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ABSTRACT

The neural basis of visual perception can be understood only when the sequence of
cortical activity underlying successful recognition is known. The early steps in this
processing chain, from retina to the primary visual cortex, are highly local, and the
perception of more complex shapes requires integration of the local information. In
Study | of this thesis, the progression from local to global visual analysis was assessed
by recording cortical magnetoencephalographic (MEG) responses to arrays of elements
that either did or did not form global contours. The results demonstrated two spatially
and temporally distinct stages of processing: The first, emerging 70 ms after stimulus
onset around the calcarine sulcus, was sensitive to local features only, whereas the
second, starting at 130 ms across the occipital and posterior parietal cortices, reflected
the global configuration.

To explore the links between cortical activity and visual recognition, Studies I1-I1I
presented subjects with recognition tasks of varying levels of difficulty. The occipito-
temporal responses from 150 ms onwards were closely linked to recognition
performance, in contrast to the 100-ms mid-occipital responses. The averaged responses
increased gradually as a function of recognition performance, and further analysis
(Study 111) showed the single response strengths to be graded as well.

Study 1V addressed the attention dependence of the different processing stages:
Occipito-temporal responses peaking around 150 ms depended on the content of the
visual field (faces vs. houses), whereas the later and more sustained activity was
strongly modulated by the observers’ attention. Hemodynamic responses paralleled the
pattern of the more sustained electrophysiological responses.

Study V assessed the temporal processing capacity of the human object recognition
system. Above sufficient luminance, contrast and size of the object, the processing
speed was not limited by such low-level factors. Taken together, these studies
demonstrate several distinct stages in the cortical activation sequence underlying the
object recognition chain, reflecting the level of feature integration, difficulty of

recognition, and direction of attention.



TIVISTELMA

Né&kohavaintojen hermostollisen perustan ymmartdminen edellyttdd n&onvaraiseen
tunnistamiseen liittyvien aivoalueiden ja niiden ajallisten aktivaatioketjujen
selvittamistd.  Ketjun  varhaisissa  vaiheissa,  verkkokalvolta —ensimmadiselle
nékoaivokuorelle, kukin hermosolu kasittelee vain pientd osaa ndkokentastd, ja laaja-
alaisten hahmojen havaitseminen edellyttdd néiden osatietojen yhdistdmista.
Vaitoskirjan osatydssad | selvitettiin, miten néakdtiedon kasittely aivoissa etenee
paikalliselta tasolta laaja-alaiselle tasolle. Koehenkil6iden aivotoimintaa seurattiin
magnetoenkefalogragialla (MEG) heidan katsoessaan arsykkeitd, joiden osat oli
sijoiteltu joko satunnaisesti tai yhtenaiseksi kuvioksi. Arsykkeiden kasittely alkoi
ensimmaisen nakoaivokuoren alueella noin 70 ms niiden esittdmisesta. Téssé vaiheessa
kuvio- ja satunnaisarsykkeitd kasiteltiin samalla tavalla eli vain paikallisten piirteiden
tasolla. Noin 50 ms myodhemmin takaraivo- ja péélaenlohkojen takaosat reagoivat
voimakkaammin kuvio- kuin satunnaisdrsykkeisiin heijastaen paikallisten piirteiden
yhdistelyé kokonaisuuksiksi.

Osatoissa Il ja NI tutkittiin - monimutkaisempien hahmojen — kasvojen —
tunnistamisen hermostollista perustaa muuntelemalla tunnistustehtdvan vaikeutta.
Kasvokuvia kasiteltiin takaraivolohkoissa 100 ms:iin saakka riippumatta tehtévan
vaikeudesta, mutta noin 50 ms myéhemmin takaraivo- ja ohimolohkojen raja-alueet
aktivoituivat sitd voimakkaammin, mit4 paremmin koehenkild onnistui tunnistamisessa.
Tiedonkasittelyn myéhempi vaihe liittyi siis l&heisesti kasvojen tunnistamiseen.

Osatyossa 1V tarkasteltiin nakotiedon késittelyvaiheiden riippuvuutta koehenkildn
tehtdvastd, jolla saddeltiin tarkkaavuuden suuntautumista. Ensimmaisten 150 ms aikana
nakotiedon kasittely takaraivo- ja ohimolohkoissa ohjautui esitetyn arsykkeen mukaan
tehtdvasta riippumatta, mutta tatd myodhempi kasittely muovautui olennaisesti tehtavén
mukaan.

Osaty0ssa V  todettiin, ettei ihmisen nddnvarainen tunnistamiskyky tietyn
kynnystason ylapuolella riipu havaintokohteen kirkkaudesta, kontrastista tai koosta.
Tulos vastaa tiettyjen ohimolohkon alueiden ominaisuuksia ja tukee késitysta ndiden
alueiden térkedstd roolista n&bdnvaraisessa tunnistamisessa. Kaiken kaikkiaan
vaitoskirjatyd osoittaa nakotiedon késittelyssé useita erillisia vaiheita, jotka heijastavat
arsykepiirteiden yhdistelyd, hahmojen tunnistamista ja tarkkaavuuden suuntautumista.
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INTRODUCTION

To survive, an organism needs information about its surroundings. Even the simplest
creatures seek nutrition, and the more elaborate ones analyze complex social settings to
adapt their behavior. Through the course of evolution, organisms have developed
sophisticated tools, senses, to obtain relevant information. Different senses react to
changes in physical quantities such as temperature, pressure, or concentration of various
chemicals. Moreover, the ability to detect the intensity and wavelength of
electromagnetic radiation in a certain range has turned out to be extremely useful: The
radiation emitted by the sun is reflected and absorbed in characteristic ways by different
materials and objects. Therefore, changes in visible light can inform the organism about
both what there is in the surroundings and where those things are located. In daily life,
such analyses appear easy: For example, we can recognize a wide variety of
constructions as suitable for sitting, and should we decide to sit down, the process
almost invariably results in positioning us in the correct location. Similarly, we can
recognize familiar persons in a crowd and, should we want to meet them, we can
navigate through the crowd with limited collisions. However, the required visual
information needs to be derived solely from the pattern of photons hitting the
photoreceptors inside our eyes. Obviously, the pattern reflected e.g. from the faces of
two different persons can be rather similar, whereas the patterns reflected from one
person under two different conditions can be highly different. Although humans usually
make the correct inferences without effort, for computers this remains a challenge. The
goal of visual neuroscience is to understand how humans succeed in such analyses and,
more generally, how light reflected from the surroundings is utilized to guide behavior.

The visual system comprises numerous levels. Processing of information starts in
the complex neural network of the retina and then proceeds via the deep brain structures
to the cerebral cortex. This thesis focuses on characterizing visual processing at the
cortical level.

Knowledge on how the cortex is organized to process visual information first came
from observing the consequences of brain injuries. For example, damage to the most
posterior part of the brain typically leads to loss of sight in some parts of the visual

field, or in the worst case, to blindness. Limited lesions in the temporo-occipital cortex,



in turn, can have a very different effect: The patient might lose the ability to recognize
other people’s faces while retaining most other visual skills. Nevertheless, the extent
and sites of such lesions can not be controlled for, which sets limits on how much can
be gained from clinical studies. Controlled lesions in experimental animals have been
informative, but when the primary goal is to understand the functioning of the human
visual system, the potential differences across species pose additional questions.

Within the past decades, rapid developments in brain imaging have made it possible
to study the functioning of the healthy human brain under experimental control. Some
of these new methods, such as functional magnetic resonance imaging (fMRI), can give
detailed information about the brain areas activated under specific conditions. Some
other methods, such as electroencephalography (EEG) and magnetoencephalography
(MEG), can characterize temporal sequences of brain activity. The core of this thesis
comprises a set of studies that utilized MEG to unravel the temporal dynamics of
cortical activity underlying various levels of visual information processing. The MEG
measurements were complemented by fMRI and behavioral techniques.

Each neuron at the early stages of the visual system processes only a minor fraction
of the visual field. Therefore, output from the early local processes needs to be
integrated for perception of global patterns. Where and when this process occurs in the
human visual cortex was approached in Study I.

After the first steps of visual cortical processing, i.e. analyzing contours, edges and
elementary shapes, processing advances to more abstract levels where the neurons and
cortical areas are sensitive to complex shapes, for example faces and other object
categories. However, the linkage between different temporal processing stages and
visual recognition has not been characterized earlier (Studies Il and I11).

Although an answer to the basic recognition question “who is this person” is either
correct or incorrect, the averaged cortical responses linked with recognition increase
gradually as the visibility of a face improves. Whether the graded averaged responses
reflect truly graded or rather on-off —type processing at the level of single responses was
tackled in Study I11.

Our visual field is seldom occupied only by an isolated face or object against a
neutral background. It is thus necessary to select information for further processing,

which, however can be done only after the information has been analyzed to some
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degree. The time course of such selection is not known, and in particular, it remains
unclear whether the first processing stages are automatic, i.e. independent of the
subject’s attention, or whether attention can modulate visual information processing at
even the earliest stages of processing (Study 1V).

Although the early stages in visual processing are highly sensitive to basic stimulus
attributes, such as luminance and contrast, we can identify persons under very different
lighting conditions and from different distances. To what degree our capacity to
recognize faces and other objects is dependent on such low-level parameters as
brightness, contrast and size was characterized in Study V.

The following presentation will start by a brief overview of the human visual
system. Next, the methods applied for studying cortical functions will be introduced.
After this background information, the methods and results specific to Studies 1-V will
be reported, followed by brief discussions. Finally, all results will be discussed in a

more general context.
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BACKGROUND

Overview of the visual system

Precortical processing

Electromagnetic radiation at wavelengths of 400-700 nm can be detected by the human
visual system and is therefore defined as visible light. The light entering the eye is
refracted by the cornea and lens to form a sharp picture on the retina. There, the
photoreceptors capture photons and through a complex chemical cascade,
phototransduction, convert and amplify them into neural signals. Among the
photoreceptors, three types of cones are sensitive to different wavelengths and thus form
the basis of color vision. Rods, in turn, are sensitive to low light intensities and
therefore enable vision under dim light. All experiments in this thesis were performed
with grayscale images under lighting levels clearly sufficient for cone vision.

From photoreceptors, the signal is transmitted via bipolar cells to ganglion cells.
Horizontal and amacrine cells modulate the retinal transmission. Ganglion cell axons,
forming the optic nerve and optic tract, convey the signal from the retina to the lateral
geniculate nucleus (LGN) of the thalamus. Different types of ganglion cells synapse in
LGN: The responses of the large magnocellular cells are fast and sensitive to low
contrasts, whereas the small parvocellular cells convey the signal more slowly, but carry
more information about wavelength and spatial detail (De Monasterio et al., 1975;
Kaplan et al., 1986; Merigan et al., 1993). The role of a third, koniocellular pathway,
remains less well understood (Hendry et al., 1994; Hendry et al., 2000). From LGN, the
signal is conveyed to the primary visual cortex (V1).

