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Introduction

The research of alpha oscillations has a long history. Based on
early observations [1, 2] that alpha has large amplitude in the eyes-
closed state and disappearing upon the opening of the eyes, it was
considered a sign of idling for a long time. Later on, its power drop
related to sensory and motor events, termed event-related
desynchronization (ERD) has been shown to be related to intensive
local cortical computations [3], while its counterpart, event-related
synchronization was still interpreted as idling. Based on a body of
accumulated research, the theory of relating large alpha power with
inhibition or suppression was born [4, 5], which has proven to be
particularly fruitful in the field of attention research [6]. A key element
in attentional selection is the suppression of irrelevant stimuli that
compete for representation to free up resources for important ones [7],
and this function has become a flagship of the inhibitory theory of
alpha oscillations.

From a neurophyisological perspective, alpha oscillations and
low-frequency oscillations in general has profound effect on neural
activity. In particular, neural spiking, and also high frequency
oscillations are observed to be often coupled with the phase of alpha
oscillations [8], preferentially occurring at favorable phase intervals,
and getting inhibited in the rest of the time. While inhibition has a role
in this account as well, the more dominant aspect here is that alpha
oscillations provide channels for cortical communication, through
which local and brainwide neural ensembles can engage in
coordinated computations [9, 10]. More recently, alpha oscillations
have been shown to be the main carriers of feedback information in
the visual cortical hierarchy [11, 12], which connections have
important theoretical role in the predictive coding account of visual
function [13].



In this dissertation, | venture to show two facets of how alpha
oscillations constitute an important cornerstone in the neural
machinery of visual object processing in humans.

The goals of the dissertation can be summarized as follows:

First, I will show that in accordance with its already established
role in spatial attention, alpha oscillations are also at play when
attention selects complex natural objects (faces and words) in
cluttered visual scenes where relevant and irrelevant visual elements
overlap in space.

Second, I will demonstrate on the case of printed word stimuli that
the way the visual system optimizes its processing mechanisms to
frequently encountered and/or important stimulus configurations —
termed visual expertise — is also reflected in alpha oscillations. I will
also show how visual expertise molds the ERP responses as well, and
relate the modulations to those observed during natural reading

Finally, I will discuss the practical and theoretical implications of
the findings. | will attempt to interpret the results from the two
experiments in a common framework, and will explore the potential
overlaps between the cortical network mechanisms of the two
investigated phenomena, and give some examples how these issues
could be addressed in further experiments.



1. Methods

The theses described herein are the result of EEG experiments
with visual stimulus presentation conducted on human participants.
The results were analyzed in terms of Event-Related Potentials and
neural oscillations as characterized by wavelet-based methods.
Statistical methods involve conventional parametric tests and mass
univariate tests using monte-carlo methods for type | error control.

For the experiments, all participants had reported to have normal
or corrected vision and no neurological disorders, and signed informed
consent. EEG and EOG was recorded using BrainAmp amplifiers
(BrainAmp MR and Standard, Brain Product GmbH, Munchen,
Germany) and a 64-channel active electrode system (ActiCAP from
Brain Products) mounted on an elastic cap (Easycap GmbH,
Herrsching-Breitbrunn, Germany). Fixation was monitored online and
measured using IViewX Hi-Speed (SensoMotoric Instruments GmbH,
Teltow, Germany) tower mounted eye trackers. Stimulation and
response collection was controlled using MATLAB and
PsychToolbox 3 [14, 15].

For EEG preprocessing and analysis, | used Brain Vision
Analyzer 1.05 (Brain Products) and MATLAB, also using EEGLAB
toolbox [16]. ERP preprocessing involved standard methods for
filtering, segmentation and artefact rejection [17]. The Surface
Laplacian approximation of the scalp current density (SCD) was
calculated using the CSD Toolbox [18, 19]. SCD-transformed data is
reference-free, and is less affected by volume conduction [20]. Time-
frequency representations were obtained using wavelet convolution
with complex Morlet wavelets [21] as implemented in the MATLAB
Wavelet Toolbox. Statistical analysis was done in STATISTICA
(StatSoft, Tulsa, OK, USA) and MATLAB. Mass univariate statistics
were conducted using FieldTrip [22], using cluster-based permutation
statistics for type | error control [23].



2. New scientific results

Thesis I.

I provide the first evidence that object-based attentional
selection — similarly to spatial and feature-based attention —
involves visual cortical alpha oscillations.

Published in [J1].

