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Abstract

Important visual objects in our everyday life, such as fellow people, passing cars or
birds perhaps, are not point-like structures but often occupy considerable amounts of the
visual field. However, each photoreceptor in our eyes samples just a tiny portion of the
visual field and somehow the visual system should integrate these local signals. This
process takes place mainly in the visual cortex and, while higher-order visual areas play
an important role in perception of extended structures, it is now well established that
visual neurons at the first cortical steps of seeing integrate broad spatial context into
their responses. The main purpose of this thesis was to provide detailed information
concerning the spatial structure of the mechanisms that underlie integration of spatial
context in the early visual system.

The opening study of this thesis showed that the antagonistic Gaussians structure that
has been used for modeling context integration in single visual neurons provides a
relatively accurate description of the process also in the human visual system. The first
study introduced a novel method for connecting perceptual and neuroimaging
measurements and this method was applied in the second study of this thesis. The
second study showed that the human visual system integrates spatial context in terms of
its visual field size instead of the size of its cortical representation. The third study
showed that context is integrated over an unexpectedly large region of the visual field
and that spatially distant context may sometimes increase the contrast response of the
visual system. The closing study showed that orientation specificity of the integration of
spatial context depends on distance both in single neurons in the macaque primary
visual cortex and in human perception.

The knowledge acquired in this thesis will be generally useful in applications that

require understanding of the human visual system.



Tiivistelma

Arkieldmén kannalta tirkedt visuaaliset objektit kuten ihmiset, ohikiitdvdt autot ja
kenties kissat, ovat harvoin pisteméisid, mutta sen sijaan voivat peittdd laajankin alueen
nikokentédstd. Nakoaistinsolut prosessoivat kuvainformaatiota erittdin  pieneltd
nikokentén alueelta ja ndkdjirjestelméin tulee jollain tavoin yhdistdd ndmé paikalliset
signaalit. Vaikka nidkoaivokuoren myohdisten alueiden merkitys spatiaalisesti laajojen
objektien havaitsemisessa onkin merkittdva, nykytietimyksen valossa on kiistatonta etti
myos varhaisten ndkdaivokuorten hermosolut integroivat spatiaalista kontekstia laajalta
ndkokentdn alueelta. Tdssd viitoskirjassa tutkitaan konteksti-integraation taustalla
olevien mekanismien spatiaalista rakennetta varhaisessa nakojérjestelmassa.

Viitoskirjan ensimmadisessd osatydssd osoitettiin - ettd  konteksti-integraatiota
yksittdisissd hermosoluissa kuvaavat kahden antagonistisen Gaussilaisen mallit ovat
melko hyvid kuvauksia konteksti-integraatiomekanismien spatiaalisesta rakenteesta
myos thmisen ndkojarjestelmdssd. Ensimmaéisessd osatydssd kehitettiin menetelma joka
mahdollistaa havainto- ja aivokuvantamismittausten uudenlaisen yhdistimisen. Tata
menetelméd sovellettiin toisessa osatyOssd, jonka pditulos oli konteksti-integraation
riippuvuus drsykkeen koosta nédkdkentédsséd sen sijaan ettd se olisi sidoksissa drsykkeen
edustuksen kokoon aivokuorella. Kolmannessa osatyGssd osoitettiin, ettd kontekstia
integroidaan huomattavan laajalta alueelta ja ettd spatiaalisesti etdinen konteksti saattaa
toisinaan vahvistaa nédkdjarjestelmin kontrastivastetta. Neljds tutkimus osoitti, ettd
konteksti-integraation valikoivuus orientaatiolle riippuu etdisyydestd niin ihmisen
nikohavainnoissa kuin makaki-apinan ensimmadisen nakoaivokuoren soluissakin.

Tamaéan vaitoskirjan tuloksia voidaan hyddyntdd sovelluksissa joissa tarvitaan tietoa

ihmisen nakojérjestelmén toiminnasta.
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1. Introduction

1.1 The early visual system
Processing of visual information begins in the retina wherein photoreceptors convert

light energy into electrical signals in a process called phototransduction (Burns &
Lamb, 2004). The photoreceptor signals are processed by a network of horizontal,
amacrine and bipolar cells before retinal ganglion cells transmit the signals away from
the retina. The balanced and antagonistic center-surround receptive field structure of the
retinal ganglion cells (Barlow, 1953) assures that ganglion cells transmit spatial
variations in the input image instead of a perfect reconstruction (Rodieck & Stone,
1965).

Axons of the retinal ganglion cells project mainly to the lateral geniculate nucleus
(LGN) of the thalamus (Callaway, 2005). The parvocellular pathway, which conveys
fine grained spatial information and has relatively low contrast sensitivity, terminates at
the four most dorsal layers of the LGN (Kaplan, 2004). The magnocellular pathway
with low spatial resolution, high contrast sensitivity and fast signal conduction velocity
terminates at the two most ventral layers (Kaplan, 2004). The less well understood
koniocellular pathway terminates below each magnocellular and parvocellular lamina
(Kaplan, 2004). The magnocellular pathway projects to layer 4Ca and parvocellular
pathway to layer 4Cp of the primary visual cortex (V1) (Livingstone & Hubel, 1988),
but the pathways are most probably mixed beyond the input layers (Sincich & Horton,
2005).

While neural responses in the lateral geniculate nucleus are largely insensitive to
stimulus orientation, marked orientation tuning emerges in the primary visual cortex
(Hubel & Wiesel, 1959). Hubel and Wiesel (1962) suggested that simple-cells generate
orientation tuned responses by summing inputs from LGN neurons with receptive fields
aligned along the preferred orientation. Later studies have confirmed that their scheme
is approximately correct (Reid & Alonso, 1995) although additional mechanisms are
required for the contrast invariance of the orientation tuning (Finn, Priebe, & Ferster,
2007; Skottun, Bradley, Sclar, Ohzawa, & Freeman, 1987). In similar way, the phase
insensitive complex-cells can be generated by summing inputs from appropriate simple-

cells (Hubel & Wiesel, 1962).



Neurons with similar orientation preferences form columns on the primary visual
cortex and the array of columns spanning 180° has a width of 0.5-1.0 mm in monkeys
(Hubel & Wiesel, 1974). In addition to this orientation map, the primary visual cortex
contains an ocular dominance map (Hubel & Wiesel, 1974) and a retinotopic map in
which neighboring neurons on the cortex have receptive fields at neighboring locations
in the visual field (Daniel & Whitteridge, 1961).

A series of seminal papers showed that humans and macaques perceive the visual
world similarly (De Valois, Morgan, & Snodderly, 1974; De Valois, Morgan, Polson,
Mead, & Hull, 1974) and not surprisingly, the human and macaque visual cortices show
many similarities. For example, functional magnetic resonance imaging (fMRI) has
demonstrated that ocular dominance and orientation maps are similar in the primary
visual cortex of humans and in non-human primates (Yacoub, Harel, & Ugurbil, 2008).
Moreover, the human visual cortex contains retinotopic maps and retinotopic mapping
has become a standard procedure in visual neuroscience laboratories across the world
(e.g. Dumoulin & Wandell, 2008; Henriksson, Karvonen, Salminen-Vaparanta, Railo,
& Vanni, 2012; Sereno et al., 1995).

Direct electrical recordings of receptive field properties of visual neurons in humans
are rare and limited to patients undergoing surgery (Marg, Adams, & Rutkin, 1968;
Yoshor, Bosking, Ghose, & Maunsell, 2007). Thus, most of the evidence concerning
similarity of receptive fields in humans and macaques stems from comparisons of
human psychophysics and single cell recordings in macaques. Spatial frequency
bandwidth of V1 receptive fields is highly similar compared to the bandwidth of spatial
frequency adaptation in humans (Blakemore & Campbell, 1969; De Valois, Albrecht, &
Thorell, 1982). Moreover, reverse correlation estimates of visual filters underlying
orientation, stereo and motion processing in humans show striking similarities to single
neuron receptive fields in macaques (Neri & Levi, 2006). The receptive fields of V1
simple cells (Jones & Palmer, 1987) and the filters underlying contrast detection in
humans (Kurki, Hyvérinen, & Laurinen, 2006) resemble two-dimensional Gabor
functions i.e. Gaussians multiplied by sinusoid. Interestingly, such filters produce
maximally sparse responses to natural images (Hyvérinen & Hoyer, 2001; Olshausen &

Field, 1996).
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The primary visual cortex is certainly not the only cortical region involved in vision
as approximately 27% of the human cortex processes predominantly visual information
(Van Essen, 2003). Primary visual cortex resides at the bottom of a hierarchy of visual
areas (Felleman & Van Essen, 1991) and the other regions are jointly referred as extra-
striate cortex (Maunsell & Newsome, 1987). In the secondary visual cortex (V2) of
macaques the receptive fields are larger and neurons prefer lower spatial frequencies
than in V1 (Foster, Gaska, Nagler, & Pollen, 1985). Similarly in humans, fMRI
estimates of population receptive field sizes increase (Dumoulin & Wandell, 2008) and
preferred spatial frequency decreases (Henriksson, Nurminen, Hyvérinen, & Vanni,
2008) in cortical areas progressively further from the primary visual cortex. Neurons in
the extra-striate visual cortices may have highly complex receptive fields and for
example the inferior temporal cortex of both humans and macaques shows selectivity
for real world categories such as animate versus inanimate objects (Kriegeskorte et al.,
2008). Moreover, selectivity for pattern motion in neurons of the macaque middle
temporal area arises from selective pooling of V1 inputs (e.g. Rust, Mante, Simoncelli,
& Movshon, 2006) and the angle selective receptive fields in V2 (Ito & Komatsu, 2004)
can be formed similarly.

Visual areas connect with reciprocal feedforward-feedback loops in which
feedforward connections drive action potentials and feedback connections modulate
activity in the recipient region (Felleman & Van Essen, 1991), although recent evidence
suggests that feedback may drive the responses at least in rodents (De Pasquale &
Sherman, 2011). While functional role of the feedback pathway is not fully understood,
it may aid in rapid integration of local signals and global context represented at different

levels of the visual system (Bullier, 2001).

1.2 Contextual modulation
A large body of research has shown that processing of visual stimuli in the early visual

system depends strongly on the spatial surroundings of the stimuli. Spatial surrounds
inhibit photoreceptor responses (Verweij, Hornstein, & Schnapf, 2003) and stimuli that
do not elicit response from the retinal ganglion cells may nevertheless reduce firing
rates evoked by stimuli inside the classical receptive field (Solomon, Lee, & Sun, 2006).

Such reductions are typically termed suppression and in the case that contextual stimuli

11



increase neural responses the effects are termed facilitation. Spatial context suppresses
the firing rates of neurons also in the lateral geniculate nucleus of macaque monkeys
(Solomon, White, & Martin, 2002). The contextual effects are typically described as
arising from extra-classical receptive field (ECRF) (e.g. Solomon et al., 2002).