Besides the geniculo-cortical pathway described above, another important visual
pathway is formed by retinal neurons that project to the pulvinar, a nucleus of the
thalamus, and then further to the cortex. Part of these connections run via the superior
colliculus in the midbrain. These pathways are important for orienting towards salient
stimuli (Robinson et al., 1992; Kaas et al., 2007).
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Cortical processing

The primary visual cortex, V1, is located around the calcarine sulcus in the occipital
lobe. The V1 neurons show specificity across multiple dimensions, the most global
organizing principle being retinotopy (Tootell et al., 1982), i.e. the preservation of
spatial relations of the environment (neighboring cells respond to neighboring parts of
the visual field). Signals from the two eyes first project to distinct cortical ocular
dominance columns at V1 (Hubel et al., 1962, 1968), and other V1 neurons thereafter
combine signals from both eyes, responding to binocular disparity that forms the basis
of stereoscopic vision. In their seminal work, Hubel and Wiesel labeled V1 neurons by
their response properties as simple and complex cells. Simple cells respond best to
contrast bars (Hubel et al., 1959), i.e. transitions from dark to bright or vice versa, with
a specific spatial phase. Complex cells, in turn, are phase-independent (Hubel et al.,
1962). The cells show selectivity for orientation, spatial frequency (Schiller et al.,
1976¢, 1976b), motion direction (Schiller et al., 1976a) and wavelength (Thorell et al.,
1984). Such response properties constitute an efficient representation, a sparse linear
code, for natural images (Olshausen et al., 1996). A recent development in the
characterization of V1 has been the observation that more spatial integration occurs at
the level of V1 neurons than was thought when the spatially limited classical receptive
fields were discovered (Angelucci et al., 2002; Cavanaugh et al., 2002b, 20023,
Schwabe et al., 2006).

Beyond V1, visual processing involves a large proportion of the human cortex,
possibly up to one fourth of the cortical surface (Van Essen, 2003; Wandell et al.,
2007). Distinct visual areas, illustrated in Figure 1, have been identified by such criteria
as retinotopy, other functional properties, histology, and intercortical connections
(Felleman et al., 1991; Tootell et al., 2003; Grill-Spector & Malach, 2004). Some areas
appear to be important for processing of e.g. visual motion (Zeki, 1974; Watson et al.,
1993; Tootell et al., 1995) or possibly color (Zeki, 1973; Lueck et al., 1989; Tootell et
al., 2004). Nevertheless, the exact roles of most areas, as well as how they work
together, remain poorly understood.

A major organizing principle proposed by Mishkin et al. (1983) divides the visual
cortical system into two components: the ventral pathway for object vision and the
dorsal pathway for spatial vision. The division was originally based on monkey studies
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and subsequently demonstrated in humans as well (Haxby et al., 1991). A modified
version labels the pathways by behavioral significance, proposing that the ventral
pathway serves perception and the dorsal pathway (motor) action (Goodale et al., 1992).

The organizing principles of the human ventral visual stream have been one of the
most intensively studied topics in visual neuroscience for the past ten years, but the
question remains open. However, some basic findings and discrepancies regarding the
ventral shape, object and face processing areas will be reviewed below, with focus on

human studies.

Figure 1. Medial and postero-lateral views of the human brain. V1-V8, VP: retinotopic visual areas;

MT — middle temporal area (visual motion processing); LO — lateral occipital area (objects); F — fusiform

gyrus (faces). Adapted from Tootell et al. (1998) with permission from Elsevier.

Perception of shapes and objects

Edges and contours

Although the V1 neurons have spatially limited classical receptive fields (RFs),
processing of spatially extended contours and edges can occur already at this stage of
cortical analysis: For example, orientations of stimuli that surround the classical RF
modulate responses of monkey V1 cells to stimuli consisting of small line segments
(Knierim et al., 1992; Kapadia et al., 1995; Kapadia et al., 1999, 2000). The difference
between classical and extraclassical RF effects is reflected in the time course of
processing: The initial 50-ms response to oriented line segments in monkey V1 is

14



affected only by the portion of the stimulus that falls the neuron’s classical RF, whereas
a later sustained response, starting around 80-100 ms, emerges when the receptive field
is on the edge between two surfaces, defined by a difference in texture orientation
(Lamme, 1995; Zipser et al., 1996; Rossi et al., 2001). Besides V1, processing of even
simple contours involves higher-order visual areas as well (Altmann et al., 2003;
Kourtzi et al., 2003).

Intermediate shapes

Within the ventral pathway, the complexity or abstractness of shape selectivity of the
neurons gradually increases (reviewed in e.g. Ungerleider et al., 2003). Although some
neurons may show selectivity for complex shapes even at the level of V1, such neurons
are more prominent in V2 and, in particular, V4 (Hegde et al., 2006, 2007). The V4
neurons respond best to for example concentric and radial gratings (Gallant et al., 1993;
Gallant et al., 1996; Wilkinson et al., 2000). Neurons in area TE show a further increase
in the complexity of critical features, but the critical features are typically less complex

than what is required to define a specific object (Tanaka, 1997).

Objects

Visual object-processing cortex can be distinguished by identifying regions that respond
more strongly to objects than to textures or scrambled objects (Malach et al., 1995). An
area in the lateral occipital cortex, showing such selectivity, has been labeled as the
lateral occipital complex (LOC; Malach et al., 1995; Grill-Spector, Kourtzi et al., 2001).
Sensitivity to different object categories, in turn, can be found in the ventral occipito-
temporal cortex. Distinct cortical patches respond best to such stimuli as faces (Sergent
et al., 1992; Kanwisher et al., 1997; McCarthy et al., 1997), places (Aguirre et al., 1998;
Epstein et al., 1998), body parts (Downing, Jiang et al., 2001) or tools (Martin et al.,
1996; Beauchamp et al., 2002). The functional principles underlying these observations
remain open: According to Haxby et al. (2001), object categories are represented as
distributed patterns of activity in the ventral occipito-temporal cortex, as opposed to

areas specialized in the processing of single object categories (Kanwisher et al., 1997).
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Nevertheless, even if some regions are specialized in the processing of a single visual
category, such regions are likely to exist for only a limited number of categories
(Downing et al., 2006). It is plausible that the spatial organization of neurons sensitive
to different visual categories could reflect the spatial scales and retinal eccentrities
typical for each category (Levy et al., 2001; Hasson et al., 2002; Malach et al., 2002);
examples are presented below in the Faces section.

As opposed to early visual areas, the ventral object selective cortices appear
relatively insensitive to such low-level features as contrast (Avidan et al., 2002), and
they seem to represent object shape rather than contours (Hasson et al., 2001; Kourtzi et
al., 2001; Andrews et al., 2002; Lerner et al., 2002). Correspondingly, these areas even
respond to shapes defined by illusory contours (Mendola et al., 1999; Kourtzi et al.,
2000). Instead of low-level features, activity in the ventral object areas correlates with
subjects’ recognition performance (Grill-Spector et al., 2000; James et al., 2000; Bar et
al., 2001; Kleinschmidt et al., 2002; Grill-Spector, 2003; Grill-Spector, Knouf et al.,
2004). Furthermore, activity in these regions does not need to be stimulus-driven; it can
be elicited by imagery (Ishai et al., 2000; O'Craven et al., 2000; Ishai et al., 2002), or
reflect the awareness of a face even when the face is occluded (Hulme et al., 2007).

Faces

Among the different categories of visual objects, faces have been most extensively
studied. Before the era of brain imaging, neuropsychological studies described a
condition in which the ability to recognize facial identity is disrupted, despite normal
ability to recognize visual objects (Hecaen et al., 1962). This condition, prosopagnosia,
is typically caused by bilateral lesions in the ventral occipito-temporal cortex (Damasio
et al., 1982). Correspondingly, face-sensitive activity in the temporo-occipital region
has been found in single-unit recordings in monkeys (Bruce et al., 1981; Perrett et al.,
1982; Desimone et al., 1984), intracranial recordings in humans (Allison, Ginter et al.,
1994), PET and fMRI studies (Sergent et al., 1992; Clark et al., 1996; Kanwisher et al.,
1997; McCarthy et al., 1997), and EEG and MEG recordings (Bentin et al., 1996; Sams
etal., 1997; Halgren et al., 2000).
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Besides the ventral occipito-temporal cortex, visually presented faces activate a
number of other cortical regions that presumably serve distinct functions. A model
based on neuropsychological studies suggested a major distinction between processes
important for the recognition of face identity vs. recognition of facial expressions and
speech-related movements of the mouth (Bruce et al., 1986). Building on this
distinction, Haxby and coworkers (Haxby et al., 2000; Haxby et al., 2004) proposed a
model of the human neural system for face perception (Figure 2). Areas in the
occipitotemporal cortex are assumed to form a core system for face perception, with
separate modules for invariant vs. variant aspects of faces, i.e. identity vs. eye gaze and
expression. This distinction is supported by both monkey (Perrett et al., 1985; Hasselmo
et al., 1989) and human studies (Hoffman et al., 2000). The identity module comprises
areas with different levels of abstraction: Areas in the inferior occipital gyrus are
affected by physical changes in the faces, whereas the fusiform gyrus shows selectivity
for facial identity irrespective of physical attributes (Rotshtein et al., 2005). The
extended system comprises a number of cortical and subcortical structures related, but
not limited, to processing the various aspects of information that can be derived from
faces. For example, faces carry information about emotions and intentions, direction of

attention (gaze), and speech (lip movements).

Core system Extended system

Anterior temporal lobe
Biographical knowledge

Precuneus
Retrieval of LTM images

Superior temporal gyrus

Lateral fusiform gyrus Auditory speech

/ Invariant aspects of faces
Inferior occipital gyrus
Facial features

Amygdala, Anterior insula
Emotion

~—

\ Superior temporal sulcus

Changeable aspects of faces Intraparietal sulcus
Spatial attention

Superior temporal sulcus
Intentions of others

Rostral paracingulate
Theory of mind

Figure 2. Model of the human neural system for face perception according to Haxby et al. (2000; 2004).

LTM —long term memory.
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The debate about the organizational principles of the ventral occipito-temporal
cortex is particularly relevant for the processing of faces. The data by Haxby et al.
(2001) suggest that, like other visual categories, faces are represented in a distributed
cortical network, whereas Kanwisher et al. (1997) claim that the fusiform gyrus contains
a unit specialized in the processing of faces only. At columnar level, the claimed face-
specific region could consist of columns that all respond maximally to faces and sub-
maximally to other categories, or, alternatively, strictly face-specific columns with some
intermittent columns selective to other categories or features. A recent high-resolution
fMRI study (voxel size Imm x 1 mm x 1mm) favored the latter view (Grill-Spector et
al., 2006), but has raised some methodological concerns regarding how selectivity of
responses was tested (Baker et al., 2007; Simmons et al., 2007). The results also seem to
conflict with another recent study that assessed the same issue with fMRI-guided single-
unit electrophysiology in monkeys (Tsao et al., 2006). The question thus remains open
for intensive study.

Besides object category, two other principles have been suggested to underlie the
functional organization within the ventral occipito-temporal cortex. The eccentricity
model attempts to apply the principle of retinotopic organization, prominent in the early
visual areas, to the organization of the object-sensitive cortex. Since faces are typically
observed from such a distance that they occupy only a small fraction of the visual field,
and humans typically focus their gaze on faces, it is conceivable that an area that
processes faces samples mainly the center of the visual field. On the other hand,
buildings, for instance, might typically occupy a relatively large part of the visual field
(Levy et al., 2001; Hasson et al., 2002; Malach et al., 2002). The eccentricity model
implies that the typical retinal size should be taken into account in experimental setups;
most of the present literature is based on experiments where everything from flowers to
buildings has been presented in equal size.

The expertise model, in turn, stresses another difference between faces and other
visual categories: It is usually not sufficient to just categorize a percept as a face, as is
the case with many other objects; one needs to go further and identify the face as the
face of a particular individual. In this sense, most humans are experts in face
recognition, and the cortical areas showing strong responses to faces could in fact be

areas specialized in within-category identification. In support of this model, the same
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areas that respond strongly to faces in the general population are activated in experts
when they perform within-category discrimination in their field of expertise (Gauthier et
al., 1999; Gauthier et al., 2000).

