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Abstract
NEUROPHYSIOLOGICAL INVESTIGATIONS
OF VISUAL OBJECT COMPLETION PROCESSES

by

Marina Shpaner

Advisers: John J. Foxe, Ph.D. and Sophie Molholm, Ph.D.

Research over the past several decades has provided exciting insightscottiche
underpinnings of vision. Whereas early efforts concentrated on identifying andtehianag the
distinctive properties of neuronal populations, more recent investigations focus onplaoatese
channels of information are integrated. Here, we examined the cortical idgrafrobject
completion within the framework of interacting parallel pathways. The ‘#rand fill” model
advances fast and coarse scene analysis in the dorsal visual streano@asdéteoin of more
detailed object-related processing in the ventral visual stream. Qustfidy assesses sensitivity
to illusory contour (IC) stimuli within the lateral occipital complex (LCES)compared to salient
region (SR) stimuli, a stimulus class that lacks the classic bounding contallusarf shapes.
Using high-density electrical mapping of visual evoked potentials, we showathat ©C
activity is substantially stronger to IC than to SR stimuli, while late€la@tivity is stronger to
SR than to IC stimuli. We further suggest that crude region based segmentattoplage in the
dorsal stream regions prior to contour interpolation. The second study more cl@selgaes
contour interpolation in the context of complex visual scenes. We use differentdkekiter
to obscure the salience of the centrally presented IC, thus taxing the imihaldsineation

process. In support of the “frame-and-fill” model, we show that high levelsitbéic



significantly affect the early illusory contour sensitivity in the LO® aesult in an apparent

switch to more effortful mode of contour interpolation. The final study focuses dmamsms

of contour integration in the ventral stream. We arbitrate between two prevaalvsigced
mechanisms of contour integration: serial facilitative interactions leetwellinear cells in the
primary visual cortex or pooling of inputs in higher order visual areas. We usetopic
presentations of Gabor contours embedded in Gabor noise in order to assess the timecourse of
earliest cortical activity. We report earliest contour-relatedaadmtesponses in the higher-order
visual areas and not in the primary visual cortex, indicative of pooling of inputtraastrate

areas. Overall, the results of our studies support the tenets of the “frarfit-amaldel of

cortical processing.
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GENERAL INTRODUCTION

The interaction between the human organism and its environment is orchestrated by the
nervous system, which endows us with the exceptional versatility of behavidigdWea&
Varela, 1992, p. 138). The visual system, the subject of the current series of iteastiga
guides a range of mental and physical faculties from emotional interplecsomaunication to
hand-eye coordination. While much is already known about the internal workingsvadube
system, certain basic mechanisms are yet to be fully understood. One stary coscerns the
basic mechanisms of object recognition. Objects constitute the building blocks of sizaphy
and mental reality and have direct functional significance for human actiongitéraction
with visual objects encompasses their multiple dimensions, such as shape, colomdiepth a
movement. Exactly how the visual system interprets the myriad fragmeetsedieby individual
nerve cells, assembling them into amalgamated images, is a matter of intgmse Insights
can be gathered from psychophysical, anatomical, and physiological inveasgas well as
from computational modeling. This doctoral thesis focuses on how humans form perceptual
representations of objects. The goal of this work is to extend our understanding of the way
brain integrates parcellated information from retinal receptors to producepieeatial
perception of a whole and distinct object. In introducing the work in this doctora, thedl
provide a brief overview of the architecture of the visual system, the possitiammsans of
encoding visual information, the interactions between separate streams mo@tndorwithin the
visual system and the dynamic relationship between different levels of thehresaachy, the
markers of object-related neural activity obtained with human electropbggiahd, finally, the

ways in which all of these lines of evidence inform the theories of objectmiéoog



The Architecture of the Visual System

Much insight into the physiological mechanisms of vision has been gained bygtudyi
the anatomy of mammalian visual systems. Such studies are helpful becausécahatom
considerations constrain hypotheses of neural mechanisms of object recogntipical
mammalian visual system consists of hierarchically organized and intectedageas, which
comprise multiple reciprocal feedforward, feedback and lateral connectidiesn#e & Van
Essen, 1991). The first significant hub for neural signals traveling fromtthe neto the visual
areas of the cerebral cortex is the Lateral Geniculate Nucleus)(@Ghe thalamus. Once
conceived of as a simple relay nucleus for feedforward activity, the lA&SNihce emerged as a
nucleus more fully engaged in modulating cognitive functioning (Saalmann & Ka2009;
Sherman, 2005). Indeed, the number of feedback connections linking the cerebral cbrthg& wit
LGN far exceeds the number of feedforward connections (Saalmann & K&§a8r Sherman,
2005; Sincich & Horton, 2005). In addition, the primary visual cortex (V1), the lowestatort
area in the visual hierarchy also known as the striate cortex, receivesfntgstfferent
projections from the LGN. Upstream projections from V1 eventually reach thaventt lateral
occipito-temporal areas—regions of the cortex shown to be especially\setsitbjects and
shapes (Hirabayashi & Miyashita, 2005; Hung, Kreiman, Poggio, & DiCarlo, 200&8s&§ug
Yamane, Ueno, & Kawano, 1999).

Neural information flows through the visual system along multiple parallel but
interconnected streams, a mechanism first described by Livingston and(Ha&®), see Figure
1 for a rough illustration. The parallel streams of information begin in the retireae scientists
have identified seventeen distinct types of retinal ganglion cells, formintpay as thirteen

distinct parallel pathways to the LGN (Nassi & Callaway, 2009). Each s¢ tanglion cell



types tiles the entire visual scene and transmits specific visual informéhe three main
parallel pathways between the retina and the cortex are the magnocélufzarocellular, and
the koniocellular pathways (Kaplan, 2008). The parvocellular pathway projeaigetod3 and
layer 6 of V1. It is formed by cells with small receptive fields, low consassitivity and
relatively slow axonal conduction. These cells encode red-green opponency and are most
sensitive to high spatial and low temporal frequencies (Kaplan, 2008; Nasslas&v&gl2009).
The magnocellular pathway transmits broadband, achromatic signals to layandayer 6 of
V1. In contrast to the parvocellular pathway, the magnocellular pathway reagi from

cells with large receptive fields, high contrast sensitivity and fast ctenteeevelocities. All of
these characteristics make the magnocellular pathway particlidaditige to high temporal and
low spatial frequencies (Kaplan, 2008; Nassi & Callaway, 2009). The koniocelltihargya
possesses blue-on/yellow-off color-opponency and projects to layer 1 and to tinecyc
oxydase (CO)blobs of layer 2/3 in V1. The exact projections of the other subsidiary varieties of
retinal ganglion cells to V1 remain uncertain (Kaplan, 2008; Nassi & Callaway,. 2009#t, it
is unclear how the sensory characteristics of the ganglion cell pathaagkate into perceptual
experience (Nassi & Callaway, 2009).

It was once believed that the magnocellular and the parvocellular chaamelsed
separated in V1, resulting in a clear segregation of color, form and motion pngdessie
cortex (Livingstone & Hubel, 1988). The color-sensitive koniocellular and parvocetiplats
to CO blobs of V1 were believed to project to thin stripes of V2 and to upstream vezdisal ar
The orientation-sensitive parvocellular inputs were thought to project to ttaled-interblobs

of V1, then to the pale stripes of V2 and in turn to upstream ventral areas. The diffuse

! Cytochrome oxydase staining reflects the cells with high metabolidtacti



magnocellular projections were thought to have terminated in the thick strip@samid\then to
project onwards to the dorsal motion-sensitive middle temporal area (Mindkione &
Hubel, 1988). In recent studies, a more complex picture is emerging. As theviggdfeweep
of neural activity reaches V1, the neural information flowing through the sedaratallel
pathways is integrated (Sincich & Horton, 2005). Specifically, it has been shown that
magnocellular and parvocellular inputs converge inside V1 to form a retinotopcgépized
matrix of local circuits, representing the entire visual space (aSsillaway, 2009). The
circuits of this matrix are formed by cell-type specific arrangemef axonal and dendritic
connections (Nassi & Callaway, 2009).

The inputs, as reorganized in V1, subsequently form afferent parallel projections to
higher-tier extrastriate areas. The first such extrastriatel\ase@, known as V2, also consists of
retinotopically-organized repeating functional subunits. Initial studi®&2aeported a clear
separation of afferent inputs from the V1 blobs and interblobs relating to enpHt@O-stained
compartments (known in V2 as thin, pale and thick stripes) (Livingstone & Hubel, 1988). As
described earlier, magnocellular, koniocellular and parvocellular inpuesamginally thought
to subserve different streams of information, and have clear anatomical deomsra V2.
However, more recent research indicates that, while the V2 stripes ayedika divided into
submodules with hue-specific maps in thin stripes and disparity-selectiveiolyigtethick
stripes, some intermixing of V1 inputs is also present (Nassi & CallaWwa®)2Yet, the
original proposal remains mostly intact in that the dorsal stream is dominatieel by
magnocellular channel while the ventral stream is dominated by the pamlarcetiannel, with

contributions from each channel present in both streams (Nassi & Callaway, 2@iéh &



Horton, 2005). Thus, as a general pattern, areas V1 and V2 integrate parallehigpdés to

construct new, separate, yet interacting, outputs for at least two pdratehs of information.
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Figure 1. Parallel Visual Streams and the ‘Frame and Fill’ Model

Parallel channels of the visual system are shown on a simplified diagrapniwfade brain.
Green lines are the koniocellular connections, red lines are the magravauhections, blue
lines are the parvocelullar connections. Dorsal stream is in yellow, vetmgaim is in purple.
Dashed red errors represent the “framing” of the ventral stream by the stogaah inputs.
(LGN = lateral geniculate nucleus; MT = middle temporal; STP = supengpdral
polysensory; IT = inferotemporal.) This diagram is modified with permissiontesyuof Dr.

Charles Schroeder.

The ventral stream regions along the cortical hierarchy exhibitasiogly complex
response characteristics. Cells in V1 can respond to simple lines, cells i W2 &an respond
to more complex shapes and gratings, and cells of the inferotemporal areas @8bleao

respond to object categories and even object identities (Hirabayashi & May&§06; Hung, et



al., 2005; Pasupathy & Connor, 2002; Quiroga, Reddy, Kreiman, Koch, & Fried, 2005; Reddy &
Kanwisher, 2006; Sugase, et al., 1999). The functional organization of the higher-ordér ventra
stream areas (beyond retinotopically-organized V1 and V2) has not been reselddyd &R
Kanwisher, 2006). Some scientists argue that category-specific and fgadoric clustering is
the general organizational principle within the temporal lobes with speciarddist faces,
places and body parts (Fujita, Tanaka, Ito, & Cheng, 1992; Reddy & Kanwisher, 2006, Tana
1996); while others maintain the importance of distributed representations withinoaale
population in the visual areas along the ventral stream, with meaning egieogminteractions
of a large number of broadly tuned neurons (Ewbank, Schluppeck, & Andrews, 2005; Haxby et
al., 2001).

The Neural Code of Feature Binding

Since visual information is initially fragmented according to the receptivgerties of
the retinal ganglion cells and retinotopically across the visual fieklGtefé object recognition
requires assembling and reconstructing such information from the responsesidtiaidi
neurons. Several cellular mechanisms have been advanced as possible candid&tgsating
information across the neuronal population. Since the 1960's, when Hubel and Wiesel first
published their studies of cell properties in the cat’s visual cortex (1962),hekasunderstood
how response properties of simple cells in V1 result from integration of @ffapats from the
LGN and how tuning characteristics of the complex cells can be modeled as atisumafieir
respective simple cell inputs. In order to integrate afferent inputs, upsteds can rely on rate
coding, i.e., the summation of spiking activity over time. Such a processing scheme would
critically depend on the “architecture of cortical connections” (Uhlledas, 2009). As the

complexity of tuning increases across the levels of the visual hierarahgy ibe possible to



group simpler visual elements by cardinal cells via “sparse” coding. Spaisey is a coding
scheme by a relatively small number of highly selective neurons. The ex¢seample of sparse
coding is the so-called “grandmother cell’—a hypothetical neuron dedicated to the
representation of a specific concept or object, for example, one’s grandmothedvahtages
of such “sparse” coding system would include high metabolic efficiency and easalotit
(Reddy & Kanwisher, 2006). However, such a coding system might have diffiegfignding to
novel visual stimuli and is unlikely to exist at the higher levels of the visual thgraFhat is,
since all the possible feature combinations at any given level of the hievesald then require
a dedicated detector at the next level, such a schema would be expected ta trigger
combinatorial explosion, which could not be accommodated by the finite, albeit engrmousl
complex, architecture of the brain (Gray, 1999; Roelfsema, 2006).

An alternative way in which neural coding could represent visual information would be
across a distributed network of neurons. A distributed representation is flexibkespodsive to
new objects (Roelfsema, 2006). Moreover, it is resilient to cell death and does mat deke
natural variability in the response strength of individual neurons (Reddy & ikla@ny2006).
However, such a representation requires a way to group together the neutslrataited to the
same object across a large number of individual neurons, creating a binding problem. One
possible solution to this binding problesthe temporal correlation hypothesis (Gray, 1999;
Singer & Gray, 1995). According to the temporal correlation hypothesis, the sgization of
activity within self-forming neuronal ensembles can increase the outputcgabéthe neuronal
activity for subsequent processing. That is, the combined strength of a neurondigopila
more likely to impact the next level of processing if it is synchronized andamalom. Such

synchronous activity has been consistently observed in neurons driven by a smglesstvith



spike rates of cortical neurons oscillating in the 30-70 Hz gamma rangss|@&, Coppola, &
Nakamura, 1993; Eckhorn et al., 2004; Engel, Roelfsema, Fries, Brecht, & Singer, 1997; Murthy
& Fetz, 1996; Roelfsema, Engel, Konig, & Singer, 1997). The importance of synchronous
activity in perceptual grouping has been shown in illusory contour studies whigieea
induced gamma activity was observed in response to stimuli comprising aryilbosdour as
compared to the same stimuli arranged not to form a contour (Tallon-Baudnander
Delpuech, & Pernier, 1996). However, a recent debate in the journal Neuron highigghts t
probable contamination of this activity by artifact from ocular micro-ades in human EEG
(Yuval-Greenberg, Tomer, Keren, Nelken, & Deouell, 2008 and the follow-up communications)
At the same time, synchrony in the gamma and beta bands has been implicated not only i
feature binding within local neuronal populations but also in forming and maintainingenbhe
object representations between cortical regions (Sehatpour et al., 2008; Semt@hskiO07;
Tallon-Baudry, 2009; Tallon-Baudry & Bertrand, 1999; Uhlhaas, et al., 2009). A striking
example of object-related synchronous activity is the study by Hirabagagiiyashita
(Hirabayashi & Miyashita, 2005), which showed synchronous patterns of activitgdretw
neurons when facial fragments were arranged to form a face. In genenavalrement of
synchronous activity in feature binding seems less equivocal in human intrexeordings
and animal models than in human scalp EEG.

In distributed neuronal networks, the modulation in the strength of synchronous activity
can signal perceptual differences (Uhlhaas, et al., 2009). That is, actigityitzfrly tuned
neurons in response to a preferred type of a stimulus may drive a more catsgense within
a population. An additional way to code visual features within a distributed neuronal population

could rely on spike timing (computing the visual image based on the latency of neuromaj)spiki



(Hegde, 2008; Uhlhaas, et al., 2009; VanRullen & Thorpe, 2002). Research shows that the more
excited cells fire earlier in the gamma cycle, translating amplitudesaéxcitation into phase of

the gamma cycle (Fries, Nikolic, & Singer, 2007). Under this coding scenariojghtebor

more salient) regions of an image could induce earlier spiking activityttiradarker regions,

which would be detected by the next level of the network (VanRullen & Thorpe, 2002). Since
integration of inputs in such a network critically depends on a temporal referentesptiing

such reference point within a dynamically changing visual arraymeeaechallenge. Proponents

of such coding schemes speculate that it could be accomplished by keeping track adttbé ons
fixation during saccades or micro-saccades by corollary dischag&(llen & Thorpe, 2002).

In sum, both sparse and population coding likely play a role in feature integration,
depending on a specific level of the visual hierarchy, and both types of coding aradakpre
viable ways of feature binding. In addition, both types can play a role aediff@mescales. For
example, a distributed response may dominate the early activity followedduabfme-tuning
of response characteristics (i.e., “response sparsening”) through remedmtnzations (also see
Hegde, 2008).

The Dynamics of the Parallel Processing Streams

Early models of visual processing emphasized functional separation betweenttak ve
and the dorsal streams, with the dorsal pathway more responsive to visual febdvaes te
identifying the location of objects and the ventral stream more responsiveidabfestures
important for object recognition (Mishkin, Ungerleider, & Macko, 1983). More recedtls
have recognized that both visual streams may, in fact, transmit similar a&isualtes (such as
color or disparity), and instead focus on the differences in behavioral goals sdlisetlie

respective visual streams (Milner & Goodale, 2008; Nassi & Callaway, 2009 Waéi
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proponents of these later models have certainly acknowledged the central role ofréde vent
stream in object recognition established in the earlier models, they alsosereggha dorsal
stream’s role in the task of action guidance by transmitting motion and depthatiform

(Milner & Goodale, 2008). The most recent theories also point to the influence of thle dorsa
stream on object perception (see “frame and fill” model below and Figure 1, Bar, 2003, 2009;
Bullier, 2001; Chen et al., 2007; Vidyasagar, 1999).

The dorsal and the ventral streams can interact via feedback projectionsdgham to
lower-order regions of the visual hierarchy and lateral projections besiraéar levels of the
parallel streams (Bullier, 2001; Chen, et al., 2007; Felleman & Van Essen, 19%9rdRes
shows that the magnocellular channel and the dorsal stream areasvatedaeatpproximately
10-20 milliseconds before hierarchically parallel ventral stream ,zaba®wing enough time for
lateral and feedback influences on ventral activity (Bullier, 2001; Cheh, 2087). By
examining laminar profile maps in primates, Chen and colleagues (2007) also found that
feedback local field potential (LFP) activity preceded feedforward dadgt®ity in every tested
extrastriate visual area along the ventral stream. Moreover, responsiatarsses in the dorsal
stream MT were very similar to the response latencies in the V1 (seeudliso, R001). Earlier
processing along the dorsal stream is possible through the relatively dto$peagnocellular
connections, facilitating rapid transmission of the earliest magnocehgplats from the V1
further on to MT, as well as through direct inputs to MT from the LGN and other subtortic
areas, bypassing the primary visual cortex (Bullier, 2001; Chen, et al., 2007).