Throughout the last two decades, converging evidence from scalp
[24-27] and invasive electrophysiology [8], concurrent imaging
methods [28] and neurostimulation [29] has suggested that visual
cortical alpha oscillations are involved in attentional gating of the
incoming visual information [5]. It is well established that spatial
attentional selection results in increased alpha oscillations over the
cortical regions representing sensory input originating from the
unattended visual field, with concomitant decreases for areas
representing relevant parts of the visual field [24]. More recently a
similar mechanism was demonstrated for feature-based attention [6].
However, whether attentional gating in the case of object-based
selection is also associated with alpha oscillations has not been
investigated before.

Here, we measured electroencephalography (EEG) while
participants performed an object-based attenional selection task. In
each trial, participants were cued to focus attention to sequences of six
word and face stimuli, which were foveally presented. The presence
of the irrelevant category stimulus was orthogonally manipulated — in
half of trials, only the relevant category image was present, in the other
half, word stimuli overlaid on faces were displayed. After each
sequence of 6 consecutively presented stimuli participants had to
indicate how many times (0,1 or 2) two consecutive stimuli from the
same type occurred (faces: male/female, words: fruit/animal).
Accuracy on this task was similar for words (77%) and faces (76%),
but was reduced by distractors (from 79% to 74%).
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Figure 1. Grand average alpha power over the parieto-occipital
cortex during the stimulus sequence in the four conditions. See the
following figures for the details on the effect of attention and
distractor.

Thesis 1/1 — | have shown that object-based attention to foveally
presented words versus faces increased right-lateralized
anticipatory alpha oscillations over the visual cortex. | have also
shown that this effect is remarkably persistent throughout a
sequence of stimuli.

The results revealed that anticipatory alpha activity (8-12 Hz)
measured on parieto-occipital electrodes was significantly higher
when participants were cued to attend to words (Figure 1,2), as
compared to when faces were task-relevant. Importantly, this object
category based attentional modulation of alpha power showed a
hemispheric lateralization: attending to words as compared to faces
led to significantly larger increase in alpha activity over the right
than the left hemisphere. The object category-dependent attentional
effect on anticipatory alpha activity did not arise before the first
stimulus in the sequence, possibly due to our stimuli being long
enough to allow post-onset orienting, exerting no time pressure that
would require deployment of attention prior to the first stimulus.
Before the second stimulus, it had a broader topography extending to
right temporal electrodes, but afterwards it was confined to the right
parieto-occipital region, where it did not weaken throughout the
whole stimulus sequence.
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Figure 2. Object-based attentional selection modulates alpha
oscillations. Persistently throughout the six-stimulus sequence,
anticipatory alpha power over the right parieto-occipital cortex was
higher when words were attended to (positive values on A and B), as
compared to when faces were task-relevant. Depicted are T-values
(color on A), individual (grey dots on B) and average (bars with 95%
Cls on B) difference values from the periods of interest (marked with
grey on C) before each stimulus onset (dashed lines on C). On A,
electrodes where the effect is significant in the current time window
are marked on each headplot, and the labels where the effect was
consistently present throughout the sequence (02 and PO4) are
emboldened. On C, group-level average alpha power time courses are
plotted for the two categories, averaged across distractor conditions.
Electrode pools: PO.: O1, PO3; POg: O2, PO4; OT.: PO7, P7, PO9
and OTg: PO8, P8, PO10.



Thesis 1/2 — | have shown that the object-based attentional effect
on right parieto-occipital alpha oscillations does not interact
with the presence of a strong, overlapping distractor stimulus
from the other category. | have also characterized the influence
of distractors on visual cortical alpha oscillations, which lacks
the temporal persistence and focused topography of the
attentional effect, providing further support for their dissociation.

When stimuli from the unattended category (distractors) were also
present at the same foveal location as the attended stimuli, the event-
related alpha desynchronization responses were less pronounced,
leading to higher alpha power with than without distractors (Figure
3B). However, this influence of distractors on alpha oscillations was
clearly distinct from the category effect in several ways. First, no
statistical interaction was found between the two effects. Second, the
distractor effect had a more widespread topography, covering most of
the posterior temporal, centro-parietal and occipital cortex (see Figure
3A). Third, the distractor effect, in contrast to the attentional effect,
weakened and almost disappeared towards the end of the stimulus
sequence.