Regarding the interpretations of the infero-temporal responses to faces, the
eccentricity and expertise models need not exclude each other, whereas the generic
expertise-module vs. true face-module views seem to be in conflict (Grill-Spector,
Knouf et al., 2004; Kanwisher et al., 2006; Gauthier et al., 2007; McKone et al., 2007).
Nevertheless, whether or not some cortical region or regions are specialized solely in
the processing of faces, a network of multiple cortical regions is required for the
analysis of various aspects of facial information (Fairhall et al., 2007; Barbeau et al.,
2008; Ishai, 2008). This is emphasized by the finding that many congenitally
prosopagnosic subjects show normal fMRI responses in the cortical regions most
strongly associated with face recognition (Hasson et al., 2003; Rossion et al., 2003;
Avidan et al., 2005; Sorger et al., 2007).

Dynamics of visual processing

The latencies of the neural responses to visual stimuli depend on such properties as
luminance, size, and contrast, and the effects might differ across areas. Precise
generalizations across studies are therefore difficult to make, and differences (e.g. in
lengths of neural connections) across species further complicate the situation. In awake
macaque, the first LGN cells respond to light flashes 15-18 ms after stimulus onset, and
the activity reaches its maximum around 25 ms in the magnocellular and around 35 ms
in the parvocellular layers. In V1, activation starts at 25-30 ms and peaks around 45 ms
(Schroeder et al., 1998). Importantly, neurons within single areas respond with highly
variable latencies, and different visual areas, on the other hand, are activated with
overlapping latencies (Figure 3; Bullier et al., 1995; Nowak et al., 1997; Schmolesky et
al., 1998; Schroeder et al., 1998).

In humans, the exact starting time of visual cortical processing is hard to measure
non-invasively, and for reasons mentioned above, dependent on the exact stimulus
conditions. Rough estimates can be obtained by scaling the macaque latencies by a
factor of 3/5 (Saint-Amour et al., 2005). In visual evoked potentials (VEPS) recorded
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from human scalp, early posterior responses to onsets or reversals of simple patterns
typically peak around 75 ms (Jeffreys et al., 1972) and are followed by a complex
spatiotemporal sequence of activity. It is commonly agreed that responses showing
selectivity for complex feature combinations, for example object categories, peak at
150-200 ms (Jeffreys, 1989; Allison, McCarthy et al., 1994; Thorpe et al., 1996). Even
earlier responses have been claimed to show category specificity (Linkenkaer-Hansen et
al., 1998; Braeutigam et al., 2001; Liu et al., 2002), but it is difficult to distinguish
effects of low-level visual properties from true category effects at such latencies.
Responses to single images can continue at least up to one second after stimulus onset
(Puce et al., 1999; Henson et al., 2003). The sequence of visual cortical activity will be

approached in greater detail in the General Discussion of this thesis.
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Figure 3. Cumulative distributions of response onset latencies in visual areas V1-V4 of anesthetized
macaque monkeys. Adapted from Schmolesky et al. (1998) with permission from the American

Physiological Society.

Top-down influences

The preceding paragraphs have described a feed forward sequence of stages in visual
information processing, starting from early stages sensitive to simple, local features to
later stages sensitive to increasingly abstract dimensions. The true picture is naturally
more complex: Most cortical connections are reciprocal, and all visual areas thus
receive signals from higher-order areas as well (Felleman et al., 1991). For example,

inactivation of visual area MT disturbs processing in V1, V2 and V3 (Hupe et al.,
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1998), and even the most distant frontal areas are connected to the early visual areas
(Catani et al.,, 2002). The top-down signals from frontal regions could modulate
processing in the object-sensitive cortices via attentional selection (Corbetta et al.,
2002) or contextual facilitation (Bar, 2004). A recent model proposes that the fast
signals conveyed via the magnocellular pathway might initiate in the prefrontal cortex a
“rapid guess” about the most likely interpretations of the image, facilitating processing
of the bottom-up information in the temporo-occipital object areas (Bar, 2003). Initial

data in support of this model has been obtained (Bar et al., 2006).

Methods for studying human cortical processing

Since the 1990’s, the techniques for non-invasive study of brain function have
developed dramatically, leading to a boom in human systems neuroscience. The studies
comprising this thesis are based on MEG measurements of the electric activity of
neurons, and on fMRI measurements of its metabolic consequences (hemodynamics).

These methods will be reviewed below.

Magnetoencephalography

Electric currents in the neurons are accompanied by magnetic fields. Although these
fields are extremely weak compared with e.g. the static magnetic field of the Earth
(different by eight orders of magnitude), a cluster of synchronously active neurons can
generate a magnetic field strong enough to be detected outside the head. The bulk of the
extracranial fields most likely reflects post-synaptic currents in the apical dendrites of
pyramidal cells in the cortex: these dendrites lie in parallel and the post-synaptic
currents are long-lasting enough to allow summation (Hari, 1990; Okada et al., 1997).
MEG is most sensitive to currents that are tangential to the surface of the head,
which favors detection of neural activity in the cortical sulci, since the pyramidal
neurons are perpendicular to the cortical surface. However, only narrow stripes of
cortex are perfectly tangential to the local curvature of the skull, and in practice, a more

relevant limiting factor may be source depth (Hari, 1998; Hillebrand et al., 2002). The
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MEG measurement and analysis techniques, reviewed by e.g. Hamaldinen et al. (2002)
and Baillet et al. (2001), will be briefly described in the Methods section.

The main advantages of MEG are millisecond-scale temporal resolution and
complete noninvasiveness. Compared with other brain imaging methods, e.g. fMRI, the
subject can sit in a relatively open space and in complete silence, which provides more
flexibility for experimental design. MEG’s ability to identify the site of origin of brain
responses depends on the specific conditions. A rough estimate of active cortical areas
can be obtained directly from the measured magnetic field pattern, and under optimal
conditions, the active brain area can be estimated with millimeter accuracy. Precise
location is obtainable when a focal cortical patch is active at a given time, or
simultaneously active areas are separate enough (in the order of centimeters). In the case
of the visual cortex, multiple nearby areas are often active in parallel (Nowak et al.,
1997; Schmolesky et al., 1998; Schroeder et al., 1998; Barbeau et al., 2008). Therefore,
localizing activity at the scale of e.g. different retinotopic areas is challenging (Uutela et
al., 1999; Stenbacka et al., 2002).

Electroencephalography (EEG) primarily measures the same neuronal activity as
MEG. The disadvantage of scalp EEG compared with MEG is its sensitivity to errors
caused by differently conducting tissues between the cortical neurons and EEG
electrodes, which blur the electric potential distribution but not the magnetic field
(Hamaldinen et al., 1993). On the other hand, EEG is more sensitive to deep brain
activity and to cortical sources that are oriented radially with respect to head surface.
Therefore, simultaneous recording of MEG and EEG can be beneficial. In patients
subject to brain surgery, EEG is in some cases recorded intracranially, permitting an
excellent signal-to-noise ratio and a more straightforward interpretation of the cortical
areas generating the measured signals (Lesser et al., 2005).

The brain’s magnetic field was for the first time detected with an induction coil
magnetometer in 1968 and with a SQUID magnetometer in 1972 (Cohen, 1968, 1972).
Following the introduction of whole-head neuromagnetometers (e.g. Ahonen et al.,
1992), MEG has been applied widely to study the human sensory and motor systems,
oscillatory brain activity, higher functions such as language processing and action

observation, and various brain disorders such as epilepsy and stroke (reviewed in e.g.
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Hari, 1990; Del Gratta et al., 1999; Hari et al., 2000; Kakigi et al., 2000; Salenius et al.,
2003; Kaneoke, 2006; Salmelin et al., 2006; Shibasaki et al., 2007).

Visual evoked fields (VEFs) were first recorded by Brenner et al. (1975) and Teyler
et al. (1975). Subsequent studies have traced the cortical processing of several basic
visual attributes, such as spatial frequency (Williamson et al., 1978; Aine et al., 1990),
color (Fylan et al., 1997) and motion (Anderson et al., 1996; Uusitalo et al., 1997).
Besides studies on the visual system, higher-order VEFs have been extensively
characterized in the context of language processing, e.g. picture naming and reading
(Salmelin et al., 1994; Salmelin et al., 1996). Visual MEG studies most relevant for the

topics of this thesis are discussed in the appropriate sections.

Functional magnetic resonance imaging

Magnetic resonance imaging (MRI) employs nuclear magnetic resonance (NMR) for
obtaining non-invasively three-dimensional images of structures of the human body. In
MEG studies, anatomical MRIs of the brain are used for constraining and visualizing
the generators of the measured MEG signals. Besides anatomy, MRI can be employed
to obtain information about brain function as well. The most commonly applied form of
functional magnetic resonance imaging (fMRI) is based on local changes in the
oxygenation level of blood (blood oxygenation level dependent signal, BOLD; Ogawa
et al., 1990). Intensity of the BOLD signal is coupled with the amplitude of local field
potentials, which in turn reflect post-synaptic activity in the neuronal dendrites
(Logothetis et al., 2001; Logothetis et al., 2004). The coupling between action potentials
and the BOLD signal seems variable, depending on correlations in firing rates of
neighboring neurons (Nir et al., 2007).

FMRI can distinguish activation of nearby cortical areas at higher spatial resolution
than MEG, and it is also sensitive to the deep brain areas that are difficult to reach with
MEG. However, since coupling between neural activity and blood oxygenation is slow
and not necessarily constant (Henson et al., 2002), fMRI does not provide precise
information about the timing of cortical events. A significant proportion of the studies
of the visual temporo-occipital cortex, summarized in the preceding section, is based on
the BOLD fMRI method.
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AIMS OF THE STUDY

This thesis work focused on the processing of visual contours, objects and faces in the
human brain, with emphasis on the temporal sequence of cortical activity underlying
visual recognition. The studies employed time-accurate MEG, in combination with

fMRI and behavioral methods, with the specific aims

1) to characterize how cortical processing of visual scenes advances from local elements

to global contours (Study 1),

2) to investigate the neural basis of visual recognition by seeking cortical responses that
show tight correlation with face recognition performance when the visibility of the faces
was manipulated by superimposing noise on the faces (Study Il) and limiting the time

the faces were available for inspection (Study I11),

3) to study whether the single cortical evoked responses to faces, comprising the graded
averaged responses observed in Studies Il and 111, are graded or on-off —type (Study I11),

4) to characterize the automaticity vs. task dependence of cortical processing of faces
and objects (Study 1V), and

5) to study how the speed of visual recognition is affected by such basic visual attributes

as luminance, contrast and size of the perceived objects (Study V).
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OVERVIEW OF THE METHODS

Magnetoencephalography

Measurement

Whole-scalp neuromagnetic signals were measured in a magnetically shielded room,
while the subject was sitting with the head leaning against the measurement helmet of
the Vectorview™ 306-channel magnetometer (Neuromag Oy., Helsinki, Finland,;
currently Elekta Neuromag Qy). The helmet-shaped detector array comprises 102
identical SQUID-based triple sensor units, each housing two planar first-order
gradiometers and one magnetometer. The two gradiometers of each unit measure
orthogonal tangential derivatives of the magnetic field component approximately
normal to the head surface.

MEG signals were filtered to 0.1-172 Hz and sampled at 600 Hz. Signals were
averaged over a time window starting 0.2-0.3 s before and ending 1.0 s after the onset
of the stimulus. Horizontal and vertical electro-oculograms were recorded for on-line
rejection of epochs contaminated by blinks and eye movements.

Before the MEG recordings, four head position marker coils were attached to the
subject's scalp. The positions of the coils and of three anatomical landmarks were
measured with a 3D digitizer. At the beginning of each recording block, the position of
the subject’s head with respect to the sensor array was determined by feeding current to
the marker coils and localizing the coils based on the signals measured by the MEG
sensors. This information was used afterwards for combining the sources of the
measured neuromagnetic signals with the subject’s structural MRIs by identifying the

anatomical landmarks in the MR images.

