10 different pairs of locations (bottom panels). The 
considerable scatter of the data points with respect to the proposed summation 
algorithms is immediately apparent both across cells and across ’pair’ conditions 
for individual neurons. In the following paragraphs we will further investigate the 
temporal evolution of the spatial summation algorithms as a possible cause for the 
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poor descriptive performance of the scaled power model with time averaged 
responses. 
 
 
 

 
 
Figure 1.5: Comparison of the data with predictions of AVR and MAX summation 
algorithms. Columns from left to right display results for the Fixation and the DMS sample 
and test. Abscissa represents the sum of the responses to the two individually presented 
dots, normalized by the ‘max’ response (1 + min/max). The ordinates represent normalized 
responses to a pair of simultaneously presented dots (pair / max). The upper row shows 
average single neurons responses (Fixation – 73 neurons, DMS – 113 neurons) and the 
bottom row shows average responses for all tested pairs of dots (10 pairs per each neuron). 
The larger black and white circles in the bottom panel indicate results of 10 ‘pair’ conditions 
of a corresponding single unit marked in the upper row. 
 
 
 
1.3.3 Temporal evolution of ‘Pair’ response 
 
To examine the temporal evolution of the neuronal spatial summation algorithm we 
subtracted the responses to either of the single dot locations (‘max’ and ‘min’) from 
the response to a pair of dots. From the results plotted in Figure 1.6A it is evident 
that in both experiments the activity evoked by a pair of dots resembled the 
response level of the ’max’ location (black ‘max’ lines near zero) and not that of the 
‘min’ location (grey lines). While the black asterisks at the bottom of the plots in 
Figure 1.6A indicate 12 ms time bins in which the ‘pair’ and ‘max’ responses did not 
significantly differ (paired sample t-test, p < 0.05), the difference between ‘min’ 
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responses and ‘pair’ responses was significant during the entire stimulus 
presentation and therefore not indicated.  
 
 
 

 
 
Figure 1.6: Temporal dynamics of a difference between the responses to a pair and a single 
dot. From left to right the plots portray the Fixation and the DMS sample and test. (A) The 
abscissa shows time in ms from the sample/test onset. The ordinate indicates the difference 
between the response to a pair of dots and the response to an individually presented dot. 
The heavy lines represent the average response differences (‘pair’ minus ‘max’ – black and 
‘pair’ minus ‘min’ – grey) across population of neurons. These averages were computed in a 
running window of 12 ms shifted in consecutive steps of 2 ms; the thin lines around the 
averages indicate the SEM (n = 73 for the Fixation and n = 113 for the DMS task). The 
shading of the background helps to appreciate oscillations of ‘pair’ responses relative to 
’max’ and ‘min’ responses. Black asterisks show time bins (12 ms) in which ‘pair’ activity is 
statistically indistinguishable from the ‘max’ response. The 'min' response was always 
significantly different from the 'pair' activity. (B) Population power spectra for the response 
differences plotted in A.  
 
 
 
Notably, while in the Fixation experiment the ‘pair’ response shows little 
fluctuations around the ‘max’ response in the time course of the sample 
presentation (Figure 1.6A left plot), the sample and test ‘pair’ responses in the 
DMS task have markedly more complex dynamics (Figure 1.6A middle and right 
plots). Namely, the initial phase of the visual response to a pair of dots contains 
clearly visible oscillations, the presence of which is confirmed by the population 
power spectra with a peak in the power around 25 Hz (Figure 1.6B middle and right 
panels, most pronounced in the test phase). These oscillations are especially 
striking given the liberal and indiscriminate pooling of neurophysiological data (no 
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selection for the presence of oscillations). These fluctuations of ‘pair’, ‘max’ and 
‘min’ responses seem to be locked to the stimulus onset but are to different 
degrees shifted in phase relative to one another. 
 
The substantial scatter of the relation between paired and single stimulus 
responses in Figure 1.5 demonstrates that there are also cases where multiple 
stimuli evoke a response that is weaker than the average for component dots and 
even approaches the ‘min’ response. The existence of such a variety of responses 
provokes the question whether the typical temporal evolution of the summation 
algorithm would be specific for a subset of cells or general across the entire 
population. We addressed this issue by first classifying the neurons into three 
groups, depending on the paired response and theoretical summation algorithm: 
maximum, winner-take-all (MAX), averaging (AVR) or minimum, loser-take-all 
(MIN). The correlations between the recorded ‘pair’ activity and individual 
algorithm’s predictions were calculated, while correcting for any correlation 
between predictions of the remaining spatial summation models (Movshon et al., 
1985; Movshon and Newsom, 1996; Smith et al., 2005) (Method section Equation 
1.2). Subsequently the Z-transformed correlations of the algorithm predictions were 
directly compared (see Methods, Equation 1.3). The results of these classifications 
are presented in Figure 1.7 with the matrices from left to right corresponding to the 
Fixation and the DMS sample and test. The values in Figure 1.7 indicate the 
numbers of neurons classified as using one of the spatial summation algorithms 
(defined by the column headers) when compared with the model indicated by the 
row name. The bottom row (grey) displays the number (and percentage) of cells 
classified as MAX, AVR or MIN consistently across the partial correlations. In 
general, there were not many neurons that could be unequivocally assigned to one 
of the model groups. For our purposes we will concentrate now on the cells from 
the DMS experiment, which had the time-averaged responses to a pair of dots 
classified as either exclusively MAX or exclusively MIN.  
 
 
 

 
 
Figure 1.7: Results of classifications based on partial correlations of the observed 
responses with the summation models. (A) The results for the Fixation task (n = 73). (B) The 
results for the sample and test of the DMS task (n = 113). The values within the matrices 
indicate the numbers of cells classified as using maximum (MAX), averaging (AVR) or 
minimum (MIN) algorithm. The bottom rows highlighted in light grey indicate the number of 
cells that were consistently classified (according to the column name) in both comparisons, 
e.g., neurons classified as AVR in AVR vs. MAX and AVR vs. MIN partial correlations.  
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Are the temporal dynamics of the sensory summation rule diametrically different for 
these two groups of neurons, that is MAX and MIN? We compared the time 
dependent ‘pair’ and single stimulus responses of the MAX and MIN neurons in a 
similar way as for the whole population of recorded cells. Figure 1.8A demonstrates 
that for the pool of neurons classified as MAX (n = 23 for the DMS task), the 
oscillations we saw in the averaged population activity are even more pronounced 
here (see also power spectra in Figure 1.8B, black lines). Importantly, for the group 
of neurons classified as MIN, the power spectra do not show any distinct bumps 
(Figure 1.8B, grey lines). Furthermore, while the ‘pair’ response approaches the 
‘min’ response in many time bins (Figure 1.8A: grey asterisks indicate that ‘pair’ 
and ‘min’ responses are not significantly different), the overall resolution between 
the ‘max’ and ‘min’ responses is rather poor, especially at the end of the stimulus 
presentation periods where ‘pair’ response becomes very similar to the ‘max’ 
activity. 
 
 
 

 
 
Figure 1.8: Temporal dynamics of difference between the responses to a pair and to a 
single dot for the cells classified as MAX and MIN in the DMS task. The results for the MAX 
(n = 23 for the sample and test) and the MIN (n = 11 for the sample and n = 10 for the test) 
cells are plotted on the dark and light grey background, respectively. (A) Time dependent 
differences between responses to a pair of dots and to the constituent dots (labelled ‘max’ 
and ‘min’). (B) Population power spectra averaged across accordingly classified neurons. 
The conventions are the same as in Figure 1.6 A and B.  
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1.4 Discussion 
 
In this study we investigated how single neurons in area 7a of the posterior parietal 
cortex encode pooled visual information across their receptive fields. We recorded 
from visual single units in the lateral bank of the IPS with very liberal sampling 
criteria in order to obtain a general description of the sensory summation algorithm 
operating in a population of parietal neurons. To learn whether the attention 
distribution has an effect on the spatial summation mechanism, we recorded 
responses to identical visual stimuli under different cognitive tasks. The rhesus 
monkeys either concentrated on the fixation-cross (Fixation task) and therefore 
attend minimally to the stimulus-dots or specifically attended to both stimuli present 
in the cell's RF (DMS task). On the one hand, the cognitive state of the monkey 
during the sample presentation in the Fixation and the DMS tasks differed in the 
amount of the attentional resources directed towards the stimuli. On the other 
hand, even the sample and test phases of the DMS task were not identical with 
respect to the animal’s cognitive state. The matching period of this task involved at 
least the anticipation of the test stimuli and the comparison of test locations with 
memorized sample locations. Keeping in mind all these attentional conditions, we 
examined how the sensory summation algorithm developed over time and 
compared our results with those obtained with time averaged response measures. 
 
We measured time-averaged responses elicited by presentations of a single 
location and pairs of locations that were marked by identical dots. The neuron’s 
responses to a pair of dots were related to the responses evoked by individually 
presenting a single dot at the constituent locations. In particular, we compared the 
'pair' responses to three predictions: maximum (MAX), averaging (AVR) and 
minimum (MIN), using partial correlations as a tool for classification. In general, 
more cells were classified as having the 'pair' response similar to the activity 
elicited by the better of the composite locations, that is as MAX neurons and this 
was true for both, Fixation and DMS experiments. Surprisingly, a number of cells 
were classified as MIN as their 'pair' activity was similar to the individual stimulation 
of the less optimal location of the pair. Only a very low number of neurons could be 
unequivocally classified as using averaging of the component responses (AVR). 
Such results are in contrast to most of the literature that reports averaging 
algorithm for equivalent conditions (Britten and Heuer, 1999; Busse et al., 2009; 
Luck et al., 1997; McEvoy et al., 2009; Miller et al., 1993a; Missal et al., 1999; 
Recanzone et al., 1997; Reynolds et al., 1999; van Wezel et al., 1996; Zoccolan et 
al., 2005). We have to stress however, that more than 60 % of recorded neurons 
could not be reliably classified. Moreover, even a generalized scaled power 
summation model (Britten and Heuer, 1999; Ghose and Maunsell, 2008) with two 
free parameters turned out to provide relatively poor descriptions of the 'pair' 
activity of individual area 7a neurons with the Fixation experiment yielding 
somewhat better fits. However, when the GSP model was fit to the averaged 
population response the explained variance exceeded 90 % for both tasks 
(Fixation and the sample and test DMS). The best scaling parameter was near 
unity and the power term was set around the value of 18 and 10 for the Fixation 
and the DMS task (but see large confidence intervals) indicating considerable 
nonlinearity of 'pair' responses, which results in a MAX or winner-take-all 
behaviour. 
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While, the presence of a MAX rule rather than an AVR algorithm in area 7a 
neurons' is very interesting in itself, the temporal evolution of the spatial summation 
rule in the attended stimuli condition yields an additional issue for discussion. The 
analyses of the temporal dynamics of recorded responses revealed that using 
time-averaged mean firing rates obscures the most interesting summation 
dynamics of PPC neurons when attention is equally distributed across the multiple 
stimuli. Thus, when attention to the stimulus dots is minimized, the winner-take-all 
‘pair’ response is apparent from the very onset of the visual response. In contrast, 
when attention is directed to both stimuli, before the ‘pair’ response stabilizes at a 
level of activity similar to the ‘max’ response, it engages in a short period of 
oscillations. Here, the average response to a pair of dots alternatively resembles 
the response magnitudes produced by individual ‘max’ and ‘min’ locations. It is 
tempting to describe these ‘pair’ response oscillations as reflecting momentary 
dominance periods of competing single stimulus representations, with the ‘max’ 
representation being the eventual winner (after about 240 ms in the sample phase 
and about 160 ms in the test phase of the DMS task). When we consider the initial 
20-30 ms of the visual response, two distinct ‘pair’ response behaviours can be 
observed depending on the task. In both the sample and test phases of the DMS 
task the very first time bins of the response to a pair of dots show an activity level 
that is even higher than for the ‘max’ response (Figure 1.6A, middle and right plots: 
the black and grey lines lie above zero for the DMS task). This effect might be 
attributed to an attentional speed-up or enhancement of the response caused by 
the monkey memorizing the stimuli, since we did not observe similar response 
enhancements in the Fixation task (Figure 1.6A left plot: the initial ‘pair’ response 
indicated by 0 is not greater than the ‘max’ response).  
 
The reported temporal evolution of the DMS ‘pair’ responses with an early 
averaging period followed by a phase of oscillations and ending with stabilization 
around the activity level similar to that of the more optimal of constituent dots is 
reminiscent of the phenomena of visual rivalry. Perceptual fluctuations in 
monocular or binocular rivalry are generally explained in terms of competing neural 
population representing exclusive visual interpretation of a presented stimulus 
(Klink et al., 2008). Our current results can be understood within the framework of a 
cortical circuit model proposed by Moldakarimov and co-workers (2005) (for a 
related model see also Tiesinga, 2005). In brief, these researchers consider a 
network of two cross-inhibitory pools of neurons that, translated to our situation, 
would denote populations of neurons activated by the two stimulus dots (presented 
simultaneously or individually). This model can simply reproduce the sequence of 
‘pair’ response behaviours described above by increasing the strength of the 
inhibition term (cf. Figure 9 in Moldakarimov et al., 2005), since it predicts 
averaging with weak inhibition, oscillations with intermediate inhibitory strength, 
and winner-take-all behaviour for strong inhibition. In our experiments this chain of 
events evolved over time when attention to both stimuli was engaged, suggesting 
automated scaling of the inhibitory connectivity or efficacy. The results form the 
Fixation experiment show, however, that the population of area 7a neurons as a 
default uses a winner-take-all mechanism to spatially sum the visual information 
across the RF. In this case the ‘min’ stimulus does not get the additional boost from 
the attentional gain mechanism and therefore cannot rival the neuronal 
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representation of the ‘max’ stimulus also present in the RF. So to speak, without 
attention the ‘loser’ gives up from the beginning. Analogously, when both stimuli 
benefit from attentional gain, the ‘loser’ fights for the neuronal representation until 
eventually and unavoidably it gives way to the ‘max’ stimulus (see MIN neurons in 
Figure 1.8).  
 
To summarize, in this study we assessed the spatial summation algorithms 
employed by neurons in the posterior parietal cortex. Though, the PPC has 
received a remarkable amount of research interest, especially in the context of 
spatial attention control (Bisley and Goldberg, 2003, 2006; Colby and Goldberg, 
1999; Constantinidis, 2006; Constantinidis and Steinmetz, 2001, 2005; Corbetta 
and Shulman, 2002; Gottlieb et al., 1998; Herrington and Assad, 2010; Saalmann 
et al., 2007; Steinmetz and Constantinidis, 1995), we are the first to show how 
single cells in this important brain area pool visual information across their 
receptive fields. Our results bear important implications for the application of 
attention models to single unit responses in parietal cortex (cf., Ghose and 
Maunsell, 2008; Ghose, 2009). The competitive interactions between multiple 
stimuli within a PPC neuron’s RF are won by the more optimal of the two, 
demonstrating a winner-take-all summation rule. However, the ‘winner’ phase of 
the response to a pair of stimuli is postponed when attention is directed to these 
stimuli. Thus, the winner-take-all phase is delayed until after a brief period of 
averaging and a phase of oscillations likely reflecting cross-inhibitory interactions 
between neuronal populations representing the two constituent stimuli. The MAX 
behaviour of the area 7a neurons that is irrespective of directed attention might 
reflect this brain region’s role in bottom-up attention for salient stimuli 
Constantinidis and Steinmetz, 2001, 2005).  
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Abstract 
 
Stimulus selective delay-period activity is widely regarded a hallmark of working 
memory processes. Alternatively, a recent hypothesis suggests that working 
memory can be implemented by a matched filter mechanism where the sample 
stimulus causes a rapid adjustment of synaptic weights to match the strength of a 
neurons’ individual inputs. The successive test stimulus input is then multiplied by 
these synaptic weights yielding a measure of the sample and test similarity. This 
mechanism disregards stimulus selective delay-period activity as necessary for 
solving a match-to-sample task. Here we compared directly the parietal neurons’ 
stimulus selectivity of persistent delay activity and the test response modulation by 
a ‘matching’ stimulus in a rhesus monkey performing a spatial match-to-sample 
task. In 55 % of the cells stimulus selectivity is similar during the delay and sample 
periods inferring that they maintain a recent stimulus trace in the reverberating 
activity. However, delay-period stimulus location discriminability given by AUC-
values did not correlate with a neuron’s potential to discriminate ‘match’ from ‘non-
match’ trials demonstrating that former does not necessarily solve the working 
memory task. Alternatively, correlations of noisy fluctuations around the time-
averaged mean response were stronger between sample and test periods of 
‘match’ trials than between those of ‘non-match’ trials, lending support to the 
matched filter hypothesis. Additionally, neuronal response variability progressively 
decreased during the delay-period substantiating the matched filter role in 
maximizing signal-to-noise ratio. In the test period, the ‘match’ stimuli drove the 
response variability further down than the ‘non-match’ stimuli implying that the 
matched filter mechanism alters the underlying cortical representation of a sample 
stimulus in anticipation of its reappearance in the test period. Taken together, the 
findings advocate that the stimulus trace in the form of a recurrent delay-period 
activity does not directly contribute to the comparison with the test stimulus in a 
working memory task and that area 7a serves as a matched filter.  
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2.1 Introduction 
 
Visual working memory processes are thought to be reflected in selective neuronal 
activity that persists after a stimulus has been physically removed from the visual 
field. Such persistent activity has been demonstrated in multiple cortical areas 
(Bisley et al., 2004; Constantinidis and Steinmetz, 1996; Funahashi et al., 1989; 
Fuster and Jervey, 1982; Hernández et al., 2002; Motter, 1994) and while the 
notion that it plays a significant role in short-term memory is widely accepted, it 
remains controversial what specific kind of information it encodes (see e.g., Sigala, 
2009). For instance, delay activity that depends on a preceding sample stimulus is 
commonly interpreted as a memory trace, persistently reflecting the neuron’s 
tuning characteristics. This view is supported by reports of delay-period activity 
levels being correlated with stimulus selectivity (Funahashi et al., 1989; Mikami, 
1995; Miyashita and Chang, 1988; Romo et al., 1999; Takeda and Funahashi, 
2002; Woloszyn and Sheinberg, 2009). However, evidence for such correlations is 
not overwhelmingly strong. Significantly elevated persistent delay activity is 
generally present in only a small fraction of the recorded neurons (Eskandar et al., 
1992b; Miller et al., 1993b, 1996; Mikami, 1995) and even if the researchers report 
a reasonable number of neurons with stimulus selective delay activity, the 
employed metric of stimulus-selectivity is usually highly simplified. The 
comparisons, for instance, were focused on preferred and least-preferred stimuli, 
or a small number of stimuli covering a very limited range of the feature-space 
under tuning (Ferrera et al., 1994; Funahashi et al., 1989; Sereno and Amador, 
2006; Takeda and Funahashi, 2002). Still, one of these investigations (Sawaguchi 
and Yamane, 1999) concluded that prefrontal cortex (PFC) neurons that exhibit 
positional delay-period activity without preparatory (oculo)motor signals have very 
weak discriminative power to tell apart one cue location from others. 
 
An alternative interpretation of the functional relevance of delay-period activity is 
that it reflects more abstract processes like spatial attention (Lebedev et al., 2004), 
decisions (Shadlen and Newsome, 2001), test stimulus expectancy (Bendiksby 
and Platt, 2006; Fuster and Alexander, 1971) or response-action preparation 
(Andersen et al., 1987; Takeda and Funahashi, 2002). Moreover, work by Sugase-
Miyamoto and colleagues (2008) showed that working memory might not depend 
on delay-period activity but instead on a rapid, short-term synaptic plasticity. 
Conceptually, the sample stimulus is stored by the population of neurons that 
displayed a sensory response in their synaptic weights rapidly adjusted to match 
the strength of the visual input (Eskandar et al., 1992a; Sugase-Miyamoto et al., 
2008). Subsequently, the test stimulus evoked activity would be multiplied by these 
synaptic weights thereby yielding a measure of correlation between the sample 
and the test inputs. Such matched filter mechanism would allow considerable 
contributions of higher-level sensory cortex to working memory tasks even though 
significant persistent delay-period activity is rarely encountered in these cortical 
areas (Pasternak and Greenlee, 2005).  
 
In the current study we determined stimulus selectivity of the delay-period activity 
in the macaque parietal area 7a cells and directly related this to the neuron’s 
sensitivity to discriminate the ‘match’ from the ‘non-match’ test stimulus activity. We 
presented a set of dots at a range of predefined retinotopic locations and 
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determined the neuron’s stimulus condition sensitivity in the sample, delay and test 
periods using the receiver operating characteristic (ROC) analysis. For the test 
phase we also established the neuron’s capacity to discriminate the ‘match’ from 
the ‘non-match activity. A high correlation between the stimulus location selectivity 
in the delay period and the ‘match’ versus ‘non-match’ discrimination would imply 
an important contribution of stimulus selective response persistence across the 
delay period in performing a match-to-sample task. 
 
In addition, we explicitly tested the recent suggestion that some neurons involved 
in a working memory task may implement a matched filter mechanism (Sugase-
Miyamoto et al., 2008) by utilizing the ubiquitous noise in the neuronal activity. The 
presence of noise is reflected in a neuron’s response to the same stimulus being 
slightly different on individual trials, fluctuating around the mean activity calculated 
from the set of these trials. According to the matched filter mechanism proposed by 
Sugase-Miyamoto and co-workers (2008), synaptic weights established by the 
strength of the sample inputs subsequently multiply the test input responses. 
Consequently, the deviations of the sample and test responses from their means 
should be correlated within a trial, especially for the ‘match’ conditions. We tested 
this prediction by correlating the response fluctuations from the mean for the 
sample and the test phases separately for the ‘match’ and ‘non-match’ trials. 
For this study we chose area 7a of the posterior parietal cortex (PPC) for its well-
established delay-period activity that is independent of motor preparation 
(Constantinidis, and Steinmetz, 1996; Constantinidis et al., 2001; Wager and 
Smith, 2003). In addition, this cortical area demonstrates clear visual sensory 
responses (Mountcastle et al., 1981; Constantinidis and Steinmetz, 2001), 
potentially interfacing the processing of low-level stimulus attributes with higher 
cognitive mechanisms. We trained a monkey to respond by hand raising in a 
spatial match-to-sample task, which further limited the potential influence of 
spatially directed oculo(motor) action preparation activity.  
 
2.2 Methods 
 
2.2.1 Subjects and surgery  
 
One male rhesus monkey (Macaca mulatta) was trained to perform a spatial delay-
match-to-sample task after a surgical procedure during which a recording chamber 
and a head post were implanted. The recording cylinder was placed over a right-
hemisphere craniotomy centred at coordinates posterior 0.0 mm, lateral 11.0 mm 
relative to the intra-aural line. The animal housing, handling, recording and surgical 
procedures were approved by the Animal Use Committee (DEC) of Utrecht 
University and conformed to the international guidelines for the animal use in 
research. 
 
2.2.2 Electrophysiological recordings  
 
The recording methods are more comprehensively described elsewhere (Oleksiak 
et al., in prep.), but a brief account will be repeated here. Single unit activity was 
recorded with tungsten microelectrodes (0.1 – 1.0 MΩ, FHC) manipulated by a 
hydraulic micropositioner (David Kopf Instruments). Action potentials from single 
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neurons were isolated using a window discriminator (BAK Electronics Inc., USA) 
and registered at a sampling rate of 2 kHz for on-line analysis and data storage.  
 
The only selection criterion to include neurons was that they exhibited a significant 
visual response to single white dots presented in the neuron’s receptive field. The 
presence or absence of persistent delay activity was later determined offline. 
Because the animal is still participating in other experiments, we do not have 
histological confirmation of the putative brain region from which the measurements 
were taken. However, the carefully mapped position of sulci within the area that 
could be reached from the recording chamber and the depth at which the 
measurements were taken provide sufficient confidence that we recorded from 
neurons in area 7a (for more information see Oleksiak et al., in prep.).  
 
2.2.3 Gaze position and hands position monitoring  
 
Eye movements were recorded and analyzed online with a video-based eye 
tracker (Eyelink II, SR Research) at a sampling rate of 250 Hz, in pupil-only mode. 
During a single trial the monkey had to keep gaze within a 2.3 deg – wide virtual 
window centred on the fixation-cross in the middle of the display. At the same time 
the monkey’s hand positions were monitored by two fibre TBV photocells (OMRON 
E32-DC500) attached 16 mm above a Plexiglas bar inside the primate chair. The 
fibres were connected to a photoelectric switch (OMRON E3X-NH) to amplify and 
digitalize the analogue signal.  
 
2.2.4 Visual stimuli  
 
The stimuli were generated on a Mac OS 9 computer using custom made software 
and presented on a Sony Graphic Color Display (model GDM-500PST). The 
monitor’s resolution was set to 1024 by 768 pixels at 100 Hz refresh rate. The 
display was placed 68 cm away from the monkey’s eyes in a darkened room. The 
stimuli consisted of white dots that subtended 0.19 x 0.19 deg of visual angle and 
were flashed either individually or in pairs at different locations on a dark grey 
background (Figure 2.1A). We used these two main conditions, one and two-dot 
stimuli, to assess a neuron’s general sensitivity to different stimulus conditions and 
not only the classical tuning measured with a single stimulus. In the single-stimulus 
trials a dot was presented at one out of eight positions separated by 10 deg of arc 
with a radius of 8.9 deg of visual angle (Figure 2.1A left panel). The stimulus 
locations relative to each other were kept the same across all recording sessions 
and when necessary the whole stimulus field was shifted around the perimeter to 
cover the neuron’s receptive field (RF). In the two-locations condition, a pair of 
simultaneously appearing dots had to be memorized. The positions of these dots 
were pseudo-randomly chosen from the eight locations used for the single item 
trials. Due to the time limits, we probed only ten combinations of pairs of locations 
(Figure 2.1A right panel). These ten pairs yielded in total four different spatial 
intervals between the two dots (10, 30, 50 and 70 deg of arc).  
 
