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Abstract

The studies presented in the current PhD thesis aimed at investigating the neural correlates of distinct
aspects of visual attention, i.e., spatial bias, efficiency of top-down control and visual processing
speed and how they change with healthy ageing. The presented studies are theoretically grounded on
Bundesen's Theory of Visual Attention, which provides a mathematical framework enabling
quantifying various visual attention functions as the independent parameters of the model. A more
recent neural interpretation of these attentional processes — NTVA — served as a basis for
investigating attentional processing in combination with neurophysiological techniques. In the
presented thesis, we combined TVA-based partial- and whole-report tasks with briefly presented
letter arrays that enable mathematically independent estimations of the attentional parameters with
simultaneous EEG recording. Extracting event-related lateralizations (ERL) from the signal provided
fine-graded neurophysiological signatures of the attentional processes involved in the tasks.

In the first empirical study, we combined a partial report task with ERP measurement and
aimed at investigating how attentional spatial bias and top-down control efficiency are reflected in
the electrophysiological brain activity of healthy participants of between 20 and 35 years of age. We
divided participants into groups with more and less efficient top-down control and left- and
rightward spatial bias, respectively. First, an ERL component — the PCN wave — reflecting
interindividual differences in top-down control efficiency was identified by comparing participants
with more relative to less efficient top-down control. Participants with more, compared to less
efficient top-down control showed higher PCN amplitudes. Second, we identified asymmetries in

earlier visual ERLs reflecting the direction of the spatial bias by comparing participants with a bias



towards left or towards right hemifield. Our results show that these two distinct functions of attention
are exclusively reflected by the amplitudes of the distinct ERLs.

In the second study, we aimed at investigating whether top-down control efficiency is
affected by healthy ageing and whether it is similarly reflected in older adults by the amplitude of the
lateralized components PCN and Ppc, as reported for younger adults. To pursue this goal we
employed an identical methodology as in the first study to additionally test older adults ranging
between 33 and 77 years of age. To control for a potential influence of (the amount of) cognitive
reserve, we included crystallized IQ as a common proxy for cognitive reserve in the analyses. We
divided participants into individuals with more relative to less efficient top-down control and lower
versus higher level of cognitive reserve. We found comparable top-down control efficiency values
across age groups and, furthermore, that across all age groups, participants with more efficient top-
down control showed higher amplitudes of both the Ppc and the PCN waves. We further found that
the amount of cognitive reserve modulated the relation between age, top-down control efficiency,
and ERLs amplitudes. More precisely, only in participants with higher crystallized 1Q Ppc amplitude
was higher in participants with more efficient compared to less efficient top-down control. In
contrast, in participants with lower crystallized 1Q the PCN amplitude decreased significantly with
age.

In the third study, we combined a whole report task with ERP assessment. We aimed at
investigating whether and how visual processing speed is reflected in the neural activity of the brain
as indexed by ERLs, and whether this potential relation is affected by healthy ageing. We assessed
visual processing speed in a sample of participants ranging from 20 to 78 years of age. Participants
were divided into groups with relatively low versus high visual processing speed. Data revealed that

visual processing speed declines with age. Further, we identified two lateralized components
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indexing individual differences in visual processing speed: N1pc and PCN. Both components had
increased amplitudes in participants with higher processing speed. Furthermore, amplitudes of the
Nlpc was increased and latency of the PCN was delayed in older, compared to younger, participants.
These age-related changes in the components reflecting visual processing speed may suggest that
younger versus older participants employ different mechanisms while performing the whole-report
task. More precisely, younger participants may encode the entire display at the early stage of
processing and then select relevant information, whereas older ones rather preselect relevant
information during an initial phase.

The evidence collected across the three ERP studies provides valuable insights into the
relation between efficiency of attentional functions, brain activity, and healthy ageing. We found that
trajectories of age-related changes of distinct attentional functions are substantially different. Age
also does not affect all electrophysiological correlates of functions of attention equally. Finally, our
studies show that the relation between efficiency of attentional functions and their

neurophysiological correlates is influenced by the amount cognitive reserve.
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1. Introduction

1.1.  Neural processes underlying functions of visual attention.

At any given moment the amount of visual information reaching our visual system exceeds the limited
capabilities of the human brain to process each element separately and in sufficient detail by far (e.g.
Broadbent, 1958). Thus, an ability to select only relevant information out of a great number of
available, but irrelevant stimuli is necessary for the efficient functioning in the environment. This
complex ability is called visual attention.

From a neurobiological perspective, processing information requires highly energy-demanding
firing of neurons that influence the total amount of energy required by the brain (Attwell and
Laughlin, 2001). The total amount of energy available for the brain at a given moment is basically
constant and cannot be increased significantly in order to process more information (Clarke and
Sokoloff, 1994). Therefore, the ability to efficiently reduce the amount of processed input by
extracting its most relevant elements, while ignoring less relevant ones, is crucial for functioning. In
the visual domain, visual selective attention is the function that controls the distribution of highly
limited cognitive resources in order to maximize the efficiency of processing information relevant to
the observer’s states and goals (Allport, 1989; Desimone and Duncan, 1995; Posner and Petersen,

1990).

1.2. Theory of Visual Attention (TVA)
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The scientific investigation of visual attention requires a coherent description (i.e. a model) of the
functioning of the postulated attentional processes. Such a model must, in turn, permit formulating
hypotheses and offer means to test them. Therefore, the three studies presented in the present thesis
are theoretically grounded on the Theory of Visual Attention (TVA, Bundesen, 1990). TVA is a
formal mathematical model of the basic mechanisms of visual attention that provides a
computational framework enabling modelling various attentional components as mathematically
independent parameters (Kyllingsbeek, 2006; Dyrholm et al., 2011). TVA was developed on the basis
of earlier models describing visual attentional selection.

An important attempt to model the processes involved in attentional selection was a choice
model proposed by Luce (1963). According to this model, the probability of selecting a given object
(e.g. red letter appearing on a screen) is influenced by two mechanisms, perceptual similarity and
decision bias. Formally, the probability of reporting an object i while stimulus £ is being presented is

given by:

T (M

where #(k, i) denotes the measure of similarity of the reported object i to the presented object k and
parameter f; represents a measure of the general bias towards identifying any presented objects as
object i. The probability P(k, i) is represented as a fraction of all other possibilities to make any other
categorization. Each memory representation j (i.e. template of the stimulus) specifies its sensory
features (e.g. colour, shape, size). The comparison of stimulus k against the memory template j
provides a measure of a match between object and template: #(%, j). In addition, an observer can be

predisposed to generally assign any stimuli to the category j, which can be expressed by the value f;
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which is independent of the actual stimulus. In other words, performance in the task increases with
the strength of the similarity of the reported object i to the presented object k and the general bias
towards identifying any object as i (described by the numerator of the equation 1). On the other hand,
performance decreases with the overall strength of similarities of the element & to all other n
elements stored in the memory and biases towards reporting them (described by the denominator of
the equation 1). Thus, the selection of an object is more probable if the object is similar to the
representation of a target object and the observer is biased towards selecting objects from the
particular category.

The choice model has been successfully used to predict performance in a partial report task
(Bundesen et al. 1984, 1985; Bundesen 1987). In the partial report experiment participants are briefly
presented with multiple objects (typically alphanumerical characters) and are asked to selectively
report as many target objects as possible, while ignoring the distractors. Target and distractor objects
can be defined by their properties such as location, colour, size or shape (e.g. Sperling, 1960; von
Wright, 1968). The description of task performance accuracy (i.e. number of correctly reported target
letters) provided by the choice model is based on three main assumptions. The first assumption is that
performance in the partial report task reflects the number of target elements that successfully entered
the visual short-term memory (VSTM) store. This buffer is characterized by its limited capacity K
(see: Sperling, 1967), which is assumed to be independent from the type of the entering elements.
The maximum capacity K of the VSTM store has been empirically shown to be 3 to 4 elements
(Sperling 1960; Bundesen et al. 1984; Shibuya and Bundesen 1988; Luck and Vogel, 1997; Lee and
Chun 2001). The second assumption of the choice model is that the duration of the stimulus exposure
is long enough to fill up the VSTM store. Finally, the third assumption of the model is that each

presented object has a certain attentional weight w. As long as the VSTM store is not entirely filled,
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the probability of a given object to be encoded is described by its attentional weight w divided by the
sum of weights of all other elements being processed (Luce, 1959). In case of a display of
alphanumerical characters, where targets and distractors differ only in colour, one can also assume
that all targets have the same weights w,, and all distractors have the same weights w,. The ratio of
the distractor and target weights is termed parameter top-down control efficiency a and is one of the
key parameters of the choice model:

_Wa
a= " (2)

The parameter a describes the efficiency of attentional selection. A parameter value approaching 0
means that weights of distractors are significantly lower than those of targets and, therefore, that the
probability of a distractor to be encoded into VSTM is low. Thus, the lower the parameter a value,
the more efficient is top-down control. In contrast, a value of parameter a approaching 1 means that
the weights of the targets and distractors are relatively equal and, therefore, that the probability to be
encoded into the store is relatively comparable for targets and distractors. Thus, higher parameter o
values indicate less selective processing.