In addition to sub-cortical structures, interactions between stimuli inside and outside
the classical receptive field are well documented for the early visual cortices of
macaque monkeys (Maffei & Fiorentini, 1976; Shushruth, Ichida, Levitt, & Angelucci,
2009; Tanaka et al., 1986). The strongest interactions arise when the center and
surround stimuli have the same spatiotemporal frequency (Webb, Dhruv, Solomon,
Tailby, & Lennie, 2005) and orientation (Cavanaugh, Bair, & Movshon, 2002b) and
nearby stimuli typically interact more strongly than distant ones (Levitt & Lund, 2002).
Stimulation of the ECRF typically reduces the response to the stimulus presented in the
classical receptive field, but it may also sometimes increase the spike-rates (Ichida,
Schwabe, Bressloff, & Angelucci, 2007).

Center-surround interactions in human perception and in the primary visual cortex of
monkeys show striking qualitative similarities and researchers sometimes treat the two
phenomena in parallel (e.g. Meese, Summers, Holmes, & Wallis, 2007). Humans
perceive the contrast of a texture patch as reduced when the patch is embedded in a
similar surrounding (Chubb, Sperling, & Solomon, 1989; Ejima & Takahashi, 1985). As
in single cells, strength of such center-surround interactions decrease as the spatial
frequency (Chubb, et al., 1989) and orientation (Cannon & Fullenkamp, 1991;
Solomon, Sperling, & Chubb, 1993) difference between the center and surround
increases. Suppression strength increases with surround contrast (Olzak & Laurinen,
1999; Snowden & Hammett, 1998) and facilitation is sometimes observed when the
surround is of lower contrast than the center (Xing & Heeger, 2001). Moreover, the
strongest center-surround interactions are observed across short distances and increasing
the distance weakens the interactions (Cannon & Fullenkamp, 1991, 1996).

Spatial context affects the blood oxygen level dependent (BOLD) responses in the
early visual cortices of humans (Dumoulin & Hess, 2006). As in psychophysical and
single cell studies, the most often observed effect is suppression (Kastner et al., 2001;
Williams, Singh, & Smith, 2003), but also response facilitation sometimes emerges

(Tajima et al., 2010). The contextual interactions are tuned for orientation (Pihlaja,
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Henriksson, James, & Vanni, 2008; Schumacher & Olman, 2010) and spatial frequency
(Pihlaja et al., 2008) difference between the center and surround stimuli. Interestingly,
spatial context produces highly similar effects on contrast response functions in humans
regardless of whether the estimates were obtained with fMRI or psychophysics (Zenger-
Landolt & Heeger, 2003).

Interactions between spatially distant contrast stimuli have been mostly studied using
the contrast detection paradigm in humans (e.g. Chan, Battista, & McKendrick, 2012;
Chen & Tyler, 2001, 2002, 2008; Kurki et al., 2006; Polat & Sagi, 1994; Solomon,
Watson, & Morgan, 1999; Williams & Hess, 1998). Polat and Sagi (1993) showed in
their classical demonstrations that the detection threshold of a Gabor-stimulus decreases
when it is concurrently displayed with flanking Gabors. The effect is tuned for the
orientation difference between the target and the flankers, scales with spatial frequency
and persists up to ~10 cycle separation between the target and flanks (Polat & Sagi,
1993). Similarly, a surrounding grating can increase the detection threshold of an
embedded Gabor and such suppression can be observed up to 8 cycle distance (Petrov
& McKee, 2006; Saarela & Herzog, 2008).

Spatial envelopes of the classical and extra-classical receptive fields have often been
studied by varying the size of a grating stimulus centered on the neuron’s CRF (e.g.
Sceniak, Ringach, Hawken, & Shapley, 1999). These measurements typically yield
spike rate versus area functions or area summation functions in which the responses first
increase to a peak and then decrease until a plateau is reached. Based on such
measurements the spatial structure of the receptive field has been modeled as a central
excitatory Gaussian mechanism surrounded by an antagonistic, inhibitory Gaussian
mechanism (Cavanaugh, Bair, & Movshon, 2002a; Sceniak, Hawken, & Shapley,
2001). These mechanisms should not be confused with the inhibitory and excitatory
sub-regions of the classical receptive field. Following the idea that inhibition normalizes
contrast responses in the primary visual cortex (Carandini, Heeger, & Movshon, 1997;
Heeger, 1992) the surround mechanisms is thought to act through divisive inhibition
(Cavanaugh et al., 2002a), although some authors have considered also subtractive
inhibition (Sceniak et al., 2001). Similarly in human vision, the changes in thresholds
produced by superimposing a mask upon the target (Foley, 1994; Meese, 2004; Meese
& Baker, 2013) and contextual suppression of both thresholds and apparent contrast
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(Cannon & Fullenkamp, 1996; Meese, Challinor, Summers, & Baker, 2009; Snowden &
Hammett, 1998; Solomon, et al., 1993; Xing & Heeger, 2001) have been modeled as
divisive inhibition. Divisive inhibition has also been used in computerized edge
detection algorithms (Grigorescu, Petkov, & Westenberg, 2003).

Given the similarity between the experimental results and modeling efforts
concerning contextual modulation in single cells and in human vision, it seems striking
that the idea of two antagonistic Gaussians has not been, to my best knowledge,
considered as a candidate spatial structure for the mechanisms underlying contextual
modulation in human cortical vision. Moreover, inhibitory surrounds in V1 neurons
most likely involve multiple components with different spatial range (Angelucci et al.,
2002) and tuning properties (Webb et al., 2005), which may suggest that contextual
interactions are tuned differently depending on distance. This thesis aims to find out
how well the two antagonistic Gaussians models fare in modeling contextual
interactions in human vision and whether contextual interactions show different

properties depending on distance.
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2. Aims of the study

Study I
The aim of the first study was to quantitatively characterize the spatial structure of the
mechanisms underlying contextual modulation in human vision and to examine whether

the antagonistic Gaussians models provide an acceptable description of the structure.

Study II
The aim of the second study was to scrutinize the assumption of the two antagonistic
Gaussians models that strength of contextual interactions depends on visual field size of

the involved stimuli instead of size of their cortical representations.

Study 111
The aim of the third study was to characterize contrast dependencies in long-range

spatial interactions in human vision.

Study IV
The aim of the fourth study was to characterize orientation tuning of short- and long-
range interactions in human vision and macaque V1 cells and thereby shed light on the

orientation specificities of the underlying circuitries.
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3. General methods

3.1 Psychophysics

Psychophysics is a tradition and collection of methods for quantitative investigation of
the relationship between psychological sensations and physical stimuli. In this thesis
psychophysics was used for measuring the effects of spatial context on contrast
thresholds and apparent contrast. Contrast threshold is the stimulus contrast with which
an observer reports target presence with a pre-specified accuracy and apparent contrast
is the contrast with which the observer cannot discriminate the contrasts of the test and
comparison stimulus. The threshold depends both on the standard deviation and mean
response of the mechanism encoding the target (Green & Swets, 1988) and apparent
contrast depends only on the mean.

This thesis exploited the method of constant stimuli introduced by Fechner in 1860
(Gescheider, 1985) and staircase method (Cornsweet, 1962). The method of constant
stimuli samples the performance of the observer along the entire psychometric function.
The psychometric function is estimated by presenting pre-specified target levels
multiple times to the observer and plotting the performance of the observer against the
target level. The method of constant stimuli is instrumental in research questions which
require the entire psychometric function, but unfortunately, the method is time
consuming.

Staircase method quickly locates a single point on the psychometric function by
adapting to the responses of the observer (adaptive methods reviewed in Treutwein,
1995). Let me illustrate the staircase method with a hypothetical contrast detection
experiment. In the first trial the target is clearly visible and every time the observer
indicates target presence its contrast is decreased. When the observer indicates target
absence its contrast begins to increase and after the observer again indicates target
presence the target contrast starts to decrease again. Fixed number of such reversals is
measured and mean of the reversal contrasts is taken as the threshold estimate. Different
points on the psychometric function can be targeted by requiring different number of
responses for the staircase reversals (Levitt, 1971).

In the above described single staircase method the observers may keep track on the

progress of the staircase and thus manipulate the measurement (Cornsweet, 1962).
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Double-staircase procedure involves two independently progressing staircases, which
reduces the possibility that the observer wittingly influences the measurement
(Cornsweet, 1962). All the main experiments in this thesis involved double-staircase or

the method of constant stimuli.

Psychophysical equipment

In all of the psychophysical experiments the monitor was a calibrated 22 inches
Mitsubishi Diamond Pro 2070 CRT with 800 x 600 pixels (39.0 x 29.2 cm) resolution.
The stimuli were created and their timing was controlled with Matlab™ (Natick, MA,
USA) and displayed with Cambridge Research System’s (Kent, UK) VisaGe graphics
card providing 14-bits gray-scale resolution. The viewing distance was always fixed
with a chin rest and the measurement room was painted black. The monitor was the
only light source during the experiments except for the study II, in which dim

background light was on.

3.2 Functional magnetic resonance imaging

Principles of magnetic resonance imaging

Magnetic resonance imaging (MRI) of the brain is based on nuclear magnetic resonance
of hydrogen nuclei. In magnetic field the hydrogen nuclei precess at a frequency, which
is proportional to the magnetic field strength and hydrogen’s gyromagnetic constant.
The nuclei can absorb and radiate energy at this Larmor frequency. When subject enters
the strong magnetic field of the MRI scanner, small excess of the hydrogen spins align
parallel (low-energy state) and the rest anti-parallel (high-energy state) to the magnetic
field. Upon delivery of an excitatory pulse some of the spins absorb the energy and
switch to high-energy state. As the spins relax back to the low-energy state the
longitudal component of the magnetic field increases and structural brain imaging is
based on tissue specific differences in the time constant (T;) of this longitudal
relaxation. The excitatory pulse produces also a transverse component to the magnetic
field, which relaxes with a time constant T, or Tz* when the magnetic field
inhomogeneities are accounted for. Temporal differences in T," time constant constitute
the basis for functional magnetic resonance imaging (fMRI). Principles of MRI are

reviewed in a book by Huettel, Song and McCarthy (2004).

17



BOLD signal and its neuronal basis

Local increases in BOLD signal result from the large and delayed influx of oxygenated
blood, which follow increased neuronal activity (Logothetis & Wandell, 2004). The
oversupply of oxygenated blood forms the basis for BOLD contrast, but the functional
role of this excess oxygen supply is not fully understood (Attwell et al., 2010). The
oxygenated hemoglobin increases the homogeneity of the magnetic field and
correspondingly the time constant T,  and BOLD signals (see above).