 
 
 



Chapter 2 

 41 

2.2.5 Receptive field localization  
 
The selection of neurons was based on responses during a single location match-
to-sample task that differed from the main experiment in that the stimulus dot was 
presented at any location (spaced every 30 deg of arc) on a perimeter of a virtual 
circle. We recorded a well-isolated single unit when it displayed a clear visual “on” 
response to a single dot flashed in its RF. Due to time constraints we were not able 
to thoroughly explore the neurons RF structure. Receptive fields were roughly 
estimated from the recorded responses and we placed the stimuli accordingly. The 
pattern of eight adjacent locations was always centred on one of the four main 
axes (cardinal and oblique) and was always at the same eccentricity. 
 
2.2.6 Spatial delayed match-to-sample task  
 
During each session the animal had to memorize the position(s) of one or two 
sample dots and after a variable delay compare it with the location(s) of the test 
dots. The ‘match’ and ‘non-match’ responses were given by raising the right or the 
left hand respectively while the other hand remained in the resting position. The 
main events within a single trial are depicted in Figure 2.1B. During the whole trial 
the monkey’s gaze had to remain fixed on a central cross and both hands had to 
rest on the plank (until the response time). If these conditions were not fulfilled the 
trial was aborted and the colour of the fixation-cross changed to red. After the 
fixation-only period (0.4 s), one or two sample dots appeared for 0.5 s followed by 
a variable delay period (0.7 – 1.0 s) after which the test dot(s) was (were) 
presented and stayed on the display until either a response was given or 2.5 s 
passed. The one- and two-location trials were randomly interleaved in each 
session. A single sample dot was always followed by a single test dot and similarly 
every pair of sample dots was coupled with two dots in the test phase. In the two-
dot trials the sample and the test locations of both dots had to be the same to 
classify as ‘match’. During the last stage of a trial (inter-trial interval of 0.9 – 1.2 s) 
the monkey received a liquid reward if its response was correct.  
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Figure 2.1: Stimulus field and task design. (A) Stimulus field within the neuron’s receptive 
field (RF – grey dashed circle in the left panel). Eight adjacent locations were tested with a 
single white dot. Based on these 8 locations an additional 10 combinations of dot pairs were 
presented (right panel – lines indicate these pairs). (B) Subsequent events of a single trial 
with two (upper) or one (lower) locations stimulated.  
 
 
 
2.2.7 Data analysis 
 
Firing rates 
The behavioural and neural data were analyzed using custom-written routines in 
Matlab software (Mathworks). The baseline activity on every trial was estimated 
from the instantaneous firing rate measured during 200 ms of the fixation period 
prior to sample onset. Unless stated otherwise, we subtracted the spontaneous 
activity from the measured firing rates. We established each neuron’s sensitivity to 
the eight sample locations and the pairs of dots based on their mean firing rate 
measured during the first 200 ms of the sample dot presentation. We determined 
the late delay activity for a single location and for pairs of locations by calculating 
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the average firing rate in the last 200 ms of the blank period between sample offset 
and test onset. Analogously, we calculated the stimulus condition mean firing rate 
for the initial 200 ms of the test response and when indicated also for the test 
period between 200 and 400 ms from the stimulus onset. 
 
Discriminability  
To quantify a neuron’s sensitivity we used a receiver-operating characteristic 
(ROC) analysis that was originally proposed in the context of signal detection 
theory (Green and Swets, 1966) and implemented in a Matlab routine by Cardillo 
(2008). To determine the ROC-value and the area under the curve (AUC) we used 
the distributions of spike rates across trials for each experimental condition. The 
condition with a higher mean activity was classified as a real positive and the 
discharge rates from the less optimal condition as false positives. The resulting 
AUC yielded a measure of a neuron’s selectivity or discrimination performance of 
an ideal observer based on the response distributions in the two stimulus 
conditions. A value of 0.5 represents chance level performance while the maximum 
value of 1 denotes perfect classification of the compared conditions.  
 
Noise measures 
To establish whether the responses at different trial phases are mechanistically 
related as is suggested by the matched filter theory (Sugase-Miyamoto et al., 
2008), we analyzed noisy response fluctuations within single trials. We calculated 
separately for the ‘match’ and the ‘non-match’ trials mean firing rates for each 
stimulus condition for the baseline-fixation (200 ms before the sample onset), the 
sample (first 200 ms), the delay (last 200 ms before the test onset) and the test 
(first 200 ms) phases. These means were subsequently subtracted from the actual 
response of an individual trial. These signed response fluctuations served us as an 
indication of noise in a neuron’s activity. If a working memory trace is stored via 
rapid, short-term plasticity (Sugase-Miyamoto et al., 2008), correlations between 
the response fluctuations in the sample and test phases should be stronger for the 
‘match’ trials than the ‘non-match’ trials. For the comparison sake, we performed a 
similar noise correlation analyses for the baseline activity before the sample onset 
versus the first 200 ms of the sample activity and for the delay versus test phases. 
 
Fano factor 
Because stimulus presentation and neural state can affect both mean response 
rate and its variance (Briggman et al., 2005; Churchland et al., 2010), we also 
quantified the response rate variability by using the ‘mean-matched’ Fano factor 
(Churchland et al., 2010). We computed the ratio of spike-count variance and 
spike-count mean in a sliding window of 100 ms shifted in 10 ms steps over the 
duration of a trial. The applied ‘mean-matching’ procedure additionally calculates 
distributions of mean counts and takes the greatest common distribution 
(Churchland et al., 2010). At each time, data points are randomly excluded until the 
actual distribution matches the common distribution. The remaining points 
contribute to the ‘mean-matched’ Fano factor.  
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2.3 Results 
 
2.3.1 Neural population characteristics 
 
We recorded activity of 114 visually responsive cells from posterior parietal area 7a 
while the monkey performed a spatial delayed match-to-sample task (Figure 2.1B). 
We classified 78 cells (68 %) as ‘delay-active’ since their persistent activity during 
the late phase of the delay-period, 200 ms before test onset was significantly 
higher than baseline activity (200 ms of the fixation phase) for its ‘best delay 
location’ (one-sided paired-sample t-test, p < 0.025). From this group, 47 cells also 
showed a significant response modulation by the location of the sample stimulus 
within the tested RF surface during the first 200 ms of the sample presentation 
(one-way ANOVA with 8 levels representing single locations, p < 0.05). Most of the 
analyses were conducted on the 78 delay-active neurons, but for more general or 
more specific analyses we report results based on either the whole population of 
114 neurons or the 47 spatially tuned delay-active cells. 
 
2.3.2 Behavioural task performance  
 
We analysed the monkey’s behaviour by addressing the question of how well the 
‘match’ and ‘non-match’ trials could be discriminated depending on the spatial 
interval differences of the sample vs. test location(s). Because we used slightly 
different ‘non-match’ location displacement for the one- and two-dot trials, we 
analysed the behavioural responses separately for these two conditions. The 
fraction correct responses and average response times are plotted in Figure 2.2A 
and 2.2B, respectively. The condition marked with the value zero on the abscissa 
represents ‘match’ trials whereas the remaining conditions indicate performance for 
‘non-match’ trials with an increasing difference in degrees of arc between the 
sample and test locations(s). From Figure 2.2A it is clear that the monkey 
displayed a ‘proximity’ effect in that the smaller the shift of the test location(s) 
relative to the sample, the more often the animal reported false ‘matches’ (Figure 
2.2A). One-way ANOVA’s run across the 114 sessions for the sample-test 
differences confirmed this notion for one and two locations, and for fraction correct 
and response times. We also investigated the response times for incorrect trials 
focusing on conditions with a large number of errors, that is the ‘match’ and the 
most similar ‘non-match’ cases. The false positives were reported faster and 
misses slower than correct responses to ‘non-matched’ and ‘matched’ stimuli, 
respectively. The direct comparisons made it clear that the monkey responded with 
a similar speed when it decided it was a ‘match’, irrespective of correctness. The 
same held for the ‘non-match’ decisions, no matter whether it was wrong or correct. 
The ‘match’ reports were significantly faster than the ‘proximal non-match’ 
answers.  
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Figure 2.2: Performance for one- (black lines) and two-dot (grey lines) trials. (A) Fraction of 
correct responses. (B) Mean response times. The abscissa represents the difference in 
degrees of arc between the sample and the test location(s), thus the value zero corresponds 
to the ‘match’ trials. From these graphs it is apparent that the larger the difference between 
the sample and the test location(s), the easier it is for the monkey to detect that difference. 
 
 
 
2.3.3 Time course of neural activity 
 
The population response (Figure 2.3) of 114 neurons during task showed a clear 
transient response to the sample and the test stimuli with the delay-period activity 
ramping up before test stimulus onset (right side of Figure 2.3 is aligned to the test 
onset). We split the data into correct ‘match’ (solid black line in Figure 2.3) and 
‘non-match’ (solid red line in Figure 2.3) trials. In addition we present activity for the 
false positive trials, where the monkey was shown a ‘non-matching’ test but 
incorrectly reported it as a ‘match’ (dashed black line in Figure 2.3). The misses 
were relatively infrequent and therefore not shown. During the test phase (Figure 
2.3, right side) the dynamics of neural population activity are different for the 
correct ‘matches’ and ‘non-matches’. In the initial brief phase of the test 
presentation the response is higher for the ‘match’ trials (solid black line) than for 
the ‘non-match trials’ (solid grey line) (see inset Figure 2.3). This very brief ‘match 
enhancement’ is followed by a ‘match suppression’ reflected in a lower activity for 
the ‘match’ relative to the ‘non-match’ condition. At yet a later time point a reversal 
can be discerned in that the ’match’ response again becomes higher than the ‘non-
match’. The notable response oscillations (see inset of Figure 2.3) are investigated 
in detail in Oleksiak et al. (in prep.). Interestingly, the activity in the false positive 
trials closely followed the activity profile of correct ‘match’ trials with suppression 
succeeded by an enhancement relative to the ‘non-match’ condition.  
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Figure 2.3: Population peri-stimulus time histogram for the correct ‘match’ and the ‘non-
match’ responses. The activity is averaged across 114 neurons separately for the correct 
‘match’ (solid black line), the correct ‘non-match’ (solid grey line) and false positives (dashed 
black line). Because the delay period varied between 0.7 and 1.0 s for individual trials the 
responses were aligned to the sample onset (sample stimulus presentation indicated by the 
heavy black bar on the left side of the abscissa) and separately to the test onset (the test 
stimulus presentation until the manual response, here truncated, is indicated by the heavy 
black bar on the right side of the abscissa). In the test phase a difference in the time course 
of the correct ‘match’ and the ‘non-match’ responses is apparent, see the inset that zooms 
into the initial phase of the test response. For these plots the raw firing rates were smoothed 
by the convolution with a Gaussian kernel (σ = 12 ms). 
 
 
 
2.3.4 Sample and delay stimulus selectivity correlation 
 
We wanted to establish whether the delay activity in the area 7a reflects an active 
memory of a recently viewed stimulus, which predicts that the sample location 
response modulation is maintained in the persistent delay-period activity. To 
answer this question we first looked at the correspondence between the neurons’ 
spatial sensitivity in the sample and the delay phases. Since parietal cortical 
neurons are thought to more closely reflect the sensory attributes of stimuli than 
PFC neurons (Batuev et al., 1985; Chafee and Goldman-Rakic, 1998), we 
expected the correlation of the sample and delay responses to be robust.  
 
Figures 2.4A and B illustrate example cells with average responses to a single dot 
at 8 isoeccentric locations (a classical tuning curve) and to a pair of dots displayed 
at 10 different combinations of 2 locations. The responses to these 18 stimulus 
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conditions were assessed for the sample (solid grey line in Figure 2.4), the delay 
responses (solid black line in Figures 2.4) and the test (dashed grey line in Figure 
2.4) (see Methods). Beside the generally lower activity level in the delay phase it is 
apparent that the cell in Figure 2.4A shows similar response modulation by 
stimulus condition for all three trial phases. In contrast, the neuron from Figure 
2.4B shows a similar dependence on stimulus condition for the sample and the test 
presentations, while the delay responses are quite differently modulated. 
 
 We used further these time-averaged (initial 200 ms of the visual response) mean 
firing rates to calculate the correlation between sample and delay phase activity. 
We found that 55 % (n = 78) of the delay-active cells had a significant correlation 
between sample and delay responses (black bars in Figure 2.4C, p < 0.05). For 
comparison we show that 66 out of these 78 neurons (85 %) have a significant 
correlation of the sample and the test responses (grey bars in Figure 2.4C, p < 
0.05). The median correlation coefficients for these comparisons (for positive 
values), sample vs. delay and sample vs. test, are 0.526 and 0.707, respectively, 
which is statistically different (Wilcoxon signed rank test, p < 0.001, z-value = 5.50). 
If we compare these correlations within single neurons, it becomes clear that most 
neurons show either a significant correlation between their sample activity and the 
responses in both the delay and test phases (51 %, grey circles with black contours 
in Figure 2.4D) or with responses in the test phase only (33 %, dark grey circles 
with light grey contours in Figure 2.4D).  
 
Even if we consider only sharply tuned cells, i.e., a subset of 47 delay-active 
neurons with significant sample location modulation (Mikami, 1995; Woloszyn and 
Sheinberg, 2009), we observe a similar difference between the sample vs. delay 
and the sample vs. test correlations (medians for positive coefficients: R = 0.603 
and R = 0.8584, respectively; Wilcoxon signed rank test, p < 0.001, z-value = 
5.24). 
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Figure 2.4: Correlations of sample responses with delay and test activity. (A) and (B) show 
the mean sample (grey lines with circles), delay (black lines with squares) and test (grey 
dashed lines with asterisks) responses for two example cells in 18 stimulus conditions. The 
pair responses do not represent any systematic feature and the connecting lines are used 
exclusively to guide visual inspection. Error bars represent SEM across trials. (C) 
Distribution of correlation coefficients for the neurons with significant persistent delay activity 
(n = 78). Black bars display the correlation between mean sample and delay responses. 
Grey bars represent R-values for the correlation between the sample and test responses. 
Numbers with asterisks indicate the number of cells with a significant (p < 0.05) correlation. 
(D) Correlation coefficients within individual neurons for the same comparisons as in C. Grey 
circles with black contours: neurons with significant correlations between the sample and 
both the delay and the test phases (SvD* & SvT*). Dark grey circles with light grey contours: 
cells with a significant correlation only between the sample and the test responses (SvD- & 
SvT*). Empty circles with grey contours: cells with no significant correlation (SvD- & SvT-). 
Solid black circles: cells with a significant correlation only between the sample and delay 
responses (SvD* & SvT-). The black arrows indicate the example neurons from A and B.  
 
 
 
2.3.5 Stimulus discrimination across trial phases 
 
The previous analysis revealed that 55 % of delay-active 7a neurons has a 
significant correlation of stimulus selectivity between the sample and the delay 
phases. Since the average response during the delay phase is on average lower, it 
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is interesting to know whether discriminability between different stimuli based on 
these responses is also lower. To test the discriminative potential of neurons during 
the different phases we calculated a ROC for each neuron and derived the area 
under the ROC curve (AUC). We concentrated on the single location/pair 
conditions that differed by the same spatial interval as the sample-test ‘non-match’ 
displacements used in the behavioural task (cf. Figure 2.2A). Given that the 
population peri-stimulus time histogram shows a clear ‘match’ stimulus modulation 
(Figure 2.3), we also determined AUC-values for ‘match’ versus ‘non-match’ 
responses. To account for the complex dynamics of the test responses (cf. Figure 
2.3) we performed this analysis for the early (initial 200 ms) and later (from 200 to 
400 ms) phases of the test period separately. We were particularly interested in 
comparing each neuron’s capacity to discriminate stimulus conditions with its ability 
to differentiate ‘match’ from ‘non-match’ conditions (for correctly performed trials). 
Such a comparison allowed us to assess the (theoretical) relative contributions of 
the sample selective delay-period activity to the ‘match’ versus ‘non-match’ trials 
dissociation in the current working memory task. For ‘match’ vs. ‘non-match’ 
comparisons there were too few trials to perform the ROC analysis for each 
stimulus condition separately forcing us to use the correct ‘match’ and ‘non-match’ 
response distributions from all stimulus conditions pooled together, thereby 
inherently underestimating the discrimination performance. In order to be fair in 
comparing the neurons’ ‘match’ classification with its stimulus condition sensitivity 
we calculated the AUC-values for the stimulus condition classification in a similar 
way. 
 
The results of the discrimination analyses are plotted in Figure 2.5, separately for 
one- and two-dot trials (A and B, respectively). In general, the response 
distributions to different stimulus conditions were better classified for the one-dot 
than for the two-dot conditions (Figure 2.5A). The sample, delay and test phases 
had median AUC-values of 0.606, 0.571 and 0.617 across 78 delay-active single 
units. The respective numbers of cells for which these values were significantly 
different from 0.5, as determined with Mann-Whitney U test (p < 0.05), were 62, 47 
and 56 (for a similar method see Woloszyn and Sheinberg, 2009). The ‘match’ and 
‘non-match’ firing rate distributions were reliably classified in 22 and 44 neurons for 
the early and the late test phases respectively (Mann-Whitney U test p < 0.05; 
median AUC -values correspondingly 0.546 and 0.606). Stimulus discrimination in 
the delay-period was significantly lower than during the sample and the test phases 
(Wilcoxon signed rank tests, p < 0.0001, z-value = 4.97 and p < 0.0001, z-value = 
4.84, respectively). The ‘match’ discrimination of the early and the late-test 
responses were in that order, similar and better than the delay response stimulus 
condition sensitivity (Wilcoxon signed rank tests, p = 0.078, z-value = 1.76 and p < 
0.01, z-value = 3.20, respectively). The two-dot conditions were more difficult to 
discriminate in all three trial phases, but, interestingly, the ‘match’ vs. ‘non-match’ 
discriminative power was not diminished (Figure 2.5B, corresponding medians from 
left to right: 0.544, 0.533, 0.551, 0.558 and 0.602). Both early and late test phases 
had median AUC-values for distinguishing the two-dot ‘match’ trials from ‘non-
matches’ that were significantly higher than discrimination of stimulus conditions for 
the delay-period (Wilcoxon signed rank tests, p < 0.01, z-value = 3.19 and p < 
0.0001, z-value = 5.78, respectively). Importantly, the robustness of ‘match’ vs. 
‘non-match’ discrimination of the early and the later phases of the test activity did 
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not correlate with the neuron’s potential to classify stimulus conditions based on 
the initial test response (one dot early R = -0.058, p > 0.6 and late R = -0.021, p > 
0.8; two dots early R = -0.040, p > 0.7 and late R = 0.126, p > 0.2). A similar lack of 
correlation of the AUC-values was found for the delay stimulus condition sensitivity 
and the ‘match’ discrimination (one dot early R = -0.024, p > 0.8 and late R = -
0.007, p > 0.9; two dots early R = -0.125, p > 0.2 and late R = 0.019, p > 0.8). 
 
 
 

 
 
Figure 2.5: Median AUC-values for different trial phases and comparisons (n = 78). (A) 
Results for one-dot trials for the sample (S), the delay (D) and the test (T) period responses 
(black bars). The discriminability of the ‘match’ and ‘non-match’ trials was computed for the 
early (same as for T, initial 200 ms, Te) and the later (from 200 to 400 ms, Tl) test phases. 
(B) Results for the two-dot trials calculated in an analogous way as for one-dot conditions. 
 
 
 
To summarize, the neurons’ stimulus condition discrimination capacity of the 
sample, delay and test activity is worse for the two-dot conditions, whereas it is not 
the case for the ‘match’ vs. ‘non-match’ trials discrimination. Moreover, the 
neuron’s ability to differentiate stimulus conditions based on the delay and test 
firing rate distributions did not correlate with its potential to tell apart the  ‘match 
from ‘non-match’ trials. 
 
2.3.6 Within-trial noise correlations 
 
Figure 2.6 compares the ‘match’ and the ‘non-match’ conditions with respect to the 
within trial response fluctuation correlations across different phases. Correlations 
between sample and test response fluctuations were significant for 57 (73 %) and 
49 (62 %) neurons for ‘match’ and ‘non-match’ trials respectively. On average the 
correlation coefficients for all 78 neurons were higher for ‘match’ than for ‘non-
match’ responses (Wilcoxon signed rank test, p < 0.01, z-value = 2.87; medians 
0.30 vs. 0.26; Figure 2.6A). Interestingly, even more neurons showed correlated 
response fluctuation between the delay and the test responses that were stronger 
for ‘match’ trials than for ‘non-match’ ones (68 vs. 59 cells with significant 
correlations and with median correlation coefficients of 0.31 and 0.27, respectively, 
across all 78 neurons; Wilcoxon signed rank test, p < 0.0001, z-value = 3.36; 
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Figure 2.6B). Contrary to this, we do not find a significant difference between the 
‘match’ and the ‘non-match’ trials for the noise correlations between the baseline-
fixation and the sample phases (Wilcoxon signed rank test, p > 0.4, z-value = 0.70, 
not shown). The median correlation coefficient values for the ‘matches’ and the 
‘non-matches’ are 0.25 and 0.23, respectively, yielding an indication of an average 
response noise correlation for adjacent time intervals. Further we determined the 
degree to which the correlation between the delay and the test response 
fluctuations reflects the specific matched filter role of the delay-period activity 
compared to the effect of the time adjacency of the phases. We tested these two 
options by contrasting the correlations of response fluctuations between the 
‘match’ test and delay and between the ‘match’ sample and baseline phases 
(Figure 2.6C). A Wilcoxon signed rank test demonstrated that the noise correlation 
of the ‘match’ delay and test responses was significantly stronger than the 
analogous correlation for the ‘match’ sample and baseline phases (p < 0.01, z-
value = 3.03; Figure 2.6C). In contrast, ‘non-match’ trials yielded no such difference 
of the noise correlations (Wilcoxon signed rank test, p > 0.4, z-value = 0.72; not 
shown). 
 
 
 

 
 
Figure 2.6: Noise correlations across different trial phases for 78 delay-active neurons. 
Upper panels show the difference of distributions of the correlation coefficients for the 
indicated below conditions. (A) Correlation coefficients of within trial sample (S) and test (T) 
response fluctuations for ‘match’ and ‘non-match’ trials (numbers with asterisks indicate the 
number of cells with significant correlations, p < 0.05).  (B) Analogous to A for the test (T) 
and the delay (D) response fluctuations. (C) Comparison of noise correlations between the 
sample (S) and the baseline (B) activity and the test (T) and the delay (D) responses for the 
‘match’ trials. 
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2.3.7 Fano factor and ‘match’ modulation 
 
We calculated mean-matched Fano factors (see Methods) as a function of time 
(from 700 ms before test onset to 600 ms after test onset) for the ‘match’ and ‘non-
match’ trials separately (Figure 2.7). From initial inspection of Figure 2.7 two 
interesting observations arise. First, the Fano factor consistently drops while time 
elapses in the delay phase. Such a progressive drop in variability during the delay-
period of a working memory task has never been reported before and may provide 
important insights into the working memory mechanism. Secondly, the substantial 
drop of Fano factor usually observed for stimulus onset (Churchland et al., 2010) 
shows a clear difference between the ‘match’ (black line in Figure 2.7) and ‘non-
match’ (grey line in Figure 2.7) conditions. The responses to the ‘matching’ test 
have lower rate variability translating into a more stereotyped response than for the 
‘non-matching’ stimulus.  
 
 
 

 
 
Figure 2.7: Time course of mean-matched Fano factor. The delay duration varied across 
trials between 700 ms and 1000 ms but the plot shows data aligned to the test onset at time 
point zero with the behavioural response terminating the trial (black bar along the time axis). 
The black heavy line represents the ‘match’ trials Fano factor, while the grey one, ‘non-
match’ trials. The flanking thin lines indicate 95 % CI. 
 
 
 
2.4 Discussion 
 
We explored the functional significance of persistent delay-period activity in area 
7a neurons during a mach-to-sample task. We stimulated distinct single and pairs 
of locations within neuron’s receptive field at a high spatial resolution (8 single 
locations spaced every 10 deg of arc and 10 combinations of pairs of these 
locations). In this way we examined how accurately spatial retinotopic information 
is encoded during the delay period and whether this correlated with selectivity for 
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the sample stimulus. We also explored whether the recorded neurons played a role 
as matched filter, in which case delay-period activity would reflect some 
mechanism of working memory other than the active maintenance of stimulus-
selective sample responses. 
 
The sample and delay responses measured with 18 stimulus conditions showed a 
significant correlation in 55 % of delay-active neurons, which we consider to be 
relatively low. Furthermore, our results indicate that stimulus selectivity decreases 
when the sample stimulus is removed from view. This notion was confirmed by 
ROC analyses showing significantly worse stimulus condition discrimination 
capacity for the delay-period compared to the sample phase. While this does not 
preclude the possibility that a relatively small number of neurons with sufficient 
discriminative power during their delay-period activity contribute substantially to the 
working memory task, it does promote speculation about alternative encoding 
strategies. Irrespective of the observed drop of AUC-values for the delay-period 
responses, our findings suggest that parietal neurons' delay activity is more tuned 
to the preceding stimulus features than that of PFC cells (Sawaguchi and Yamane, 
1999). Using 4 locations in the corners of the video-monitor Sawaguchi and 
Yamane (1999) found only a small fraction of neurons that could theoretically 
discriminate the best position from more than one other (non-preferred) location. 
These results are most likely due to inherent functional differences between the 
brain regions, with the posterior parietal cortex more accurately representing 
previous sensory events (Chafee and Goldman-Rakic, 1998, 2000; Curtis, 2006; 
Curtis et al., 2004; Quintana and Fuster, 1999; Shafi et al., 2007).  
 