Comparing attentional weights for the left and the right hemifield averaged across target and
distractor objects, provides an estimate of the parameter spatial bias w, reflecting the spatial
distribution of attentional weights,. It can be expressed as:

Wi

W= (3)

wi+wp

where w, and wr denote the attentional weights allocated to objects presented in the left and right

visual field, respectively. If the spatial distribution of attention is balanced across hemifields, the
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parameter w; equals 0.5. Values smaller than 0.5 indicate a bias towards the right side, values higher
than 0.5 a bias towards the left.

A choice model is, however, a non-process model (see: Townsend and Ashby, 1982), i.e. it
explains the results of target selection and provides accurate predictions for the partial report task
results, but does not describe the temporal aspect of the selection process. Compared to this, the race
model, which was developed to incorporate the temporal course of attentional selection, is wider in
scope. Bundesen (1987) showed that a choice model can be derived from the simplified race model.
In the race model, multiple objects in the visual field are competing to get encoded to the VSTM.
According to a particular version of the race model, the Fixed-capacity Independent Race Model
(FIRM, Shibuya and Bundesen, 1988), processing capacity is constant and also the VSTM store
capacity is fixed and limited (similar as in the choice model). The FIRM model describes attentional
selection as a process with two consecutive stages. First, an attentional weight w is assigned to each
object in the visual field. The higher weight w represents stronger sensory evidence that the given
object is a target (e.g. red letter in contrast to blue distractor letters). Second, the total processing
capacity C available in the visual system is distributed among the processed objects proportional to
their attentional weights. The process of encoding information into the VSTM begins with a short
delay after the stimulus onset (denoted #0). Thus, the parameter 70 is a measure of the threshold of
conscious perception, i.e. the minimum effective stimulus exposure duration. As long as the
encoding process is active, the time required to encode an element x into the VSTM is described in a
probabilistic manner by an exponential distribution:

Flt|=1-exp(-v, *t| 4)
where v, denotes the amount of processing speed allocated to the processed object x and ¢ denotes

time. An example of the exponential function described by the equation (4) is presented in Fig. 1.
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F(t) =1-exp(-v, " 1)

———————

- High processing speed (Vx)

= LOW processing speed (vx)

0 | | | | | 1 | | | J
0 10 20 30 40 50 60 70 80 90 100

Time

Probability of an element to be encoded into VSTM

Fig. 1. An example of the exponential function. The function describes the probability of a visual element to
be encoded into the VSTM. The probabilities are presented separately for high (black line) and low (red line)
values of processing speed v,.

The process of encoding information lasts until either all elements in the display are encoded
(assuming that the number of elements is lower than the VSTM capacity K), the VSTM store is full,
or the display time has elapsed.

Due to the incorporation of time in the model, the FIRM model provides an accurate
description of performance accuracy in the task with variations of number of targets, number of
distractors and of stimulus exposure durations. Modelling the probability distribution of the
performance in a given task can be done by the estimation of five intentional parameters predicted by
the model: K (VSTM store capacity), C (total processing capacity), #0 (threshold of conscious
perception), o (efficiency of attentional selection) and w; (spatial bias).

Bundesen’s Theory of Visual Attention is a computational model that integrates the choice

model of Luce (1963) describing single object recognition with the race model of Shibuya and
20



Bundesen (1988) describing temporal aspect of attentional processing. More precisely, TVA links
the 4 parameters of the FIRM model with two parameters of the choice model- # (perceptual
similarity) and g (decision bias). According to TVA, selection and recognition are not distinct
mechanisms, but occur simultaneously as two aspects of the same processing mechanism. All
elements present in the visual field are processed in parallel in two stages. In the first stage each
object is compared with representations stored in visual long-term memory. Based on the sensory
evidence 7(x, j) that an object x belongs to a category j (within the set of all categories R), an
attentional weight w is attributed. The efficiency of this process is assumed to be independent from
the number of processed elements. The outcome of that process depends also on the pertinence value

m; of the category j:

Wx:Z ’I(X:j)”j (5)

JER

In the second stage all objects are competing to be encoded into the VSTM store. As in the
choice model, the capacity of the VSTM is assumed to be limited to K elements and the race is
terminated after the VSTM store is filled up. The processing rate v(x,i) of an object x is given by the
equation (6):

( N ( ) Wy
vix,il=n x,lﬁim ©)

zZES
where 7(x,i) denotes the sensory evidence that the given object x belongs to the category i and value
[ denotes the perceptual decision bias of the category i (see choice model), S denotes the set of all
elements being present in the visual field and w, and w. denote attentional weights of elements x and
z respectively. Thus, the processing rate of an element x is a fraction of the sum of the attentional

weights of all elements being processed.
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Broadbent (1971) has suggested that efficient attentional selection requires two distinct
mechanisms to operate: one is filtering relevant information by its pertinence (i.e. selection of
objects) and the second is pigeonholing based on the attentional bias (i.e. selection of features). In
TVA these two processes are related to the two above-mentioned equations: (5) and (6). The filtering
mechanism is based on the distribution of the attentional weights and is represented by the equation
(5). If the pertinence value 7; of a category j is high compared to the pertinence value of the other
categories, the selection probability of any object x; belonging to this category is increased
proportionally to the value #(x, j), which provides sensory evidence that the object x belongs to the
factorized category j. As a result, the processing of objects belonging to the category j is prioritized
at the expense of other objects. The pigeonholing mechanism is related to the perceptual bias value
pi. Assuming that the currently relevant category is the category i (e.g. objects being red), the
categorization of each element as belonging to the category i is favoured if the bias associated with
the category i is proportionally higher than biases associated with all other categories. Therefore, an
increased value f; in the rate equation (6) increases the processing rates of all objects belonging to

the category i (i.e. all red objects).

1.3.  Neural circuits potentially involved in visual attention

The neural implementation of the mechanisms of attentional selection described by TVA is still
subject of an ongoing debate. Desimone and Duncan (1995) proposed that the biased competition
between visual objects takes place in two major processing streams within the cortex. Each stream
leaves from the primary visual cortex (V1, striate cortex) that receives visual input. The first stream

is a ventral pathway directed into the inferior temporal cortex, which is assumed to enable object
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recognition. The second stream is a dorsal pathway directed to the posterior parietal cortex. The
dorsal stream is assumed to enable spatial perception and visuo-motor performance (Ungerleider and
Mishkin 1982). More recently, a basic concept of TVA, i.e. a biased competition account of attention
has been linked to the neuronal activity in the visual system by the 'Neural Theory of Visual
Attention” (NTVA, Bundesen et al. 2005). In NTVA, neurons within the visual system are assumed
to be specialized in representing distinct features and responding exclusively to one visual object at a
time. The sum of activation related to processing an object is proportional to 1) the number of
neurons in which the processed category is represented (represented by 7; in the equation [5] and 2)
to the firing rates of the neuron coding features of the processed object) represented by Bi in the
equation [6]. The filtering operates through dynamic remapping of the receptive neuronal fields in
the cortex in order to dedicate more cells to the relevant categorization processing and less to the
irrelevant one. The mechanism of pigeonholing is related to the multiplicative scaling of the
activation level in the cells coding the given feature. Therefore, the categorization of a visual object
is proportional to the total activation generated by the number of neurons (filtering) and the rate of

firing of the individual neurons representing the categorization (pigeonholing).
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Visual input—/

Fig. 2. Scheme of the brain circuits involved in attentional selection proposed by NTVA. Illustration
adapted from: Bundesen et al. (2005). Key: TRN: Thalamic Reticular Nucleus; Pul: Pulvinar Nucleus; LGN:
Lateral Genicular Nucleus. Image modified from Wikimedia Commons on the Creative Commons
Attribution-Share Alike 3.0 license.

Although NTVA does not imply any particular neuroanatomical structures to be involved in
information processing, some plausible localizations have been suggested. More precisely, the
authors suggested that in the first (unselective) wave of processing the visual input from the retina is
transmitted to the lateral geniculate nucleus (LGN) of the thalamus, traditionally viewed as a
gateway receiving retinal information and projecting it to the striate and extrastriate areas of the
visual cortex (Jones, 1985; Sherman and Guillery, 2001). Here, the n values are calculated, i.e. the

sensory evidence that a processed object x has some particular features, and thus belongs to category

i. The n values are then multiplied by the m values, i.e. pertinence values of the category i (see:
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equation [5]). As a result, the neuronal activation related to a relevant object is amplified, and the
activation related to an irrelevant object is being suppressed. The multiplied signal is subsequently
transmitted to the pulvinar nucleus of the thalamus (Pul), where the attentional weights w are
computed. In the second (selective) wave of processing, the total cortical processing capacity is
distributed proportionally to the attentional weights w and therefore relevant objects are processed by
more neurons than irrelevant ones. Here the m values are multiplied by the B values, i.e. bias
associated with the category i (see equation 6). According to NTVA, the products of the
multiplication are transmitted to the thalamic reticular nucleus (TRN), which stores a visual short-
term memory (VSTM) map. At this point, the processed objects are starting a race for encoding into
the VSTM. The activation representing the winner categorization is then projected from the TRN
back to the GLN cells involved in coding the winning categorization. This creates a positive
feedback loop sustaining activation.

