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ABSTRACT

According to classical models of visual information processing, the visual cortex acts as a
hierarchical structure in which information flow is unidirectional and transmitted from the
primary visual cortex (V1) to higher visual areas. This model considers V1 as an inflexible
processing unit, which filters local basic features of visual input, such as the spatial frequency
and orientation of the changes in luminance. Contrary to this classical model, recent studies have
reported variant activity in V1 based on the presence of higher-order features within visual
inputs. In other words, specific characteristics, such as phase content or spatial coherence,
potentially modulate the activity of V1. However, the explicit characteristics and the precise
timing of their modulatory effect remain unclear.

In this study, MagnetoEncephaloGraphy (MEG) was used to test whether the spatiotemporal
response to natural images of animals is different from the response to their phase-shuffled
counterparts. The frequency content and the total contrast of the images were maintained
throughout the phase-scrambling approach. Meanwhile, higher-order image statistics, such as
Kurtosis, were manipulated. We investigated the effect of this manipulation on the evoked
response of V1 by taking advantage of (1) the high temporal resolution of the MEG technique
and (2) the Minimum norm source localization method.

The results of this thesis show that the modulation of activity associated with the presentation of
natural images appears as early as 50ms post-stimulation. This effect can be observed in the
power of the signals recorded by MEG sensors as well as in sources localized in the primary
visual cortex. The phase scrambling of visual input increased the amplitude of the early response
(30-70ms post-stimulation) and the M170 component (140-200ms post-stimulation). The weaker
population response to natural images during the early response is consistent with a model
proposing sparse neuronal coding for natural images. The increased M170 activation of V1 to
non-natural phase-scrambled images is consistent with the predictive coding model. According
to this model, the prediction error in lower order sensory areas increases with decreasing
predictability of the sensory input. An increase in the power of gamma frequency (60-80Hz) was
observed in response to phase-scrambled images. These findings are in accordance with a
previous study that found prediction errors in auditory cortex to be predominantly conveyed via
the high (gamma) frequency range. In addition, spatially coherent features in visual input induce
a stronger surround suppression effect and reduce the population activity in V1. Therefore, the
mechanisms underlying the late modulatory effect on the M170 component may also involve
surround suppression in the visual cortex.

Our findings suggest that feedback modulates the neuronal response of the primary visual
cortex. Further, they identify V1 as a dynamic filter that can be modulated by the higher-order
characteristics of visual input, as opposed to previous models that deem V1 to be an inflexible
low-level processing unit.



ABREGE

Dans le concept traditionnel du traitement de 1I’information visuelle, le cortex visuel agi comme une
structure entierement hiérarchique dans laquelle I’information se dirige dans une seule direction : du
cortex visuel primaire (V1) aux régions visuelles supérieures. Dans ce modé¢le hiérarchique, V1 est
considéré comme une unité de traitement d’information rigide qui sert a filtrer les qualités de base de
I’information visuelle comme la fréquence spatiale et la direction des changements de luminance.
Cependant, des études récentes ont noté que 1’activité dans V1 peut étre modulée en réponse aux
changements dans la structure visuelle de plus haute niveau, comme la phase ou la cohérence
spatiale. Par contre, les attributs et les caractéristiques temporelles de ces effets modulatoires sont
présentement inconnues.

Dans notre étude, nous avons utilis¢ la MagnétoEncéphaloGraphie (MEG) dans le but de tester si la
réponse spatiotemporelle a des images naturelles d’animaux est différente de la réponse aux mémes
images dont la phase a été aléatoirement modifiée (brassage de phase). Le contenu en fréquence et
le contraste total des images n’est pas affect¢ par le brassage de phase. Donc, seulement les
statistiques d’ordre élevé comme le coefficient de dissymétrie ou le kurtosis ont ét¢ manipulées.
Nous avons étudié I’effet de cette manipulation sur la réponse évoquée de V1 en prenant avantage de
la haute résolution temporelle de la MEG ainsi que la méthode de localisation de source norme
minimale.

Nos résultats montrent que la modulation de I’activité dii a la présentation des images naturelles
survient au plus tot S0ms apres la stimulation visuelle. Cet effet peut étre observée dans la puissance
du signale dans le champ magnétique ainsi que dans les sources localisés dans le cortex visuel
primaire. Le brassage de phase a augmenté ’amplitude de la réponse rapide (30-70ms apres
présentation du stimulus) et de la composante M170 (140-200ms apres le stimulus). Par contre, nous
avons observé une diminution de la réponse rapide suite a la présentation d’images naturelles. Ceci
peut étre expliqué avec un modele de code neuronal parsemé. De plus, *de I’amplification de la
composante M170 dans V1 suivant la présentation d’images non-naturelles (phases brassés) est en
ligne avec le modele d’un code neuronal prédictif. Selon ce modele, quand la prévisibilité de 1’entrée
visuelle diminue, I’erreur de la prédiction dans les régions sensorielles d’ordre basse augmente, ce
qui entraine une augmentation de la réponse. Nous avons aussi obsérvé une augmentation dans la
puissance dans la bande de fréquence gamma (60-80Hz) en réponse aux images brassées en phase, ce
qui concorde avec une étude précédente qui avait trouvé que les erreurs de prédiction dans le cortex
auditif étaient surtout représentées dans les hautes fréquences (gamma). Finalement, la cohérence
spatiale de I’entrée visuelle produit une suppression des alentours et rédut ’activité des cellules dans
V1. Donc, I’effet modulatoire sur le composante M170 peut aussi étre reli¢ a la suppression des
alentours dans le cortex visuel.

Nos résultats suggerent que la rétroaction dans le traitement de I’information visuel dans le cerveau
module la réponse dans le cortex visuel primaire. Ils identifient aussi cette région comme un filtre
dynamique qui peut étre modulé par des statistiques d’ordre élevéde I’entrée, et non une unité de
traitement rigide.
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1. Introduction

1.1. The visual system as a hierarchical structure

The visual cortex is located in the occipital lobe in the posterior region of the brain and is
responsible for processing visual information. The sensory input to the visual system is a rich
source of information which contains substantial redundancies. Therefore, the first role of the
visual system is to identify and extract useful information among this collection of complex

input.

A general visual input such as a natural scene, contains several basic low-level features (Graham,
1980; Olshausen and Field, 1996). These features, i.e. the variation in intensity at different
spatial frequencies and orientations, are then combined to make structures such as edges, lines,
and contours. Further, these different spatial structures merge to form complex objects (Hansen
and Hess, 2007). Multiple stages of processing are required to effectively deal with these
complex visual inputs. Each processing stage gets progressively more sophisticated and abstract
in terms of its representation of the natural visual input (Lennie, 1998; Olshausen, 2013; Tanaka,

1993).

The visual cortex is formed as a hierarchy of areas. Each area has its own specialization in
processing visual information (Fig. 1-1). Visual input from the retina is transmitted to the brain.
Within the brain, the region responsible for the initial processing of visual information is termed

the primary visual cortex (V1). VI neurons are sensitive to local and basic features of the visual



scene, such as position and orientation, whereas upstream areas are capable of processing more

global and complex visual features.

Visual Cortices

Parietal Lobe

LGN
+ Occipital Lobe

V3a (Motion)

Light V3 (Form) Extrastriate Cortex

V2 (Relays signals)

V1 (Catalogs Input)  Striate Cortex
Lobe e — 4 VP (Relays signals)

Radiation ok V4 {Color and Form) Extrastriate Cortex

V8

Sagittal Section

Fig. 1-1: Different visual areas in human brain (Ref: www.techcyn.com/feature.php?id=f2&issue=1).

In general, two parallel processing pathways exist in the visual cortex: the dorsal pathway and
the ventral pathway. The dorsal pathway, also known as the “where” pathway, initiates in V1 and
continues to the posterior parietal cortex. The dorsal stream is comprised of cortical areas that are
specialized for motion and depth perception, such as area MT. The ventral pathway, called the
"what" pathway, also commences in V1 but extends toward the inferior temporal cortex
(Mishkin et al., 1983). The ventral stream is mainly responsible for processing the form and
shape of visual inputs. V4, the lateral occipital area (LO), and the fusiform gyrus are components

of the ventral visual pathway and contribute to its functioning (Grill-Spector et al., 1998; Larsson
6
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and Heeger, 2006; Malach et al., 1995; Murray et al., 2002; Sayres and Grill-Spector, 2008;
Schwarzlose et al., 2008). V4 is sensitive to coherent shapes and LO shows selectivity to objects
(Rainer et al., 2002). Meanwhile, the fusiform face area — along with other areas in the occipito-
temporal lobe responsible for object perception and recognition — is a region activated by face
stimuli. Higher-order areas in both the dorsal and ventral pathways are sensitive to more global
and complex characteristics of a visual scene, such as the overall direction of motion or the

appearance of faces and natural objects, respectively.

Based on studies on anatomical connections, response latencies, and neuronal feature selectivity,
the flow of information along the visual processing areas is suggested to start from V1, continue
to V2, then to V3, V4, LO, and MT up to higher-level inferior-temporal areas (Tjan et al., 2006).
Several studies have been done on the characteristics of the responses from this cascade of areas,
either in terms of timing or sensitivity (Chen et al., 2010; Freeman and Simoncelli, 2011; Grill-
Spector et al., 1998; Hansen and Hess, 2007; Hemond et al., 2007; Henriksson et al., 2009;
Rainer et al., 2001, 2002; Tjan et al., 2006) (Chao et al., 1999; Schwarzlose et al., 2008; Tanaka,
1993). As we go higher through these processing stages, we see an increase in feature invariance,
closely relating to the visual system’s intrinsic uncertainty (Tjan et al., 2006). The notion of
feature invariance refers to a processing unit which is invariant to some features in the input. For
instance, a system which is invariant to orientation, will respond equally to an input regardless of
its orientation. Tjan et al. used this relationship to investigate the change in feature invariance by
measuring the response uncertainty using natural images with different levels of signal to noise

ratio (SNR). They reported that, keeping the contrast constant, the effect of stimulus SNR on



fMRI responses (%ABOLD with respect to ASNR) increases as we go far from the retina (Tjan et

al., 2006).

In Freeman and Simoncelli (2011), the authors developed another approach to investigate the
increasing feature invariance throughout the visual stream. Their model relies on the activity of
neuronal ensembles within ventral stream processing. Along the ventral pathway, neuronal
receptive fields and eccentricity are proposed to be increasing. Further, by using a novel
metameric stimulus in collaboration with the evaluation of receptive field size, this behavioural
study successfully identifies visual areas involved in feature representation (Freeman and

Simoncelli, 2011).

Although the visual system is formed as a hierarchy of specialized areas, the precise overlap and
communication between these areas is still being investigated. In recent decades, it has become
clear that the majority of cortical computational work is not carried out by one area at a time. In
fact, there exists a large set of reciprocal inter-areal anatomical connections, transferring visual

information bi-directionally along feed-forward and feedback streams (Mumford, 1992).

1.2. Feedback and its modulatory role

Based on the classical view of sensory input processing in the brain, the information propagates
in a largely sequential, feed-forward manner throughout different cortical areas (Fukushima,
1980; Riesenhuber and Poggio, 1999; Wallis and Rolls, 1997). Recently, it has been shown that
this hierarchical feed-forward model is both inadequate for explaining perceptual mechanisms

and highly inefficient in terms of information processing. The currently accepted model



recognizes that the computational work mainly results from bidirectional communication both
within and between distinct cortical areas (Olshausen, 2013). In vision studies specifically, the
existence of anatomical feedback connections serves as foundation for the assumption that top-
down modulations in visual processing are functionally significant (Bastos et al., 2015;

Ranganath et al., 2004; Tomita et al., 1999).

In Camprodon et al. (2010), the authors study the necessity for feedback projections in a visual
recognition task by using Transcranial Magnetic Stimulation (TMS). Human subjects were asked
to perform an image categorization task while TMS pulses simultaneously disrupted their V1
neuronal activity at various time points. The researchers report a significant decrease in
performance when these TMS pulses were specifically applied at 100 ms and 220 ms post-
stimulation. They attribute the first drop in performance, occurring at 100 ms, to interrupted
feed-forward transmission of information. Further, the second drop in performance, occurring at
220 ms, is postulated to be due to impaired feedback projects to area V1 (Camprodon et al.,
2010). These notions are reinforced by another study, in which the later component of evoked-
related potential in EEG, peaking at 200ms post-stimulation, is linked to top-down connections

(Garrido et al., 2007).

A recent study uses Dynamic Causal Modeling (DCM) to model directional connectivity
between lower and higher order cortical areas in humans during word recognition tasks. The
authors observe significant feedback connections from the inferior frontal gyrus to the ventral
occipito-temporal and occipital cortex after 100ms post word presentation (Woodhead et al.,
2014). In other studies, the authors propose a mechanism for neuronal feedback modulation

within the visual system. Based on their proposed model, low spatial frequencies propagate



rapidly to higher frontal areas which then provide a top-down modulatory effect, restricting
recognition based on the low spatial frequencies of the input (Bar, 2003; Bar et al., 2006). The
presence of modulatory effects within the neuronal networks of the brain is also supported by
other studies that focus on attention and memory (Chaumon et al., 2008; Di Russo et al., 2012;

Kelly et al., 2008; Poghosyan and loannides, 2008).

Considering the growing number of studies reporting this top-down effect, its existence is
continuously less questioned. However, the nature and functionality of these modulations
remains unclear, and thus, is actively studied. Several models have been proposed to explain the
neural mechanism of sensory input processing and perception. Several of these models
incorporate top-down effect and in doing so, have successfully accounted for the majority of
collected data. In the following section, I present several representative models. Further, I
describe studies that aimed at validating these models via data analysis and evidence-based

science.

1.3. Neural processing models

1.3.1. Efficient Coding

The neuronal system has adapted to the statistical properties of the sensory input within human
environment during a developmental and evolutionary process (Simoncelli and Olshausen,
2001). Therefore, specific properties of the natural input are crucial in determining the neural
coding process. One of these properties is the substantial redundancy and correlation within the

spatial and temporal domains of sensory input. According to the Efficient Coding Theory

10



(Attneave, 1954; Barlow, 1961), the neural system aims to both exploit redundancy and
efficiently code the useful information presented within the natural input. For instance, when
considering visual input, the de-correlation process — termed ‘whitening’ — is similar to what
takes place at the level of retina and Lateral Geniculate Nucleus (LGN). This process aims to
reduce the correlation in the input and get rid of redundant or less informative information.
However, whitening alone is insufficient for achieving efficient coding (Simoncelli and

Olshausen, 2001).

Based on this model, higher processing units are capable of amplifying or attenuating the activity
of lower units. This top-down modulation results in a sharper response profile to sensory input
(Dumoulin and Hess, 2006). With respect to the visual system specifically, the Efficient Coding
Theory can successfully explain neuronal computation from the eye to the first stage of visual
processing in V1. However, although this model clearly emphasizes the necessity for efficiently

coded information, it fails to elaborate what specific information needs to be coded.