The ROC analyses revealed yet other important issues with respect to the possible 
role of the stimulus selective delay-period activity. For example, the median AUC-
values for discrimination of stimulus conditions was significantly lower for two- than 
for one-dot trials. Contrary to that, the one- and the two-dot conditions AUC-values 
were similar for analyses contrasting 'match' and 'non-match' activity. What is more 
important, these two discriminability values, stimulus condition and 'match' versus 
'non-match' sensitivity did not correlate within single neurons. If the a cell shows a 
high stimulus condition selectivity in the delay-period, it seems logical to expect this 
neuron to be better in discriminating a 'matching' from the 'non-matching' stimulus. 
Apparently, the stimulus selective delay-period activity in area 7a neurons we 
recorded does not directly contribute to the match-to-sample task.  
 
Could some of the 7a neurons be involved in the spatial working memory in any 
other way, for instance by implementing a matched filter mechanism (Sugase-
Miyamoto et al., 2008)? We tested this notion by looking at the within-trial response 
fluctuations of the sample and the test phases. The presence of the matched filter 
mechanism predicts a stronger noise correlation between the sample and the test 
responses for the 'match' than the 'non-match' trials. This is precisely what we 
found in many of our area 7a neurons. Interestingly, there is even a stronger 
correlation between fluctuations in the delay-period activity and ‘match’ test 
responses suggesting an ongoing plastic mechanism to take place during the 
delay-period. We excluded the effect of temporal adjacency of the delay and the 
test phases by comparing it with the correlation of response fluctuations between 
the baseline-fixation and the sample. The fact that the delay and the 'matching' test 
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response fluctuations correlate to a greater degree than the response noise 
between the baseline and the sample confirms that the delay-period activity 
represents a short-term memory process. The results of the response variability 
analysis seem to support this idea with a Fano factor that progressively decreases 
during the delay period. One interpretation of these results is that the drop in 
variability reflects a plastic network mechanism through which the signal-to-noise 
ratio can be adequately increased. We might even speculate that the stimulus 
selective delay-period activity does not represent the active maintenance of the 
sample stimulus response but reflects the properties of a matched filter. In 
particular, the strength of the neuron's response to the sample depends on the 
neuron's tuning properties and this will accordingly set the synaptic weights of the 
filter. Because during the delay period noise would bombard the cell serving as a 
matched filter, the response of this cell to the noise will be multiplied by the 
synaptic weights adjusted during the sample response. It is easy then to imagine 
that the reminiscence of a neuron's tuning curve can be found in the delay-activity. 
However, this stimulus sensitivity of the persistent activity is conceptually different 
from the notion that an active process that remembers a recent stimulus. 
Furthermore, while it is well established that stimulus presentation causes a drop in 
response variability of ongoing activity (Churchland et al., 2010), the fact that 
‘match’ test stimuli caused greater drops in Fano factor than ‘non-match’ stimuli 
suggests structural changes in the underlying neuronal computations.  
 
The temporal dynamics of neuronal responses offer an additional clue to a possible 
role of some of the sampled neurons as ‘match’ detectors. Similarly to what was 
found in IT neurons (Woloszyn and Sheinberg, 2009) we observed that the 
recorded 7a cells as a population exhibited an initial brief ‘match enhancement’ 
followed by subsequent ‘match suppression’. The first peak of visual response is 
higher not only for the correctly reported 'matches' but also for the false positives 
when the monkey incorrectly reported a 'match'. It might be, therefore, that the 
animal detects this initially higher activity that would signal the same stimulus in the 
test phase. Relatedly, the matched filter mechanism predicts a higher response for 
the 'matching' stimuli, in which case the synaptic weights would maximally multiply 
the test input response.   
 
Together, our results support the notion that the population of 7a neurons is 
strongly modulated by a ‘match’ test presentation and that this selectivity is not 
only reflected in the mean firing rate but also in its variability. Activation of a group 
of neurons by a sample stimulus is likely to cause changes in the synaptic 
properties of these neurons that can subsequently be observed in the rate and 
variability of a response to the repeated presentation of this stimulus in the test 
period. At the same time, some of these neurons show a delay-period activity that 
is tuned for the preceding sample stimulus location. However, such stimulus 
selective delay activity did not correlate with the neurons capacity to discriminate 
‘match’ and ‘non-match’ test stimuli. The current findings bare great relevance for 
the development and refinement of persistent activity working memory models. 
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Abstract 
 
It is well established that foveating a behaviourally relevant part of the visual field 
improves localization performance as compared to the situation where the gaze is 
directed elsewhere. Reduced localization performance in the peripheral encoding 
conditions has been attributed to an eccentricity-dependent increase in positional 
uncertainty. It is not known, however, whether and how the foveal and peripheral 
encoding conditions can influence spatial interval estimation. In this study we 
compare observers’ estimates of a distance between two co-planar dots in the 
condition where they foveate the two sample dots and where they fixate a central 
dot while viewing the sample dots peripherally. Observers were required to 
reproduce, after a short delay, a distance between two sample dots based on a 
stationary reference dot and a movable mouse pointer. When both sample dots are 
foveated, we find that the distance estimation error is small but consistently 
increases with the dots-separation size. In comparison, distance judgment in 
peripheral encoding condition is significantly overestimated for smaller separations 
and becomes similar to the performance in foveal trials for distances from 10 to 16 
degrees. Although we find improved accuracy of distance estimation in the foveal 
condition, the fact that the difference is related to the reduction of the estimation 
bias present in the peripheral condition, challenges the simple account of reducing 
the eccentricity-dependent positional uncertainty. Contrary to this, we present 
evidence for an explanation in terms of neuronal populations activated by the two 
sample dots and their inhibitory interactions under different visual encoding 
conditions. We support our claims with simulations that take into account receptive 
fields size differences between the two encoding conditions. 
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3.1 Introduction 
 
Visual information about object locations in the nearby environment is acquired 
either by bringing these items onto the fovea with an eye movement or by encoding 
their presence by peripheral vision. While the foveal visual field most often samples 
information important for the current behaviour, peripheral vision allows us to locate 
other potentially interesting objects that could become the target of the next 
saccade. It has been shown that positional uncertainty, substantiated in a higher 
variability and error of localization performance, increases with eccentricity (Hess 
and Hayes, 1994; Mateeff and Gourevich, 1983; Poirier and Gurnsey, 2005; Toet 
et al., 1988; White et al., 1992). If one takes this fact into account, a straightforward 
prediction follows that encoding of an object position will be more accurate when 
an observer fixates that object than when his/her gaze is focused elsewhere in the 
visual field.  
 
While there is a plethora of research that tested the upper limit of relative spatial 
localization performance (Andrews and Miller, 1978; Westheimer, 1998; 
Westheimer and McKee, 1977; Yap et al., 1989), it is still unknown how object 
positions relative to one another at a larger scale are encoded (cf. Burbeck, 1987). 
This question is complicated by the fact that while fixating one item, the other 
necessarily is encoded peripherally. The two encoding conditions may result in 
different estimation biases. Furthermore, object positions are perceived closer to 
the fovea than in reality and this ‘foveal attraction’ effect can be exaggerated by a 
working memory component of the task (Kerzel, 2002; Sheth and Shimojo, 2001; 
Uddin et al., 2005). Yet another type of bias can be expected to emerge in distance 
estimation performance, a so-called repulsion effect observed e.g., in motion 
direction perception (Hiris and Blake, 1996; Marshak and Sekuler, 1979), 
orientation discrimination (Blakemore et al., 1970; Bouma and Andriessen, 1970; 
Carandini and Ringach, 1997; O'Toole B, Wenderoth, 1977), and stereoscopic 
depth perception (Mikaelian and Qian, 2000; Stevenson et al., 1991). This effect is 
instantiated in perceiving compared orientations or motion directions as been more 
distinct than they actually are. Importantly, the range of occurrence of this effect 
depends on the neurons tuning curve width, which directly translates into the size 
of the neurons’ receptive fields (RF). That is, the larger the RFs of the population of 
neurons influencing the percept, the greater the range of the feature values that 
would yield the repulsion effect. If spatial interval perception were influenced by the 
repulsion effect, one would anticipate differences in its size and range between 
peripheral vision that is dominated by the large RFs and the foveal vision that 
samples information through small RFs.  
 
Taking all these scenarios under consideration, foveal encoding of locations 
delimiting a spatial interval might differ from peripheral conditions in at least three 
measures of performance: general accuracy of estimates (absolute error), 
variability of responses (scatter of estimates) and estimation biases (signed errors). 
Here we assess these likely differences of estimates of a distance between the two 
visual encoding conditions: foveal and peripheral. The volunteers memorized and 
after a brief delay reproduced with a mouse pointer the distance separating two 
discrete dots in the frontoparallel plane (2D). By placing the movable cursor dot 
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relative to a stationary reference dot subjects could indicate the memorized spatial 
interval along the horizontal dimension.  
 
In agreement with previous reports (Andrews and Miller, 1978; Burbeck, 1987; 
Curtis et al., 2004; Hess and Hayes, 1994; Israël, 1992; Kerzel, 2002; Poirier and 
Gurnsey, 2005; Saint-Aubin et al., 2007; Sheth and Shimojo, 2001; Terao et al., 
2002; Tremblay et al., 2006; Uddin et al., 2005; Westheimer, 1998; Westheimer 
and McKee, 1977; Yap et al., 1989) we observed an improved accuracy of spatial 
judgments in the condition where the observers could foveate the sample dots.  
Importantly however, such effect was observed only for smaller distances and the 
improvement actually reflected a reduction in distance overestimation bias 
apparent in the peripheral condition. These aspects challenge the notion that 
foveal encoding decreased the eccentricity-related positional accuracy in 
comparison with peripheral encoding.  Contrary to that, we favour the ‘repulsion 
effect’ explanation that takes into account inherent differences between foveal and 
peripheral encoding of spatial information which correlate with differences in 
average receptive field sizes involved in visual encoding. We support this notion 
with model simulations that take into account the RFs sizes inherent to the two 
encoding conditions. 
 
3.2 Methods 
 
3.2.1 Participants and ethics 
 
Nine human observers with normal or corrected-to-normal vision took part in the 
experimental sessions but data from two persons were removed due to a low 
percentage (less than 50 %) of trials with good eye tracker signals and conforming 
to the instructions. One of the subjects was the author (AO), whereas the 
remaining persons were unaware of the exact hypothesis and predictions behind 
the study. They were, however, informed that the purpose of the study is to 
measure the accuracy of distance estimates in different visual conditions and that 
the eye movement recordings served as a check for the compliance with 
instructions. This explanation was followed by a demonstration of stimuli and 
instructions, after which the volunteers gave consent to participate in the 
experimental sessions for a monetary reward. The experiment was conducted in 
accordance with Utrecht University ethics and safety guidelines; however, we did 
not feel that ethics approval was necessary for this study.  
 
Each of the observers completed either eight or ten 10-minute sessions depending 
on their eye position data (frequency of blinks, significant head movements and 
number of trials where the instructions were confused). For two volunteers the 
gaze position recordings revealed a very high frequency of blinks or relatively large 
head movements and/or deviation from the instructions. Consequently, the 
percentage of trials where we could gather reliable eye position coordinates was 
below 50 % so we removed the data from these two volunteers from the analyses 
reported here. The pattern of results and conclusions, however, were not affected 
by exclusion of these two subjects. 
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3.2.2 Apparatus  
 
The experiment was written in Matlab (version R2007b), with the aid of the 
Psychophysics and Eyelink Toolbox extensions (Brainard, 1997; Cornelissen et al., 
2002; Pelli, 1997). Stimuli were presented on a 20-inch COMPAQ monitor with a 
resolution of 1024 x 768 pixels and a monitor refresh rate of 100 Hz. Participants 
were seated 65 cm from the monitor inside a darkened room with a bite-board in 
their mouth that prevented them from making any significant head movements.  
 
To get an indication of how well the subjects followed the instructions their gaze-
position was monitored with a video-based tracker (Eyelink® II version 2.02, SR 
Research, Mississauga, Ontario, Canada) in a pupil only mode at a sampling rate 
of 500 Hz and average accuracy of less than 0.5 deg. Though, viewing was 
binocular, only the left eye was tracked. The gaze position data was parsed online 
with a saccadic threshold of 22 deg per second, which allowed detection of 
saccades as small as 0.3 deg. Before each of the 10-minute sessions the 
apparatus was calibrated by having the observer fixating a single dot successively 
appearing at nine different positions on the monitor. In the course of each session 
the experimenter monitoring the eye tracker display performed manually drift 
correction using as a reference fixation period before sample onset. 
 
3.2.3 Stimuli 
 
Two black dots having a diameter of 0.1 deg of visual angle served as the target 
stimuli and were displayed against a light-grey background. A pair of such dots was 
presented 5 deg of visual angle above the horizontal midline of the monitor at eight 
possible horizontal separations (from 2 to 16 every 2 deg of visual angle) (Figure 
3.1). The horizontal position of a pair of sample dots was assigned on a trial basis 
by a randomly chosen, but predefined, shift to the left or to the right (from 2 to 3.5 
deg of visual angle, every 0.5 deg) with respect to the vertical midline. The dots 
were not centred on the display in order to preclude subjects from using the vertical 
midline as additional positional information.  
 
3.2.4 Procedure  
 
A single trial began with a 1000 ms presentation of instruction in the middle of the 
screen (Figure 3.1) that differentiated trials into two visual encoding conditions. If 
the word ‘fixate’ was displayed, the participants had to keep fixating at a 
subsequently presented central cross while the sample dots appeared 5 deg above 
on the monitor (Figure 3.1 upper panel). If the instruction read ‘saccade’, the 
subjects were required to move their eyes and foveate the sequentially appearing 
sample dots (Figure 3.1 lower panel). In ‘saccade’ trials a 200 ms blank gap was 
introduced in order to speed up a saccade toward the first presented dot (Dorris 
and Munoz, 1995; Kingstone and Klein, 1993a, 1993b; Paré and Munoz, 1996; 
Tam and Ono, 1994). The ‘fixation’ trials represented, therefore, registration of the 
stimuli by peripheral vision, whereas ‘saccade’ trials corresponded to stimulus 
encoding by foveal vision. The sample dots were presented sequentially in both 
encoding conditions with the first dot being displayed for 1000 ms, 500 ms 
individually and the last 500 ms simultaneously with the second dot. This 
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presentation schedule disambiguated for ‘saccade’ trials the decision of which dot 
to foveate first. The leftward and rightward dots were equally often, but randomly, 
assigned as the first sample dot. During the sample dot presentation the central 
cross was displayed only in the ‘fixate’ trials while for the ‘saccade’ trials it was 
absent so as to aid fast eye movements toward the sample dots. 
 
 
 

 
 
Figure 3.1: Consecutive stages of ‘fixate’ and ‘saccade’ trials. Horizontal separation 
between two sample dots had to be reproduced after a blank delay period. Distance 
estimation is based on a stationary reference dot and a movable mouse pointer that 
appeared on top of each other. The arrows with a depiction of an eye in the ‘saccade’ trial 
(lower panel) represent eye movements that brought the sample dots onto the fovea. The 
arrow in the distance estimation phase indicates a shift of the mouse pointer required to 
reproduce separation between the sample dots. 
 
 
 
Presentation of the sample dots was followed by a 1500 ms blank interval - a delay 
period during which participants had to remember the distance between the 
sample dots. After the blank interval, a mouse cursor and one stationary reference 
dot were shown on the monitor. The cursor and the reference dots were similar to 
the sample dots. To prevent the initial cursor position from acting as a confounding 
spatial reference, it was always shown at the position of the dot that served as a 
reference for reproducing the distance. The reference dot together with the pointer 
reappeared in a different location than any of the sample dots. This reallocated 
reference position was calculated based on the position of one of the sample dots 
with a randomly chosen shift (from 2 to 3.5 deg every 0.5 deg) along the horizontal 
dimension either to the left or to the right. Irrespective of the visual encoding 
conditions, the subjects were instructed to use the mouse cursor to reproduce the 
sample distance in the horizontal dimension, based on the stationary reference dot, 
and then press the left mouse button when finished. After that response, the next 
trial began when the subject pressed the spacebar. Notably, observers were free to 
move their eyes and trace the mouse cursor during the distance reproduction 
phase in both, ‘saccade’ and ‘fixate’ trials that differed only in the stimuli encoding 
stage. Eventually, each of the sessions contained randomly interleaved trials 
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varying in instructions with respect to the sample encoding conditions (peripheral - 
‘fixate’ and foveal - ‘saccade’).  
 
3.2.5 Data analysis 
 
The distance between the reference dot and the position of the cursor at the 
moment of the mouse-button press was calculated as the estimated distance. The 
estimation error (in deg of visual angle) was defined as the difference between the 
reproduced and the veridical distance. Statistical differences were assessed using 
a repeated-measure two-way ANOVA (Trujilli-Ortiz et al., 2004) with the sample 
encoding instruction (‘fixate and ‘saccade’) and the distance (eight spatial intervals 
between the sample dots from 2 to 16 deg) as main factors. We carried out the 
analysis on the absolute errors, signed estimation errors and standard deviation of 
absolute estimation errors. The first measure gives an overall accuracy, while the 
signed errors yield additional information with respect to a potential perceptual 
bias. Negative error values represent an underestimation of the distance, while 
positive values signify an overestimation of the sample distance. The standard 
deviation gives an indication of precision (variability) of responses.  
  
In addition, the gaze position coordinates were calculated relative to the sample 
dot locations and the central cross with the aim to remove trials in which observers 
departed from instructions. We classified a ‘saccade’ trial as correct if the 
observer’s gaze fell within a 2 deg - window around each of the sample dots of that 
trial. The ‘fixation’ trial was considered correct if the gaze stayed within a radius of 
1 deg around the central cross during the sample dots presentation. Based on 
these gaze position criteria, on average, we collected 83 % of total number of trials 
per subject (n = 7, SEM = 6 %). From this eye tracker-filtered dataset we also left 
out trials with distance estimation errors larger than 3 SD of the grand average (in 
total 1.48 % of trials). The further analysis of these ‘filtered’ trials shows that in 
‘saccade’ conditions the observers on average initiated 2.7 saccades that were 
larger than 1 deg (SEM = 0.07) and 0.54 small saccades (from 0.3 deg to 1 deg in 
amplitude, SEM = 0.03). To follow the instruction and fixate both sample dots the 
subjects had to execute at least two saccades: from the fixation-cross to the first 
sample dot and from there to the second dot. 
 
3.2.6 Modelling ‘repulsion effect’ 
 
Based on the estimated eccentricity dependent RF sizes we modelled the range 
and size of the repulsion effect as would be expected for the foveal and peripheral 
conditions. For the description of the population activity elicited by a sample dot we 
used a generalized Mexican hat distribution (second derivative of the Gaussian 
distribution) of the following form: 
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where b is the position parameter and a the dilation parameter. For our purposes 
parameter b represents the position of one of the dots (the position of the peak of 
the function). We assigned the position of the more foveal dot as zero and the 
location of the more peripheral of the two dots at the value of their separation, For 
our purposes, parameter a can be regarded as the radius of the average RF at a 
corresponding eccentricity. We based our calculations on the assumption that the 
mean RF size increases with eccentricity (Fischer and May, 1970) and the two 
encoding conditions in our experiment while testing the same separations between 
the dots differed in the peripheral position of the more eccentric dot. We have no 
suppositions with regard to the likely visual brain area involved in our task, thus 
absolute RF sizes, and as a consequence this simulation can only be viewed as a 
qualitative description. A multitude of studies suggests a mathematical description 
of the linear relation between the RF size and eccentricity but they differ with 
respect to the measures used (e.g., a RF radius or diameter, classical RF with or 
without surround, perceptive vs. receptive fields, with or without spatial attention, 
etc.) and the investigated visual area (Amano et al., 2009; Inui et al., 1981; Oehler, 
1985; Oyama and Yamada, 1978; Rijpkema et al., 2008; Wilso, 1970). Eventually, 
we implemented the following rough but simple description of the scaling of the RF 
size in V1 with eccentricity (Polimeni et al., 2006; Yazdanbakhsh and Gori, 2008): 
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+ A ) /K           Equation 3.2, 
 
where Ecc(o) stands for the eccentricity in degrees of visual angle and A and K are 
constants (0.7 and 15, respectively). Since at the fovea the eccentricity should be 
near zero, we clipped the foveal RF size at 0.2282 deg (Oehler, 1985), to avoid 
unreasonably small RF size ((0.7 + 0 deg) / 15 = 0.0467 deg). With Equation 3.2 
we estimated the relative RF sizes and thus the parameter a of Equation 3.1, at 
each eccentricity used in our study. Subsequently, we summed the Mexican hat 
functions representing each of the two dots for each separation and encoding 
condition and decoded the positions of the peaks relative to the superposition of 
these functions, which would reveal any perceptual biases.  
 
3.3 Results  
 
We tested whether the visual encoding conditions, peripheral versus foveal vision, 
influenced accuracy in estimating a distance separating two co-planar dots. In the 
first condition the subjects had to keep fixating a central cross at the time of sample 
dots presentation that appeared 5 deg above the cross (‘fixate’ trials). In the 
second condition the observers executed saccades that brought the sample dots 
onto the fovea (‘saccade’ trials). The within-subject analyses of variance were 
carried out on the behavioral data from trials classified as correct (compliant with 
instructions) based on the eye movement recordings (see Methods).  
 
Figure 3.2A shows the mean estimation error (n = 7) for the main conditions as a 
function of the sample dots horizontal separation. The pattern of absolute errors 
clearly indicates that the distance estimates were less accurate in the ‘fixate’ than 
in the ‘saccade’ trials (Figure 3.2A dashed line with asterisks and solid line with 
circles, respectively) and that was confirmed by the statistical analysis (encoding 
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condition effect: F(1,6) = 7.69, p < 0.05). From Figure 3.2A it is also apparent that 
the estimation error becomes larger with larger sample separations (distance 
effect: F(7,42) = 10.96, p < 0.001). From the interaction of the two factors it 
becomes clear that encoding condition effect depended on the estimated distance 
with the performance in the ‘fixate’ trials being significantly worse only for distances 
4, 6 and 8 deg (encoding condition and distance interaction: F(7,42) = 4.26, p < 
0.01; paired-sample t-tests for eight distances: p-value was less than Bonferroni 
corrected threshold p = 0.00625 only for distances 4, 6 and 8 deg). 
 
In the following analyses we calculated estimation error that distinguishes over- 
and underestimations of the sample distance (bias in Figure 3.2B). Similarly to the 
absolute estimation errors, the encoding condition and distance as the main effects 
were significant and they interacted (encoding condition factor: F(1,6) = 22.73, p < 
0.01; effect of distance: F(7,42) = 4.80, p < 0.01 and their interaction: F(7,42) = 
2.99, p < 0.05).  
 
In general, subjects did not display any estimation bias if they foveated the sample 
dots during the encoding phase. Namely, t-tests demonstrated that the estimates in 
‘saccade’ condition differed significantly from zero only for the smallest distance 
(t(6) = 3.0, p = 0.024). In the ‘fixation’ trials, however, the observers systematically 
overestimated the smaller sample dots’ separations. To be more specific, p-values 
for the distances from 2 to 8 deg were less than 0.05 threshold (t(6) = 3.21, t(6) = 
4.52, t(6) = 9.19 and t(6) = 2.90, respectively).  
 
 
 

 
 
Figure 3.2: Estimation error as a function of sample distance.  (A) Absolute estimation error 
as a function of distance between two sample dots. The two encoding conditions: ‘saccade’ 
and ‘fixate’ (circles with a solid line and asterisks with a dashed line, respectively). (B) 
Estimation bias as a function of sample distance. The sign of the estimation error indicates 
bias with negative values denoting an underestimation and positive values corresponding to 
an overestimation of the sample distance. Conventions are the same as in A. (C) Standard 
deviation of the absolute estimation error as a function of separation between the sample 
dots. Conventions are the same as in A. Error bars denote SEM (n = 7).  
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To get an indication of the consistency of the main effects of encoding condition 
and separation across subjects we carried out ANOVA’s on individual subjects. In 
general, more than half of the participants (n = 7) showed significant effects of 
encoding condition and sample distance for both, absolute and bias errors. In 
particular, the encoding condition factor yielded p-values smaller than 0.05 in four 
subjects for the absolute estimation errors, and in five persons for the signed 
errors. The estimated distance factor modulated significantly performance in all 
observers when the absolute errors were considered and in four subjects for the 
bias measure. The interaction of the two factors was significant in two and three 
participants for absolute and signed errors, respectively. 
 
The analysis of variance performed on the standard deviation of the absolute 
estimation errors tested the prediction that the two encoding conditions yield 
different scatter (variability) of responses. Figure 3.2C displays the standard 
deviation for the ‘saccade’ and ‘fixate’ trials as a function of the sample distance. It 
is apparent that the pattern of precision of responses resembles very closely the 
pattern of absolute errors. That is the two encoding conditions differed significantly 
(F(1,6) = 11.56, p < 0.05) but interacted with the distance factor (distance effect: 
F(7,42) = 22.42, p < 0.001, interaction: F(7,42) = 3.26, p < 0.01). This similarity of 
the pattern of errors and its standard deviation reflect either the greater precision of 
responses in the ‘saccade’ condition or simply the natural relation of the smaller 
deviation with the smaller values of error. 
 