The prominent role of the visual cortex in attentional selection has been experimentally
demonstrated by Hung, Driver and Walsh (2005). They applied repetitive transcranial magnetic
stimulation (rTMS) to the visual areas in the posterior parietal cortex while participants were
performing a TVA-based partial report task (participants were briefly presented with task-relevant
targets and task-irrelevant digits distinguished by colour). It is generally assumed that TMS generates
temporary disruptions in the cortical circuits and can thus be used to investigate the role of various
cortical areas in cognitive processing (for review, see Walsh and Cowey, 2000; Walsh and Pascual-
Leone, 2003). The results showed that interruption in the neuronal activity within right posterior
parietal cortex affected top-down control efficiency. More precisely, the efficiency of selection was

suppressed for the targets presented in the left (i.e. contralateral) hemifield and enhanced for the
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targets presented in the right (i.e. ipsilateral) hemifield. No such relation was observed for left

parietal cortex suppression.

1.4. Estimation of TVA parameters

Reliable assessment of the TVA parameters can be obtained from the mathematical modelling of the
report accuracy in two behavioural tasks: partial and whole report. In both tasks, the participant is
briefly presented with arrays of letters and is asked to verbally report the presented letters. In the
presented studies, the tasks were adapted for simultaneous EEG recording by including unmasked
trials. This was done in order to avoid eliciting potentials in response to a mask onset that may
confound the proceeding stimulus-related brain response. Additionally, in the whole report tasks,
unilaterally presented target stimuli were symmetrically counterbalanced by equiluminous random
characters in order to assure an equal physical stimulation across both hemifields.

The TVA parameters top-down control efficiency a and spatial lateralization wi,, can be
estimated by modelling accuracy in a partial-report task. In this task, participants were presented
with either a) two red letters (targets), b) one red letter accompanied by a blue letter (distractor) or c)
a single red letter. Participants were asked to report only the red letters and ignore the blue ones (see
Fig. 3). Modelling performance accuracy across different partial-report conditions provides separate
estimates of the attentional weights w; allocated to targets, distractors and to stimuli presented in the
left and right hemifields. From these values, using equations [2] and [3], one can derive TVA
parameters top-down control efficiency a and spatial lateralization wy,. The comprehensive
description of the fitting procedure and available fitting software can be found in Kyllingsbak

(2006).
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A. Trial Outline B. Display Conditions

1510-1740 ms

individual ED

?

verbal report

Fig. 3. Example of the partial report task. Fig. A depicts the trial outline used in the studies 1 and 2. The
task consisted of 16 different conditions. Target letters (here symbolized by Ts) were red, whereas distractors
(here Ds) were blue. Fig. B depicts 16 different configurations of stimuli used in the partial report. Targets
were presented in red and distractors were presented in blue.

The estimates of the TVA parameters #0, K, and C can be derived from the report accuracy in
a whole-report task. In the whole-report task a participant is presented with an array of letters and is
asked to report as many of them as possible. The letters are displayed with varying exposure

durations, typically ranging from 10 ms to 200 ms. An example of the task is presented in Fig. 4
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Fig. 4. An outline of the whole report task. In each trial, the participant was presented with 4 target letters
on either the left or the right side of the display. On the other side, scrambled stimuli were presented in order
to assure equal physical stimulation across hemifields. For each participant, 5 different exposure durations
were adjusted. Stimuli were presented for these exposure durations were followed by masks. In addition, the
conditions with the second shortest and the longest exposure duration were also presented without masking.

According to equation [4], the probability of an element to be encoded into the VSTM is described
by an exponential function and increases with time. Thus, the report accuracy of multiple presented
letters in the task can be modelled as an exponential function of the stimuli exposure duration
(Bundesen 1990; Dyrholm, Kyllingsbak, Espeseth et al., 2011; Kyllingsbak 2006). An example of a
curve fitted to the real data is presented in Fig. 5. The curve is characterized by three TVA
parameters. The first parameter is the visual threshold for conscious perception #0 [s]. It is the value
for which the number of encoded elements is 0, i.e. F(¢0) = 0. The second parameter is the asymptote
of the function, i.e. parameter K [elements], which determines the maximum number of elements that
can be stored in the VSTM. The third parameter is termed visual processing speed C [1/s] and

describes the slope of the curve at the point t0. This parameter describes the rate of visual

information uptake i.e. number of visual elements encoded to the VSTM per second.
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Fig. 5. An example of the exponential TVA curve fitted to real data of a representative participant.
According to TVA, the accuracy in the whole-report task can be modelled as a function of exposure duration.
This provides estimates of the key parameters of attention: visual perceptual threshold t0, which is a root of
the fitted function, parameter VSTM storage capacity K, which denotes the asymptote of the function, and
parameter processing speed C, which denotes the slope of the function at the point F(t) = 0.

1.5.  Visual attention and the ageing brain

There is a general consensus that changes in cognitive performance, including attention, are normal
processes that accompany healthy ageing (e.g. Harada et al, 2013). Many behavioural and
neuroimaging studies showed a significant age-related decline in visual selective attentional abilities
(Kok, 2000; Kim et al. 2007, Madden et al., 2005; Raz, 2000). Furthermore, it was shown that the
severity of the decline strongly depends on the type of visual stimuli and the complexity of the task.
For example, older adults exhibit particular difficulties in suppressing a reaction to salient, strongly

attracting stimuli (McDowd, 1997; Mevorach, Humphreys and Shalev, 2006).
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Hasher and Zacks (1988), for example, assumed the existence of a mechanism of attentional
inhibition of irrelevant information. They suggest that the observable age-related impairment in
various cognitive domains may result from an inability to reduce the interference from stimuli that
are irrelevant for a current task. They proposed the “inhibitory deficit hypothesis” to explain this
phenomenon. The fact that older adults, compared to younger ones, show this decreased ability to
selectively focus on task-relevant stimuli has been interpreted to be related to a decreased ability to
inhibit distracting information (Gazzaley et al. 2005; Clapp and Gazzaley, 2012). Effective inhibition
of processing irrelevant stimuli enables an allocation of greater amounts of cognitive resources to
process relevant ones. Therefore, an impairment of inhibition may lead to an overload of working
memory with irrelevant information, which in turn reduces the amount of resources available to
process relevant information.

On the other hand, Salthouse (1996) proposed the “processing speed hypothesis” which
postulates that many cognitive deficits in older adults result from a decline in general processing
speed of the central nervous system. This theory states that decreased speed of all mental operations
in older adults leads to significantly increased time required to complete various cognitive tasks.
Moreover, the increased time needed to process the given operation leaves less time for execution of
other, subsequent, cognitive operations. In addition, as all operations require more time, the output
generated during an earlier stage of processing may decay and become unavailable for a later stage.
The “processing speed hypothesis” received strong support in numerous investigations (see
Salthouse, 1996).

Age-related changes of attentional functions were also found in the studies based on TVA.
These studies show that healthy ageing affects distinct parameters of attention with varying degrees.

Habekost et al (2012) found a linear decrease of the TVA parameter visual processing speed C with
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age in older adults. Their result was supported by McAvinue et al (2012), who demonstrated that
parameters of attention most prone to decline with age were visual processing speed C and short-
term memory capacity K. A corresponding result was more recently found by Wiegand et al (2014)
who showed that older, compared to younger adults, had significant decreased TVA parameters
visual processing speed C and visual short-term memory capacity K. It seems that age-related
changes in parameters of general attentional capacity C and K are characterized by different
trajectories than changes of the parameter of attentional selectivity: top-down control efficiency a.
Efficiency of top-down control shows some age-related decline in the youngest adults, but then
remains stable with more advanced age. According to Espeseth et al (2014), top-down control
efficiency becomes relatively stable from age of 30, whereas following McAvinue et al (2012) at the
age of 50.

Although the majority of elderly people experience a decline in cognitive functioning, some
of them seem to be able to preserve their cognitive capabilities. Katzman et al. (1988) reported 10
cases of women over 80 years who had advanced Alzheimer’s disease in post-mortem examination,
but presented normal cognitive functioning. Further studies confirmed this finding, reporting that
between 25 and 67% of elderly people showing no cognitive impairment, actually have features of
neurodegeneration (Crystal et al., 1988; Morris et al., 1996; Ince, 2001; Price and Morris., 1999;
Mortimer et al. 2003).

Such discrepancy between the severity of neural degeneration and that of cognitive decline
can be explained by the individual heterogeneity in the amount of cognitive reserve (Stern, 2002).
According to the cognitive reserve concept, individuals differ in their neurobiological and cognitive
resources. Only after these resources are exhausted by processes of neural damage, cognitive

impairment becomes observable. The cognitive reserve is typically evaluated by education and
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crystallized IQ (mostly vocabulary-based) tests, and occupational attainment (Richards and Sacker,
2003; Stern, 2009). In accordance with the assumption that individuals with greater cognitive reserve
are more efficient in withstanding neural decline and thus in remaining cognitively healthy, it was
shown repeatedly that older adults with greater cognitive reserve have a later onset of cognitive
decline and that they are less likely to manifest symptoms of clinical dementia (Artero, Touchon and
Ritchie, 2001; Avlund, Damsgaard and Osler, 2004; Barber-Gerateau, et al. 1999; Fotenos et al.,
2008; Li, Wu and Wen, 2000; Pereira, Yassuda, Oliveira and Forlenza, 2008; Scarmeas and Stern,
2003, Van der Elst, Van Boxtel, Van Vreukelen and Jolles, 2008; Zunzunegui, et al., 2006).
Therefore, in ageing studies the relevance of cognitive reserve as a critical individual characteristic
with a potentially modifying role is increasingly acknowledged.