1.3.2. Sparse Coding

In accordance with the notion of evolutionary adaptation of our sensory system, Olshausen and
Field propose a model for the representation of natural images using the linear combination of a
set of basis functions. In order to find these basis functions, they imposed the constraint of
minimizing the number of non-zero coefficients. In other world, they tried to achieve a
representation of the natural images with maximum sparseness in the combination of the
functions output. The properties of the resulting basis functions resemble the spatially localized
Gabor filters consisting of various spatial frequencies and orientations, which matches the

receptive fields of simple cells in V1 (Olshausen and Field, 1996, 1997).
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Based on this model, sparseness is considered to be a functionally beneficial property of neural
coding. Several studies have investigated the relevance of this theory by comparing these
theoretical concepts to experimentally attained quantitative data, such as recorded measurements
of neuronal activity. In most of the cases, higher sparseness is observed when neural populations
respond to natural stimulation rather than noise stimulation (Dumoulin et al., 2008; Froudarakis

et al., 2014; Rainer et al., 2001).

Both life-time sparseness and population sparseness can be defined and assessed in physiological
recording. Life-time sparseness indicates the amount of response selectivity of a single neuron
during a natural vision. Population sparseness corresponds to the number of active neurons in
that population of neurons in response to a single stimulation. The observance of life-time and
population sparseness within neuronal activity is discussed in a recent study, in which the
authors record up to 500 neurons from the mouse V1 area. They report higher population and
life-time sparseness in response to natural movies compared to phase-randomized control

versions (Froudarakis et al., 2014).

1.3.3. Bayesian Inference Model

As we discussed earlier, ‘efficient coding” was successful in modeling neural processing in the
retina, LGN, and V1. Similarly, the receptive fields of simple neurons in V1 were successfully
modeled by the ‘sparse coding’ principle. However, a more complex model is required to (1)
describe processing beyond V1 and (2) to explain the relationship between different stages of
processing. Hierarchical inference models, which are based on Bayes’ rule, may be successful in

accomplishing these aforementioned goals (Lee and Mumford, 2003).
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As previously elaborated, the neural system is not a passive observer. The construction of an
inference of the real world using a purely feed-forward system is extremely unlikely, if not
impossible. According to the hierarchical inference, an accurate perception of the world requires
the combination of sensory data and prior information. In other words, sensory input must be
modulated by higher-order cortical structures, in which previous knowledge has been processed

and stored, in order to accurately portray ones surroundings.

These inference models propose a clear role for feedback connections: the disambiguation of
sensory inputs. Based on Bayesian inference models, the early representation (i.e. the likelihood)
of the sensory input aggregates in a feed-forward manner. Subsequently, the higher-order areas
disambiguate these weak cues by sending feedback signals (i.e. the priors) to the lower areas.
These theories have a strong mathematical framework that can describe the processing in the
presence of noisy or incomplete input data (Olshausen, 2013). Further, using fMRI, Naselaris et
al. (2009) construct a Bayesian decoder that obtains the signals from the early and anterior visual
areas as input and identifies the spatial structure and semantic category of the viewed natural
image. This study demonstrates the significant role of prior information in visual processing and
image reconstruction (Naselaris et al., 2009). Similarly, another study employed a similar
Bayesian decoder in order to model the brain activity while viewing natural movies (Nishimoto

etal., 2011).

1.3.4. Predictive Coding

Predictive coding is also a theory based on Bayes’ rule (Rao et al., 2007). The main difference
between predictive coding and the general Bayesian inference model is the designated role of the

feedback signal. Based on Bayesian inference model, feedback connections disambiguate the

13



representation in lower cortical areas and are dictated by higher-order priors. Therefore, it will
facilitate the activation of the neurons which are consistent with higher order representation but
suppress the inconsistent activities. While the inference models propose both excitatory and
inhibitory actions of feedback modulation, the predictive coding theory suggests that these
signals are mainly inhibitory (Olshausen, 2013). Based on the latter model, higher cortical areas
transmit their predictions about sensory input in order to cancel out portions of incoming signal
that can be explained by higher-level representations. In turn, the lower cortical areas relay
information about features of the visual input that could not be predicted by higher-order
structures (i.e. the errors) (Mumford, 1992; Rao and Ballard, 1999). In other words, the
predictions are conveyed backward through top-down connections and the errors are propagated

forward in a bottom-up manner.

The majority of studies that have attempted to validate the predictive coding theory report an
association between decreased lower-order cortical activity and increased predictability of the
stimulus by higher-order areas (Alink et al., 2010; Chen et al., 2010; Egner et al., 2010; Kok et
al., 2012a; Murray et al., 2002; Todorovic and de Lange, 2012). The most important issue in
such studies is that detecting the effect of feedback is not straightforward. No clear feature or
precise timing is associated with the feedback signal. Moreover, since the top-down effect is not
stimulus-locked to the same extent as the bottom-up effect, it is difficult to average results over
trials. Unfortunately, the averaging of trials is the most common method to increase the SNR and

unmask the effect of interest.

The results of several neuroimaging studies are consistent with the predictive coding theory. One

study reports a decrease in the BOLD signal in V1 when the direction of motion of a visual
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stimulus is predictable and distinguishable from surrounding illusory motion (Alink et al., 2010).
In another fMRI study, the authors employ the predictive coding theory to define the population
activity in each cortical area as the sum of activity related to the representational unit (prediction)
and the error unit (prediction error). They use two types of stimuli, faces and houses, and
measure the BOLD signal of the fusiform face area under different face expectation conditions.
They demonstrate that the population activity is best explained by considering prediction and

error units in each area as dictated by the predictive coding model (Egner et al., 2010).

Some studies examine the relevance of predictive coding when investigating the process of
learning in the brain (den Ouden et al., 2010; den Ouden et al., 2009; Kok et al., 2012b). In Kok
et al. (2012a), the authors employ a visual discrimination task preceded by an auditory cue in
order to assess and compare responses to expected and unexpected sensory stimuli. They observe
a reduction in the BOLD signal in area V1 when the orientation of the grating was expected
based on the auditory cue (Kok et al., 2012a). In another study, they report that attention reverses

this attenuated effect of the predicted signal (Kok et al., 2012b).

Recent EEG/MEG studies on auditory cortex similarly try to evaluate the role of predictive-
coding by comparing predictable versus unpredictable tones and speech (Arnal et al., 2011;
Todorovic and de Lange, 2012; Wacongne et al., 2012; Wacongne et al., 2011). One of these
studies uses a tone mismatch and omission paradigm to assess the validity of the predictive
coding model by comparing the time course of the neuronal response under different conditions.
The authors rule out the possibility of activity suppression as a result of adaptation to repetitive
tones, stating that predictive coding can better explain the response to the mismatched and

omitted tone (Wacongne et al., 2011). Another study reported an increase in the activation of
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lower-order area when the written word and the auditory speech are mismatched. The authors of
this study describe this modulatory effect as a top-down feedback effect, since the differential
response to matched and mismatched stimuli in higher-order areas is observed earlier than the

modulatory effect in lower-order areas (Sohoglu et al., 2012).

Another MEG study on the auditory cortex reports an increase in the evoked filed potential after
unexpected tone (Todorovic and de Lange, 2012). In addition, while removing the expected
response from the unexpected response within 0-350ms post-stimulation, the authors also
observed a significant spectrotemporal cluster in 5-9 Hz as well as in gamma band (Todorovic
and de Lange, 2012). These results are reinforced by another study, which showed a low-beta
(14-15 Hz) / high-gamma (60-80 Hz) coupling regime locally in a multisensory area (area STS)
during unexpected conditions (Arnal et al., 2011). The authors of the latter study also observed a
slow delta activity (3—4 Hz) in higher areas when the input was correctly predicted. These
findings are evidence in support of distinct frequency channels for communicating prediction and
prediction errors. Further, it has been hypothesized that top-down predictions are mediated by
slower frequencies (alpha/beta) whereas bottom-up prediction errors are conveyed via
predominantly high (gamma) frequency ranges (Arnal et al., 2011; Bastos et al., 2015; Bauer et

al., 2014; van Kerkoerle et al., 2014; Wang, 2010).

1.4. Natural stimuli

Along with the evolutionary- and developmental-based neuronal theories, there has been a
growing interest in using natural stimulation to observe the behaviour of neural systems.
Historically, simple artificial stimuli that were easy to control and parameterize, such as light

spots and gratings, were used in vision studies (Felsen and Dan, 2005; Simoncelli and
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Olshausen, 2001). Although these traditional stimuli gave us a great insight into how the visual
system works, they are not powerful enough to help us uncover the intricate details of

perception.

Several response properties of neurons can become apparent only after employing natural
sensory inputs as stimuli. In the early visual processing stream, feature sensitivity, sparseness,
normalization models, and several other properties have been widely assessed using natural
stimulation. However, the use of natural stimuli necessitates detailed consideration since these
stimuli are highly complex and difficult to parameterize. Moreover, there is no explicit definition
of naturalness for different species, while the need for standardization and categorization of
different stimuli is pertinent to this field of study. Overall, obtaining a reliable understanding of
the processing in neural circuits requires (1) data on the response of sensory systems to natural

stimuli and (2) knowledge of the characteristics of these natural stimuli (Felsen and Dan, 2005).

It has been shown that natural visual stimuli, such as natural images and movies, drive an
extended network of areas throughout a large portion of the cortex (Bartels and Zeki, 2005; Betti
et al., 2013; Mantini et al., 2012; Rao et al., 2007; Sun et al., 2012; Tjan et al., 2006). Bartels and
Zeki (2005) propose a method for segregating different visual areas via the measurement of
BOLD signals while subjects were asked to view a James Bond movie. They reported that each
visual area elicits a unique time course of activity during natural viewing, and thus, can be used
as a fingerprint for identification (Bartels and Zeki, 2005). Similarly, another study combined
EEG and fMRI recordings to reliably localize stimulus-driven activity during the viewing of
natural movies (Whittingstall et al., 2010). In another fMRI study with similar conditions, the

authors observed consistent interaction patterns among relevant brain regions during viewing of

17



natural videos. They also found a correspondence between the network of these regions and the
structural connectivity pattern derived from Diffusion Tensor Imaging (DTI) (Sun et al., 2012).
Further, another study used natural movies to investigate the sensory-driven networks of activity

in human and monkey (Mantini et al., 2012).

As previously mentioned, the neural coding process appears to have adapted to the statistics of
the natural environment. Higher degree of spatial correlation in natural images induces a sparser
code in neural populations in which a smaller set of neurons is active at a given time. Several
studies have reported this sparser activation in response to natural scenes (Dumoulin et al., 2008;
Froudarakis et al., 2014; Rainer et al., 2001; Simoncelli and Olshausen, 2001; Vinje and Gallant,
2000). The degree of correlation in time can be assessed by looking for repetitive patterns in the
power spectrum of the signal. An strong degree of self-similarity can also be observed in the
power spectrum of natural sounds (Attias et al., 1998). In a behavioural study, the authors have
shown that the amount of spatial coherence in the images is highly correlated with the subjective
level of naturalness (Groen et al., 2013). Thus, spatial coherence indexes the amount of scene
fragments (scene clutter) and has been observed to modulate the amplitude of the single trial

evoked potentials from 100ms up to 250ms post-stimulation (Groen et al., 2013).

In addition, LGN neurons are known to whiten the spectrum of the visual stimulus. However, a
whitened image still contains obvious structures that cause statistical dependencies among the
receptive field responses of the simple cells. These dependencies mainly occur in locations
representing abrupt changes in the luminance (i.e. spatially extended edges and contours)

(Simoncelli and Olshausen, 2001). In an early study, researchers measured the amount of lateral
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inhibition needed to cancel out this correlation and found a reasonable match with the inhibitory

surround field measured from the interneurons in the eye of the fly (Srinivasan et al., 1982).

Apart from sparseness, other characteristics of neuronal processing have been shown to be
consistent with natural stimulation. Felsen et al. (2005) recorded the sensitivity of single neurons
in cat visual cortex to simple Gabor-like visual features. They observed change in this sensitivity
when the features were embedded in a natural scene compared to random stimuli. They reported
that complex cells responses are vigorously higher when their preferred feature is enclosed in a
natural scene (Felsen et al., 2005). Another study has shown that the contrast histogram of
natural images can be well fitted with a Weibull function using different beta and gamma values
for different images (Scholte et al., 2009). They also reported that these two parameters explain
up to 71% percent of early ERP variance of an EEG sensor overlaying the early visual cortex

(Scholte et al., 2009).

Fourier transform has been used extensively in studying the characteristics of natural images. It
has been shown that, in these images, the power spectrum falls at a frequency of fiz, where ‘f°
refers to the spatial frequency. Some studies report better performance in a discrimination task
for images with a fiz power spectrum and impaired performance for images that are less natural
(Knill and Field., 1990; Parraga et al., 2000).

Compared to the power spectrum, the phase spectrum contains greater perceptual information
and is known to be more important for neural sensory coding. Indeed, it is the phase spectrum

that substantially influences the appearance and representation of an image (Felsen et al., 2005;

Hansen and Hess, 2007; Henriksson et al., 2009; Thomson et al., 2000). However, the phase
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spectrum is a complex feature of natural images and the direct relation between an image’s phase

spectrum and the corresponding perceptual processing of that image is largely unknown.

When the phases of different spatial frequencies become locally aligned, edges emerge in the
image (Hansen and Hess, 2007; Henriksson et al., 2009) (Fig. 1-2). Edges contain high
concentration of contrast energy and induce a sparse filter response. In other words, a sparser
response of the Gabor filters to natural images arises from the contour structure in these images
(D1 Russo et al., 2012). Several studies attempted to assess the sensitivity of the brain’s visual
processing to the phase of natural images (Froudarakis et al., 2014; Hansen and Hess, 2007,
Henriksson et al., 2009; Hubner et al., 1988; Rainer et al., 2002; Rieger et al., 2013).The
randomization of the phase content preserves an image’s power spectrum and global properties
but changes its local properties. More specifically, first- and second-order statistics are
maintained while higher-order statistics are removed (Dumoulin et al., 2008; Dumoulin and

Hess, 2006; Froudarakis et al., 2014; Thomson et al., 2000).

A natural image has peaked local-contrast histogram and is sparser than a phase-scrambled noisy
image (Dumoulin et al., 2008). An early study reported that the ability to discriminate a phase-
randomized image from its original version increases monotonically with the level of phase
randomization (Hubner et al., 1988). In another study, the authors investigated the amount of
phase alignment needed at different spatial frequencies for a human subject to perform a scene-
matching task. They reported that the extent of phase alignment required depends on the degree
of structural sparseness in the scene (Hansen and Hess, 2007). Others observed an increasing
selectivity to phase congruency in grating stimuli, from V1 to higher visual areas (Henriksson et

al., 2009).
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Fig. 1-2: the effect of phase scrambling on the edge representation. The top row represents a sharp edge manipulated by
different levels of phase randomization. The bottom row shows the dependency of the edge salience on the local alignment of
phases of different spatial frequencies (Hansen and Hess, 2007).