Studies of human visual cortex have shown that amplitude of the BOLD signal
follows neuronal firing rates when simple visual or auditory stimuli are used (Boynton,
Demb, Glover, & Heeger, 1999; Mukamel et al., 2005; Rees, Friston, & Koch, 2000).
However, studies on the rat cerebellum indicate that spikes are neither necessary nor
sufficient for the induction of blood flow changes (Caesar, Thomsen, & Lauritzen,
2003; Thomsen, Offenhauser, & Lauritzen, 2004). Instead, the current literature
associates BOLD signals with local field potentials (Goense & Logothetis, 2008;
Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001), which reflect inputs and local
processing at a given brain site (Logothetis, 2003) and it is now known that
neurotransmitters and astrocytes contribute to the regulation of cerebral blood-flow

(Attwell et al., 2010).

Spatial specificity of fMRI

Spatial resolution of an imaging system can be described with its point-spread function.
In this thesis majority of the fMRI data was collected using the spin-echo EPI sequence
because it provides sharper point-spread than the more conventional the gradient-echo
EPI (Parkes et al., 2005). In fMRI the point-spread arises from technical and
physiological factors. The technical point-spread is negligible in the frequency-encoded
and slice directions (Liang & Lauterburg, 2000) and in the phase-encoded direction the
half-width at half-maximum of the point-spread is approximately 0.65 mm in spin-echo
EPI (Jesmanowicz, Bandettini, & Hyde, 1998). Similarity of physiological point-spread
of fMRI and point-spread of voltage-sensitive dye (VSD) imaging suggests that purely
vascular spreading contributes little to the point-spread of fMRI. Expressed as the

distance in which the signal amplitude decreases to 1/e of the maximum, the point-
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spread in primary visual cortex is 2.1 mm in VSD imaging (Grinvald, Lieke, Frostig, &
Hildesheim, 1994) and 2.0 mm in spin-echo EPI (Parkes et al., 2005). These values are
in good correspondence with the 2.3 mm length of horizontal connections in the
primary visual cortex (Angelucci et al., 2002) and it has been suggested that the
horizontal connections form the limiting factor of spatial resolution in fMRI (Engel,

Glover, & Wandell, 1997).

Retinotopic mapping

Borders of the early retinotopic visual cortical areas were mapped using standard 60-
region (Vanni, Henriksson, & James, 2005) and 24-region multifocal (Henriksson et al.,
2012) and phase-encoded (Sereno et al., 1995) procedures. Retinotopic data was
collected using gradient-echo EPL

Surface reconstruction

The human cortex is highly convoluted and therefore merely by overlaying functional
and structural volumes it is difficult to identify the visual areas in which a given visual
stimulus evoked activity. To facilitate sampling from the desired functional visual areas
the evoked activations are often projected to reconstructed and unfolded cortical
surface. In this thesis the reconstruction and unfolding were done either with Brain a la
Carte Matlab-toolbox (Warnking et al., 2002) (Study I) or the Freesurfer package (Dale,
Fischl, & Sereno, 1999; Fischl, Sereno, & Dale, 1999) (Study II). The structural

volumes underlying the reconstructions had 1 mm x 1 mm x 1 mm resolution.

3.3 Single cell recordings
The single cell recordings in study IV were conducted by the laboratory of Professor

Angelucci in the University of Utah, USA. The animals were anesthetized with
sufentanil citrate, paralyzed with vecuronium bromide and artificially respirated using a
mixture of O, and N,O. The recordings were made with epoxylite-coated tungsten
microelectrodes. Signals were conventionally amplified, filtered between 0.4 kHz-5 kHz
and spikes were sampled at 22 kHz. Details of the recording procedure have been
previously described (Shushruth et al., 2009) and the procedures conformed to the

guidelines of the University of Utah Institutional Animal Care and Use Committee.
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4. Specific studies

4.1 Study I: Area summation of luminance contrast in the
human visual system
The purpose of the first study was to investigate and quantify the spatial structure of the

mechanisms that underlie contextual modulation in humans. Previous studies of
contextual modulation in human cortex have focused on the modulation strength
(Dumoulin & Hess, 2006; Williams, et al., 2003; Zenger-Landolt & Heeger, 2003), but
spatial structure of the modulatory mechanisms has not been described for human V1
and V2. In single cell studies the spatial structure of the modulatory mechanisms has
been quantified by measuring area summation functions (Angelucci et al., 2002;
Cavanaugh et al., 2002a; Sceniak et al., 1999). These functions have been measured
psychophysically in humans (Saarela & Herzog, 2008; Yu & Levi, 1997) but
unfortunately, quantified area summation data does not exist for humans. This study
expands the current understanding of the spatial structure of the modulatory
mechanisms by reporting quantified area summation functions for human perception

and visual cortices V1 and V2.

4.1.1 Methods
Perceptual area summation functions were estimated by measuring the detection

threshold of a Gabor target (SD 0.125°) on grating pedestals of different diameters (0.5,
2,4, 8 and 24°) (Yu & Levi, 1997) (Figure 1a). This is an extension of the Westheimer
(1967) paradigm to the contrast domain. Visual parameters of the pedestal and target
were the same, except for size and contrast. The threshold versus pedestal diameter
functions were fitted with difference-of-integrals of Gaussians functions and three
quantities were extracted from the fits. Summation field size is the pedestal diameter at
which the function peaks and surround field size is the diameter at which threshold is

5% above the threshold at the largest pedestal. Suppression index is the difference
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between thresholds at the function peak and largest pedestal size normalized by the
threshold at the peak.

Area summation functions for human visual cortices V1 and V2 were measured
using General Electric Signa EXCITE 3.0 T MRI (General Electric Medical Systems,
Milwaukee, WI, USA) scanner. Sixteen 2.5 mm thick slices were imaged using 64 x 64
imaging matrix with 160 mm field of view. The repetition time was 1800 ms, and the
echo-time was 70 ms. Spatial layout of the stimuli was identical with the
psychophysical experiment, but the stimuli were displayed in 10.8 sec blocks. BOLD
signal change was quantified from those single V1 and V2 voxels, which showed the

largest t-values in independent localizer runs.

4.1.2 Results
Perceptual area summation

As in single cells in the primary visual cortex (Sceniak et al., 1999), the area
summation functions first increased to a peak and then decreased until a plateau was
reached (Figure 1b). Averaged over the subjects (N=4), the summation field size was
2.1 £ 0.30° (mean £ 95% CI) and the surround field size was 6.2 + 2.5°. The mean
suppression index was 0.34 + 0.08. In single cells of the macaque primary visual cortex
(Cavanaugh et al., 2002a), the mean summation field size, surround field size and

suppression index are, 2.7 £ 0.14°, 4.5 + 0.22° and 0.32 + 0.02, respectively.

Area summation in human V1 and V2
Area summation functions for human visual cortices V1 and V2 were qualitatively
similar with the perceptual functions (Figure 1c). However, suppression was stronger
and summation and surround field sizes were larger than in the psychophysical data. In
V1, the summation field size was 3.2 £ 1.3° (mean + 95% CI), surround field size was
15 £ 2.3° and suppression index was 0.87 £ 0.23. In V2, the summation field size was
5.6 £ 6.0° surround field size was 15 + 6.4° and the suppression index was 0.83 + 0.68.
Which factors may underliec the pronounced quantitative differences in area
summation between psychophysics and fMRI? Perhaps the simplest difference between
fMRI and psychophysics is the inherently different resolution of the methods. In this

study the voxel covered approximately 2° x 2° region of the visual field and therefore
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the receptive fields of the sampled neuronal population were also similarly scattered on
the visual field. In psychophysical tasks the situation is different, however, because at
least in direction discrimination humans rely mainly on the most informative neurons
(Jazayeri & Movshon, 2006, 2007). In the current contrast discrimination task these
neurons are likely to have receptive field centers on the center of the Gabor target where
the largest change between pedestal and pedestal + target takes place.

A modeling approach was taken in order to understand the impact of the visual field
coverage of a voxel on area summation in fMRI. The model consisted of stereotypical
model neurons in which the receptive field was described with a two-dimensional
variant of the difference-of-integrals of Gaussians model (Sceniak et al., 2001). The
visual field locations of the receptive fields were computed with the inverse of Schwartz
(1994) formula using parameters that produce the average cortical magnification in
human V1 (Duncan & Boynton, 2003). The other model parameters were fixed to
produce the mean summation and surround field sizes and suppression index in the
psychophysical experiment. As the array of orientation columns spanning 180° has a
width of 0.5-1.0 mm (Hubel & Wiesel, 1974) a voxel with typical dimensions most
likely contains a uniform distribution of orientation preferences (Haynes & Rees, 2005).
Thus, stimulus orientation in the fMRI experiment was necessarily suboptimal for some
neurons and the model took this into account. Furthermore, the model accounted for the
technical point-spread of spin-echo EPI. There were no free parameters in the model.

The modeled area summation functions were qualitatively similar to those measured
in the psychophysical and in the fMRI experiments (Figure 3b). In good harmony with
the fMRI data, the modeled summation field size was 3.7°. Thus, the different resolution
in fMRI and psychophysics accounts well for the differences in summation field sizes as
measured with the two methods. However, the modeled surround field size and

suppression index were clearly smaller than the measured values.
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Figure 1 a) Grating pedestals used both in the psychophysical and fMRI experiments. b) Psychophysical
area summation functions fitted with the model (smooth curves). Different subjects in different panels. c)
Gray lines are the area summation functions for V1 of individual subjects. The dotted curve represents the
model including orientation preference in the individual model neurons. Solid curve is the model without
orientation tuning.

What sources could underlie the discrepancy of the measured and modeled surround
field size and suppression index? The model was based on psychophysics and some of
the discrepancy may relate to the different neural underpinnings of BOLD and
psychophysics. BOLD signal reflects synaptic activity (Logothetis et al., 2001) whereas
discrimination performance relates to the spiking output of small number neurons
(Shadlen, Britten, Newsome, & Movshon, 1996). The synaptic responses in turn
sometimes exhibit stronger suppression than spike responses (Anderson, Lampl,
Gillespie, & Ferster, 2001) possibly leading to stronger suppression in fMRI than in the
psychophysics based model.

4.2 Study ll: Fovea-periphery axis symmetry of contextual
modulation
The purpose of the second study was to investigate whether strength of contextual

modulation is determined by visual field size or cortical size of the interacting stimuli.
Current models of contextual modulation (Cavanaugh et al., 2002a; Sceniak et al.,
2001) posit that visual field size determines modulation strength, but this assumption
has not been rigorously tested. Petrov, Popple and McKee (2007) used appropriate
stimuli for testing the assumption, but ceiling effects may have compromised their
conclusions. To shed light on the determinants of contextual modulation strength,

surround modulation was measured with two surrounds which were identical in visual
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field size but differed markedly in the size of their cortical representations. Ceiling

effects were controlled for.

4.2.1 Methods
Psychophysics

Double-staircase procedure was used for measuring surround suppression of the
apparent contrast of a peripherally viewed (6° eccentricity) center grating (diameter
1.8°). The surrounds extended either towards the fovea (inward surround) or periphery
(outward surround) from the center and although their visual field sizes were identical,
cortical magnification rendered the expected sizes of their cortical representations
markedly different (Figure 2). The possibility of ceiling effects was minimized by

varying size of the gap separating the center and the surrounds.