To summarize, visual attention is not a single function, but rather a conglomerate of various
functions that underlie many higher-order cognitive processes. These functions are influenced by
age, although trajectories of age-related changes significantly differ across different parameters of
attention and across subjects. Therefore, shedding more light onto the relation between age and
changes in the efficiency attention may be enabled by a reliable measurement of attentional
parameters, together with careful screening of participants that includes estimates of the amount of

cognitive reserve.

1.6. EEG as a tool to measure neural underpinnings of attention

Theoretical models and experimental data point to the crucial role of extrastriate area in visual
attentional processing. Therefore, studies measuring brain activity, such as EEG, related attentional

processing typically focus on these area. Due to an excellent spatial resolution, modern neuroimaging
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techniques, such as functional magnetic resonance imaging (fMRI) and positron emission
tomography (PET), have a prominent role in the neurocognitive sciences. However, hemodynamical
responses to the brain activity are relatively slow, therefore neuroimaging methods usually do not
enable tracking the time course of the brain processes on a time scale of less than a second. Therefore
the main advantage of EEG is a high temporal resolution it provides. EEG allows recording brain
activity with a precision reaching a fraction of a millisecond. Furthermore, given the fact that the
brain tissue is highly conductive, delays between postsynaptic activity generating changes in the
electrical field and the recorded signal are negligible (Nunez and Srinivasan, 2006). Many aspects of
information processing within the brain seem to operate on the scale of tens of milliseconds,
therefore despite its low spatial resolution, EEG and especially event-related potentials (ERP) are a
widely used tool for measuring neural correlates of distinct cognitive processes (Luck, 2005a).

ERPs are extracted from the continuous EEG signal by averaging fragments of the signal
time-locked to the investigated event (for example the display of a stimulus). With enough
repetitions of the event, random noise unrelated to the event can be averaged out leaving the signal
reflecting brain activity induced by the investigated event. An ERP waveform can be characterized
by its amplitude, polarity and latency that may vary across different tasks and also between groups of
subjects differing for example in age. It is generally assumed that the latency of the ERP component
is related to the time course of a given cognitive process, whereas the amplitude reflects the number
of neurons engaged in the ongoing process (e.g., Luck, Woodman and Vogel, 2000; Polich, 2007).
Therefore, comparing latencies and amplitudes of the selected ERP components between different
groups (e.g., between younger and older participants) can provide valuable information about stages

of processing and their neural underpinnings.
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Over the past 50 years of research on the neural basis of attention, i.e. since the early study of
Eason, et al. (1969), various ERP components have been linked to various aspects of attentional
selection. One of the most widely documented relations between visual attention and ERPs is the
attentional modulation of the amplitudes of the P1 (first positive-going deflection) and the N1 (first
negative-going deflection). Both components are most pronounced over the occipital lobe and their
amplitudes increase for stimuli presented in the attended compared to the unattended location (see
Hillyard, Vogel and Luck, 1998; Mangun, 1995). Idealized components elicited during presentation
of stimuli in the attended (solid red line) and unattended (dashed black line) location are presented in

the Fig. 6.

Fig. 6. Idealized ERP waveforms. The waveforms show the signal elicited during presentation of the
stimulus in the attended (solid red line) and unattended (dashed black line) location.

The typical latency of the positive P1 component is 70-100 ms post stimulus (Luck,
Woodman, and Vogel, 2000). The component was shown to be modulated by spatial attention (see
review by Hillyard, Vogel and Luck, 1998) and there is a general consensus that the P1 component is
related to processing suppression of the information presented at unattended locations. This may
enable reducing interference and directing more attentional resources in order to process stimuli
presented at the attended locations. In contrast, the later, negative N1 component typically peaks at
100-150 ms (Mangun and Hillyard, 1991). The N1 component amplitude was found to be elicited in

discrimination and detection tasks (Hopf et al., 2002; Vogel and Luck, 2000). Thus, it is assumed to
34



be modulated by cognitive demands of the discrimination task demands (Hillyard, Vogel and Luck,
1998; Luck, 1995, 1998; Luck et al., 1994; Vogel and Luck, 2000). Subsequent component is a
positive deflection termed P2 with an usual latency of 180-320 ms poststimulus. Within visual
domain it is interpreted as an index of mechanisms for selective attention, feature-based processing
(based on i.e. colour, shape or orientation), and the early stage of encoding of a visual object (Luck
and Hillyard, 1994). The later, negative, deflection is an N2 component peaking at 200-350ms post-
stimulus, which is actually a family of components reflecting different cognitive processes. The
posterior N2 is usually increased as a response to the display of less frequent target objects. Thus, it

is interpreted as an index of the stimulus categorization process (Folstein and Petten, 2008).
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Fig. 7: Example of the ERL computation. The waveform recorded over the site ipsilateral to the attended
target (blue) is subtracted from the waveform recorded over the contralateral site (red) resulting in a contra-
ipsilateral difference waveform (black).
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Due to the fact that the spatial allocation of attention modulates some ERP components, the
lateralization of these ERPs (i.e. Event Related Lateralization, ERL) has been used as a valid marker
of attentional processes (see: Eimer, 1996; Heinze, Luck, Mangun and Hillyard 1990; Hopf et al.,
2000; Luck 2005b; Mazza, Turatto, Caramazza, 2009). In case of an experiment in which a
participant is presented with a lateralized visual stimuli an ERL is computed as a difference in
waveform over the hemispheres contralateral vs. ipsilateral to the visual hemifield in which the
attended stimulus is presented (Corriveau et al., 2012; Luck, Woodman and Vogel, 2000; Wascher
and Wauschkuhn, 1996) (see Fig. 7). Subtracting the signal recorded over the ipsilateral site from the
signal recorded over the contralateral site enables subtracting out the information that is common for
the processing of attended and unattended stimuli (Oostenveld, Stegeman, Praamstra and van
Oosterom, 2003) leaving in the signal information related to the attentional processing of the lateral
stimuli.

An early lateralized component, typically elicited over the lateral occipital sites, in the time
interval of the N1 component is the so-called N1pc (NI-posterior-contralateral). It is assumed to
reflect a process of an “initial orienting of attention” based on the physical features of the presented
object (Wascher and Beste, 2010). A subsequent, but positive lateralized deflection is the Ppc
(Positivity-posterior-contralateral). The Ppc has been suggested to reflect a process of a location-
specific inhibition of the sensory information (Gokce et al., 2014). The most extensively studied and
replicated lateralized component is the PCN component (Posterior-Contralateral Negativity; Ansorge
and Heumann, 2006; Jaskowski, van der Lubbe, Schlotterbeck and Verleger, 2002; see also: Conci,
Tollner, Leszczynski and Miiller, 2011; Tollner, Conci and Miiller, 2015) also called N2pc (N2-

posterior-contralateral; Luck and Hillyard, 1994; Eimer, 1996). The PCN is a negative-going
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deflection elicited at the posterior electrodes with a typical latency between 175 and 300 ms post-
stimulus (Tollner, Zehetleitner, Gramann and Miiller, 2010, T6llner, Miiller and Zehetleitner, 2011).
There is a general agreement that the PCN amplitude reflects the process of attentional selection of
task-relevant visual objects presented among task-irrelevant ones in visual space (Eimer, 1996; Luck
and Hillyard, 1994; Woodman and Luck, 2001, 2003). As shown by a study combining different
imaging methods (event-related magnetic fields, functional magnetic resonance imaging and event
related potentials) the neural sources of the PCN wave are located in the lateral occipital cortex and
in the visual V4 area (Hopf et al. 2006). The latency of the component is thought to indicate the
transition from the pre-attentive sensory coding of the stimulus to the focal-attentional stage of
selection (Tollner et al., 2010). A variability of the PCN latency has been reported in several studies.
This demonstrates, that the timing of a target selection may be affected by various factors, for
instance target set size (Wolber and Wascher, 2005), stimulus intensity (Brisson, Robitaille, and
Jolicoeur, 2007), top-down processes (Tdllner et al., 2011), or intertrial history (Tollner et al. 2008).
Therefore, the amplitude of the PCN component may serve as an index of the amount of attentional
resources being allocated, whereas latency may serve as an index of pre-attentive processing speed.
Methodology of event-related components have been also successfully used to identify the
neural underpinnings of distinct attentional parameters as postulated by TVA. In their study,
Wiegand et al. (2014) examined young participants with the TVA-based paradigm of whole report
arrays of letters with simultaneous EEG recording. They showed that participants with higher
compared to lower TVA parameter processing speed C had suppressed amplitudes of the visual N1.
In a follow up study, Wiegand and colleagues (2014b) demonstrated that the relation between the N1

amplitude and visual processing speed was present also in older participants, despite significantly
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decreased processing speed in older compared to younger individuals. This suggested that
mechanisms underlying age-related slowing of processing speed do not influence N1 component.
Event related components have also been shown to reflect age differences. Lorenzo-Lopez,
Amenedo and Cadaveira (2006) showed that in older participants, compared to younger, the PCN
component was significantly delayed. This finding suggested that the allocation of attention is
significantly slower in ageing individuals. Furthermore, the amplitude of the component was
decreased in older participants compared to younger ones. This was interpreted as an index of
decreased amounts of attentional resources devoted to process the target stimuli (Luck et al, 1997).
Similarly, Wiegand et al. (2013) demonstrated that in a visual search task the PCN was elicited
significantly later in older participants than in younger. This result suggests that the process of
selection a task-relevant visual object requires more time in older than in younger adults. It is
therefore assumed that age-related differences in ERPs reflect differences in the way the neural
resources are engaged in the task. Thus, together with sensitive and appropriate behavioural
measures, ERLs can provide valuable insights into age-related changes in distinct components of

visual attention (Braver et al., 2009).