Human visual sensitivity to changes in the phase domain can be explained with fourth-order
image statistics, such as skewness and kurtosis. These measures must be appropriately
normalized to make them independent from the form of power spectra and eliminate the effect of
second-order statistics. The normalization of these measures can be achieved via the flattening
of the power spectrum (whitening) before computing higher-order statistics. The scales obtained
through this process are called “phase-only skewness” and “phase-only kurtosis”. These
normalized measures convey a certain level of consistency among images, such that the “phase-
only kurtosis” is always positive for natural images and close to zero for noise (Thomson et al.,
2000). Importantly, these measures are highly correlated with observer threshold. In this
behavioural study, the authors demonstrate that skewness and kurtosis are two measures that

have non-overlapping histograms of natural and random-phase images.
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1.5. V1 and higher areas responses to natural stimuli

Neural response characteristics at early stages of cortical visual processing, i.e. in area V1, are
well matched with the properties of natural images (Olshausen and Field, 1996, 1997). V1 can be
considered as a collection of local, oriented, and band-passed filters, whose response to natural
stimuli demonstrates the sparseness property previously described (Dumoulin et al., 2008;
Olshausen, 2013; Simoncelli and Olshausen, 2001; Vinje and Gallant, 2000). According to
Olshausen and Field, the membrane potentials of V1 neurons are determined by the integration
of feed-forward receptive-field response, as well as the short- and long-range feedback
connections between cortical areas (Olshausen, 2013). For instance, a pattern context effect is
defined by the modification of a neuron’s response to a particular stimulus, which could be either
suppressed or enhanced based on the coherence or dissimilarity of surrounding elements,

respectively (Murray et al., 2002).

As mentioned above, cortical areas responsible for shape and object recognition are located in
the temporal lobe of the brain (Larsson and Heeger, 2006; Malach et al., 1995). Recent studies
have shown that LO activation increases when individual features in the visual input form a
coherent object or shape. LO and other areas in the object recognition path, such as V4v and
V3A, show decreased activation as the input becomes increasingly spatially scrambled and
perceptually unrecognizable (Chen et al., 2010; Dumoulin and Hess, 2006; Grill-Spector et al.,

1998; Malach et al., 1995; Murray et al., 2002; Rainer et al., 2002).

Several recent neuroimaging studies have investigated the neuronal activation of both primary
visual cortex and higher-order areas in response to complex stimuli, such as objects, faces, and

natural scenes. The level of recognisability or the degree of structural coherence can be
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considered as the main variable in these studies. Based on the conventional notion of hierarchical
processing stages, visual processing at the level of V1 is local and limited to basic image
features, such as orientation and spatial frequency of edges. Meanwhile, perception and
recognition of shapes and objects is believed to take place in higher-order visual areas. However,
several recent studies proclaim that the traditional view of primary visual cortex as an inflexible
module for low-level stimulus encoding is an oversimplification of the visual processing
pathway. Most of these studies suggest that complex features of visual input modulate neural
activity within V1 (Dumoulin and Hess, 2006; Henriksson et al., 2009; Murray et al., 2002;

Rainer et al., 2001, 2002), denoting V1 as an adaptive and dynamic processor of information.

In a study by Murray et al. (2002), the degree of structure in the stimulus was altered by
scrambling the edges of a shape or impairing the perception of form from motion in a set of
moving random dots. Similarly, in Dumoulin and Hess (2006) study, circular shapes and flow-
field patterns were formed from local Gabor filters. The coherence level of these units was then
changed gradually. Both studies concluded that the BOLD signal in area V1 decreases as the
input forms a coherent structure (Dumoulin et al., 2008; Murray et al., 2002). In another study,
the authors observed increase in V1 BOLD signal upon the modification and camouflage of the
face stimuli to a less recognizable form. Incomplete faces in this study elicited weaker BOLD
signal in the fusiform face area (Chen et al., 2010). Moreover, BOLD signal from area LO and
V3A are shown to increase with increasing shape coherence or decreasing image scrambling
(Dumoulin and Hess, 2006; Murray et al., 2002; Rainer et al., 2002). A combined MEG/fMRI
showed that the neural response in V1 increases for unrecognizable and masked objects from

67ms post-stimulation (Bar, 2003). In an fMRI study, the authors degraded natural images of
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faces and bodies by gradually adding increasing levels of noise. They observed an increase in V1
activity along with a decrease in LO activity as noise increased (Malach et al., 1995). Other
studies recorded the BOLD signal of different areas in an anesthetised monkey in response to
various levels of image phase-scrambling (Rainer et al., 2001, 2002). They observed a non-
monotonic change in the BOLD signal as a function of phase coherence in all investigated visual
areas. They related this pattern of response to simultaneous changes in the number of active
neuronal populations and the overall strength of activation in each population (Rainer et al.,

2001, 2002).

Other studies failed to identify the modulatory effects of V1 activity by complex, global features
of visual input. In an electrophysiology study on mice, the authors reported that, under both
anaesthesia and active wakefulness, the overall activity in V1 does not differ significantly
between natural and phase-scrambled movie viewing. However, in quiet wakeful mice, the
activation is higher for the phase-scrambled condition (Froudarakis et al., 2014). Similarly,
another electrophysiology study in monkeys revealed that area V2 responds more vigorously to
naturalistic textures after 100ms, whereas the neuronal response in area V1 is similar to natural
stimuli and their spectrally matched noise version. These researchers also obtained similar results
using fMRI data in humans (Freeman et al., 2013). Another study used images of natural scenes
under different levels of phase randomization. The authors concluded that the population
response of V1 neurons, as measured by both fMRI and MEG, does not depend on phase

perturbation (Rieger et al., 2013).

In Tjan et al. (2006) study, the research team investigated the sensitivity of different visual areas

to the level of noise in the input image. They reported that the BOLD signal in area V3a and the
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posterior fusiform sulcus (pfs) shows the strongest modulation by noise, whereas no noticeable
effect can be observed in areas V1 and V2 (Tjan et al., 2006). In accordance with Tjan et al.
study, another fMRI study concluded that the major variance of V1 activation (about 87%) can
be explained by the level of total contrast-energy in the input, whereas extra-striate areas are
more sensitive to sparsely distributed contours (78% of the variance in area V3) irrespective of

the amount of overall contrast (Dumoulin et al., 2008).

In summary, primary visual cortex (V1) has been accepted as an active processing unit which
gets input via both feedforward and feedback connections within the highly connected hierarchy
of visual areas in the brain. This connection has been developed during an evolutionary process
to adopt to the statistical properties of the environmental sensory inputs. In other words, our
perceptual inference about the natural word is actively getting more efficient by learning from
the natural environment and the characteristics of the expected sensory inputs. Natural images
are considered as a useful stimuli to study this behaviour in the visual processing system. It has
been shown that altering the naturalness of the visual input modulates the activation in different
visual areas in the brain. The majority of relevant studies have reported stronger activation in
higher-order object-sensitive areas as the natural stimuli becomes more recognizable. However,
the existence of top-down modulation of early visual processing upon the perturbation of high-

level stimulus features is still a matter of debate.

25



1.6. Research objectives

In this piece of work, I hypothesize that despite the low sensitivity of V1 neurons to higher-order
features, which are mainly embedded in phase properties of natural sensory input, the population
response characteristics of neurons in this area is different before and after removing the phase
information from the natural stimuli. This difference in response can be interpreted to some
extent by relying on proposed neural coding theories, which take into account the effect of

feedback in sensory input processing.

In order to test this hypothesis, I progressively randomized the phase content of natural images
while keeping the RMS contrast and the mean luminance constant. I presented the intact and
phase-randomized images in a random order while recording the neural activity of the brain
using magnetoencephalography (MEG). The high temporal resolution of MEG enabled the

investigation of dynamic cortical responses in visual areas under differing conditions.

The remainder of this thesis describes the methods and results of this study, followed by a
discussion and conclusion section. Firstly, the method section describes the stimulus design and
the experimental paradigm in detail. Further, two pilot studies are briefly discussed. In addition,
the process of MEG data acquisition and analysis is fully explained within this section. Secondly,
the results section includes the main findings, experimental results, and statistical tests. Thirdly,
the discussion section interprets the results and conveys the significance of these findings.
Lastly, the conclusion states the main findings of this study, while postulating about their

implications in future works.
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2. Method

2.1. Stimulus design

2.1.1. Image preparation

I acquired 16 images of different animals in natural scenes from the Stock.xchng free image

database (http://www.freeimages.com/). In each of these scenes, the animal’s body was the
dominant object, encompassing more than 70% of either the height or width of the image. The
size and focus on the animal’s body ensures that higher-order object-sensitive cortical areas, such

as V3A and LO, are activated by the visual stimuli.

Once images were selected from the database, I converted them to gray-scale. I then resized their
height and weight to 910 and 790 pixels, respectively. Another important step in preparing
images for these kind of stimuli is to equalize the mean luminance and Root Mean Square (RMS)
values of these images. This equalization step first required a non-linear, exponential increase of
the intensity values of the pixels, which was performed using a constant power of gamma (1.8).
The justification and significance of this exponentiation will be explained in detail in Section
2.1.5 (Screen Gamma Calibration). The mean luminance and the RMS values for a particular
image are defined by Equation 2.1 and Equation 2.2, respectively.
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In these equations, N and M refer to the number of pixels in the height and width of an image
and p(x, y) refers to the intensity value of the pixel in the position [x, y]. According to Equation

2.2, the RMS value can justifiably be considered as a measure of image contrast.

In order to set the mean luminance and RMS values of all the images to a single desired value, I

applied Equation 2.3 to each image in my database.

RMS,
RMS,

qu =( (=) + (2.3)

In this equation, ! refers to the intensity matrix of the original image while RMS, and g, refer to

the RMS and mean luminance values corresponding to the original image. RMS, and i, refer to

the desired values for RMS and mean luminance, respectively. The final image, I, will have the
mean luminance and RMS values equal to the desired values. In my stimuli, I chose }; to equal

78 and RMS, to equal 32. It is important to note that the luminance of the gray background of the

visual stimulus was set to equal the mean luminance of the images.

2.1.2. Phase scrambling

In order to obtain the phase-scrambled version of the natural images, I perturbed the phase
content of the Fourier transform of each image. As shown in the schematic in Fig. 2-1, after
computing the Fourier transform of each image, a random phase value was added to the original
phase value. The random phase value was drawn from a uniform distribution in the range [-a, a].
In the next stage, I used the original Fourier magnitude and the manipulated phase content to

compute the inverse Fourier transform and obtain the phase-scrambled version of the image.
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It is important to emphasize that following the inverse Fourier transformation, some pixel values
may exceed the acceptable range of image intensity values. In turn, these pixel values must be
clipped to the attainable range in order to prevent luminance saturation or overflow. More
specifically, there is a trade-off between the number of clipped pixels and the contrast of the
image. I observed that as the contrast increases, the inverse Fourier transform following the

phase scrambling results in more ‘out of range’ pixels.

Rieger et al. (2013) reduced the contrast and obtained less than 0.5% clipped pixels. In my
stimulus, I reduced the RMS value (= 32) and the mean luminance (= 78) in order to assure less
than 1% clipped pixels. This ‘small pixel value’ manipulation introduces negligible variance in
the predefined mean luminance and RMS values. In particular, within my database of original
and scrambled visual stimuli, the mean luminance and RMS values of all images remained
within the range of 78+0.07 and 3240.2, respectively. More specifically, fully scrambled images
had a mean luminance of 78.01+0.04 and a RMS value of 31.84+0.1. Halfway scrambled images
had a mean luminance of 77.99+0.04 and a RMS value of 31.9+0.1. Finally, intact images had a

mean luminance 77.95+0.03 and a RMS value of 32.00+0.03.

The level of phase perturbation could be adjusted by changing the width of the interval from
which the random phases are drawn. For instance, drawing a random variable from an interval
between -180 to +180 degrees results in a completely randomized phase content similar to the
phase content of white noise. However, if we use a shorter interval and draw the random value

from -90 to +90 degrees, the reconstructed image would partially preserve edges (Fig. 2-1).
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amplitude

Intact image

® = Rand(-90, 90)
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Fig. 2-1: schematic of the phase scrambling approach. The intact images on the left was decomposed to amplitude and phase
content by applying 2D Fourier transform. The phase content was then manipulated by adding random phase values. In one
level of phase scrambling, the random values were drawn from a uniform distribution in the range of -90° to 90° and in the other
level the values were drawn from the range of -180° to 180°. The phase content obtained by this scrambling method was then
combined with the intact amplitude content by applying the inverse Fourier transform. This results in phase-scrambled images.
The image at the top right shows the result of the first level phase scrambling, therefore it still contains some edge information.
The bottom right image is generated with the second level of phase scrambling which randomizes all the phase information and
removes existing edges.

— [-30, 30] [-60, 60] [-90, 90] [-120, 120] [-150, 150] [-180, 180]

Fig. 2-2: Different levels of phase scrambling. The additive random phases were chose from a uniform distribution with the
ranges indicated below each image (in degrees). Phase scrambling perturbs local contrast and distributes it over the image.

Fig. 2-2 shows gradual stages of the randomization of the phase content of a particular image.
As previously mentioned in the introduction, manipulating the phase content alters higher-order
statistics of the image but leaves the first- and second- order statistics unchanged (Dumoulin et
al., 2008; Dumoulin and Hess, 2006; Froudarakis et al., 2014; Thomson et al., 2000). In order to

verify this characteristic, I computed the phase-only kurtosis of my database images after
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applying different levels of phase scrambling. Similar to the results in Rieger et al., phase-only
kurtosis was computed following image whitening using Equation 2.4. The effect of whitening

on a natural image is shown in Fig. 2-3.
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In Equation 2.4, N and M refer to the image dimensions and p refers to the average intensity
values. The subtraction of the value 3 enables the acquisition of the zero kurtosis value for

Normal distribution.

(b)

Fig. 2-3: The effect of whitening on an image. (a) a natural image and (b) the whitened version.

Fig. 2-4 shows the effect of phase scrambling on the second- and a fourth-order statistic: RMS
contrast and kurtosis, respectively. The results are consistent with the expected positive kurtosis

for natural images and the close to zero values for noise (Thomson et al., 2000).
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The effect of phase-scrambling on image kurtosis and RMS contrast
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Fig. 2-4: The effect of phase-scrambling on the second and fourth order statistics of natural images. The horizontal axis indicates
different levels of phase scrambling as shown in Fig. 2-2. The blue solid curve is the average of phase-only kurtosis computed
over 16 natural images in my database. The error bars show the standard error of the mean over these 16 samples. The black
dashed line corresponds to the average RMS contrast values. As the curve shows, these values remain approximately unchanged
with phase-scrambling.

In my experiment, I employed only two levels of phase randomization for each image:
completely phase scrambling, i.e. by choosing random values from -180 to +180 degrees, and
halfway phase scrambling, i.e. by obtaining random values from -90 to +90 degrees (Fig. 2-1).
Along with the intact version of each image, I prepared three conditions for each of the 16

images in my database, resulting in a total of 48 different images.

2.1.3. Edge smoothing

The borders between the image and the gray background potentially trigger activity in V1, since
the neurons in this area respond vigorously to sharp edges and corners. To avoid this
confounding effect, the edges of the images were smoothed with a transparent mask, which was
based on a Gaussian cumulative distribution function. The mask overlays the image and alters
the brightness of each pixel. This level of brightness is dependent on the pixel’s distance from

the image borders (Fig. 2-5).
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In order to create the mask, I first defined an inner border, whereby all pixels within this border
were unmodified by the smoothing process. The width of the mask border was chosen to be 20
pixels (0.38° of visual angle). Next, the distance between the inner border and each pixel external
to this border was computed, demonstrating quantitatively the proximity of each pixel to the
edge of the image. Then, for each pixel, this distance was used to calculate the level of

manipulation and masking required via Equation 2.5.