Analysis

The effect of environmental noise on the averaged MEG signals was first attenuated by
projecting out noise sub-spaces calculated on the basis of ambient noise measured in the

absence of the subject (Parkkonen et al., 1999). Alternatively (for single trial analysis in
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Study Il and calculation of the minimum norm source estimates in Study 1), the signal-
to-noise ratio was improved by Signal Space Separation (SSS; Taulu et al., 2004). In all
studies, the responses were digitally low-pass filtered at 35 Hz, and a 200-300-ms
prestimulus baseline was applied for amplitude measurements.

The averaged evoked responses of each subject were first screened for experimental
effects. Since planar gradiometers pick up the strongest sensor signals just above a
locally activated brain area, the regions with strongest signals can be readily used as the
first guesses of the activated brain areas.

In Study I, the neural generators of the MEG responses were estimated by noise-
normalized minimum norm estimation (MNE). The current estimates were calculated
using the “MNE Software” package (developed by M. Hamaléinen,
http://www.nmr.mgh.harvard.edu/martinos/userinfo/data/sofMNE.php).

Anatomical MRIs were processed with the FreeSurfer software
(http://www.nmr.mgh.harvard.edu/martinos/userinfo/data/sofFreeSurf.php).

A boundary element model (BEM) along the inner skull surface was used as the volume
conductor. To obtain the source point set, the gray and white matter border was
tessellated (Dale et al., 1999) and decimated to a 5-mm dipole grid. Dipole amplitudes
were determined by & MNE that incorporates depth weighting and loose orientation
constraints (Lin et al., 2006). The estimated dipole strengths were then normalized by
their noise sensitivity, i.e., by the estimated currents due to the noise in the
measurement (sometimes referred to as dynamic statistical parametric maps, dSPMs;
Dale et al., 2000). The estimates were thereafter transformed to an atlas brain with
surface-based morphing (Fischl et al., 1999) and averaged across subjects.

In Study II, the responses that showed clear dependence on the experimental
manipulations were modeled with equivalent current dipoles, assuming a spherical
volume conductor that was fitted to the posterior part of the intracranial volume (Hari et
al., 1986; Sarvas, 1987). These current dipoles served two functions: First, they acted as
spatial filters to integrate data from the sensors to yield a better signal-to-noise ratio for
the sources they were modeling. Second, they roughly indicated the sites of cortical
areas where the observed effects took place. The dipole locations and orientations were
searched by a least-squares fit to a subset of sensors around the local signal maxima.

The dipoles found in the experimental conditions with the strongest signals were then
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inserted into a multidipole model that was used to reveal source strengths as a function
of time in all conditions. The source coordinates were transformed into standard brain
coordinates. This alignment was based on an affine transformation of the individual
brains (Woods et al., 1998), followed by a refinement with a non-linear elastic
transformation (Schormann et al., 1996) to match a standard atlas brain (Roland et al.,
1994).

In Studies Il and 1V, the quantitative analysis was based on a selection of sensors
showing significant responses, and then averaging the rectified signals across these
sensors. The noise level was determined separately for each subject and each sensor by
estimating the standard deviation of all timepoints within the prestimulus period. The
signals were then examined to identify the sensors in which the evoked responses
exceeded the baseline variability by at least 8 SDs. This set of sensors was then used to

analyze responses for all stimulus conditions.

Functional magnetic resonance imaging

In Study IV, gradient-echo, echo-planar imaging (repetition time 2.5 s, echo time 40
ms) was used to measure the BOLD responses in a GE 3-tesla scanner at the National
Institute of Health, Bethesda, USA. Whole brain volumes, comprising 40 contiguous
3.5-mm thick sagittal slices, were obtained.

Time-series data were analyzed on a voxel-by-voxel basis using multiple regression
(Friston et al., 1995). The strength the of response for each stimulus condition was taken
as the estimated beta-weights associated with each regressor in the general linear model
(GLM). Selected contrasts between responses to different task conditions were
calculated as effects of interest. Regions of interest were defined as areas showing
significant responses relative to the scrambled image control condition (Z > 5.6, p <
10®) with a minimum volume of 7 contiguous voxels. Mean timeseries for the selected
subregions of cortex were obtained for each subject. The mean strength of response to
each stimulus condition, expressed as percent changes in the signal, was calculated for
the subregions of each subject. The significance of differences between responses was
tested using a random effects repeated measures analysis of variance (ANOVA) with

planned comparisons.
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Psychophysics

In Study V, a rapid serial visual presentation method (RSVP) was combined with a
staircase algorithm to determine how much time per image frame was needed for the
identification of a target with a given probability (79%). The task of the observer was to
identify the target stimulus shown in the RSVP sequence.

A staircase method was used to determine the threshold frequency: After three
consecutive correct responses the temporal frequency of image sequence was increased
approximately by a factor of 1.26 (0.1 logie-units), and after each incorrect response the
temporal frequency was decreased by the same factor (Wetherill et al., 1965). The
algorithm adjusted the presentation frequency close to a level at which the probability of
correct responses was 0.79. On each run, the threshold frequency was obtained as the
mean of eight reversals. The threshold frequency was measured three times for each

experimental condition in a randomized order.

Subjects

In all brain imaging studies, 6-10 healthy members of the laboratory personnel served
as subjects; the total number of subjects that contributed to this thesis was 23. Males
and females were represented in roughly equal numbers, and the age range was 22-46
years. All subjects had normal or corrected-to-normal visual acuity. The MEG
recordings had prior approval by the Ethics Committee of the Helsinki and Uusimaa

Hospital District.

Stimulus presentation

In the MEG experiments, stimulus presentation was controlled by Presentation®
software (http://www.neurobs.com/) run on a personal computer. The images were
displayed on a rear projection screen by a data projector (VistaPro™, Christie Digital
Systems Inc., Cypress, CA, USA) based on Digital Light Processing™ and hosting
three digital micromirror panels (for details on the projector performance, see Packer et

al., 2001). The experiments were run in the standard VGA mode (resolution 640 x 480
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pixels, frame rate 60 Hz, 256 gray levels). The subjects viewed the screen binocularly at
distances from 88 to 120 cm in a dimly lit room. In the fMRI experiment (Study 1V), a
mirror was placed in front of the subjects’ eyes to allow them to see the rear projection
screen outside the scanner.

For behavioral responses in the MEG experiments, the subjects used response pads.
Light was fed to the pads via optical fibers, and the subject’s finger lifts were detected
by changes in the light returned to the receiver unit via another fiber (slightly different
apparatuses were used in different experiments, based on either cutting the light beam or
reflecting back the light by the skin).

In Study V, stimulus presentation was controlled by custom-made software. The
stimuli were presented on a cathode-ray tube (CRT) monitor. Responses were given by

placing the mouse cursor on an appropriate icon on the display.
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EXPERIMENTS

Higher-order visual areas are involved in contour processing
(Study 1)

Neurons in the early visual cortices have spatially limited receptive fields and can thus
process only local elements of visual information. Processing of more global patterns,
starting from contours, requires integration of local information. The neural
mechanisms underlying such processes have been under extensive research since the
early 1990’s (Hess et al., 2003; Roelfsema, 2006; Sasaki, 2007). For example, stimuli
surrounding the classical receptive field of monkey V1 cells can modulate the cell’s
responses and affect the perceived contrast (Knierim et al., 1992; Kapadia et al., 1995).
The initial responses in V1 are affected only by the stimulus part landing on the
neuron’s classical receptive field, whereas a later sustained response is affected by more
global properties of the visual stimulus (Lamme, 1995; Zipser et al., 1996). In humans,
FMRI studies have pinpointed cortical areas underlying such effects (Altmann et al.,
2003; Kourtzi et al., 2003; Dumoulin et al., 2007). However, the techniques used in
humans so far have not unraveled the time courses of the cortical processes underlying
integration of visual information.

The integration mechanisms can be studied by comparing the processing of arrays of
Gabor elements that either form or do not form a global contour (Field et al., 1993).
Because the classical receptive field of a single cell in the primary visual cortex,
sensitive to the appropriate spatial frequency and orientation, should cover
approximately one element, the earliest cortical responses to the contour and no-contour
stimuli should be similar. The responses should separate only when the neurons start to
integrate local information. The purpose of this study was to characterize the cortical
dynamics of contour processing by comparing responses to these two stimulus types.
Specifically, the aims were to find out when the cortical responses to contour and no-
contour stimuli would separate, to identify the sites of contour-specific activity, and to

study the effect of the local orientation of elements on cortical responses.
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Methods

Square arrays of Gabor elements (Figure 4) were presented to the center of the visual
field. In the no-contour stimuli, all elements were oriented randomly and positioned
pseudorandomly without overlap. In the contour stimuli, a proportion of the elements
were oriented and positioned to form an easily detectable double circle.

In the first condition, the orientations of the contour elements were tangential to the
circle, and in the second the orientations were radial. In the third condition, the contour
comprised only the lower left quadrant of a full circle.

The stimuli were presented once every 2.5 s for 0.5 s with abrupt onsets and offsets.
Each recording block consisted of contour trials, no-contour trials, and catch trials
presented in random order. A minimum of 120 responses were collected for each
stimulus type. In the catch trials, the stimuli were replaced by a question mark, and the
subject reported with a finger lift whether a contour or a no-contour stimulus had been
presented in the preceding trial. After the MEG experiment, discrimination reaction

times were measured to get a coarse measure of task difficulty for the different contour

types.

Results

The first cortical responses were detected at the posterior MEG channels close to the
midline, exceeding the prestimulus noise level at 69 + 2 ms (mean + SEM across
subjects) and peaking at 85 + 3 ms. For tangential contours, the difference between
responses to contour and no-contour stimuli exceeded the 2 SD baseline noise threshold
at 130 + 9 ms, i.e. 61 + 9 ms after the emergence of the first responses (p < 0.001;
Figure 4). The contour-sensitive effects reached their maximum at 274 + 35 ms, and the
differences vanished at 600-700 ms, i.e. 100-200 ms after the offset of the stimulus.
For radial contours, the contour-sensitive activity started at 164 + 17 ms, and for the
guadrant contours at 149 £ 13 ms.

With the minimum norm source modeling, the first cortical responses were detected
around the calcarine sulcus (Figure 4). A second peak occurred around 125 ms in the
same cortical region. The source estimates of these two first responses did not differ

between the contour and no-contour conditions. Instead, clear contour-sensitive activity
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peaked around 215 ms at several locations in the posterior parieto-occipital (PO) cortex.
The most prominent differences in responses to contour vs. no-contour stimuli were
observed in the medial surface around the PO sulcus and precuneus. Additional
differences were observed in occipital areas spanning from cuneus to the middle
occipital gyrus in the left hemisphere, and from middle occipital gyrus to superior
occipital gyrus in the right hemisphere. The spatial patterns of the current estimates for

the contour vs. no-contour effects were rather similar for all contour types.
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Figure 4. No-contour and tangential contour stimuli (top left), examples of MEG responses of Subject 2

(top right) and cortical activity averaged across all 8 subjects (bottom).

The reaction times for discriminating between the contour vs. no-contour stimuli
were the shortest, about 550 ms, to the tangential stimuli, and ~50 ms longer to radial

and quadrant stimuli (p < 0.01 for both categories).
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Discussion

The results demonstrated early responses that were identical to contour and no-contour
stimuli, and later responses (> 130 ms) that were sensitive to contours and thus to the
global form. The early responses were generated around the primary visual cortex,
whereas the later responses arose from the more lateral and dorsal occipital and parietal
regions.