1.7. Summary

In summary, visual attention is a complex set of functions enabling effective functioning in the
environment by selecting relevant elements out of the multitude of visual inputs. Also, this complex
phenomenon is affected by ageing, although the nature of the specific changes and the degree to
which functions of attention are declining with age is still a subject of debate. According to some

researchers, age-related decline of higher-order cognitive functions may be attributed to an
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incapability to inhibit the selection of distracting stimuli. On the other hand, such decline may also
be attributed to a decreased processing speed of the nervous system. Furthermore, neural
underpinnings of attentional processes and their relation to age are still uncertain. Shedding more
light on the nature of age-related changes in visual attentional functions and their neural correlates
may be possible by grounding scientific studies in a coherent model such as Bundesen’s TVA and

applying neurophysiological measurements.
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2.1. Abstract

Selective attention controls the distribution of our visual system’s limited processing
resources to stimuli in the visual field. Two independent parameters of visual selection can be
quantified by modelling an individual’s performance in a partial-report task based on the
computational Theory of Visual Attention (TVA): i) top-down control o, the relative attentional
weighting of relevant over irrelevant stimuli and ii) spatial bias w,, the relative attentional weighting
of stimuli in the left versus right hemifield. In this study, we found that visual event-related EEG
lateralizations marked inter-individual differences in these two functions. First, individuals with
better top-down control showed higher amplitudes of the posterior contralateral negativity (PCN)
than individuals with poorer top-down control. Second, differences in spatial bias were reflected in
asymmetries in earlier visual ERLs depending on the hemifield position of targets; specifically,
individuals showed a positivity contralateral to targets presented in their prioritized hemifield and a
negativity contralateral to targets presented in their non-prioritized hemifield. Thus, our findings
demonstrate that two functionally different aspects of attentional weighting quantified in the
respective TVA parameters are reflected in two different neurophysiological measures: the observer-
dependent spatial bias influences selection by a bottom-up processing advantage of stimuli appearing
in the prioritized hemifield. By contrast, task-related target selection governed by top-down control
involves active enhancement of target, and/or suppression of distracter, processing. These results
confirm basic assumptions of the TVA theoretical framework, complement the functional
interpretation of ERL components in selective attention studies, and are of relevance for the

development of neuro-cognitive attentional assessment procedures.
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2.2. Introduction

At any given point, we can consciously process only a small proportion of the massive visual
input we are exposed to. The cognitive function that deals with distributing our highly limited
processing resources is visual selective attention (Desimone & Duncan, 1995). Top-down control
over selection enables the observer to focus attention on objects that are relevant to immediate goals,
while ignoring irrelevant distracters. Efficient top-down attentional control is thus critical for acting
intelligently in our visual environment and has been proposed to account for individual differences in
general fluid cognitive abilities (Kane, Poole, Tuholski, & Engle, 2006). Accordingly, impaired top-
down control, for example under normal aging or clinical psychiatric and neurological conditions,
causes difficulties in a variety of tasks (e.g., Bishop, 2008; Gold, Fuller, Robinson, Braun, & Luck,
2007; Madden, 2007; Parasuraman & Haxby, 1993). How attentional resources are shared among
objects in the visual field is not only determined by the relevance of the object, but also their spatial
locations (e.g., the visual hemifield). Marked spatial processing asymmetries are associated with
attentional dysfunction following brain damage, such as hemispatial neglect (Corbetta, Kincade,
Lewis, Snyder, & Sapir, 2005). In healthy subjects, the amount of attentional capacity allocated to
the left and right hemifields is largely balanced. When sufficiently sensitive measures are applied in
larger samples, a slight left-ward bias (“pseudo-neglect”) is reliably observed on the group level
(Bowers & Heilman 1980; Nicholls, Bradshaw, & Mattingly, 1999), and, in line with this, a left
visual field advantage often manifests in lateralized attention tasks (Carlei & Kerzel, 2017;
Smigasiewicz, Asanowicz, Westphal, & Verleger, 2014; Verleger et al., 2009). At the single-subject
level, however, side and degree of the spatial bias vary considerably among individuals, while being

relatively stable within a given person. Accordingly, the spatial bias has been suggested to be a trait-
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like attribute (Benwell, Thut, Learmonth, & Harvey, 2013; Tomer et al., 2013) that potentially
impacts the person’s attentional performance (Bellgrove, Dockree, Aimola, & Robertson, 2004;
Benwell, Harvey, Gardner, & Thut, 2013; Finke, et al., 2005; Matthias, Bublak, Costa, Miiller,
Schneider, & Finke, 2009). Together, spatial and non-spatial selection can be regarded as two
fundamental features of the visual and fronto-parietal attention systems (Corbetta & Shulman, 2002;
2011), which constitute critical determinants of individual differences in visual cognitive abilities
both under normal and clinical conditions.

Individual estimates of spatial and non-spatial attentional selection can be derived from
parametric assessment based on the computational Theory of Visual Attention (TVA, Bundesen,
1990). TVA is closely related to the ‘biased competition’ account (Desimone & Duncan, 1995) and
assumes that multiple objects in the visual field compete for access to a limited visual-short term
memory (vSTM) store. An object’s competitive strength depends on its attentional weight, which
determines the fraction of the total processing capacity allocated to the object. An object will be
selected and stored in vSTM when its encoding process is completed before the stimulus presentation
terminates, given that vSTM has not yet been filled up. In a further development of the model, the
processes have been interpreted on a neuronal level (NTVA, Bundesen, Habekost, & Kyllingsbak,
2005; 2011). Specifically, the number of neurons representing an object categorization is assumed to
be proportional to the attentional weight allocated to it and, thus, its probability of being selected.

TVA partitions attentional functions into distinct parameters that can be modelled based on
an individual’s accuracy in simple letter report tasks (Duncan, Bundesen, Olson, Humphreys,
Chavda, & Shibuya, 1999). Specifically, selective attentional weighting is quantified in two

parameters, 1) top-down control a, the efficiency of selecting task-relevant target letters over task-
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irrelevant distracter letters, and ii) spatial bias wA, the distribution of attention to letters in the left
versus right hemifield.

That the two parameters can indeed be taken to reflect stable processing characteristics for a
given individual is substantiated by high internal (> 0.9) and test-retest reliability (> 0.8) of the a and
wA parameters (Habekost, Petersen, & Vangkilde, 2014). The high reliability of the wi estimates
mirrors the high (test-retest) reliability of spatial bias measures derived from the landmark (or the
line bisection) task (Benwell, Thut, et al., 2013), which is frequently used to quantify hemispatial
processing asymmetries in healthy individuals and neglect patients (Harvey, Milner, & Roberts,
1995). Furthermore, TVA parameters have been demonstrated to selectively correlate with other
neuropsychological tests measuring related functions. In particular, top-down control o was found to
be related to interference in a Stroop task (Bédumler, 1985); and a stronger degree of spatial bias wA,,
that is absolute deviation from balanced processing regardless of direction (Dev(wA)), was shown to
be associated with poorer performance in a visuo-spatial scanning task (Zimmermann & Fimm,
1993), in which participants had to decide whether a ‘target’ square having a gap in the upper edge
was present in a 5 x 5 matrix of squares having a gap either in the left, the right, or the lower edge
(Finke, Bublak, Krummenacher, Kyllingsbaek, Miiller, & Schneider, 2005) — indicative of a more
general, stable tendency to prefer on side of space.

In this study, we aimed at identifying neurophysiological indices of individual differences in
these two parameters by combining TVA-based assessment with recordings of event-related
potentials (ERPs). ERPs can be used as online markers of several independent but overlapping
subcomponents of visual attention in one task (Luck, 2005) and were suggested to reflect
neurophysiological correlates of individual differences in latent cognitive traits (Cassidy, Robertson,

& O’Connell, 2012; McLoughlin, Makeig, & Tsuang, 2014). In this respect, we previously
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demonstrated that ERPs marked inter-individual differences in the two distinct TVA parameters of
visual capacity, processing speed C and storage capacity K (Wiegand, Tollner, Habekost, Dyrholm,
Miiller, & Finke, 2014; Wiegand, T6llner, Dyrholm, Miiller, Bundesen, & Finke, 2014).