1 d -7
—— i 2.5
C. > (1+erf( \/?)) (2.5)

In this equation, C; is the coefficient of the mask for the ith pixel. The C; values are all in the

range of 0 to 1. d, refers to the distance of the pixel i from the inner border. ; and o are the

parameters of the error function and were set to 0.5 and 0.15, respectively. . shifts the center of

the mask and ~ indicates the slope of the filter. Fig. 2-5(a) shows the diagram of the mask

function using these parameters. Since the ' values were normalized, the horizontal axis
includes values ranging from O to 1. The effect of this edge smoothing method on a natural

image is illustrated in Fig. 2-5(b) and in Fig. 2-5(c).
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The image mask function

MNormalized mask coefficient
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Fig. 2-5: Smoothing the edges of the images. (a) The transparent mask function used for smoothing the edges has the form of
the Gaussian cumulative distribution function. The horizontal axes shows the distance of each pixel from the inner border of the
image, i.e. as the distance increases, the pixel is more distant from the inner border and closer to the edge. Distance one
corresponds to pixels on the edge of the images and distance zero is assigned to all pixels within right on the inner border. These
pixels are not masked. The vertical axes represents the mask coefficient corresponding to each pixel. Pixels with the mask
coefficient of one were completely covered with the mask: they were assigned the value of the gray background. (b) and (c)
show a corner of a natural image before and after applying the smoothing mask, respectively. Following edge smoothing (c), the
transition of the image to background is smooth and does not create sharp edges as in (b).

2.1.4. Stimulus presentation

The stimulus was designed using Psychtoolbox in MATLAB. Images extended over an area of

15" (width) by 17.25" (height) of visual angle. The image borders were 2.5° away from the

fixation point along both the horizontal and vertical dimensions (Fig. 2-6(b)). As illustrated in

Fig. 2-6(a), the images were presented on the left and right side of the lower visual field in a

random order. Stimulus presentation was performed in these specific locations of visual space for
four reasons.

Firstly, the primary visual cortex in humans is located in and around the calcarine sulcus.
Therefore, the pyramidal cells in the dorsal and ventral parts of V1 are oriented in opposite
directions. According to this specific anatomical property, stimulating half of the visual field

(either upper or lower part) will result in a higher amplitude response from the bulk of neuronal
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population in this area (Rauss et al., 2011). If both the upper and lower visual fields were
stimulated, then the neural responses from the dorsal and ventral banks of the calcarine could
potentially cancel each other out (washed out).

Secondly, an important control parameter for this study, the lower-order statistics of the image, is
preserved when presenting the visual stimulus to only one half of the visual field (left or right).
The left part of the visual scene is represented in the right hemisphere of the brain and vice versa.
Therefore, if we were employed full-field images, only half of image was projected in either
brain hemispheres. However, the phase-scrambling method employed in this experiment
guarantees the equality of the global frequency content in the intact and scrambled images.
Therefore, the frequency content of the right half of an intact image is not necessarily equal to
the frequency content of the same half of the scrambled version. If the stimuli were presented
over the left and right visual hemi-fields simultaneously, the frequency content of the projected
image on each hemisphere could not be equally maintained between the natural and phase
scrambled conditions. Thus, presenting images in either the right or left hemi-field is crucial for
maintaining the control factor (frequency content) in this experiment.

Thirdly, keeping the stimulus away from the central vision helps binding the attention away from
the images. In this experiment, we insist on reducing the effect of complex perceptual factors
such as attention so that the obtained neuronal responses could be more inferable. .

Lastly, if the stimuli were presented more centrally, this position may stimulate a greater degree
of noise. This increased level of noise would be expected since the magnification factor
decreases with increasing eccentricity. Further, due to imprecisions in fixation, stimuli that are
presented more peripherally will activate approximately consistent cortical regions over different

trials, more so than stimuli presented centrally.
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Fig. 2-6: The stimulus presentation. (a) Images were presented in the right or left lower visual field in a random order. The
duration of image presentation was either 34 or 400ms and the inter-stimulus-intervals extended randomly within the range of
1 to 1.5s. Throughout the recordings, subjects had to fixate on the red dot and report any change in its color by pressing a
button. (b) The exact location and extent of the images with respect to the fixation point and the center of the screen (values are
in degrees of visual angle).

In addition to constrained image presentation I also added a second condition, named Null
condition, which consists of only a gray background with no image presentation. This condition

was presented in the exact same manner as any other image condition and was also used as a

baseline condition for the statistical tests.

Throughout both ‘image’ and ‘no image’ presentations, a red fixation point was presented on the
gray background to maintain subject fixation. The fixation point diameter was 0.38°. The color
of the fixation point changed from darker to brighter red and vice versa, at random intervals
between 0.8 to 3 seconds. In order to bind the subjects’ attention away from the images
presented, subjects indicate when the fixation point changed color by pressing a button. If the
subject responded correctly within 0.5s after the change, the fixation point blinked as a sign of

correct response.
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Between the presentation of images and the Null condition there were inter-stimulus intervals
(ISI) consisting of a gray background and a fixation point. The duration of these intervals was
random, within the range of 1 to 1.5 second. This randomness prevented the subjects from
predicting when the upcoming image would appear. In addition, lack of expectation reduced

rhythmic neural stimulation and corresponding brain oscillations.

Images were presented either for a ‘short’ or ‘long’ time period. The ‘short’ duration consisted of
34ms, whereby the neuronal processing of the visual stimulus only occurs once the stimulus is no
longer in the visual field (i.e. in the absence of any visual input). In contrast, the ‘long’ duration
consisted of 400ms, enabling neuronal processing to occur in the presence of visual input. By
comparing the brain activity under these two conditions, feed-forward and feedback effects could

potentially be distinguished from overall neuronal activation.

Each of the 48 images was presented a total of 8 times: 4 times on the right visual field, 4 times
on the left visual field, 4 times with ‘short’ duration, and 4 times with ‘long’ duration. In other
words, within each run, an image was presented in a specific location and for a particular
duration twice. In each MEG data-acquisition session, five runs were obtained, each taking

approximately 11 minutes.

Overall, there were thirteen different conditions in the experiment: three levels of image
scrambling, two hemi-field stimulations, two durations of presentation, and the Null condition
(Fig. 2-7). In total, 160 trials per condition per MEG session were obtained (16 different images
x 2 repetition in each run % 5 runs), and were usually reduced to about 140 trials following data

de-noising.
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Right Hemisphere Stimulation Left Hemisphere Stimulation

Intact Half-way Scrambled  Fully Scrambled Intact Half-way Scrambled Fully Scrambled

Short Stimulation
(34ms)

Long Stimulation
(400ms)

Null Condition

Fig. 2-7: Thirteen different conditions were included in the stimuli. Three types of images (intact, half-way scrambled and fully
scrambled) were presented on the left and right hemi-filed and with short (34ms) and long (400ms) durations. The Null condition
consisted of only a gray background with the red fixation point. This condition was used as a baseline for normalization and
statistical testing.

2.1.5. Screen Gamma Calibration

In digital cameras, the relationship between the actual luminance received and the intensity value
saved as an image is not linear. Using the non-linear transformation in Fig. 2-8(a), cameras can
reserve more bits of memory for representing tones to which our eyes are naturally sensitive.
This process is called gamma encoding and is defined by Equation 2.6. As shown in Fig. 2-8(a),

the gamma value (7) in the encoding process is lower than 1.

V o =V7 (2.6)

On the other hand, this non-linear transformation goes in the reverse direction when the image is
displayed on a monitor and the luminance of the natural scene is converted back into light. This

latter process is called gamma decoding (Fig. 2-8(b)) and its gamma value is higher than 1.
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Fig. 2-8: Gamma encoding and decoding processes. The non-linear transformation from the original scene luminance to the
recorded values in cameras (a), known as Gamma Encoding. An inverse transformation takes place when the image is displayed
on a monitor (b), known as Gamma Decoding. The net effect of these two transformations is linear (c). Note that the Gamma
values in Gamma Encoding and Decoding processes are smaller and larger than one, respectively.

Gamma decoding, also known as gamma correction, is a display property that should be
considered carefully in vision studies. Through its non-linear transformation properties, gamma
correction can seriously impair results. With respect to the visual stimuli used in this study, the
intact images and their phase-scrambled version have exactly the same frequency content and
approximately the same mean luminance and RMS values. However, if these images go through
a non-linear transformation (the gamma decoding of the display), their frequency content will no
longer be identical. In order to solve this problem, the transformation of intensity to luminance

on the display must be linearized.

This linearization first requires the computation of the gamma curve of the display used in this
experiment. In order to do so, a colorimeter (X-Rite DTP94) was attached to the display in the
MEG room. During the gamma curve measurement, the screen was lit up with the three primary
colors at varying intensities lit up the screen in a sequential order while the colorimeter measured

the output luminance. The output of the colorimeter and the intensity values of the control
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stimulus were then used to estimate the gamma curve of the display. The brightness, contrast,

and gamma setting of the projector in the MEG room were adjusted in order to obtain the best

estimation of the curve.

The final results are shown in Fig. 2-9. The blue channel showed an irregular behaviour,
especially for high intensities, but this irregularity had an insignificant effect on the results.
Based on the estimated curves (dotted line) in Fig. 2-9, the gamma value of the projector is
approximately 1.8. In addition to the plotted graphs, a look-up table was computed from the
inverse of the gamma curve (solid curve) in Fig. 2-9. This look-up table was later passed to the

screen settings in the Psychtoolbox software to correct for the non-linear intensity-luminance

transformation.
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Fig. 2-9: Estimation of the projector gamma curve for the three color channels (dotted line). The intensity and contrast values of
the projector were set to the default value which was 32 (max is 63). The gamma in the projector settings was set to maximum
(15). This projector’s configuration made the estimated transformation curve closer to a gamma function. The Solid lines show
the inverse transformations used to correct for the nonlinear behavior of the projector.

As previously described, this process solves the problem of impaired frequency content.
However, if one were to look at natural images on a calibrated screen, these images would

appear reduced in contrast and strangely brighter due to the non-linear gamma decoding of these

40



images before reaching our eyes. Based on Fig. 2-8, the middle stage (b) was removed, which
increases the mean luminance and reduces the contrast of the perceived images. In order to
compensate for this change and recuperate the natural appearance of these images, a function
(similar to Fig. 2-8(b)) was applied to the original images before the manipulation of the phase
content occurred. For further explanation, please refer to Section 2.1.1, where I previously
described the process of increasing the intensity values of pixels by exponentiation with a
constant power (gamma = 1.8) (Fig. 2-8). Since this non-linear manipulation of the pixels was
performed before the phase scrambling stage, the frequency content remained unchanged when
displaying images. The manipulated images were presented on a corrected screen (i.e. with a
linear intensity-luminance transformation function) and looked as an original image presented on

a usual screen (i.e. with nonlinear gamma curve transformation) (Fig. 2-10).

(b)

Fig. 2-10: Manipulating the intensity values of the images. A natural image before (a) and after (b) manipulating the intensity
values. Image (b) on a display with corrected gamma curve looks like image (a) on a natural display with nonlinear intensity-
luminance transformation.
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2.2. Subjects

Eight subjects, three women and five men, participated in the main MEG session. Subject ages
ranged from 22 to 45 years. Subjects had either normal or corrected-to-normal vision. For
subjects with no previous MRI scan, a structural T1 scan was obtained prior or following the
MEG session. Participants were required to answer the MRI safety questionnaire and change
their clothes before entering the room. All subjects submitted written informed consent prior to
the experiment. The experimental protocol was approved by the Ethics Committee of the

Montreal Neurological Institute.

The same 8 subjects participated in a secondary MEG recording session, which used a
checkerboard stimulus. In addition, two subjects participated in an fMRI retinotopy session and
three subjects participated in a psychophysics session. Except for the MEG session using

checkerboard, none of the subjects in the pilot studies were included in the main MEG study.

2.3. Pilot data acquisition and analysis

2.3.1. fMRI retinotopy

Retinotopy mapping, a special fMRI scan, is accepted to be the most precise means of
delineating distinct visual areas. Several areas in the visual cortex are known to represent
spatially ordered, continuous maps of the visual field. In other words, adjacent neuronal
populations in each area represent corresponding adjacent receptive fields of the visual field.
This preservation of adjacency can be used to specify the retinotopic boundaries between

different visual areas. While different locations of the visual field are sequentially and
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systematically stimulated, the Blood Oxygenation Level Dependent (BOLD) signal from the
activated regions in cortex is recorded. Upon further analysis, the different locations in the visual
field can be matched to the activations on the cortical surface. Further, each complete map can be

specified as a single visual area.

Two commonly used visual stimuli were employed for retinotopy mapping: an expanding ring
and a rotating wedge. The ring and wedge sweep the visual field at different eccentricities and
polar angles, respectively, and elicit an ordered activation of the cortex. As shown in Fig. 2-11,
the ring and wedge are represented by alternating patterns: black-and-white checkerboard,
coloured checkerboard, or moving random dots. This patterning helps activate all visual areas,

considering different areas are differentially sensitive to contrast, color, and motion.

(a)

Fig. 2-11: Screenshots of the retinotopy stimuli. (a) Expanding and contracting rings and (b) rotating wedges, composed of
checkerboard and random moving dots.
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There are different areas in the visual pathway that show sensitivity to specific types of stimuli.
For instance, area LO in the ventral pathway is sensitive to objects and shows strong response
when viewing recognizable objects in natural scenes. Moreover, emphasizing motion (i.e. by
contrasting moving and static dots) can activate area MT in the dorsal pathway. In order to
localize these visual areas, their BOLD signals can be recorded while the subject is presented
specifically designed visual stimuli (Fig. 2-12). Details regarding the stimulus parameters and

fMRI data acquisition are provided in the Appendix 7.1.

(b)

Fig. 2-12: fMRI visual stimuli for activating specific visual areas. (a) MT-localizer consists of a full field random dots which
alternates between the static and moving conditions. (b) LO-localizer contrasts between images of natural objects and scenes
(left) and their phase scrambled version (right). The edges of the images were smoothed using a method similar to the one
explained in Fig. 2-5 but using a circular smoothing mask instead.

Although this approach is appropriate for delineating visual areas of interest, it was excluded
from the first stage of this project for several reasons. Firstly, the main interest of this study is
activation of V1, an area located in the upper and lower banks of the calcarine sulcus. Area V1 is
relatively easy to delineate from the structural T1 data alone, and therefore, this approach is not
necessary. Secondly, the high resolution of the BOLD signal and precise mapping of the visual
areas can be fully appreciated when used as priors to guide the ill-posed source localization

problem in MEG, which is not the approach employed in this experiment.
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2.3.2. MEG scan using checkerboard stimuli

In addition to the conduction of two MEG pilot scans, which was used to adjust the experimental
paradigm and details of the main stimuli, a standard visual stimulus was designed. This stimulus
was checkerboard pattern, comprised of black and white checkers with full contrast on a gray
background. The checkerboard stimulus was presented in exactly the same manner as the natural
image stimuli (Fig. 2-13), for both ‘short’ (34ms) and ‘long’ (400ms) duration periods. Further,
two types of checkerboard stimuli were shown, which were reversed in contrast (black

quadrilaterals turn to white and vice versa).