In the light of eccentricity-dependent positional uncertainty, it is of importance to 
know the average eccentricity of the most peripheral sample dots, which would limit 
the precision of the localization task (Levi and Klein, 1990). In the ‘saccade’ 
condition while foveating one of the sample dots the horizontal separation between 
the dots corresponded directly with eccentricity. Contrary to that, in the ‘fixate’ 
condition, the eccentricity of the most peripheral dot differed from the sample 
distance. We calculated the mean eccentricity of the peripheral dot and plotted it as 
a fraction of sample separation. Figure 3.3 illustrates the difference between the 
foveal and peripheral encoding conditions with respect to the furthest dot 
eccentricity and the separation between the dots. The separation by eccentricity 
ratio in ‘fixate’ trials changes from less than 1 to larger than 1 as a function of the 
presented distance, which is in contrast to the constant ratio of 1 in ‘saccade’ trials. 
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Figure 3.3: The ratio of separation by eccentricity as a function of that separation. For the 
‘saccade’ (solid line with circles) condition, the eccentricity corresponded directly with the 
distance between the sample dots. For the ‘fixate’ (dashed line with asterisks) encoding 
condition, the eccentricity was calculated as the mean eccentricity of the most peripheral dot 
of a sample pair of dots. 
 
 
 
We further modelled the consequences of these differences in separation by 
eccentricity ratio in the context of the repulsion effect. Based on the decoded 
positions of the peaks of the summed distributions of the populations’ activity (red 
lines in Figure 3.4) we obtained qualitative predictions of the range and size of the 
repulsion effect for the foveal and peripheral conditions. The difference in decoded 
locations (separations) for the ‘fixate’ and ‘saccade’ trials are plotted in Figure 3.5, 
with the positive values representing a greater distance between the peaks in the 
summed function than in the superposition of these functions, an overestimation 
bias. Considering these simulations one would therefore expect a more substantial 
repulsion effect in the peripheral encoding condition than in the foveal trials, which 
is indeed apparent in observers’ distance estimates (compare Figures 3.2B and 
Figure 3.5). 
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Figure 3.4: Theoretical neuronal populations response to a pair of dots. The filled black 
circles illustrate two sample dots presented on a monitor. The white circles represent gaze 
position relative to the sample dots. The left panel represents a ‘saccade’ trial when an 
observer foveates the leftward dot and at the same time encodes the rightward dot by 
peripheral vision. The right panel represents a ‘fixation’ trial when an observer foveates a 
central cross while both sample dots are encoded by peripheral vision. The thin line empty 
circles of variable sizes correspond to receptive fields (RFs) covering visual field. The lower 
panels characterize neuronal populations responses to the visual stimuli in the ‘saccade’ 
(left) and the ‘fixate’ (right) conditions. The peaks of responses correspond to the positions 
of the dots when viewed individually (grey lines) and when viewed simultaneously (black 
lines, representing the sum of the functions in grey). The heavy line between the sample 
dots in the ‘saccade’ condition symbolizes no direct interactions between the neuronal 
populations (small overlap of RFs). The arrow between the sample dots in the ‘fixation’ 
condition signifies a repulsive effect in perceived distance (large overlap of RFs). 
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Figure 3.5: Bias in distance estimation based on the RF sizes predictions. The positive 
values represent an overestimation of a separation between two dots and the negative 
values, an underestimation. The difference in the eccentricity-related size of the RFs taxed 
by the ‘saccade’ (solid line with circles) and ‘fixate’ (dashed line with asterisks) conditions, 
results in a divergent pattern of distance estimation bias. 
 
 
 
3.4 Discussion  
 
The current experiment was designed to clarify whether estimation of a distance 
between two objects (dots) in the frontoparallel plane is influenced by the way in 
which the visual-spatial information is acquired. For that purpose we manipulated 
the instructions to either  ‘fixate’ a central cross during the sample presentation or 
to ‘saccade’ towards the appearing sample dots. In the first case, visual information 
is obtained via peripheral vision while in the second case the sample dots are 
foveated and additionally encoded by central vision. 
 
The main finding is unambiguous: fixating the sample dots improves the 
subsequent reproduction of a distance separating two sample dots in both, general 
accuracy and in precision of responses. Interestingly, the beneficiary effect of 
fixating the targets is limited to the smaller distances, up to 8 deg. For larger 
separations between the two dots the reproduction errors and their standard 
deviation do not differ between ‘fixation’ and ‘saccade’ conditions.  
 
It is very useful to consider our experimental design and findings in the light of 
eccentricity-dependent spatial uncertainty and Weber’s Law. On the one hand, the 
first phenomenon has its origin in the anatomy and physiology of the retina and 
cortex that results in a sparse neural sampling grain of the peripheral visual field 
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(Dow et al., 1981). On the other hand, Weber’s Law in the context of our study 
predicts that the position threshold is approximately proportional to the separation. 
The applicability of such a linear relation between the localization performance and 
the separation of the reference features has been found only for stimulus 
configurations where the ratio of separation by eccentricity is higher than 0.5 (Dow 
et al., 1981; Levi and Klein, 1990; Levi et al., 1988). At these separations the 
eccentricity of the furthest stimulus would become a limiting factor of the 
localization performance. If we examine Figure 3.3 it becomes apparent that the 
foveal and peripheral encoding conditions in our experiment differed greatly with 
respect to the separation by eccentricity ratio. To be exact, in the ‘saccade’ trials, 
when the observer’s gaze is fixed on the first sample dot, the second one is 
registered by peripheral vision at the eccentricity directly corresponding with the 
sample distance (Figure 3.3, solid line with circles). In the ‘fixate’ trials, however, 
there is no 1:1 relation between sample dots’ eccentricity and the separation 
between them. The smaller distances corresponded with a larger eccentricity and 
the distances larger than 10 deg were presented at smaller eccentricity than in the 
‘saccade’ trials. Ultimately, only the smallest separation in the ‘fixate’ condition was 
within the regime of the Weber’s Law (ratio lower than 0.5), whereas the remaining 
conditions should be mainly influenced by the eccentricity of the furthest dot. While 
the absolute errors in the foveal conditions show an approximately linear relation 
with separation/eccentricity (Figure 3.2A) the peripheral condition does not appear 
to be similarly affected by eccentricity (insert in Figure 3.3). The pattern of results, 
therefore, cannot be simply explained in terms of eccentricity-dependent positional 
uncertainty. 
 
Alternatively, instead of considering our results as an improvement of distance 
estimates due to foveating the visual targets, one can frame it as a reduction in a 
bias that emerges when both closely spaced targets are viewed peripherally. When 
we take into account the signed error measure of performance, it becomes clear 
that the subjects systematically overestimated smaller distances in the ‘fixation’ 
conditions. This pattern of responses brings to mind the repulsion phenomenon in 
motion direction perception (Hiris and Blake, 1996; Marshak and Sekuler, 1979), 
orientation discrimination (Blakemore et al., 1970; Bouma and Andriessen, 1970; 
Carandini and Ringach, 1997; O'Toole and Wenderoth, 1977), and stereoscopic 
depth perception (Mikaelian and Qian, 2000; Stevenson et al., 1991). In short, 
observers tend to perceive small differences in orientation, direction or depth as 
being larger, which is not observed for larger dissimilarities. For instance, in a study 
on perception of motion direction, Rauber and Treue (1998) used a control 
experiment, in which the subjects had to judge spatial separation between a 
reference line and the centre of a circle. Similar to the results of motion direction 
judgments, the researchers found the smaller separations between the line and a 
circle to be overestimated and suggested that such repulsion is a general 
phenomenon (Rauber and Treue, 1998, 1999). Accordingly, many researchers 
postulate that repulsion effect in motion direction perception, orientation 
discrimination, and depth perception are a direct consequence of physiological 
organization of receptive fields due to e.g., centre-surround and lateral interactions 
(Carandini and Ringach, 1997; Mikaelian and Qian, 2000; O'Toole B, Wenderoth, 
1977; for a review, see Schwartz et al., 2007). To give an example, it is known that 
both simple and complex cells display spatial segregation of excitatory and 
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inhibitory interaction within their RF that can be even opposing depending on the 
spatial context of the target stimulus (Chen et al., 2007; Kapadia et al., 2000).  
 
Crucially, the results of our model simulations bear the notion that the distance 
estimation bias we recount here reflects the repulsion effect reported for other 
discrimination tasks. Although the relative overlap of receptive fields is independent 
of eccentricity (Fischer, 1973), the spatial range of interactions is greater for larger 
RFs and hence eccentricities. In the ‘fixation’ condition the sample dots were 
shown parafoveally/peripherally. When they appeared at small separations the 
resulting neuronal activity coding for the location of each of the two dots was 
overlapping which consequently induced inhibitory interactions between the two 
populations of cells and an overestimation of remembered distance (Figure 3.4, 
upper right panel). Since the spatial range of neuronal interactions is limited, one 
observes the repulsion effect only for smaller distances. On the other hand, in the 
‘saccade’ condition when one of the dots is foveated the other is encoded by the 
parafoveal/peripheral vision (Figure 3.4, upper left panel). Thus, the retinal error is 
calculated from the viewing point of either of the stimuli. Because central vision 
relies on smaller RFs than the peripheral vision, one would expect less overlap in 
neuronal activity elicited by the two sample dots in this condition and accordingly, 
less neuronal inhibition (Figure 3.4, compare lower left and lower right panels). This 
proposal can be supported by the fact that for the smallest separation (2 deg) the 
subjects overestimated distance in ‘fixation’ and ‘saccade’ conditions to the same 
extent while distances between 4 and 8 deg were overestimated only in the 
‘fixation’ trials. In order to verify this notion we designed a model, of which details 
can be found in the Methods section. We have to stress that it is not a quantitative 
model but a qualitative description of how the pattern of results we found might be 
explained by the differences in the RFs sizes involved in the two encoding 
conditions. In short, we used a classic Mexican hat distribution to describe the 
neuronal activation pools elicited by presentation of the two sample dots. The width 
of the distribution reflected the estimated RFs width at the particular eccentricity, 
corresponding to those used in the experiment. To calculate these widths we used 
the relative differences in stimuli eccentricity implemented in the ‘saccade’ and 
‘fixate’ trials (it can be also inferred from Figure 3.3) and the positive linear relation 
between mean receptive field size and eccentricity (Fischer and May, 1970) (see 
section Modelling ‘repulsion effect’ for the equations and points of consideration). 
Subsequently, we varied the separation between the two peaks of the activation 
pools representing distances between the sample dots. In a single stimulus 
condition the decoded position of the dot was calculated as the position of the peak 
of activity. When the two dots are presented simultaneously, the resulting 
positional decoding would correspond with the peaks of the summed distributions 
(see Figure 3.4, black lines in the lower panels). When there is no direct interaction 
due to a large separation and/or small RF sizes, the summed distribution becomes 
a superposition of the activity elicited by two individual dots (Figure 3.4, lower left 
panel). When the widths of the RFs are large enough and the separation between 
the two stimuli small enough, the interaction between the neuronal populations 
results in an outward shift of the peaks of the summed distributions (Figure 3.4, 
lower right panel). Crucially, the separation in the two encoding conditions was kept 
the same and only the eccentricity-related RF sizes differed between foveal and 
peripheral encoding. Figure 3.5 depicts the ‘saccade’ and ‘fixate’ trials for eight 
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equally spaced stimulus distances and the corresponding biases calculated from 
the positional shifts of the peaks of the summed distributions. The comparison of 
Figure 3.5 with Figure 3.2B leaves little doubt that the proposed mechanism very 
likely influenced the pattern of distance estimation errors in our experiment. 
 
Even though the current results fit very nicely the framework of the repulsion effect, 
we cannot exclude the possibility that the distance estimates in our experiment 
were to some degree influenced by the oculomotor signals associated with 
saccades bringing the two sample dots onto the fovea. To be explicit, the 
information about the gaze direction at the moment of foveating the sample dots 
and the amplitude of the saccade spanning the two dots could enhance the 
performance in the ‘saccade’ condition relative to the ‘fixate’ trials. Relevantly, such 
improvement would be especially pronounced in the situation when the pattern of 
oculomotor behaviour is re-evoked during the distance reproduction phase. 
However, in the current design the reference dot was displayed at a different 
location than any of the sample dots yielding the gaze direction signal less 
informative. With respect to the saccade amplitude effect, on average subjects 
performed at least one corrective saccade during the sample presentation, which 
questions the usefulness of the saccade amplitude information. More importantly, 
during the retrieval phase the subjects fixated the reference dot only in about 65 % 
of the ‘saccade’ trials thereby diminishing the possible usage and influence of 
oculomotor signal in the foveal encoding condition. Taken these issues into 
account we believe that if the oculomotor activity indeed contributed to the 
observers’ performance in our experiment, this influence was relatively insignificant 
in comparison with the effects of encoding conditions per se. 
 
To sum up, we demonstrate that encoding and retrieval of a distance separating 
two items is improved by foveating the sample dots. Although, we cannot definitely 
exclude the reduction of the eccentricity-dependent positional uncertainty as a 
factor contributing to some degree in such accuracy increase, the presence of the 
systematic overestimation bias points to other sources influencing performance. 
We favour the notion that the foveal encoding reduces a perceptual bias that 
emerges when the stimuli are presented more peripherally. The foveal distance 
encoding condition assures that the stimulated neuronal populations do not overlap 
and thereby the inhibitory interactions supposedly underlying perceptual repulsion 
are precluded. For larger distances the way of encoding, peripherally or foveally, 
does not influence distance estimation in our experiment.  
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Abstract 
 
It has been proposed that spatial relations can be encoded in two different ways: 
categorically, where the relative position of objects can be described in 
prepositional terms (to the left/right, above/below, etc.) and coordinately, where a 
precise distance between the objects is assessed. Processing of categorical and 
coordinate spatial relations is believed to rely on the parvo- and magnocellular 
pathways or small and large receptive fields, respectively. We employed the 
response signal speed-accuracy trade-off procedure to obtain a description of 
temporal dynamics of information transfer for categorical and coordinate spatial 
decisions. In the two tasks the same procedure and stimuli were used, while the 
instructions called for different types of discrimination. We found no differences in 
information accrual speed between the tasks as would be expected from the 
parvo/magno cells or small/large receptive fields distinction. Theoretical 
consequences of these findings are further discussed. 
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4.1  Introduction 
 
The brain instantly begins processing visual scenes when we open our eyes and 
the representations that we derive from incoming visual information can differ 
depending on our goals. For instance, in some situations it is enough to know that 
the bed stands to the left of the table. On the other hand, the assessment of 
distance separating two pieces of furniture might be more useful when one wants 
to pass between them. Thus, one representation would characterize relative spatial 
positions, while the other would involve exact distances. In the literature these two 
types of spatial representation are referred to as categorical and coordinate, 
respectively (Kosslyn, 1987; Kosslyn et al., 1989). 
 
The main evidence supporting the idea that there is more than one way to encode 
spatial relations comes from studies on relative hemispheric differences in reaction 
times and/or accuracy between categorical and coordinate tasks. Categorical 
spatial decisions are reached faster and/or with fewer errors when the stimuli are 
presented in the right visual hemifield – the left hemisphere (LH) than in the left 
visual field – the right hemisphere (RH) (Kosslyn et al., 1989; Van der Ham et al., 
2007). Likewise, decisions about coordinate spatial relations are faster and/or with 
higher accuracy when stimuli are shown to the RH than stimuli shown to the LH 
(Hellige and Michimata, 1989; Kosslyn et al., 1989; Michimata, 1997; Rybash and 
Hoyer, 1992). Still, a number of studies failed to find such interactions (Sergent, 
1991; Wilkinson and Donnelly, 1999), especially for the categorical task and the LH 
advantage (Hellige and Michimata, 1989; Van der Lubbe et al., 2006; see for a 
review Jager and Postma, 2003). Nevertheless, it is agreed that the reported 
hemispheric asymmetry is linked to the computational distinction between 
categorical and coordinate processes (Baker et al., 1999). 
 
Another line of evidence for two modes of encoding spatial relations comes from 
neural network simulations (Baker et al., 1999; Jacobs and Kosslyn, 1994; Kosslyn 
et al., 1992). A neuronal network model that was trained to compute categorical 
and coordinate mappings performed better when hidden units were split into two 
subsystems: one with the input units carrying information to the categorical output 
units and the other set of input units contributing to the coordinate output units 
(Kosslyn et al., 1992).  
 
Importantly, receptive field (RF) size was examined as a potential physiological 
factor that might underlie the proposed dissociation. It was suggested that larger, 
overlapping RFs might be more efficient in encoding precise spatial locations, the 
so called coarse coding mechanism (O’Reilly et al., 1990), which in turn might be 
relevant for coordinate judgments (Kosslyn et al., 1992). Accordingly, it was 
hypothesized that due to smaller, non-overlapping RFs space could be carved into 
distinct bins corresponding to spatial categories like for instance above/below or 
left/right (Kosslyn et al., 1992). 
 
The finding that the computer network’s performance in coordinate task was 
improved as RF size increased supported the first premise. Additionally, when the 
network was trained on the coordinate task, it spontaneously expanded the size of 
RFs, whereas training on the categorical task resulted in spontaneous 
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development of small RFs (Kosslyn et al., 1992; Jacobs and Kosslyn, 1994; Baker 
et al., 1999).  
 
Kosslyn and co-workers (1992) as well as Roth and Hellige (1998) linked the 
hypothesized properties of the RFs contributing to the two spatial tasks to the well-
studied classes of neurons: magno and parvo cells. In short, magno cells that 
contribute mainly to the magnocellular pathway have generally larger RFs, respond 
to higher temporal and lower spatial frequencies, display more rapid conduction of 
impulses and respond transiently and with shorter latencies (for a review see 
Merigan and Maunsell, 1993). On the other hand, parvo cells that contribute mainly 
to the parvocellular pathway have relatively smaller RFs, are more sensitive to 
lower temporal and higher spatial frequencies, their responses are sustained and 
display later response onsets.  
 
Subsequently, Roth and Hellige (1998) and Hellige and Cumberland (2001) 
showed that a red background, which is known to disrupt processing relying on the 
magnocellular pathway (Breitmeyer and Williams, 1990; de Monasterio and Schein, 
1980; Livingstone and Hubel, 1984), decreased performance in the coordinate task 
but not in the categorical task. 
 
The suggestion that coordinate tasks might rely more on processing of the 
magnocellular pathway or simply larger RFs and categorical tasks more on the 
parvocellular pathway or smaller RFs seems feasible. However, some logical 
counterarguments can be raised. Namely, in general coordinate tasks require a 
somewhat higher spatial resolution of the representation to solve correctly the task 
and this intuitively would be more adequately accomplished by the means of 
smaller RFs of parvocellular neurons. In a similar line of reasoning one would 
rather expect an involvement of the magnocellular large RFs in computing rather 
crude positions in the categorical tasks. Moreover, in the vast majority of the 
studies the reported reaction times for coordinate tasks are longer than for 
categorical (e.g. Kosslyn et al., 1989; Michimata, 1997; Van der Ham et al., 2007; 
Van der Lubbe et al., 2006), which would counter the well known faster information 
transfer of the magnocellular system (e.g. Dreher et al., 1976; Schmolesky et al., 
1998). Finally, in all divided-field presentation studies that investigated categorical 
and coordinate representations stimuli were presented parafoveally (at an 
eccentricity not larger than 3.5 deg of visual angle), where visual input is 
predominantly received by parvocellular neurons (Azzopardi et al., 1999).  
 
Considering just described discrepancies we set out to clarify whether the magno 
system or large RFs are indeed preferentially involved in processing categorical 
representations and whether the same is true for the interaction between 
coordinate tasks and parvo system or small RFs. We speculated, that the two tasks 
might differ in processing speed, since parvo- and magnocellular neurons differ in 
both, conduction velocity of their afferents (Bullier and Henry, 1980; Dreher et al., 
1976; Schiller and Malpeli, 1978; So and Shapley, 1979; Vidyasagar et al., 2002) 
and in response latency (e.g. Maunsell et al., 1999; Munk et al., 1995; Schmolesky 
et al., 1998). Alternatively, if there is no specific involvement of parvo and magno 
cells, Kosslyn and co-workers’ model explicitly predicts that plainly the RF size 
plays a role in the categorical – coordinate spatial relations distinction. When we 
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consider RFs sizes as a dissociating factor we still can expect to observe different 
speeds of information transfer in the two tasks due to the known negative 
correlation between RF size and response latency, i.e. the smaller RF the longer 
response delay (Weng et al., 2005).  
 
The knowledge of temporal dynamics of information transfer in categorical and 
coordinate tasks will shed light on the question whether two distinct neuronal 
populations, corresponding to small and large RFs or parvo and magno pathways, 
are involved in these different spatial decisions. Such information can be obtained 
by the response signal speed-accuracy tradeoff (SAT) procedure (Wickelgren, 
1977), which allows an approximation of the minimal time necessary for 
performance to depart from a chance level. Furthermore, the SAT procedure 
estimates the speed at which performance reaches an asymptotic level, i.e. the 
information accrual rate.  
 
Apart from the temporal description of the processes at stake, the SAT procedure 
has an advantage of controlling any possible speed-accuracy trade-offs. In a 
classical reaction time study most of the recorded data points lie in the vicinity of 
asymptotic performance. Since at low error rates variation in reaction times is large 
for extremely small changes in error percentage, speed-accuracy trade-off factor 
can exert a significant influence on results (Wickelgren, 1977). Moreover, a 
difference in response times between two conditions can be a consequence of 
differences in asymptotic accuracy, speed of processing or both (McElree and 
Dosher, 1989; Reed, 1973; Wickelgren, 1977). To control for such speed-accuracy 
trade-offs and to objectively compare the processing speed of cognitive tasks 
irrespective of differences in asymptotic performance we employed the above-
mentioned SAT procedure that had been successfully implemented in other studies 
(e.g. Carrasco and McElree, 2001; Carrasco et al., 2003, 2006; Dosher et al., 
2004).  
 
To recapitulate, on theoretical grounds we could expect differences in speed of 
information flow, represented in our study by the parameters estimates of the SAT 
function, between categorical and coordinate tasks. Owing to the contributions of 
magnocellular pathway or alternatively larger RFs the coordinate decisions are 
hypothesized to be processed faster compared to the categorical decisions that are 
believed to rely more on the parvocellular pathway or smaller RFs. However, it 
might be that we do not find any temporal dynamics differences implying that the 
mechanisms or neurons’ features underlying the two types of spatial decisions are 
of some other sort than theorized by Kosslyn and others. It is also likely that we 
find a pattern of results where the categorical task is processed faster than the 
coordinate task, pointing to the aforementioned different spatial scale requirements 
for the two representations. 
 
4.2 Methods 
 
4.2.1 Subjects 
 
Five subjects aged from 22 to 27 years old participated in our experiment. Four of 
the observers were unaware of to the purposes of this study and one was an 
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author (AO). All subjects had normal or corrected-to-normal vision. The naive 
subjects were paid for their participation.  
 
4.2.2 Stimuli  
 
The stimuli were presented on a standard colour display (Sony CPD-E450, Sony 
Corporation, United States). The monitor resolution was set to 1280 x 1024 pixels 
with a refresh rate of 85 Hz. The responses and reaction times were recorded 
using the USB response pad (model RB 830 Cedrus). Visual stimuli were 
generated with Presentation 9.90 software (Neurobehavioral Systems).  
 
With some adjustments, we used stimuli and instructions similar to those employed 
in the Van der Ham et al. (2007) study. The stimuli were composed of two black 
crosses displayed simultaneously on a light grey background, left and right of 
centre, each subtending 2.6 x 2.5 deg of visual angle (Figure 4.1A). Each of the 
crosses had an accompanying dot subtending 0.14 x 0.13 deg of visual angle, 
which could appear at one of three distances from the centre of the cross in any of 
the four quadrants (Figure 4.1B). The crosses were aligned horizontally with the 
level of the fixation dot and their inner edges were placed 2.6 deg of visual angle 
away from the centre. 
 
 
 

 
 
Figure 4.1: Experimental design and stimulus configuration. (A) The response signal speed-
accuracy trade-off (SAT) procedure. The same stimuli and procedure were used for the two 
tasks, categorical and coordinate. (B) Each of the two crosses presented simultaneously 
was accompanied by a dot at one of 12 possible positions along the diagonals of the 
quadrants. The distance from the origin of the cross was 0.39, 1.01 or 1.62 deg of visual 
angle. 
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4.2.3 Procedure 
 
The subjects were seated 57 cm from the monitor inside a darkened room and a 
chin-rest prevented them from making significant head movements. The response 
pad was placed comfortably in front of the subjects. Responses were delivered by 
pressing one of two buttons with the index fingers. Our instruction stressed the 
importance of speed and accuracy in responding. 
 
In our experimental design we took into account the possibility that the information 
accrual rate could differ depending on the amount of available visual information 
(Heller et al., 1995). It has been shown that in neuronal responses most of the 
information is concentrated in the first one or two bursts of neuronal activity (Heller 
et al., 1995; Rolls et al., 1999; Tovée et al., 1993). The further accrual of new 
information has a shallower slope than the initial accumulation of visual information 
(Heller et al., 1995). By introducing two stimulus durations we could investigate 
possible speed differences for both, initial (shorter exposure) and combined initial 
and later accumulation of visual information (longer exposure). If there were any 
temporal dynamics dissimilarities between categorical and coordinate spatial 
relations processes, these could be evident in the first (fast), second (slower) or 
both information accrual phases. Brief stimulus exposure was constrained by the 
maximum refresh rate of the monitor (85 Hz); as a result one frame lasted 12 ms. 
On the other hand, longer exposure was mitigated by the timing of the response 
signals, which had to be identical for the two display conditions. That is, an 
exposure longer than 82 ms would eliminate the shortest response lags from the 
paradigm. In addition, longer stimulus presentations would allow eye movements 
that might confound results. 
 
An overview of the response signal SAT procedure we used is depicted in Figure 
4.1A. At the beginning of each trial subjects stared at a blank, light grey screen for 
1000 ms. Once the time had elapsed, a fixation dot appeared in the centre of the 
screen for 300 ms. This was followed by presentation of the two crosses, each with 
an associated dot that would last either 12 or 82 ms. When the stimuli disappeared 
the blank screen returned for 82, 132, 182, 352, 642 or 1502 ms. At the end of a 
lag a 500 Hz tone was sounded indicating to the subjects the need to deliver a 
response. Participants were given 350 ms to press one of the two buttons; 
otherwise a 1000 Hz tone announced that the response was “too late”. Because of 
the six lags we used, the range of obtained response times enabled us to sample 
the full time course of processes involved in the task. This began during the very 
early stages characterized by chance level performance and ended with the late 
stage of decision-making where additional time failed to improve performance. 
 