Feedback projections have been shown to modulate the ongoing activity withinikwer-t
target brain regions. To illustrate, MT inactivation has profound and immediatésedfeV1

spiking activity, resulting in significant response attenuation (Hupe et al., 2004). T
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observation demonstrates that feedback projections can shape the feedforward flow of

information and are essential to normal brain activity in the earliest imefrRelatively few

studies have investigated the systematic organization of feedback prgepadicularly in

relation to V1 cytoarchitectonics (Sincich & Horton, 2005). While the detailsineumaesolved,

there is mounting evidence of the influences of feedback connections on perception.
Re-entrant activity to the primary visual cortex is one of the better-stuskelddck

phenomena. It has been investigated extensively using transcranialimagimefiation (TMSj

in humans and single-cell recordings in animal models (Koivisto, Railo, & Saliiagaranta,

2010; Lamme, 2003, 2004; Lamme & Roelfsema, 2000; Lamme, Super, Landman, Roelfsema, &

Spekreijse, 2000; Pascual-Leone & Walsh, 2001; Silvanto, Lavie, & Walsh, 2005; Super,

Spekreijse, & Lamme, 2001). Silvanto and colleagues (2005) identified two V1 (40-60 ms and

80-100 ms post stimulus offset) and a single MT critical period (60-80 ms) inmpmiception

by showing that TMS disrupted awareness in a hierarchically-speahmfaduring those

timeframes. Most recently, Koivisto and colleagues (2010) extended these fitadihgs

detection of motion without conscious awareness of motion by showing that the TM&ampai

the performance of a forced-choice motion-detectionregardlessof the conscious report of

motion®The studies found that interfering with the V1 activity both in the earliestoieeard

sweep as well as in the later re-entrant sweep impairs the perceptuabfepotion. In a

complementary set of experiments, Lamme and colleagues studieddrgured detection in

2 TMS causes neuronal depolarization and can be used either to disrupt processiraggethe t
brain area (cause a reversible lesion) or to invoke certain perceptual phenemerilaghes of
light called “phosphenes” or moving phosphenes) (Pascual-Leone, Walsh, & Rothwell, 2000)

% In this study, participants reported the direction of motion with an above chancacgcewen
when they believed they had observed no motion. TMS disrupted performance in this
experimental condition.
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monkeys. For example, in one of their studies, they trained animals to saccaalgé& atta
certain V1 location (Super, et al., 2001). They found a differential modulation in the neural
response starting at about 90 ms after stimulus onset for “seen” vs. “not sewili’ Sinis
modulation was context-dependent and saliency-dependent. The relatively ilagectinte
modulation highlighted the involvement of feedback and horizontal connections in visual
awareness. This line of inquiry underscores the significance of recurrerggngcien conscious
perception.

Electrophysiological Markers of Object Recognition and Their Correlate in
Neuroimaging

Electrophysiological and neuroimaging approaches have been used extensively t
examine object recognition mechanisms in human participants. Electrophysabtiaa is
appropriate for making inferences about the temporal evolution of neural events thugh t
derivation of an event-related potential (ERP)—the technique utilized in thes &éri
experiments. Complementary neuroimaging investigations can verifydhe ¢ the neuronal
activations within the brain due to their precise spatial resolution. An ERP isragave
stimulus-locked response to a large number of stimulus presentations. The earlgRRua
waveform has a stereotyped sequence of peaks and valleys (called “conipostantieg from
the C1 (with a peak at 65-90 ms post stimulus onset), followed by the P1 (positivity around 100
ms) and followed by the N1 (negativity around 150 ms) (Di Russo, Martinez, SeraadisP&
Hillyard, 2002). The earliest part of the C1 component is believed to be a markerasfateur
activity stemming from the striate cortex due to its highly retinotopiciloligion, early timing
and repeated source localization to the V1 (Di Russo, et al., 2002; Foxe & Simpson, 2002;

Gomez Gonzalez, Clark, Fan, Luck, & Hillyard, 1994, Jeffreys & Axford, 1972a). The P1



13

component reflects activity in the striate and extrastriate ardak (C994; Di Russo, et al.,
2002). The N1 component has lateral occipito-temporal distribution and refleuttyaudti
multiple occipito-temporal cortical areas, including the LOC and the tevjparieto-occipital
region (TPO) (Clark, 1994; Di Russo, et al., 2002; Sehatpour, Molholm, Javitt, & Foxe, 2006).
According to a traditional view, the ERP signals a time-locked and phase-lockedses
evoked by synchronized post-synaptic activation. The amplitude differencesnesiiimse can
be construed as modulations in the neural activity of the underlying corticahtggaewhile the
latency of the response reflects differences in temporal processinguae 2005).

The C1, the P1 and the N1 components are sensitive to low-level visual charasteristic
such as luminance, contrast and spatial frequency (see Regan, 1989 for reviesvi{C1A\4nd
P1 modulations in object perception are equivocal (Rossion & Jacques, 2008), N1 is densitive
object categories (e.g., Bentin, Allison, Puce, Perez, & McCarthy, 1986;Uatinus, & Taylor,
2006; Thorpe, Fize, & Marlot, 1996), with particularly large amplitude responsesdatdgory
of faces, even when controlling for low-level visual characteristics otitnels (Rousselet,
Husk, Bennett, & Sekuler, 2005, 2007). The N1 also becomes more negative in response to
illusory contours as compared to real contours or control stimuli not forming a c{Rtoer;
Murray, & Javitt, 2005; Halgren, Mendola, Chong, & Dale, 2003; Kruggel, Herrmann, Wiggins,
& von Cramon, 2001; Mendola, Dale, Fischl, Liu, & Tootell, 1999; Murray, Foxe, Javitt, &
Foxe, 2004; Murray, Imber, Javitt, & Foxe, 2006; Murray et al., 2002; Ritzl et al., 2003b;
Shpaner, Murray, & Foxe, 2009) and is enhanced in studies of object-based attentimetMar
Teder-Salejarvi, & Hillyard, 2007; Martinez et al., 2006). Studies of object ngcmgand
perceptual closure in our laboratory have identified a later correlate ot adgetification, a

modulation with lateral-occipital and lateral-frontal distribution, which we tine Ncl (closure
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negativity) (Doniger, Foxe, Murray, Higgins, & Javitt, 2002; Doniger et al., 2000ider et al.,
2001; Sehatpour et al., 2010; Sehatpour, et al., 2006; Sehatpour, et al., 2008). Using intracranial
recordings in humans, Sehatpour and colleagues (2008) also showed that the Ncl modulation in
the LOC follows a similar hippocampal modulation separated by a period of hgta-ra
synchronization between the two brain regions. The authors speculated thatithisoosoould
signal template matching between incomplete sensory representation (DGhend the stored
object representation in the hippocampus. The Ncl modulation has likely parallels in
neuroimaging research, where object-selective activations within thalamdlateral occipito-
temporal regions are consistently reported (for reviews see @att8r, 2003; Grill-Spector &
Malach, 2004). Since N1 and Ncl modulations stem from similar cortical gersewatbin the
LOC, LOC activations detected with neuroimaging techniques signal a tdippategrated
response, due to their relatively poor temporal resolution (e.g., Shpaner, et al., 266&)ced
regarding the temporal evolution of events cannot be based on neuroimaging, and inferences
regarding the localization of neural activity as detected by elg@tysiology have to be made
with caution.

The timecourse of neural events as assessed with ERPs has to be considereaf in light
the current understanding of processing speeds within the visual hierarchy. Aeiratlre
reveals the fast course of activation of the entire brain, with the highel tdfthe anatomical
hierarchy activated within the first 60 ms post-stimulus onset (Chen, et al., 2007¢|8sky et
al., 1998; Schroeder, Mehta, & Givre, 1998). Similarly, using scalp current densitgesnia
humans, Foxe and Simpson (2002) reported activations within dorsolateral frontalrcointex

timeframe of C1, at just 80 ms post-stimulus ofis@nsequently, any effects observed in the

* Scalp current density is the second spatial dévivaf the ERPs across the electrode array.riference
independent and is used to aide in visualizatioimtoficranial generators.



15

P1 and N1 timeframes, and even over late C1, are likely to represent feedforwaitlass
feedback driven modulations (Foxe & Simpson, 2002; Michel, Seeck, & Murray, 2004). Such
view is consistent with the literature on rapid categorization of objects arsifiaites N1
timeframe (e.g., Michel et al., 2004). Since many areas of the brain aexdttvithin a short
timeframe, analyses of ERP components should include source localization in ordev to dr
conclusions about the likely locus of neural events.

Theories of Object Recognition

Theories of object recognition can be roughly divided into (a) “bottom-up” theories
emphasizing the initial contributions from the feedforward flow of neural infoomé#abr the
creation of an internal object representation (e.g., Hung, et al., 2005; Sarr@07; Serre,
Oliva, & Poggio, 2007; VanRullen & Thorpe, 2002) and (b) “top-down” theories emphasizing
the critical importance of feedback and lateral influences (Ahissar, NahukenN&
Hochstein, 2009; Bar, 2003; Bullier, 2001; Chen, et al., 2007; Vidyasagar, 1999). The bottom-up
framework motivated computational models, which posit that rapid computation of ah objec
representation can occur in a feedforward fashion through a cascade ofstegdiral events: for
example, through spike time coding (VanRullen, Guyonneau, & Thorpe, 2005; VanRullen &
Thorpe, 2002). These models hold that the rapid feedforward sweep of activityredomntral
stream precedes other processing (Serre et al., 2007). By contrast, compuetd@ia within
the top-down framework focus on the initial coarse analysis in forming objeesespations
(Hamker, 2005; Walther & Koch, 2006). This framework underscores the criticalfrole
feedback in the initial stages of object perception, with either the parigied-tmontal areas of
the dorsal stream directing the processing in the temporal areas of tte steeam (Bar, 2003;

Bullier, 2001; Chen, et al., 2007; Vidyasagar, 1999).
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Bottom-up theories of visual processing have been developed with the goal of
reproducing the fast course of object recognition and contour integration in humans ad anim
models and are based on the notion that recurrent processing would take a lorgerrsiene
(e.g., Riesenhuber & Poggio, 1999; Serre, Oliva, et al., 2007; Thorpe, et al., 1996; VanRullen &
Thorpe, 2002). There are many ways to implement these models. Some are basedraplée “s
to-complex” cell hierarchy of the ventral stream areas (e.g.eRedher & Poggio, 1999; Serre,
Oliva, et al., 2007). Experimental evidence in support of such theoretical models includes a
recent study where a regularization classifier was trained toacete@nd identify objects based
on very short duration of spiking activity (12.5 ms) in a population of IT neurons in monkeys
(Hung, et al., 2005). The classifier can be construed as the target neuromgao&vmation
from IT, for example in the prefrontal region. At its peak efficiency at 125 nissposilus
onset, the classifier could categorize objects from 8 categories at édtpmrcuracy and could
also identify objects above chance. Other models take advantage of the asynclmiagaofs f
the V1 cells, which can integrate information locally by exerting influemctne firing pattern
of neighboring cells through local horizontal interactions (an issue, whichameirex more
closely in Chapter 3 of this thesis) (VanRullen, Delorme, & Thorpe, 2001). In gésrenal this
class of models relies on the specific tuning of neurons to increasingly coiealere
conjunctions for the initial fast analysis of the visual image (Roelfsema, 2006).

Top-down theories of visual processing strive to account for the coarse-todimmenof
visual analysis, where the global elements of the scene are procees¢d {we fine details (for
review see Hegde, 2008). Most direct support for this global-to-fine proceshEmea comes
from numerous behavioral observations, where the global elements of the stirayascaived

prior to local elements (for review see Hegde, 2008). One such theory is the Réeessehy
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Theory (Ahissar, et al., 2009; Hochstein & Ahissar, 2002). Here, implicit “visionlahaey is
accomplished through the rapid feedforward sweep of activity and the consequitt expl
“vision with scrutiny” takes place in the feedback direction, refining tregerand generating a
detailed and relevant percept. This theory is based on psychophysical researchs bat doe
make specific predictions regarding the flow of the neural activity, otherdhsgaytthat higher
levels of the visual hierarchy are accessed first. Alternative, gdbggsally-grounded theories
endow the dorsal stream with the power to generate a coarse low spaligiaesepresentation
of an image in higher-order visual areas, which then can feedback to the inferoterofiexato
be integrated with bottom-up flow of information in the ventral stream, see Hid&ar, 2003).
In this thesis, these models are referred to as “frame-and-fill” m{cleén, et al., 2007). Here,
the dorsal stream “frames” the scene for further refinementntfilh” of the missing detailed
information by the ventral stream. These theories garner support fronfetineereemporal
dynamics of the two parallel streams as well as from converging eeidegarding the
importance of feedback projections in visual perception and awareness (see [Festions).
One of the most important limitations of computational models based on bottom-up
theories is their inefficiency in processing images under realistiangesonditions. The
bottom-up models admittedly fail to accurately describe object procassiiey conditions of
clutter and occlusion (Serre, Oliva, et al., 2007). Without initial scene analysi global level,
such models may not be able to disambiguate how to group local elements of th&®cene.
compensate for this apparent flaw, proponents of bottom-up models reserve thetogle fo
down attention in potentiating certain neurons over others (e.g., Serre, Oliva2@03@)
VanRullen & Thorpe, 2002). This, however, begs the question of what drives the attentional

mechanism in the first place, as it is assumed that potentiation happens priartsethef the
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feedforward activity. Preliminary rough scene analysis and creatiosadfesice map have been
advanced as the possible mechanism of potentiation of the neural responses prior to the
refinement of the visual representation in the feedforward sweep of aditiaityker, 2005;
Walther & Koch, 2006). Furthermore, “frame-and-fill” models propose a mechavhereby
initial fast and coarse spatial delineation of the scene guides local analkysis in accordance
with the known temporal dynamics of object recognition.

The Present Endeavor

The set of research studies presented here is inspired by ERP literatuweawy ill
contours and perceptual closure. When designing these studies, we sought to examine the
following series of events in object processing: initial dorsal streamseaaalysis of the visual
space, followed by categorization of objects in the lateral occipital and temggiais, and
final conscious identification of objects via recurrent connections betweemplaaiteas of the
brain. Throughout this venture we attempt to frame our hypotheses in terms of the tempora
cortical dynamics as instantiated through ERPs.

As mentioned earlier, ERP research on illusory contour processing rexgals i
response modulation in the N1 timeframe, localized to the LOC. This modulation ismiay s
to the effects observed in object categorization studies, and presumadaisrefitial automatic
and implicit processing of objects. The initial modulation is followed by a ptettddcl effect
50-100 ms later. This effect is correlated with the identification of objectgdegeal closure
studies and has intracranial sources in the LOC, the hippocampus and the prefirastal a

The first study in this thesis deals with a recent challenge to the involvembetddrsal
stream in the coarse spatial segmentation (Stanley & Rubin, 2003). Using furdagmeetic

Resonance Imaging (fMRI), Stanley and Rubin reported that spatial segjoretakes place in
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the LOC, due to equivalent response to illusory contour and so-called “saliemt’ retginuli.

By examining the temporal evolution of events in response to the two classes af stenul
argue that the initial LOC modulation is specific to illusory contour procg$sechanisms and
not to the general process of spatial segmentation.

The second study further investigates the role of spatial segmentatiasonyi contour
processing by embedding illusory contours within different levels of clMitershow that initial
automatic sweep of activity within the LOC depends on the level of clutter stéme. Taken
together with the established specificity of this initial automaticekponse to IC stimulus class
(as compared to real contours or “salient regions”), we argue that effiparal segmentation
is a prerequisite for the rapid establishment of illusory contour boundaries.

The final study examines the role of the primary visual cortex in contouratiayby
arbitrating between two alternative ways of binding collinear elementsttered displays
(pathfinder displays): the first involves local horizontal connections in the V1, thieilgecond

involves pooling of inputs in the LOC. We make a case for input pooling.
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CHAPTER 1
Early Processing in Human LOC is Highly Responsive
to Illusory Contours but not to Salient Regions

Introduction

The neural basis of visual segmentation and object surface completion has been
extensively studied using illusory contour (IC) stimuli. Although earlier irdraal studies in
animal models and human neuroimaging studies localized IC processing to dénehinzatly
lowest visual cortical regions of V1/V2 (Bakin, Nakayama, & Gilbert, 2000; Ffy&cHeki,
1996; Larsson et al., 1999; 2001; Peterhans & von der Heydt, 1989; Ramsden, Hung, & Roe,
2001; Seghier et al., 2000; von der Heydt & Peterhans, 1989), more recent functional Magnetic
Resonance Imaging (fMRI) and magneto/electroencephalographic stutpbssize
contributions from higher-order regions of the lateral occipital complex (L(B&Xe, et al.,
2005; Halgren, et al., 2003; Kruggel, et al., 2001; Mendola, et al., 1999; Murray, Foxe, et al.,
2004; Murray, et al., 2006; Murray, et al., 2002; Ritzl, et al., 2003b). These latter studies support
a model whereby IC sensitivity occurs first in the LOC with subsequent feedhd recurrent
processes involving lower-tier areas V1 and V2.

A reasonable challenge to this body of research is that the LOC is ncdetssltive to
illusory contours or completion processes, but rather is a general site focmde region-
based segmentation (Stanley & Rubin, 2003). Since LOC neurons pool informationrfyem la
portions of the visual field, there is a possibility that the IC response obseathedtive LOC
might instead represent a response to the whole figure rather than to the boanthog mer se.
Borrowing a computationally cost-effective model for surface detectoon fhe computer

vision literature (Sharon, 2000; Shi, 2000), Stanley and Rubin proposed that the LOC detects
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crude surfaces and that lower-tier cortices process bounding edges. To tesidhisthey
introduced modified Kanizsa-type IC stimuli, termed "salient region’) €&iRwuli, which lacked
bounding illusory contours but still retained a “first impression of global sutfalseng fMRI,
they revealed similar LOC activations for both standard IC stimuli and thediéed SR
stimuli, and on this basis they concluded that the LOC participates in the raitodedé SR
but is not involved in IC-specific processing. Rather, they proposed that IC pngceées
place via feedback to lower-tier visual cortical areas (areas V1 analfugh it should be
noted that they did not explicitly assess activity in these regions for I€g®iag. This thesis is
clearly a temporal one, positing a specific sequence of events that is bagyphd the temporal
resolution of fMRI to resolve.