When the local elements were oriented tangentially to the global contour, the
difference emerged on average at 130 ms after the stimulus onset, in good agreement
with previous evoked potential studies on visual segmentation and grouping (Bach et
al., 1997; Han et al., 2001; Fahle et al., 2003; Ohla et al., 2005; Pei et al., 2005; Mathes
et al., 2006). The site of the present contour-sensitive effects around the PO sulcus,
suggested to be the functional homologue of macaque area V6/V6a (Colby et al., 1988;
Galletti et al., 1991; Portin et al., 1998; Pitzalis et al., 2006) is involved in a wide range
of cortical processes (Jousmaéki et al., 1996; Vanni et al., 2001; Cavanna et al., 2006).
Interestingly, this area is the most prominent generator of the MEG alpha rhythm (Hari
& Salmelin, 1997), the level of which is inversely related to the saliency of perceived
visual objects (Vanni et al., 1997). Furthermore, the activity in the PO region covaries
with the number of attention switches between local and global elements of visual
objects (Fink et al., 1997). Patients with lesions in the parieto-occipital cortex, typically
bilaterally, fail to perceive more than one object at a time, having difficulty integrating
elements of the visual field and switching between them (Rizzo, 1993).

The more postero-lateral contour-sensitive activations spanned from cuneus to
middle and superior occipital gyri and thus across several functional areas, with the
largest overlap in area VV3a. The human V3a is involved in processing of visual objects
at a level independent of the type of the visual cues defining an object (Grill-Spector et
al., 1998).

The most consistent contour-sensitive cortical effects were produced by the full
circular contours in which the local elements were oriented tangentially to the global
contour; the effects were weaker when the local orientations were radial or when
tangential elements formed only quadrant contours. Accordingly, finding a contour
among randomly distributed elements is most efficient when the local elements are
aligned along the contour (Field et al., 1993; Kovacs et al., 1993; Saarinen et al., 1997;
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Bonneh et al., 1998; Pettet et al., 1998; Saarinen et al., 2001). Besides matching local
and global orientations, the observed response might reflect enhanced processing of
concentric patterns (Wilkinson et al., 2000; Kurki et al., 2004; Dumoulin et al., 2007).

Face recognition and temporo-occipital responses are tightly
correlated (Study 1)

In EEG and MEG recordings, a face-sensitive response peaks 140-180 ms after the
stimulus onset (often labeled as N170 or M170). The face sensitivity of this response
has been demonstrated by showing that it is at least twice as strong for faces than for
any control stimuli tested so far, including textures and a large variety of objects (Bentin
et al., 1996; George et al., 1996; Sams et al., 1997; Allison et al., 1999; Halgren et al.,
2000). Study Il aimed at demonstrating the importance of cortical processes underlying
M170 for face recognition in a more direct manner: The recognizeability of faces was
manipulated parametrically to demonstrate possible correlations between the response
strength and successfulness of recognition. The parametric manipulation of
recognizeability was achieved by masking the face stimuli by noise with different
spatial frequencies (Nasanen, 1999); face recognition is sensitive to noise at certain
spatial frequencies, but independent of noise at frequencies higher or lower than the
critical frequency (Fiorentini et al., 1983; Hayes et al., 1986; Peli et al., 1994; Costen et
al., 1996).

Methods

The stimuli were combinations of synthetic facial images and spatial noise masks with
10 different noise spatial frequencies (NSFs; see Figure 5). A set of eight synthetic face
images was adopted from Ndas&nen (1999). The center NSFs ranged from 2 to 45
c/image, corresponding to 0.28-6.3 c/deg during stimulus presentation. For all noisy
faces, the signal-to-noise ratio was 0.5. The signal-to-noise ratio was selected so that
face recognition was difficult at NSFs centered on the critical band for face recognition

(11-16 c/image), without too much interference at low and high NSFs (N&dsanen, 1999).
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Besides the noisy faces, ‘low-contrast’ and ‘high-contrast’ noiseless faces were
presented.

The stimuli were presented once every 2.5 s for 0.5 s, with abrupt onsets and offsets.
All stimulus categories were presented within the same blocks in a random order.
Subjects were asked to respond with a finger lift to images representing the target
person, indicated before the MEG recording. Before the MEG recordings, the subjects
went through behavioral training until they were able to recognize the target person with

close to 100% accuracy.

Results

A prominent 100-ms posterior response (M100) was observed in all six subjects, and it
was adequately modeled with a current dipole in the occipital region close to the
midline (Figure 5). The smallest responses were elicited by the images with the lowest
NSF and by the low-contrast noiseless faces. Around the NSF of 5.6 c/image, the
responses started to increase and they reached the maximum on average at 20.5 c/image.
The responses then decreased again for the highest NSFs. The peak latency of this
response was shortest, 85 £ 4 ms (mean £ SEM) for 5.6 c/image, and it then
systematically prolonged as a function of NSF, being 113 £ 2 ms for the highest NSF.
The responses were statistically significantly (p < 0.005) stronger to high-contrast than
low-contrast noiseless images.

Another prominent response peaked at 130-180 ms (M170), with sources in the
temporo-occipital or posterior temporal cortex. The images with low NSF elicited
strong signals. At NSF > 4 c/image the amplitudes started to decrease, reaching the
minimum at NSFs of 8-16 c/image, and then increased again for the highest NSFs. The
latencies of the temporo-occipital responses were shortest for the high-contrast noiseless
faces, on average 144 + 5 ms. Responses to the low-contrast noiseless faces and faces
with noise peaked 10-20 ms later.

Face recognition was close to perfect for stimuli with the lowest and highest NSFs
but poor for those with the middle NSFs (11.0-16.0 c/image). The shapes of the face
recognition and temporo-occipital source strength curves, plotted as a function of NSF,
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resembled each other. In line with this, the M170 responses correlated statistically

significantly with recognition performance (r = 0.89; p < 0.001).
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Figure 5. Examples of stimuli (left) and the cortical responses and recognition performance of all
subjects (right). Error bars indicate SEM.

To further clarify the functional roles of the mid-occipital M100 and the temporo-
occipital M170 responses, we measured responses of two subjects to the noise masks

presented alone. The mid-occipital M100 was very similar to plain noise and
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face + noise stimuli; this result is in line with the very small M100 responses elicited by
plain faces. On the contrary, the M170 responses were strongly affected by the presence
of a face: For the face + noise stimuli, M170 showed the same U-shaped modulation as
was observed in the main experiment, but for plain noise, the response was small and

almost independent of NSF.

Discussion

Two cortical responses showed distinct dependence on the NSF. First, the early mid-
occipital responses at 70-120 ms (M100) were smallest for low NSFs, increased until
central NSFs, and decreased again for the highest NSFs. Second, the temporo-occipital
responses at 130-180 ms, likely to correspond to the face-selective 170-ms response
(N170/M170) reported previously in both EEG and MEG literature, were strong for
images with low and high NSFs that were easy to recognize but tiny for images with
NSFs of 8-16 c/image that were difficult to recognize. Thus, behavioral face
recognition and the M170 showed similar sensitivity to NSF. A control experiment
supported the interpretation that the M100 mainly depended on the spatial frequency of
the noise mask, and that the M170 depended on the visibility of a face.

Band-pass characteristics of the mid-occipital 100-ms responses have previously
been reported in several studies. Musselwhite and Jeffreys (1985) observed that
occipital evoked potentials to black-and-white gratings peak around 4 c/deg. Fylan et al.
(1997) demonstrated that MEG responses to chromatic gratings show band-pass
characteristics, with strongest responses at 1-2 c/deg. The low-frequency attenuation in
the mid-occipital responses most likely reflects the receptive field sizes of V1/V2
neurons which are inversely proportional to the optimal spatial frequency of each
neuron; consequently, fewer neurons are needed to cover the stimulus area for low than
high spatial frequencies. Indeed, the low-frequency attenuation in the MEG responses
can be compensated for by increasing the stimulus area (Fylan et al., 1997). On the
other hand, the attenuation of the cortical responses (and behavioral contrast sensitivity)
to high spatial frequencies is due to a number of optical and neural factors (e.g., De
Valois et al., 1990).
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Because face recognition is most sensitive to frequencies at which the mid-occipital
regions respond strongly, a possible explanation for the observed tuning would be the
signal-to-noise ratio of the representation of the face + noise images in V1/V2 cortex,
which in turn could affect the output from these regions to the higher-order areas that
are important in face and object recognition. In other words, the results would fit with
the idea that the NSF sensitivities of face recognition and face-selective areas reflect
properties of the earlier visual areas. However, the center absolute spatial frequency
(c/deg) of the critical band for face recognition increases with decreasing stimulus size
but more slowly than in inverse proportion. For example, a four-fold increase in
viewing distance and thus in absolute spatial frequencies results in a decrease of the
relative spatial frequency (c/face) critical for face recognition from 11 to 8 c/face width
(Né&sanen, 1999). Thus, the critical band is neither scale invariant nor fixed in absolute
spatial frequency.

The tight binding between the M170 temporo-occipital responses and face
recognition is in good agreement with previous findings on face-sensitive responses in
the same region and time window (Allison, Ginter et al., 1994; Bentin et al., 1996; Sams
et al., 1997). The cortical generators and the functional interpretation of this response
will be discussed in detail in the General Discussion, together with the results from the

other face processing studies.

Temporo-occipital responses to faces are graded, not on-off
type (Study IlI)

Study Il showed that the amplitude of the face-sensitive M170 response correlates
strongly with recognition of facial images that are manipulated by masking them with
noise of different spatial frequencies. However, faces also elicit cortical responses
beyond 200 ms. The relationship between these long-latency face-sensitive responses
and face recognition has remained uncharacterized so far. The first aim of Study 11l was
to obtain further support for the earlier finding on the correlation of M170 strength and
face recognition performance (Study I1), and to find out whether the more task- and
familiarity-dependent responses peaking after 200 ms would also correlate with

recognition performance. This time the parametric manipulation of face recognizeability
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was obtained with temporal instead of spatial masking, i.e. by varying the time the face
was available for visual observation before it was replaced by a noise mask (display
duration, DUR).

The gradually varying averaged cortical responses observed in Study Il, as well as
by Tarkiainen et al. (2002), Jemel et al. (2003) and Horovitz et al. (2004), could either
be averages of varying proportions of all-or-nothing type single responses (either full
response or no response), or averages of single responses that are graded as such. The
second aim of this study was to unravel whether the neural responses contributing to
M170 are categorical or graded by nature. The improved signal-to-noise ratio of modern
neuromagnetometers, together with recent noise-attenuation techniques (Taulu et al.,
2004), permits approaching this issue by analyzing the variability of the amplitudes of

single responses.

Methods

The face stimuli were black-and-white photographs of 21 men who were unknown to
the subjects prior to the study. To identify face-sensitive MEG responses, intact and
phase-scrambled faces were presented before the main experiment. The subject’s task
was to respond by lifting the right index finger to images of the target person who was
indicated before the recording

For the main experiment, the subjects were trained to recognize a set of six faces
(out of the original 21) before the recordings. The faces replaced a continuously present
noise mask (Gaussian noise with ca. 9 squares per face width) once every 2.5 s for 17—
200 ms. A question mark, appearing randomly after 10% of the trials, prompted the
subject to report which of the six prelearned persons had been presented just before.
Behavioral recognition performance was evaluated before and after the MEG recordings
by presenting 24 face images for each DUR; the settings were otherwise the same, but
the subjects responded to each stimulus.
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Results

The elicited cortical responses clearly differed between the intact and phase-scrambled
faces in two time-windows. Therefore, it was possible to define, separately for each
subject, the sets of sensors on which the responses to faces exceeded 10 times the
standard deviation (SD) of prestimulus baseline noise: “M170 sensors” at 125-200 ms
and “M300 sensors” at 200-500 ms. The absolute (rectified) response amplitudes were
then averaged across both the selected sensors and all subjects.

At 17- and 33-ms DURs, the M170 responses were similar in amplitude. At 50-ms
DUR, a distinct M170 started to emerge, increasing in amplitude at 67-83 ms DURs
and reaching its maximum at the DUR of 200 ms. The mean + SD peak latency of
M170 was 180 + 9 ms at DURs from 67 to 200 ms (range across subjects 167-197 ms);
there were no statistically significant differences between the response latencies at these
DURSs. Responses on the M300 sensors were the smallest at the shortest DUR, and then
increased until the DUR of 200 ms. The mean peak latency of M300 across all subjects
and conditions was 275 + 57 ms.