Possibly related to this, it was also found that alpha power
displayed a saturation pattern during the trial in all conditions, as alpha
desynchronization after S1 was prominent but it gradually became
weaker or completely disappeared in the case of subsequent stimuli
(see Fig. 1). This modulation of the strength of alpha
desynchronization was more pronounced over the right hemisphere.
As alpha power is frequently regarded as an index of cortical
excitability [3], this could mean that less and less resources were spent
on irrelevant stimuli, but it is also possible that the relevant stimuli
were processed more efficiently, requiring less resources.
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Figure 3. The presence of a stimulus from the unattended category
weakened the alpha desynchronization response, but it had less
and less influence towards the end of the stimulus sequence.
(A) Head plots for t-values of the distractor modulation (distractor
present minus absent) of anticipatory alpha activity in prestimulus
time windows before S2—-S6. As on Figure 2, electrodes marked are in
the cluster of significant difference and bold electrode names are the
ones consistently significant from pre-S2 to pre-S4. Insets on the
lower right side of each head plot depict means and 95% confidence
intervals of the distractor-related difference in the Left and Right
electrode pools; on the left of the figure, this is also shown for the pre-
S1 interval. (B) Temporal evolution of alpha activity in the presence
and absence of distractors in the Left and Right pool. Electrode pools:
Left or L: P7, PO7, PO9, PO3, 01, P1; Right or R: P8, PO8, PO10,
PO4, 02, P2.



Thesis I1.

I have shown that visual expertise for written words is
reflected in early visual cortical evoked and alpha-band
oscillatory responses as probed by a novel paradigm using
words with altered letter spacing.

Published in [J2].

In most previous research studying visual word recognition
compared neural responses to words with those evoked by
pseudowords or other objects [30, 31]. Focusing on visual processing,
however, it is a better approach to use subtle manipulations affecting
mainly the visual properties of text while leaving its content and
overall “legibility” relatively unaffected. With this in mind, we
introduced a novel paradigm to study visual processing underlying
reading and word recognition: by using words with normal, decreased
and increased letter spacing (Figure 4) we can probe and dissociate a)
visual expertise in word processing by comparing responses for
normal and altered spacing regardless of increase or decrease; b) more
general visual processing load effects arising from changes in the
density of visual information and competitive interactions that depend
on the distance between similar visual elements (crowding).

This thesis focuses on results from a traditional experiment with
controlled stimulation and fixation, but within the context of results
from the natural reading experiment (detailed in [J2]) that was also
part of this project. The latter, novel approach can reveal neural
processes subserving active sampling of visual information that might
remain obscured in conventional experiments, but uncontrolled visual
stimulation and ensuing artefacts also impose inherent limitations and
technical challenges to solve.



Thesis 11/1 — | have shown that visual expertise for orthography,
as measured by altering letter spacing, is reflected in two early
visual cortical evoked response components between 150 and 300
ms after stimulus onset, indicating that visual expertise pervades
letter-level  sublexical to whole-word level prelexical
orthographic visual processing in the cortex.

As between-letter spacing is known to be an important configural
property of printed words that expert visual processing is adapted to,
we reasoned that neural processes that are tuned to efficient processing
of words with usual spacing would be affected similarly by both
decreased and increased spacing (expertise-driven configural effects,
EDC), as opposed to neural responses modulated simply by the
density of visual information (as captured by comparing the smallest
to the largest spacing, visual processing load effects, VPL). We have
found a left lateralized expertise effect in the time range of the N1
ERP component, followed by a robust, bilateral expertise effect in a
later time window of the P2/N2 components, between 210 and 270 ms
(Figure 5A). The left N1 component can be regarded as an index of
orthographic processing at the level of single letters [32, 33], while the
N2 time range is associated with the integration of these units into
abstract, pre-lexical whole-word visual representations [32, 34]. Our
results thus indicate that both of these stages rely on expertise-driven
configural visual processing mechanisms.

Some minor differences between natural reading and fixed-view
results were found (Figure 5B); a late expertise and an early
processing load effect obtained during natural reading [J2] did not
appear in the fixed-viewing results. Importantly however, the
correspondences that do hold corroborate our natural viewing results,
and also the letter spacing manipulation as a versatile tool to
investigate expert orthographic processing.

10
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Figure 4. Sample stimuli with double (top), normal (middle) and
minimal (bottom) letter spacing. The blue arrow marks the task-
relevant word at the center of the screen, surrounded by irrelevant
flanker words.
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Figure 5.A: The effects of letter spacing on EEG activity during
viewing words with controlled fixation measured on electrodes PO9
and PO10 (see insets). On panel B, fixation onset-related EEG activity
(FOREA) results from the natural reading experiment (from [J2]) are
shown to facilitate comparison. On the left panel of A, the N1 effect
is magnified in an inset so that the scale matches that of panel B. Black
bars denote significant EDC effects; the grey bar on the top right panel
denotes the VPL effect obtained in the natural reading experiment.
MS: minimal spacing, NS: normal spacing, DS: double spacing.
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Thesis 11/2 — | have shown that the event-related alpha response
is sensitive to the configural properties of written words. This
provides an index of visual expertise in word recognition that is
complementary to the ERP results.