Over the past years, we have developed an electrophysiological mé@isemsitivity
and have shown that IC sensitivity occurs during the latency range of the N1 coinpicthe
visual evoked potential (VEP) (Foxe, et al., 2005; Murray, Foxe, et al., 2004; Murray, et al.,
2006; Murray, et al., 2002). This robust effect manifests as a more negative \fialeto
stimuli when the inducers are oriented to form an IC than when no IC is induced, andzsdocal
to bilateral LOC and posterior occipital areas. Hereafter, we wilt teféis measure as the IC-
effect, in keeping with the previous literature. We applied this metric tonotbiibrain’s
response to IC and SR stimuli. If Stanley and Rubin’s hypothesis regarding&R9ng in
LOC is correct, a clear set of predictions follows: initial activity @@ should be identical for
both conditions with a subsequent topographic or amplitude divergence (as the sharp ‘fedges” a
filled-in). If, on the other hand, LOC is in fact sensitive to ICs, initial L&y@vity should be

greater or even exclusive to the IC condition than to the SR condition.
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Materials and Methods

Subjects

Thirteen (seven female) neurologically normal paid volunteers, aged 204X yean =
28.5t7.7 yrs.) participated. All subjects had normal or corrected-to-normahvasid were right-
handed as assessed with the Edinburgh Handedness Inventory (Oldfield, 1971). Some of the
participants who served had prior experience with ERP recordings while a#rersiovice
participants. None could be considered expert psychophysical observers. Allsspigeted
written informed consent, and the Institutional Review Board of the Nathan Klitteite$or
Psychiatric Research approved all procedures. The study conforms to thegsinaitihed in
the Declaration of Helsinki. Subjects received a modest monetary compensationr($d0rpe
for their participation.

Stimuli and Task

Stimuli were presented to subjects on a computer monitor located 92 cm awag Image
appeared light gray on dark gray background. The “pacmen” inducers subterfdatbd@the
45° diagonals from the center at 3&ccentricity, producing illusory square shapes°of 7
maximal height and width. This resulted in two types of experimental stimidardigsa-type
IC’s (Figure 2 A&C) and 2) SR’s — modified IC stimuli where inducers’ shapleatignment
were altered to eliminate bounding contours but retained a global impressiomefaaed
region (as described in Stanley & Rubin, 2003). Inducers were oriented to either oot
form an illusory contour (“IC-in” and “IC-out,” respectively). LikewiseR Stimuli were
oriented either facing inward or outward (“SR-in and “SR-out,” respecjiveie Figure 2. The
support ratio (actual physical length over the entire contour length) farlstaning inward was

0.40 (Ringach & Shapley, 1996).
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Figure 2. lllustration of the IC and SR Stimuli.
(@) IC-forming stimulus; to be viewed at 30 cm distance to simulate experinsentiitions

(i.e., 7 illusory contour), IN configuration(b) SR-forming stimulus; to be viewed at 30 cm
distance, IN configuratior{c) Control stimulus for the IC condition, OUT configuratigad)
Control stimulus for the SR condition, OUT configuration.

Stimuli were presented for 200 ms with an inter-stimulus interval incremengaifing
from 1 to 2.5 seconds (in 250 ms steps). On each trial, subjects responded with a simple button
push to indicate the presence or absence of a “shape” (i.e., contour). Subjecysimelicdtied

the presence of shapes for the IC condition {94-accuracy), whereas, on average, only

34+37% of SR stimuli were perceived as containing a shae wide range for the perception

*While Stanley and Rubin (2004) did not have thaittipipants perform a task during their fMRI redogs, a very
basic task was introduced in the present studysare active viewing during the lengthy ERP reazgdMurrayet
al., (2002) previously showed that the IC-effectlisited during passive viewing and Murrayal., (2006) showed
that drastically manipulating task-load did not ampthe IC-effect. Thus, we were confident that efigcts found
would be independent of task parameters.
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of a shape in SR condition stemmed from the fact that five subjects reportediperoept

shape on may SR trials, while the rest of the subjects did not perceived a shape. Goxen the |
error rates with IC stimuli, behavioral data will not be discussed in arhefuiletail here. Each
block contained 40 stimuli with all stimulus conditions randomized and equally probdble. A
subjects completed at least 30 blocks of the experiment, with 4 subjects completingk85 bloc
Note that VEP analyses included all trials, irrespective of whether aoryllabape was
perceived. The study by Stanley and Rubin (2003) does not provide psychophysical data
concerning if or how often their participants observed illusory contours with tRestiuli

during the fMRI task. Rather, the authors included all trials in their analyses.

Electrophysiological Data Acquisition

Continuous EEG was acquired through a Biosemi ActiveTwo system from 168 scalp
electrodes, digitized at 512 Hz, and referenced to the CMS-DRL ground (which furagians
feedback loop driving the average potential of the subject, i.e. the Common Mode voltage, as
close as possible to the AC reference voltage of the AD box, i.e. the amplifierizgeochs of
continuous EEG (-200 ms before stimulus onset to 500 ms after stimulus onset) wetelgepara
averaged from each subject in response to each condition and stimulus type. Atrejiction
criterion of+100 pV was used at all scalp sites to reject trials with excessive EMQritatinr
vertical eye movements, and other noise transients. The average numbepteideseeeps per
VEP was 21646. Data from artifact electrodes from each subject and VEP wergdlatid
(Perrin, Pernier, Bertrand, Giard, & Echallier, 1987) according to thewichdilly digitized
electrode positions (Polhemus Fastrak, 3DspaceDX software, Neuroscamdntéraaffined
to the average electrode locations across our group of subjects. The mean ghesitumres

were in turn used during the calculation of the lead field matrix for the souncashs below.
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Prior to group-averaging, VEP data were baseline corrected using the 106stisphes period
and also recalculated to the common average reference. Statistical amdgbmogpapping for
all experiments in this study were performed on broadband data.

Analysis Strategy

A first level of analysis was performed separately for each stsrtype (IC and SR),
using point-wise pairetitests between VEP responses from “in” and “out” configurations. Data
were referenced to the fronto-polar site for this analysis simply tddéeicomparison with our
prior work detailing the timecourse of illusory contour sensitivity (Murrag).e2002). For each
electrode, the first time point where thiest exceeded the 0.@lcriterion for at least 11
consecutive data points (21.5 ms at a 512 Hz digitization rate) was labeled as dreseffetts
(see Guthrie & Buchwald, 1991). The results of this analysis are displayédtasstical cluster
plot” (see Figure 3b). The x-, y-, and z- axes respectively represen{pgpst-stimulus onset),
electrode location, and the p-value of thest (indicated by a color value) at each data point.

Our remaining analyses were based on the comparison of differentiaisesgo “in”
and “out” configurations between stimulus types, using a set of analysesdrakcal and
global measures of the electric field at the scalp. These analyses amditagitages over
canonical VEP waveform analyses have been discussed in detail elseéMicbes ¢t al., 2004;
e.g., Michel et al., 2001). These analyses provide a statistically-bassemitition of effects
that follow from modulation in the strength of responses of statistically imglisshable brain
generators from those that are the consequence of alterations in the etiofigofrthese
generators (viz. the topography of the electric field at the scalp).

The global response strength of the electric field was analyzed usimgtidgtaneous

Global Field Power (GFP) for each subject and stimulus type. GFP is equicaieatspatial
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standard deviation of the scalp electric field (Lehmann & Skrandies, 1980), aicListed as
the square root of the mean of the squared value recorded at each electrode (vaveuaghe
reference). GFP measures are used to minimize observer bias and provide @gisesview
of the data. While different sources of electrical activity do not preclude ideGP
waveforms, identical topographic modulations with different GFP amplitudes can be
parsimoniously interpreted as a modulation in the response strength withtrcathtis
indistinguishable configurations of underlying generators, as has beetetdpea@monstrated
in prior investigations of illusory contour processes related to the diffebstegen in and out
configurations (Foxe, et al., 2005; Murray, et al., 2006; Murray et al., 2004; Pegnd) ,Khate
Murray, Landis, & Michel, 2002). Like the analysis of individual VEP waveforpsasented in
the statistical cluster plots, GFP waveforms were analyzed usingjseauhd-by-millisecond
paired t-test with an criterion of 0.01 and a temporal constraint of a significant difference being
observed for at least 11 contiguous data points.

Differences in response topography were statistically assessedalisbal Dissimilarity
(Lehmann & Skrandies, 1980), which is quantified as the square root of the mean of the@ square
difference between the potentials measured at each electrode (werdgeaeference), each of
which is first scaled to unitary strength by dividing by the instantaneoBs Glébal
Dissimilarity is therefore an index of configuration differences betwtwo electric fields,
independent of their strength. It can range from 0O to 2, where 0 indicates topographic
homogeneity and 2 indicates topographic inversion between responses to diffendnsstim
types. A Monte Carlo non-parametric bootstrapping procedure (Manly, 1997), termed
topography analysis of variance or TANOVA, was used to identify statidifiterences

between each pair of stimulus types and was furthermore conducted as a funatien of



27

(Murray, Brunet, & Michel, 2008). Because electric field changes are ingigatchanges in
the underlying generator configuration (e.g., Fender, 1987; Lehmann, 1987);tthiotetes a
statistical means of determining if and when the brain network activatétidnyd SR stimulus
types differ. As above, we applied arriterion of 0.01 and an 11-point temporal criterion.
Finally, intracranial sources of the “in” versus “out” difference westmated for each
stimulus type and subject using the local auto-regressive average (DAdiRRAbuted linear
inverse solution (Grave de Peralta, Gonzalez, Lantz, Michel, & Landis, 200k Gderalta,
Murray, Michel, Martuzzi, & Gonzalez Andino, 2004), which selects the best source
configuration based on the biophysical behavior of electric vector fieldsdaugdo
electromagnetic laws (i.e. activity at one point depends on the activitygabioeing points
according to electromagnetic laws detailed in Maxwell's equations). 8iiseom of LAURA
used here employs a realistic head model with 3005 nodes arranged within thettgapfiize
Montreal Neurological Institute’s average brain. This implementatiorAfRA was generated
with the Spherical Model with Anatomical Constraints (SMAC; Spinelli, Andiramtt, Seeck,
& Michel, 2000). Time periods for source estimations were chosen based on the above
topographic analyses. As will be detailed below, two time periods were iderlibd-203ms
and 404-469ms). Mean differences in source estimations for each of these pereods we
calculated and then used to identify clusters of nodes for statisticab@s.aly minimal spatial
extent of 5 contiguous nodes was used and each included node had a mean scalar vahss of at |
50% of the maximal difference. A paired t-test on the un-subtracted valuger@sned on the

mean scalar values across nodes within identified clusters.
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Results

Previous research from our group has established an electrophysiologicabmetr
illusory contour sensitivity — the IC effect — that is calculated as Eife difference between
inducer configurations that produce an illusory contour and those that do not. We apgplied thi
metric in the present study and calculated VEP differences for eauhliusiclass (i.e. IC and
SR) by subtracting “out” (pacmen facing outward, not forming a contour) frerfit” (pacmen
facing inward, forming a contour) conditions. Unsubtracted VEP waveforms fretoé s
exemplar posterior scalp locations situated at the maxima of the N1 topograptigplayed in
Figure 3a. Consistent with our prior studies, visual inspection of these gro#ged&EPSs
revealed a clear difference between “in” and “out” conditions that peaked duriNg the
component at ~170ms post-stimulus onset. This modulation was prominent for IC, but not for SR
stimuli. A first level of analysis was performed in order to facilitaamparison with our prior
study that identified the spatio-temporal dynamics of Kanizsa-typeijliontour processing
(Murray, et al., 2002). These analyses entailed a series of timepointdpetmpaired t-tests
between “in” and “out” conditions in response to each stimulus type (see Figure 3latarthl¥l
and Methods for details). These statistical cluster plots indicate tis&aGli resulted in a
robust IC effect beginning at ~140-150ms, whereas SR stimuli did not produce thefsssh
The general latency and morphology of the IC-effect is highly consistent witfops findings

(Foxe, et al., 2005; Murray, Foxe, et al., 2004; Murray, et al., 2006; Murray, et al., 2002).
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a. Exemplar VEP waveforms
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Figure 3. Electrophysiological Response to IC and SR Stimuli over the Entire Epoch.

(a) Group-averaged VEPs for each stimulus type over four posterior scalpsstesdet for
locations and color scheméh) Point-wise paired-tests (“statistical cluster plots”) comparing
IN (pacmen facing in) vs. OUT (pacmen facing out) configurations of the threeeimtypes
(p=0.01 threshold, over -100 to 500 ms time period). Color represents the resutttesthe
Electrodes are arranged left to right for seven scalp regions, derdargagelid white lines:
occipital, parieto-occipital, parietal, central, fronto-central, frontad, feonto-polar.
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To quantitatively assess commonalities and differences between stim@ssviyg
calculated VEP difference waveforms and conducted electrical imagahgsas on these
differences. Difference waveforms at identical scalp locations to thossetbm Figure 3a are
shown in Figure 4a. These locations are situated at the maxima of the “in” f@rsus
difference across stimulus types, the topography of which is shown in Biguvésual
inspection of these difference waveforms as well as the statistisgicplots across the
electrode montage (Figure 4b) revealed 2 general time periods of differegfiahses; one over
the approximately 150-300ms time period and the other over the approximately 400-50&ms ti
period. Specifically, there was a larger “in” vs. “out” differential respdnsiC stimuli over the
earlier time period and a larger “in” vs. “out” differential response to $Rustover the later
time period. Difference wave area measures over the 154-203 ms post-stimuwhas wetee
submitted to a 2x2x2 repeated measures MANOVA, using stimulus type, hipmeswh
electrode position as within subjects factors. Time periods for thesacdhtessts were defined
based on the topographic analyses described above. There was a significanfiectaon ef
stimulus type (f,11=13.898; p=0.003), with higher differential effect of the IC than the SR
condition. No other main effect and no interaction reached the 0.05 significandercrite
Identical analyses were conducted for the later time period, 404-469ms padtistifihere was
a significant main effect of stimulus type:(n=28.046; p<0.001), with higher differential effect
of the SR than the IC condition. The three-way interaction between stimulus typsphere
and electrode also reached significange (6.533; p=0.027), suggestive of the different
topographies for the two conditions over this time period that we detail below. No other ma

effect and no interaction reached the 0.05 significance criterion.
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a. VEP difference waveforms
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b. Statistical cluster plot (IC vs. SR difference waveforms)
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Figure 4. ERP Difference Waveforms (IN-OUT) to IC and SR Stimuli over the Enpieck.

(a) Group-averaged ERP difference waveforms over four posterior electrocgemseefor
locations and color scheme). Vertical lines indicate time periods of in(@Bs203ms and
404-469ms)(b) Point-wise paired-tests (“statistical cluster plots”) comparing IC difference vs.
SR difference responses (p=0.01 threshold, over -100 to 500 ms time period). Electrodes are
arranged into five scalp regions along the vertical axis; regions areydéigdptathe left of the

plot.



32

To better identify the neural generators underlying VEP differences bestierilus
types, we first analyzed the Global Field Power (GFP) to assess moduilatieagonse strength
(see Figure 5a). A millisecond-by-millisecond t-test compared thageforms, and temporally
sustained differences were obtained over the 180-258ms and 275-328ms post-stimuéls inter
(green trace in Figure 5a). More specifically, GFP was stronger oer ithitervals in response
to IC than SR stimuli.

The difference topography (i.e., “in” vs. “out”) of the electric field at thedsmn
response to each stimulus type was also statistically compared using noetparanalyses of
Global Dissimilarity. Temporally sustained topographic differencesderviC and SR stimulus
types were obtained over two intervals (blue trace in Figure 5a). Thecligtred over the 154-
203ms post-stimulus period, and the second over the 404-469ms post-stimulus period. These
topographic effects are apparent upon inspection of sequential maps of the oplbagaghy at
the scalp for each condition (Figure 5b). Over the earlier time periodmGlisexhibited a more
focal and left-lateralized negative distribution over the posterior scalp. Oviatehéme period
SR stimuli exhibited a more focal and bilateral negative distribution over theriposcalp

Analyses to this point indicate that IC stimuli produce different effectsdbeSR
stimuli, with the initial “in” vs. “out” difference being considerably stgenin magnitude and
different topographically. This pattern runs contrary to what would be predidtetipreviously
reportedC effectsimply indexed sensitivity to salient regions of visual space. Finally, group-
averaged source estimations were calculated over the 154-203ms and 404-469msudast-stim
intervals for each stimulus type (i.e., IC and SR “in-out” difference) anghanen in Figure 6a

and b, respectively.
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a. GFP difference waveforms, analysis & TANOVA results
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Figure 5. Electrical Imaging Results for IC and SR Subtractions.

(a) Group-average global field power (GFH.e., the spatial standard deviation of the ERP
response, see page 26 for details) waveforms (see inset for the color sdhemg)eriods of
significant GFR-test and TANOVA analyses are demarcated on the x-axis. The TANOVA
analysis compared response topography between difference wavefor@B{)Nor the two
stimulus types as a function of time. Time intervals of significant (p<0.01) tqgugra
difference using a non-parametric Monte Carlo bootstrapping procedure asyelisftd)VEP
difference waveform topographies for the two conditions.
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Over the 154-203ms period, IC resulted in robust source estimations within the medial
occipital cortex, the lateral occipital cortex, and inferior temporal xoBg contrast, source
estimations for SR stimuli were limited to the medial occipital corték, mo evidence of strong
sources within either lateral occipital or inferior temporal corticesbbtir stimulus types,
source estimations were stronger within the left hemisphere, consistietih@topography of
the VEP (see Figure 5b). The mean difference between source estimagotise 154-203ms
period is shown in the right panel of Figure 6a and illustrates that IC, but not $iR, déchto
robust responses within the LOC (particularly within the left hemispherejssters number 1
and 2). The Talairach and Tournoux (1988) coordinates of the maximal differenc€)(BRHe
left and right hemisphere were -52, -52, -8 mm and 51,-54,-3mm, respectively. Thess clus
extend across Brodmann'’s areas (BAs) 37 and 19. Statistical analysis @ahecalar values
from nodes identified within these clusters (see Methods for details) reviealdlis cortical
activation was stronger in the IC conditions for the left hemisphere c(tistg13.65; p<0.0035)
and with a non-significant trend for the right hemisphere clusgter{t 78; p=0.10), reflecting
stronger contributions from sources in the LOC (Figure 6c¢).