The recognition performance was at chance level (1/6 = 17%) at DURs of 17-33 ms,
and then improved at DURs of 50-200 ms so that at 200-ms DUR more than 90% of the
faces were recognized correctly. At the group level, correlations between recognition
performance and M170 and M300 amplitudes were 0.97 and 0.98 (p < 0.001 for both).
Individual correlations between recognition and M170 varied from 0.79 to 0.98 (p <
0.05 for all subjects), and correlations between recognition and M300 from 0.65 to 0.98
(P < 0.05 for six out of nine subjects). To compare the increment rates of recognition
performance and cortical responses as a function of DUR, a cumulative normal
distribution was fitted to each subject’s data using a least-squares criterion. A statistical
comparison indicated that the increment rate of the recognition performance resembled
more that of M170 than of M300.

For quantitative analysis of the single-trial response amplitudes, the peak amplitude
for each trial was read as the maximum amplitude within 125-200 ms after stimulus
onset. The mean M170 amplitude and the corresponding amplitude variability
(computed as the mean of individual SDs, therefore showing the variability of response
strengths as a function of DUR within the subjects) increased very similarly as a
function of DUR, and their relationship was linear with a high correlation (Figure 6).
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Figure 6. Around 100 overlaid single responses of Subject 9 to intact and scrambled faces (left) and

dependence of response variability on response strength (all subjects, right).

Discussion

These results demonstrate a high correlation between face recognition and the cortical
activity at 140-200 ms as well as 250-350 ms after the start of stimulus presentation.
One possible interpretation for the sub-maximal M170 and M300 responses
encountered under backward-masked conditions is that the mask interrupts processing
in the temporo-occipital cortex (Rolls & Tovee, 1994; Rolls, Tovee et al., 1994; Kovacs
et al., 1995). Alternatively, the mask might affect processing at earlier processing steps
and thus lead to decreased input to the processes underlying M170 and M300. The
interpretation of these two responses will be further discussed in the General
Discussion.

We also observed that the stronger the responses, the more variable (within subjects)
were their amplitudes from trial to trial. This finding is in line with data from
intracortical recordings: For example, when the contrast of a visual stimulus increases,
the mean and variance of a neuron's firing rate in the cat and monkey visual cortex
increase in parallel (Tolhurst et al., 1981; Tolhurst et al., 1983).

Quantification of the single-response variability allowed addressing whether the
sub-maximal averaged responses are built up by a varying proportion of “all-or-

nothing” type single responses or whether they rather reflect an average of graded single
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responses. If the all-or-nothing alternative is correct, the responses at short DURs
should be mainly minimal (and thus with small variance), at medium DURs both full
and minimal responses should be elicited (large variance), and at long DURs mainly full
responses would occur (again with small variance). Such an inverted-U type
dependence of the signal variability on signal strength is in strong contrast to the finding
of a strictly linear relationship between the response variability and response strength.
Thus, the data indicate that the single responses are graded, increasing as a function of
stimulus duration. The graded nature of the single responses goes well together with the
finding that for identical stimulus presentations, the likelihood of successful recognition

is higher during the trials with higher-amplitude responses (Liu et al., 2002).

Object processing proceeds from stimulus-dependent to task-
dependent stage (Study V)

Human beings receive a continuous flux of information via their multiple senses. As
processing capacity is limited, irrelevant information needs to be filtered out. However,
the selection process itself requires some preprocessing of information. To what degree
all information is processed, and at what stage more selective processing starts, poses
the classical question of selective attention. Filtering could occur early, based on
sensory characteristics (Broadbent, 1958), or at the other extreme, all information could
be processed up to semantic level (Deutsch et al., 1963). The neural substrates
underlying the selection mechanisms remain a subject of intensive exploration
(Naatanen, 1992; Corbetta et al., 2002; Posner et al., 2007).

This study investigated the effect of selective attention on cortical responses to faces
and houses using stimuli that require attention to act directly on object selection. The
stimuli were still images of superimposed face and house photographs in which the
attended and unattended objects can be segregated based only on the contours that
define those objects. Studies before this work had used lower-level stimulus differences
such as spatial location (Wojciulik et al., 1998), eye of input (Tong et al., 1998), or
differential movement (O'Craven et al., 1999). These differences have potentially
affected the the input to object recognition operations, rather than the implementation of

object recognition operations themselves.
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The experiment tested whether preliminary processing of the unattended face or
house occurs during the performance of the task. Such preliminary processing could
play a role in segregating the defining contours of the attended and unattended objects.
Alternatively, attention could bias object recognition to process only visual information

that is consistent with the attended object category.

Methods

Electrophysiological responses were measured with MEG and hemodynamic responses
with fMRI. The subjects viewed pictures of faces and houses and determined whether
each contained a picture of the same face or house that was shown in the immediately
preceding picture (Figure 7). Pictures with different views of the same person or house
were used, so that subjects could not base their response on a simple pattern match.
Images superimposed on a scrambled background had equivalent luminance, contrast,
and spatial frequency spectra as the double-exposure pictures.

MEG responses to single-category pictures of faces or houses, and to pictures of
intact faces or houses superimposed on phase-scrambled images of the other category
(Fscr and Hscr), were used to identify and quantify category-selective responses at
different latencies. fMRI responses to the same, single-category stimuli were used to
locate the face-responsive and house-responsive regions of ventral temporal cortex and
to measure the magnitude of category-selective, hemodynamic responses in these
regions. Responses evoked while subjects viewed double-exposure stimuli and attended
selectively to faces or houses (Fattn and Hattn, respectively) were used to quantify the

effect of attention.

Results

Faces and houses elicited characteristic fMRI responses in distinct areas of the ventral
temporal cortex (Figure 7). These responses showed strong attentional modulation: In
the face-responsive fusiform region, the response to the unattended face (i.e, the
condition where houses were attended, Hattn) was essentially identical to the response

when a face was not present in the stimulus (Hscr). The responses to faces vs. houses on

43



scrambled backgrounds (Fscr vs. Hscr) did not differ quantitatively from the responses
when subjects attended to faces vs. houses in stimuli that contained intact images of
both object categories (Fattn vs. Hattn; p > 0.1). The same was true for activity in the
house-responsive regions in medial fusiform and inferior temporal cortex (p > 0.1).
Other face-responsive regions, in inferior occipital and superior temporal sulcal cortex,
showed no trend towards greater responses in the Hattn condition (face present but
unattended) as compared with the Hscr condition (face not present; p > 0.1). Thus
attention strongly suppressed the spatially-defined, category-related hemodynamic
responses to the unattended faces and houses.
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Figure 7. Examples of stimuli (top) and hemodynamic (bottom left) and neuromagnetic (bottom right)

responses averaged across all subjects. Scr — scrambled background; attn — attended.

In MEG recordings, the strongest responses to faces peaked at 142 + 18 ms (mean *
SD) for single-exposure faces (Figure 7). These responses correspond to M170, despite
their somewhat shorter latency. The strongest responses to houses peaked 20-33 ms

earlier. The face-house differences started in the single-exposure conditions at 103 + 15
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ms and in scrambled-background conditions at 116 £ 9 ms (Faces vs. Houses).
Responses during selective attention to faces and houses were indistinguishable from
each other until 194 + 28 ms (Fattn vs Hattn, p < 0.0001 compared with the onset of the
difference in single-exposure conditions), both displaying a strong face-selective M170.
In contrast, late (> 235 ms) responses during selective attention to faces and houses
differed markedly from each other and were indistinguishable from responses to faces
and houses, respectively, in the single-exposure conditions. Early responses in the
attention conditions, however, were not identical to the response to faces on a scrambled
background (Fattn and Hattn vs. Fscr): A significant deflection towards the early house
response peaked at 120 ms (p < 0.005), indicating some early processing of the house
that also was not affected by attention but was then obscured by the slightly later and
stronger, face-selective M170. The early face-house differences in the non-attention
conditions were more restricted to bilateral posterior temporal sites, whereas the late
face-house differences were more widely distributed including more anterior temporal
sites on the right and a dorsal occipital site. Notably, the face—house differences started
significantly earlier for single-exposure pictures than for pictures on scrambled
backgrounds (p < 0.02). The earlier face-selective response with single-exposure
pictures may, therefore, be due to the different spatial frequency spectra of face and
house pictures, which were controlled in the pictures of intact faces or houses on

scrambled backgrounds.

Discussion

The characteristic face- and house-selective fTMRI responses (Kanwisher et al., 1997;
McCarthy et al., 1997; Aguirre et al., 1998; Epstein et al., 1998; Haxby et al., 1999;
Ishai et al., 1999; Halgren et al., 2000; Haxby et al., 2001) were strongly modulated by
attention. Namely, response to the unattended stimulus was suppressed. In contrast,
attention had no effect on the face-selective M170 response detected with MEG. Later
(> 190 ms) MEG responses elicited by faces and houses, on the other hand, were
strongly modulated by attention. The MEG result demonstrates automatic preprocessing
of unattended faces, and possibly of houses as well, independently of the subjects’ task.
Such preliminary processing could play a role in segregating the defining contours of
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the attended and unattended objects. These results also illustrate that hemodynamic and
electrophysiological measures of face-selective cortical processing complement each
other. The hemodynamic signals reflect primarily late responses that can be modulated
by feedback connections. By contrast, the early, face-specific M170 was not modulated
by attention, suggesting that it reflects a rapid, feed-forward phase of face-selective

processing.

At sufficient visibility, object identification speed is
independent of contrast, size and luminance (Study V)

Temporal resolution of human visual perception depends greatly on the perceptual task
and the kind of information that is being processed. For example, simple luminance
flicker can be detected up to a rate of 50-100 Hz (Kelly, 1961), whereas the temporal
resolution of visual attention has been estimated to be 4-8 Hz in motion tracking tasks
(Verstraten et al., 2000). The aim of this study was to psychophysically estimate the
temporal resolution of the object recognition system and the dependence of the
resolution on various stimulus parameters.

A time estimate obtained from a backward masking or an RSVP experiment may
directly reflect a limit set by the processing speed of the high-order cortical mechanisms
mediating object identification. However, shortening the presentation time of an image
probably reduces the signal-to-noise ratio of low-level neural representation and, hence,
the amount of information. Thus, this kind of time estimate might equally well be
limited by the amount of information available for the high-order identification
mechanisms rather than the speed of processing. To clarify this question we estimated
the temporal capacity of object identification by varying image contrast, size, mean
luminance, and object type (single characters vs. faces). Contrast, size, and mean
luminance, but not object type, have a more or less direct effect on the signal-to-noise
ratio or timing of the low-level neural signal representation. We combined the RSVP
method with a staircase algorithm to determine how much time per image frame is
needed for the identification of a target with a given (79%) probability. The results were
expressed as the temporal frequency of image presentation in an RSVP sequence

(images per second, Hz).
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Methods

The stimuli were either characters or facial photographs shown one at a time as a rapid
sequence in the middle of the display. In the sequence of characters, the target could be
any of twelve possible uppercase letters (A, B, C, D, H, E, K, N, R, U, V, and Z). The
distractors were numerals (0-9). For the face sequences, there were six possible target
faces and fifteen possible distractors (black and white photographs of men). The RSVP
sequence contained ten images. Target position could be any other than the first or the
last in the sequence with equal probability.

In addition to the RSVP threshold frequencies, simple reaction times for detecting a
target as a function of luminance were measured. Luminance was varied between 0.05
and 50 cd/m® by inserting neutral density filters in front of the observers' eyes. In the
simple reaction time task, the observer was required to press the left mouse button as
soon as possible after the presentation of a letter stimulus. No recognition of the letters
was required. In addition, temporal resolution for character identification as well as
simple reaction time for detecting the onset of a letter stimulus as a function of stimulus

mean luminance was measured.