All of the observers performed two to four practice sessions 22 min each. The four 
main 50-min sessions were completed within two to eight days. During two of the 
sessions observers were instructed to indicate whether the dots appeared in 
corresponding or different quadrants of the two crosses – categorical task. This 
task required only categorical spatial information since a precise position of the 
dots was irrelevant. The other two sessions necessitated an assessment of 
distances between the dots and the origins of the crosses. The task was to decide 
whether those distances varied irrespective of the quadrant in which the dots were 
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shown – coordinate task. The set of stimuli used for both instructions was exactly 
the same while the order of the instructions was counterbalanced across subjects. 
The varying lags (6) and stimulus exposures (2) were randomized across trials 
within each session. On average subjects completed 2370 valid trials per 
instruction (min 2048 – max 2521). With respect to other lags, we doubled the 
number of trials with the two shortest lags (82 and 132 ms), because under those 
conditions observed responses most often fell outside the allotted time window.  
 
4.2.4 Data analysis 
 
From the responses collected, we calculated discriminability (

! 

" d ), which gave us a 
bias-free measure of performance at each interruption point (corresponding to the 
six lags). The z-transforms of the fraction correct for match and non-match trials 
yielded the 

! 

" d  values (

! 

" d  = zsame + zdifferent). In order to avoid infinite z-values due 
to a limited number of observations n, probability of 1 was clipped at 1-1/n 
(Wickens, 2002). We plotted discriminability (

! 

" d ) as a function of average total 
processing time, corresponding to the time between stimulus onset and response. 
Data points (within and across subjects) were fit with an exponential approach to a 
limit represented by the SAT function: 
 

! 

" d (t) = # 1$ e
$% t$&( )' 

( ) 
* 
+ , , for t  >  δ, else 0,                        Equation 4.1. 

 
In Equation 4.1 the estimate of the asymptotic accuracy is represented by λ while 
the temporal dynamics parameters of information accrual and intercept appear as β 
and δ, respectively (Dosher, 1979; Reed, 1973; Wickelgren, 1977). Specifically, the 
λ parameter reflects discriminability at unlimited processing time. Parameter β 
stands for the rate at which discriminability rises from chance level (

! 

" d  = 0) to 
asymptote. Parameter δ refers to an intercept that describes the point in time when 
performance begins to depart from chance. Taken β and δ one can calculate a 
composite value by summing the estimates of intercept and reciprocal of the 
accrual rate (δ + 1/β). 
 
We performed global nonlinear curve fitting using GraphPad Prism version 4.0c for 
Mac OS X (GraphPad Software, San Diego California USA). With the intent of 
testing how the three parameters were influenced by the instructions (categorical 
vs. coordinate task), we examined models that spanned from null, which assigned 
a single set of parameters to the two sets of data (1λ1β1δ), to a full model 
comprised of unique parameters for each data set (2λ2β2δ), with all other 
possibilities in between (2λ1β1δ, 1λ2β1δ, 1λ1β2δ, 2λ2β1δ, 2λ1β2δ, 1λ2β2δ). The 
quality of the fits was determined by the adjusted R2 statistics, which indicated the 
proportion of variance explained by the model corrected for the number of free 
parameters. The statistical significance of the compared nested models was 
achieved by performing an F test and further deriving a p-value using a standard 
table (Motulsky and Ransnas, 1987). The following equation was used to calculate 
F-values: 
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! 

F =
SS

1
" SS

2( ) / df1 " df2( )
SS

2
/df

2

           Equation 4.2. 

 
Here SS corresponds to the sum of squares due to error, df to the degrees of 
freedom (number of data points minus number of free parameters) and the 
subscript 1 to the model with fewer parameters. The F statistics, repeated 
measures ANOVA (Trujillo-Ortiz et al., 2004) were carried out in Matlab. 
 
4.3 Results 
 
4.3.1 Performance 
 
By interrupting the decision process at six points in time we were able to probe the 
temporal dynamics of formed spatial representations. We examined response time 
as a function of discriminability (bias-free accuracy measure – see Methods 
section) thereby, controlling for possible speed-accuracy trade-offs. 
 
Overall, each subject performed better when the stimulus duration was longer 
(average across lags and participants: 74 % vs. 77% for the quadrant task and 61 
% vs. 65 % correct for the distance task for 12 and 82 ms, respectively). A two-way 
repeated measures ANOVA performed on 

! 

" d  values (an average of six response 
lags) showed significant effects of instruction (F(1,4) = 40.42, p < 0.001; mean 

! 

" d  
values for the categorical and coordinate task were 2.15 and  0.84, respectively) 
and stimulus duration (F(1,4) = 3.99, p < 0.05; mean 

! 

" d  value for the 12 ms 
exposure was 1.31 and for the 82 ms presentation 1.68) that did not interact ( 
F(1,4) = 0.05, p > 0.1). Similarly, when only the last response lag reflective of 
performance at the maximum processing time was considered, a repeated 
measures two-way ANOVA revealed a task effect (F(1,4) = 171.82, p < 0.001; 
mean 

! 

" d  value 3.77 for the categorical and 1.5 for the coordinate task) and an 
exposure effect (F(1,4) = 15.17, p < 0.05) with a higher discriminability for 82 ms 
exposure duration (3.05 

! 

" d  units) than for 12 ms (2.22 

! 

" d  units), whereas the 
interaction of  these factors was not significant (F(1,4) = 1.20, p > 0.1). Since the 
interaction between the task and presentation duration was not significant and, 
more importantly, because our main goal was to compare the temporal dynamics 
of categorical and coordinate spatial representations, in further hierarchical model-
testing procedure we will consider the two stimulus exposure durations separately 
and thereby investigate only the influence of instruction (categorical vs. coordinate) 
on the three parameters of Equation 4.1. 
 
4.3.2 Curve fitting 
 
The procedure of global model fitting was carried out independently for the two 
stimulus durations and the hierarchical model-testing procedure yielded 
qualitatively the same best fitting models for all observers and for the average data 
for both exposure conditions. The graph in Figure 4.2A illustrates the average data 
for the brief exposure (12 ms) condition with the circles representing an average 
discriminability (in 

! 

d ' units) at the average processing time of each response signal 
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lag (in seconds). The data sets are split into two tasks – categorical (filled circles) 
and coordinate (open circles). The best fitting models are described in Figure 4.2A 
by the solid line for the categorical, and the dashed line for the coordinate task. 
The same conventions are used in the Figure 4.2B that depicts the average results 
for the longer stimulus presentation (82 ms) condition. These models resulted from 
the evaluation of fits of nested models that systematically varied the three 
parameters of Equation 4.1 with the instruction as a factor. 
 
 
 

 
 
Figure 4.2:  Behavioural results. (A) Average results (n = 5) of the response signal SAT 
procedure for the brief (12 ms) stimulus display. Average discrimination accuracy (in 

! 

" d  
units) is plotted as a function of processing time (in seconds) in categorical (filled circles) 
and coordinate (empty circles). The smooth lines represent the best fitting models (2λ1β1δ) 
with separate asymptotes but same accrual rate and intercept for categorical (solid) and 
coordinate (dashed) tasks. (B) Average results (n = 5) of the response signal SAT procedure 
for the longer (82 ms) stimulus display. The conventions are the same as in A. 
 
 
 
We will begin by considering the models for the brief stimulus presentation. It is 
apparent from Figure 4.2A that the categorical and coordinate instructions resulted 
in different levels of asymptotic performance, that is the lambda parameter of the 
SAT function. Accordingly, for all five subjects, the best fitting models assigned 
separate asymptote parameters (λ) to categorical and coordinate instructions (for 
parameter estimates of the best models for individual observers and for the 
average data see Table 4.1). More importantly, the processing speed parameters β 
(accrual rate) and δ (intercept) reflected no significant differences between the two 
tasks since the best fitting global model allocated common β and δ to the 
categorical and coordinate tasks (Table 4.1). As a result, the global model that 
produced the best fit corrected for the number of free parameters was a model with 
distinct lambda’s (asymptote’s) for the categorical and coordinate tasks and a 
common β (accrual rate) and δ (time of departure from a chance performance) 
parameters with an adjusted R2 value of 0.985 for the average data (more details in 
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Table 4.1). The models that contained a shared asymptote resulted in smaller 
adjusted R2 values for individual as well as for the average data (1λ1β1δ - null 
model, R2 = 0.182; 1λ2β2δ, R2 = 0.942; 1λ1β2δ, R2 = 0.214 and 1λ2β1δ, R2 = 
0.827). Correspondingly, when two discrete accrual rates (β) were assigned to the 
two data sets (2λ2β1δ, R2 = 0.989) or two separate intercepts (δ) (2λ1β2δ, R2 = 
0.983) or both unique β and δ (2λ2β2δ - full model, R2  = 0.985 for categorical data 
and R2  = 0.970 for coordinate data) the adjusted R2 values were either not 
improved or an additional parameter did not significantly decrease residual errors 
according to the results of Equation 4.2 (for more detail about the full models’ fits 
refer to Table 4.2). We chose the more parsimonious 2λ1β1δ model and conclude 
that instruction only affects the asymptotic performance and not the speed 
parameters.  
 
Using longer stimulus durations we could additionally sample the temporal 
dynamics of a later stage of visual information accumulation (Heller et al., 1995). 
The best fitting models for the longer exposure again consistently distinguished 
separate asymptotes (λ) for the two tasks for all subjects and for the averaged data 
(Figure 4.2B and Table 4.1). Comparable to the brief presentations, the rate of 
information accrual (β) and the intercept (δ) were not significantly different between 
the instructions thereby for all the subjects the best model allotted common β and δ 
(R2 = 0.974 for the average data; Figure 4.2B and Table 4.1).  The models with one 
λ parameter for the two instructions produced poor description of the individual and 
the average data (1λ1β1δ, R2 = 0.536; 1λ2β2δ, R2 = 0.936; 1λ1β2δ, R2 = 0.519 and 
1λ2β1δ, R2 = 0.886). On the other hand, fuller models with separate β and/or δ did 
not result in better fits or did not significantly reduce residual errors when compared 
to the 2λ1β1δ model with the use of Equation 4.2 (2λ2β1δ, R2 = 0.972; 2λ1β2δ, R2 

= 0.975; 2λ2β2δ, R2  = 0.968 for categorical data and R2  = 0.943 for coordinate 
data; see Table 4.2 for details of the full models).  
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Table 4.1: Exponential descriptive parameters’ estimates for the best fitting models (2λ1β1δ) 
for the categorical and coordinate tasks presented in Figure 4.2. 
 

Observer 
Parameter AO BD MB NM SK Mean 

 Exposure 12 ms 

Discriminability λ (in 

! 

" d  units)       

Categorical 4.10 2.20 4.00 3.94 2.65 3.32 

Coordinate 1.53 .57 1.30 1.44 1.30 1.28 

Common processing speed (in ms)       

Rate 1/β 110 318 215 300 169 230 

Intercept δ 345 302 339 334 329 323 

Composite value δ + 1/β 455 620 554 634 498 553 

Adjusted R2 .934 .899 .982 .983 .975 .985 

 Exposure 82 ms 

Discriminability λ (in 

! 

" d  units)    

Categorical 4.44 4.28 4.61 4.74 4.16 4.35 

Coordinate 1.60 1.73 2.08 2.24 1.99 1.87 

Common processing speed (in ms)       

Rate 1/β 124 302 259 254 246 239 

Intercept δ 334 325 336 352 227 321 

Composite value δ + 1/β 458 627 595 606 573 560 

Adjusted R2 .956 .908 .957 .977 .984 .974 
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Table 4.2: Exponential descriptive parameters’ estimates for the full model (2λ2β2δ) for the 
categorical and coordinate tasks. 
 

Observer Parameter 
AO BD MB NM SK Mean 

 Exposure 12 ms 

Discriminability λ (in 

! 

" d  units)       

                              Categorical 4.16 2.36 3.97 3.93 2.62 3.37 

                              Coordinate  1.36 .50 1.42 1.43 1.40 1.25 

Rate β (in ms)       

                              Categorical  349 437 206 290 154 227 

                              Coordinate 326 75 313 340 261 238 

Intercept δ (in ms)       

                              Categorical  113 277 340 340 334 326 

                              Coordinate  64 327 334 297 307 301 

Composite value δ + 1/β (in ms)       

                              Categorical 462 714 546 630 488 553 

                              Coordinate 390 402 647 636 568 539 

Adjusted R2       

                              Categorical .932 .930 .970 .995 .958 .985 

                              Coordinate .898 .625 .975 .825 .955 .970 

 Exposure 82 ms 

Discriminability λ (in 

! 

" d  units)  

                              Categorical  4.49 4.21 4.64 4.72 4.16 4.33 

                              Coordinate  1.46 1.81 2.04 2.28 1.99 1.90 

Rate β (in ms)       

                              Categorical  129 260 271 246 244 215 

                              Coordinate 92 429 226 296 249 305 

Intercept δ (in ms)       

                              Categorical  336 343 333 356 328 329 

                              Coordinate  313 249 348 331 323 290 

Composite value δ + 1/β (in ms)       

                              Categorical 465 603 604 602 572 544 

                              Coordinate 404 678 574 627 572 595 

Adjusted R2       

                              Categorical  .973 .908 .957 .973 .990 .968 

                              Coordinate .465 .878 .866 .948 .922 .943 
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Our results clearly demonstrate that instruction (categorical vs. coordinate task) 
significantly influences asymptotic performance for all observers. This was 
reflected in separate λ parameter estimates of Equation 4.1 for the two instructions 
as rendering the best fitting global models. The processing speed (β and δ 
parameter estimates), however, did not differ between the distance and quadrant 
tasks; hence, more parsimonious global models (with common processing speed 
parameters) were assigned. Moreover, the same best global model (2λ1β1δ) was 
assigned for both stimulus duration conditions. This strongly suggests that the 
processes underlying categorical and coordinate spatial representations have 
similar temporal dynamics in both early and later stages of information transfer. 
 
4.4 Discussion 
 
Here we investigated temporal dynamics of two cognitive processes. By changing 
only the instruction and using the same stimuli we were able to directly compare 
the time courses of two types of spatial relations encoding: distance assessment in 
2D (coordinate task) and spatial categorization (categorical task). Although, the 
same stimulus display was used in the two tasks, observers had to extract 
(partially) different visual information that served different goals. We varied stimulus 
duration (12 and 82 ms), since differences in dynamics could occur at the very 
early stage of information accrual, when all the incoming information is new, or at a 
later stage, when only a fraction of the transferred information is new (Heller et al., 
1995). 
 
In order to assess the temporal dynamics of decisions based on either the 
categorical or coordinate aspect of visual information we employed the response 
signal SAT procedure (Wickelgren, 1977). This method allowed us to estimate an 
intercept (δ from Equation 4.1) that corresponds to a minimum time necessary for 
performance to depart from a chance level, and an accrual rate (β from Equation 
4.1) that gives an indication of with what speed performance reaches an 
asymptotic level. In addition, this method controls for any speed-accuracy trade-
offs and permits a comparison of speed of processing irrespective of task related 
differences in asymptotic performance.  
 
Since categorical and coordinate spatial relations processes are thought to rely on 
the parvo- and magnocellular pathways, respectively, or alternatively on the input 
from correspondingly small and large RFs, we anticipated differences in the 
temporal dynamics of decisions. We hypothesized that the difference in neuronal 
response latency that was reported for magno- and parvocellular pathways 
(Maunsell et al., 1999; Munk et al., 1995; Schmolesky et al., 1998) or alternatively, 
for larger and smaller RFs (Weng et al., 2005), might be reflected in a smaller δ 
parameter in the coordinate compared to the categorical task. In a similar fashion, 
since afferents of the magnocellular pathway were found to have higher signal 
conduction velocity than those of the parvocellular system (Bullier and Henry, 
1980; Dreher et al., 1976; Schiller and Malpeli, 1978; So and Shapley, 1979; 
Vidyasagar et al., 2002), we expected to obtain higher estimates of β parameter for 
the coordinate than for the categorical instruction. 
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In case of a classical response time paradigm any variation in reaction times can 
be attributed to the speed of processing or alternatively, to the level of difficulty of 
the tasks, and the most likely a mixture of both. Given that in most of the studies on 
coordinate and categorical spatial processing (e.g. Van der Ham et al., 2007; Van 
der Lubbe et al., 2006), including the current one, the coordinate task is more 
difficult (higher error rates) than the categorical, a simple measure of reaction time 
cannot unambiguously demonstrate processing speed differences. The response-
signal SAT procedure we implemented here offered a good solution to this 
problem. 
 
Our results show no differences in speed of processing between the categorical 
and coordinate tasks. Neither for the brief stimuli display (12 ms) nor for the longer 
one (82 ms) did the best fitting model contain different speed parameters for the 
two instructions. The assigned common β and δ parameters were coupled with two 
separate asymptote parameters with a higher 

! 

" d  value for the categorical data set 
than for the coordinate. 
 
There might be a number of reasons why we demonstrated very similar speed of 
processing for the categorical and coordinate representations. First of all, one 
might suggest that the tasks we used did not tap the hypothesized spatial 
representations. However, the stimulus we employed, a cross with an 
accompanying dot, was used before with success (Van der Ham et al., 2007). In 
particular, with such a stimulus Van der Ham and co-workers (2007) demonstrated 
the visual field and task interaction proposed by Kosslyn et al. (1989).  
 
It might be argued that sensitivity of the response signal SAT method is too crude 
to detect hypothesized temporal differences. However, in studies by Carrasco and 
associates (2003, 2006) the same method proved to be sensitive enough to detect 
dissociation in processing speed for two eccentricities. Moreover, the authors 
attributed the smaller δ parameter (a difference of 87 ms) for larger eccentricity (9 

vs. 4 deg of visual angle) to the involvement of magno cells (Carrasco et al., 2003, 
2006), since they are more abundant in the periphery of the visual field than in the 
fovea (Azzopardi et al., 1999).  
 
Inevitably, our current results need to be considered in the light of the studies by 
Roth and Hellige (1998), Hellige and Cumberland (2001) and Okubo and 
Michimata (2002, 2004) that tested a relation of categorical and coordinate 
representations with some purported properties of magno- and parvocellular 
pathways. Particularly, Roth and Hellige (1998) and Hellige and Cumberland 
(2001) attenuated the processing of the magnocellular pathway by presenting 
stimuli on a red background and looked at how this manipulation influenced 
performance in categorical and coordinate tasks. They based their prediction on 
the Kosslyn’s premise and expected that the red background (known to disrupt the 
transient M channel; Bretmeier and Willliams, 1990) would only affect the 
coordinate task, since it should rely more on magno cells than the categorical task. 
In the first study Roth and Hellige (1998) analysed only response times, because 
the percentage of error was very low (less then 5%). Even though the researchers 
found a large increase in reaction time for the coordinate task when presented on 
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the red screen, the fact that there was a ceiling effect in error rate dictates some 
caution in drawing strong conclusions. The follow up study (Hellige and 
Cumberland, 2001) supports this concern since performance in coordinate task 
was decreased (by ~ 8.5% - estimated from their Figure 1) in the red background 
condition, but at the same time reaction times did not show an interaction between 
task and background colour with an increase in the coordinate task by only 16 ms.  
 
Okubo and Michimata (2002, 2004), on the other hand, manipulated spatial 
frequency content of stimuli and observed performance for categorical and 
coordinate instructions. This design was inspired by the notion that large RFs 
process low spatial frequencies, while small RFs are more suitable for higher 
spatial frequencies. When they presented contrast-balanced dots that allegedly 
were devoid of low spatial frequencies, an interaction of visual field and instruction 
predicted by Kosslyn disappeared (Okubo and Michimata, 2002). From this 
reaction time effect they concluded that coordinate spatial relations rely on low 
spatial frequencies that are predominantly processed by the right hemisphere. 
However, there was a strong main effect of stimulus type (slower responses to the 
contrast-balanced stimuli) meaning that actually both tasks were negatively 
affected by removing low spatial frequencies. Unfortunately, the authors did not 
report anything about an interaction of task and stimulus type (with or without low 
spatial frequencies) but from mean response times it is obvious that response 
latencies were 61 ms longer for the contrast-balanced stimuli in the categorical 
task, whereas in the coordinate instruction this increase was smaller (41 ms). 
Moreover, the error rates were not analysed due to a very small percentage of 
errors.   
 
In a similar line of thinking, they designed stimuli that were devoid of high spatial 
frequencies and looked at the performance in the two spatial tasks (Okubo and 
Michimata, 2004). This time the errors of 3.78 % and 7.04 % (for categorical and 
coordinate task, respectively) seemed to the authors large enough to analyse. 
Importantly, they show a significant interaction of stimulus type and instruction, 
where performance in categorical task was worse for low-pass-filtered stimuli, but 
strangely the coordinate task was improved in this condition. Although, the 
decrease in performance for the categorical task for low-pass-filtered stimuli was 
predicted by the Kosslyn’s theory, the improvement in the coordinate task is difficult 
to explain. Finally, it is hard to interpret the results unambiguously, due to a lack of 
interaction between task and stimulus type for response times.  
These four studies that have a direct connection to our results, but also other 
experiments within this research field, seem to have one main drawback that bars 
unequivocal conclusions. Performance level in these studies is at a ceiling level 
and at the same time, response time differences between main conditions are not 
very large. Still, exactly at this high performance level the variation in response 
latencies is enormous for very small differences in errors (Wickelgren, 1977). 
Consequently, this variability is very large compared to most response time 
differences, which makes speed-accuracy trade-offs a significant factor. By using 
the response signal speed-accuracy trade-off procedure we minimized such 
confounds. 
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On theoretical grounds the current results indicate that the magno and parvo 
pathways or equivalently, large and small RFs play a less important role in forming 
the categorical and coordinate spatial representations than suggested by Kosslyn’s 
proposal and some preceding reports. One cannot exclude that previously found 
double dissociation of categorical and coordinate representation to the left and 
right hemisphere correspondingly reflected not a differential contribution of magno 
and parvo cells in the two hemispheres, but asymmetries related to the difficulty of 
the processed task. Such explanation was already put forward in a number of 
studies (Parrot et al., 1999; Sergent, 1991; Slotnick et al., 2001), however, only 
recently this issue was specifically addressed in an imaging experiment. In 
particular, Martin and associates (2008) suggested a hypothesis that the these two 
types of spatial relations belong to the same processing continuum and that the 
previously reported hemispheric specialization surfaced as a consequence of 
differing complexity of the same basic representation. This premise was supported 
by their results where categorical and coordinate tasks evoked strong BOLD signal 
in a similar fronto-parieto-occipital network. Importantly, some parts of this common 
network (mostly attention related) lit up parametrically and asymmetrically with an 
increasing difficulty of the task. 
 
We might also consider our results in the light of neurophysiological findings. Our 
distance task resulted in a much lower discriminability than the quadrant task, 
although the temporal dynamics of the two did not differ significantly. It is therefore 
more likely that these two spatial representations rely on the same neuronal 
population and differ mainly in the amount of visual evidence necessary to reach a 
decent level of performance. This would be in turn understood as a coarse-to-fine 
mode of visual processing with categorical representation corresponding to the 
coarse phase of information coding and coordinate relating to the later-stage fine 
representation. Significantly, such dynamic changes of spatial resolution of visual 
information were observed within a single neuron which receptive field shrank with 
elapsed time – note a negative correlation between RF size and spatial resolution 
(Allen and Freeman, 2006; Ruksenas et al., 2007; Womelsdorf et al., 2006). Such 
analogy seems adequate if we consider the intuitive notion that a more detailed 
coordinate representation is preceded by a categorical, coarse grasp of a visual 
scene. 
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Abstract 
 
The vast majority of research on functional cerebral lateralization in primates 
revolves around their vocal abilities. Such studies pertain to the evolutionary origin 
of the human language faculty and its predominance in the left hemisphere. At the 
same time, right hemisphere specialization in spatial cognition is commonly 
reported in humans. This functional asymmetry is especially evident in the context 
of the unilateral neglect syndrome that more frequently occurs after the right than 
the left sided brain damage. Since most of the research efforts are concentrated on 
vocalizations in primates, much less is known about the presence or absence of 
spatial functions lateralization. There are two important reasons, however, why this 
knowledge should be obtained. Firstly, it will provide insight into the evolutionary 
aspect of the functionally lateralized brain of Homo sapiens. Secondly, it will allow 
refinement and validation of the nonhuman primate unilateral neglect model.  In 
this paper we review available literature on functional brain asymmetries in 
processing spatial information, limiting the search to nonhuman primates. Given 
the available reports we conclude that there is no clear evidence that monkeys 
process spatial information with different efficiency in the two hemispheres. 
Consequently, we suggest that lateralization of spatial cognition in humans 
represents a relatively new feature in the evolutionary time scale. Possibly it 
developed as a by-product of the left hemisphere intrusion of language 
competence. Furthermore, we argue that the present monkey model of hemispatial 
neglect requires reconsideration.  
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5.1 Introduction 
 
In this review we address the question whether nonhuman primates display a 
similar to humans right hemisphere functional specialisation in processing spatial 
information. Firstly, we introduce the idea of cerebral lateralization, the possible 
ways it could have emerged and its advantages and disadvantages. Secondly, we 
turn to the lateralization phenomenon in the spatial cognition and language 
domains. Thirdly, we elaborate on unilateral neglect, a syndrome with a strong 
lateralization component. Fourthly, we recount the results of relevant monkey 
studies, comprehensively split by different research methods. Finally, the reviewed 
literature is briefly summarized and the conclusion formulated with a short 
discussion of the consequences of the outcome and the future directions. 
 