Over the 404-469ms period, both IC and SR resulted in strong sources within medial
occipital cortices, lateral occipital cortices, and inferior tempmoeices. Additional weaker
sources were evident within the inferior parietal cortex (Figure 6b). Haa whfference
between source estimations over this period is shown in the right panel of Figureé 6b
illustrates that IC lead to stronger sources in left LOC, whereasafiRdestronger sources in
right LOC (clusters 3 and 4, respectively). The Talairach and Tournoux (1988)nadesdof the
maximal difference (SR-IC) in the left and right hemisphere were -43,368m and 57,-53,-

3mm, respectively. These clusters extend across Brodmann’s areasS{B#®) 19. Statistical
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analysis of the mean scalar values from nodes identified within these craestaked no reliable
difference within the left hemisphere clustern{t1.06; p>0.30) and stronger responses in the SR

condition within the right hemisphere clustgrt2.40; p<0.035; see Figure 6c).
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Figure 6. Source Estimations for IC and SR Subtractions.

Group-averaged LAURA distributed linear source estimations were atdduior the ERP
difference waveforms over the 154-203ms time period (panel a) and the 404-469msitiche pe
(panel b). The mean differences between these source estimations are slhewight tolumn.
Significantly stronger contributions from LOC sources were found in tthe teae period for

the IC condition (left Brodmann’s area 19/37, cluster 1) and in the later time paribe SR
condition (right Brodmann’s area 37, cluster(4).Mean scalar values of activations within
clusters and-test results between conditions.
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Discussion

The results of this study confirm those of previous studies showing initial 1@aéns
in the human LOC during the latency range of the N1 component (e.g., Foxe, et al., 2005;
Halgren, et al., 2003; Kruggel, et al., 2001; Murray, Foxe, et al., 2004; Murray, et al., 2006;
Murray, et al., 2002) and clearly argue against the proposition that crude lpageah-
segmentation is the initial common stage for IC and SR processing in th€Staey &
Rubin, 2003). Topographies during the N1 period were statistically differentdret@eand SR
conditions starting around 150 ms and indicative of differences in the configuration of
intracranial generators. Source estimations of the active generatog tthis period of visual
completion were localized to higher-tier visual areas bilaterally witl@érvéntral stream LOC,
with stronger LOC sources in the IC condition (see Murray, et al., 2002; Sehatpiyr2@06).
Over a later time period, LOC sources were stronger in the SR condition.

Predictions of the Salient Region Hypothesis

In the present study, we assessed the extent to which there were common medianism
IC and SR processing. Applying the Stanley and Rubin (2003) hypothesis to the VEP
methodology, the clear prediction is that initial IC and SR effects should becalentiiming,
locus and mechanism (reflecting the initial common sensitivity to saligioingewithin the
LOC). Further, their model predicts that differences between IC andrB&us processing will
emerge later in the lower-level cortical areas (V1/V2). In contrateiL OC is selectively
responsive to illusory contours themselves, as we have previously proposed (Fox20eébal
Murray, et al., 2006), we should observe a stronger initial response to IC stinhurti thé LOC.
Under such circumstances, the topography of IC and SR responses could be identical (or

different). The latter prediction is precisely the pattern of responsebsezved. The initial
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period of specific sensitivity to ICs within the LOC (as evidenced by aanitiaty stronger
differential response between “in” and “out” conditions to ICs than to SRs)lsmamarked by a
significant topographic difference between IC and SR responses, with thsponse relying
more heavily on ventral stream sources than the SR response. We also conductesi@raalyse
later time period between 400 and 480 ms to provide an alternative explanation for the fMRI
results observed by Stanley and Rubin (2003). Responses were of greater amyditude
occipital electrodes to SR stimuli during this later processing stageblyastounting for the
equivalent fMRI activations between the conditions. That is, because the BQidhses
measured using fMRI pools activity within a region over time, effects treeedrly and late
timeframes are summed to produce equal IC and SR responses.

When VEP waveforms are considered in isolation, one could argue that the results of the
present study indicate a quantitative rather than a qualitative diffdoengeen the two
conditions. However, topographical analyses and source estimations clearlyhahaveas of
the brain, specifically the LOC, are engaged differentially for thentCtlae SR stimuli in the
timeframe of N1.

Additional evidence against the salient region hypothesis can be gleanedfeamier
fMRI investigation that included stimulus conditions wherein illusory contours wdueed by
displaced line gratings, which unlike Kanizsa-type stimuli lack salesgions (c.f. Figure 1 of
Mendola, et al., 1999). In this study, Mendola and colleagues observed the strongesitidiffer
responses to displaced versus control stimuli within the LOC. These resukstsiingd the
illusory contour perception modulates LOC activity rather than information cedusyline
ends or salient regions. The present results provide further support for the LOC mihasbyf

contour processing and argue against the LOC model of rapid detection ofregliens.
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Implications for the “Identity Hypothesis”

The results of the present study are also germane to a recent and often heagad debat
the literature over the mechanisms of so-called modal and &heod@bur completion (see e.g.
Anderson, 2007; Kellman, Garrigan, Shipley, & Keane, 2007). Kellman and colleagues (2005)
have argued that the two classes of stimuli share a common initial mecHangenerating
contour connections across space - the so-called “identity hypothesispénse, Anderson
(2007) has argued on the basis of single-cell recording studies (Bakin, et al., 208 Efyt
Zeki, 1996; Larsson, et al., 1999; Lee & Nguyen, 2001; Peterhans & von der Heydt, 1989;
Ramsden, et al., 2001; Seghier, et al., 2000; von der Heydt & Peterhans, 1989) that modal and
amodal stimuli do not share common mechanisms, in that these studies show differentia
responses in hierarchically early cortical regions. However, our sérsdsdies has
demonstrated that these differences in early cortical regions (i.exdAL2) likely stem from
feedback from higher order visual areas (Foxe, et al., 2005; Murray, Foxe, et al., 20@4;, Murr
et al., 2006; Murray, et al., 2002), thus reflecting a later perceptual mechaeesaise Lamme
& Spekreijse, 2000). Further, Murray and colleagues (2004) demonstrated iderttadal ini
electrophysiological responses to modal and amodal stimuli in human observers, Wiea
found identicalC-effectsfor both stimulus classes, and that these effects originated in the LOC
bilaterally. Anderson dismissed these findings, stating that ithwgisly unlikely that the
identical responses observed by Murray et al. (2004) have anything to do with contour
interpolation processes’ basing this assertion on the findings of Stanley and Rubin (2003).

That is, he asserted that the LOC could not be involved in contour interpolation given the

® lllusory contour stimuli used in the present stadg modal contours (see Figure 1). Amodal contatgsontours
occluded by a foreground object (see Murray eR@l04 for examples).
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equivalent fMRI activations in LOC for IC and SR stimuli. Clearly, thitefaargument is not
supported by the results of the current study.

Previous Event-related Potential Results

A previous study by Yoshino and colleagues (2006) compared VEP’s to IC and SR
stimuli in much the same fashion as was done here; but in complete opposition to the present
findings, they concluded that LOC was responsible for crude region-basecdhsagmewith
subsequent IC boundary completion. In light of the present findings, a re-cotisidefdheir
data is warranted and we contend that their conclusions are thoroughly incongistéheir
reported pattern of results. First, Yoshino and colleagues report an interactieerbetducer
type, inducer orientation and electrode-site during the N1 latency; a resuhey interpret as
showing that the N1 potential was larger for IC than the other three conditiertait c
electrode sites. But this is not the correct interpretation. Rather, thicinderpoints to the fact
that certain electrode sites had a larger difference between IC-@-vst konditions than
between SR-in vs. SR-out conditions, i.e. the N1 was more sensitive to IC prodesking.
Yoshino and colleagues rightfully conclude that IC modulation can be “extriiote [the] N1
component”. Looking at their figures 2 and 3, it is clear that the effec€C®during N1 is
substantially larger than for SRs, much like is seen here (note that the fowgdeledlustrated
in the present paper roughly correspond to the PO3 and PO4 electrodes analyzed by Yoshino and
colleagues (2006), the electrodes which showed differential effects Ineliyead SR
conditions).

Second, the progression of events observed by Yoshino and colleagues is verycsimilar
the timecourse of activations observed in our study. The “IC effect” (“in"ougt’Y'is reported

to start at 70 ms post stimulus onset. The authors further report bilateral LOEssaiurc



42

activation over 110-180 ms time range. The earliest topographic difference beBsemrdISRs
begins at 170 ms in their dataset. It follows that the earliest activitpC (110-170 ms) was an
amplitude modulation (see interaction described above), most sensitive to Ul stimd
stemming from identical intracranial generators. Consequently, the stuahsbing and
colleagues is fully consistent with the results of our study. As we have didquss@usly, the
salient-region hypothesis has to be rejected when initial LOC activatioare sensitive to IC
stimuli with or without a concurrent topographic difference between IC andI8Rformer is
the result observed by Yoshino and colleagues; the latter is the result obsemvedtundy.

Stipulating the Contour Detection Mechanism

The results of this study are consistent with a model of IC processing imbuvhareby
initial IC sensitivity takes place in the lateral occipital cortex @(a complex of higher order
visual areas (Foxe, et al., 2005; Halgren, et al., 2003; Kruggel, et al., 2001; Murra\gtralxe
2004; Murray, et al., 2006; Murray, et al., 2002; Ritzl et al., 2003a). This initial activigin t
LOC is followed by feedback to V1/V2 and likely thereafter involves recurrent rafnds
feedback and feedforward information flow between higher-tier regiohstietr large
receptive fields and lower-tier small receptive field regions. A siregguence of events has
been very convincingly demonstrated by Lamme and colleagues usinganiaacecordings in
non-human primates for a related class of stimuli, so called figure-groundetextamme &
Spekreijse, 2000). Interestingly, an fMRI study of IC processing repoigbehy1 activity and
a simultaneous decrease in LOC activity as a result of perceptual teéivtarrtens &
Pollmann, 2005). The authors proposed that initially IC processing relied heaviy@©n L
whereas, with learning, local connections in V1 were strengthened. Thena#gr sf activity in

the LOC (here around 400-500ms) represents more effortful perceptual ctestiranisms,
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previously implicated in object-recognition for difficult-to-recognizgimented objects and also
in illusory contour studies (Doniger, et al., 2002; Doniger, et al., 2000; Murray, et al., 2002;
Sehatpour, et al., 2006; Sehatpour, et al., 2008).

While we agree with Stanley and Rubin (2003) that contour integration processdgmust
preceded by a more general spatial segmentation process, we shovs thetéinal segmentation
process does not rely on the LOC. Rather, our results are more consistent witmtleesthd-
fill” theory of visual processing, see Figure 1 (Chen, et al., 2007). This theory maititat an
initial “framing” of the scene is processed by structures of the dorsal gtseam, which in turn
feeds into ventral stream structures, where the slower parvocellulamsifgls in” the details
(Bar, 2003; for similar models see Vidyasagar, 1999). Crude region-basethtsgpnecan be
viewed as a form of spatial processing, more consistent with the functionsdoirfa¢ stream
(e.g., Mishkin, Lewis, & Ungerleider, 1982). Due to the rapid nature of the magracdbrsal
pathways, crude region-based segmentation is expected to happen redariyedfter stimulus
onset and earlier than the N1 timeframe (Chen, et al., 2007), likely during tlee Rardatency
(65-100ms). Dorsal stream generators have been shown to contribute substartiallp1
component (Di Russo, et al., 2002; Foxe, Doniger, & Javitt, 2001; Foxe, et al., 2005), and the P1
is well-known to be responsive to spatial attentional manipulations (e.g.,rHi8y&langun,
1987; Matrtinez et al., 1999). Consistent with this notion, Murray et al. (2002) described P1
sensitivity to the spatial distribution of their IC inducers (the pacmdnaniplitude
systematically increased as the eccentricity of the inducerasedelmportantly, this effect was
independent of the presence vs. absence of illusory contours; identical effectdbtaened for
outwardly and inwardly turned inducers. In the present study, no differences in braati@cti

were observed prior to the N1 timeframe, as all stimulus types (both inward aradctaeing
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pacmen) could be considered as equally effective in delineating the spttidla the scene.
VEP studies directly manipulating spatial aspects of the scene \aillycliee necessary to further
test this interpretation.

In conclusion, our data show that LOC is considerably more sensitive to illusooyicont
stimuli than salient region stimuli during early sensory-perceptual gsogeas measured with
temporally precise electrophysiological methods in humans. Thesesrasgdfest that prior
fMRI evidence of equivalent IC and SR responses within the LOC likely retiectporally-
integrated responses. We reject the hypothesis that the common process|afegpagatation
takes place in LOC and, instead, propose that it is more likely to happen in the tdeasal s

prior to the earliest processing in LOC.
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CHAPTER 2
Interrogating the “Frame and Fill” Model of Visual Object Completion:
Electrophysiological Mapping of Illlusory Contour Processing
Under Cluttered Viewing Conditions
Introduction

As we parse our visual environment, we are necessarily confronted with overlapping
objects and surfaces. Observers can readily perceive objects, even wheme heayly blocked
by other objects or partly invisible due to low ambient lighting. Moreover, humans, other
mammals and even birds, have demonstrated capacity to infer illusory boundasesgaps
(Nieder, 2002). lllusory contours (IC) can be induced by defining boundaries witlalsever
overlapping “pacmen” to create the so-called Kanizsa figure (Kanizsa, 484 &jgure 1, top
left box). The visual system completes the gaps between the “pacmenjhgesulhe
perception of a shape floating in the foreground.

Over the past decade, advances in the understanding of the anatomical and functional
connectivity between regions of the brain and the temporal dynamics thereof gawearizew
school of thought on visual perception, sometimes referred to as “frame andfiéls(see
Figure 1). According to such models, coarse low spatial resolution informadiost i
transmitted through the dorsal visual stream (“frame”) to guide the refimeoh visual
information over the slower ventral stream (“fill”) (Bar, 2003; Bullier, 2004ex et al., 2007;
Vidyasagar, 1999). The dorsal stream frames a general templateltecom fby recurrent
processing within the ventral stream. While such a cortical mechanism coukssfully
explain a lot of existing experimental observations (see for example98ay, Zhere is a

paucity of physiological data directly testing the predictions of this modeimans.



46

We wished to investigate whether placing higher processing demands orathm(ft
step of the model would interfere with the “filling in” step. We used the highly edpgéceffects
from the illusory contour and object recognition literature (described belowgrasetrics of
ventral stream processing. Neurophysiological studies of illusory contouspiogdave
implicated lateral occipital regions in the initial contour-relatedsagtistronger for the illusory
contour arrays as compared to the same arrays arranged so as not to form aFiebtkoin,
Foxe, Schwartz, & Molholm, 2010; Foxe, et al., 2005; Halgren, et al., 2003; Kruggel, et al.,
2001; Mendola, et al., 1999; Murray, Foxe, et al., 2004; Murray, et al., 2006; Murray, et al.,
2002; Pegna, et al., 2002; Ritzl, et al., 2003a; Shpaner, et al., 2009). This initial activity
manifests itself as an amplitude modulation of the N1 component of the event-relatadpot
(ERP), termed the N1 IC effect (e.g., Murray et al., 2002). Neuroimagidgestin humans
(Kruggel, et al., 2001; Mendola, et al., 1999; Murray, et al., 2002; Ritzl, et al., 2003a) and
electrophysiological recordings in animal models (Ahissar & Hochste@i); Zary et al., 2007,
Sary et al., 2008) have confirmed the involvement of the lateral occipital regidasory
contour processing. A complementary line of inquiry in our laboratory has focusedrutiaé
correlates of object completion. In that set of studies, we have defined mdatelation of
cortical generators within the lateral occipital regions relatemhscious identification of
objects, which we have termed the Ncl effect (for “closure” negativiighiger, et al., 2002;
Doniger, et al., 2000; Doniger, et al., 2001; Sehatpour, et al., 2010; Sehatpour, et al., 2006;
Sehatpour, et al., 2008). We have consistently observed a very similar modulationlursding il
contour studies, suggestive of a similar object-related identification preesesaléo, Murray, et
al., 2006 for the role in shape discrimination). WhileNHelC effect appears to be automatic, in

that it is unaffected by attention or task demands (Murray et al., 2002, 2006) théeblc| ef
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appears to represent a second phase of more effortful “conceptual” processingh&igame
general regions of the LOC (see Doniger, et al., 2001; Foxe, et al., 2005; Senkowigkt, Rot
Grimm, Foxe, & Herrmann, 2005; Tulving & Schacter, 1990).

Most of the illusory contour studies cited above used very simple arrays of elements
whereby all the displayed “pacmen” served to create the perception ofea(singontinuous)
illusory object. As such, it could be argued that since all displayed elementsomstiguents of
the ultimate object, the “framing” step of the process was not taxed to anylggeee. To
investigate the influence of spatial “framing” on contour interpolation, wesgtcally varied
the number of “pacmen” displayed on the screen. The extra “pacmen” randoralynsied the
contour-inducing elements in order to clutter the visual array (Figure ing e N1 IC and the
Ncl effects as our dependent measures, we compared ERP responses to thrésvelatteo-
distracter (ND), low-distracter (LD) and high-distracter (HD}e Wypothesized that if “framing”
of the scene is the necessary prerequisite for successful object and corteptiqerincreased
levels of clutter should influence and delay the automatic neural procesth@.N1 IC effect),
but may have little effect on the later object identification-relateabrese (i.e., the Ncl). A
systematic decrease in amplitude or a temporal delay in the N1 I€fedfacND to HD,
potentially disappearing altogether at a certain level of clutter,dssugport our prediction.