Results

For both characters and faces, threshold frequency increased with contrast at very low
contrasts but was nearly constant at medium and high contrasts (Figure 8). The critical
RMS (root-mean-square) contrast above which temporal resolution was contrast
invariant was around 0.05 for characters and around 0.1 for faces. Thus, for a broad
range of contrasts the temporal resolution of object identification was contrast invariant.
At medium and high contrasts, the temporal resolution for faces (around 10 Hz) was
clearly lower than for characters (around 25 Hz).

For small characters (height < 1 deg) and facial images (width < 1.5 deg), the
threshold frequency increased with increasing size but reached a plateau at medium
sizes (Figure 8). Since the characters were band-pass filtered, the centre spatial
frequency was inversely related to character size. For characters, temporal resolution of
identification was constant when spatial frequency was smaller than 2.2 c/deg. Above

2.2 cl/deg, the temporal resolution decreased with increasing centre spatial frequency.
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The temporal resolution for the small characters clearly increased with luminance at
low luminance levels, but improved little at higher luminance levels (2—40 cd/m?). For
large characters, the increase of temporal resolution was much smaller. Accordingly,
reaction times shortened with increasing luminance. At higher luminance levels (2-40
cd/m?), the decrease of reaction time became small. For large characters, the decrease of

reaction time with increasing luminance was considerably smaller.
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Figure 8. Effects of face contrast (top) and size (bottom) on processing speed.

Discussion

At high luminances, the temporal resolution of object identification remained
unchanged at a wide range of contrasts and sizes. However, it was reduced at low
contrasts, small sizes and low luminances. Furthermore, the processing speed was lower
for facial than for character stimuli. Contrast, size, and luminance affect the signal-to-
noise ratio and temporal characteristics of the signal processing at low levels of the
visual system, in particular at the retina. Thus, at high contrast, luminance and large

size, the low-level influence is apparently negligible and the dominant limitation is at a
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higher level in the visual system. At low contrast, luminance and small size, low-level
factors contribute to the limitations of processing speed considerably.

The observed contrast and size invariance coincide with electrophysiological and
neuro-imaging findings according to which, in the ventral visual pathway, stimulus
representation is independent of size and contrast (McCarthy et al., 1999; Avidan et al.,
2002). Furthermore, the lateral occipital complex (LOC) response and the
psychophysical recognition performance depend in a similar manner on the duration of
object presentation (Grill-Spector et al., 2000; Bar et al., 2001): Performance and
responses first increase with object duration and level off after 100 ms.
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GENERAL DISCUSSION

The experiments comprising this thesis scrutinized distinct stages in the cortical
activation sequence underlying successful visual recognition. Study | demonstrated that
the first stage of cortical processing, occurring around 80 ms after stimulus presentation
around the calcarine sulcus, is sensitive to local features only, whereas a later stage,
starting at 130 ms in the occipital and posterior parietal cortex, reflects processing of
more global patterns. In Studies II-I1l, the subjects were presented with recognition
tasks at varying levels of difficulty. The occipito-temporal responses from 150 ms
onwards were tightly linked with the subjects’ performance, in contrast to the earlier
mid-occipital responses that were not. Study Il showed that the strength of single
cortical responses increases gradually when performance improves, supporting graded
rather than on—off-like processing in the temporo-occipital cortex. Study IV addressed
the attention dependence of the different processing stages: occipito-temporal responses
peaking around 150 ms depended strictly on the physical stimulus, whereas later and
more sustained activity was strongly modulated by the observer’s attention.
Hemodynamic responses followed the pattern of the more sustained
electrophysiological responses. Study V assessed behaviorally the temporal processing
capacity of the human object-recognition system. Above sufficient luminance, contrast

and size, the processing speed was not limited by these low-level factors.

Early stages of processing

In Study I, the first cortical responses exceeded noise level at 70 ms and reached their
maximum at 85 ms after stimulus onset. This response most likely corresponds to the
first component of a typical VEP, labeled N70/N75 or C1 (Jeffreys et al., 1972). Similar
early responses were observed, but not systematically analyzed, in Studies I-1V, since
they did not show prominent and consistent effects of the experimental manipulations.
In all MEG studies, a strong mid-occipital response (M100) peaked around 100 ms. The
M100 response was sensitive to spatial frequency and contrast (Study I1), but not global

configuration (Study I) or object category (Study 1V).
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M100 has been shown to be stronger during successful rather than unsuccessful face
detection (Liu et al., 2002). On the other hand, Study Il clearly shows that faces as such
are not a preferred stimulus for the processes underlying M100: This response was
considerably weaker to plain faces than to plain noise at certain spatial frequencies.
Since face recognition is most sensitive to noise at the frequencies that elicited the
strongest M100 responses, M100 might plausibly reflect low-level visual analysis

sensitive to spatial frequencies that carry critical information about faces.

Contour and object processing

In Study I, contour-sensitive responses emerged at 130-150 ms and peaked around 270
ms, in accordance with previous studies on visual segmentation and grouping (Bach et
al., 1997; Han et al., 2001; Fahle et al., 2003; Ohla et al., 2005; Pei et al., 2005; Mathes
et al., 2006). However, Studies 1I-1V and numerous previous reports demonstrate that
cortical responses selective to distinct visual categories can peak as early as at 150 ms
(Jeffreys, 1989; Allison, McCarthy et al., 1994). Furthermore, both RT and and VEP
recordings imply that 150 ms is enough for the visual processing required for high-level
categorization (Thorpe et al., 1996; Fabre-Thorpe et al., 2001). Given these latencies,
the contour-sensitive responses of Study I, starting around 130 ms and peaking at 270
ms, are apparently too late to reflect the first steps of integrating local information into
global shapes. Rather, these parieto-occipital responses might be related to switching of
attention to global aspects of the stimulus (Rizzo, 1993; Fink et al., 1997; Vanni et al.,
1997).

Cortical responses to faces

The tight correlation observed between the parametrically manipulated recognition
performance and the two cortical responses (M170 and M300) suggests a close link
between these responses and the processes that subserve face recognition. However, a
correlative approach alone cannot unambiguously determine the chain of events that
eventually leads to recognition of a face. Instead, any response from the earliest activity

in the primary visual cortex to responses related to the ultimate identification of an
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individual face could, in principle, correlate with e.g. the visibility of the face and
therefore with the recognition performance as well. Fortunately, the interpretation can

be constrained by several other findings that are discussed below.

Responses up to 200 ms

Temporo-occipital responses in the time-window of 140-200 ms, commonly labeled as
N170 or M170 despite variable latencies across studies, are clearly linked with face
perception: The response is at least twice as strong to faces than to any control stimuli
(Jeffreys, 1989; Lu et al., 1991; Allison, McCarthy et al., 1994; Bentin et al., 1996;
George et al., 1996; Sams et al., 1997; Allison et al., 1999; Halgren et al., 2000), its
strength parallels the visibility of faces (Tarkiainen et al., 2002; Jemel et al., 2003;
Horovitz et al., 2004, Studies Il and IIl) and it is stronger to recognized than
unrecognized faces (Liu et al., 2002). Because N170/M170 is not affected by the
familiarity of a face or by the semantic information about a face, it is typically
interpreted to reflect visual face analysis preceding identification of individual persons
(Puce et al., 1999; Eimer, 2000b; Henson et al., 2003; Paller et al., 2003; Herzmann et
al., 2004). This interpretation fits well with two present observations: First, the M170
amplitude increased as a function of increasing contrast and stimulus duration, i.e.
increasing amount of visual information, beyond contrast levels and stimulus durations
at which recognition performance reached ceiling (Studies Il and I1I). Second, M170
was smaller to faces presented with than without a prestimulus mask, despite perfect
recognition in both conditions (Study I11). Besides face-specific visual analysis, the
N170/M170 responses have been suggested to reflect within-category analysis of
objects (Rossion, Curran et al., 2002; Rossion, Gauthier et al., 2002), analogous to the
expertise account of face-sensitive responses in the fusiform gyrus observed with fMRI
(Gauthier et al., 1999; Gauthier et al., 2000).

The temporo-occipital source of the M170 response, as identified in Study II, had
mean Talairach coordinates of +39, —68, -9, corresponding to the center of the face-
selective LO activity reported in fMRI (43, —65, —4; Puce et al., 1996). This location
also agrees with the site of LOC reported in Grill-Spector et al. (1999) and is within 1-2
cm from the area in the lateral fusiform cortex that typically shows face-specific
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activation in fMRI (Puce et al., 1996; Kanwisher et al., 1997; McCarthy et al., 1997;
Haxby et al., 1999). Although the face-selective fMRI activation and the M170 response
may not reflect identical neuronal processes (Study V), the good agreement between
fMRI activation sites and our M170 source area suggests major contribution to the
M170 response from the lateral temporo-occipital and/or fusiform areas. On the other
hand, despite the precise coordinates reported for the face-specific fMRI and MEG
responses, it is plausible that the M170 reflects rather distributed activity: In the
intracranial EEG recordings, the sites of face-sensitive 200-ms responses in the ventral
temporo-occipital cortex extend for 7 cm in the anterioposterior and 4 c¢cm in the
mediolateral directions, and simultaneous face-sensitive sites can be observed on the

lateral surface of the temporal lobe (Allison et al., 1999).

Responses beyond 200 ms

The cortical responses to faces beyond 200 ms are less well characterized than the
N170/M170 response. Study Il demonstrated a strong correlation between the
amplitude of these later responses and face recognition, in line with the intracranially
recorded face-sensitive responses that peak around 290 ms and 350 ms (Allison et al.,
1999). Such responses were detected in the inferotemporal and lateral temporo-occipital
cortices, at sites overlapping with or anterior to the generators of the preceding face-
related activation. The face responses at the later latencies (> 200 ms) have been further
characterized to be stronger to familiar than unfamiliar faces (Puce et al., 1999; Bentin
et al., 2000; Eimer, 2000b; Henson et al., 2003; Paller et al., 2003; Herzmann et al.,
2004), suggesting that they reflect processes that are related to identification of
individual faces and recall of biographical information. They also show sensitivity to
perceived facial expressions of emotion (Carretie et al., 1995; Krolak-Salmon et al.,
2001; Ashley et al., 2004). The category-sensitive responses in this time window are
strongly modulated by attention (Study 1V; Lueschow et al., 2004).
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Correlates of recognition

The clear correlation between face recognition and the M170 amplitude (Studies Il and
[11) agrees with an earlier report on stronger M170 during trials associated with
successful vs. unsuccessful face recognition (Liu et al., 2002). Similar to the behavior of
the M170 and M300 responses in Study IlI, fMRI activity in the LOC and in the
fusiform gyrus anterior to the face-specific region correlates with the success of object
recognition in a temporal masking paradigm (Grill-Spector et al., 2000; Bar et al.,
2001), and activity in the temporo-occipital regions is, in general, coupled to visual
recognition performance (James et al., 2000; Lerner et al., 2002; Grill-Spector, Knouf et
al., 2004). Furthermore, in a backward masking study where the subjects had to indicate
whether a briefly flashed image contained an animal, both the behavioral accuracy and
the evoked potential amplitude increased with an increasing delay between the onset of
the test image and mask (Bacon-Mace et al., 2005).

The size and contrast invariance of face and letter recognition, demonstrated in
Study V, parallels several electrophysiological and neuroimaging findings. Intracranial
N200 responses at ventral face-specific sites are to a large extent independent of image
size, suggesting that at these sites the representation of faces is scale invariant
(McCarthy et al., 1999). Similarly, the correlation between stimulus contrast and fMRI
response gradually declines from V1 to higher-order areas, such as area LO and the
posterior fusiform gyrus, where the responses are contrast invariant (Avidan et al.,
2002). In line with these findings, the correlation of the fMRI response and recognition
performance increases from V1 to the contrast invariant higher-order areas (Avidan et
al., 2002).