Outward Inward Center
surround surround only

M
o

Figure 2 The upper row shows examples of the stimuli used in Study II and the bottom row shows the
corresponding cortical representations computed using the Schwartz (1994) formula with parameters
producing cortical magnification in human V1.

Visual
field

Cortical
surface
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fMRI

Surround suppression of BOLD signal was measured with Siemens MAGNETOM
Skyra 3T MRI (Siemens AB, Erlangen, Germany) scanner using spin-echo EPI.
Standard preprocessing steps were implemented with the SPMS8 software package
(Wellcome trust center for neuroimaging, London, UK). The center diameter (3°) was
optimized for fMRI and due to limited scanning time only three gap sizes were used
(0.1, 0.6 and 1.8°). Otherwise the stimuli were identical to those used in the
psychophysical experiment. The stimuli were displayed in 10.8 sec blocks and BOLD
signal was sampled as follows. First, the voxels in which the activity in independent
localizer runs crossed the statistical threshold (t-test, FWE correction, p<0.05) were
projected to the unfolded surface of the primary visual cortex. The analyses were then
confined to the single voxel situated nearest to the geometrical center of the projected

cluster.

4.2.2 Results
Despite having markedly different sized cortical representations the surrounds produced

highly similar reductions in the apparent contrast of the center (Figure 3a). For the
inward surround, suppression strength decreased from 24.5 £ 4.2% to 4.7 £ 1.5%
(paired t-test p<<0.05) with increasing the gap size from 0.1° to 2.1°. The corresponding
decrease for the outward surround was from 18.7 £ 4.2% to 3.5 & 2.1% (paired t-test
p<0.05).

In harmony with the psychophysical data, the two surrounds suppressed BOLD
response to the center with highly similar magnitudes (Figure 3b). For the inward
surround the mean (N=7) suppression strength decreased from 29.9 = 9.0 % to 3.1 *
5.0 % as the gap size was increased. For the outward surround, the corresponding
decrease was from 25.6 = 9.0 % to -0.7 = 3.8 %. Differences between the two
surround types were not statistically significant (paired t-test, p>0.05).

The model developed in the first study was used for predicting surround suppression
of apparent contrast and BOLD responses. Parameters of the model were fixed in a
separate psychophysical area summation experiment. To model the psychophysical

surround suppression merely one model cell with receptive field centered on the
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stimulus was used. For fMRI, 441 model cells distributed on the visual field coverage of
the modeled voxel was used. The suppression strength of the fMRI model was scaled by
2.71, because the first study of this thesis showed that suppression strengths differ by
this factor between V1 cells and fMRI.

The modeled functions were similar compared to the functions measured with fMRI.
This corroborates the assumption that interaction strength depends on the visual field
sizes of the interacting stimuli. Moreover, the modeling results indicate that antagonistic
Gaussians models provide good approximation of contextual modulation in the human
visual system also in situations for which they were not originally developed for. The
model was not a good description of the psychophysical data in subject S4 who was an
outlier also in the area summation measurements constraining the model parameters.
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Figure 3 a) Psychophysical surround suppression versus gap width functions for inward and outward
surround conditions in five subjects. The smooth curves represent the modeled suppression. b) BOLD
signal reduction versus gap width averaged over the subjects. The smooth curves represent the modeled
results.
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4.3 Study lll: Very long-range spatial interactions in human
contrast perception
The purpose of the third study was to further test how well the antagonistic Gaussians

models describe contextual modulation in the human visual system. Single cell studies
have shown that these models break down at relatively low center contrast and large
distance between center and surround stimulus (Ichida et al., 2007; Schwabe, Ichida,
Shushruth, Mangapathy, & Angelucci, 2010). Interactions between distant stimuli have
been mainly studied at the detection threshold in humans (Petrov & McKee, 2006; Polat
& Sagi, 1993), but it is difficult to relate these studies to neural responses. This is
because some of the threshold effects may arise from reduction in uncertainty of the
target location (Petrov, Verghese, & McKee, 2006; Williams & Hess, 1998). This study
provides the first detailed suprathreshold measurements concerning the contrast

dependency of center-surround interactions at large distances.

4.3.1 Methods
The method of constant stimuli was used for measuring the apparent contrast of a center

grating (diameter 0.8°, 2.4 cycles) in the presence of 1° (3 cycles) wide surrounds
(Figure 4a). In the first experiment, the width of the gap between center and surround
was varied between 0.1° (0.3 cycles) and 6.6° (19.8 cycles). In the second experiment
constant gap width (6.6°) and three center contrasts (5, 15 and 75%) were used and the

surround-to-center contrast ratio was varied from 0 to 3.

4.3.2 Results
As in previous studies (Cannon & Fullenkamp, 1991), suppression strength decreased

as size of the gap was increased (Figure 4b). Interestingly, facilitation was found when
the gap size was larger than 3°. This is in contrast with predictions of the standard
antagonistic Gaussian models (Cavanaugh et al., 2002a; Sceniak et al., 2001) and
previous suggestions that facilitation of apparent contrast arises only from surround

regions that lie near the center (Xing & Heeger, 2001).
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Figure 4 a) The most distant surround type used in the experiments. b) Apparent contrast as a function of
the gap size. Values below the horizontal line indicate suppression and the values above it indicate
facilitation. Different subjects in different panels. ¢) Apparent contrast as a function of surround contrast
at different center contrasts. X-axis values larger than one indicate that surround contrast was higher than
center contrast. Horizontal line as in b).

The second experiment of this study focused on contrast dependency of the long-range
facilitation and suppression. Surround facilitated the apparent contrast of the center
when the surround contrast was low and at higher surround contrasts suppression was
observed (Figure 4c). Strength of facilitation could even exceed strength of suppression,
whereas short-range facilitation has been consistently found to be weaker than

suppression (Snowden & Hammett, 1998; Xing & Heeger, 2001).

4.4 Study IV. Orientation tuning of near and far surround
modulation
The purpose of the fourth study was to further investigate potential differences between

long- and short-range contextual modulations. Physiological studies suggest that the
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highly divergent (Angelucci et al., 2002) and fast conducting (Girard, Hupe, & Bullier,
2001) feedback connections subserve long-range interactions, whereas both the
horizontal and feedback connections contribute to short-range interactions (Angelucci &
Bressloff, 2006). In line with the orientation tuned short-range interactions (Cannon &
Fullenkamp, 1991; Cavanaugh et al., 2002b; Levitt & Lund, 1997) the horizontal
connections link cells with similar orientation preferences (Bosking, Zhang, Schofield,
& Fitzpatrick, 1997; Malach, Amir, Harel, & Grinvald, 1993). However, while some
studies have reported orientation specificity in the feedback projection from the extra-
striate areas to the primary visual cortex (Stettler, Das, Bennett, & Gilbert, 2002), others
have not found such orientation specificity (Shmuel et al., 2005). Previous studies of
orientation tuning of contextual modulation have not isolated short and long-range
effects and thus their potential differences are unknown. Here, orientation tuning of
short and long-range contextual modulation was measured for both human perception

and single V1 cells.

4.4.1 Methods
Apparent contrast and spike responses to a center grating were measured in the presence

of two surround types. The near surround was placed within the reach of V1 horizontal
connections and the far surround mostly beyond their reach. Size of the far surround
was selected so that the near and far surrounds would produce approximately the same
suppression strengths. The center-surround orientation difference was varied from 0° to

90°.

4.4.2 Results
Increasing the center-surround orientation difference from 0° to 90° markedly decreased

strength of the near surround suppression for both the human observers and V1 cells
(Figure 5a). However, the center-surround orientation difference had only modest effect
on strength of the far surround suppression (Figure 5b). The averaged suppression
tuning curves for V1 cells and human observers were clearly overlapping (Figure 5a,b).
Figure Sc shows the orientation tuning, indexed with circular variance (Cavanaugh et

al., 2002b), of far versus near surround suppression for all of the observers and cells.
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Clearly, most of the points fall below the diagonal, which indicates that near surround

suppression was more orientation tuned than the far surround suppression.
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Figure 5 a) Surround suppression as a function of the center-surround orientation difference in V1 cells
and in human perception. Surround was near the center. Larger values indicate stronger suppression. b)
The same as a) but the surround was far from the center. ¢) Orientation tuning of the suppression indexed
with circular variance. Symbols below the diagonal indicate cases in which the effects from the near
surround were more orientation tuned than the effects from the far surround. Black dots mark human
observers, gray dots mark cells with suppression and open dots mark the cells without suppression.

5. Discussion

5.1 Spatial structure of the modulatory mechanisms
The area summation functions reported in this thesis were similar to those frequently

observed in single cell studies (e.g. Angelucci et al., 2002). The qualitative agreement
suggests that contextual modulation arises from mechanisms with similar spatial
structure in humans and macaques. In particular, the functions were accurately modeled
by assuming that the contextual effects arise from spatially overlapping and antagonistic
mechanisms with Gaussian shaped spatial profiles. This is a standard model of
contextual effects in visual neurophysiology (Angelucci et al., 2002; Cavanaugh et al.,
2002a; Sceniak et al., 2001) and thus this thesis bridges investigations at the level of
single cells, macroscopic cortical activation and perception.

The non-monotonic area summation functions were clearly different compared to
earlier studies in humans, which have consistently reported monotonically decreasing
threshold versus area functions (Foley, Varadharajan, Koh, & Farias, 2007; Howell &

Hess, 1978; Meese & Summers, 2012; Rovamo, Luntinen, & Nésdnen, 1993). However,
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observers may use monotonically increasing number of cells for the task as the target
size increases and if so, then the threshold versus area functions would be
monotonically decreasing (Green & Swets, 1988). This is hardly possible in this thesis
as the area summation functions were measured using fixed sized target. In addition, it
is possible that the near threshold contrasts that were used in the previous studies
abolished surround inhibition as it weakens at low stimulus contrasts (Sceniak et al.,
1999). Thus, the apparent discrepancy between area summation in this thesis and in the
earlier studies probably arises from the different tasks and stimuli that were used. The
task involved in the earlier studies involves pooling over multiple mechanisms, whereas
the task used in this thesis most likely reveals properties of a single mechanisms.

The two antagonistic Gaussians models assume that it is indifferent whether a
stimulus appears in a context extending towards the fovea or periphery (e.g. Cavanaugh
et al., 2002a). However, size of the cortical representation of a stimulus depends on
eccentricity (Duncan & Boynton, 2003; Horton & Hoyt, 1991) and cortical size may in
fact determine strength of the interactions. The second study of this thesis showed, in
accordance with the antagonistic Gaussians models, that visual field size of the
contextual stimuli indeed determines strength of the interactions. This is an important
result for at least two reasons. Firstly, the study tested and verified an underlying
assumption of the models and thus justified their use as a starting point for developing
more detailed models of contextual modulation in human vision. Secondly, the study
showed that the effects of spatial context upon a stimulus at fixed eccentricity are
insensitive to fovea-periphery anisotropies. This is an important result as increasing
number of studies have attempted to link contextual modulation to natural image
statistics (Coen-Cagli, Dayan, & Schwartz, 2012; Schwartz, Sejnowski, & Dayan, 2009;
Schwartz & Simoncelli, 2001) and fovea-periphery distinction is incommensurable with
natural image statistics.