Specifically visual selection processes can be examined by means of event-related
lateralizations (ERLSs) over posterior-occipital sites (Luck, Woodman, & Vogel, 2000). Visual ERLs
are computed as the difference in activity over the hemispheres contra- and ipsilateral to laterally
presented stimuli. They are considered to reflect stimulus processing in visuo-topically organized
extrastriate areas recurrently linked to higher-level fronto-parietal areas in the attention network
(Eimer, 2015; Hopf et al., 2006). When a lateral target stimulus is presented together with a
physically similar distracter stimulus in the opposite hemifield, a negativity contralateral to the
attended target stimulus is elicited around 175-300 ms following its onset, referred to as Posterior
Contralateral Negativity (PCN, or N2-posterior-contralateral; Eimer, 1996; Luck & Hillyard, 1994;
Tollner, Rangelov, & Miiller, 2012). The PCN amplitude is interpreted as reflecting the amount of
attentional resources recruited to select a target in the presence of distracting stimuli (Tdllner,
Zehetleitner, Gramann, & Miiller, 2012; Woodman & Luck, 2001). The component was suggested to
subsume activations related to multiple mechanisms acting simultaneously to resolve this attentional
competition, specifically: activity to enhance processing of the target plus activity to suppress
processing of the distracters (Hickey, Di Lollo, & McDonald, 2009). In some studies, a positivity
that precedes the PCN can be observed contralateral to the target (Corriveau, Fortier-Gauthier,
Pomerleau, McDonald, Dell'Acqua, & Jolicoeur, 2012; Jannati, Gaspar, & McDonald, 2013). This
Posterior Positivity Contralateral (Ppc) was suggested to reflect bottom-up processing differences
between the target and distracter stimuli that may also contribute to selection (Gokce, Geyer, Finke,

Miiller, & Tollner, 2014; Wiegand, Finke, Tollner, Starman, Miiller, & Conci, 2015).
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To investigate electrophysiological correlates of TVA parameters of spatial and non-spatial
selective attention, we recorded EEG while participants performed a partial-report letter task
(Wiegand, Petersen, Finke, Bundesen, Lansner, & Habekost, 2017) in which subjects had to identify
target letters and ignore distracter letters pre-specified with respect to colour. For each participant,
we derived quantitative and independent TV A-based estimates of top-down control a and spatial bias
wA from their report accuracy under different display conditions (Fig. 1): a target letter was
presented either alone, accompanied by another target letter, or accompanied by a distracter letter, in
the same or the opposite hemifield. We analysed visual ERLs in response to target displays with a
distracter in the opposite hemifield. ERLs were 1) averaged across trials with targets in the left and
right hemifields (PCN), to derive ERL correlates of parameter top-down control a; and ii) averaged
separately for trials with a target in the left (and a distracter in the right) hemifield and a target in the
right (and a distracter in the left) hemifield to derive ERL correlates of parameter spatial bias wA.
First, we hypothesized that the PCN, as a marker of resource allocation for visual selection, would
mark individual differences in the parameter top-down control a. Specifically, we expected larger
PCN amplitudes to indicate better top-down control over target selection. Second, we hypothesized
that hemifield-specific ERLs might reveal asymmetries in the resource allocation to targets in the left
versus right hemifield, which would be related to individual differences in the parameter spatial bias

WA.
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2.3. Methods

Participants. Thirty-three healthy volunteers participated in the experiment. Two participants were
excluded whose PCN amplitude deviated more than 3 standard deviations from the average
amplitude of -1.88 uV. In the remaining sample of 31 participants, mean age was 26.74 years (SD:
4.60, range: 20-35 years; 16 male, 15 female). All participants had normal or corrected-to-normal
vision and none of them reported colour blindness, any chronic eye disease, or any psychiatric or
neurological impairments; also, none exhibited symptoms of depression (scores < 18 in Beck’s
depression inventory, Beck, Steer, & Brown, 1996) or anxiety (scores < 59 in the State-Trait Anxiety
Inventory, Spielberger, Gorsuch, & Lushene, 1970). Handedness was assessed using the Edinburgh
Handedness Inventory (Oldfield, 1971). XX 28 of the participants had a right-hand dominance and 3
of the participants had a left-hand dominance. Written informed consent according to the Declaration
of Helsinki II was obtained from all participants, and they received payment of 10€/h for their
service. The study was approved by the ethics committee of the Department of Psychology, Ludwig-
Maximilians-Universitdt Miinchen.

Design and Procedure. The PC-controlled experiment was conducted in a dimly lit, sound-attenuated
and electrically shielded cabin. Stimuli were presented on a 24-inch monitor (800x600 pixel screen
resolution; 100-Hz refresh rate). Participants were seated in a comfortable chair at a viewing distance
of approximately 65 cm to the screen. The entire test session lasted approximately 2 hours, including
completion of a demographic questionnaire as well as neuropsychological screening assessing visuo-
motor speed, depression, anxiety, and verbal 1Q. Tests were completed in random order before the
experiment, followed by preparation of the EEG recording and, finally, the partial-report task, which

took some 45 minutes to perform. Participants were given standardized written and verbal
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instructions, and they were presented with example displays on the screen to illustrate the task before

the experiment started.

A. Trial Outline B. Display Conditions

1510-1740 ms

individual ED

verbal report

Fig. 1: Task procedure and stimuli. Trial outline of the partial-report task (A). 16 different display
configurations presented in the partial report (B). Targets (“T”’) were presented in red and distractors (“D”)
were presented in blue.

In the partial-report task, on each trial (Fig. 1A), either a single target, two targets, or a target
and a distracter were presented. Two letters were either presented vertically (unilateral display) or
horizontally (bilateral display), but never diagonally, resulting in 16 different display configurations
(Fig. 1B). A trial started with the presentation, for a variable duration (see below), of a white circle
(diameter of 0.90) with a white dot in the middle in the centre of the screen, which participants were
instructed to fixate throughout the whole trial. Then, the letter array was presented on a black
background for an exposure duration that was determined individually for each participant in a pre-

test (see below). Participants’ task was to verbally report only the red target letters, and to ignore the
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blue distracter letters. The report could be performed in any (arbitrary) order and without emphasis
on response speed. Participants were instructed to report only those letters they were ‘fairly certain’
of recognizing. The experimenter entered the responses on the keyboard and pressed a button to
initiate the next trial. To avoid response preparation varying with build-up of temporal expectancy as
time elapses (Vangkilde, Coull, & Bundesen, 2012), the inter-trial intervals (ITIs) were drawn from a
geometrical distribution with a constant hazard rate of 1/5 and a range of 1510-1740 ms using time
steps of 10 ms.

The experiment consisted of a total of 504 trials: 112 in the single-target condition, 112 in the
dual-target condition, and 280 in the target-distracter conditions (112 unilateral, 168 bilateral
displays). For the ERL analyses, only conditions in which the target and distracter appeared in
opposite hemifields were relevant, while all of the 16 display conditions were important for the
parameter fitting based on the behavioural data (Duncan et al., 1999). The experiment was divided
into 14 blocks of 36 trials each. Conditions were balanced across blocks and each participant was
presented with the same displays, though in a different random sequence. Letter stimuli were
presented in Arial font size 16, with equal frequency at each of four possible display locations
forming an imaginary square, with a distance of approximately 10 cm from the fixation circle,
corresponding to a visual angle of 8.75°. Red target letters (CIE xyY: .534, .325, 3.25) and blue
distracter letters (CIE xyY: .179, .118, 3.15) were of comparable luminosity and size (0.9° of visual
angle). The letters presented on a given trial were randomly chosen from a pre-defined sub-set

(ABDEFGHJKLMNOPRSTVXZ) without replacement.

Determination of individual exposure durations. Before the experimental session, a pre-test was

conducted to familiarize participants with the partial-report task and determine the exposure duration

49



(ED) for the test individually for each participant, thus controlling for potential individual differences
in task difficulty. First, 16 trials were run with an ED of 80 ms to acquaint the participant with the
trial procedure. Then, an adaptive test procedure containing 24 trials followed, in which the ED was
adapted stepwise based on performance in 12 dual-target trials: when the participant reported both
targets correctly, ED was decreased by 10 ms; when the participant reported one letter correctly, the
ED was kept at the current value; and when the participant reported no letter correctly, the ED was
increased by 10 ms. Another 24 trials were then run using the ED identified by this procedure, with
participants receiving feedback on their performance after the block. The ED thus determined was
accepted for the test when performance ranged between 70% and 90% correct with single-target
displays and exceeded 50% correct with dual-target displays (i.e. reached a level indicating that the
participant was, in principle, able to identify more than one letter at the given exposure duration).
Otherwise, the determination procedure was continued until the criterion was reached, which was the
case for the majority of our participants.

Participants’ final ED was 20.97 ms on average (range: 10-90 ms). Note that the individual
TVA parameter estimates of top-down control o and spatial bias wA are independent from the
individual EDs. In any case, the EDs were sufficiently short to mostly prevent saccades during
display exposure, which could have contaminated the ERLs (Luck, 2005). ERLs were previously
shown to be unaffected by variations in short EDs up to 200 ms (Brisson & Joliccer, 2007), and in
fact, in the present study, EDs did not correlate with TVA parameter estimates or ERLs [all rs < .24,

all ps > .17].

Parameter estimation. TVA parameters were derived by modelling individual performance accuracy

across the different partial-report conditions (see Fig 1B) using a TVA-based algorithm with a
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maximum likelihood estimation procedure (see Dyrholm, Kyllingsbak, Espeseth, & Bundesen, 2011,
and Kyllingsbak, 2006, for details). The parameters of main interest in the present study were the
two TVA parameters related to selective attention. The top-down control parameter, a, reflects the
task-related differences in weights for targets (wT) and distracters (wD), and is defined as the ratio
wD/wT. Theoretically, perfect selection would imply that all attentional weight was on targets and
none on distracters, resulting in a = 0. By contrast, completely unselective processing would imply
equally weighted target and distracter processing, resulting in o = 1. Accordingly, lower a values
indicate more efficient top-down control. The spatial bias parameter, wA, reflects the spatial
distribution of attentional weights across the left (W) and the right (Wygn) visual hemifield and is
defined as the ratio Wiee/(Wien + Wright). A value of wA = 0.5 indicates balanced weighting, a value of
wA > 0.5 a leftward bias, and a value of wi < 0.5 a rightward spatial bias. In addition to the
parameters related to selection, we estimated the sensory effectiveness, a, which is a measure of the
total processing capacity (in number of letters) at a given exposure duration, independent of how
attentional resources are divided across different objects in the visual field.