(1000, 150b)ms :
'« , 4 TH4
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P

Fig. 2-13: Checkerboard stimulus presentation. Checkerboard stimulus was designed the same way as the main natural image
stimulus (Fig. 2-6) by replacing images with black and white circular checkerboards.

The presentation of the standard checkerboard stimuli and the recording of corresponding
neuronal activity served as a control. In other words, responses to these stimuli, termed standard
Visual Evoked Potential (VEP) responses, were compared to responses triggered by the
presentation of intact and scrambled images of natural scenes. This comparison enabled the
identification and characterization of three distinct phases involved in visual processing for both

the VEP and natural image responses. Since the shape of the VEP response varies across
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individuals, using a standard stimulus designed for this specific purpose is expected to be helpful

for capturing this specificity.

Two subjects were scanned in the MEG using this paradigm. There were four runs, each lasting
approximately seven minutes, which resulted in 128 trials per condition. The data was analysed
using the Brainstorm software. The analysis procedure was similar to the procedure employed

for the main experimental data (see Section 2.4).

2.3.3. Psychophysics study

As previously described, subjects were asked to indicate when the fixation point changed color.
This attention-binding task ensured that different levels of attention did not confound the neural
signal recorded throughout stimulus presentation. However, it is conceivable that a given subject
may focus on one condition of the natural image presentation more than the other. For instance,
the viewer may deem intact images to be more interesting since these images contain a
meaningful object, whereas the halfway phase scrambled images may provoke subject curiosity

to uncover the underlying shapes and representations.

In order to ensure that the designed attention-binding task was equally effective for different
image conditions, a behavioural pilot experiment was conducted. For this experiment, the
stimulus was similar to the MEG stimulus and the experiment was run using the psychophysics
setup in Dr. Curtis Baker’s lab at the Royal Victoria Hospital. A Mac LCD monitor was used for
presenting the stimuli. An Eyelink eye tracker system was employed to follow the position of the
eye throughout the test. For the purpose of this study, it was necessary to assess participant

performance for different stimulus conditions, since it is possible for subject to physically focus
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on the fixation point while simultaneously attending to images presented in their periphery. The

experiment setup designed for this study is shown in Fig. 2-14.

Three subjects (including the investigator) participated in this experiment and a total of five runs
were acquired, each lasting 10 minutes. The analysis of this data was similar to the subject’s
response analysis explained in Section 2.4.2. The results of this study are provided in Section

3.2.2, along with the results from the response analysis of the main MEG study.

ICamera Setup

TCP/IP Link Open

Fig. 2-14: (a) Pilot Psychophysics experiment setup. (b) The Eyelink eye tracker system used for this experiment.

2.4. MEG recording and data analysis
Electromagnetic brain activity was recorded using a whole-head 275 channel MEG system
(CTF/VSM). The MEG signal was sampled at 2.4 KHz on all channels. The head positioning
indicators were attached to the scalp and they monitored head movements during the session.
EOG and ECG signals were acquired simultaneously in order to correct for the cardiac and eye

blinking artifacts at the pre-processing stage. Further, an eye-tracker with a 148Hz-sampling rate
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was used to record eye position and monitor subject fixation performance throughout the
experiment. The eye-tracker was calibrated before each run. The empty room noise was obtained
with and without the eye-tracker installation, ensuring that these signals did not interfere and
taint the results. Two minutes of empty room (without a subject in the scanner) noise data was

acquired for each session and was later used for computing the noise covariance.

A projector (Sanyo PLC-XP57L) was used to present the stimulus on the back-projection screen
of the MEG lab, which was in front of the subject. The screen was 42cmx32cm in width and
height, respectively, and was positioned 42cm from the subject’s nasion. Subjects were asked to
perform an attention-binding task, which required them to press a response button box with their
index finger. Two button boxes were provided, for both of the subjects’ hands, as subjects were
instructed to alternate hands between runs. The use of left and right hands alternatively prevented

lateralized motor activation in the brain.

Two markers were used to keep record of stimulus timing during data acquisition. The
MATLAB program communicated with the MEG data acquisition system via an Analog port.
When a new condition was initiated, either an image or blank screen, the program sent a trigger
to the MEG system along with an 8 bit code that indicated the condition. Different codes for each
of the 16 images and for each level of phase scrambling were chosen. In addition, different codes
were assigned for the position (left or right hemi-field) and duration (short or long) of the image

presentation.

Considering the random order in which the images were presented, this coding was necessary for
the categorization of trials in our subsequent MEG analysis. However, it is important to note the

54+6ms delay between the execution of the command in MATLAB and the actual appearance of
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the condition on the screen in the MEG lab. To keep record of this systematic delay, a small
white circle of light was flashed at the beginning of each stimulus condition. A photodiode,
which was attached to the left bottom corner of the screen, captured this flash of light and
produced a pulse signal in response. This signal was detectable during data analysis and served
as a marker. Information from both the Analog port and the photodiode was used to deduce the

exact onset of each condition and to label the data accordingly.

In the following sub-sections, the analysis executed on different forms of acquired data is
explained. Most statistical tests and analysis were performed using R. The use of MATLAB and
Brainstorm is noted when applicable. Moreover, following any significant ANOVA result, the
subsequent pairwise comparison tests were conducted using Tukey’s honestly significant

difference test in R. All p-values reported in the result section are two-tailed.

2.4.1. Eye-tracker data analysis

In order to analyse the eye-tracker data effectively, the recorded eye positions needed to be
matched with both the stimulus onset and the recorded MEG data. In addition to creating triggers
to mark these events in the MEG system, similar triggers were designed for the eye-tracker

system. To mark the exact timing of stimulus onset, the photodiode information was needed.

Since the photodiode information was being sent to the MEG system, the synchronization of the
eye-tracker and MEG systems was required. These systems were synchronized using an ongoing
1Hz pulse with duty cycle of 50%. The pulses were saved on both the MEG and eye-tracker
systems along with the MEG data. In both systems, the last pulse preceding the initiation of a
specific trigger was identified in order to match the timing of both systems. The difference

between this time and the photodiode time was measured and added to the pulse time in the eye-
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tracker data. In doing so, the actual event onset could be identified in the eye-tracker system
(Fig. 2-15). The delay between eye-tracker triggers and the actual stimulus appearance on the

screen was 42+5ms.

1Hz pulse

Photodiode markers ] ‘ ‘ ‘ : ‘ : ‘

Fig. 2-15: Using 1Hz pulses to synchronize the MEG and eye-tracker systems. The difference between the photodiode
marker (black bars in the bottom row) and the rising edge of the latest pulse is shown with shaded area. This difference is
then added to the corresponding pulse time in the eye-tracker system to find the actual event onset in the eye-tracker data.

Having the exact time of events in the eye-tracker data enabled the division of eye position
recordings into 1.3s epochs, extending from -300ms prior to stimulus onset until 1000ms post-
stimulation. Thus, there were 44 eye-tracking samples in the baseline and 148 samples after the
onset. Trials containing any missing value due to blinking or impaired pupil detection were
removed from the data set. The eye-tracker data from subject 5 was excluded from further
analysis due to a large percentage of missed points (about 65% of the entire data set). The
remaining epochs were sorted into eight groups according to different stimulus conditions: fully
scrambled, halfway scrambled, intact, and null condition, each of which presented for either a

‘short’ (34ms) or ‘long’ (400ms) duration.

A k-means clustering method, proposed by Koenig and Buffalo, was implemented to detect and

separate eye movement and fixation periods. This method clusters the eye-tracker data based on
50



the eye movement distance, velocity, acceleration, and angular velocity. It also specifies the start
and end of the saccades and fixations periods (Konig and Buffalo, 2014). The MATLAB source
code for this method is provided on the website of BuffaloLab at University of Washington.
Following the clustering of the eye-tracker data, a threshold of 1 degree was used to separate
micro- and macro-saccadic movements based on Martinez-Conde et al., (2009). Trials lacking
macro-saccadic movements were excluded from further eye-tracker data analysis. (Martinez-

Conde et al., 2009).

For each time point in a given epoch, the percentage of trials containing macro-saccades in each
condition was computed. The resulting eight signals per subject were derived, corresponding to
eight different conditions. For each time point, a one-factor within-subjects Analysis of Variance
(ANOVA) was conducted to reveal any significant difference in eye movement between trials of
different image types, including the blank condition. To compensate for multiple comparison in
the time domain, 10 consecutive p-values above the threshold (0.05) were required to be

considered a significant difference (Forman et al., 1995; Rieger et al., 2013).

The standard deviation of eye position at each time point of a trial was then computed, acting as
a quantitative measure of eye movement in each subject separately. This computation required
the use of a moving window of 10 sample size (68ms), which measured the standard deviation of
x and y components individually. These components were then summed together, resulting in a
total standard deviation of eye position. For each time point, a one-factor within-subjects
ANOVA was performed to find any significant difference in the standard deviation of eye

movement between different conditions. Similar to previous analysis, to compensate for multiple
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comparison, 10 consecutive p-values above the threshold (0.05) were required to be considered a

significant difference (Forman et al., 1995; Rieger et al., 2013).

2.4.2. Subjects’ response analysis

To ensure that there was no attention bias towards certain types of the images, the subjects’
responses to the fixation task were analyzed. The first stage of analysis consisted of the
categorization of changes in fixation point color based on time of occurrence. Next, changes that
occurred during the blank period were separated from changes that occurred during stimulus
presentation. Then, responses to changes in fixation color were assessed for each condition of
stimulus presentation, including the identification of missed and delayed responses. A threshold
of 0.5s was chosen for an acceptable response, resulting in an average of 70% correct responses
among all subjects. A one-factor within-subjects ANOVA was performed to compare the
percentages of correct response between different conditions. This analysis was conducted for

both the overall responses of all subjects and individual subject responses between different runs.

In addition, response delays for each subject and each condition group were computed and
plotted as a histogram. The Kolmogorov-Smirnov test was then performed to compare every pair
of histograms corresponding to different conditions of the stimulus. Kolmogorov-Smirnov is a
statistical test implemented in MATLAB, evaluating the null hypothesis that two sample sets are

drawn from the same distribution.
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2.4.3. MEG data pre-processing

Brainstorm, an open-source software application (http://neuroimage.usc.edu/brainstorm), was
used for the analysis of the MEG data (Tadel et al., 2011). First, the data for each subject was

processed separately. Then, a group analysis was conducted.

Individual cortical surfaces extracted from the MRI structural data was imported for each
subject. These surfaces were then down sampled such that they consisted of 15,000 vertices in
each source space. Prior to importing the raw MEG file for each run within a session, the empty
room noise from that corresponding session was imported and its power spectrum density was
computed. The signal characteristics in each MEG channel was monitored using the spectrum
figure in Brainstorm. Any irregular pattern or peaks in the noise spectrum were inspected

carefully.

In this manner, the malfunctioning channels could be easily detected and the interfering
sinusoidal signals could be specified (Fig. 2-16). In some MEG sessions, one bad MEG channel
was found and its signals were removed from the rest of analysis. The main interfering sinusoidal
signals observed in other channels were the 60 Hz noise signal from the power line and its
harmonics at 120 and 180 Hz. These harmonics were removed using the sinusoidal removal
method in Brainstorm, which identifies the sinusoidal components and subtracts them from the
signals in the time domain. Once interfering signals were removed, the noise covariance was
computed from the empty room noise data. This estimation of the sensors’ noise level was later

used for the source reconstruction process (see Section 2.4.6).

With respect to the raw file of each run in the session, the power spectrum density was computed

and the interfering sinusoidal signals were removed. A band-pass filter of 0.3 to 200Hz was used
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to further filter the signal. In addition, the heartbeat and blinking artifacts were removed via the

Signal Space Project (SSP) approach, a method implemented by Brainstorm.

Based on SSP method, the repetitions of the artifacts can be identified, either manually or
automatically in Brainstorm, based on the recorded ECG and vertical EOG signals. The peak
times of the QRS waves and the blinking bumps were saved for subsequent SSP calculation, in
which a time window surrounding these artefact peaks is obtained. These time blocks are then
concentrated into a matrix, from which the singular value decomposition can be computed. The
singular vector with the highest singular value is chosen to calculate the projection operator.
Finally, the method applies this projection onto the MEG data to remove the corresponding
artifacts. After the SSP process is complete, a manual inspection was performed to mark the time
epochs that contained muscle noise. The EMG noise is represented as bursts of high frequency

signals over all the MEG sensors. These marked epochs were removed from further analysis.
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Fig. 2-16: The effect of removing bad channels and sinusoidal artifacts from the channels data. The Figure shows the Power
Spectrum Density (PSD) for all MEG channels of the empty room noise data before (a) and after (b) pre-processing. The red
channel in (a) does not function properly. The peaks in the power of 60Hz and its harmonics indicate the interference of the
power line artifact. In (b) the bad channel has been removed and the sinusoidal artifacts have been subtracted using Brainstorm.
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Following the cleaning of the data, it was important to organize the trials into distinct categories.
Based on the stimulus paradigm of this study, there are thirteen defined groups (Fig. 2-7). One
group included trials of the null condition, which were used as baseline for the normalization of
data and the conduction of statistical analysis. The twelve remaining groups were divided
according to their position within the visual field (right or left hemi-field), their level of phase

scrambling (intact, halfway, or fully scrambled), and their presentation duration (short or long).

The onset of each trial was marked based on a simultaneously recorded photodiode signal. The
MEQG signal was then cut into 1.3-second epochs: from 300ms pre- to 1000ms post-trial onset.
Every trial was corrected for DC offset with respect to its 300ms baseline by computing the
average value across time (from -300ms to 0) for each channel and subtracting this average value
from all values recorded in the trial. In order to remove large muscle artifacts from the data, trials
that had at least one channel where the maximum peak-to-peak amplitude exceeded 3000 femto-
Tesla (fT) were removed. Moreover, head movements were assessed using the head positioning
indicators attached to the scalp and were monitored to ensure that they did not exceed 10mm of
motion during each run. Nevertheless, more than 90% of total runs contain head movements of

6mm or less. These small head movements are negligible in terms of the following analysis.

2.4.4. The analysis of Visual Evoked potentials in EEG and MEG
studies

Prior to describing the MEG data analysis in detail, the general characteristics of the Visual
Evoked Potential (VEP) and basic concepts used to interpret this signal in MEG and EEG studies

are explained. In the remainder of this study, these concepts are used to both propose a method
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of analysis and interpret the results. The Visual Evoked Potential is the electrical potential
recorded from the population of active neurons following visual stimulation. High contrast
standard visual stimuli, such as gratings and checkerboards, are used to study the characteristics

of this signal.

In EEG studies, three major components are generally detectable in a pattern on-set VEP. The
first component, also known as the N75 or C1 component, peaks at approximately 70-90ms. This
component has been extensively studied and is accepted to represent primary activation in the
visual cortex. The second component, termed P100 or P1, is reversed in polarity and peaks at
approximately 80- 100ms. The third component peaks from 120-180ms and is called the N145 or
N1 component. It has been shown that the evoked response topography and waveform are highly
variable across individuals (Ales et al., 2010; Hagler et al., 2009; Kelly et al., 2008; Rauss et al.,

2011).