Our results clearly show that the visual cortical alpha response is
sensitive to configural information in printed words, as indexed by a
significant expertise-driven configural effect over bilateral occipito-
parietal areas (Figure 6B). In particular, the event-related
desynchronization (ERD) response was found to be longer lasting and
more deep (i.e., alpha power was lower) for both altered formats as
compared to normally spaced words (Figure 6A). Although we could
not establish that the effect was significantly lateralized, it was more
prominent over the right hemisphere.

Despite the fact that in statistical terms, the effect was strongest
in a late time window around 600-700 ms, we argue that it is best
interpreted in terms of differential visual processing demands. The
right occipito-parietal ERD for normal and altered-spacing words was
similar up to ~270 ms, whereupon alpha power reached a short
negative plateau for the normal condition, but continued to slowly
decrease in the altered conditions. The time window of the divergence
corresponds to the stage when sublexical orthographic representations
are integrated to whole-word representations [32, 34], and we suggest
that the continued decrease of alpha power for altered-format words
reflects that the default processes of expert orthographic processing
should be augmented by additional neural resources when faced with
nonstandard input.

12
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Figure 6. The effects of letter spacing on alpha oscillations.
(A) Grand average time series of alpha (8-14 Hz) power on the left
and right parieto-occipital clusters (PO.: O1, PO3, PO7, P7, P5, P3;
POg: 02, PO4, PO8, P8, P6, P4; see also marked channels on (b)) in
the minimal (MS), normal (NS) and double spacing (DS) conditions.
Observe that both NS and DS alpha power is lower than NS — the
significant difference (p=0.02, cluster corrected) is marked by black
stripes. (B) Grand mean topographies of the expertise-driven
configural (EDC) effect on alpha power averaged in five time
windows. The EDC contrast is calculated as NS-2(MS+DS), so
positive (red) values indicate NS alpha power being larger MS and DS
averaged.
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Conclusions and possible applications

The main aim of this dissertation is to show how alpha oscillations
contribute to the visual processing of complex natural objects in the
human cortex. EEG alpha oscillations have been known for almost a
century [1, 2], and the intensive research focusing on them both in the
field of cognitive neuroscience and neurophysiology is continuously
converging toward making them one of the first noninvasively
measurable EEG markers that can provide information on circuit-level
neurobiological processes [11, 12, 35, 36].

Importantly, the stimuli used in the experiments were complex
everyday visual objects. Especially in the attention experiment,
artificial, controlled stimuli could have allowed for asking more
specialized questions, but, due to the role of experience and expertise
in the perception of natural objects, it is quite difficult to engage the
highest levels of visual processing without using everyday stimuli.
Therefore, we decided to use words and faces. Both stimuli have a
well-characterized visual cortical circuitry specialized in their
processing in all neurotypical and literate humans [31, 37-39].

In both experiments, the topography of the effects — object
attention and object expertise — were nicely constrained to visual
areas, assumably mainly from the ventral stream of the visual system.
In object-based attention, while the attentional effect was present over
a broader part of the cortex in the beginning, the effect remained most
stable on electrodes over the early visual cortex. We interpreted this
as object-based attentional effects propagating backwards in the visual
stream, leading to attentional filtering at the earliest stages. The
expertise effect was analyzed using a ROI-based approach, however,
observing the topography also implies sources in the ventral visual
cortical stream, potentially including the letter-form, word-form areas
and earlier, less specific visual areas involved in representing letter
features.

14



Besides the first experiment yielding results that are in keeping
with the role of alpha oscillations in attention, both results are
compatible with the proposed role of alpha oscillations as the main
carrier of high-level object information through feedback connections
from cortical areas down the ventral stream [12, 40]. Some newer
theories of attention, instead of dealing with it as a separate
phenomenon, attempt integrating it in broader theories of brain
function. The model of Buschman and Kastner [41], for example,
makes extensive use of the assumption that attention has a broad
modulatory effect, and its specific local visual cortical effects are
achieved by propagating through feedback connections to lower levels
of the cortical hierarchy. Importantly, they emphasise that this
probably does not occur through channels dedicated separately to
attentional modulatory signals, but they posit that this is possible
because the adaptive, sparse representations that become embedded
into the structure of the visual hierarchy through experience [13].
Interpreting our results in this framework suggests that both during
object-based attention and expert object recognition, alpha
oscillations realize the high-level object knowledge originating from
category specific areas through modulating lower-level areas via
feedback connections.

Understanding the visual cortical processes underlying reading
and word recognition in neurotypical subjects can also provide a
deeper understanding of reading disorders like dyslexia. The
experimental paradigm based on letter spacing could potentially be
used to probe visual representations in dyslexia, or the markers
uncovered in this study and the concomitant natural viewing study [J2]
could be tested in a neurofeedback protocol aimed at inducing
perceptual learning in subjects to acquire more effective orthographic
representations.

15
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