TVA parameters are considered latent parameters, that is, entities of the processing system
operating at any instance. They are inferred from modelling the observed raw data (report accuracy)
in those partial-report conditions assumed to be most influenced by the respective parameter. We
verified the correspondence between parameters and raw performance by calculating selection
indices, which we then correlated with the estimates derived from the model. Specifically, parameter
a is estimated mainly from performance decrements in the target-distracter condition, relative to
performance conditions without distracters; thus, we computed a ‘target selection index’ as the mean
performance accuracy in the single-target and dual-target conditions divided by performance

accuracy in the target-distracter condition ([0.5*ACCI1T+0.5*ACC2T]/ACCTD). Parameter w is
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estimated mainly from performance in display conditions with targets presented bilaterally in both
the left and the right visual hemifield; thus, we computed a ‘spatial selection index’ as the relative
difference in correctly reporting targets in the right vs. left hemifield in the bilateral dual-target
condition (ACCies/[ ACCright + ACCies)).

EEG recordings and ERLs. The EEG was recorded continuously from 64 active Ag/AgCl electrodes
(ActiCAP system, Brain Products) using BrainAmp DC amplifiers (Brain Products). Sixty-three
electrodes were mounted on an elastic cap (Falk Minow Service), with positions placed according to
the international 10/10 system (American Electroencephalographic Society, 1994). One additional
electrode was placed at the inferior orbit below the left eye in order to further control for blinks and
saccadic eye activity. The impedances of all electrodes were kept below 5 kQ, and regularly
controlled every 4 blocks. All signals were recorded at a sampling rate of 1 kHz and filtered online
with a 0.1- 250 Hz bandpass filter. Electrode FCz was used as online reference. During offline pre-
processing, the raw data of each participant was first visually inspected to detect and manually
remove artefacts of nonstereotypic noise (e.g., electromyographic bursts). We ran an infomax
independent component analysis (Bell & Sejnowski, 1995) to identify and backtransform
components representing ocular artefacts (Jung et al., 2000). After ICA inspection, the continuous
EEG was low-pass filtered at 40 Hz (Butterworth zero phase filter, 24 dB/oct) and re-referenced to
averaged mastoids (channels TP9/10). The EEG was segmented into 1000-ms epochs, ranging from
200 ms before to 800 ms after stimulus onset. The pre-stimulus interval was used for baseline
corrections. Trials containing signals exceeding £30 puV in channels at the outer left and right canthi
of the eye (F9/F10) were marked as artefacts associated with residual eye-related activity and not

included in the analyses (7% of all trials). Trials including voltage steps larger than + 50 pV/ms and
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activity lower than + 0.5 pV within intervals of 500 ms or signals exceeding + 60 pV in any channel
were marked as artefacts and removed from the analysis on an individual-channel basis.

We computed ERLs based on trials in which a target and a distracter letter were presented
bilaterally (i.e., in opposite hemifields) on lateral parieto-occipital electrodes (PO7/POS). Only trials
on which target letter was reported correctly were included in the analyses. Note that, although wA is
estimated mainly from bilateral target displays in the TVA fitting, the latent spatial bias parameter is
assumed to be also realized in the magnitude of the relative attentional weights to targets presented in
the left compared to the right hemifield when a distracter is in the opposite hemifield, or no stimulus
is in the opposite field. We chose bilateral target-distracter displays for the analyses because it is only
in this condition that the sensory input is balanced across hemifields, with contra-vs.-ipsilateral
hemispheric differences reflecting attention-related differences in target and distracter processing; by
contrast, no reliable lateralization in ERPs can be measured in displays with targets in both
hemifields.

ERLs were calculated by subtracting ERPs at electrodes ipsilateral from those at electrodes
contralateral to the target, averaged over presentations in the upper and lower visual field. Time
windows used for analyses were based on visual inspection of individual differences in grand-
averaged ERLs. For the PCN analyses, we computed grand-average (contralateral-minus-ipsilateral)
difference waves averaged across left and right targets ([(PO8-PO7left target) + (PO7-POS8right
target)]/2), and extracted peak amplitudes (mean +/- 10 ms around the maximum deflection) in the
130-350 ms post-stimulus time window. For analysing hemifield asymmetries in the ERLs, we
extracted mean amplitudes 140-200 ms post-stimulus from grand-averaged event-related
(contralateral-minus-ipsilateral) difference waves on parieto-occipital electrodes separately for

displays in which the target was presented in the left hemifield and the distracter in the right
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hemifield (PO8-PO7left target), and vice versa for trials in which the target was presented in the right
hemifield and the distracter in left hemifield (PO7-POS8right target). We measured mean amplitudes,
rather than peak amplitudes, because individual peaks could not be reliably determined, owing to the
lower signal-to-noise ratio in the hemifield-specific ERLs as compared to the PCN (the latter being

based on averaging across double the amount of trials).

Statistical analyses. First, we examined whether target selection was effective in our sample by a
one-sample t-test testing whether o—values would be significantly lower than 1 (indicating
unselective processing). Second, we tested whether there was a spatial bias to the left or right
hemifield in our sample by a one-sample t-test against 0.5 (indicating balanced spatial weighting).
We further confirmed that the correspondence between the performance pattern in the raw data and
the parameter estimates by correlating individual a- and wA-values with the target selection and,
respectively, spatial selection indices computed from the observed performance data. To test the
independence of the two parameters of selection, we computed Pearson correlations between the o
and wA estimates, and also between a and the general degree of spatial bias irrespective of direction
(i.e., the deviation from balanced weighting, wA = 0.5).

For the following examinations for individual differences, we split the sample twice into two
groups: first, into groups with better vs. poorer top-down control according to the median value of o;
second, into groups with left vs. right spatial bias according to the median value of wA. The resulting
differences between the respective groups in the parameter estimates and report accuracy in the
relevant display conditions of the (partial-report) task were examined by t-tests.

We assumed that individual differences in the PCN would reflect the relative distribution of

attentional weights among target and distracter letters, quantified as parameter o. We further
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hypothesized that individual differences in the left-right asymmetry of ERLs would be related to the
observer-specific relative spatial distribution of weights between hemifields, quantified as parameter
wA. Finally, we assumed that these associations would be independent of each other, that is,
individual differences in a would not be reflected in hemispheric asymmetries of the ERL, and
individual differences in wi would not be reflected in overall amplitudes of the PCN.

To test these hypotheses, we analysed the PCN in two one-way ANOVAs, one with the
between-subject factor Top-down Control (better/poorer), and another with the between-subject
factor Spatial Bias (leftward bias/rightward bias). We analysed hemifield-specific ERLs in two
mixed ANOVAs, one with the within-subject factor Target Hemifield (left/right) and the between-
subject factor Spatial Bias (leftward bias/rightward bias), and another with the within-subject factor
Target Hemifield (left/right) and the between-subject factor Top-down Control (better/poorer).
Significant interactions were followed-up by t-tests (Bonferroni corrected). Finally, we repeated the
analyses with handedness as a covariate, as handedness has been suggested to co-vary with

asymmetries in other cognitive and perceptual processes (Jewell & McCourt, 2000).

2.4. Results

Behavioural data and model fit summary. The model explained on average 80% (mean R2) of the
variability in the observed mean scores, and the estimated parameters were comparable to previous
TVA-based studies with young, healthy participants (Bundesen, 1998; Finke et al., 2005; Matthias et
al., 2009). The overall performance accuracy was 79.84%, and the performance pattern between
conditions was in line with TVA predictions and the group differences in top-down control o and

spatial bias wA (Fig. 2): Participants reported most letters correctly in the single-target condition, in
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which all attentional resources were expended on only one item, and performance was comparable
across groups. For dual-letter displays, report performance (for one target in the display) was reduced
more in the dual-target conditions compared with the target-distracter conditions, indicating that
participants shared resources among the targets in the dual-target conditions, whereas they allocated
more attentional weights to the targets than to the distracters in the target-distracter conditions.
Paired-samples t-tests confirmed that, across all participants, mean accuracy was significantly lower
in the dual-target conditions [Mean = 76.28, SD = 7.93] compared to both the single-target [Mean =
81.97, SD = 6.75] and target-distractor [Mean = 81.28, SD = 6.95] conditions [both t(30) > 6.1, both
p <.001]. Individuals with poorer compared to better top-down control showed smaller performance
differences between the conditions with and without distracters [Mean = 1.76, SD = 2.21 vs. Mean =
8.45, SD = 2.67 t(29) = 7.626, p < .001], indicating that they allocated relatively less attentional
weight to distracters (Fig. 2A and 2B). Furthermore, individuals showed higher report accuracy for
targets that occurred in their prioritized hemifield in bilateral display conditions (in which another
stimulus appeared in the opposite hemifield), indicating that more attentional weight was allocated to
the stimulus on the preferred side (Fig. 2 C and D). For individuals with a leftward bias, report
accuracy was significantly higher for targets in the left than in the right hemifield [t(15) = 2.995, p
=.009]. Conversely, for individuals with a rightward bias, there was a trend towards higher report
accuracy for targets in the right versus the left hemifield [t(14) = -1.729, p = .106] (note that the

degree of spatial bias was also higher in the leftward-bias group, see below).
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Report accuracy
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Fig. 2. Report accuracy in the partial-report task. Bars depict mean number of correctly reported target
letters and standard errors of the means in different conditions of the partial report task. For groups of
individuals with better top-down control (A) and poorer top-down control (B), performance is shown for
conditions in which a target was presented without accompanying stimulus, in which a target was
accompanied by a distracter, and in which are a target was accompanied by a second target. For groups of
individuals with left-ward spatial bias (C) and right-ward spatial bias (D), performance is shown for
conditions in which a target was presented either alone or with an accompanying stimulus in same (ipsilateral)
hemifield and in which a target was presented with an accompanying stimulus in the opposite (contralateral)
hemifield, separately for targets presented in the right hemifield (blue) and the left (red) hemifield.