Previous psychophysical studies have suggested that the mechanism underlying
suppression is spatially wide spread whereas facilitation is spatially restricted (Xing &
Heeger, 2001). Similarly, the antagonistic Gaussians models predict both facilitation
and suppression across small distances whereas at large distances they predict either
suppression or no effects at all (Cavanaugh et al., 2002a; Sceniak et al., 2001). The third

study of this thesis clearly showed that these predictions are incorrect. In accordance
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with the predictions, suppression strength decreased as the distance between the center
and surround stimulus was increased. However, in the current foveal measurements
suppression turned into facilitation as the distance exceeded approximately three
degrees. Thus, both this thesis and previous single cell studies (Ichida et al., 2007)
clearly demonstrate that the earlier scheme in which suppression arises from a much
larger region of the visual field than facilitation (Cavanaugh et al., 2002a; Sceniak et al.,
2001; Xing & Heeger, 2001) is inaccurate. Instead, contextual modulation is better
accounted by assuming that suppression and facilitation arise from similar region of the
visual field.

It is rather well known that contextual interactions show clear orientation tuning both
in human perception (Cannon & Fullenkamp, 1991; Petrov, Carandini, & McKee, 2005;
Polat & Sagi, 1993; Solomon, et al., 1993) and in single cells of monkeys and cats
(Cavanaugh et al., 2002b; DeAngelis, Freeman, & Ohzawa, 1994; Levitt & Lund, 1997;
Sengpiel, Sen, & Blakemore, 1997; Sillito, Grieve, Jones, Cudeiro, & Davis, 1995;
Walker, Ohzawa, & Freeman, 1999). In one previous study the orientation tuning of
short and long-range interactions was compared (Hashemi-Nezhad & Lyon, 2012), but
unfortunately in that study short- and long-range interactions were of different
magnitude which may have caused the difference in tuning. Thus, in the fourth study of
this thesis the orientation tuning was compared in situations producing approximately
the same interaction strengths. Both in human vision and in single cells in the macaque
primary visual cortex, short-range interactions were more narrowly tuned than the long-
range interactions. Interestingly, this pattern resembles natural contour statistics, in
which nearby edges of the same contour have high probability of being co-oriented
whereas the more distant edges assume wider distribution of orientations (Geisler,
Perry, Super, & Gallogly, 2001). Thus, by reducing the spike rates to the most
frequently occurring natural contours contextual interactions may reduce the high
energy costs related to maintaining the ion gradients that are necessary for generating
the spikes (Attwell & Laughlin, 2001). In fact, reducing energy consumption is one of
the suggested functional roles of contextual modulation (Vanni & Rosenstrom, 2011).

The resemblance between natural contour statistics and orientation tuning of
contextual modulation stimulates the question whether contextual interactions may aid

in integrating local orientation signals into extended contours (Field, Hayes, & Hess,
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1993). Contextual suppression of apparent contrast shows some similarities with
contour integration in that both are tuned for spatial frequency (Chubb et al., 1989;
Dakin & Hess, 1998) and are insensitive for spatial phase (Field, Hayes, & Hess, 2000;
Xing & Heeger, 2001). While contour integration shows interocular transfer (Huang,
Hess, & Dakin, 2006), interocular transfer of surround suppression of apparent contrast
was reported in one study (Meese & Hess, 2004) whereas another study did not find
interocular transfer (Chubb et al., 1989). However, the apparent contrast of a Gabor
remains approximately constant between displays containing and not containing a
contour (Hess, Dakin, & Field, 1998) and thus it seems that mechanisms other than

surround suppression are required for contour detection.

5.2 Circuitry and mechanisms
The approximately 2 mm monosynaptic reach of V1 horizontal connections (Angelucci

et al., 2002) is clearly below the spatial range of contextual interactions found in this
thesis and in previous psychophysical and single cell studies (Cannon & Fullenkamp,
1991; Ichida et al., 2007). The range and rapid onset of the interactions in macaque V1
(Bair, Cavanaugh, & Movshon, 2003) and in human perception (Kilpeldinen, Donner, &
Laurinen, 2007) seems better compatible with the fast conducting (Girard et al., 2001)
and spatially extensive (Angelucci & Bullier, 2003) feedforward-feedback projection.
However, the second study of this thesis showed that contextual interactions were
symmetric with respect to the fovea-periphery axis of the visual field. This is a puzzle
because while feedback projection shows the spatiotemporal characteristics required for
contextual interactions, it is asymmetric in the fovea-periphery axis in the visual field
(Angelucci et al., 2002). The horizontal connections in turn show fovea-periphery axis
symmetry in the visual field (Angelucci et al., 2002), but not the spatial range and speed
required for the contextual interactions. The puzzle might be solved if, as previously
suggested for monkeys (Schwabe et al., 2010; Schwabe, Obermayer, Angelucci, &
Bressloff, 2006), contextual interactions would rely on both the horizontal and feedback
projection also in humans.

While it is known that horizontal axons in layers 2-3 of the primary visual cortex
connect cells with similar orientation preferences (Bosking et al., 1997; Malach et al.,

1993), there is a controversy concerning the orientation specificity of the feedback
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projection. The V2 to V1 feedback is orientation unspecific in macaques (Stettler et al.,
2002), but specific in owl monkeys (Shmuel et al., 2005). The stimulus design in the
fourth study of this thesis assured that mainly the feedback projection conveyed the
long-range interactions. Thus, the broad orientation tuning of the long-range effects
suggests that feedback projection is less orientation specific than the horizontal
projection. However, the short- and long-range effects were equally tuned for
orientation in layer 4B, which is in line with the patchy termination of feedback in this
layer (Lund, Angelucci, & Bressloff, 2003). Given that the orientation tuning of
surround suppression is altered in patients suffering from schizophrenia (Yoon et al.,

2009) this thesis may have clinical implications in the future.

Long-range contextual facilitation has often been studied by measuring the detection
threshold of a Gabor-target in the presence of flanking Gabors (e.g. Chan et al., 2012;
Polat & Sagi, 1993; Wu & Chen, 2010). Facilitation of detection may arise from
reduction in location uncertainty of the target (Levi, Klein, & Hariharan, 2002; Petrov,
et al., 2006; Williams & Hess, 1998), but because uncertainty reduction is a threshold
phenomenon (Williams & Hess, 1998) the suprathreshold facilitation found in this
thesis cannot arise from such mechanism. Thus, something else must be at play. It is
well known that low contrast pedestals facilitate detection (Campbell & Kulikowski,
1966; Kilpeldinen, Nurminen, & Donner, 2012) and Solomon et al. (1999) and Kurki et
al. (2006) suggested that contextual stimuli act as low contrast pedestals for the target
and thus facilitate detection. However, the pedestal explanation predicts that increasing
surround contrast either increases facilitation or produces no effects at all whereas the
fourth study of this thesis showed that facilitation turns into suppression as the surround
contrast increases. While all the above mechanisms may contribute to facilitation at
threshold the facilitation in this thesis is better compatible with explanations based on

changes in gain (e.g. Chen & Tyler, 2008)

5.3 Comparisons across methods
Earlier studies have reported relatively good correspondence in strength of contextual

modulation in the primary visual cortex and perception in humans (Schumacher &
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Olman, 2010; Wade & Rowland, 2010; Zenger-Landolt & Heeger, 2003) and this thesis
provides the first spatial characterizations of the relationship. The first study of this
thesis introduced a novel method for comparing the spatial aspects of contextual
modulation as measured with psychophysics, single cell recordings and fMRI. The
hallmark of the method was the use of tissue specific spin-echo EPIL, to analyze just one
voxel and to model its visual field coverage. While the measured and modeled
summation field sizes agreed well, surround sizes and suppression strengths were
clearly different in the first study. Moreover, the shapes of the measured and modeled
functions were somewhat different as the modeled responses saturated and the measured
responses did not. However, the second study took differences in suppression strength
between fMRI and V1 cells into account, which brought the spatial properties of
contextual modulation in psychophysics and fMRI into agreement. This demonstration
is important as it ties, for the first time, spatial properties of contextual modulation in
human vision to V1 physiology. The demonstration is not trivial, as for example Press
et al. (2001) reported entirely flat V1 area summation for dartboard patters, where
stereotypical non-monotonic area summation functions were clearly expected.

It is necessarily complicated to compare functions obtained with single cell
recordings in anesthetized macaques and with psychophysics in humans. Some of the
difficulty relates to the fact that anesthetics may profoundly alter sensory responses
(Haider, Hausser, & Carandini, 2013; Lamme, Zipser, & Spekreijse, 1998), which in
turn may obscure the comparisons. Moreover, assigning psychophysical performance to
a certain brain region is necessarily a best guess and the different sized neural
populations targeted by the methods do not lessen the hardship. Appreciating these
difficulties, however, comparisons between single cell responses and human
psychophysics formed an essential ingredient of this thesis.

The opening study of this thesis compared psychophysical area summation functions
to single cell data extracted from recordings reported in two studies by Cavanaugh, Bair
and Movshon (2002a,b). The similarity of the obtained functions clearly suggests that
underlying mechanisms are similar. However, the psychophysical area summation
functions were collected using the detection on a pedestal paradigm, which reflects
changes in both the mean and variance of the neural population underlying the

performance in the task. While the use of detection task was a necessity in measuring
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the area summation functions, it might not be optimal for comparisons to single cell
studies which typically report mean spike rates (but see Geisler & Albrecht, 1997).
Previous studies have directly compared contextual effects in single V1 neurons and
human psychophysics (Kapadia, Ito, Gilbert, & Westheimer, 1995; Li, Thier, &
Wehrhahn, 2000). While these studies were highly informative and reported positive
correlation between V1 neurons and human psychophysics they suffered from the
drawback of comparing mean spike rates to thresholds and in these studies it was also
possible that the contextual stimuli encroached to the excitatory center of the recorded
neurons. The closing study of this thesis overcame such limitations and showed a good
correspondence between orientation tuning of the contextual effects in human vision

and V1 cells.

6. Conclusions
This thesis provided spatial characterization of the mechanisms that underlie contextual

interactions in the early visual system. It was shown (Studies I and II) that two
antagonistic Gaussians provide a fairly good first approximation of the structure in
humans. Study III provided evidence that stimulus contrast may change antagonism to
synergy even at very long distances. Study IV added orientation dimension and
demonstrated that interactions across short distances show narrower orientation
specificity than interactions across long distances. The thesis provided estimates
concerning spatial structure of the modulatory mechanisms that were in reasonable

agreement not only across the different measurement methods, but also across species.