Materials and Methods

Subjects

Sixteen neurologically normal paid volunteers participated. One particigandropped
from the study due to excess low frequency artifact. One participant was dropged due
excessive baseline alpha-band activity. The remaining fourteen participdetsale) were

between 19 and 50 years of age (mean age = 26+9). All participants had normalobeddoe
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normal vision, were right-handed as assessed with the Edinburgh Handednessyinvent
(Oldfield, 1971). All participants provided written informed consent. All procedurescoatl
to the principles of the Helsinki declaration and were approved by the InstitURenaw
Boards of both The City College of New York and The Nathan Kline Institatéicpants
received a modest monetary compensation ($12 per hour).

Design and Task

We used pacmen to create six types of experimental displays. Pacmeroeitiael &n
illusory shape, an illusory contour of a triangle (henceforth, IC), or wésgetbnot to form a
contour (henceforth, NC) (see Figure 7). Three levels of clutteraveated: 1) no distractor
(henceforth, ND); 2) low distractor (henceforth, LD), with the centralgteaurrounded by six
randomly oriented pacmen; 3) high distractor (henceforth, HD), with the ceiangllé
surrounded by twelve randomly oriented pacmen. Stimulus arrays appeakedrbéagray
background. Three different displays were created for each level of dlytthanging the
orientation and/or the position of the pacmen (with the natural exception of the NIDd@i@n,
which could only be created one way). Pacmen were presented centrally onéhe Hoee
cluttered arrays (LD and HD) subtended a maximum of 5.84° of visual angle vericdll
horizontally. The ND arrays were smaller, and only subtended 2.28° of visual @&hglillusory
contour formed by the pacmen subtended 1.28° vertically and horizontally, with a 0.36 support
ratio (ratio of the gap to the length of the illusory shape edge). Stimuli subtendind)féarent
regions of space would necessarily result in different neuronal activity feckdi distribution
of responses over scalp. However, our analyses were limited to direct complaeivossn
spatially equivalent stimulus arrays, that is, we analyzed contourereigets (IC vs. NC)

across clutter levels. Stimuli were presented randomly for 400 ms with agewater-stimulus-
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interval (IS1) between the trials of 900 ms (ranging randomly from 600-1208nmestal of 250
trials for each condition were presented across twenty blocks. Particigaetistructed to
maintain fixation on a central fixation dot and monitor for occasional changes atothinto a
square by a button press. The goal here was to make sure that participarsis\ectaoentral
fixation throughout the experiment and that they attended to the visual stimulation. Tige squa
appeared simultaneously with the experimental displays on fifteen percertriafsali.e., on

average about every 7 seconds). Trials overlapping with the fixation change wardetis
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Figure 7. Exemplar Stimulus Arrays Across Clutter Levels

IC-forming stimuli are displayed in the top row, control NC stimuli are digalay the bottom
row. Left-most column displays uncluttered IC stimuli, middle column disptayddvel of
clutter (i.e., 6 extra distracter pacmen), right-most column displays highaeelutter (i.e., 12
extra distracter pacmen).

Electrophysiological Data Acquisition and ERP Derivation

Continuous EEG was acquired through a Biosemi ActiveTwo system from 72 scalp

electrodes, digitized at 512 Hz, and referenced to the CMS-DRL ground (which furagians
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feedback loop driving the average potential of the subject, i.e. the Common Mode voltage, as
close as possible to the AC reference voltage of the AD box, i.e. the amplifigr&eG
processing and analyses were performed using the Cartool softwaemisyHdunet

(http://brainmapping.unige.ch/cartool.hHtrEpochs of continuous EEG (-100 ms before stimulus

onset to 400 ms after stimulus onset) were separately averaged from eachirsubgponse to
each stimulus type. An artifact rejection criteriont@b 1V was used at all scalp sites to reject
trials with excessive EMG, horizontal or vertical eye movements, and othetramisents. The
average number of accepted sweeps per condition wa2208th a range of 146 to 243
sweeps. Data from electrodes containing major noise transients for eaatt ankdjERP were
interpolated according to the average digitized electrode positions for tioellparelectrode cap
array (Perrin, et al., 1987). Prior to group-averaging, ERP data wateulated to the fronto-
polar reference (Fpz) and baseline corrected around stimulus onset from —50 to +20ms
Statistical and topographic mapping for all experiments in this study wasmed on
broadband data. A 45Hz low-pass filter was used in waveform figures purel\séofea
visualization.

Detection of Temporal Effects

To calculate the timing of illusory contour sensitivity, we employed poisg\paired-
tests between ERP responses for each condition. The method allowed us to ideoh§ethod
differential IC responses across the three clutter conditions. Foekeatiode, the first time
point where the test exceeded the 0.@5criterion across a temporal cluster of no fewer than
five consecutive data points (9.77 ms at a 512 Hz digitization rate) was labeledasdhef

the effects (see Wylie, Javitt, & Foxe, 2003 for rationale).
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Statistical Analyses of the ERP Components

We used the N1 and the Ncl components as established metrics of illusory contour
sensitivity to compare IC effects across different conditions of cluthertdmporal windows for
analyses of the N1 and the Ncl ERP components were defined based on the rdsalts of

topographic pattern analysidescribed below. Mean amplitude measures over time of the N1

and the Ncl components were submitted to a 2x3x2 Multivariate Analysis of Variance
(MANOVA) with the factors of contour presence, clutter level and hemispherg BASW
Statistics 18. The following time-periods were used: 160-188 ms for the N1 and 250-283 ms for
the Ncl. Electrodes for all tests were picked based on the peak N1 amplécideds in the

group average data (P9 and P10), consistent with previous work (Murray et al., 2002)eSince
madea-priori predictions regarding the direction of contour effects across differexis lef

clutter, protected follow-up comparisons were set up to compare the magnitudetaf co
effects between conditions. We used three 2x2x2 MANOVAs with the factors of contour
presence, clutter level and hemisphere. It should be noted that the early &iddateponents
were not analyzed since stimulus arrays did not match in low-level visuattérastics across

the three levels of clutter. Effects were deemed significant aicOl®%el for all tests.

Topographic Analyses

To further characterize electric field potentials for the differgoes$yof stimuli, periods

of stable topography were estimated using topographic pattern ariidiel, et al., 2001). A

modified cross-validation criterion determined the number of maps that explagethole
group-averaged data set (Pascual-Marqui, Michel, & Lehmann, 1995). Thisdnetreference
independent and insensitive to pure amplitude modulation across conditions and over time.

Different topographic maps reflect differences in the active generators bfaim. The maps
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obtained as a result of the above procedure were used to define the stable topographic ti
periods for ERP statistical analyses (MANOVAS).

In order to statistically identify periods of topographic modulation, the topographi
analysis of variance (TANOVA) procedure was used. This method computesdifstailarity
(Lehmann & Skrandies, 1980) between conditions for each time point of each subject’s data
Global dissimilarity is an index of configuration differences between teairét fields,
independent of their strength. This parameter equals the square root of the rheasgabted
differences between the potentials measured at each electrode éxsertdge reference), each of
which is first scaled to unitary strength by dividing by the instantaneandast deviation.
Dissimilarity can range from 0 to 2, where 0 indicates topographic homogeneityratide2ds
topographic inversion. A Monte Carlo MANOVA is then applied (Manly, 1997) to test for
statistical differences in the dissimilarity between conditions. iBlasnonparametric
bootstrapping procedure, wherein each subject’s data from each time point isapearauth
that they could “belong” to either stimulus condition. The dissimilarity is th&ulated for
each of 10000 such permutations for each time point and is used to generate a distribution of
values against which the observed data are compared. From this, we determined thigyrobabi
of obtaining a dissimilarity value from the permutations that exceeded tied atasured value.
Since electric field changes are indicative of changes in the underbmegagor configuration
(Lehmann, 1987); this test provides a statistical means of determining if andhehzain

network activated by the two conditions differs.
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Results

In this investigation of IC processing under varying conditions of clutter, we ugelti a
established electrophysiological metric of illusory contour sensitivitye IC effect. We
examined how adding distractors to obscure the salience of the illusory conteemaees this
highly replicable ERP difference between inducer configurations fgrarnllusory contour and
those not forming a contour. This effect reflects modulations in the strength of geneahtors
in the N1 IC and the Ncl timeframes respectively. ERP waveforms fregh @ exemplar
posterior scalp locations situated at the maxima of the N1 topography are displ&jgure 8
(panels A-F). Consistent with our prior studies, visual inspection of these grogmed&RPs
revealed a clear difference between IC and NC conditions that peaked during thrapdhent
at ~170ms post-stimulus onset for the ND condition. The magnitude of this modulationlgradua
decreased across the clutter conditions; it was largest for the ND oandmaller in the LD
condition and appeared to be entirely absent in the HD condition.

Analyses of the N1 IC and the Ncl effects

Our first level of analysis was aimed at illuminating the differencdsangmporal
processing of the ICs across the distracter conditions. To this end, we perfaenss @f
timepoint-by-timepoint pairetitests between IC and NC conditions in response to each
distracter level over the entire electrode array see Figure 8gpgarkeand Materials and
Methods for details). These statistical cluster plots indicate that NDRrstimuli induced a
robust N1 IC effect beginning at around 146 ms, whereas HD stimuli resulted irhamoce
delayed effect around 223 ms, already in the Ncl timeframe. Although a posgexior
electrode (P8) in the LD condition met our statistical criterion somevahigdreat 128 ms, the

timing of the majority of occipital electrodes in the ND and LD conditions did fffer di he
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general latency and morphology of these IC-effects is highly consigitbnprevious findings
(e.q., Foxe, et al., 2005; Halgren, et al., 2003; Kruggel, et al., 2001; Murray, Foxe, et al., 2004;
Murray, et al., 2006; Murray, et al., 2002; Pegna, et al., 2002; Shpaner, et al., 2009).

To quantitatively assess the influence of clutter on IC salience, we sedbithié ERP
data across all conditions to an omnibus MANOVA. The MANOVA revealed an effect of
condition (fz,127=12.054; p=0.001), reflecting different N1 amplitudes across conditions. This
amplitude difference was likely due to the differences in the low-level \¢bagacteristics
between conditions. There was also an interaction between contour and congitigrb(E83;
p=0.024), due to larger contour effects in the ND and LD conditions than the HD condition.
Notably, the main effect of contour did not reach significance threshglgf6.612; p=0.23).

No other main effect and no interaction reached the 0.05 significance criterion.

To further characterize the interaction between contour and condition, we conducted
protected pair-wise comparisons across different conditions. When we compared ND a
contour effects, there was the main effect of contour{F12.154; p=0.004), reflecting the IC
effect in both conditions, i.e. higher N1 amplitude for the IC stimuli. The main effect of
condition reached significance with higher amplitude of N1 for the ND conditipms.319;
p=0.018). Importantly, there was no interaction between condition and conioufF(F193;
p=0.668). The N1 effect between ND and LD conditions was equivalent. Next, we cdrtipgare
ND and the HD conditions. We found the main effect of conditieri§£21.859; p<0.001),
reflecting the different N1 amplitudes between these conditions; and an iaie tzetiveen
contour and condition (F137=8.366; p=0.013), reflecting absence of the IC effect in the HD
condition. The interaction between electrode and conditions also reacheaamgfi

(Fa,1377.127; p<0.019), due to the more negative N1 in the left hemisphere than the right
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hemisphere in the ND condition. Finally, the comparison of LD and HD conditionsedbal
main effect of condition (fr13=19.319; p<0.001) and an interaction of contour and condition
(Fa,1379.176; p=0.01). The interaction between electrode and conditions also reached
significance (f1,1375.595; p<0.034), due to the more negative N1 in the left hemisphere than the
right hemisphere in the LD condition. Both the ND and the LD waveforms exhibited a
lateralization of the N1, while the HD waveforms did not. No other main effectevaation
reached the 0.05 significance criterion. These tests confirmed ibuSteffects in the ND and
LD but not the HD conditions. The absence of the IC effect in the HD condition is higtlighte
the topographic display of the subtraction between IC and NC waveforms (E@uiene ND
and LD subtractions reveal clear amplitude modulations over a number of posdéetiades,
while the HD condition appears to be flat across the electrode array.

We proceeded to further characterize the IC effects over the Ncl tintew. Here, the
omnibus MANOVA revealed the main effect of contoug (E=14.833; p=0.002), reflecting
more negative deflection for IC-forming stimuli across all conditions.riiaim effect of
condition was also significant gh2=19.529; p<0.001); waveforms were more negative overall
for the ND than the LD than the HD conditions. Importantly, there was no interdetween
contour and condition (f127.392; p=0.684). All three clutter conditions resulted in IC-related
modulation over the Ncl time-window. The extent of the IC effects can be &stifinam the
topographic display of the subtraction between IC and NC waveforms (BE@uréhe ND and
LD subtractions reveal widely distributed modulations over a number of postectnoekes,

while the HD subtraction is not as extensive.



56

Figure 8. ERP Waveforms Across Clutter Levels and Statistical Cluster Plots

Top-most row (panels A, B, G) displays no-distracter condition, middle row (panBlsH}
displays low-distracter condition, bottom row (panels E, F, J) displays highet@stcandition
(stimulus arrays are included for easy referencing). N1 IC effegiparent in the ND and LD
conditions, but not the HD condition. Ncl differences are present across all @duéls: IC
waveforms are in red, NC waveforms are in blue. The waveform plots disfildtyan the P9
(orange boxes) and P10 (green boxes) electrodes. The position of the electrodesdsmibe
insert of panel A. The statistical cluster plots (panels G, H, J) depict this afsthe pair-wise
running t-tests (threshold criterion of p<0.05 for 9.77 consecutive ms). The onsedftéddisS is
similar for ND and LD conditions, but significantly delayed for HD condition. Alsscis time
in ms for both the waveforms and the statistical cluster plots; ordinate iswdapfitpV for the
waveforms and electrode identity for the statistical cluster plots (thexapyate electrode
location is color-coded according to a stylized head in the insert of panel G).
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Early P1: Late P1: MN1: 160-188 ms Nel:
78-91 ms 109-145 ms 250-283 ms

Figure 9. Scalp Topographies Across Clutter Levels

Topographies for different clutter conditions are displayed on a flattenecoele array.
Time periods were defined based on the topographic pattern analysis procedumast opwv
displays no-distracter condition, middle row displays low-distracter gongdtiottom row
displays high-distracter condition (stimulus arrays are included for eBgmcing). Since
topographies did not differ between IC and NC conditions in the P1, N1 and early Ncl time
periods, only a single topography is depicted.
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+1.34pV

MN1: MNcl:
160-188 ms 250-283 ms

Figure 10.IC-NC Subtraction Topographies Across Clutter Levels.

Subtraction topography of contour-forming and control conditions in the N1 IC and the Ncl
timeframes are displayed on a flattened electrode array. N1d¢ effpresent in the ND and LD
conditions but is absent in the HD condition. Ncl effect is present in all conditioni, albe

weakened in the HD condition.
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General Topographic Analyses

The IC effect topography in response to each stimulus type was alsacalbtist
compared using non-parametric analyses of Global Dissimilarity. Tathpsustained
topographic IC differences between IC and NC stimuli were detected ov@7866s and 293-
315 ms timeframes for the ND condition and over 275-334 ms timeframes in the LDamnditi
Interestingly, no topographic differences were observed in the HD condition. Chesrto t
relatively late timing, these topographic differences are likely tecefligher-order object-
recognition processes. Visual observation of the topographies between distvadigons also
reveals topographic differences across all timeframes with the netatgption of the late P1
timeframe (109-145 ms). When we performed the same statistical artadysieen distracter
conditions in a pair-wise fashion (i.e., comparing ND vs. LD, LD vs. HD & ND vs, M@
observed early (80, 95, and 82 ms onset, respectively) and sustained effects ovir Bie ear
timeframe, the N1 timeframe and the Ncl timeframe. These effectdikalsedue to differences
in retinotopic organization of our stimulus set and to the inherent differences betutésm c
conditions in terms of overall stimulus energy (i.e., number of elements).

Discussion

The results of this study indicate that increasing the difficulty of gleteahe analysis
influences the neural timecourse of illusory contour perception. The earlisst ghl&
processing (the IC effect) was significantly delayed in clutterggplalys, to the point of virtual
disappearance of the early automatic effect, (as indexed by the abstmneld bfC effect) in
the most cluttered condition. At the same time, the late Ncl effect remataetiunder all
clutter conditions. Although the perceptual strength of the illusory contour was est@ss

directly across clutter levels, the contour readily pops out under high clutiditions and
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identifying contour-present arrays would be a trivial task for a normal humarvehsesulting
in an intact Ncl effect.

A number of visual processing models propose that global scene analysis ptecalde
image processing (Bar, 2004; Hamker, 2005; Stanley & Rubin, 2003; Walther & Koch, 2006).
While there may be disagreement on the neural substrates of globalrsalyses an the
literature, many believe it takes place in the initial sweep of actlatyg the dorsal visual
stream, which later influences object-related ventral stream actigifgedback and lateral
interactions (Bar, 2003; Bullier, 2001; Chen, et al., 2007; Lamme & Roelfsema, 2000;
Vidyasagar, 1999 for descriptions of similar “frame-and-fill” models)an effort to obtain
more direct evidence of dorsal stream influences on the cortex, Zanon angu=s|€2010)
recorded TMS-induced potentials in humans. This is a fairly new methodology whgr&EEG
is recorded while TMS is applied to the specific regions of the brain. SyrtibaERPS, TMS-
locked average response is calculated and taken to reflect the neural mctuged by the
application of TMS itself. As compared to a sham condition where a physida¥ veas placed
between the coil and the scalp, TMS over the left parietal regions evoked endifleresponse
in left temporo-occipital cortex peaking around 170 ms after the stimulationtefip®ral aspect
of the N1 ICeffect is consistent with possible integration of such dorsal and ventral inputs—a
matter of pure speculation here. The possibility of dorsal-ventral intaractperception is
supported by the relative speeds of processing in the parallel streanss, tthl@fast conduction
velocities of the magnocellular channel (e.g., Kaplan, 2008) and the rapid activatierdofal
stream areas (Bullier, 2001; Chen, et al., 2007; Foxe & Simpson, 2002; Schroeder, et al., 1998)
and the relatively slow conduction velocities of the parvocellular channel (emanK2008)

and the ventral stream (Chen, et al., 2007; Schroeder, Mehta, & Foxe, 2001; Schrokder, et a
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1998). The feedforward laminar profiles (i.e., initial granular activationt)a dorsal stream
areas and nonfeedforward laminar profiles (i.e., initial extragranulaaaehs) in the ventral
stream regions also confirm the idea that higher-order or parallel regitres\o$ual hierarchy
may affect incoming feedforward information in the ventral stream (Cheh, 2007,
Schroeder, et al., 1998). Initial global scene analysis in the dorsal streamesgaarticularly
important in naturalistic conditions where multiple and overlapping objects maydsnpre

The limitation of this study is the fact that we used an indirect measulebal gcene
analysis. Spatial processing can be most directly assessed with ER®® inlatency (65-
100ms) because dorsal stream generators have been shown to contribute slybstanéd?1
component (Di Russo, et al., 2002; Foxe, et al., 2005; Foxe & Simpson, 2002), and the P1 is
well-known to be responsive to spatial attentional manipulations (e.g., Hillydtdr&un,
1987; Matrtinez, et al., 1999). In this study, we could not directly compare P1 responssnbet
clutter conditions because our stimulus arrays had different numbers of indundts)gen
topographically and morphologically different P1 responses (Figure 9). Tageddes in
topographic distributions were confirmed by TANOVA analysis (also gped-9), which
revealed significant divergence between clutter conditions startiegrigsas 80 ms post
stimulus onset. Correlating dorsal stream processing (as indexed by P1) with
electrophysiological markers of ventral stream processing is an impavianue for future
research.