The VEP response and its components are regarded slightly different in MEG studies. Firstly, the
peaks of the evoked response measured in MEG can be either positive or negative. Secondly,
unlike EEG studied, the polarity does not have a functional interpretation. Thus, components are
labeled with ‘M’ in MEG studies, rather than ‘N’ or ‘P’. Thirdly, there is no direct equivalent of
the C1 component in MEG studies, and in turn, most MEG studies fail to detect a prominent
component of the VEP response before 100ms post-stimulation (Rauss et al., 2011). In general,
two prominent neuromagnetic responses are detectable in response to visual stimuli. The first
component, M100, arises at approximately 45-60ms and peaks at 100ms post-stimulation. The

second component, M 170, peaks at approximately 170ms.
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2.4.5. MEG sensor-space analysis

In order to evaluate which sensors were responsive to the set of stimuli for each subject and each
hemisphere, the trials of all conditions were averaged and the cumulative histograms of peak-to-
peak sensors’ amplitude were computed. For each individual, the number of sensors having at
least 40% of the maximum peak-to-peak amplitude was determined. This value represented an
average of 40 sensors, ranging from 31 to 45 sensors for different individuals. In the following
analysis, 40 sensors (the average number over all subjects) having maximum peak-to-peak
amplitudes were selected for each subject and were considered to be representative of active

Sensors.

Next, the average MEG signal from the trials of each condition was computed. The RMS value

of the previously selected 40 sensors was calculated for every time point using 2.7:

RMS(t) = /%ﬁ:c (1)? (2.7)

In this equation, N refers to the number of selected sensors and C;(f) refers to the signal of the

ith sensor.

Following this calculation, the RMS signals that corresponded to distinct stimulus conditions and
time points were compared via a one-factor within-subject ANOVA. Multiple comparison in the
time domain were compensated by the fact that only a minimum of 10 consecutive p-values
above the threshold (0.05) was considered to be a significant difference (Forman et al., 1995;

Rieger et al., 2013).
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Moreover, the RMS values for specific time epochs were averaged, resulting in a single RMS
value per condition for that given period of time (Fig. 2-17). Responses to short and long
presentations of stimuli were divided into three time epochs, ranging from 30-70, 80-120, and
140-200ms post-stimulation. The first time period captures the early visual activation, known by
EEG studies as the C1 component, which peaks at approximately 50ms post-stimulation. The
second and third time periods were selected according to the two main VEP components in MEG
studies, M100 and M170, respectively (Henson et al., 2003; Henson et al., 2007; Henson et al.,
2009; Huberle and Lutzenberger, 2013; Meeren et al., 2013; Meeren et al., 2008; Tanskanen et
al., 2005). With respect to neural responses triggered by ‘long’ (400ms) stimulus presentation,
two additional time epochs were considered: 250-400ms and 450-510ms. These two time periods
were selected based on the averaged response to the long duration stimuli (Fig. 2-17 (b) and (d)).
The 250-400ms time window corresponds to steady state brain activation, which follows the
evoked response and precedes the off-response. The 450-510ms time window captures the off-
response, which peaks at approximately 480ms. Further, a one-factor within-subject ANOVA
was performed to compare the average RMS values for each of these time epochs between

different stimulus conditions.
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Fig. 2-17: The selected time epochs (shaded areas) used for statistical analysis in the sensor ((a), (b)) and source ((c), (d)) spaces.
Plots show the average of response over stimulus condition, subjects and hemispheres. (a) and (b) show the RMS of 40 channels
with maximum peak to peak amplitude. This 40 channels were selected for each subject separately. (c) and (d) are the VERs
localize in area V1. (a) and (c) correspond to the short stimulus presentation (34ms) whereas (b) and (d) correspond to the long
stimulation (400ms). The three first time epochs were the same for all signals: [30-70]ms captures the very early visual
activation which is known as the C1 component in EEG studies (peaks around 50ms). [80-120]ms and [140-200]ms time epochs
were selected according to the two main VEP components in MEG, M100 and M170 respectively. Two additional, late time
periods were selected only for long presentation responses ((b) and (d)). [250-400]ms corresponds to the steady state brain
activation following the evoked response and before the off-response. [450-510]ms captures the off-response which peaks

around 480ms.
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2.4.6. MEG source-space analysis

To estimate the sources of MEG signal on the cortical surface, a forward model is required. The
overlapping sphere method implemented in Brainstorm was employed to obtain the lead-field
matrix. Once a forward model and the noise covariance were attained, the Minimum Norm

technique was used to solve the inverse problem and estimate the sources of MEG signal.

To define cortical regions of interest (ROIs), the sources maps from all conditions were
averaged. The early visual activation from 30ms to 70ms post-stimulation was visualized

according to these maps.

Based on previous studies, during this time period, the visual activation is dominated by area V1
(Rauss et al., 2011) Anatomical and functional cues were used to delineate this region. Since the
stimulus was presented in the lower part of the visual field, the ROIs were constrained to the
upper portion of the calcarine sulcus. The spatial extent was also adjusted based on the visual
activation on the source map (Fig. 2-18). This process was performed manually for each subject,

and in turn, anatomical differences among individuals could be evaluated.
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Fig. 2-18: Process of defining the region of interest in area V1. Figures show the brain activation for all conditions of the left (top
panels) and right hemisphere stimulations (bottom panels) in one subject. The source maps are presented after averaging in
time from 30ms to 70ms post-stimulation. Panel (a) and (d) show the sagittal view from inside of the brain of activation in the
left (a) and right (d) hemispheres. Arrows indicate the Superior (S), Inferior (1), Anterior (A), and Posterior (P) directions. Panel (b)
and (c) represent the magnification of the occipital cortex in (a).The calcarine sulcus is indicated with white dashed line in (b)
and the selected ROI with green shaded area in (c). (e) and (f) represent the same thing as in (b) and (c), respectively, but in the
right hemisphere.
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In the next stage of processing, the mean response of sources within V1 was extracted for each
hemisphere and each stimulus condition. A two-factor within-subjects ANOVA was performed,
in which “image scrambling level” and “stimulated hemisphere” were the two within-subjects
factors. The main interest of this test was on the simple main effect of “scrambling level”
conditioned while there is no significant “scrambling level x hemisphere” interaction effect. As
executed in previous statistical tests, only a minimum of 10 consecutive p-values above threshold

(0.05) was considered to be a significant difference. In addition, similar two-factor within-
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subjects ANOVA test was conducted with respect to the average values of the time epochs. In
this case, the selection of the time epochs was identical to that of the sensor space analysis

(Section 2.4.4). The time epochs are represented by shaded areas within Fig. 2-17(c) and (d).

As previously alluded to, the time-course shape of the Visual Evoked Response (VEP) varies
between subjects. For instance, the early component of the VEP (known as C1 in EEG studies)
may not necessarily be captured at similar times for different subjects. This variable time course
is due to differences in cortical shape and orientation with respect to the sensors. The early peak
(from 50-60ms post-stimulation) in the overall visual response was detected separately for each
subject and aligned according to peak times. This process enhanced the clarity of the average
VEP signal. A portion of the signal surrounding this peak was extracted. Further, a two-factor
within-subjects ANOVA was performed on each time point and on the average of 30-70ms time

interval values.

Aside from investigating the VEPs in the time domain, the time-frequency decomposition of V1
activation was also obtained. First, the time-frequency maps for each trial were computed using
Morlet Wavelets, ranging from -300ms to 1000ms post-stimulation and representing frequencies
less than 120Hz. The central frequency of the Morlet wavelet was 1Hz and the time resolution
(FWHM) was set to 3. These maps were computed for each voxel in the ROI and were later

averaged over all the voxels.

Further, for each stimulus condition, the time-frequency maps of all trials (both left and right
hemisphere) were averaged to obtain the induced power of different frequency bands in time. To
correct for the 1/f scaling in frequency powers, the z-score of the time-frequency maps was

computed based on the power in the 200ms pre-stimulation period. Due to the boundary effect of
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the time-frequency decomposition, the power of frequencies less than 16Hz cannot be identified
for all the time points in the baseline. Thus, it is important to note that frequency bands less than
16Hz were excluded from the analysis. Finally, a paired t-test was performed using Brainstorm,
which compared the time frequency maps of intact versus fully scrambled stimulus condition.

The p-values were corrected for multiple comparison using False Discovery Rate (FDR).
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3. Results

3.1. Pilot study results

3.1.1. fMRI retinotopy results

The retinotopic maps obtained from the fMRI data analysis of one subject are represented by
Fig. 3-1. These maps were overlaid onto the cortical surface of the occipital lobe, which was
sectioned along the calcarine sulcus and flattened. In the middle of the figure, the color wheels
denote the corresponding visual field area that was stimulated. UVM, LVM, RHM, and LHM
labels on the color wheels refer to the upper and lower vertical meridians, and the right and left
horizontal meridians, respectively. Panel (a) portrays the polar angle map, which is a
representation of neural response to the rotating wedge stimuli (Section 2.3.1). Panel (b) includes
the eccentricity maps for the left (LH) and right (RH) hemispheres, which were obtained using

the expanding and contracting rings stimuli (Section 2.3.1).

The vertical (solid white lines) and horizontal (dashed white lines) meridians could be delineated
from the polar angle maps (Panel (a)) since the borders are represented by reversals in the polar
gradient. For instance, in the dorsal portion of the left hemisphere (LH) of Panel (c), the
transition from green to blue to red indicates the transition from the horizontal to the vertical
meridian. Beyond this point, the gradient sign flips and the colors transition in reverse order,

from red to blue to green, until the horizontal meridian is reached again.
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Fig. 3-1: The results of retinotopy analysis projected on the flattened surface of the occipital lobe. The cortical surface was cut
along the calcarine sulcus (the most medial part of it, see the dashed line in the bottom figures). (a) Shows the map of the polar
angle on the right (RH) and left (LH) hemisphere. The eccentricity maps are shown in panel (b). Panel (c) and (d) have the same
retinotopic maps as in (a) and (b) respectively, overlaid with the vertical (solid lines) and horizontal (dashed lines) meridian
markers. In the middle color wheels, UVM and LVM stands for upper and lower vertical meridian respectively, whereas LHM and
RHM stands for left and right horizontal meridian.

A BOLD contrast analysis between dynamic and static conditions was performed using the MT-
localizer stimulus (Section 2.3.1). The results for one subject are depicted in Fig. 3-2. Similarly
to Fig. 3-1, the significance maps are overlaid onto representations of flattened cortex. Red areas
indicate regions of positive contrast, i.e. the BOLD response to the dynamic condition (moving

random dots) was greater than that of the static condition (motionless random dots). Blue areas

depict regions of negative contrast, i.e. the BOLD response was stronger for the static condition.
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Fig. 3-2: The result of BOLD contrast analysis for the MT-localizer experiment overlaied on the flattened surface of the occipital
lobe of the left (LH) and right (RH) hemispheres. Red areas indicate the regions which show higher BOLD response to moving
dots compared to static dots. In contrast, the blue regions showed less sensitivity to moving dots compared to static dots.

3.1.2. MEG response to Checkerboard stimuli

Prior to presenting the results from the pilot MEG study that used checkerboard stimuli, it is
important to look at Fig. 3-3, which is representative of the data obtained from the main MEG
experiment that used natural images as visual stimuli. The time course of V1 neural responses
for each subject, which was derived by averaging the response to all ‘short’ (34ms) conditions, is
depicted in Fig. 3-3(a) and (b). The signals were then normalized using the 300ms pre-stimulus
period. In section (c) of Fig. 3-3 the four panels correspond to the individual responses for four
distinct subjects. As shown by this figure, the early component of VEP responses is clearly
present for some subjects, even though early (less than 100ms) peaks in MEG evoked potential
are expected to be absent (Rauss et al., 2011). Moreover, the typical M100 and M 170, which are
expected in MEG visual evoked responses, are not detectable in all of the time-courses presented
in Fig. 3-3.
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Fig. 3-3: Time-courses of the VER obtained from area V1. (a) and (b) show the superposition of VEPs for individual subjects in the
right and left V1 respectively. The visual activation is averaged over all conditions of natural image stimulation (34ms
presentation). (c) shows the VEPs for 4 different subjects along with the timings of the first two clear peaks.

The difference between the VEPs from the two hemispheres of one subject is presented in
Fig. 3-4. This figure illustrates is based on the same data as Fig. 3-3, , but portrays the data in a
different manner, i.e. the right (panel (a)) and left (panel (b)) hemisphere data of a single subject.

In the left hemisphere (panel (b)), all response peaks correspond to the typical C1, M100, and

M170 peaks. However, this expected pattern is not observed in the right hemisphere’s response

(panel (a)).

Due to these apparent differences, hemisphere responses were further examined using standard
visual stimuli of typical VEP studies, such as the checkerboard stimuli. It is important to note

that only preliminary analysis of these datasets was performed since further analysis was deemed
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unnecessary for the purpose of the current study. The visual evoked responses to the
checkerboard stimuli (red curves) overlaid on the responses to natural images (blue curves) is
depicted by Fig. 3-5. Panels (a) and (b) represent the data from two participants, including right
and left hemisphere responses to ‘short’ (34ms) and ‘long’ (400ms) stimulations. As shown by
the figure, the shape and peak times of the VERs were nearly identical for checkerboard and

natural image stimuli.
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Fig. 3-4: VER localized in area V1 of the right (red) and left (blue) hemispheres from two subjects. It is clear that even in one
subject and between two hemispheres there may be significant differences in timings of the peaks and shape of the MEG-based
VER.
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Fig. 3-5: VER localized in area V1 in response to Checkerboard stimuli (red curves) and natural Images (blue curves) stimuli.
Panels (a) and (b) present the results from two subjects. Each panel includes the response in left and right hemispheres and for
long and short duration of stimulation. Without considering the amplitude of the signals, the shapes and the peak timings of
both VERs are nearly similar in each hemisphere and each subject.

3.2. MEG results

3.2.1. Eye-tracker analysis results
Three samples of eye-fixation performance, as measured by the eye-tracker, are represented by
Fig. 3-6. The top row depicts the raw sample points while the bottom row depicts the
corresponding heat maps of samples distribution. Two panels ((a) and (b)) portrayed good eye
fixation with few saccadic movements in panel (b), whereas panel (c) shows constant eye-
movements around the fixation point. It is important to note that panel (c) represents a rare case
within the dataset of this study (one subject and only one run). Aside from this subject, almost all

subjects performed acceptable fixation throughout the entirety of this experiment.
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Fig. 3-6: Three examples of eye-fixation performance. The top panels show the eye-tracker sample points for one run (11
minutes) overlaid on a schematic screen. The panels at the bottom show the heat-maps of the distributions relative to the visual
stimuli (same data as those used for the top panels). In (d) and (e) parts of the maps were zoomed-in on the right corner of the
figures. (a) and (d) show an example of very good fixation with no large saccades. In example (b) and (e), the subject performed
well as shown in the heat-map. However, he made few saccadic eye-movements of large amplitudes. In contrast, (c) and (f)
show data with constant eye-movements around the fixation point.

Fig. 3-7 shows the results of the saccade detection method used on some extracted epochs. Red
shaded areas correspond to macro-saccades (larger than 1 degree), which were detected using the
ClusterFix package. As shown by this figure, this method successfully captured different forms

and durations of saccadic movements.
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Fig. 3-7: Samples of saccade detection results on epochs of eye-tracker data. The epochs were gathered from different runs of
different subjects. Blue vertical line corresponds to the on-set of the visual stimulation and the red shaded blocks indicates the
detected duration of macro-saccadic (larger than 1 degree) eye movements.