36



7. References

Anderson, J. S., Lampl, 1., Gillespie, D. C., & Ferster, D. (2001). Membrane potential and conductance
changes underlying length tuning of cells in cat primary visual cortex. J Neurosci, 21(6), 2104-
2112.

Angelucci, A., & Bressloff, P. C. (2006). Contribution of feedforward, lateral and feedback connections
to the classical receptive field center and extra-classical receptive field surround of primate V1
neurons. Prog Brain Res, 154, 93-120.

Angelucci, A., & Bullier, J. (2003). Reaching beyond the classical receptive field of V1 neurons:
horizontal or feedback axons? J Physiol Paris, 97(2-3), 141-154.

Angelucci, A., Levitt, J. B., Walton, E. J., Hupe, J. M., Bullier, J., & Lund, J. S. (2002). Circuits for local
and global signal integration in primary visual cortex. J Neurosci, 22(19), 8633-8646.

Attwell, D., Buchan, A. M., Charpak, S., Lauritzen, M., Macvicar, B. A., & Newman, E. A. (2010). Glial
and neuronal control of brain blood flow. Nature, 468(7321), 232-243.

Attwell, D., & Laughlin, S. B. (2001). An energy budget for signaling in the grey matter of the brain. J
Cereb Blood Flow Metab, 21(10), 1133-1145.

Bair, W., Cavanaugh, J. R., & Movshon, J. A. (2003). Time course and time-distance relationships for
surround suppression in macaque V1 neurons. J Neurosci, 23(20), 7690-7701.

Barlow, H. B. (1953). Summation and inhibition in the frog's retina. J Physiol, 119(1), 69-88.

Blakemore, C., & Campbell, F. W. (1969). On the existence of neurones in the human visual system
selectively sensitive to the orientation and size of retinal images. J Physiol, 203(1), 237-260.

Bosking, W. H., Zhang, Y., Schofield, B., & Fitzpatrick, D. (1997). Orientation selectivity and the
arrangement of horizontal connections in tree shrew striate cortex. J Neurosci, 17(6), 2112-2127.

Boynton, G. M., Demb, J. B., Glover, G. H., & Heeger, D. J. (1999). Neuronal basis of contrast
discrimination. Vision Res, 39(2), 257-269.

Bullier, J. (2001). Integrated model of visual processing. Brain Res Rev, 36(2-3), 96-107.

Burns, M. E., & Lamb, T. D. (2004). Visual transduction by rod and cone photoreceptors. In L. M.
Chalupa & J. S. Werner (Eds.), Visual Neurosciences (Vol. 1, pp. 215-234). Cambridge: The
MIT Press.

Caesar, K., Thomsen, K., & Lauritzen, M. (2003). Dissociation of spikes, synaptic activity, and activity-
dependent increments in rat cerebellar blood flow by tonic synaptic inhibition. Proc Natl Acad
Sci U S 4, 100(26), 16000-16005.

Callaway, E. M. (2005). Structure and function of parallel pathways in the primate early visual system. J
Physiol, 566, 13-19.

Campbell, F. W., & Kulikowski, J. J. (1966). Orientational selectivity of the human visual system. J
Physiol, 187(2), 437-445.

Cannon, M. W., & Fullenkamp, S. C. (1991). Spatial interactions in apparent contrast: inhibitory effects
among grating patterns of different spatial frequencies, spatial positions and orientations. Vision
Res, 31(11), 1985-1998.

Cannon, M. W., & Fullenkamp, S. C. (1996). A model for inhibitory lateral interaction effects in
perceived contrast. Vision Res, 36(8), 1115-1125.

Carandini, M., Heeger, D. J., & Movshon, J. A. (1997). Linearity and normalization in simple cells of the
macaque primary visual cortex. J Neurosci, 17(21), 8621-8644.

Cavanaugh, J. R., Bair, W., & Movshon, J. A. (2002a). Nature and interaction of signals from the
receptive field center and surround in macaque V1 neurons. J Neurophysiol, 88(5), 2530-2546.

Cavanaugh, J. R., Bair, W., & Movshon, J. A. (2002b). Selectivity and spatial distribution of signals from
the receptive field surround in macaque V1 neurons. J Neurophysio, 88(5), 2547-2556.

Chan, Y. M., Battista, J., & McKendrick, A. M. (2012). Aging effects on collinear facilitation. J Vis,
12(6), 21.

Chen, C. C., & Tyler, C. W. (2001). Lateral sensitivity modulation explains the flanker effect in contrast
discrimination. Proc Biol Sci, 268(1466), 509-516.

37



Chen, C. C., & Tyler, C. W. (2002). Lateral modulation of contrast discrimination: flanker orientation
effects. J Vis, 2(6), 520-530.

Chen, C. C., & Tyler, C. W. (2008). Excitatory and inhibitory interaction fields of flankers revealed by
contrast-masking functions. J Vis, 8(4), 10 11-14.

Chubb, C., Sperling, G., & Solomon, J. A. (1989). Texture interactions determine perceived contrast.
Proc Natl Acad Sci U S 4, 86(23), 9631-9635.

Coen-Cagli, R., Dayan, P., & Schwartz, O. (2012). Cortical surround interactions and perceptual salience
via natural scene statistics. PLoS Comput Biol, 8(3), €1002405.

Cornsweet, T. N. (1962). The staircrase-method in psychophysics. Am J Psychol, 75, 485-491.

Dakin, S. C., & Hess, R. F. (1998). Spatial-frequency tuning of visual contour integration. J Opt Soc Am
A Opt Image Sci Vis, 15(6), 1486-1499.

Dale, A. M., Fischl, B., & Sereno, M. 1. (1999). Cortical surface-based analysis - . Segmentation and
surface reconstruction. Neuroimage, 9(2), 179-194.

Daniel, P. M., & Whitteridge, D. (1961). The representation of the visual field on the cerebral cortex in
monkeys. J Physiol, 159,203-221.

De Pasquale, R., & Sherman, S. M. (2011). Synaptic properties of corticocortical connections between the
primary and secondary visual cortical areas in the mouse. J Neurosci, 31(46), 16494-16506.

De Valois, R. L., Albrecht, D. G., & Thorell, L. G. (1982). Spatial frequency selectivity of cells in
macaque visual cortex. Vision Res, 22(5), 545-559.

De Valois, R. L., Morgan, H., & Snodderly, D. M. (1974). Psychophysical studies of monkey vision. III.
Spatial luminance contrast sensitivity tests of macaque and human observers. Vision Res, 14(1),
75-81.

De Valois, R. L., Morgan, H. C., Polson, M. C., Mead, W. R., & Hull, E. M. (1974). Psychophysical
studies of monkey vision. I. Macaque luminosity and color vision tests. Vision Res, 14(1), 53-67.

DeAngelis, G. C., Freeman, R. D., & Ohzawa, 1. (1994). Length and width tuning of neurons in the cat's
primary visual cortex. J Neurophysiol, 71(1), 347-374.

Dumoulin, S. O., & Hess, R. F. (2006). Modulation of V1 activity by shape: image-statistics or shape-
based perception? J Neurophysiol, 95(6), 3654-3664.

Dumoulin, S. O., & Wandell, B. A. (2008). Population receptive field estimates in human visual cortex.
Neuroimage, 39(2), 647-660.

Duncan, R. O., & Boynton, G. M. (2003). Cortical magnification within human primary visual cortex
correlates with acuity thresholds. Neuron, 38(4), 659-671.

Ejima, Y., & Takahashi, S. (1985). Apparent contrast of a sinusoidal grating in the simultaneous presence
of peripheral gratings. Vision Res, 25(9), 1223-1232.

Engel, S. A., Glover, G. H., & Wandell, B. A. (1997). Retinotopic organization in human visual cortex
and the spatial precision of functional MRI. Cereb Cortex, 7(2), 181-192.

Felleman, D. J., & Van Essen, D. C. (1991). Distributed hierarchical processing in the primate cerebral
cortex. Cereb Cortex, 1(1), 1-47.

Field, D. J., Hayes, A., & Hess, R. F. (1993). Contour integration by the human visual system: evidence
for a local "association field". Vision Res, 33(2), 173-193.

Field, D. J., Hayes, A., & Hess, R. F. (2000). The roles of polarity and symmetry in the perceptual
grouping of contour fragments. Spat Vis, 13(1), 51-66.

Finn, I. M., Priebe, N. J., & Ferster, D. (2007). The emergence of contrast-invariant orientation tuning in
simple cells of cat visual cortex. Neuron, 54(1), 137-152.

Fischl, B., Sereno, M. 1., & Dale, A. M. (1999). Cortical surface-based analysis - II: Inflation, flattening,
and a surface-based coordinate system. Neuroimage, 9(2), 195-207.

Foley, J. M. (1994). Human luminance pattern-vision mechanisms: masking experiments require a new
model. J Opt Soc Am A Opt Image Sci Vis, 11(6), 1710-1719.

Foley, J. M., Varadharajan, S., Koh, C. C., & Farias, M. C. (2007). Detection of Gabor patterns of
different sizes, shapes, phases and eccentricities. Vision Res, 47(1), 85-107.

Foster, K. H., Gaska, J. P., Nagler, M., & Pollen, D. A. (1985). Spatial and temporal frequency selectivity
of neurones in visual cortical areas V1 and V2 of the macaque monkey. J Physiol, 365, 331-363.

Geisler, W. S., & Albrecht, D. G. (1997). Visual cortex neurons in monkeys and cats: detection,
discrimination, and identification. Vis Neurosci, 14(5), 897-919.

Geisler, W. S., Perry, J. S., Super, B. J., & Gallogly, D. P. (2001). Edge co-occurrence in natural images
predicts contour grouping performance. Vision Res, 41(6), 711-724.

Gescheider, G. A. (1985). Psycohphysics. Method, theory and application. Hillsdale: Lawrence Erlbaum
Associates, Inc., Publishers.

38



Girard, P., Hupe, J. M., & Bullier, J. (2001). Feedforward and feedback connections between areas V1
and V2 of the monkey have similar rapid conduction velocities. J Neurophysiol, 85(3), 1328-
1331.

Goense, J. B., & Logothetis, N. K. (2008). Neurophysiology of the BOLD fMRI signal in awake
monkeys. Curr Biol, 18(9), 631-640.

Green, D. M., & Swets, J. A. (1988). Signal Detection Theory and Psychophysics. Los Altos: Peninsula
Publishing.

Grigorescu, C., Petkov, N., & Westenberg, M. A. (2003). Contour detection based on nonclassical
receptive field inhibition. /EEE Transactions on image processing, 12(7), 729-739.

Grinvald, A., Lieke, E. E., Frostig, R. D., & Hildesheim, R. (1994). Cortical point-spread function and
long-range lateral interactions revealed by real-time optical imaging of macaque monkey
primary visual cortex. J Neurosci, 14(5 Pt 1), 2545-2568.

Haider, B., Hausser, M., & Carandini, M. (2013). Inhibition dominates sensory responses in the awake
cortex. Nature, 493(7430), 97-100.