Certain clinical populations, such as patients with schizophrenia, have well-docdmente
dorsal stream deficits (Butler & Javitt, 2005; Butler et al., 2007; Foxe, et al., 2004,; &a@t.,
2005; Yeap et al., 2008; Yeap et al., 2006; Yeap, Kelly, Thakore, & Foxe, 2008). Such

populations present an opportunity to study visual processing within the framework of a
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“functional” lesion. Contrary to our understanding of the dorsal stream’s rolenwlithi‘frame-
and-fill” model, studies of perceptual filling-in and illusory contours in sgtizenia show
impaired dorsal stream responses and intact initial ventral stream resfoos®er, et al.,
2002; Foxe, et al., 2005; Sehatpour, et al., 2010). That is, in our previous studies, the early N1 IC
effect remained intact in schizophrenia; raising the possibility thatdrsal stream is not critical
for this relatively automatic process. Alternatively, it is possible tetbrsal stream
functioning was not properly assessed because presentation of a single objestirgrdontour
did not require global scene analysis.

Studies in patients with anatomical lesions present another opportunity to test the
contributions of the dorsal stream to object recognition in the ventral streanmi$aiid
lesions in the parietal areas have well-documented impairments in orientingtmttadateral
space, particularly striking for the right-side lesions (Driver, uithier, & Husain, 2004). They
consistently fail to detect objects in the contralateral hemi-space mésemiultaneously with
objects in the ipsilateral hemi-space—a syndrome named extinction. Additjahal} suffer
from spatial neglect, the inability to orient toward the contralateral sidedtace on a number
of different tasks. The different roles of the processing streams areghighliby the intact
“depth from stereo” cues perception and impaired “object from stereo” cuEppen in
patients with occipito-temporal lesions (Vaina, 1989). That is, these patienexbithted
specific deficits in extrapolating object-related representatians ftereo cues, driven by the
intact dorsal stream (Farivar, 2009). Surprisingly, neglect patients apgdeare intact illusory
contour processing. That is, in patients whose damage is limited to the pagasalvégh spared
lateral occipital areas, there is recovery from extinction when objects oglthare part of an

illusory contour spanning across the midline (Conci et al., 2009; Mattingley, Davisy& D
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1997). Moreover, when asked to bisect an illusory line, patients make the same number of
rightward bisection errors as for a real line—an error, which disappearsrfwol disjointed
stimuli, not forming an illusory contour (Vuilleumier, Valenza, & Landis, 200Xcene
analysis along the dorsal stream is a prerequisite for contour intespoiais not clear why
patients with parietal damage have no apparent problems interpolating a contdur, whic
presumably requires scene analysis (but see discussion of the same incgrisistenc
schizophrenia above). Similarly to patients with anatomical lesions of the dtvesah,
schizophrenic patients with corresponding “functional” lesions show signs of anifhin
bisection judgments, possibly stemming from the underlying magnocellufandtisn
(McCourt, Shpaner, Javitt, & Foxe, 2008). The paradigm used in this study can be applied to
schizophrenia or spatial neglect in order to better understand the influencelofghlestream
impairment on ventral stream processing.

The role of the dorsal stream in object recognition remains a matter oé déliale
traditional views described strict functional separation between pamaitEessing streams
(Goodale & Milner, 1992; Mishkin, et al., 1983), more recent views underscore theirtioterac
and functional unity (Cardoso-Leite & Gorea, 2010; Farivar, 2009; Mcintosh & Schenk, 2009).
The strict perception-action dichotomy of Goodale and Milner (1992), according to Wwaich t
ventral stream achieves perception while the dorsal stream guiaes hats been questioned in
view of recent experimental observations of similar response propertiespartikel streams.
For example, Konen and Kastner (2008) reported sensitivity of the dorsahstreas to objects
in a recent fMRI study. Specifically, they observed that intermediate aleas the dorsal
stream (V3A, MT and V7) had object-selective, size-dependent and viewpoint-dependent

responses (just like the intermediate V4 in the ventral stream), whilgipog@rietal cortex (a
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higher-order dorsal area) was invariant to image transformations Kgishé hierarchically
equivalent inferotemporal cortex). They argued that dorsal stream reptasenof objects
might be similar to ventral stream representations and independent of activimglaecause
participants were not engaged in a task related to the objects they saw. AtdHlarsgrshape
selectivity in the lateral intraparietal (LIP) cortex has been obsenvaadiinal models for 2D
(Lehky & Sereno, 2007; Sereno & Maunsell, 1998) and 3D displays (Nakamura et al., 2001,
Shikata, Tanaka, Nakamura, Taira, & Sakata, 1996). However, when Lehky and Sereno (2007)
compared shape selectivity in LIP of the dorsal stream and anterior infpoytdr(AIT) area of
the ventral stream, they found greater shape selectivity in the ventrah,goregsumably
underlying the capacity to make finer shape discriminations. Importarilys ibbeen suggested
that ventral stream object recognition critically depends on the extractitsn3® structure in
the dorsal stream (Farivar, 2009). Thus, a picture is emerging of segregaiatenacting
parallel streams of information with possible overlapping functionalitieari@|duture studies
call for disentangling the dynamic nature of this interaction.

Summary
The findings presented here provide additional support for the idea that spaaatetstics of
the scene have a direct effect on the formation of object-related reptesentSpecifically,
early and automatic processing in the ventral stream, as shown here for tlostoyrs,
critically depends on rapid scene analysis. Further examination of the téchp@mics
between the dorsal and the ventral streams will be most informative imfeslti the apparent

ambiguity and overlap in their response characteristics.
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CHAPTER 3
Serial Facilitation or Input Pooling?
Disambiguating the Role of V1 in Contour Completion

Introduction

Contour integration, the ability to link collinear but disconnected visual infoomati
across space, is an essential element of object and scene perceptiomeltigaism by
which the visual system groups relevant spatial elements at a rel&tagetylevel. Despite
significant progress in our understanding of the physiology of the visual cdrteprecise
neural mechanisms of contour integration remain unclear. Two alternatired meechanisms
have been suggested. The first relies on lateral horizontal connections withimthgy pisual
cortex, which connect cells with similar orientation tuning charactesiatross the visual
field. These so-called collinear cells, which are sensitive to neighbegnons of visual
space, are posited to communicate via the long-range horizontal connectionsyrasidtal
integration of contour elements (possibly through oscillatory loops) (Baueck&D1997;
Bauer & Heinze, 2002; Gray, 1999; Grossberg & Williamson, 2001; Hess, Hayesld& Fi
2003; Kapadia, Ito, Gilbert, & Westheimer, 1995; Kovacs, 1996; Stettler, Das, Bennett, &
Gilbert, 2002). The second possible mechanism relies on interactions acrosstieotthe
visual hierarchy, i.e. on pooling of information in higher order visual ared® dsdt step in
the process (Hubel & Wiesel, 1962; Spillmann & Werner, 1996). These two mechanisms make
a set of clearly dissociable predictions. If the initial integration steprs locally in V1, one
would predict correspondingly temporally early differential neural response atiaahgl
originating from neuronal ensembles in the primary visual cortex (Gr@g, Hess, et al.,

2003; Kapadia, et al., 1995; Kovacs, 1996; Stettler, et al., 2002) Alternatively, the initial
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contour-specific response will be detected later in processing and in highevisud¢iareas
(Murray, et al., 2002). Here, we employed high-density mapping and sourcedtioali
techniques to adjudicate between these competing accounts, which rely on inloifendiyt
spatio-temporal predictions.

Arguments in support of contour computation in the primary visual cortex come from
anatomical and physiological studies in animal models suggesting that &Jaisie of
integrating information over a larger extent of the visual field than ilyicainsidered. Although
classical receptive fields extend only a fraction of a degree in the faubel & Wiesel, 1962),
they can be modulated by local horizontal connections responding to visual elemedéstbatsi
classical receptive field (Allman, Miezin, & McGuinness, 1985; Angelucal.ef002;
Blakemore & Tobin, 1972; Gilbert, Das, Ito, Kapadia, & Westheimer, 1996; GilbesgiHi&
Wiesel, 1990; Levitt & Lund, 1997; Nelson & Frost, 1978; Rockland & Lund, 1983; Walker,
Ohzawa, & Freeman, 1999). Neurons of a given orientation selectivity éeecpielly
connected to other neurons (across orientation columns) with a similar orientatevampre and
adjacent receptive fields (Hirsch & Gilbert, 1991; Schwarz & Bolz, 1991jé3tedt al., 2002;
Ts'o, Gilbert, & Wiesel, 1986; Weliky, Kandler, Fitzpatrick, & Katz, 1995). Thes@ections
can span up to 5 mm of cortical distance in primates (Angelucci, et al., 2002). Despite
extremely informative, these anatomical findings lack the direct phystalogyvidence
necessary for a comprehensive understanding of the mechanisms of contourantégftaat’s
more, neurons in V1 can also be modulated by top down connections (Lund, Angelucci, &
Bressloff, 2003). The relative roles of feedback and horizontal connections have not lyeen ful
elucidated, leaving the role of V1 in contour completion and figure-ground segregatyet

unclear.
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At the same time, behavioral tests of the physical constraints of contour tilmiegra
suggest parameters that are in some cases consistent with the physicahbogeof
hypercolumns within the primary visual cortex. One of the classical psychoahyaradigms
explores the so-called “association fields” of the visual cortex, using “pdérfdisplays.”
Here, Gabor patches (designed to be well-matched to the tuning propereéls of \¢1) are
arranged to form continuous contours of about ten-element length while thewuerelati
orientation and distance is varied (e.g., Figure 11) (Field, Hayes, & Hess, 1883¢rim
“association field” describes the tendency of neighboring elements to lggegrtogether
within certain constrains (i.es,6 carrier wavelengths.) spatial separation art80°
orientation difference). Together with anatomical considerations (i.e., gn&édrconnectivity
between hypercolumns with similar tuning characteristics) (Daslige@j 1995; Gilbert &
Wiesel, 1989; Malach, Amir, Harel, & Grinvald, 1993; Ts'o, et al., 1986), the behaviosal test
of “association field” have been taken to suggest that V1 plays a major role in contour
processing (Field, et al., 1993; Kovacs, 1996). One of the theoretical rationalds for V
involvement is the notion that along with the inducers (i.e., aligned Gabors), any of the
adjacent “noise” elements would also show up in the higher order corticalnatiedasrge
receptive fields (e.g., a 5° receptive field in V4). A cell with a largeptve field will “see”
both inducers and distractors, making it difficult for such a cell to compute whichregeme
should be joined to construct a contour.

A parallel line of research has concentrated on elucidating cortical msicisa
underlying illusory contour (IC) perception. This can be thought of as an exampleaifrcont
integration. Although earlier intracranial studies in animal models and human nagirogm

studies localized IC processing to the hierarchically earliest visuatalaegions of V1 and
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V2 (Bakin, et al., 2000; Ffytche & Zeki, 1996; Larsson, et al., 1999; Lee & Nguyen, 2001,
Peterhans & von der Heydt, 1989; Ramsden, et al., 2001; Seghier, et al., 2000; von der Heydt
& Peterhans, 1989), these studies did not assess the temporal aspects oftshd/leffec
recent functional magnetic resonance imaging (fMRI) and high-derRiydtudies have
emphasized the contributions of major generators within higher-order regideslaiteral
Occipital Complex (LOC) (Foxe, et al., 2005; Halgren, et al., 2003; Kruggel, et al., 2001;
Mendola, et al., 1999; Murray, Foxe, et al., 2004; Murray, et al., 2006; Murray, et al., 2002;
Ritzl, et al., 2003b; Shpaner, et al., 2009). On the whole, these later studies support a model
whereby IC processing occurs first in the LOC as part of the venteahstresponse, with
subsequent feedback into lower-tier areas of V1/V2. lllusory contour meclsamés@ been
compared to real contour mechanisms in at least one ERP study (Pegna, et al.,d2002). B
illusory and real stimulus types were found to modulate the same neural network{isggges
that IC processing represents a special case of more general ¢otggration dynamics.

To arbitrate between the idea that contour integration occurs as a resuatj-oahge
horizontal connections in V1 and the idea that it relies initially on processingharHevel
visual cortex (e.g., the LOC), we investigated the timing and topography of tia en®oked
response to stimuli used in “association field” studies. High-density ESpBnises were
compared to stimuli with and without contours, which were embedded in noise. The relativel
slow speed of lateral horizontal connections (see Bullier, 2001 for review) proordeslow
mechanism of integration and presents a challenge if interpretation istsadeld on temporal
arguments. However, source localization techniques helped us disambiguate thyéngnder
cortical generators. Specifically, our methods provided for enough sgatdlition to separate

striate and extrastriate cortical activations (Vanni et al., 2004).
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Materials and Methods

The key question for the current study is the delineation of the timecourse and
localization of contour integration. To this end, special care was taken to achievh poway
to detect the earliest cortical differences. C1 is the earliest visilacBRponent, believed to be
a marker of V1 activity due to its highly retinotopic distribution, early tin{jeaking between
65-90 ms) and repeated source localization to the primary visual cortex (Di Russ®@02;
Gomez Gonzalez, et al., 1994; Jeffreys & Axford, 1972b). V1 has been shown to have highly
variable anatomy across subjects, a feature likewise observed in sybgediyct analysis of
the C1 (Foxe & Simpson, 2002; Jeffreys & Axford, 1972b; Molholm et al., 2002; Rademacher,
Caviness, Steinmetz, & Galaburda, 1993). At the same time, subjects with a robult C1 w
reliably exhibit “typical” C1 topography (e.g. upper field stimuli wilbguce a contralateral
negative potential, while lower field stimuli will produce a contralateositive potential)
(Kelly, Gomez-Ramirez, & Foxe, 2008). In this study, we used retinotopicallyraotex
presentations and all subjects had a robust C1 component; all were, thus, included&s.analys

Subjects

Twenty neurologically normal paid volunteers participated. Four participaarts
dropped from the study because they did not cooperate with the task (based onsheeaseés
the EEG technician and confirmed by very low behavioral accuracy as indicateghthrou
calculation ofd’ values), an additional participant was dropped because he could not maintain
fixation. The remaining fifteen participants (6 female) were betweem@2@years of age
(mean age = 2815). All participants had normal or corrected-to-normal visios rigkt-handed
as assessed with the Edinburgh Handedness Inventory (Oldfield, 1971). Pastigrpaitted

written informed consent, and the Institutional Review Boards of the Nathan Klirtatehfor
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Psychiatric Research and the City College of New York approved all procedunesoo®idures
conformed to the principles of the Helsinki declaration. Participants receivedestrmonetary
compensation ($10 per hour).

Design and Task

Gabor patches of 0.25 carrier wavelengthj.e., 4 cpd) were used to generate forty
different contours embedded in randomly oriented Gabor elements to avoid adaptation (a
algorithm from the original Field and Hess paper (Field, et al., 1993) was usedab Mal5).
Contours consisted of ten Gabor elements, oriented witBhdegrees relative to the
neighboring elements, with no phase shift, presented at 100 percent contrast. Aleaysyof
ten elements were constructed. Inter-element separation was jitteved @6\ (i.e., 1-1.5
degrees visual angle). Contours did not close to form full geometric shapesafRddynly
oriented displays of Gabor patches were also constructed by randomly rdtatorgentation of
the contour elements. This resulted in identical displays for the contour-presenhtng-c
absent conditions, except for the orientation of the ten aligned contour elemguts (Hi).
Stimulus arrays subtended 10x10 degrees visual angle (with each Gabor occumgnegl d
visual angle), and were presented either to the upper left or the lower righamjuaf the
screen (as mirror images). Off-center presentation was necessacgitiaim presence of C1.
Only displays with contours relatively close to the central fixation cross sedected by visual
inspection, as peripheral contours proved to be too difficult to detect, with participants
performing at chance during pilot sessions. Stimuli flashed on the screen for 20@nvehizh
participants had unlimited time to make a button push response to the presence or ablsence of t
contour, the response was followed by a 100-500 ms variable inter-trial interv@ipBats

maintained fixation on the centrally presented cross. Each of the 80 possiblgsdi4pla
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contours and 40 no-contours) was presented 12 times in random order for a total of 480 sweeps
per condition. To assess behavioral performatia@easures were calculated based on the

formula appropriate for a forced choice paradighs 2z [1/2(1+[2p(c)-1}%)s] (Macmillan

NA, 2005, p. 216). Thd’ measures were submitted to a two-tailed paired Student’s t-test with

the factor of side of presentation.

CON NOCON
Contour present Contour absent

Figure 11. Exemplar Pathfinder Stimulus Arrays

A snaking contour pops out in the left hand panel, lower right corner. The control array is
identical, except the contour-inducing elements are randomly rotated.