The distribution of macro-saccadic eye movements throughout the experimental trials is shown
in Fig. 3-8. The percentage of trials containing macro-saccades at each specific time was
computed for each subject. These time courses were then averaged over seven subjects and
illustrate by different colors corresponding to different stimulus conditions. A one-factor within-
subjects ANOVA was performed on each time point of this data and failed to reveal any
significant difference between saccadic eye movements in different stimulus condition (p>0.8).
The possibility of biased eye movements within individual subjects was investigated using a one-
factor within-subjects ANOVA on the standard deviation of eye position at each time point. This
analysis revealed that none of the subjects showed significant difference across stimulus

conditions with respect to eye movements (p>0.05).
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Fig. 3-8: Average distribution of Macro-saccadic eye movements in time for different conditions of the stimulus (400ms
presentation). Time zero indicates the stimulus onset and the eye movements were concatenated over the period of -300ms to
1000ms post-stimulation. At each time point, the percentage of trials which contain macro-saccade at that time point was
computed for each condition of the stimulus and each subject. The graph shows the average of these values over 7 subjects (one
subject was excluded because of eye-tracker recording problem). The dashed gray curve indicates the macro-saccadic eye
movements during the Null condition, i.e. in the absence of visual stimulation. The result of one factor within subject ANOVA
performed on each time point, failed to reveal any significant difference between the eye movements in different stimulus
conditions (p>0.8).

3.2.2. Subjects’ response analysis results

A one-factor within-subjects ANOVA was performed on the subject’s response and failed to
reveal any significant difference between subjects’ performance in different stimulus conditions
(p>0.4). Fig. 3-9 shows the average percentage of correct response in the fixation task for the

different conditions.
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Fig. 3-9: The average of the subjects’ performance in the fixation task within different stimulus conditions. The error bars
indicate the standard deviation between subjects. No significant difference has been observed between conditions.

In addition, histograms of response delays for one subject are represented by Fig. 3-10. Different
panels correspond to changes occurring during different stimulus conditions. The red vertical
line indicates the threshold of acceptable response delay, which was set as 0.5s. The
Kolmogorov-Smirnov test between pairs of histograms was performed for each subject. In two
subjects, the test revealed a significant difference between blank and image-presenting
conditions (P<0.05). However, no significant differences were found between the three

conditions of image presentation (P>0.1).
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Fig. 3-10: Response delay histograms from one subject, in four different conditions of the stimulus. The panels present the
responses to the changes taking place during (a) blank, (b) fully scrambled image (c) half-way scrambled image, and (d) the
intact image condition. The red vertical line indicates the delay threshold for unacceptable responses (0.5s).

3.2.3. Results of the MEG sensor space analysis

As previously described, the RMS of 40 sensors with the highest peak-to-peak amplitudes was
computed for each subject. Fig. 3-11 and Fig. 3-12 show the average of this RMS signal
computed over subjects for right (a) and left (b) hemisphere stimulation, as well as ‘short’
(Fig. 3-11) and ‘long’ (Fig. 3-12) stimulus durations. The results of post-hoc pairwise
comparison tests are shown with white, black, and gray bars next to the horizontal axes of the
plots. The early peak of activation is clearer in Fig. 3-11(a) and is significantly different in the
intact condition compared to the other two conditions (halfway and fully scrambled). Another

time period with significant effect of image scrambling in the short stimulation response is seen
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from 100ms to 200ms post-stimulation in both the right and left hemispheres (Fig. 3-11(a) and
(b))

In addition, Panels (c) and (d) in Fig. 3-11 and Fig. 3-12 summarize the statistically significant
differences within specified time epochs. In the ‘short’ stimulation condition (Fig. 3-11), the
smaller averaged RMS value in the intact condition compared to scrambled conditions is highly
significant in 140-200ms period in both hemispheres (p<0.003). A similar difference was
observed in the early epoch, 30-70ms, for the right hemisphere as well as between the intact and
fully scrambled conditions in the left hemisphere (p<0.05). A significantly larger RMS value in
the intact condition, compared to fully scrambled condition, within the 80-120ms time epoch can

be observed only in the right hemisphere (p<0.02).

The ‘long’ stimulation results consist of short time periods with significant differences between
the fully scrambled and halfway scrambled conditions, as depicted by the white lines in
Fig. 3-12. The only difference between the right and left hemisphere responses in the ‘long’
stimulus presentation is the significantly larger averaged RMS value in the halfway scrambled
condition compared to the intact image condition for the 30-70ms time period (p<0.02). The two
hemispheres show no significant differences between conditions for the 80-120ms time period.
However, during the 250-400ms post-stimulation time period and the off-response (450-510ms)
time period, the RMS values are significantly larger for the intact image condition compared to

the scrambled counterparts (p<<0.0003 in left hemisphere and p<0.03 in right hemisphere).
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Fig. 3-11: Comparing Channels RMS signal between different conditions of the short (34ms) stimulus. The RMS was computed
over 40 channels with the highest peak-to-peak amplitude in each subject. Panel (a) and (b) correspond to the activation of the
right and left hemispheres respectively. The white, black and gray bars near the horizontal axes indicate the periods of
significant pairwise differences between condition. Panel (c) and (d) show the averaged RMS value within the specified time
epochs and are obtained from the right and left hemisphere responses, respectively. Error bars correspond to the standard error
of the mean over the 8 subjects. Significant pairwise differences are also indicated on the bar plots.
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Fig. 3-12: Comparing Channels RMS signal between different conditions of the long (400ms) stimulus. The RMS was computed
over 40 channels with the highest peak-to-peak amplitude in each subject. Panels (a) and (b) present the activation of the right
and left hemispheres, respectively. The white, black and gray bars near the horizontal axes indicate the periods of significant
pairwise differences between conditions. Panel (c) and (d) show the averaged RMS value within specified time epochs. They
were obtained from the right and left hemisphere responses, respectively. Error bars correspond to the standard error of mean
computed over the 8 subjects. Significant pairwise differences are indicated on the bar plots too.

3.2.4. MEG source space results

For the source space analysis, in which a two-factor within-subjects ANOVA test was
performed, the responses of both hemispheres were regarded as a within-subjects factor
(‘hemisphere’). In doing so, the power of the test was increased. The results of the V1 time
course analysis are depicted by Fig. 3-13. . Panel (a) shows the average VEP response of area V1
for different stimulus conditions. Activation of V1 in response to visual stimulation is

represented by dashed and solid curves for ‘short’ and ‘long’ conditions, respectively. Gray-scale
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lines in the top and bottom portions of the graph specify the significant pairwise differences
between the condition for the ‘short’ and ‘long’ presentation, respectively. Fig. 3-13(b) and (c)
demonstrate the averaged z-scored amplitudes within the specified time epochs. No significant
difference between scrambling levels can be seen in the early response (30-70ms). However, the
averaged VEP value within 140-200ms is significantly different between the intact and
scrambled conditions (p<0.002). The signal response associated with the scrambled condition
remains higher than the response to the intact image condition, irrespective of the sign. This
trend prevails in the following time epochs (250-510ms) for the ‘long’ stimulus condition
(Fig. 3-13 (¢)) (p<0.002).
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Fig. 3-13: Comparing V1 evoked potential between different conditions of the short (dashed lines) and long (solid lines) stimuli.
Panel (a) shows the average VEPs evoked by the different conditions, computed over subjects and hemispheres. The black and
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gray bars near the horizontal axes indicate the periods of significant pairwise differences between conditions. The bars in the
bottom of the figure correspond to the long stimulations (solid lines) and the ones on top are related to the short stimulations
(dashed lines). Panel (b) and (c) show the averaged amplitude values within specified time epochs. Error bars reflect the
standard error of mean for 16 samples (8 subject and 2 hemispheres) Significant pairwise differences are also indicated on the
bar plots.

No significant differences are observed in the early response of V1 activation Fig. 3-13. More
specifically, the C1 component cannot be captured in the average VEP signal, as depicted by
Fig. 3-13(a). The absence of the C1 component could potentially be due to variability among
subjects in the exact timing of this component. In order to compensate for this variability, the
responses were aligned according to their peaks within the 50 to 60ms post-stimulation time
period. The average of these aligned responses enables the identification of the early peak at
approximately 55ms for both ‘short’ and ‘long’ stimulation triggered responses (Fig. 3-14 (a) and
(b)). Although no significant differences are observed between the two levels of phase
scrambling, the amplitude of the intact condition is significantly smaller relative to the scrambled

conditions (p<0.002).
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Fig. 3-14: Comparing the early peak of V1 evoked potential between different conditions of the short ((a), (c)) and long ((b), (d))
stimuli. Panels (a) and (b) show the average of the VEPs among subjects and hemispheres after aligning the first peak of the VEP
of different samples. The black and gray bars near the horizontal axes indicate the periods of significant pairwise differences
between conditions. Panels (c) and (d) show the averaged amplitude values within the time period of 30 to 70ms. Error bars
reflect the standard error of mean over 16 samples (8 subjects x 2 hemispheres). Significant pairwise differences are also
indicated on the bar plots.

The results of the time-frequency analysis in the source space are shown in Fig. 3-15. The time-
frequency responses to the intact and scrambled conditions were compared, and the difference
between these responses was used to derive the top panel representation in Fig. 3-15. Colors

closer to the red end of the spectrum indicate regions in which the power of a frequency band

was higher for the scrambled image condition. Meanwhile, colors closer to the blue end of the
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spectrum represent regions in which the power of a frequency band was higher for the intact
image condition. The horizontal line indicates the onset of the stimulus at point 0. Panels (¢) and
(d) correspond to the same time-frequency maps portrayed in (a) and (b), respectively. However,
panels (¢) and (d) only include spots that show significant difference between the intact and fully
scrambled conditions (p<0.05 corrected). Gray areas represent time-frequency points with a non-

significant difference (p>0.05 corrected) between these two conditions.

As shown by Fig. 3-15(b), the scrambled condition induces relatively stronger gamma power
compared to the intact condition (from about 40Hz up to 110Hz) with respect to the M170 (100-
200ms post-stimulation) component in response to the ‘long’ presentation. On the other hand, the
intact condition shows stronger power in the beta band at this time period (b-II). Higher power of
high frequencies, 60-80Hz, in the scrambled condition seems to continue until the end of image
presentation (b-III). Though, during the off-response time point, a significantly stronger 50-60Hz
power emerges in the intact condition (b-IV). This difference can also be seen for responses to
the ‘short’ presentation (a-IV). Further, the beta power for the intact condition following the
offset of the stimulus is significantly higher for both ‘short’ and ‘long’ presentation conditions

(a-V and b-V).
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Fig. 3-15: Time-frequency decomposition of the activity localized in V1 for short (a) and long (b) presentations. The z-scored
power of frequencies less that 16Hz cannot be computed due to the edge effect in time-frequency decomposition and are not
presented in this figure. Panels (a) and (b) show the difference between the time-frequency responses to the fully scrambled
condition and the intact condition. Yellow and red colors indicate the spots where the scrambled image condition had higher
power, whereas the blueish areas indicate higher power in the intact condition. Black vertical lines indicate the onset of the
stimulus. The time-frequency maps were z-scored relative to the 200ms before the onset. Panels (c) and (d) show the result of a
paired t-test between the fully scrambled and intact condition using 8 subjects data. The maps were thresholded at p —value
equals to 0.05. (Red rectangles and the Roman numbers are for the illustration in the text.)
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4. Discussion

This study examines the modulation of activity in the primary visual cortex (V1) in response to
changes in the higher order statistics of natural images. The main finding of this study confirms
the initial hypothesis that the population activity in V1 is modulated via the manipulation of the
phase content of visual input. This modulation is discussed in the following section, which also
refers to three other specific findings: the early effect of phase scrambling on the Evoked
Response Potential, the change of the M170 component amplitude, and the difference in the

induced power of specific frequency bands.

4.1. Early ERP modulation

Image phase scrambling significantly modulated brain activity as early as 50ms post-stimulation.
Scrambling the phase content of visual input is shown to increase in the magnetic field power of
the early response (30-70ms post-stimulation) (Fig. 3-11, Fig. 3-12). These effects are also
observed in the visual evoked response of area V1 after performing source localization
(Fig. 3-14). However, V2 activity may potentially contribute to the time-courses obtained from
the ROI in area V1 due to imperfect spatial resolution and deficient specificity of the MEG

source reconstruction method.

The early component of the VEP signal (known as C1 in EEG studies) has been subject to
several studies using visual stimuli. The C1 component was once considered to predominantly
reflect the activity of V1 (Di Russo et al., 2005; Kelly et al., 2013). However, several studies

have pointed out the possibility that V2 and extrastriate areas contribute to the early peak of the
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VEP (Ales et al., 2010; Foxe and Simpson, 2002). Using high density electrical mapping in
human, Foxe and Simpson (2002) showed that neural activity propagates rapidly during the C1
interval, whereby the dorsal stream response preceding that of the ventral stream. According to
this study, activity in the frontal cortex can be observed as early as 30ms after the onset of the C1
response, while the extrastriate areas can be activated even earlier. Thus, only the very early

phase of C1 (the first 10-15ms) can exclusively reflect V1 activation.

Considering the findings of Foxe and Simpson (2002), our results certainly indicate the potential
contributions of extrastriate areas to the early component of the VEP signal. Each panel in
Fig. 4-1 depicts the source map average within the 30-70ms time period and within 8 subjects,
which was derived following the registration of each source map onto the standard anatomy
(Colin 27). According to this figure, the source of the early visual response (after averaging all
image conditions) is localized in areas V1 and V2 (Fig. 4-1). Thus, it is possible to interpret the
modulatory effect of the early VEP based on the feedback projections from extrastriate areas to

the primary visual cortex.
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(a) Short Presentation (34ms) (b) Long Presentation (400ms)

Fig. 4-1: localization of the visual activation (the average response over all image conditions) within 30-70ms post-stimulus.
Panel (a)-(d) show the average of 8 subject’s source maps projected on the standard anatomy (Colin27) and also averaged in
time from 30-70ms post-stimulus. The color bar shows the activation values z-scored with respect to baseline. The maps show
sources with maximum response higher than 60% of the maximum response over space (black line in the color bar). (a)
Represents the activation for short presentation (34ms) and (b) corresponds to the activation for long presentation (400ms). (c)
and (d) are the magnified version of (a) and (b) respectively. Panel (e) represent the anatomical view of the visual cortex without
any active source.

This early modulation of neural activity could be explained by the sparse coding theory of
stimulus representation in primate area V1. Scrambling the phase of the natural images
eliminates spatial structures that are important factors for sparse neural code. Natural images

elicit weaker activity because fewer neurons need to be simultaneously active to code a sparser
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input. In other words, V1 activity is not only sensitive to the second-order statistics (RMS

contrast) of the input, but also to the spatial phase and the fourth-order statistics (kurtosis).