5.1.1 Cerebral lateralization 
 
Cerebral lateralization of the human brain has received considerable theoretical 
and experimental attention. It is commonly suggested that hemispheric 
asymmetries ensure more efficient employment of neuronal processing space, 
which is paralleled by reduction of possible interference between concurrent 
processes (Bradshaw, 2001; Levy, 1977). Apart from profits ensured by 
behavioural lateralization with respect to an individual’s life, asymmetries at the 
population level are thought to yield benefits as well, since individual’s behaviour 
becomes coordinated with the behaviour of a group of asymmetrical members 
(Vallortigara and Rogers, 2005; Vallortigara et al., 1999). The ubiquity of neural 
and behavioural asymmetries found in the animal kingdom (Bisazza et al., 1998; 
Vallortigara, 2000, 2006; Vauclair et al., 1999, 2006) advocates that the 
advantages of lateralization outweigh possible disadvantages like for instance, a 
predator being able to predict prey’s behaviour or a detrimental impact of unilateral 
brain injuries on animal’s functions (Corballis et al., 2000; Vallortigara and Rogers, 
2005; Vallortigara et al., 1999).   
 
From an evolutionary point of view the occurrence of relatively independently 
operating cerebral hemispheres most likely resulted from an increase in absolute 
brain size coupled with a decrease in connection density (Aboitiz et al., 2003; 
Olivares et al., 2000, 2001; Rilling and Insel, 1999; Striedter, 2006). Logically, 
interhemispheric communication in larger brains is compromised by the less dense 
connections and by longer transmission delays due to an increased distance 
between the hemispheres (Olivares et al., 2000, 2001; Ringo et al., 1994). Taken 
together, these anatomical changes occurring in larger brains might scale down the 
amount of cooperation that promotes an increase in interhemispheric asymmetries 
(Gannon et al., 1998; Hopkins and Rilling, 2000; Rilling and Insel, 1999; Ringo et 
al., 1994). Importantly, the above scenario holds mainly for the prefrontal and 
temporo-parietal visual areas executing higher cognitive functions, which are inter-
hemispherically connected by slow-conducting, weakly myelinated fibres (Aboitiz, 
1992; Aboitiz et al., 1992, 2003; Lamantia and Rakic, 1990; see for a review Schuz 
and Preissl, 1996). This is in contrast to the primary and secondary somatosensory 
cortices, of which proper functioning requires efficient inter-hemispheric integration. 
In particular, for these sensory brain areas the effect of greater inter-hemispheric 
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distances is counterbalanced by fast-conducting, highly myelinated callosal 
projections (Aboitiz, 1992; Aboitiz et al., 1992, 2003; Lamantia and Rakic, 1990).  
 
5.1.2 Spatial cognition and language 
 
Systematic analyses of possible functional differences between the two 
hemispheres of the nonhuman primate brain can shed more light on the puzzling 
cognitive advance of hominins with the language faculty as a hallmark. A simplified 
traditional view underscores a functional dichotomy of the human brain with the left 
hemisphere yielding a relative specialization in language processing and the right 
hemisphere showing superiority in spatial cognition (Flöel et al., 2005; Hugdahl, 
2000; Smith et al., 1996; Stephan et al., 2003; Vogel et al., 2003; Walter et al., 
2003). Under the collective term “spatial cognition” we understand primarily spatial 
attention and spatial working memory, which in turn can mediate various spatially 
directed (oculo)motor actions. One of the examples of spatial cognition functional 
lateralization is greater activation/blood oxygenation of parietal brain regions in the 
right hemisphere, as compared to the left, when measured during execution of 
saccades to remembered positions (Brown et al., 2004; Heide et al., 2001; Muri et 
al., 2000; Oyachi and Ohtsuka, 1995; Prime et al., 2008; Ruff et al., 2009).  
Similarly, there is evidence that the right cerebral hemisphere is specialized in 
mediating spatial attention shifts in the surrounding environment (Bartolomeo, 
2006; Gitelman et al., 1999; Mesulam, 1981, 1999) and that it underlies a leftward 
attentional bias in healthy subjects (Orr and Nicholls, 2005; Siman-Tov et al., 
2007). 
 
The critical issue of brain asymmetries concerns the evolutionary sequence of 
events that formed the functionally lateralized human brain, as we currently know it. 
Namely, did the spatio-attentional resources that originally were symmetrical start 
to “occupy” the right hemisphere as a consequence of the left-hemisphere 
“intrusion” by language and praxis or alternatively, is the concentration of spatial 
attention and spatial working memory processes in the right hemisphere 
phylogenetically ancient (Bradshaw, 2001; Corballis et al., 2000; LeDoux, 1982). 
The latter proposal can be further partitioned into two potential scenario’s: 1) the 
two hemispheres in our ancestors were functionally equivalent with respect to the 
spatial cognition processes and the later left hemisphere traded off these space-
based functions for language-adeptness; 2) the right hemisphere was already more 
proficient in processing spatially directed interactions with environment, before the 
language faculty began to emerge.  
 
To this point, the majority of comparative research on nonhuman primates has 
been focused on finding functional and neuroanatomical asymmetries for vocal 
communication and auditory processes as they are considered having some 
degree of continuity with respect to particular components of human language 
(e.g., Beecher et al., 1979; Belin, 2006; May et al., 1989; Petersen et al., 1978, 
1984; Poremba, 2006; Poremba and Mishkin, 2007; Poremba et al., 2004; Zoloth 
and Green, 1979). Much less is known about the possible nonhuman primate brain 
lateralization of spatial cognition, which may represent a more ancient cognitive 
function. Although, it is often assumed that cerebral asymmetry does not underlie 
spatially directed behaviour in nonhuman primates (Husain and Nachev, 2006; 
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Husain and Rorden, 2003; Karnath, 2001; Karnath et al., 2001; Milner, 1987; 
Payne and Rushmore, 2003), no systematic evaluation of this notion has been 
carried out. This is especially remarkable in light of the fact that nonhuman 
primates’ spatial information processing abilities resemble that of humans and any 
such comparison would be fairer and more controllable. In the vocalization domain, 
for instance, there is a continuous debate with respect to the question of how many 
and which language sub-processes are species- or language-specific (cf. Fisher 
and Marcus, 2006; Hauser et al., 2002; Pinker and Jackendoff, 2005). It is 
particularly hard to determine to what degree verbal signals and calls of particular 
primate species are homologous and/or analogous to the language faculty we 
observe in humans. 
 
5.1.3 Unilateral spatial neglect 
 
The knowledge of hemispheric asymmetries underlying space perception and 
spatially directed action is not only relevant to the evolutionary theory of cerebral 
lateralization. Considering the deficits in spatial functioning that result mainly from 
right hemisphere damage in humans, research on hemispheric specialization of 
spatial attention and spatial short-term memory in monkeys gains importance as 
these species might serve as an appropriate animal model of such dysfunctions.  
 
The term unilateral neglect or spatial hemineglect is a joined term referring to 
disorders of spatial cognition. The damaged brain areas frequently associated with 
occurrence of hemineglect are the inferior and superior parietal lobes, some parts 
of the frontal lobe (Husain et al., 2000; Ringman et al., 2004) and white matter 
connecting these parietal and prefrontal regions (Bartolomeo et al., 2007; Doricchi 
et al., 2008; but see Karnath et al., 2001). The manifestations of neglect can 
comprise independently or in combination the loss of conscious representations in 
the contralesional space (Driver and Mattingley, 1998; Rafal, 1994), defective 
orientation of spatial attention toward contralesional side that controls motor 
programs (Husain and Kennard, 1996) or the egocentric reference frame rotation 
or translation in the direction of the ipsilesional side (Kerkhoff et al., 2006; Richard 
et al., 2005 but see Chokron, 2003). Recent studies revealed that also spatial 
working memory across saccades is dysfunctional in unilateral parietal neglect 
patients, which is demonstrated by their persistent revisiting of locations in the 
ipsilesional visual field (Husain et al., 2001; Mannan et al., 2005; Parton et al., 
2006; Sprenger et al., 2002). Such spatial working memory impairment seems to 
contribute to the severity of the contralesional side neglect by exacerbating the 
attentional bias toward the ipsilesional visual field. Importantly, even non-
lateralized tasks involving sustained attention and spatial working memory 
demonstrated a positive correlation with severity of spatial neglect and a negative 
relation with spontaneous recovery (Buxbaum et al., 2004; Husain et al., 2001; 
Malhotra et al., 2005, 2009).  
 
Notwithstanding the causes and particular manifestations of neglect, lateralization 
toward the right hemisphere is present and this can be seen in an overall incidence 
of hemineglect after left and right brain damage (for a meta-analysis see Bowen et 
al., 1999). The occurrence and severity of spatial neglect disorders are 
predominantly associated with the right-hemisphere damage with a frequency ratio 
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of at least 2:1 (Becker and Karnath, 2007; Beis et al., 2004; Ringman et al., 2004). 
Moreover, the restoration of affected functions in the acute phase of neglect is 
more complete and rapid in individuals with left hemisphere stroke as compared 
with the right-sided brain damage (Denes et al., 1982; Ringman et al., 2004; Stone 
et al., 1992).  
 
5.1.4 Scope of the reviewed literature 
 
The previous subsection can be aptly summarized by Husain and Rorden’s (2003) 
remark that damage of the corresponding perisylvian regions in the two cerebral 
hemispheres in humans frequently results in different deficits: language disorders 
for the left hemisphere impairment and a more severe spatial neglect for right 
hemisphere injury. Some authors consider this functional asymmetry of the 
perisylvian regions an evolutionary development characteristic and exclusive to 
humans (Husain and Rorden, 2003; Milner, 1987; Payne and Rushmore, 2003). 
This notion is then indicated as a potential explanation for the lack in monkey 
studies of unambiguous evidence for similarly profound and enduring hemispatial 
neglect as in humans (Husain and Rorden, 2003; Milner, 1987; Payne and 
Rushmore, 2003). To evaluate this last statement we will recount in the following 
sections experiments that investigated lateralization of spatial cognition in monkeys 
and those that aimed at producing a nonhuman primate model of hemispatial 
neglect. Prior to that, however, a concise description of experimental methods used 
in animal neglect and lateralization studies will follow, the knowledge of which can 
enhance understanding of the further discussion. The list of research techniques 
comprises circumscribed lesions, reversed pharmacological lesions, fMRI and 
electrophysiology. Because the number of reports that systematically investigated 
cerebral lateralization of spatial functions in monkeys is scarce, we will also 
consider studies that indirectly yielded important clues about potential hemispheric 
specialization in the nonhuman primate brain. 
 
5.2 Methodology of lateralization studies in monkeys 
 
One other way to investigate hemispheric asymmetries in processing a particular 
type of representation is to use a split-brain animal. In such an animal, cerebral 
hemispheres are disconnected, which ensures independent processing of input 
within each hemisphere. A number of possible tract sections of the early visual 
pathway can be performed in monkey brain in order to guarantee circumscribed 
visual input. The visual tract sections are often combined with medial disconnection 
of the whole or different parts of the corpus callosum in order to preclude 
interhemispheric transfer between certain brain areas.  
 
Traditionally, lateralization studies on animals report on the effects of 
experimentally induced unilateral brain lesions, either independently or in 
combination with callosal sectioning. This way, apart from assessment of 
lateralization of brain functions, cortical regions crucial for processes compromised 
in the examined dysfunction can be investigated. Animal brain lesion studies that 
correlate cognitive deficits with neural substrates are of great importance, since 
they control the range of damaged neural tissue and use behavioural testing before 
and after the surgical intervention within the same subjects. Furthermore, 
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reversible deactivation of predetermined brain regions by cooling or muscimol 
(GABAA agonist) application can be used as an important alternative to surgical 
lesions. Complementarily to the permanent lesion studies, reversible techniques 
examine interference with the circuitry on a short time scale and a small spatial 
extent. 
 
Functional cerebral lateralization can be also investigated with a use of imaging 
technique such as functional magnetic resonance imaging (fMRI). In case of a 
behaving animal, this non-invasive for human subjects technique becomes 
invasive in the sense that a head-post needs to be implanted in order to prevent 
the monkey’s head movements. The fMRI gives a unique opportunity to trace 
neuronal activation changes (actually it is the blood oxygen level dependent signal 
correlating with neuronal activity that is measured) within the whole brain of 
behaving individuals. By this means a network of cooperating brain areas 
underlying the particular task and likely differences in activation distribution 
between the two hemispheres can be assessed. Another advantage of using this 
whole brain imaging technique is its application in describing neural processing of 
a healthy brain. To this end, a considerable amount of data was generated with 
regard to the functional lateralization of the human brain (e.g., Flöel et al., 2005; 
Siman-Tov et al., 2007; van der Ham et al., 2007, 2009). Due to the technical 
difficulties, the implementation of fMRI in the studies with behaving monkeys has a 
much shorter history and accordingly less data is available. Because of the 
importance of generalizing the results of single cell recordings from macaque to 
human brain, this bridging method begins to be more often used in both species 
(Orban et al., 2006; Vanduffel et al., 2002); a trend in neuroscience research that 
steadily grows.  
 
5.3 Evidence evaluation for spatial cognition lateralization in 

nonhuman primates 
 
5.3.1 Split-brain monkeys 
 
In early studies on a group of seven monkeys (5 Macaca mulatta and 2 Macaca 
nemestrina) a quite consistent left hemispheric dominance in two working memory 
tasks with a spatial aspect, motion direction and line orientation discrimination was 
demonstrated (Hamilton et al., 1974). Prior to the training the animals underwent 
optical chiasm, corpus callosum, anterior commissure and hippocampal 
commissure section ensuing the possibility to train the tasks independently in each 
hemisphere. The left hemisphere was found to learn the motion direction 
discrimination faster than the right hemisphere in four animals with the remaining 
three monkeys not showing any asymmetry and the group mean not reaching 
significance. The sequential orientation discrimination task yielded more robust 
results with only one monkey learning the task equally well with both hemispheres 
while in the remaining six macaques the left-sided advantage was apparent. A later 
study from this research group, with a better-counterbalanced design, confirmed 
the left hemisphere dominance in discrimination of orientation with response 
mapping task. The same group of eight rhesus macaques did not show a 
consistent hemispheric asymmetry as a group in an analogous pattern 
discrimination task (Hamilton, 1983). Finally, Hamilton and Vermeire (1988) 
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reproduced this finding with a larger group of 25 split-brain rhesus monkeys 
(Macaca mulatta). It is intriguing that this group of monkeys displayed a right-
hemisphere advantage for face discrimination learning and that in 15 subjects it 
was complemented by left hemisphere specialization for orientation discrimination. 
However, this opponent laterality of face and orientation discriminations was 
independent (not correlated), which indicates a lack of causality in the 
evolution/development of this complementary functional asymmetry.  
 
The final confirmation of the left hemisphere superiority in orientation discrimination 
comes from a study by Vogels and co-workers (1994). Two split-brain rhesus 
monkeys (Macaca mulatta) with heads fixed during the experimental task stared at 
the fixation spot in the middle of the screen to ensure that laterally presented 
oriented bars stimulated only the contralateral hemisphere (Vogels et al., 1994; see 
also Orban and Vogels, 1998 and Vogels et al., 1997). The monkeys displayed 
performance asymmetry but this was only obvious when the to-be-compared 
oriented bars were presented sequentially and not in the task when the two stimuli 
were shown simultaneously. This between-tasks difference related to the working 
memory component. The different outcome suggests involvement of higher brain 
areas in functional lateralization and not simply dissociation at the visuo-sensory 
level.  
 
In a task involving visuo-spatial comparisons, rhesus monkeys with unilateral 
occipital lobectomy combined with splenial transection had to judge two 
simultaneously presented stimuli comprised of a square with a dot inside, which 
could be placed either in the centre or off-centre along the vertical meridian (Jason 
et al., 1984). Monkeys with left-sided lobectomy had significantly higher 
discrimination thresholds of the dot position than the right hemisphere lesioned 
group. Surprisingly, each animal in the right lobectomy group improved its 
performance post-operatively and without a sham-operated control group it is not 
clear whether this lowering of discrimination threshold reflects extensive practice or 
a facilitatory effect of the right-sided lesion. Contrary to the functional asymmetry 
found in these macaques, performance in an analogous task, was impaired in the 
right parietal patients as compared to the left hemisphere damaged persons and 
the control group (Taylor and Warrington, 1973; Warrington and Rabin, 1970). 
Moreover, a similar task with divided visual field presentations that allowed the 
visual input to be initially processed mainly by the contralateral hemisphere yielded 
in healthy subjects no hemispheric differences in reaction times or error rates 
(Sergent, 1991). 
Considering these studies on macaques we can conclude that this primate species 
does manifest functional specialization of the left hemisphere in orientation 
discrimination but only when additional stages of short-term storage and 
representational comparisons with response mapping are required. The direction of 
hemispheric asymmetry seems to be in contrast to the right hemisphere dominance 
found in humans for similar orientation judgments (Benton et al., 1975; Corballis et 
al., 2002; Dupont et al., 1998; Harris et al., 2008; Orban and Vogels, 1998; Wang 
et al., 2007; Warrington and Rabin, 1970). Moreover, an impairment of orientation 
discrimination is apparent in patients with right hemisphere injury as opposed to the 
left hemisphere (Benton et al., 1975), and in left hemineglect individuals (Harvey et 
al., 2007; Wilkinson et al., 2008). Similar to the orientation discrimination results, 
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rhesus monkeys were more impaired in judging a dot position after a left sided 
lesion and that was in contrast to the right hemisphere advantage in humans in 
performing such a task. The opposite pattern of lateralization in these tasks likely 
reflects genuine inter-species differences in hemispheric lateralization of the same 
cognitive processes.  
 
5.3.2 Monkey model of neglect 
 
We can distinguish two main techniques in producing animal model of neglect 
syndrome. On the one hand, efforts were undertaken to induce stroke in monkeys 
and to test possible protective effects of drugs on affected animals. This approach 
has direct application for further clinical trials on active compounds. On top of that, 
the brain damage evoked by artery occlusion in monkeys directly corresponds with 
the most commonly found brain lesions in stroke patients. On the other hand, 
numerous studies employ localized uni- or bilateral brain lesions that can be 
carried out in a single or multiple stages. The advantage of this method is the 
control of the position and the size of the removed neuronal tissue that allows 
accurate testing of hypotheses, thereby advancing understanding of the neuronal 
mechanisms underlying neglect. 
 
Stroke studies 
As mentioned previously, in a number of papers the possibility of functional 
lateralization of spatial cognition in nonhuman primates is discarded without 
extensive references or analysis of available evidence (Husain and Nachev, 2006; 
Milner, 1987; Payne and Rushmore, 2003). The main argument offered is that in 
monkeys spatial neglect is never so severe and persistent as it can be observed in 
patients; hence, spatial functions that are crucially affected in this syndrome are not 
lateralized in monkeys. In the next paragraphs we will evaluate whether the above 
statement is indeed justified. Since neglect very frequently occurs after a stroke we 
turn to the animal model of ischaemic brain insult and the resulting neglect. These 
animal models of diseases offer the sole opportunity to not only test possible 
treatment or prophylactic drugs but also to learn more about the mechanisms of a 
given syndrome and brain function. The closer phylogenetically to human animal 
species are, the more generalizable conclusions can be drawn and in practice this 
converges on monkeys.  
 
New World common marmosets (Callithrix jacchus) were used to develop a 
primate model of ischaemic insult by occluding the middle cerebral artery (MCA) 
through the application of electro-coagulation (Marshall and Ridley, 1996). 
Behavioural assessment on animals was carried out pre-operatively, and at 
different times post-operatively. The motor and spatial deficits were dissociated by 
requiring from the monkeys a retrieval of food pieces with a pre-determined hand, 
which was controlled through the spatial layout of the set-up (Hill and Valley 
staircase tasks). The greatest impairment was of a motor-intentional nature, which 
in humans is more often related to damage in frontal cortex (Binder et al., 1992; 
Bisiach et al., 1990; Ghacibeh et al., 2007; Liu et al., 1992). Two of the monkeys 
that had more extensive cortical damage manifested a transient visuo-spatial 
neglect as was revealed by their failure to retrieve food items from the contralateral 
side even with their ipsilesional, unaffected forelimb. Overall, neglect of spatio-
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visual nature was detected only in two monkeys during brief acute stage with a 
somewhat longer lasting visual extinction, i.e., a failure to detect a contralateral 
stimulus only when it is presented concurrently with ipsilesional stimulus.  
 
In the later studies that tested neuro-protective effects of certain drugs the 
researchers occluded a more proximal region of the MCA and produced infarcts in 
the frontal, temporal and parietal cortex, the underlying white matter and 
subcortical structures (Marshall et al., 1999, 2000, 2001, 2003a, 2003b, 2003c). 
This procedure generated more consistent behavioural outcomes, with monkeys 
no longer able to use their contralesional arm properly, which proved to be a long 
lasting dysfunction. The animals initially were also unable to act with their 
ipsilesional healthy arm toward the contralateral compromised visual field exhibiting 
a lateralized perceptual-attentional deficit and a strong bias to act within the 
ipsilesional hemifield - a purer form of spatial neglect. Marmosets showed also 
extinction when presented with two choices and this inability to process information 
in parallel persisted longer than 9-10 weeks. In general, the spatial attentional bias 
was completely absent after 20 weeks and frequently much earlier, while motor 
impairment was virtually not improved after that time (Marshall et al., 2003c). 
Extinction, unfortunately, was tested in marmosets only up to 9-10 weeks and 
although recovery is observed, it is still detectable after that period (Marshall et al., 
1999, 2000, 2001, 2002, 2003a, 2003b). It is important to include a longer-term 
evaluation of extinction because in patients this cognitive complication is very often 
present even in the chronic stage of neglect (Farnè et al., 2004). Regrettably, we 
cannot tell anything about possible predominance of one of the hemispheres in 
displaying neglect syndrome in common marmosets since the surgery in these 
monkeys was performed only on the right hemisphere and this applies to all 
experiments conducted by Marshall's research group (Marshall et al., 1999, 2000, 
2001, 2002, 2003a, 2003b, 2003c). Nonetheless, it is clear that in these New World 
monkeys the spontaneous restitution of attentional and perceptual processes that 
bias actions towards the ipsilesional side is more rapid and complete compared to 
humans. In neglect patients, for instance, only 43% shows signs of spontaneous 
recovery in the acute phase and complete recovery can be observed only in 9% of 
convalescing persons (Farnè et al., 2004), though, higher complete recovery rates 
were also reported (Cassidy et al., 1998). The prompt recuperation from spatial 
neglect in monkeys suggests neuronal compensation of a rather functionally 
symmetric brain, though, monkeys with ablated frontal arcuate gyrus with or 
without sectioned callosum similarly recovered indicating an intra-hemispheric 
process (Watson et al., 1984).  
 
Brain lesions in monkeys 
A number of lesion experiments that probed neural correlates of unilateral neglect 
in monkeys yielded a neglect model not related to stroke. In particular, eight 
cynomolgus monkeys (Macaca fascicularis) underwent the right frontal 
“association” cortex aspiration (both banks of the arcuate sulcus and the posterior 
third of sulcus principalis) that resulted in a clear extinction of the contralesional 
visual and somatosensory stimuli when presented with a simultaneous target in the 
ipsilesional side (Deuel and Collins, 1984). Besides that perceptual-attentional 
deficit, all the monkeys displayed much lower probability of detecting individually 
presented items in the contralesional side, though, the effect was transient and 
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animals spontaneously recovered after 8-10 weeks post-operatively (Deuel and 
Collins, 1984). A bit more variable recoveries were obtained in Deuel and Collin’s 
earlier experiment, where three animals spontaneously improved behaviourally 
after 28 to 42 days, whereas seven monkeys needed a longer period of recovery 
with additional training (Deuel and Collins, 1983).  
 
A classic ablation study by Gaffan and Hornak (1997) explicitly evaluated the 
severity of neglect in monkeys as compared to the human condition. The 
researchers looked at the effects of posterior parietal removal on visual search 
performance in seven cynomolgus (Macaca fascicularis) and eight rhesus 
monkeys (Macaca mulatta), which was subsequently combined with frontal eye 
field ablation. Importantly, optic tract section causing hemianopia (blindness to the 
half of the visual field) without neglect served as a quantitative reference for the 
task performance in order to assess whether the severity of deficits in these Old 
World monkeys were comparable to humans. In patients, visual neglect is not 
simply a consequence of hemianopia and the deficits are always more severe in 
neglect. Eventually, posterior parietal cortex (PPC) or frontal eye field (FEF) 
unilateral removals in this group of macaques did not produce visual neglect 
analogous to the one observed in human, given that the associated deficiencies 
were not more pronounced than hemianopia induced by optic tract section. 
However, visual neglect equivalent to human impairments was achieved in the 
group of monkeys that were subjected to optic tract section combined with frontal 
commissurotomy, but than again, such pattern of brain damage, here evoked 
experimentally, is very rare in the neglect patients’ population, which reduces 
somewhat any practical application of these results. Relevant to our argumentation 
is the fact that no unambiguous functional cerebral asymmetries was found as the 
side of unilateral lesions had little effect on decrease in performance of the visual 
search task (Gaffan and Hornak, 1997).  
 