Electrophysiological Data Acquisition and ERP Derivation

Continuous EEG was acquired through a Biosemi ActiveTwo system from 168 scalp
electrodes, digitized at 512 Hz, and referenced to the CMS-DRL ground (which furagians
feedback loop driving the average potential of the subject, i.e. the Common Mode voltage, as

close as possible to the AC reference voltage of the AD box, i.e. the amplifierzeG
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processing and analyses were performed using the Cartool softwaenisyHdunet

(http://brainmapping.unige.ch/cartool.hHtrEpochs of continuous EEG (-200 ms before stimulus

onset to 500 ms after stimulus onset) were separately averaged from eachirsubgponse to
each condition and stimulus type. Only correct responses were accepted intodbe.aver
artifact rejection criterion of75 pV was used at all scalp sites to reject trials with excessive
EMG, horizontal or vertical eye movements, and other noise transients. Thecavenaoer of
accepted sweeps per condition wastB2lwith a range of 127 to 439 sweeps. Data from
electrodes containing major noise transients for each subject and ERP egraated
according to the average digitized electrode positions for the particpletesz#rode array
(Perrin, et al., 1987). Prior to group-averaging, ERP data were baselingdemasmund
stimulus onset from —50 to +20ms and recalculated to the common average refeatisteabt
and topographic mapping for all experiments in this study were performed on broadband data. A
45Hz low-pass filter was used in waveform figures for ease of visualization.

Earliest ERP Component Analysis Strategy

We first undertook the analysis of the C1 component to determine whether earliest
cortical contour integration effects can be established in V1. Due to the high degrtee-of i
subject variability in the topography and timing of the C1 component, C1 was defined on an
individual basis as the earliest deflection peaking before 100 ms post-stimulug<etise et
al., 2008). Peak positive and negative C1 electrode sites were identified acatiynatiCartool
software. The peak electrodes were not perfectly conserved across subjeetthése
electrodes presumably represented activity from the same underlyimgtgesien the primary
visual cortex, a group average was created. Focusing on the peak electmdesedsed the

power for detecting contour-specific effects by reducing inter-subjeietbigtly across electrode
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sites. Mean amplitude over time (68-100 ms) was submitted to a 2x2x2 MANOVA with the
factors of spatial location, electrode (across the different hemisplar@ contour presence.

Power Analysis

Power estimations were derived using the software package, ‘Power aisibRrét
release 4.0. In this study, enough power has to be obtained for a meaningful C1 component
modulation (ten percent), as they are the hardest to detect. We submitteddbedsi@viations
of the peak amplitude values of the C1 component in the two electrode sites of inerest (s
preceding paragraph) together with obtained correlations for each set afddetdta to a two-
tailed @=0.05) power analysis.

Statistical Analyses of Later Components

The temporal windows for analyses of all ERP components was defined based on the

results of the topographic pattern analydisscribed below. Mean amplitude measures over time

of the major components were submitted to a 2x2x2 MANOVA with the factors of spatial
location, contour presence and hemisphere. The following time-periods were used: 165-193 ms
for the N1 and 315-350 ms for the Ncl (“closure negativity”). Electrodes forstdl weere picked
based on the peak amplitude electrode in the group average data.

Detection of Temporal Effects

To calculate the timing of contour sensitivity, we employed point-wisegatests
between ERP responses for each condition. The method allowed us to identify the onset of
differential responses between our conditions (“contour” vs. “no contour”). For eanttode,
the first time point where thietest exceeded the 0.@5criterion for at least 10 consecutive data
points (19.5 ms at a 512 Hz digitization rate) was labeled as the onset of the(sffedigylie,

et al., 2003 for rationale).



75

Topographic Analyses

In order to statistically identify periods of topographic modulation, the topographi
analysis of variance (TANOVA) procedure was used. It computes glsainilarity (Lehmann
& Skrandies, 1980) between conditions for each time point of each subject’s data. Global
dissimilarity is an index of configuration differences between two etefodtds, independent of
their strength. This parameter equals the square root of the mean of the sdteasrces
between the potentials measured at each electrode (vs. the averageegfessh of which is
first scaled to unitary strength by dividing by the instantaneous standard alevizssimilarity
can range from 0 to 2, where 0 indicates topographic homogeneity and 2 indicates topographic
inversion. A Monte Carlo MANOVA is then applied (Manly, 1997) to test for statistica
differences in the dissimilarity between conditions. This is a nonpararhettstrapping
procedure, wherein each subject’s data from each time point is permutated stiuéytbatld
“belong” to either stimulus condition. The dissimilarity is then calculateédch of 8000 such
permutations for each time point and is used to generate a distribution of valuesvagaims
the observed data are compared. From this, we determined the probability of olataining
dissimilarity value from the permutations that exceeded the actual redaslue. Since electric
field changes are indicative of changes in the underlying generatoruwaiogy (Lehmann,
1987); this test provides a statistical means of determining if and when the Iwarkne
activated by the two conditions differs.

To further characterize electric field potentials for the differgmesyof stimuli, periods

of stable topography were estimated using topographic pattern arfflidel, et al., 2001). A
modified cross-validation criterion determined the number of maps that explaeethole

group-averaged data set (Pascual-Marqui, et al., 1995). This method isaefedependent
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and insensitive to pure amplitude modulation across conditions and over time. Different
topographic maps reflect differences in the active generators bfdlre The maps obtained as
a result of the above procedure were used to define the stable topographic tehe fpelRP
statistical analyses and for estimating the sources of the ERP modddateach stimulus type,
using the LAURA distributed linear inverse solution (Grave de Peralta, 208l; Grave de
Peralta, et al., 2004). Since we did not detect any topographic differencesonting @and no-
contour responses in the C1 and N1 timeframes, contour and no-contour conditions were
combined for C1 and N1 localizations. LAURA employs a realistic head model with 4024
nodes, arranged in a 6X6X6 mm grid within the gray matter of the Montreal Ngigadlo
Institute’s average brain. The procedure selects the best source configurstidoibahe
biophysical behavior of electric vector fields according to electromagiaets. Individual
source models for each subject were obtained and averaged to produce the grand avekage mode
Differences in the inverse solution space were also obtained for the Ncl tiloeé-pe
subtracting solution for the no-contour condition from the contour condition. Strength
modulations of over 20 percent are reported.

Results

Behavioral Results

The contour detection task proved to be quite challenging for participants likely due
the lateralized presentatioms for the left and right visual field presentations was (.32
and 1.160.28 respectively. A relatively high number of participants could not perform the tas
with an acceptable degree of precision and were dropped from further analgasqsed in

Methods). Most participants were biased to respond as if no contour was presentsihlt-te
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the factor of side of presentation was not significe.8); neither stimulus location resulted in
an advantage in behavioral performance.

Earliest ERP Component Originating in the Primary Visual Cortex

This study was designed to uncover the earliest possible ERP modulationsg dsarit
contour integration processes. The C1 component inverted polarity in a retinotopically

predictable fashion for opposite sides of presentation as anticipated, and thereles

-100 0 100 200
time (ms)

Figure 12.ERP Waveforms and Topography in the C1 Timeframe.

Individual peak C1 electrodes were used to make the group average. Red trace is the contour-
present condition, blue trace is the contour-absent condition. The positive C1 peak is shown for
lower-right presentations and the negative C1 peak is shown for upper-left presenidie

CON and NOCON traces overlap almost completely. To the left of the ERP grapp; gr

averaged topographies of the C1 peak (over 68-100 ms) are displayed on a flattéroztbelec
array. Top topography corresponds to the lower-right location; bottom topographyocodes

to the upper-left location. A polarity inversion can be observed between corresponding
electrodes for the two stimulus locations, consistent with the retinotopic aagjaninf V1.
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inversion across the electrode sites distributed over the head (Figure 12).e¢bomstbtthe
literature, left-lateralized presentations resulted in a C1 negativititloeenedial occipital sites
and a positivity over the right lateral occipital sites (Di Russo, et al., 260, Kt al., 2008).
Right-lateralized presentations resulted in a positivity over the left hremtigital sites and a
negativity over the right lateral occipital sites. Visual inspection of theefeaws revealed no
differences between contour and no-contour conditions for either side of priesefitaé
MANOVA over the 68-100 ms, as well as the Runnttgsts (Figure 14), confirmed this null
finding (F14~0.606, p=0.449). As expected, there was an interaction between hemisphere and
side of presentation {k+~=141.865, p<0.001) consistent with the C1 inversion. The main effect
of hemisphere also reached significance with more positive waveforms oghheverall
(F1144.821, p=0.045). LAURA solutions were consistent with generators within the primary
visual cortex. The upper-left stimuli led to generator sources in the lower bankcai¢hene
fissure within the lingual gyrus (x=-17, y=-87, z=1), while the lower-rigihtudi had

generators in the middle occipital gyrus (x=29, y=-81, z=4), on the upper bank of tmnealc
fissure.

C1 Power Analysis

In order to embrace the null hypothesis of the lack of contour-related differente
C1 timeframe, we tested whether we have indeed achieved adequate powent toestengful
differences in C1 amplitude. Power analysis on the peak amplitude values fromaset dat
summarized in Table 1. The table provides power levels for the ten and fifteent perce
modulations of the C1 component, in addition to the modulation detectible at the conventional
power level of 80 percent. With the exception of the negative electrode site foght-side

presentations, where we were only powered to detect a 23 percent modulation of the C1
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component, overall we were powered to detect very small C1 differences. Faiexarthe
cleanest electrode (positivity for left-side presentations), we acheresentional levels of

power to detect a seven percent amplitude modulation (in this case the me&mdangiD was
6.9741.9 uV). Power analysis supported the lack of observable differences between cadtour a

no-contour conditions.
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Figure 13 ERP Waveforms over the Entire Epoch and N1 Topography.

ERP waveforms from two occipital electrodes (highlighted on the head montagecienter)
are displayed for each location. Panels A and C display waveforms for therightdocation;
panels B and D display upper-left locations. Red trace is the contour-preseribnpbtlie
trace is the contour-absent condition. The N1 peaks contralateral to the presexi@atoa s
blown up for ease of visualization in panels A and D. Panels A and B also display scalp
topographies over the N1 timeframe (165-193 ms) for each location on a flattecteooe
array. Clear lateralization of components and effects can be observed, witerseiacts on
the contralateral side of presentation.
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Later ERP Components

ERP responses to the contour and the no-contour conditions are displayed in Figure 13,
together with topographic plots for the N1 time-period (165-193 ms). The running t-&zsts w
used to determine the temporal onset of differences between conditions (Figibéférences
started around the peak of the N1 component as a more negative deflection fordhe cont
condition for both sides of presentation (Figure 13) and highly consistent with previowsnBRP
MEG results (Foxe, et al., 2005; Halgren, et al., 2003; Kruggel, et al., 2001; Mendola, et al.,
1999; Murray, Foxe, et al., 2004; Murray, et al., 2006; Murray, et al., 2002; Ritzl, et al., 2003b).
The omnibus MANOVA revealed a main effect of contour;¢4€9.71, p=0.008) with greater
negative amplitudes for the contour than the no-contour condition. There was a three-way
interaction between contour, hemisphere and side of presentatianl(®552, p=0.006). The
contour-related effect was lateralized primarily to the contralbsealp relative to the side of
presentation, as evident from the topographical plots (see insets of Figure 18 Apame B).

The MANOVA also resulted in a main effect of hemispherg £25.814, p=0.001), with more
negative N1 amplitudes over the right hemiscalp; and an interaction between hesrgsghe
side of presentation {k+~=14.787, p=0.002), with more negative N1 amplitude on the
contralateral side of presentation. Shortly after the onset of statistieaédces, a topographic
divergence followed at 190 ms for the left presentation and 195 ms for the right,ssedsg¢h
the TANOVA (gray shaded areas on Figure 14). Inverse solutions in tlesame were
consistent with intracranial generators in the LOC and were strongerli@@eontralateral to
the side of presentation (Figure 15, panel A). The solution maxima were foundnfetio i
occipital gyrus (x=29, y=-81, z=-4) for the left side of presentation and in the niéshdperal

gyrus (x=—47, y=-58, z=0) for the right side of presentation.
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Figure 14. Statistical Cluster Plots of Contour Effects

The statistical cluster plots depict the results of the pair-wise ruttésts (threshold criterion

of p<0.05 for 19.5 ms consecutive ms). The onset of contour effects is similar for botlhustimul
locations, in the N1 timeframe and persisting into the Ncl timeframe. &tiestrare arranged
vertically according to the head montage on the left. Upper panel is the lowestingius
location; lower panel is the upper-left stimulus location. Gray shadingtefleriods of
topographic divergence as estimated with the TANOVA procedure.
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The waveforms diverged further around the Ncl component (closure negativity), in close
agreement with the prior illusory contour and object recognition literatuoge (Et al., 2005;
Kruggel, et al., 2001; Murray, Foxe, et al., 2004; Murray, et al., 2006; Murray, et al., 2002;
Shpaner, et al., 2009). Responses in the contour-present condition were more negative-going
than for no-contour, an effect often referred to as the Ncl (Doniger, et al., 2000; Dehaje
2001; Foxe, et al., 2005; Sehatpour, et al., 2010; Sehatpour, et al., 2006; Sehatpour, et al., 2008).
This main effect of contour was statistically significant;(9.652, p=0.008). There was an
interaction between hemisphere and contoui45.522, p=0.034), with larger contour effects
on the left. There was also an interaction between side and hemispheré 992, p=0.001):
in the left hemisphere, responses to the contralateral presentations wergeegetive than to
the ipsilateral presentations while the opposite trend held in the right hemidphelly, there
was a three-way interaction;(F=13.153, p=0.003): in the right hemisphere, classical contour
effects for the left side presentation were present (i.e., contour wavefen@snere negative
than no-contour waveforms), while the contour effect for the right side preesartiat the
opposite trend (i.e., no-contour waveforms were more negative than contour wayeafothres
left hemisphere, contour effect was larger for the right-side than thedefpresentations.

Source localization in this timeframe revealed bilateral sources in tipetahand occipital

lobes, within Brodmann areas 37, 22, 21 and 19 (see Table 1 and Figure 15, panel B). The major
sources of topographic divergence (obtained by subtracting no-contour from contotiooshdi

led to source generators in the left frontal and the left post-centrdbgtie right

presentations. Left-side presentations had bilateral source distributionnnditiie temporal

and postcentral gyri on the left and the precuneus and middle frontal gyrus omtli€aide

2).
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Figure 15.Source Estimations of Contour-Related Effects.

Group-averaged LAURA distributed linear source estimations were atdduior the ERP
waveforms over the N1 (165-193 ms) time period (panel A) and the Ncl (315-350 ms) time
period (panel B). Since no topographic divergence was observed in the N1 time-period, only a
single source estimation is presented for each stimulus location. Strongdsudions from

inferior occipital gyrus (left side presentation) and middle temporal ggigrg ide

presentation) in the N1 time period for the CON condition are shown. The center pplagisdis

the ventral view (R= right side, L=left side). Topographies were diffdoe contour-present and
contour-absent conditions over the Ncl time-period, hence, they are broken down liprcondi
More distributed sources of activations were observed over the occipital andderagmms

(see Table 2 for specific details).
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Discussion

This study of contour integration revealed earliest ERP differences inlthenBl
period beginning around 170 ms. Importantly, the differences were localizedhig/tlee tier
ventral stream visual areas, primarily the LOC, and not to the primaml ¢istiex. No
topographic differences were identified over this time period, pointing to a atmofuin the
strength of identical intracranial generators. The initial divergevas followed by a further
topographic difference, onsetting around 190 ms. These results support the moday where
initial contour integration occurs via pooling of neuronal responses in the LOC. tastpnt
despite specific efforts to invoke larger early activations of V1/Vautn the use of
retinotopic mapping strategies, we found no evidence of modulations in the C1 timeftame. O
findings suggest that any effects observed in lower tier visual areas itetaeite are likely
due to feedback.

In order to embrace the lack of effects in early visual areas, we neededrtaiaghat
our metrics have sensitivity to detect such effects. Prior studies repartkdations of the C1
component ranging from 20 to 50 percent in response to different levels of luminanastcontr
(e.g., Butler et al, 2007) as well as in the context of attentional amplificiktesly et al.,
2008) and multisensory integration (Molholm et al., 2002). Analogous amplitude modulations
can be found in animal literature, where early attentional (McAdams & Reid, 2065)
contrast-related (Pooresmaeili, Poort, Thiele, & Roelfsema, 2010) dfactsbeen reported in
the spiking rates of V1 cells. Power analysis of our data indicated that wepawgered to
detect very small modulations of the C1 component in the range of 7 to 23 percent (see Table

1). The high level of power achieved in our dataset gives us confidence that atdivitging
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from the primary visual cortex was indeed adequately sampled. In what follodiscuss
these results in the context of the available literature.

To date, there exist less than a handful of human ERP studies that can speak to
association field theory (Khoe, Freeman, Woldorff, & Mangun, 2004; Mathes & Fahle, 2007,
Mathes, Trenner, & Fahle, 2006). To recap, the association field theory argues that cont
integration is based upon interactions between neighboring receptive fields irnt \ré& tipeon
a smooth curve. Mathes and colleagues (2007; 2006) used contours embedded in noise to study
the physiology of contour integration. They consistently found a relatively~2@9 ms) ERP
negativity for contours as compared to noise. Earlier effects, in the timedfaheevisual N1
(=170 ms peak) were somewhat inconsistent. Although the authors attributed these
inconsistencies to different task demands, it is more likely that thegddblk statistical power
to observe early effects due to the low sweep counts and subject numbers usedindiesse
Data in these studies were not tested for any earlier ERP differbacethé N1. Our data are
consistent with these results since we also observed ERP differences inahd Ncl
timeframes; moreover, earlier differences were not detected ettea @esign specifically
targeting early components. Khoe and colleagues (2004), on the other hand, detigcted ea
differences in ERP measures, however, arguably, their stimuli tappedrardifieural
mechanism (discussed below).

Bauer and Heize (2002) recorded single cell spiking activity in supragranides tzfy
the primary visual cortex of monkeys in response to pathfinder displays. They edmpar
cellular response to the display where the classic Response FieldM{aRpart of a path to
the sum of responses where the cRF was not part of a path and where the pathewalyires

the Gabor in the cRF was actually missing (i.e., there was a gap in the patm)-liAearity
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between the comparison conditions (the response to the contour was not a linear sum of its
parts) was taken to signal integration. They found initial inhibition of the éansesponse to

the continuous path followed by facilitation around 150 to 200 ms post-stimulus onset. These
authors choose to interpret these results in terms of local facilitation viadongg horizontal
connections; however, given the very late timing and the present results, feedbakdac

would also be consistent.