Hashemi-Nezhad, M., & Lyon, D. C. (2012). Orientation tuning of the suppressive extraclassical
surround depends on intrinsic organization of V1. Cereb Cortex, 22(2), 308-326.

Haynes, J. D., & Rees, G. (2005). Predicting the orientation of invisible stimuli from activity in human
primary visual cortex. Nat Neurosci, 8(5), 686-691.

Heeger, D. J. (1992). Normalization of cell responses in cat striate cortex. Vis Neurosci, 9(2), 181-197.

Henriksson, L., Karvonen, J., Salminen-Vaparanta, N., Railo, H., & Vanni, S. (2012). Retinotopic maps,
spatial tuning, and locations of human visual areas in surface coordinates characterized with
multifocal and blocked fMRI designs. PLoS One, 7(5), €36859.

Henriksson, L., Nurminen, L., Hyvérinen, A., & Vanni, S. (2008). Spatial frequency tuning in human
retinotopic visual areas. J Vis, 8(10), 5

Hess, R. F., Dakin, S. C., & Field, D. J. (1998). The role of "contrast enhancement" in the detection and
appearance of visual contours. Vision Res, 38(6), 783-787.

Horton, J. C., & Hoyt, W. F. (1991). The representation of the visual field in human striate cortex. A
revision of the classic Holmes map. Arch Ophthalmol, 109(6), 816-824.

Howell, E. R., & Hess, R. F. (1978). The functional area for summation to threshold for sinusoidal
gratings. Vision Res, 18(4), 369-374.

Huang, P. C., Hess, R. F., & Dakin, S. C. (2006). Flank facilitation and contour integration: different
sites. Vision Res, 46(21), 3699-3706.

Hubel, D. H., & Wiesel, T. N. (1959). Receptive fields of single neurones in the cat's striate cortex. J
Physiol, 148, 574-591.

Hubel, D. H., & Wiesel, T. N. (1962). Receptive fields, binocular interaction and functional architecture
in the cat's visual cortex. J Physiol, 160, 106-154.

Hubel, D. H., & Wiesel, T. N. (1974). Sequence regularity and geometry of orientation columns in the
monkey striate cortex. J Comp Neurol, 158(3), 267-293.

Huettel, S., Song, AW, & McCarthy G. (2004) Functional Magnetic Resonance Imaging. Sunderland,
MA: Sinauer Associates.

Hyvirinen, A., & Hoyer, P. O. (2001). A two-layer sparse coding model learns simple and complex cell
receptive fields and topography from natural images. Vision Res, 41(18), 2413-2423.

Ichida, J. M., Schwabe, L., Bressloff, P. C., & Angelucci, A. (2007). Response facilitation from the
"suppressive" receptive field surround of macaque V1 neurons. J Neurophysiol, 98(4), 2168-
2181.

Ito, M., & Komatsu, H. (2004). Representation of angles embedded within contour stimuli in area V2 of
macaque monkeys. J Neurosci, 24(13), 3313-3324.

Jazayeri, M., & Movshon, J. A. (2006). Optimal representation of sensory information by neural
populations. Nat Neurosci, 9(5), 690-696.

Jazayeri, M., & Movshon, J. A. (2007). A new perceptual illusion reveals mechanisms of sensory
decoding. Nature, 446(7138), 912-915.

Jesmanowicz, A., Bandettini, P. A., & Hyde, J. S. (1998). Single-shot half k-space high-resolution
gradient-recalled EPI for fMRI at 3 Tesla. Magnetic Resonance in Medicine, 40(5), 754-762.

Jones, J. P., & Palmer, L. A. (1987). An evaluation of the two-dimensional Gabor filter model of simple
receptive fields in cat striate cortex. J Neurophysiol, 58(6), 1233-1258.

Kapadia, M. K., Ito, M., Gilbert, C. D., & Westheimer, G. (1995). Improvement in visual sensitivity by
changes in local context: parallel studies in human observers and in V1 of alert monkeys.
Neuron, 15(4), 843-856.

39



Kaplan, E. (2004). The M, P and K pathways of the primate visual system. In L. M. Chalupa & J. S.
Werner (Eds.), The visual neurosciences (Vol. 1, pp. 481-493). Cambridge: The MIT press.

Kastner, S., De Weerd, P., Pinsk, M. A., Elizondo, M. I., Desimone, R., & Ungerleider, L. G. (2001).
Modulation of sensory suppression: implications for receptive field sizes in the human visual
cortex. J Neurophysiol, 86(3), 1398-1411.

Kilpeldinen, M., Donner, K., & Laurinen, P. (2007). Time course of suppression by surround gratings:
highly contrast-dependent, but consistently fast. Vision Res, 47(26), 3298-3306.

Kilpeldinen, M., Nurminen, L., & Donner, K. (2012). The effect of mean luminance change and grating
pedestals on contrast perception: Model simulations suggest a common, retinal, origin. Vision
Res, 58C, 51-58.

Kriegeskorte, N., Mur, M., Ruff, D. A., Kiani, R., Bodurka, J., Esteky, H., et al. (2008). Matching
categorical object representations in inferior temporal cortex of man and monkey. Neuron, 60(6),
1126-1141.

Kurki, I., Hyvérinen, A., & Laurinen, P. (2006). Collinear context (and learning) change the profile of the
perceptual filter. Vision Res, 46(13), 2009-2014.

Lamme, V. A., Zipser, K., & Spekreijse, H. (1998). Figure-ground activity in primary visual cortex is
suppressed by anesthesia. Proc Natl Acad Sci U S A, 95(6), 3263-3268.

Levi, D. M., Klein, S. A., & Hariharan, S. (2002). Suppressive and facilitatory spatial interactions in
foveal vision: foveal crowding is simple contrast masking. J Vis, 2(2), 140-166.

Levitt, H. (1971). Transformed up-down methods in psychoacoustics. J Acoust Soc Am, 49(2), Suppl
2:467+.

Levitt, J. B., & Lund, J. S. (1997). Contrast dependence of contextual effects in primate visual cortex.
Nature, 387(6628), 73-76.

Levitt, J. B., & Lund, J. S. (2002). The spatial extent over which neurons in macaque striate cortex pool
visual signals. Vis Neurosci, 19(4), 439-452.

Li, W., Thier, P., & Wehrhahn, C. (2000). Contextual influence on orientation discrimination of humans
and responses of neurons in V1 of alert monkeys. J Neurophysiol, 83(2), 941-954.

Liang, Z. P., & Lauterburg, P. C. (2000). Principles of Magnetic Resonance Imaging, A Signal
Processing Persrective. New York: Institute of Electrical and Electronics Engineers.

Livingstone, M., & Hubel, D. (1988). Segregation of form, color, movement, and depth: anatomy,
physiology, and perception. Science, 240(4853), 740-749.

Logothetis, N. K. (2003). The underpinnings of the BOLD functional magnetic resonance imaging signal.
J Neurosci, 23(10), 3963-3971.

Logothetis, N. K., Pauls, J., Augath, M., Trinath, T., & Oeltermann, A. (2001). Neurophysiological
investigation of the basis of the fMRI signal. Nature, 412(6843), 150-157.

Logothetis, N. K., & Wandell, B. A. (2004). Interpreting the BOLD signal. Annu Rev Physiol, 66, 735-
769.

Lund, J. S., Angelucci, A., & Bressloff, P. C. (2003). Anatomical substrates for functional columns in
macaque monkey primary visual cortex. Cereb Cortex, 13(1), 15-24.

Maftfei, L., & Fiorentini, A. (1976). The unresponsive regions of visual cortical receptive fields. Vision
Res, 16(10), 1131-1139.

Malach, R., Amir, Y., Harel, M., & Grinvald, A. (1993). Relationship between intrinsic connections and
functional architecture revealed by optical imaging and in vivo targeted biocytin injections in
primate striate cortex. Proc Natl Acad Sci U S A, 90(22), 10469-10473.

Marg, E., Adams, J. E., & Rutkin, B. (1968). Receptive fields of cells in the human visual cortex.
Experientia, 24(4), 348-350.

Maunsell, J. H., & Newsome, W. T. (1987). Visual processing in monkey extrastriate cortex. Annu Rev
Neurosci, 10, 363-401.

Meese, T. S. (2004). Area summation and masking. J Vis, 4(10), 930-943.

Meese, T. S., & Baker, D. H. (2013). A common rule for integration and suppression of luminance
contrast across eyes, space, time and pattern. i-Perception, 4, 1-16.

Meese, T. S., Challinor, K. L., Summers, R. J., & Baker, D. H. (2009). Suppression pathways saturate
with contrast for parallel surrounds but not for superimposed cross-oriented masks. Vision Res,
49(24), 2927-2935.

Meese, T. S., & Hess, R. F. (2004). Low spatial frequencies are suppressively masked across spatial scale,
orientation, field position, and eye of origin. J Vis, 4(10), 843-859.

Meese, T. S., & Summers, R. J. (2012). Theory and data for area summation of contrast with and without
uncertainty: evidence for a noisy energy model. J Vis, 12(11) article 9.

40



Meese, T. S., Summers, R. J., Holmes, D. J., & Wallis, S. A. (2007). Contextual modulation involves
suppression and facilitation from the center and the surround. J Vis, 7(4), 7.

Mukamel, R., Gelbard, H., Arieli, A., Hasson, U., Fried, 1., & Malach, R. (2005). Coupling between
neuronal firing, field potentials, and FMRI in human auditory cortex. Science, 309(5736), 951-
954.

Neri, P., & Levi, D. M. (2006). Receptive versus perceptive fields from the reverse-correlation viewpoint.
Vision Res, 46(16), 2465-2474.

Olshausen, B. A., & Field, D. J. (1996). Emergence of simple-cell receptive field properties by learning a
sparse code for natural images. Nature, 381(6583), 607-609.

Olzak, L. A., & Laurinen, P. I. (1999). Multiple gain control processes in contrast-contrast phenomena.
Vision Res, 39(24), 3983-3987.

Parkes, L. M., Schwarzbach, J. V., Bouts, A. A., Deckers, R. H., Pullens, P., Kerskens, C. M., et al.
(2005). Quantifying the spatial resolution of the gradient echo and spin echo BOLD response at
3 Tesla. Magn Reson Med, 54(6), 1465-1472.

Petrov, Y., Carandini, M., & McKee, S. (2005). Two distinct mechanisms of suppression in human
vision. J Neurosci, 25(38), 8704-8707.

Petrov, Y., & McKee, S. P. (2006). The effect of spatial configuration on surround suppression of contrast
sensitivity. J Vis, 6(3), 224-238.

Petrov, Y., Popple, A. V., & McKee, S. P. (2007). Crowding and surround suppression: not to be
confused. J Vis, 7(2), 12.

Petrov, Y., Verghese, P., & McKee, S. P. (2006). Collinear facilitation is largely uncertainty reduction. J
Vis, 6(2), 170-178.

Pihlaja, M., Henriksson, L., James, A. C., & Vanni, S. (2008). Quantitative multifocal fMRI shows active
suppression in human V1. Hum Brain Mapp, 29(9), 1001-1014.