In contrast to Rieger et al.’s study, the results of this study show an increase in V1 activity as
sparseness (kurtosis) decreases (Fig. 2-4). These two studies are mainly differentiated by their
approach of analyzing the acquired data. In Rieger et al.’s study, the research team compared the
signals between intact and phase scrambled conditions for every single MEG channel. In
contrast, in this study, the RMS of a subset of 40 MEG channels was computed and then
compared between different stimulus conditions. This method of data analysis increases the SNR
and detects more powerfully the small, yet significant, effect of phase scrambling on early VEP

signals.

Moreover, in the source space analysis, Rieger et al. investigated the time courses of ROIs in
area V1 from 50-100ms post-stimulation. Similarly, the results of this study did not report any
modulatory effect at this time period in the preliminary analysis (Fig. 3-13). However, after
taking into account the individual variability in the shape of the VEP response by aligning the
peak of the early activation in V1 (Fig. 3-14) — a step lacking in Rieger et al.’s analysis — a

significant difference is uncovered.

Further, the interpretation of these results with respect to the sparse coding of natural images
coincides with the findings from a recent study in mice (Froudarakis et al., 2014). In this study,
the authors employed natural and phase-scrambled movies as visual stimuli. They reported an
inverse correlation between the number of neurons that code the information and the spatial
correlation in natural scenes. In other words, as spatial correlation increased, the number of

neurons coding the information actually decreased. Several other studies have also reported
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sparser neuronal activity in response to natural versus noise inputs (Dumoulin and Hess, 2006;

Rainer et al., 2001).

The sparse response to natural images can be explained by the sparseness of natural images
themselves, which can be assessed according to the distribution of local contrast in the image.
Fig. 4-2 shows the outcome of first-order directional Gaussian derivative filter applied to the
images. The method explained in Scholte et al. (2009) was used in this study to extract filtered
images and plot the local contrast histograms (Fig. 4-2 (b)) (Scholte et al., 2009). Similar to the
results reported by Scholte et al. (2009) natural images show a distribution that peaks at low edge
strength while the strong edges are distributed sparsely throughout the image. In contrast, in the
phase-scrambled versions of the image, the contrast is more evenly distributed and results in a

wider distribution of edges.
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Fig. 4-2: The effect of phase scrambling on the distribution of image local contrast. (a) The result of applying first-order
directional Gaussian derivative filter to the images. The response of the filter is maximal in the location of edges. (b) Distribution
of images in (a). Natural images have edge distribution which peaks edges of low strength, whereas in phase scrambled images
the contrast is distributed more smoothly.

Other recent studies have also reported the modulation in the early VEP component. In
Poghosyan and loannides (2008), the researchers showed that attention enhances the initial
response in primary visual and auditory cortices at 55-90ms and 30-50ms post-stimulation,
respectively (Poghosyan and loannides, 2008). Further, the use of a visual memory task in an

MEG study, Chaumon et al. (2008) show that memory can influence the early response (before
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100ms) to visual stimuli (Chaumon et al., 2008). In addition, in Rauss et al.’s review (2011), the
evidence of top-down modulatory effects during visual processing is described in detail. These
authors hypothesize that earlier studies fail to detect this early modulatory effect due to the fact
that its identification requires a specific experimental setup, including stimulus design and

factors to account for variability between subjects (Rauss et al., 2011).

The early visual response in area V1 is known to vary between individuals in its shape and area,
resulting in different C1 components across subjects (Kelly et al., 2008). Based on Kelly et al.’s
study, only a small number of subjects tend to exhibit robust C1 from stimulation in a single
location of visual field. In turn, they propose that a probing session be preformed prior to data
acquisition, which would enable the optimization of C1 recognition for each subject. In this
session, researchers would be able to identify both the region of the visual field that elicits the
greatest response and the precise EEG sensors that most strongly detect C1 activity. Based on
this method, they could find an enhancement in the C1 component due to the effect of attention

as early as the onset of the C1 component (57ms) (Kelly et al., 2008).

In this study, the stimulus presentation was constrained to the lower part of the visual field. In
doing so, only the upper portion of the calcarine sulcus is activated, resulting in more prominent
C1 components. If a visual stimulus were presented to the entire visual field, both the upper and
lower portions of the calcarine sulcus would be activated. This activation would result in
inversely oriented electrical dipoles that could partially or fully mask the opposing signal and
reduce the overall signal recorded at the sensor level. In addition, the first component of the
VEPS in the source level was aligned prior to their averaging and use in statistical tests. By

adding this step in the data analysis, individual variability is accounted for.
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4.2. Modulation of the M170 component

The modulatory effect on visual activation can also be seen at the M170 component, ranging
from 140-200ms post-stimulation. Similar to the early visual activation, the M170 component is
higher for phase-scrambled conditions compared to the intact image condition. By this time
period, visual information has reached higher-order areas and undergone high-level processing
stages. In addition, according to Fig. 3-13(a) the peak in the M170 component is higher for
‘short’ stimulations relative to ‘long’ stimulations. The underlying mechanism for this
phenomenon is believed to involve surround suppression, which could be stronger when a

stimulus is presented continuously for a longer time.

Similar to this interpretation, the presence of elongated edges in natural images could
potentially weaken the M170 component. According to previous studies, natural images are
coded efficiently by a lower number of active neurons compared to their unnatural counterparts.
Moreover, edges activate neuronal populations that show preference to their orientation and
spatial frequency. In natural images, elongated edges with few abrupt changes in orientation are
common. Therefore, in response to these images, the population of neurons that exhibit
preference to this edge orientation may have receptive fields that are close to one another. In
turn, since it would be redundant for multiple neurons to code for nearly identical information
about local sub-portions of the natural image, it is hypothesized that these neurons suppress each
other. However, in phase-scrambled images, the spatial coherence of the image is removed,
rendering nearby populations of neurons to represent different edge information. Thus, surround
suppression would eventually be weaker for phase-scrambled images compared to their natural

counterparts.
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Aside from the potential involvement of lateral suppression, the modulation of the M170
component can be interpreted based on the concept of Predictive Coding. According to this
model, top-down expectations suppress the response to the expected input. Since visual
information processing has evolved according to natural inputs and their higher-order statistics,
prediction errors introduced in lower visual areas are hypothesized to be higher under phase-
scrambled presentation conditions compared to natural image presentation. The observed
significantly higher amplitude of the M170 component in response to phase-scrambled images
relative to intact images coincides with the aforementioned hypothesis. This modulation, which
was observed in area V1, could be representative of the emergence of prediction error in this
area. The same interpretation was adopted by (Todorovic and de Lange, 2012) for the neural
response to an unexpected auditory tone. The research team related this increase in the evoked
response potential to higher prediction error in the intermediate stages of auditory processing,

100-200ms post-stimulation.

Our findings are consistent with those reported in Huberle et al.’s MEG study, in which images
of objects, both intact and tile-scrambled, were presented to subjects. The research team
localized the neural activation by fitting four dipoles in the source space. Their results show a
higher response to scrambled images than to intact images for 70-170ms post-stimulation, which
was localized in early visual cortex. Moreover, they reported higher responses to intact images in
later stages, 200-270ms post-stimulation. The latter responses were observed in the majority of
occipital and temporal sensors as well as several frontal and central sensors (Huberle and
Lutzenberger, 2013). However, it is important to note that the stimulus of this study is more

controllable than the one used in Huberle and Lutzenberger (2013). As mentioned previously, the
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phase-scrambling approach maintains the global contrast while altering the higher-order statistics
of the image, whereas the tile-scrambling process (employed by Huberle et al.) introduces high
contrast to the edges of the tiles. This confounding factor makes it difficult to relate the observed

effect to a specific characteristic of the visual stimuli.

4.3. Modulation of frequency-specific power

Time-frequency analysis also provides great insight about the dynamic nature of V1 activity in
response to visual stimulation. Although the t-test between scrambled and intact conditions does
not result in many significant spots within the time-frequency map, several important findings do
emerge. The most dominant findings are observed in the ‘long’ (400ms) presentation conditions,
whereby a higher gamma power (60-80Hz) is observed in the scrambled versus the intact image
condition. Further, this higher gamma power can be explained with a higher prediction error.
Recent findings have shown that bottom-up prediction errors propagate forward on a gamma
frequency channel (Arnal et al., 2011; Bastos et al., 2015; Bauer et al., 2014; van Kerkoerle et
al., 2014). Similarly, our findings are consistent with the results reported by an MEG study that
used audio-visual stimuli (Arnal et al., 2011). Under the use of these multi-sensory stimuli, the
visual input may or may not correctly predict the following auditory input. When the visual input
did not foretell the auditory stimulus, higher gamma power in lower sensory areas was reported
(Arnal et al., 2011). Similarly, this effect is observed in this study under ‘long’ presentation
conditions, specifically from 100-400ms post-stimulation. Thus, these results parallel the

significant difference observed in the VEP of area V1 (Fig. 3-13(a)).

In general, there are few studies that have used natural images and their phase-scrambled

counterparts to investigate the modulation of activity in primary visual cortex. However, several
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studies exist whereby similar stimuli were used to investigate the sensitivity of higher-order
areas to objects, faces, or shapes (Henson et al., 2007; Henson et al., 2009; Meeren et al., 2013).
These studies all report stronger VEP in response to intact images, as recorded by lateral
occipital sensors. This activity is further localized in higher visual areas, such as LO and V4.
Meeren et al. (2013) also computed the Global Field Power of the MEG sensor, similar to our
sensor-level RMS analysis. They observed stronger magnetic field power at approximately
120ms post-stimulation in the phase-scrambled condition compared to the natural image
condition. They also observe stronger response power to intact images after approximately
250ms post-stimulation (Meeren et al., 2013). Except for the precise timing of this effect, these

results coincide with those of this thesis at the sensor-level.

Other than the Rieger et al. MEG and fMRI study, which was discussed in detail in this section,
Hemond et al. (2007) and Malach et al. (1995) are two fMRI studies that use similar stimuli to
investigate V1 activation. They also report an increase in the BOLD signal of area V1 in
response to phase-scrambled images compared to natural images. (Hemond et al., 2007; Malach
et al., 1995). If the linear relationship between VEP and BOLD signal is considered, according to
(Obrig et al., 2002), the results of these studies are in accordance with the findings of this MEG
experiment. In addition, several similar fMRI studies have employed different approaches to
perturb the spatial coherence or structure of a visual input and observe the effect of this
perturbation on V1 activity. Some of these approaches, such as masking images (Bar et al., 2006;
Chen et al., 2010), tile-scrambling (Huberle and Lutzenberger, 2013), texture and contour
extractions (Dumoulin et al., 2008) or the addition of graded levels of noise (Tjan et al., 2006),

are less controllable than phase shuffling with respect to image statistics. Others used well
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controlled stimuli but very different from what we employed in our study (Dumoulin et al., 2008;
Freeman et al., 2013; Murray et al., 2002). It is interesting to note that some of these studies
report an increased V1 BOLD signal as the visual input becomes less coherent or globally
structured (Chen et al., 2010; Dumoulin and Hess, 2006; Murray et al., 2002). Yet, other studies
fail to identify any modulation in V1 activity in response to changed level of naturalness or noise

(Freeman et al., 2013; Tjan et al., 2006).

In summary, this thesis relates modulation of neuronal activity to image phase-scrambling, which
is observed as early as 50ms post-stimulation. There are several fMRI and MEG/EEG studies
that either fail to detect this modulatory effect (Dumoulin et al., 2008; Freeman et al., 2013;
Rieger et al., 2013; Tjan et al., 2006) or report it only in later stages of processing (after 100ms)
(Rieger et al., 2013). However, special factors accounted for by my study, as summarized below,
account for this difference. Firstly, the stimulus was designed in a careful manner. The RMS and
mean luminance normalization, the image edge smoothing, and the placement of images in one
quadrant of the visual field reduce the confounding factors in the observed results. Moreover, in
contrast to other methods of image scrambling (for instance, tile-scrambling), the method
employed in this study is highly controllable in terms of different statistics of the image. Further,
the careful attention binding task and its subsequent data analysis diminish the effect of attention
on the obtained results. In contrast to the majority of MEG/EEG studies, the data analysis was
not limited to the sensor space. The neuronal activation was projected onto the cortical surface
via source reconstruction, enabling the investigation of precise cortical areas like primary visual

cortex (V1). Finally, unlike previous studies that addressed similar questions, individual
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differences were accounted for during the processes of ROI definition and temporal response

alignment.
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5. Conclusion and future work

This study reports modulated V1 activity associated with changes in the higher-order statistics of
the visual input. These findings are consistent with models of visual information processing that

recognize feedback modulation in lower visual areas.

The results are further improved by more precisely localizing this activation in the source space,
which can be achieved via the use of fMRI priors for source localization and requires applying
the same paradigm in an MRI scanner. Moreover, the interaction between different visual areas
can be assessed using DCM or other functional connectivity metrics. In doing so, further insight
may be obtained regarding the flow of information between visual areas in response to natural
and artificial texture image stimulation. Nonlinear mapping of individual VEPs to a standard
template may be a more practical solution than the simple alignment approach used in this

experiment. However, this approach would require more careful interpretation.
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7. Appendix

7.1. IMRI scan: stimulus parameters and data
acquisition
In the fMRI scan for the retinotopic mapping, the TR was set to 2 seconds and it was equal to the
duration of presentation of each ring/wedge at each location. Each cycle of the stimulus was 30
seconds long, and each run consisted of 10 cycles. In one fMRI session I embedded 8 runs which
were divided equally into 4 paradigms: expanding and contracting rings, and clock-wise and

counter-clock-wise rotating wedges.

In Fig. 2-12 one can see the stimulus I used to delineate the motion sensitive area MT. It consists
of 32s cycles of full-field static and moving dots patterns on a gray background. The dots
appeared randomly in the visual field and moved towards or away from the fixation point. I ran

this stimulus 8 cycles per run and 2 runs per subjects in each fMRI session.

I also designed and implemented an LO localizer using a database of 270 gray-scale images of
objects and scenes. I computed the phase randomized version of these images using the same
method explained in Section 2.1.2. In Fig. 2-12(b) one can see the screenshots of the LO
localizer stimulus which consists of 24s periods of intact images (12s) following by their phase-
scrambled versions (12s) matching in contrast and mean luminance. Each single image lasts on

the screen for 250ms (the parameters are the same as in (Larsson and Heeger, 2006)).
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For the retinotopy and MT-localizer, I modified stimuli that were used previously in our Lab. I
scanned two subjects using this paradigm. The distance from the eyes to the mirror was 12.5cm
and from the mirror to the screen was 134.5cm. The field of view was 24°x18° in width and
height respectively. In all runs, subjects were asked to respond to the color change of a small
fixation point by pressing a button. The changes took place randomly at intervals in the range of
3 to 6 seconds. Two runs of T1 MR Scan were also obtained for each subject within the same
session. The data were acquired using a 3 Tesla MR scanner at Montreal Neurological Institute

Brain imaging Centre.

I performed the retinotopy analysis using Freesurfer v5.1. Firstly, I reconstructed the brain
surface from the data averaged over the two structural runs. Next, I specified the properties of
each run (the stimulus type and the direction of motion) in .par files. I registered the anatomy and
BOLD scans using the bbregister command in Freesurfer and applied the default pre-processing
stages on each run. Finally, I conducted the retinotopy analysis in Freesurfer and projected the
maps on the flattened surface of the occipital lope. For the MT-localizer data, I applied a contrast

analysis in Freesurfer between static and moving dots conditions.
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