Unilateral lesions of the inferior parietal and the periarcuate cortex in long-tailed 
macaques (Macaca fascicularis) resulted in overall behavioural deficits that did not 
differ quantitatively, but subtle qualitative differences could be discerned (Deuel 
and Farrar, 1993). Because the animals’ performance was evaluated only during 
the acute post-operative phase we are not able to assess the spontaneous 
recovery rate or deficits perseverance. Likewise the study of Gaffan and Hornak 
(1997), the severity of premotor and perceptual effects was similar for left (12) and 
right (18) injured hemispheres (Deuel and Farrar, 1993). Removal of lateral portion 
of the precentral gyrus and the superior temporal sulcus in the same monkey 
species also did not result in any apparent differential hemispheric distribution of 
unilateral neglect, though the small number of subjects has to be considered (3 
right and 6 left hemispheres) (Deuel and Regan, 1985). Earlier studies on rhesus 
monkeys (Macaca mulatta) also did not demonstrate any differences in a delayed 
response task after left or right unilateral dorsolateral frontal or inferior-temporal 
ablations (Warren and Nonneman, 1976). Given the foregoing studies it is not 
surprising that one other monkey species, Macaca irus, displayed only a short-
lasting contralesional neglect of visual stimuli after arcuate or PPC removal without 
any evident effect of the lesion side (Crowne et al., 1989).  
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In line with the foregoing, two-stage bilateral lesions of area 7 of the parietal cortex 
in long-tailed macaques (Macaca fascicularis) also did not reveal any obvious 
hemispheric biases and actually, the effects of the first unilateral surgery were very 
quickly ameliorated (Faugier-Grimaud et al., 1978). However, the consequences of 
the second lesion required only slightly longer recovery period indicating that the 
area 7 is not crucial for visually guided hand movements as was here test (Faugier-
Grimaud et al., 1978). In a later study from the same lab, monkeys were trained to 
shift with their hand a vertical rod and place it in front of an illuminated target 
(Faugier-Grimaud et al., 1985). Latencies of responses showed mainly an increase 
for the arm contralateral to the lesion with no obvious differences between the left- 
and right posterior parietal animals after the first operation. After the second lesion, 
movement accuracy was affected in a similar way; that is a decrease in 
performance was demonstrated with the contralesional hand with a larger effect in 
the contralateral working space. Once again, there was no indication that left or 
right hemisphere was more specialized in performing accurately this task. The 
effects of the area 7 lesions on visually guided hand movements are clearly very 
mild. Nevertheless, one cannot discard on the basis of these two studies a 
possibility that other, perceptual-attentional deficits emerged post-operatively, since 
these were not tested here. A comparable contralesional motor effect was 
observed in two Macaca speciosa monkeys that underwent unilateral subpial 
suction of the frontal arcuate cortex (Heilman et al., 1995). Regardless the very 
rapid post-operative recovery a difference in this respect was observed between 
the two animals. Namely, the monkey with the lesion in the left hemisphere 
recovered quicker than the right hemisphere damaged animal. Then again, the 
very small number of animals and subjective scoring of post-lesioned restitution 
limits the significance of this observation. 
 
From the studies discussed above a clear picture emerges with regard to spatial 
neglect in several macaque monkey species. The experimentally induced neglect 
in monkeys has a milder form than that observed in humans. It is also evident that 
recovery from the deficits occurs very rapidly without any specific treatment. At the 
end of these studies, most of the affected macaques showed complete recovery, 
while in humans neglect deficits can be detected even after tens of months. With 
regard to the possible hemispheric differences, the studies recounted here 
unambiguously support the notion that monkey (at least macaque) brain is 
symmetrical in processing spatially directed behaviour. However, the young age of 
those laboratory animals might have to some degree confounded the results and 
consequently the conclusions. Firstly, in humans neglect occurs rather in older 
individuals (Ringman et al., 2004) and conceivably persons with diminished 
neuronal plasticity. The juvenile monkeys, therefore, could have shown a more 
rapid recovery due to their younger age. Secondly, it is widely accepted that there 
is a considerable interplay of ontogenetic and environmental factors in the 
development of hemispheric asymmetries (Corballis, 2009; Gil-da-Costa and 
Hauser, 2006; Grabowska et al., 1994; Sun et al., 2005, 2006; Sun and Walsh, 
2006). Hence, lateralization of brain functions can be more prominent in the older 
and more experienced individuals than in youngsters. Thirdly, the experiments 
mentioned above were not designed to explicitly test the presence or absence of 
functional lateralization in processing spatial information or/and the authors did not 
statistically compare the performance of the right- and left-sided lesion groups. 
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Finally, it might be that the lateralized defects in spatial neglect, like increased 
detection threshold for contralesional visual stimuli or slower and inaccurate motor 
action toward the compromised visual space irrespective of the hand used 
(directional hypokinesia), do not depend on the side of the brain damage. 
Specifically, it has been shown that some brain areas in the inferior parietal cortex 
that are crucial for spatially directed (oculo)motor actions (lateral intraparietal 
cortex LIP and area 7a) heavily over-represent contralateral space (rhesus 
monkeys: Barash et al., 1991; Battaglia-Mayer et al., 2005; Blatt et al., 1990; 
Crowe et al., 2004; Lynch et al., 1977; humans: Schluppeck et al., 2006; Swicher 
et al., 2007).  
 
5.3.3. Reversible pharmacological lesions 
 
Visually- and memory-guided saccades were measured in rhesus monkeys before 
and after muscimol injections that reversibly suppressed activity of the frontal eye 
fields (Dias and Segraves, 1999). The inactivation was performed in the left and 
right cerebral hemisphere in the two animals, respectively. For saccades toward 
the retinotopic representation of the injected site, latencies and targeting errors 
were increased whereas velocities were decreased. Moreover, an impaired 
performance of memory-guided saccades was manifested by occurrence of 
premature eye movements to targets in the ipsilateral field pointing to a lack of 
inhibitory control. The effects were comparable in both monkeys indicating no 
hemispheric dominance.  
 
In a similar way, reversible inactivation of the lateral intraparietal area in macaque 
monkeys influenced memory and visually guided saccades (Li et al., 1999). One 
monkey was subjected to six muscimol injections in the right lateral intraparietal 
area while the other monkey was injected four times in the right and six times in the 
left hemisphere. A general detrimental effect of muscimol on performance (error 
rates and misses) was demonstrated for the memory-guided saccades directed 
into the contralesional visual field. Moreover, saccades to remembered locations in 
the contralesional field were hypometric and with lower peak velocity. Latencies of 
both visually and memory guided saccades after reversible inactivation of area LIP 
were significantly increased with a larger effect for those directed to the 
contralesional field. Notably, the authors noted no interhemispheric differences in 
muscimol lesion's effects. A somewhat similar study examined the influence of 
unilateral injection of muscimol that inactivated the area LIP this time on the double 
saccade task (Li and Andersen, 2001). One of the macaques used in this 
experiment had the inactivation performed on both left (2 sessions) and right LIP (4 
sessions). Although, the authors did not analyse the behavioural results from the 
point of view of hemispheric lateralization, from their Table 1 (p. 50) it is apparent 
that the effect to muscimol on the latency of the second saccade (with working 
memory component) was more prominent for the left hemisphere. Unfortunately, 
without concrete statistical test and such bi-hemispheric measurements in more 
animals this finding can only be described as anecdotal evidence. 
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5.3.4. Imaging and electrophysiological studies 
 
Amongst the sparse imaging studies in animals there is a noteworthy fMRI 
experiment on two cynomolgus monkeys (Macaca fascicularis) that revealed an 
intriguing asymmetric activation (Baker et al., 2006). Monkeys were required to 
execute rapid saccades to visual cues that activated a widely distributed 
oculomotor network underlying goal-oriented processing. Apart from classical 
activation of the LIP, the FEF, the supplementary eye fields and the superior 
colliculus, the researchers came across right unilateral pulvinar activation. The 
lateral pulvinar was previously found to contribute to visuospatial attention and 
orienting (Andersen, 1989; Karnath et al., 2002; Petersen et al., 1987) and human 
fMRI data shows also a strong functional rightward lateralization of this structure 
(Fischer and Whitney, 2009).  
 
As an evolutionary old brain structure the subcortical pulvinar is more likely to show 
a similar functional asymmetry in humans and nonhuman primates than more 
advanced cortical regions. This notion is further confirmed by a recent fMRI study 
that directly compared cortical activation in humans and rhesus monkeys during a 
working memory oculomotor task (Kagan et al., 2010). Importantly, the researchers 
teased apart the contralaterality of spatial cue and memory representations from 
inter-hemispheric asymmetries of the activation patterns. Crucially, the results 
revealed that the contralateral tuning of cue and memory delay in dorso-lateral 
prefrontal cortex, FEF and LIP was much stronger in monkeys than in humans. In 
contrast, these fronto-parietal areas showed much greater hemispheric asymmetry 
of contraversive selectivity in humans than in monkeys (Kagan et al., 2010). This 
lateralization pattern in human participants matched the previous proposal that the 
left hemisphere predominantly encodes the right space, while the right hemisphere 
represents both hemifields (Mesulam, 1999). Given the findings reported by Kagan 
and co-workers (2010) it is tempting to speculate that the difference in the degree 
of contralateral organization among primate species is related to the evolution of 
hemispheric lateralization. 
 
Chronically implanted electrodes, through which macro-potentials can be recorded, 
are one of the techniques allowing a direct comparison of electrophysiological 
responses of the two hemispheres during performance of a cognitive task (Stamm 
et al., 1977). Using this method Stamm et al. (1977) recorded responses in the 
prefrontal, precentral and occipital cortex of stumptail monkeys (Macaca speciosa). 
In a delayed response task that required remembering the position of a cue (left or 
right) a slow surface-negative steady-potential (SP) shift during the delay period 
over the prefrontal area was consistently present and dominant in one of the 
hemispheres. The side on which the SP shift was greater depended on the hand 
with which the animal was trained to give a response. In particular, in the four 
monkeys that were over-trained with the right hand, the dominant SP shift was 
localized over the left prefrontal cortex, while in one monkey that was trained to 
give the response with their left hand, the SP shift was larger over the right 
hemisphere. Importantly, inter-manual transfer (sessions with the non-trained hand 
responses) did not change significantly the prefrontal SP shift in the two 
hemispheres, still yielding higher shifts in the hemisphere contralateral to the 
trained hand. Moreover, two animals that were taught to give a response with both 
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hands in alternating sessions displayed substantial SP shifts over both 
hemispheres, but after substantial training with one of the hands resulted in an 
increase of potential in the contralateral prefrontal region and a decrease in the 
ipsilateral prefrontal SP shift.  
 
Overall, however, these two monkeys showed greater magnitude SP shifts on the 
right side, which correlated with their orientation bias toward the left side of the 
display. While tempting to draw a parallel of such left-sided attentional bias to the 
phenomenon observed in healthy humans, known as pseudo-neglect (Nicholls and 
Roberts, 2002; Siman-Tov et al., 2007), the interactions between attentional and 
trained hand-dominance biases observed in these monkeys are far from being 
clear. Taken together, the findings by Stamm and his group (1977) point to the 
importance of ontogenetic experience (training of unilateral actions) and spatial 
orientation biases that can greatly influence studies on functional hemispheric 
lateralization in animals which in most cases are over-trained in particular tasks 
and manual actions. 
 
5.4 Evolution and spatial cognition lateralization 
 
The overview given in the preceding sections raises a number of important issues 
with regard to the possibility of hemispheric lateralization of spatial functions in 
nonhuman primates. Firstly, there is no single monkey study that clearly shows a 
more severe neglect or a longer recovery after experimentally induced right as 
opposed to left hemisphere damage. Secondly, the spontaneous recovery in 
macaque monkeys is very rapid and almost complete after 2-3 months, while in 
humans recovery can last tens of months and it is not uncommon that patients 
show persistent deficits even after years. Thirdly, we did not find any apparent 
lateralized distribution of spatial working memory in monkey, which also differs 
from the observed human right hemisphere superiority (cf. Table 5.1). Finally, left 
hemisphere dominance in sequential orientation discrimination, a task possibly 
engaging some aspects of spatial working memory was consistently observed in 
split-brain macaques across a number of behavioural studies (cf. Table 5.1). The 
intriguing part is that human subjects performing similar orientation discrimination 
tasks show a right hemisphere advantage. As was suggested earlier, such 
remarkable dissociation can reflect species differences either in lateralization 
direction of the same underlying neuronal process or in task solving strategy taxing 
somewhat distinct processes.  
 
In total we found only two studies, both using magnetic resonance imaging, where 
nonhuman primates displayed a similar to humans asymmetrical hemispheric 
advantage in a visuo-spatial task (Baker et al., 2006; Kagan et al., 2010). The 
study by Baker and co-workers (2006) on two cynomolgus monkeys revealed a 
clearly higher right hemisphere activation of an evolutionary old subcortical 
structure, the pulvinar, thereby replicating the results on human subjects (Fischer 
and Whitney, 2009) and yielding additional evidence for its homology between 
human and monkey (Desimone et al., 1990; Snow et al., 2009). The combination of 
the results of the monkey and human studies yield an interesting possibility that 
phylogenetically ancient subcortical brain structures are asymmetric, and in 
monkeys it resembles the functional pattern reported in humans. The strong point 
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of this notion is that monkey subcortical brain regions should have clear 
homologues in Homo sapiens brain assuring straightforward inter-species 
comparisons. Relatedly, Kagan et al. (2010) demonstrated that the more 
evolutionarily advanced fronto-parietal cortex in humans is to a much greater 
degree asymmetric with respect to the contraversive selectivity. That is the right 
fronto-parietal areas in rhesus monkeys processes mainly visuo-spatial information 
from the contralateral field and to a very limited extent from the ipsilateral side, 
whereas in humans, it is involved in analysing input from both visual half-fields. In 
contrast, the left hemisphere fronto-parietal regions in both species represent 
predominantly the right visual field. The remaining bulk of negative or inconclusive 
studies recounted in this review most likely reflect the hemispheric symmetry of the 
more phylogenetically distant from Homo sapiens species like macaques.  
 
To conclude, given the reports published thus far, we are inclined to confirm the 
notion that monkeys do not process spatial information differentially by the left and 
right hemispheres, though the use of juvenile animals in some of the studies might 
have biased the results. We should stress here that by spatial information we 
understand spatial working memory employed in trans-saccadic remapping or in 
search paradigms and spatial sustained attention, both usually compromised in 
right hemisphere damage in humans. Logically, one might further presume that the 
parieto-frontal network subserving spatial cognition was symmetrically distributed in 
the monkey brain and from the evolutionary point of view, did not predetermined 
the left-sided language functions. 
 
Importantly, much clearer evidence of functional brain lateralization in monkeys has 
been established for left hemisphere species-specific vocalizations processing 
(e.g., Beecher et al., 1979; Belin, 2006; Hauser and Andersson, 1994; Heffner and 
Heffner, 1984; May et al., 1989; Petersen et al., 1978, 1984; Poremba, 2006; 
Poremba et al., 2004; Poremba and Mishkin, 2007; Zoloth and Green, 1979). Such 
vocalizations are often perceived to be analogous to some aspects of human 
language. Furthermore, a similarity to human right hemisphere advantage in 
discriminating faces is also frequently reported for monkeys (Hamilton and 
Vermeire, 1988; Hauser, 1993; Vermeire et al., 1998). When we combine these 
findings, a picture emerges where humans inherit right hemispheric dominance in 
processing of faces and very likely relative specialization of the left hemisphere in 
handling meaningful vocalizations. We further venture an argument that such 
vocalizations represent one of the multiple prerequisites of contemporary human 
language. At the same time visual working memory that is not asymmetrically 
processed in our phylogenetic ancestors, became lateralized in humans in a way 
that dissociated spatial and verbal aspects employing respectively right and left 
hemispheres. Actually, verbal and spatial working memory in humans was reported 
by some researchers to recruit partially overlapping neural networks that were at 
least quantitatively asymmetrically distributed in the left and right hemispheres 
(Walter et al., 2003). However, a more likely picture is that the two circuits are 
highly overlapping with some left prefrontal areas showing verbal specificity and 
bilateral parietal regions engaged in both working memory types with somewhat 
higher left sided activity in the verbal tasks (Cabeza and Nyberg, 2000; Gruber and 
von Cramon, 2003; Ray et al., 2008). Such pattern of results gives support to the 
proposal that spatial working memory is phylogenetically older than its verbal 
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counterpart and probably served as the basis for verbal working memory and 
language acquisition in the course of evolution (Aboitiz, 1995; Aboitiz and Garcia, 
1997; Aboitiz et al., 2006; Ray et al., 2008).  
 
With respect to the nonhuman primate model of hemispatial neglect, the results of 
the current literature evaluation point to important and potentially problematic 
issues. On the one hand, it remains to be seen whether the brain areas affected by 
experimentally evoked stroke or disabled by ir(reversible) lesions in monkeys 
represent functional homologues of the regions damaged in human neglect 
patients. On the other hand, the right hemisphere specialization in spatial cognition 
commonly encountered in humans inherently establishes differences between 
humans and monkeys in the severity of the neglect syndrome. Thus, the animal 
models of neglect might have failed to even the human condition because the 
effects of unilateral neuronal tissue damage were read out from a symmetrical 
nonhuman primate brain. While it remains a valuable source of diverse 
dysfunctions that are in one or another way related to the human condition and 
which can be used to test protective compounds for a number of these ailments, 
the full scenario of the consequences of hemispatial neglect cannot be determined 
in monkeys. 
 
5.5 Future directions 
 
Even though we are inclined to confirm the lack of hemispheric lateralization of 
spatial working memory and attention in our primate ancestors, some issues leave 
a grain of uncertainty until future experiments resolve them. To begin with, the 
monkeys with surgically induced neglect undergo a somewhat simplified 
behavioural testing that might overlook more subtle deficits apparent in humans, 
like for instance extinction. The future studies should implement additional test that 
would explicitly evaluate possible spatial working memory dysfunctions. Systematic 
investigations of hemispheric differences in the severity of neglect deficits and the 
long-term recovery profile are vital not only for clinical purposes but also for the 
advance of brain evolution theory. In animal studies of neglect it is crucial in the 
future to consider the subjects' age and thereby one can control possible 
ontogenetic differences in brain lateralization.   
 
From the evolutionary perspective, experimental demonstration is needed to 
confirm that lateralized structural characteristics and cognitive processes represent 
complementary asymmetric patterns that evolved independently through natural 
selection and less so by exerting reciprocal pressures (Dien, 2008). This would 
mean that each hemisphere adaptively has developed different roles and while 
seemingly influencing each other due to their complementarity, essentially there 
would be no relationship between them at the individual's level but only if we 
consider population means (Dien, 2008). 
 
Equally important relevant are investigations of interhemispheric connectivity. For 
instance, valuable results were obtained in a study that combined the positron 
emission tomography (PET) data correlation analysis with structural equation 
modelling (introducing information of directional relationships in an anatomical 
network). Namely, the researchers demonstrated remarkable interhemispheric 
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differences of functional connectivity in humans (McIntosh et al., 1994). A visual 
object and spatial tasks were used to tap ventral and dorsal visual pathways. While 
both tasks (face and dot location matching) exhibited right hemisphere dominance 
in that it exerted a stronger influence on the contralateral homologous areas, for 
our purposes we will concentrate on the spatial task. Specifically, the dorsal 
occipito-parietal region exercised a much stronger positive effect on posterior 
parietal area 7 in the right than in the left hemisphere. Further, area 7 influenced 
positively area 46 of the frontal cortex that subsequently, as a feedback path 
interacted with the ventral occipito-parietal cortex. Conversely, such indirect frontal 
feedback communication was discontinued in the left hemisphere. In light of the 
latest advances in understanding left unilateral neglect in humans as well as in the 
lateralization of functions that are affected mainly by the right hemisphere damage 
the current review may have a great importance. The most recent theory 
decomposing the mechanism of hemispatial neglect points to the crucial role of 
long range intra-hemispheric white matter connecting PPC with the prefrontal areas 
comprising the well known attentional and spatial working memory cortical network 
(Doricchi et al., 2008; Thiebaut de Schotten et al., 2005). Such view corroborates 
with the findings discussed earlier that the closest resemblance of the human 
neglect condition in monkey was evoked only by section of the white matter linking 
posterior and frontal brain regions (Gaffan and Hornak, 1997). The fact that the 
functional interactions between the parietal and frontal regions are much more 
evident in the right as compared to the left hemisphere in the tasks requiring spatial 
cognition advocates the preponderance of neglect in the right brain injured patients 
due to such right-sided asymmetry of parieto-frontal functional interactions. The 
superiority of the right hemisphere for the spatial attention tasks possibly results 
from a neural connectivity advantage (Thiebaut de Schotten et al., 2005) and high-
speed-optimal myelination of axons (Barnett and Corballis, 2005) within the right 
brain or from the right to the left hemisphere. Consequently, if one is set to 
understand hemispheric lateralization of functions, whether in humans or 
nonhuman primates, one should focus endeavours on analysing functional 
connectivity of the main nodes forming a larger neuronal network and its possible 
differences in the two hemispheres.  
 
Finally, we need to consider the evolutionary origins of particular brain areas. It is 
known, for instance, that some subregions of macaque and human PPC are not 
homologous, reflecting evolutionary changes. Namely, anterior parts of the 
intraparietal sulcus (IPS) comprising areas anterior, medial ventral intraparietal and 
posterior parietal areas (AIP, MIP, VIP and PPR) are the most likely preserved 
across the primate species (AIP: Grefkes et al. 2002; MIP: Grefkes et al., 2004; 
PPR: Hagler et al., 2007 and Trillenberg et al., 2007; VIP: Bremmer et al. 2001). 
With regard to the human homologue of the saccade-related LIP discrepant results 
are reported (Koyama et al., 2004; Shikata et al., 2008), whereas caudal 
intraparietal area (CIP) of the posterior part of the IPS and the V6 complex of the 
parieto-occipital sulcus are found to be more medially in the human brain (CIP: 
Shikata et al., 2003; V6: Dechent and Frahm, 2003; for a review, see Grefkes and 
Fink, 2005). This shift from the lateral to the medial bank of the IPS was attributed 
to the great expansion of the dorsal visual stream in humans (Grefkes and Fink, 
2005). Likewise, in a comparative fMRI study by Denys and co-workers (2004) that 
attributed inter-species functional dissimilarities of brain areas to the evolutionary 
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expansion of the dorsal visual stream. Remarkably, shape sensitivity in the monkey 
was relatively stronger in intraparietal than in temporal regions, while the reverse 
was observed in humans and overall, shape-related activity was more balanced 
between ventral and dorsal cortex in monkeys. It is therefore important to establish 
exactly which sub-areas of the PPC show the right-sided functional asymmetry in 
humans, the evolutionary younger or those that are shared with the nonhuman 
primates. The functional magnetic imaging technique currently represents the most 
practical way to investigate this issue in humans and animals. 
 
 
 
Table 5.1: Summary of hemispheric lateralization studies in nonhuman primates. 
 

Study 
Species  

(No. 
subjects) 

Task Superior 
hemisphere Comments 

fMRI: 

Baker et al. 
(2006) 

Macaca 
fascicularis 
(2) 

Saccades to 
visual cues Right 

Intact brain (magnetic 
resonance imaging MRI); 
lateralization found in the 
pulvinar  

Kagan et al. 
(2010) 

Macaca 
mulatta (2) 

Working memory 
oculomotor task Right 

Right hemisphere showed a 
slightly weaker 
contralaterality of fronto-
parietal regions than the left 
hemisphere (this effect was 
much greater in humans) 

Reversible lesions: 

Dias and 
Segraves 
(1999) 

Macaca 
mulatta (3) 

Visually- and 
memory-guided 
saccades 

None 
Reversible inactivation of 
the frontal eye field (1 left 
and 2 right) 

Li and 
Andersen 
(2001) 

Macaque 
monkeys 
(not 
specified) (2) 

Double saccade 
task Left (trend) 

Reversible inactivation of 
the lateral intraparietal 
cortex (in one animal 2 left 
and 4 right injections) 

Li et al. 
(1999) 

Macaque 
monkeys 
(not 
specified) (2) 

Memory- and 
visually-guided 
saccades  

None 
Reversible inactivation of 
the lateral intraparietal 
cortex (in total 6 left and 10 
right injections) 

Split-brain and/or lesions: 

Crowne et 
al. (1989) 

Macaca irus 
(4) 

Visual stimuli 
detection None 

Arcuate (1 left and 1 right) or 
posterior parietal (1 left and 
1 right) cortex removal 

Deuel and 
Ferrar 
(1993) 

Macaca 
fascicularis 
(30) 

Unilateral and 
bilateral visual or 
somatosensory 
stimulation, 
stimulus array 
cancellation 

None 
 

Frontal periarcuate (6 left 
and 10 right) or inferior 
parietal cortex (6 left and 8 
right) lesions 
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Deuel and 
Regan 
(1985) 

Macaca 
fascicularis 
(9) 

Dexterity, 
strength, tactile 
reaching, 
somatic 
sensation, 
gesture task 

None 
Polysensory inferior parietal 
lobule and adjacent superior 
temporal sulcus lesions (3 
right and 6 left) 

Faugier-
Grimaud et 
al. (1985) 

Macaca 
fascicularis 
(5) 

Visually-guided 
hand usage in 
shifting a vertical 
rod 

None 
Area 7 of parietal cortex 
removal (first lesions: 1 right 
and 2 left) 

Faugier-
Grimaud et 
al. (1978) 

Macaca 
fascicularis 
(5) 

Visually-guided 
hand movements None 

Posterior parietal removals 
(first lesions: 3 left and 2 
right) 

Gaffan and 
Hornak 
(1997) 

Macaca 
mulatta (8) 
and Macaca 
fascicularis 
(7) 

Visual search None 
Unilateral optic tract section 
(3 left and 3 right) + frontal 
commissurotomy  

Hamilton 
(1983) 

Macaca 
mulatta (8) 

Sequential 
orientation 
discrimination 

Left Split-brain 

Sequential 
orientation 
discrimination  

Left 
Hamilton et 
al. (1974) 

Macaca 
miulatta (5) 
and Macac 
nemestrina 
(2) 

Sequential 
motion direction 
discrimination  

Left (trend) 

Split-brain 

Hamilton 
and 
Vermeire 
(1988) 

Macaca 
mulatta (25) 

Sequential 
orientation 
discrimination 

Left Split-brain  

Heilman et 
al. (1995) 

Macaca 
speciosa (2) 

Visually-guided 
hand movements None Frontal arcuate cortex 

damage (1 left and 1 right) 

Jason et al. 
(1984) 

Macaca 
mulatta (9) 

On-off centre dot 
position 
discrimination 

Left 
Unilateral occipital 
lobectomy (5 right and 4 left) 
and splenial transection 

Perceptual 
orientation 
discrimination 

None 
Vogels et al. 
(1994) 

 Macaca 
mulatta (2) Sequential 

orientation 
discrimination 

Left 

Split-brain  

Warren and 
Nonneman 
(1976) 

Macaca 
mulatta (12) 

Delayed 
response None 

Frontal (3 right and 1 left) or 
posterior foveal prestriate 
cortex (4 right and 4 left) 
ablations 
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SUMMARY AND CONCLUSIONS 
 
 
In this thesis a series of experiments with humans and rhesus macaques were 
presented. For practical reasons different techniques were used with animals and 
human subjects. Taken together, these techniques allowed us to investigate spatial 
information processing at different levels of complexity, such as single neuron 
activity, behavioural performance and evolutionary origin of these processes. 
 