Polat, U., & Sagi, D. (1993). Lateral interactions between spatial channels: suppression and facilitation
revealed by lateral masking experiments. Vision Res, 33(7), 993-999.

Polat, U., & Sagi, D. (1994). The architecture of perceptual spatial interactions. Vision Res, 34(1), 73-78.

Press, W. A., Brewer, A. A., Dougherty, R. F., Wade, A. R., & Wandell, B. A. (2001). Visual areas and
spatial summation in human visual cortex. Vision Res, 41(10-11), 1321-1332.

Rees, G., Friston, K., & Koch, C. (2000). A direct quantitative relationship between the functional
properties of human and macaque V5. Nat Neurosci, 3(7), 716-723.

Reid, R. C., & Alonso, J. M. (1995). Specificity of monosynaptic connections from thalamus to visual
cortex. Nature, 378(6554), 281-284.

Rodieck, R. W., & Stone, J. (1965). Analysis of receptive fields of cat retinal ganglion cells. J
Neurophysiol, 28(5), 832-849.

Rovamo, J., Luntinen, O., & Nésédnen, R. (1993). Modelling the dependence of contrast sensitivity on
grating area and spatial frequency. Vision Res, 33(18), 2773-2788.

Rust, N. C., Mante, V., Simoncelli, E. P., & Movshon, J. A. (2006). How MT cells analyze the motion of
visual patterns. Nat Neurosci, 9(11), 1421-1431.

Saarela, T. P., & Herzog, M. H. (2008). Time-course and surround modulation of contrast masking in
human vision. J Vis, 8(3), 23 21-10.

Sceniak, M. P., Hawken, M. J., & Shapley, R. (2001). Visual spatial characterization of macaque V1
neurons. J Neurophysiol, 85(5), 1873-1887.

Sceniak, M. P., Ringach, D. L., Hawken, M. J., & Shapley, R. (1999). Contrast's effect on spatial
summation by macaque V1 neurons. Nat Neurosci, 2(8), 733-739.

Schumacher, J. F., & Olman, C. A. (2010). High-resolution BOLD fMRI measurements of local
orientation-dependent contextual modulation show a mismatch between predicted V1 output and
local BOLD response. Vision Res, 50(13), 1214-1224.

Schwabe, L., Ichida, J. M., Shushruth, S., Mangapathy, P., & Angelucci, A. (2010). Contrast-dependence
of surround suppression in Macaque V1: experimental testing of a recurrent network model.
Neuroimage, 52(3), 777-792.

Schwabe, L., Obermayer, K., Angelucci, A., & Bressloff, P. C. (2006). The role of feedback in shaping
the extra-classical receptive field of cortical neurons: a recurrent network model. J Neurosci,
26(36), 9117-9129.

Schwartz, E. (1994). Computational studies of the spatial architecture of primate visual cortex. In R. K.
Peters A (Ed.), Cerebral Cortex (Vol. 10, pp. 359-412). New York: Plenum press.

Schwartz, O., Sejnowski, T. J., & Dayan, P. (2009). Perceptual organization in the tilt illusion. J Vis, 9(4),
19 11-20.

41



Schwartz, O., & Simoncelli, E. P. (2001). Natural signal statistics and sensory gain control. Nat Neurosci,
4(8), 819-825.

Sengpiel, F., Sen, A., & Blakemore, C. (1997). Characteristics of surround inhibition in cat area 17. Exp
Brain Res, 116(2), 216-228.

Sereno, M. 1., Dale, A. M., Reppas, J. B., Kwong, K. K., Belliveau, J. W., Brady, T. J., et al. (1995).
Borders of Multiple Visual Areas in Humans Revealed by Functional Magnetic-Resonance-
Imaging. Science, 268(5212), 889-893.

Shadlen, M. N., Britten, K. H., Newsome, W. T., & Movshon, J. A. (1996). A computational analysis of
the relationship between neuronal and behavioral responses to visual motion. J Neurosci, 16(4),
1486-1510.

Shmuel, A., Korman, M., Sterkin, A., Harel, M., Ullman, S., Malach, R., et al. (2005). Retinotopic axis
specificity and selective clustering of feedback projections from V2 to V1 in the owl monkey. J
Neurosci, 25(8),2117-2131.

Shushruth, S., Ichida, J. M., Levitt, J. B., & Angelucci, A. (2009). Comparison of spatial summation
properties of neurons in macaque V1 and V2. J Neurophysiol, 102(4), 2069-2083.

Sillito, A. M., Grieve, K. L., Jones, H. E., Cudeiro, J., & Davis, J. (1995). Visual cortical mechanisms
detecting focal orientation discontinuities. Nature, 378(6556), 492-496.

Sincich, L. C., & Horton, J. C. (2005). The circuitry of V1 and V2: integration of color, form, and motion.
Annu Rev Neurosci, 28, 303-326.

Skottun, B. C., Bradley, A., Sclar, G., Ohzawa, 1., & Freeman, R. D. (1987). The effects of contrast on
visual orientation and spatial frequency discrimination: a comparison of single cells and
behavior. J Neurophysiol, 57(3), 773-786.

Snowden, R. J., & Hammett, S. T. (1998). The effects of surround contrast on contrast thresholds,
perceived contrast and contrast discrimination. Vision Res, 38(13), 1935-1945.

Solomon, J. A., Sperling, G., & Chubb, C. (1993). The lateral inhibition of perceived contrast is
indifferent to on-center/off-center segregation, but specific to orientation. Vision Res, 33(18),
2671-2683.

Solomon, J. A., Watson, A. B., & Morgan, M. J. (1999). Transducer model produces facilitation from
opposite-sign flanks. Vision Res, 39(5), 987-992.

Solomon, S. G., Lee, B. B., & Sun, H. (2006). Suppressive surrounds and contrast gain in magnocellular-
pathway retinal ganglion cells of macaque. J Neurosci, 26(34), 8715-8726.

Solomon, S. G., White, A. J., & Martin, P. R. (2002). Extraclassical receptive field properties of
parvocellular, magnocellular, and koniocellular cells in the primate lateral geniculate nucleus. J
Neurosci, 22(1), 338-349.

Stettler, D. D., Das, A., Bennett, J., & Gilbert, C. D. (2002). Lateral connectivity and contextual
interactions in macaque primary visual cortex. Neuron, 36(4), 739-750.

Tajima, S., Watanabe, M., Imai, C., Ueno, K., Asamizuya, T., Sun, P., et al. (2010). Opposing effects of
contextual surround in human early visual cortex revealed by functional magnetic resonance
imaging with continuously modulated visual stimuli. J Neurosci, 30(9), 3264-3270.

Tanaka, K., Hikosaka, K., Saito, H., Yukie, M., Fukada, Y., & Iwai, E. (1986). Analysis of local and
wide-field movements in the superior temporal visual areas of the macaque monkey. J Neurosci,
6(1), 134-144.

Thomsen, K., Offenhauser, N., & Lauritzen, M. (2004). Principal neuron spiking: neither necessary nor
sufficient for cerebral blood flow in rat cerebellum. J Physiol, 560(Pt 1), 181-189.

Treutwein, B. (1995). Adaptive psychophysical procedures. Vision Res, 35(17), 2503-2522.

Wade, A. R., & Rowland, J. (2010). Early suppressive mechanisms and the negative blood oxygenation
level-dependent response in human visual cortex. J Neurosci, 30(14), 5008-5019.

Walker, G. A., Ohzawa, 1., & Freeman, R. D. (1999). Asymmetric suppression outside the classical
receptive field of the visual cortex. J Neurosci, 19(23), 10536-10553.

Van Essen, D. (2003). Organization of visual areas in macaque and human cerebral cortex. In L. M.
Chalupa & J. S. Werner (Eds.), Visual Neurosciences. Cambridge: The MIT Press.

Vanni, S., Henriksson, L., & James, A. C. (2005). Multifocal fMRI mapping of visual cortical areas.
Neuroimage, 27(1), 95-105.

Vanni, S., & Rosenstrom, T. (2011). Local non-linear interactions in the visual cortex may reflect global
decorrelation. J Comput Neurosci, 30(1), 109-124.

Warnking, J., Dojat, M., Guerin-Dugue, A., Delon-Martin, C., Olympieff, S., Richard, N., et al. (2002).
FMRI retinotopic mapping - Step by step. Neuroimage, 17(4), 1665-1683.

4



Webb, B. S., Dhruv, N. T., Solomon, S. G., Tailby, C., & Lennie, P. (2005). Early and late mechanisms
of surround suppression in striate cortex of macaque. J Neurosci, 25(50), 11666-11675.

Verweij, J., Hornstein, E. P.,, & Schnapf, J. L. (2003). Surround antagonism in macaque cone
photoreceptors. J Neurosci, 23(32), 10249-10257.

Westheimer, G. (1967). Spatial interaction in human cone vision. J Physiol, 190(1), 139-154.

Williams, A. L., Singh, K. D., & Smith, A. T. (2003). Surround modulation measured with functional
MRI in the human visual cortex. J Neurophysiol, 89(1), 525-533.

Williams, C. B., & Hess, R. F. (1998). Relationship between facilitation at threshold and suprathreshold
contour integration. J Opt Soc Am A Opt Image Sci Vis, 15(8), 2046-2051.

Wu, C. C.,, & Chen, C. C. (2010). Distinguishing lateral interaction from uncertainty reduction in
collinear flanker effect on contrast discrimination. J Vis, 10(3), 8.

Xing, J., & Heeger, D. J. (2001). Measurement and modeling of center-surround suppression and
enhancement. Vision Res, 41(5), 571-583.

Yacoub, E., Harel, N., & Ugurbil, K. (2008). High-field fMRI unveils orientation columns in humans.
Proc Natl Acad Sci U S 4, 105(30), 10607-10612.

Yoon, J. H., Rokem, A. S., Silver, M. A., Minzenberg, M. J., Ursu, S., Ragland, J. D., et al. (2009).
Diminished orientation-specific surround suppression of visual processing in schizophrenia.
Schizophr Bull, 35(6), 1078-1084.

Yoshor, D., Bosking, W. H., Ghose, G. M., & Maunsell, J. H. (2007). Receptive fields in human visual
cortex mapped with surface electrodes. Cereb Cortex, 17(10), 2293-2302.

Yu, C., & Levi, D. M. (1997). End stopping and length tuning in psychophysical spatial filters. J Opt Soc
Am A Opt Image Sci Vis, 14(9), 2346-2354.

Zenger-Landolt, B., & Heeger, D. J. (2003). Response suppression in V1 agrees with psychophysics of
surround masking. J Neurosci, 23(17), 6884-6893.

43



	Contents
	Abstract
	Tiivistelmä
	Acknowledgments
	List of original publications
	Abbreviations
	1. Introduction
	2. Aims of the study
	3. General methods
	4. Specific studies
	5. Discussion
	6. Conclusions
	7. References