Studies Challenging the Involvement of Local Horizontal Connections in Contour

Completion

There are a number of recent studies qualifying the involvement of long-range
horizontal connections in contour completion. Using a binocular rivalry paradigm,eAlalis
(2006) measured inter- and intra-hemispheric association strength betweBalar patches.
Subjects viewed two Gabor patches and two random noise patches in corresponding locations
dichoptically. They were asked to respond to the presence of the Gabor patche® with t
buttons, each corresponding to a certain Gabor patch. Gabor patch coherence sed asses
function of the probability of seeing two Gabor patches (alternatively, ssiiojgght see a
Gabor patch and a noise stimulus or two noise stimuli, but responses were only made to the
presence of the Gabor patches). The relative timecourses of the two resgams stacking
the simultaneous perception of the Gabors were correlated as a measureasfoeohél does
not have local horizontal connection spanning across the hemispheres and ipgéategion
in V1 is limited by a small area of nasotemporal overlap (Fendrich & Gagza 989;

Sugishita, Hamilton, Sakuma, & Hemmi, 1994; Sugishita, Hemmi, Sakuma, Beppu, &
Shiokawa, 1993; Wessinger, Fendrich, Ptito, Villemure, & Gazzaniga, 1996). If local

horizontal connections were at play, one would expect much lower coherence across the
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hemispheres than within the hemispheres. The relatively high degree of celaztmeen
stimuli presented to different cerebral hemispheres (albeit of loweag#trand smaller spatial
extent than the intra-hemispheric effects) was taken as evidence for theemeaot of
feedback from higher-level areas in contour perception.

Samonds et al. (2006) tested how well synchronous activity in layers 2/3 of cat V1
supports predictions of the association field theory. They compared firinqaratesynchronous
activity in response to gratings and ring stimuli. They reasoned that dllatgrzontal
connections are facilitative, gratings would induce higher firing ratesithgs due to their
higher degree of alignment (supporting the orientation rule of the associattthéory).
However, when synchronous activity was contrasted with firing rates, itowad to be a better
predictor of the orientation rule; and, conversely, the firing rates werly tlieausame between
stimulus conditions. The authors also speculated that the observed synchrony wasaot due t
direct excitatory connections, since there were no consistent lag titneseheoairs of cells
tested. They concluded that such synchronous activity must be integrated in higheisoader
areas.

A number of developmental considerations also point against exclusive involvement of
lateral horizontal connections in contour integration. While basic spatial acafityen
relatively early in infancy, contour detection abilities are much more ptettan humans and
monkeys alike (Kiorpes & Bassin, 2003; Kovacs, 2000; Kovacs, Kozma, Feher, & Benedek,
1999). At the same time, the anatomy of the lateral horizontal connections hawealyedatly
maturational timecourse (Burkhalter, Bernardo, & Charles, 1993; Calla®wag; Coogan &

Van Essen, 1996), while the network of intercortical projections has a much sloweatroat

profile (Barone, Dehay, Berland, Bullier, & Kennedy, 1995; Batardieat,€2002; Burkhalter,
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et al., 1993; Coogan & Van Essen, 1996). It appears that the ability to detect contoues is mor
temporally consistent with the development of recurrent intercortical pmyeaather than
lateral horizontal connections (Kiorpes & Bassin, 2003).

Putative Function of the Long-range Horizontal Connections

What then is the functional significance of the long-range horizontal connéttions
Another behavioral paradigm often used to study contour integration is the sblatatal
masking paradigm (Polat & Sagi, 1993), where threshold detection of the centcairitrast
Gabor patch is facilitated by flanking high-contrast Gabor patches dasnientation and
close proximity (maximal within 223separation). The assumption is that lower thresholds in
these studies signify higher degrees of lateral interactions. Usingdhed lateraction
paradigm, Khoe and colleagues (2004) investigated neurophysiological marketme#col
facilitation. Early C1 effects were observed when collinear flankers e@mpared to
orthogonal flankers. The topography of the effects was consistent with V1 sauggesting a
putative role for long-range horizontal connections in this task. Based on ouws,riesygpears
that low-contrast threshold stimuli could be processed in a different manner thaomhiigsic
suprathreshold contours (Hess, Dakin, & Field, 1998; Hess, et al., 2003). In fact, Polat and
colleagues (1998) found suppression, not facilitation, of neural response in thesttate
when high contrast stimuli were presented with two flanking stimuli in anestteatats. In
Khoe et al. (2004), while the flankers had a relatively high contrast of 0.5 (Michatsitrast),
recruiting primarily the parvocellular system, the pedestal contrastsfixed at 0.1, putatively
relying mostly on the magnocellular system. The interaction between thedtemsycould be

quite different under such conditions than under conditions of high contrast throughout.
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Angelucci and colleagues (2002) showed that horizontal connections in the primate V1
are isotropic and attributed contour completion to anisotropic feedback connechiess. T
authors implicated local horizontal connectionshiert-range collinear facilitation; i.e.
enhancement of the classical receptive field response to a low-contrastistoy co-oriented
and coaxial high-contrast stimuli, a phenomenon possibly underlying upstream yercept
grouping of contour elements (Khoe, et al., 2004; Khoe, Freeman, Woldorff, & Mangun, 2006;
Polat & Sagi, 1993, 1994). Taken together with the results of this study, these reggetst s
that contour integration mechanisms may depend on low-level visual feature$ @s avethe
spatial extent of contours.

Summary

In this study of pathfinder displays in humans, we assessed the timecoursg of earl
cortical mechanisms of contour integration in order to arbitrate between twblpossi
mechanisms of contour integration, one relying on local horizontal connections in V1 and
another relying on pooling of neuronal responses in higher-order cortical areaat®show
that contour integration initially relies more heavily on pooling of informationghériorder
visual cortices (i.e., the LOC), at least under high contrast conditions, whiledogg

horizontal connections may play a role in contour integration under low-contrasi@osdit



condition % modulation power
left negative 15 0.92
left negative 10 0.61
left negative 13 0.8
left positive 15 1
left positive 10 0.94
left positive 7 0.8
right positive 15 1
right positive 10 0.89
right positive 9 0.8
right negative 15 0.27
right negative 10 0.23
right negative 23 0.8

Table 1.C1 Power Analysis Results

Power calculations based on the peak C1 amplitudes are displayed. Percentlamplit
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modulation and the achieved power are separated by stimulus location and elé@etroidefts

and “right” indicate stimulus location. “Positive” and “negative” indicate diioecof the C1
peak at the two corresponding electrode sites. With the exception of the “righveégati
electrode site, adequate power was achieved to detect very small modulatien€ bf

component.

condition x y z Anatomical structure BA
con left 41-70 -4Right Inferior Occipital Gyru88A 19
con left -59-28 3Left Superior Temporal GyruBA 22
nocon left 4758 -5Right Inferior Temporal Gyru8A 19
conright -5351 9Left Superior Temporal GyruBA 22
conright -47-63 10Left Middle Temporal Gyrus BA 37
nocon right47 -58 0 Right Inferior Temporal Gyru8A 19
nocon right53-51 9 Left Superior Temporal GyruBA 22
nocon right-59-29 -1Left Middle Temporal Gyrus BA 21
right-diff -47 18 28Left Middle Frontal Gyrus BA 9

right-diff  -65-21 30Left Postcentral Gyrus BA 2
left-diff -47 -69 10Left Middle Temporal Gyrus BA 39
left-diff ~ -41-37 59Left Postcentral Gyrus BA 2
left-diff 17 -73 38Right Precuneus BAT

left-diff 47 8 45Right Middle Frontal Gyrus BA €

Table 2.Ncl Source Estimations.

Talairach coordinates for the focal points of the inverse solutions for the N¢tame (‘diff’
indicates at least 20% strength modulation between contour and no-contour conditions).
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GENERAL DISCUSSION

This thesis examined the cortical dynamics of visual processing withirathework of
the “frame-and-fill” models (Bar, 2003; Bullier, 2001; Chen, et al., 2007; Vidyasag§99).
Such models are based on the recent advancements in understanding the congbleaitieal
processing. While earlier research efforts concentrated on defining tinetdis properties of
the parallel streams of information in the cortex, we are now in a position to lsaidy t
commonalities and interactions. Specifically, the general sequence oakevints related to
object recognition in naturalistic scenes can be roughly outlined as followisua) information
is first received from parallel retinal processing streams by thepyiwisual cortex, where it is
recombined and passed further on to higher order visual areas; 2) due to thedso-call
“magnocellular advantage” underlying the fast processing speed of théwdsusastream,
parietal areas of the cortex produce a rough representation of the scbakqggme analysis)
and subsequently guide fine-tuning of this rough representation in the ventral Sy¢aisjs
achieved by recurrent interactions between multiple areas of the braidimgchigher order
ventral visual areas, the prefrontal cortex, the primary visual cortex ahgpgmeampus,
whereby visual information is matched to a stored mental representatiogiregnieto conscious
perception (also see Figure 1). Such a model describes the temporal dynansigal of
perception, thus, testing the model critically depends on using temporallyx&ensthodology.
In humans, this can be achieved with event-related potentials (ERPS).

The first study of this thesis (Chapter 1) addressed whether earliesticomérpolation
effects observed in illusory contour studies in the ventral stream regiprad sontour
interpolation or global scene segmentation. Illusory contour and object recodtiRP studies

reveal consistent object-related modulations of the visual N1 component. Globalrsigais a
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must precede this object-related processing if it is to guide it. The contdratayidbal scene
segmentation takes place in the ventral stream would be inconsistent with ploeaiesnale of
the “framing” of the scene as well as with the putative role of the dorsal st'¢haem we tested
stimuli designed to tap salient regions without inducing the perception of an ilesaour, we
found stronger early sensitivity of ventral stream areas to illusory contpesifically, the N1
IC effect was higher in amplitude to illusory contours as compared to saliesseghese
results reinforced our original model whereby initial illusory contour psaegdakes place in
the LOC (Murray, et al., 2002) and are entirely consistent with the géfrarak-and-fill”
hypothesis.

In an attempt to validate the role of global scene analysis in illusory contmasgmg,
we assessed how increasing the difficulty of “framing” the scene inthsatiasory contour
interpolation (Chapter 2). We hypothesized that the increase in processing dem#émels
“framing” step will lead to a temporal delay in the N1 IC effect, provitieaning” is a
prerequisite for fast contour interpolation. In order to make “framing” moneuliffwe
introduced pacmen distractors to clutter our illusory contour array. The N1€@ efmained
intact at the intermediate level of clutter but was delayed by about 80 ms foghlest level of
clutter. It appeared that cluttering the scene lead to the breakdown of aati@natcessing
and a switch to a more effortful mode of contour interpolation, as indexed by the Ncl component.
Such temporal delay is already in the range of synchronization of the distribugett obj
recognition network (Sehatpour, et al., 2010).

The final study of this thesis (Chapter 3) examined perception of Gabor contours
embedded in Gabor noise (“pathfinder displays”). Here, we set out to assess tidhe

primary visual cortex in contour integration. It has been suggested that such contpbes ma
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completed by pair-wise facilitative interactions between collineds ¢l long-range horizontal
connections in V1 (Bauer & Dicke, 1997; Bauer & Heinze, 2002; Gray, 1999; Grossberg &
Williamson, 2001; Hess, et al., 2003; Kapadia, et al., 1995; Kovacs, 1996; Stettler, et al., 2002).
Alternatively, activity from the collinear cells may be integrated in higinder visual areas by
pooling of inputs from lower visual areas (Hubel & Wiesel, 1962; Spillmann & Werner,.1996)
In order to arbitrate between these competing hypotheses, we looked rmaeitmutise of
contour-related cortical activations paying special attention to thetastiemming from the
primary visual cortex, as indexed by the C1 visual ERP component. We found no contodr-relate
activations in the C1 timeframe; indeed, the earliest effects were irlthiensframe over
ventral visual areas. The direction and timing of the effects was highly arisigth IC
literature. Such distribution of effects is indicative of pooling of information ihdrigrder
cortical areas as the initial step in contour integration.

When considering the results of the third study (Chapter 3) in light of the resuies of t
second study (Chapter 2), we need to reconcile the relatively earliseffexontour integration
in “pathfinder displays” with the disappearance of the early N1 effeceioltittered illusory
contour display. This inconsistency most likely reflects differences in dobamisms of contour
integration for the two stimulus types as well as different types tf tneluded in analyses.
Only correctly detected contours were included in the analyses in the stymgtdinder
displays.” That is, only those trials, which resulted in a conscious detection of a ¢cehtotad
the early N1 modulation. Due to very low sweep counts, we could not compare the misses with
the false alarms in our paradigm. When we looked at the Ncl component, however, é@ppear
be response-dependent with more negative waveform for false alarms thassée (uue to

low sweep counts the effects were not statistically robust and data are nawhsdre)v On the
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other hand, attention was not directed at the illusory contour in our second experiroengall

us to measure contour effects independent of task demands. Murray and colleagyes (2006
reported robust N1 IC effect in both correctly and incorrectly identifiels inathe context of a
shape discrimination task. This suggests that the N1 IC modulation is independentazidlasep
from task and attentional demands; that is, even if attention were diredtedlatsory contour

by a task in the second study, we would still expect clutter to delay contoedraiatiulation

(an issue to be tested empirically, of course). In contrast, the N1 modulationhfrigber

displays” may be amenable to attentional demands. Here, we would expedetiitoefack the
relative ease of integration of contour elements. Some support for this asserteaficoma

study by Mathes and colleagues (2006) who compared ERPs to closed and open “pathfinder
displays” with the intent to vary the relative ease of path detectionr(éasiesed paths). They
indeed reported a gradual decrease in the N1 amplitude as a result of de@léesrsss of

contours in one of their paradigms. However, since the behavioral performance aisgt ¢
levels in all contour-present conditions and the ERP effect was highly inconsistenbigunaus
conclusions regarding the dependence of the N1 effect on task demands cannot be échwn bas
on that study.

The findings of this thesis provide additional support for the “frame-and-fill” mofdel
visual processing. We show that contour integration within the ventral streaiecteafby the
spatial delineation of the scene, in that taxing the initial global scenesenadyays automatic
processing of illusory contours. We also provide further evidence that earlyl wreaan
processing is specific to contour-related manipulations and not to manipulation itale g
scene parameters. Finally, we show that completion of contours does not rely oalthe loc

horizontal connections in the primary visual cortex in the initial stages of contegrahon.
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Some Future Directions

The “frame-and-fill” model described here is based on a sequence dicsggeamic
interactions between areas of the cortex, each with a defined function role irnretggmition.
Although many lines of experimental evidence support the validity of this model citespmng
steps of the model have not been tested directly. Definitive tests of this modéd have
conducted in the context of object perception in humans or behaving animals. Moreovsr, stage
of the model have to be tested separately.

The model makes specific predictions with respect to the causal links betfesndi
processing stages, therefore, their role can be investigated by dismgtiad) activity in
relevant anatomical structures at a specific temporal window. For examile the
contributions of feedback from MT in motion perception have been validated with TMS studies
(Kolvisto, et al., 2010; Pascual-Leone & Walsh, 2001; Silvanto, et al., 2005), corresponding
experiments exploring the role of feedback in object recognition are lackimgdifierent steps
of the model can be assessed: 1) the interaction between the parietahdrtbashagher order
temporal areas, particularly under conditions of clutter, and 2) the interactioreshdhe
temporal areas and the primary visual cortex. Specifically, the modet{sredrly differential
behavioral performance (before 150 ms, first step of the model) and later diffiebehtavioral
performance (after 150 ms, second step of the model). Correspondingly, in animal, model
inactivation of a particular brain region can be achieved by cooling.

Future ERP research efforts in refining the role of the dorsal stresa® iarobject
perception will be directed at testing the model in a population with functional lesitmes
dorsal stream (as discussed in Chapter 3). Additionally, it would be inter@stiogbine TMS

and ERP methodologies to establish causality of interactions within putatiesgirgg steps of
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the model. Combined TMS and EEG recording is a relatively novel methodology, not without
interpretational challenges (Miniussi & Thut, 2010), however, it offers an oppgrtanit
investigate functional significance of the ERP components (e.g., Thut et al., B608xample,
our metrics of IC processing can be submitted to this protocol to charactennéetbéthe
dorsal stream in delineating the scene for object recognition.

The strengths of the “frame-and-fill” model can be explored by computatiaydeling.
Relatively few computational models attempted to model cortical dynantics whe
framework of parallel information processing streams and taking into cortedaecurrent
projections (but see Chikkerur, Serre, Tan, & Poggio, 2010; Walther & Koch, 2006). Chikkerur
and colleagues (2010) incorporated certain feedback projections into a previouslygropose
model of purely feedforward processing (Serre, Oliva, et al., 2007). This tesultesignificant
improvement in performance of the model, although the nature of interactions beasedéi p
streams is inconsistent with the “frame-and-fill” outline of events, ast#dfdrward activity is
largely restricted to the ventral stream (reaching parietatesrthrough V4). As such, the
“magnocellular advantage” is not incorporated into the model. Laakpoiori temporal
constraints with respect to the type of neuronal connections utilized in modghegra to be a
general pattern. This may result in models, which are arguably incompaitiblevtimeframes
of cortical activations. For example, VanRullen and colleagues (VanRullah, 2001;
VanRullen & Thorpe, 2002) relied on lateral horizontal projections in V1 to enhance tiatesac
between neighboring cells for contour detection. And even though their spike-tilgorghm
(see General Introduction) has clear computational advantages, it isdilystgnificantly
slowed down once the conduction velocity of horizontal connections is incorporated into the

model. A direct application of the framework advanced here would include the Iparalle
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processing of different attributes of the scene (for example, low spatakincies in the dorsal
stream, Fenske, Aminoff, Gronau, & Bar, 2006) and their corresponding processingabeds
parallel streams. Once a computational model is constructed, its advamagesed to other
available models, can be tested on object recognition in naturalistic scerfggmd.the separate
models of scene (Oliva & Torralba, 2006, 2007) and object (Chikkerur, et al., 2010; Seag, Ol
et al., 2007; VanRullen, et al., 2001; VanRullen & Thorpe, 2002; Walther & Koch, 2006)
recognition into a common framework presents an interesting challengenfiputational

modeling.
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