Effects of attention

In Study 1V, the occipito-temporal M170 responses peaking around 150 ms depended
mainly on the physical stimulus, in contrast to the later and more sustained activity that
was strongly modulated by the observer’s attention. The stimulus-dependent responses
(<200 ms) likely reflect a feed-forward phase of perceptual processing that precedes
processes modulated by a more distributed neural system (Thorpe et al., 1996; Haxby et

al., 2000). The later responses show stronger modulation by experimental manipulations
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suggesting top-down control, i.e., attention, priming, and familiarity (Puce et al., 1999;
Eimer, 2000b; Henson et al., 2003; Paller et al., 2003; Lueschow et al., 2004). An early
response that reflects a feed-forward phase, driven by sensory input and the late
response that reflects modulation by inter-arel interactions may involve activity in the
same neurons. According to single unit recordings from inferior temporal cortex (IT;
Sugase et al., 1999), middle temporal cortex (MT; Pack et al., 2001), and earlier visual
cortices (Lamme, 1995), the activity in individual cells carries different information
during early and late responses. Although the M170 response in Study IV was
unmodulated by attention, it can nevertheless be subject to top-down modulations:
Recent studies have reported frontal lobe responses that preceded recognition-related
responses in the temporo-occipital cortex by 50 ms (Bar et al., 2006; Barbeau et al.,
2008), likely reflecting potential for contextual facilitation of visual object recognition.
Under certain circumstances, preliminary processing of an unattended object may
play a role in selecting an attended object. In the attention-to-houses condition in Study
IV, the undiminished face-sensitive M170 response indicated unaltered early processing
of the unattended face. Similarly, in the attention-to-faces condition, features of the
early house-sensitive response were seen, suggesting that the unattended house was also
processed before the onset of attentional modulation. Other studies indicate that
attention can have a small but significant effect on the face-sensitive N170/M170 when
task requirements allow the attended non-face stimulus to be selected without
processing the unattended face (Eimer, 2000a; Downing, Liu et al., 2001; Holmes et al.,
2003). These earlier findings suggest that preliminary, feed-forward processing can be
biased to process attended information preferentially if the unattended information is
not required for stimulus selection. These attentional effects on the early responses
were, however, much weaker (small reductions in amplitude or delays in latency) than
the effect of attention on later responses in Study IV, where the response to the

unattended face was essentially eliminated.
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Methodological considerations

Spatial resolution

Human brain imaging studies often average activity over areas spanning a square
centimetre or more. However, because the cortex show functional specialization at the
scale of cortical columns (Mountcastle, 1997), the common imaging methods are likely
to average activity across units with different feature specificity. The relevance of this
concern has been demonstrated by comparing fMRI and intracranial subdural EEG
recordings under identical stimulus conditions: At several cortical sites the EEG activity
was confined to a single visual category, showing much higher selectivity than the
fMRI responses (Privman et al., 2007).

The discrepancy between the MEG results in Study | and single-unit recordings
further illustrates the limits of imaging methods that measure neural processes at the
population level: Study | did not demonstrate a transition from local to global
processing in the primary visual cortex, although single unit recordings in monkeys
provide strong evidence for processing of such information at the level of V1 (Li et al.,
2006). Since stimulus elements with similar orientations typically facilitate neural
responses and suppress responses to different orientations (Kapadia et al., 1995), it is
possible that at the population level these effects cancel each other.

Promisingly, the resolution of functional magnetic resonance imaging (fMRI) has
recently reached the scale of cortical columns in the primary visual cortex (Cheng et al.,
2001; Sun et al., 2007). Since specialization at the columnar scale is a feature of the
higher-order visual areas as well (Fujita et al., 1992; Tanaka, 1993), successful
application of columnar-resolution imaging to the human occipito-temporal cortex
would permit the studying the organizing principles of the visual object processing
areas in humans at a more relevant scale than what has been possible until now.
Column-resolution imaging would also facilitate the integration of information across
single-unit recordings in monkeys and brain imaging studies in humans. Besides
increasing spatial resolution, innovative experimental designs such as adaptation
paradigms (Grill-Spector & Malach, 2001) can provide alternative means for bypassing

some limitations set by the imaging methods.
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Psychophysical paradigms and brain imaging

In Study 11, temporal masking was achieved with pixel noise, whereas the behavioral
Study V employed an RSVP paradigm where faces were masked with other faces.
These two masking paradigms might affect the visual system at different levels of
processing, hindering the integration of findings from these two studies. However,
different approaches were chosen since each stimulus in an RSPV paradigm elicits a
complex sequence of cortical responses, and when these responses overlap at high
stimulation rates, disentangling the contributions of different areas with MEG is not
straightforward. Promisingly, new analysis techniques might facilitate the
implementation of more complex stimulus paradigms in MEG experiments. For
example, neural processes underlying reading have been studied with an RSVP stimulus
paradigm by analyzing the coupling of oscillatory activity between different brain areas
(Kujala et al., 2007).

MEG vs. fMRI

In principle, MEG/EEG and fMRI complement each other: MEG and EEG signals are
generated directly by neural activity and can thus resolve temporal events on a
millisecond time scale. On the other hand, the spatial resolution for multiple, distributed
sources is limited (Hamaldinen et al., 2002). FMRI, in turn, has relatively high spatial
resolution but coarse temporal resolution because it measures slower hemodynamic
changes elicited by neural activity (Buxton et al., 1998). FMRI BOLD signal reflects
metabolic demand, whereas MEG/EEG measures reflect electrophysiological activity
and are influenced strongly by the degree of synchrony of neural activity (Hari,
Salmelin et al., 1997). Consequently, these measures may be dissociated when the
activity is synchronous but brief, resulting in a small metabolic demand, or when it
reflects a resetting of the phase of the spontaneous activity with no change in power.
The similar cortical locations of the face-sensitive fMRI response in the fusiform
gyrus and the face-sensitive electrophysiological M170/N170 response suggest that they
reflect, at least to some degree, the same neural activity. The results from Study 1V
indicate, however, that these responses can be dissociated by the effect of attention:
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MEG detected a strong, but brief, early face-selective response that was not evident in
the hemodynamic signal that fMRI measured.

The fraction of the cortical response to faces generating the M170 appears too small
to be detected by ordinary fMRI. Alternatively, the hemodynamic signal associated with
this transient response might be masked by the signal generated by longer-lasting
activity. The possibility thus remains that a brief hemodynamic response, reflecting the
same neural processes as the M170, occurs in the fusiform gyrus. Although such
evidence was not detected in Study IV, an event-related fMRI design that allows a more
detailed analysis of the earliest phases of the hemodynamic response might provide
more information on this issue. Combined MEG-fMRI studies that systematically vary
the strength of the early and late face-selective responses may also detect a

hemodynamic correlate of the early response.

Natural vs. artificial stimulation

The studies constituting this thesis, as well as almost all current knowledge on the
human visual system, are based on experimental settings that differ from natural
viewing conditions in a number of ways. In a typical laboratory setup, the subjects hold
their gaze at a constant location at which still images of single objects are presented one
by one. Under normal viewing conditions, on the contrary, we freely and actively move
our gaze across complex scenes that are under continuous change.

The traditional experimental approach, manipulating one variable at a time to isolate
its effects on other variables, has been and will remain crucial for unraveling how the
visual system functions. But in parallel, it is necessary to explore whether the findings
obtained under simplistic laboratory conditions hold in more natural settings as well.
Unexpected findings under natural conditions can then, in turn, elicit new questions that
have to be tackled under strictly controlled conditions. Recently, several lines of
research have evolved to study visual processing under (semi)-natural conditions
(Kayser et al., 2004). In a pioneering study, Gallant et al. (1998) showed that neural
activity in the visual cortex of monkeys was higher during viewing of flashed gratings
and flashed patches of natural scenes than during free viewing of natural scenes.
Subsequent refinements of the paradigm demonstrated that natural stimulation increases
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the selectivity and sparseness of neural responses in primary visual cortex, as well as
information transmission efficiency (Vinje et al., 2000, 2002). Furthermore, natural
stimuli seem to strengthen the nonlinearities of neural responses (Smyth et al., 2003;
David et al., 2004) and decrease the size of the receptive fields of category-selective
neurons in the inferior temporal cortex of experimental animals (Rolls et al., 2003).

In humans, natural stimulation (a 2D movie) and traditional paradigms elicit partly
similar patterns of hemodynamic activity, but natural stimuli activate more areas with a
higher specificity (Bartels et al., 2004). The sequence of such activation patterns shows
surprisingly high similarity across subjects, demonstrating the feasibility of the
approach (Hasson et al., 2004). Proceeding towards natural stimulation in a different
way, Ponkanen et al., (2008) showed differences between the response elicited by a real
human being vs. an image of the same person. Similarly, Jarveldinen et al. (2001)
showed that the actions of a real person elicit stronger modulation of the cortical action
observation system than a video clip presenting the same action. Taken together, the
studies in both monkeys and humans point out similarities as well as clear differences in
the cortical processing of artificial vs. natural stimuli. This conclusion agrees with a
large body of behavioral studies showing that natural context facilitates processing of

visual information (Bar, 2004).
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CONCLUSIONS

Taken together, the studies comprising this thesis demonstrate several distinct stages in
the cortical activation sequence underlying visual object recognition, reflecting the level
of feature integration, difficulty of recognition, and direction of attention. In the context
of other literature, the observed functional characteristics of processing under different
time windows can be interpreted as described below.

Mid-occipital responses up to 100 ms (M100) are consistently elicited by a wide
range of visual inputs. They are highly sensitive to such low-level attributes as contrast
and spatial frequency (Study IlI), but remain unaffected by the global configuration of
the stimulus (Study ). These early responses have previously been suggested to be
sensitive to more abstract features as well, for example to object category. The
experiments included in this thesis were not designed to provide direct evidence either
for or against such claims, but no positive correlation between face recognition and the
M100 responses was observed. In line with this, Study Il indicated that the presence of a
face in the stimulus has little effect on the M100 responses. Furthermore, Study 1l
demonstrated the sensitivity of the early responses to spatial frequency and contrast,
thereby emphasizing the importance of careful control for low-level attributes when
claims in support of higher-order selectivity in early visual responses are made.

Temporo-occipital responses peaking at 140-180 ms (M170) have consistently been
shown to be stronger for visually presented faces than for other categories. Extending
this finding, Studies Il and Il demonstrate these responses to be strongly linked with
face recognition performance. However, the processes underlying M170 still bear some
relation to low-level visual properties: They are affected by for example the contrast of
a face (Study II). Study IV showed that the M170 responses are automatic, triggered
independently of the observer’s attention.

From 200 ms onwards, the cortical activity elicited by different objects seems less
focal. Clearly different patterns of responses are evoked by faces and houses (Study 1V),
and like the M170 response, the subsequent processing shows high correlation with
recognition performance (Study I11). The major difference is the strong task dependence

of the later responses (Study IV). Other studies indicate that the processing beyond
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200 ms is affected by the familiarity of the faces, indicating links to memory related
processes.

The studies presented here demonstrate correlation with recognition, but do not
distinguish processes related to the detection, categorization and identification of a face.
Neither did the experiments probe whether the responses were modulated by mere
visual features of the face, or the identity of the person. Therefore, the characterization
of the exact nature of the processing within the different time windows will require
extensive further research. In parallel with such careful experimental dissection of the
processes underlying visual recognition, another important direction is to probe and
extend these findings under viewing conditions as natural as possible. This will be
important for validation of results obtained under rather artificial conditions, as well as
for exploring the effects of temporal and spatial context and active viewing on visual
cortical processing.
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