In chapter 1 we investigated the spatial summation rule that operates in parietal 
area 7a neurons of the macaque brain. The results revealed that the spatial 
summation rule in this brain region has complex temporal dynamics with the initial 
phase marked by clear response oscillations that eventually stabilizes as a winner-
take-all response type, in which the strongest input determines the neuron’s firing 
rate. These findings demonstrate a winner-take-all spatial summation mechanism 
that takes place without biasing spatial attention towards one of the constituent 
stimuli. In the context of the stimulus competition for neuronal representation it 
offers evidence that such competition can be resolved automatically, without 
attentional re-routing of the inputs (input gain). 
 
In chapter 2 we explored to what degree stimulus selective persistent delay-period 
activity present in the area 7a neurons contributed to the monkey’s performance in 
a match-to-sample task. Using the ROC analysis we showed that the neurons' 
potential to discriminate different stimulus conditions in the sample and the delay 
phases did not correlate with the cell's ability to dissociate the 'match' from the 
'non-match' trials. Moreover, the analyses of within trial response fluctuations 
suggest that area 7a cells implement a matched filter mechanism to detect the 
'matching' stimuli. The presence of the matched filter mechanism rejects the 
necessity of the stimulus selective delay-period activity for solving a match-to-
sample task. These findings offer a new perspective on visual working memory 
processes and seriously question the concept of persistent delay-period activity 
that is utilized in the recurrent network models of working memory. 
 
The interactions between oculomotor activity and spatial working memory were 
investigated in chapter 3. Specifically, we tested whether the neuronal memory 
traces of the oculomotor actions could influence (improve) the memory about a 
spatial separation. While we did find a different pattern of spatial interval 
reconstruction errors when saccadic eye movements were executed, the most 
parsimonious interpretation of the results does not require any ‘oculomotor’ effects. 
With a simple model we show that the basic neurophysiological laws such as the 
relation between the receptive field size and the eccentricity can account for a 
great deal of the behavioural performance. This study brings forward the possibility 
that some research reports on perception and action interactions might have 
neglected the most prudent explanation of the results. 
 
In chapter 4 we addressed the theory put forward by Kosslyn (1987; Baker et al., 
1999) that assumes hemispheric differences of the average receptive field size and 
hence a functional lateralization of spatial category and distance information 
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processing. To test the hypothesis that the dissociation of categorical and 
coordinate spatial information processing is underlined by the RF size differences 
of the involved neurons, we exploited the basic knowledge about 
neurophysiological properties of cortical cells. Specifically, our experimental design 
and the subsequent conclusions were guided by the neurophysiological findings 
that the receptive field size constrains the speed of information transfer (or visual 
response latency). Overall, our results do not confirm the idea proposed by Kosslyn 
and suggest that if there are differences in processing the categorical and 
coordinate spatial relations, they are not related to the RFs size. Here we show 
once again that the basic neurophysiological laws should guide the design and 
interpretation of behavioural studies. 
 
The issue of functional hemispheric lateralization is also handled in chapter 5. By 
using a thorough literature search we explored the hypothesis that nonhuman 
primates differentially process spatial information by the right and left hemispheres. 
The clarification of this notion is important for our understanding of brain evolution 
and for the development of animal models of hemispatial neglect, a deficit that in 
humans shows a strong hemispheric lateralization. Based on the available monkey 
studies we conclude that the nonhuman primate species do not predominantly 
process spatial tasks by the right hemisphere and therefore do not show a 
functional cerebral asymmetry for spatial processing. Consequently we propose 
that the right hemisphere specialisation in spatial cognition evolved in humans 
either concurrently or even later than the left hemisphere dominance in language 
processing. Moreover, the lack of hemispheric functional lateralization in monkeys 
for spatial cognition can explain the failure in developing an animal model of 
hemispatial neglect that would match in severity to the human syndrome. 
 
By employing extracellular single unit recordings in rhesus monkeys we explored 
the basic neural mechanisms of spatial information integration and its maintenance 
during a memory delay-period in parietal area 7a. Similar to lateral intraparietal 
cortex (LIP) (Gottlieb et al., 1998) this macaque posterior parietal association area 
has been reported to automatically signal a salient stimulus, reflecting its role in 
bottom-up attentional processes (Constantinidis and Steinmetz, 2001, 2005). Our 
findings that neurons in area 7a use as a default a winner-take-all algorithm to 
integrate visual input across RF, even when multiple stimuli do not differ in 
saliency, underscore the specific role of PPC, both in humans and monkeys, in 
building a salience (activation) map of a visual scene (Gottlieb et al., 1998; 
Friedman-Hill et al., 2003; Roggeman et al., 2010). A generation of a salience map 
is conceptualized as a combination of bottom-up and top-down information that is 
used to represent visual objects of interest, whether they are interesting because of 
their distinctness or because of their relevance for the behaviour or both (Corbetta 
and Shulman, 2002). 
 
The current results are also significant from the point of view of numerosity 
encoding in parietal cortex. A number of monkey (Roitman et al., 2007; Tudusciuc 
and Nieder, 2007, 2009) and human (Santens et al., 2010) studies demonstrated 
that PPC neurons are modulated by quantity of visual stimuli. Although, all these 
experiments used an array of control conditions to ensure that the results reflect a 
genuine number-sensitive coding, it has not been considered to what degree the 
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findings were influenced by the basic spatial summation rule operating in the PPC 
neurons. On the one hand, the spatial summation algorithm might confound the 
numerosity coding but on the other hand, it might actually constitute a mechanism 
by which the number of visual objects is estimated. Further studies should clarify 
these ideas. 
 
One other important issue that we revealed about area 7 neurons is that they can 
use a matched filter mechanism in order to facilitate a visual working memory 
performance. Consequently, the delay-period activity in general is not necessary 
per se to solve a match-to-sample task.  Because these findings are based on the 
analysis of within trial response fluctuations it would have been difficult if not 
impossible to examine the matched filter idea in an fMRI set-up with human 
subjects. This also stresses the difficulty in interpreting the delay-period activity 
measures derived from the BOLD signal.   
 
The behavioural studies with human participants were designed to test the 
influence of visual encoding conditions on the subsequent retrieval of spatial 
information. Complementarily, we examined how observers select different spatial 
attributes from the same visual display and whether this involved distinct visual 
pathways. The critical literature review summarizes the main similarities and 
differences in spatial information processing between humans and nonhuman 
primates. Taken together, the studies reported here give new insights about the 
mechanisms underlying spatially directed behaviour. Moreover, it sets a new 
perspective on widely accepted issues that until now passed unquestioned.  
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NEDERLANDSE SAMENVATTING 
 
 
Ruimtelijke informatieverwerking bij mensen en apen 
 
In dit proefschrift zijn verscheidene experimenten beschreven die zijn uitgevoerd bij 
de mens en de rhesus aap. Met behulp van uiteenlopende technieken is de 
verwerking van visuele, ruimtelijke informatie in het brein onderzocht op 
verschillende niveaus van complexiteit: van de activiteit van enkele neuronen in de 
hersenschors tot aan de complexe gedragingen van mens en dier en de 
evolutionaire oorsprong hiervan.  
 
In hoofdstuk 1 is de ruimtelijke integratie van visuele input in het pariëtale 
hersengebied 7a van de makaak onderzocht. Dit is gedaan door het meten van de 
neurale respons op twee visuele stimuli die simultaan gepresenteerd werden in het 
receptieve veld (RF) van de desbetreffende visuele hersencel. Deze respons is 
vervolgens vergeleken met de respons van dezelfde cel wanneer de twee stimuli 
niet tegelijkertijd, maar individueel werden getoond. Tijdens een dergelijke 
individuele presentatie beslaan de twee stimuli, bestaande uit identieke witte 
stippen, verschillende gedeeltes van het RF waardoor het neuron reageert met 
responsen van diverse sterktes. De metingen laten zien dat het neuronale 
algoritme van spatiële integratie verandert gedurende de presentatietijd. In de 
beginfase van visuele stimulatie met twee stimuli oscilleert de neurale 
responssterkte tussen het activiteitsniveau van de meer en minder optimale 
individuele stimulus. Na deze oscillaties lijkt de respons sterk op de activiteit die 
wordt opgewekt door de aanwezigheid van de meer optimale stimulus. Deze 
laatste vorm van integratie wordt ook wel aangeduid als een ‘winner-take-all’ 
algoritme. De bevindingen die zijn beschreven in hoofdstuk 1 demonstreren dat 
een dergelijk ‘winner-take-all’ mechanisme van visuele informatie integratie ook 
plaatsvindt zonder dat er aandacht op één van de stimuli in het RF hoeft te worden 
gericht. Dit impliceert dat competitiemechanismen voor neuronale inputs die 
gelijktijdig in het RF aanwezige stimuli representeren ook volledig automatisch 
opgelost kan worden zonder de hulp van gerichte aandacht.  
 
In hoofdstuk 2 is getest wat er gecodeerd wordt in de neurale activiteit tijdens de 
geheugenfase van een werkgeheugentaak. Hiervoor is een rhesus makaak 
getraind in het uitvoeren van de ‘match-to-sample’ taak terwijl tegelijkertijd de 
activiteit van neuronen is gemeten in gebied 7a van de pariëtale cortex. In deze 
‘match-to-sample’ taak moest de aap gedurende een ‘delay’ periode zonder 
visuele stimulatie de locatie(s) onthouden van één of twee kort getoonde stippen in 
een voorafgaande ‘sample’ periode . Na de ‘delay’ periode werden één of twee 
teststippen getoond en gaf het dier aan of de locaties van de stippen in de sample- 
en de test periode ‘hetzelfde’ of ‘verschillend’ waren (‘match’ of ‘nonmatch’). Ten 
eerste bleek voor veel neuronen de activiteit tijdens de ‘delay’ periode af te hangen 
van de locatie van de stippen in de sample periode wat was vastgesteld met een 
ROC analyse. Ten tweede bleek uit de ROC analyse van de activiteit in de test-
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periode dat de respons op de teststimuli sterk bepaald werd door het presenteren 
van ‘dezelfde’ of verschillende sample- en test-locatie(s). Dit effect was onafhanke-
lijk van de gebruikte stimuluslocaties. Verdere analyses van de AUC laten zien dat 
de stimulusafhankelijke activiteit van een neuron tijdens de ‘delay’ periode niet kan 
voorspellen of de neuron met ‘dezelfde’ of ‘verschillende’ locaties werd 
gepresenteerd. Bovendien suggereren de neurale activiteitsfluctuaties gedurende 
een trial dat de neuronen in hersengebied 7a een ‘matched’ filter mechanisme 
implementeren. De aanwezigheid van een dergelijk ‘matched’ filter mechanisme 
betekent dat de stimulusafhankelijke ‘delay’ activiteit niet per se nodig is om een 
‘match-to-sample’ taak uit te voeren. Deze bevindingen bieden een nieuwe 
perspectief op het mechanisme achter het visuele werkgeheugen. Daarbij 
ondermijnen ze het idee van voortdurende activiteit tijdens een ‘delay’ periode 
zonder visuele stimulatie als de kern van het werkgeheugenproces, een concept 
dat vaak een belangrijke rol speelt in huidige neurale modellen van het 
werkgeheugen.  
 
De interacties tussen het oculomotor-systeem en het ruimtelijke werkgeheugen zijn 
onderzocht in hoofdstuk 3. In deze experimenten is getest of een geheugen van 
recente neurale oculomoto-activiteit een positieve invloed heeft op het tijdelijk 
onthouden van de afstand tussen twee, door stippen gemarkeerde, locaties. De 
fouten die een proefpersoon maakte in deze taak waren systematisch afhankelijk 
van het wel of niet maken van een oogbeweging. De gevonden effecten zijn echter 
eenvoudiger te verklaren dan met een geheugen gebaseerd op oculomotor-
activiteit. Een model dat enkele basale fysiologische eigenschappen van visuele 
neuronen implementeert laat zien dat de gemaakte fouten in het reconstrueren van 
de onthouden afstanden verklaard kunnen worden door de bekende relatie tussen 
de grootte en de excentriciteit van de receptieve velden van neuronen. Dit werk 
benadrukt dat studies over de interacties tussen perceptie en gedrag dergelijke 
simpele verklaringen van de resultaten niet over het hoofd moeten zien.  
 
In hoofdstuk 4 is een theorie getest die werd ontwikkeld door Kosslyn en 
medewerkers (1987; Baker et al., 1999). Deze theorie veronderstelt verschillen in 
de gemiddelde grootte van de receptieve velden tussen de cerebrale hemisferen. 
Op basis van deze suggestie stelde Kosslyn voor dat ruimtelijke categorisatie en 
verwerking van afstandsinformatie functioneel gelateraliseerd zou kunnen zijn over 
de twee hemisferen. Deze hypothese is getoetst door gebruik te maken van 
bestaande kennis over de basale fysiologische eigenschappen van de 
hersenschors-neuronen. Het is bekend dat de grootte van het receptieve veld de 
limiterende factor is voor de snelheid van visuele informatieverwerking (visuele 
respons latentie). Dit betekent dat hoe groter het receptieve veld is, hoe sneller 
informatie wordt verwerkt. De proefpersonen moesten categorische- en 
afstandbeslissingen nemen binnen de ‘Speed-Accuracy Trade-off’ procedure. Met 
deze procedure werd de snelheid en de precisie van verwerking van deze twee 
soorten ruimtelijke beslissingen gemeten. De resultaten van de experimenten in dit 
hoofdstuk ondersteunen de theorie van Kosslyn niet. Als er al daadwerkelijk 
verschillen zijn tussen de linker en rechter cerebrale hemisferen in het verwerken 
van de ruimtelijke categorisatie en afstandrelaties tussen objecten, dan wordt dit 
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niet veroorzaakt door de ongelijkheid van de grootte van de receptieve velden. Dit 
experiment onderstreept opnieuw dat basale neurofysiologische wetten in 
aanmerking moeten worden genomen voor het verklaren en interpreteren van 
gedragsresultaten.  
 
De theoretische, functionele lateralisatie van hersenhemisferen is verder uitgewerkt 
in hoofdstuk 5. De hypothese dat de rechter en linker hersenhemisferen van niet-
humane primaten verschillen in de efficiëntie van de ruimtelijke informatie-
verwerking wordt in dit hoofdstuk verkend door een nauwkeurige literatuuranalyse. 
Een dergelijke overzichts-analyse is van groot belang voor het begrijpen van de 
evolutie van de hersenen en de ontwikkeling van diermodellen voor het hemi-
spatieel neglect-syndroom. Deze neurologische aandoening komt voornamelijk 
voor bij mensen na de beschadiging van de rechter hersenhemisfeer, bijvoorbeeld 
door een hersenberoerte. Op basis van de beschikbare onderzoeksartikelen wordt 
in dit hoofdstuk geconcludeerd dat niet-humane primaten in de context van ruimte-
lijke informatieverwerking functioneel gezien symmetrische breinen hebben. Dit 
contrasteert met de dominantie van de rechter hersenhemisfeer voor ruimtelijke 
perceptieprocessen bij mensen. Deze conclusie suggereert dat de specialisatie 
van de rechter hemisfeer voor ruimtelijke cognitie bij mensen tegelijkertijd of later is 
geëvolueerd dan de dominantie van de linker hersenhemisfeer voor taal-
vaardigheid. Bovendien biedt de afwezigheid van de functionele lateralisatie voor 
ruimtelijke cognitie bij apen een verklaring voor het feit dat hemineglect bij dieren 
gepaard gaat met minder ernstige symptomen dan bij mensen.  
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PODSUMOWANIE PO POLSKU 
 
 
Przetwarzanie informacji przestrzennej w mózgu człowieka i małpy 
 
W powyższej pracy doktorskiej opisane są eksperymenty z udziałem ludzi i rezus 
makaków (Macaca mulatta). W tych eksperymentach zostały użyte różnorodne 
techniki, które są dostosowane do gatunku na którym są przeprowadzane badania. 
Dzięki tej różnorodności technik procesy zapewniające przetwarzanie informacji 
wizualno-przestrzennej zostały zbadane na różnych poziomach złożoności 
organizmu, takich jak aktywność indywidualnych neuronów, zachowanie człowieka 
i małpy podczas wykonywania zadań wizualnych a także ewolucja tych procesów, 
tj. porównanie gatunków. 
 
W rozdziale 1 przedstawione są eksperymenty, które ustaliły algorytm operujący 
przy integracji wizualnej informacji w neuronach regionu 7a w płacie ciemieniowym 
mózgu makaka. Pomiary aktywności komórek nerwowych (częstotliwość 
potencjałów czynnościowych) zostały dokonane podczas prezentacji, indywidualnie 
lub symultanicznie, dwóch identycznych bodźców w różnych częściach pola 
czuciowego komórki. Ponieważ wizualne neurony regionu 7a są wrażliwe na 
pozycję bodźca w ich polu czuciowym, indywidualna prezentacja tego samego 
bodźca w różnych lokacjach wywołuje potencjały czynnościowe, których 
częstotliwość zależy od pozycji. Porównanie aktywności wywołanej indywidualną i 
symultaniczną prezentacją bodźców wykazały, że algorytm użyty przy sumowaniu 
informacji wizualnej jest zmienny wzdłuż osi czasu. W początkowej fazie 
częstotliwość potencjałów czynnościowych podczas prezentacji obydwu bodźców 
oscyluje pomiędzy częstotliwościami charakterystycznymi dla prezentacji tych 
bodźców pojedynczo, z których jeden wywołuje wyższą częstotliwość niż drugi w 
związku z przestrzenną wrażliwością neuronu. Ostatecznie poziom aktywacji 
stabilizuje się na częstotliwości charakterystycznej dla bardziej optymalnego 
bodźca usytuowanego w bardziej wrażliwej strefie pola czuciowego, tzw. winner-
take-all algorytm. Powyższe wyniki demonstrują fakt, że ‘walka’ pomiędzy 
bodźcami o dominację aktywacji neutralnej w komórkach wzrokowych regionu 7a 
jest automatycznie rozstrzygana bez udziału uwagi przestrzennej. 
 
W rozdziale 2 zbadana jest rola neutralnej aktywacji występującej podczas 
bezbodźcowej fazy krótkotrwałej pamięci wizualnej. W tym celu rezus makak został 
wytrenowany w wykonywaniu zadania pamięciowego, podczas którego aktywność 
neuronów w regionie 7a płata ciemieniowego jest mierzona. Zadanie małpy polega 
na zapamiętaniu pozycji punktu, która po okresie retencji bez żadnych widocznych 
bodźców musi być porównana z pozycją bodźca testowego. Odpowiedź ‘ta sama’ 
lub ‘inna’ pozycja jest sygnalizowana poprzez podniesienie lewej lub prawej ręki. 
Po pierwsze, częstotliwość potencjałów czynnościowych podczas fazy retencji 
wykazuje modulację w zależności od zapamiętanej pozycji bodźca. Po drugie, 
aktywacja komórki podczas prezentacji bodźca testowego wykazuje modulację w 
zależności, czy zapamiętana pozycja jest taka sama lub inna niż pozycja bodźca 
testowego. Z jednej strony obydwa rodzaje modulacji występują w tych samych 
neuronach ale nie wykazują znaczącej korelacji co kontrastuje z założeniem, że im 
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bardziej neuron jest wrażliwy na pozycję bodźców tym lepiej powinien odróżniać 
pozycje bodźca testowego. Z drugiej strony, fluktuacje aktywacji podczas 
prezentacji bodźca do zapamiętania i bodźca testowego podczas indywidualnych 
prób, sugerując, że neurony 7a implementują mechanizm nazywany ‘matched’ filtr. 
Podstawową zasada tego filtra jest porównanie fali aktywacji wywołanej 
prezentacją próby i testu, co z teoretycznego punktu widzenia nie wymaga 
obecności aktywacji podczas fazy retencji. Taki wynik podważa ogólnie 
akceptowalną rolę aktywacji podczas fazy retencji w wykonywaniu 
krótkoterminowych zadań pamięciowych. Obecne modele pamięci 
krótkoterminowej muszą wziąć pod uwagę powyższe wyniki. 
  
Interakcje pomiędzy aktywnością okulomotoryczną i krótkoterminową pamięcią 
przestrzenną są przetestowane w rozdziale 3. Za pomocą tego eksperymentu jest 
testowana hipoteza, według której wykonane ruchy gałki ocznej mają wpływ na 
zapamiętaną odległość dzielącą dwa bodźce wizualne. Wyniki pokazują inny rodzaj 
błędów popełnionych podczas rekonstrukcji zapamiętanej odległości w zależności 
czy podczas fazy zapamiętywania wolontariusz wykonał ruchy gałki ocznej czy też 
skupił wzrok na centralnym punkcie ekranu. Pomimo tych różnic prostsza 
interpretacja wyników wskazuje raczej na efekty podstawowych fizjologicznych 
właściwości pól czuciowych neuronów, które w peryferycznych strefach pola 
widzenia są większe i mniej wrażliwe na pozycje bodźców.  
 
W rozdziale 4 jest testowana teoria zaproponowana przez Kosslyn’a i jego 
współpracowników. Z jednej strony, Kosslyn proponuje, że prawa i lewa półkule 
mózgowe posiadają komórki wizualne z odpowiednio mniejszymi i większymi 
polami czuciowymi. Z drugiej strony, Kosslyn wyróżnia dwa rodzaje relacji 
przestrzennych: kategorie przestrzenne (np. u góry versus na dole) i metryczne 
relacje (np. objekty są oddalone od siebie o 5 m). Według tego naukowca lewa 
półkula mózgowa jest wyspecjalizowana w tworzeniu kategorii przestrzennych a 
prawa w określaniu relacji metrycznych, co jakoby było rezultatem różnic w 
rozmiarach wizualnych pól czuciowych. Zaprojektowany przez nas eksperyment 
ma u podstaw powszechnie zaakceptowany fakt, że im większe pole czuciowe tym 
szybciej jest przekazywana informacja wizualna. Wyniki naszych badań 
jednoznacznie odrzucają możliwość, według której kategorie przestrzenne są 
przetważane przez neurony z mniejszymi (wolniejszy transfer informacji) a relacje 
metryczne przez neurony z wiekszymi (szybszy transfer informacji) polami 
czuciowymi. Podobnie jak w rozdziale 3 zademonstrowaliśmy nieodzowność 
znajomości podstawowych praw biologicznych przy projektowaniu eksperymentów 
psychofizycznych i interpretacji wyników. 
 
W rozdziale 5 funkcjonalna asymetria półkul mózgowych jest adresowana w 
kontekście ewolucji kognitiywnej. Z pomocą krytycznego przeglądu  dostępnych 
raportów badań naukowych ustaliliśmy czy prawa półkula u nieczłkokształtnych 
naczelnych, jest podobnie jak u człowieka wyspecjalizaowana w kognitywnej 
percepcji przestrzeni. Odpowiedź na to pytanie jest ważna z dwóch punktów 
widzenia, tj. ewolucji lateralizacji funkcji mózgowych i syndromu ‘hemispatial 
neglect’, który z ogromną przewagą występuje u pacjentów z uszkodzoną prawą 
półkulą mózgową. U człowieka specjalizacja prawej półkuli w percepcji przestrzeni 
występuję wraz ze specjalizacją lewej półkuli w procesach językowych. W 
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kontekście ewolucji wiedza na temat lateralizacji procesów związanych z percepcją 
przestrzeni u nieczłekokształtnych naczelnych może wskazać czy to zdolność 
języka u człowieka zdominowala lewą półkulę ponieważ prawa była już 
wyspecjalizowana w percepcji przestrzeni, czy też to procesy językowe w lewej 
półkuli wymusiły specjalizację prawej strony w przetwarzaniu informacji 
przestrzennej. W kontekście uszkodzenia prawej półkuli i związany z tym deficyt w 
przetważaniu informacji wizualno-przestrzennej w kontralateralnej części pola 
widzenia, wiedza na temat funkcjonalnej specjalizacji półkul mózgowych pomoże 
ustalić najlepszy model zwierzęcy tego syndromu. Ogólnie rzecz biorąc przegląd 
publikacji na powyżej ustalony temat sugerują funkcjonalną symetrię mózgu u małp 
jeśli chodzi o procesy percepcji przestrzeni. Zgodnie z logiką przedstawionej tezy, 
lateralizacja procesów percepcji przestrzeni u człowieka miała miejsce 
równocześnie lub póżniej niż specjalizacja lewej półkuli mózgu w ewoluujących 
procesach językowych. Ponadto, użycie małp w celu ustalenia zwierzęcego 
modelu syndromu ‘hemispatial neglect’ może być w wielu przypadkach 
niewystarczające ze względu na funkcjonalną symetryczność mózgu małpy i 
związany z tym duży potencjał regeneracyjny oraz/i przejęcia funkcji. 
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