The estimates of top-down control a indicated that target selection was effective (i.e., a < 1)
across the entire sample [Range = 0.17-0.67, Mean = 0.42, SD = 0.14, t(30) = -22.34, p <.001] (Fig.
3A). The estimates of spatial bias wA indicated a slight, but non-significant leftward bias (i.e., wA >
0.5) across the entire sample [Range = 0.39-0.68, Mean = 0.52, SD = 0.06, t(30) = 1.66, p = .107]
(Fig. 3B). The groups split according to the median value of a, naturally, differed in their estimates
of a [better top-down control Mean = 0.30, SD = 0.11 vs. poorer top-down control Mean = 0.53, SD

=0.07, 1(29) = -7.443, p < .001], but not in their estimates of wA [better top-down control Mean =
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0.52, SD = 0.07 vs. poorer top-down control Mean = 0.52, SD = 0.05, t(29) = 0.021, p = .98].
Conversely, the groups split according to the median value of wi (0.51) differed in their estimates of
wA, [leftward bias: Mean = 0.56, SD = 0.04 vs. rightward bias: Mean = 0.47, SD = 0.03, t(29) = -
5.942, p <.001], but did not differ in their estimates of a [leftward bias Mean = 0.43, SD = 0.15 vs.

rightward bias Mean = 0.42, SD = 0.15, t(29) = 0.153, p = .88].

Distribution of individual parameter estimates
(A) (B)

Better top-down control Poorer top-down control Rightward spatial bias Leftward spatial bias

Count

0.4 0.6 g § 0.0 0.2 0.4 0.6
Parameter o Parameter w;,je.

Fig. 3 : Distribution of individual parameter estimates. Histograms showing the distribution of individual
values of top-down control o (A) and spatial bias w, (B) for. The black lines indicate the median of the sample
based on which participants were assigned to groups of better and poorer top-down control and to groups of
leftward and rightward spatial bias, respectively.

Significant correlations between the parameter estimates and selection indices based on raw
scores confirmed that the values derived from the modelling procedure corresponded to the pattern in
the observed performance: top-down control o correlated with the target selection index [r(29)

=.956, p < .001], and spatial bias wA correlated with the spatial selection index [r(29) = .736, p
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< .001]. By contrast, o and wA did not correlate significantly with each other [r(29) = -.076, p
= .684]. And neither did a correlate with the spatial selection index [r(29) = .032, p = .866], nor did
wA correlate with the target selection index [r(29) = -.020, p = .914]. Top-down control a did also not
significantly correlate with the degree of spatial bias Dev(wA), regardless of direction [r(29) = -
0.292,p=0.111].

TVA parameters and ERLs. Characteristic visual potentials over parieto-occipital electrode
sites were elicited in the bilateral target-distracter condition of the partial-report task, which were
larger over the hemisphere contralateral to the hemifield in which a target letter was presented. The
amplitudes of ERLs further varied with individuals’ level of top-down control o and spatial bias wA
(Fig. 4 and 5).

The ANOVA on PCN amplitudes averaged across the hemifields with the between-subject
factor Top-down Control revealed a significant effect of Top-down Control [F(1,29) =5.72, p =.02].
Amplitudes were higher in individuals with better as compared to individuals with poorer top-down
control (-2.21 pV vs. -1.57 uV) (Fig. 4B). The same analyses with the between-subject factor Spatial
Bias revealed no significant effect of Spatial Bias [F(1,29) = 2.74, p = .11], indicating that the PCN
was modulated by individual differences in parameter o, but not in parameter wi (Fig. 4C). The
ANCOVAs including handedness as a covariate revealed essentially the same results, with a
significant effect of Top-down Control [F(1,28) = 5.437 p = .027], but not of Spatial Bias [F(1,28) =

2.610 p=.117], on PCN amplitudes.

59



Posterior Contralateral Negativity

(A)

4
=

PO7/PO8

[ SRR

Amp|lElJ.lde [uV]
o v w N b—l% = N

Contra-/Ipsilateral ERPs

== Contralateral
w  |psilateral

(B)

PO7/PO8 3

Am g\IJitude [1V]

Posterior Contralateral Negativity

—— Better top-down control
= Poorer top-down control

(C) Posterior Contralateral Negativity
= Rightward spatial bias
-4 v — Leftward spatial bias
PO7/PO8 3
> 2t
=
() 1
el
2, A LroaeanZ T\
a2 100~ == 100 WA NZ/200 300 400 500 ms
€ 1
<

N

w

Fig. 4: PCN. ERPs contra- and ipsilateral to the target across all participants (A) and PCN (contra-minus-
ipsilateral difference) in response to displays with bilateral target-distracter configurations averaged over left-
and right-target displays at posterior-occipital electrodes, for groups of individuals with better top-down
control (green line) and poorer top-down control (grey line) (B), and for groups of individuals with a leftward
spatial bias (blue line) and individuals with a rightward spatial bias (red line) (C). Shaded areas represent

standard error of the averaged waveforms.

60



The ANOVA on hemifield-specific ERLs with the between-subject factor Spatial Bias
revealed a significant interaction between Spatial Bias and Target Hemifield [F(1,29) = 8.29, p
= .007], showing that ERL lateralization to left vs. right targets varied with participants’ prioritized
hemifield (Fig. SB5C and D). Post-hoc tests revealed that ERL amplitudes in response to right-target
displays were negative in individuals with a left-ward spatial bias and positive in individuals with a
right-ward spatial bias [-1.32 uV vs. 0.99 pV, t(29) = 2.897, p < .01], while ERL amplitudes in
response to left-target displays were negative in individuals with a right-ward spatial bias and
positive in individuals with a left-ward spatial bias [-0.72 pV vs. 1.69 uV, t(29) = -2.689, p = .012].
Two paired-samples t-tests revealed that amplitudes in response to right- and left-target displays
differed significantly for the group of participants with a left-ward bias [t(15) = 2.799, p = .013], but

not the group with a right-ward bias [t(14) =-1.377, p =.190].
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Hemifield-specific EEG Lateralizations
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Fig. 5: Hemifield-specific asymmetries in ERLs. Grand-averaged ERPs across all participants contra- and
ipsilateral to the target in response to displays with targets presented in the right hemifield and distracters in
the left hemifield (A) and to displays with targets presented in the left hemifield and distracters in the right
hemifield (B). ERLs (contra-minus-ipsilateral difference) are shown separately for groups of individuals with
a rightward spatial bias (red lines) and leftward spatial bias (blue lines) in response to displays with targets
presented in the right hemifield and distracters in the left hemifield (C) and to displays with targets presented
in the left hemifield and distracters in the right hemifield (D) and for individuals with a better top-down
control (green lines) and poorer top-down control (grey lines) in response to displays with targets presented in
the right hemifield and distracters in the left hemifield (E) and to displays with targets presented in the left
hemifield and distracters in the right hemifield (F).

The ANOVA on hemifield-specific ERLs with the between-subject factor Top-down Control
did not reveal an interaction of Top-down Control and Target Hemifield [F(1,29)<0.01, p =0.96]
(Fig. 5C). Thus, the results indicate that hemispheric asymmetries in the ERL varied with individual

differences in the parameter wi, but not in the parameter a. The ANCOV As including handedness as
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a covariate revealed the same results: a significant interaction of Target Hemifield and Spatial Bias
[F(1,28) = 15.634, p <.001], but not of Target Hemifield and Top-down Control [F(1,28) = 0.273, p

=.606], on amplitudes of the hemifield-specific ERLs.

2.5. Discussion

We identified distinct ERL correlates of individual differences in TVA-based parameters of task-
specific and hemifield-specific visual selection. First, the PCN varied with parameter top-down
control o, but not with parameter spatial bias wA. Second, hemifield-specific asymmetries in the
ERLs varied with parameter spatial bias wi, but not with parameter top-down control a.

The PCN amplitude as a neural marker of individual differences in top-down control.
Parameter estimates of top-down control a showed that selection of task-relevant over -irrelevant
objects was overall effective (i.e., targets received higher attentional weights than distracters), while
this selection efficiency varied considerably among the individual participants (Fig. 3A). These inter-

individual differences in top-down control were reflected in the PCN; specifically, individuals with
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more efficient top-down control exhibited larger PCN amplitudes in response to bilateral target-
distracter displays compared to individuals whose task-related selection was less efficient.

The large majority of PCN studies investigated the component using variants of visual search
tasks (Eimer, 2015; To6llner et al., 2012), and the mechanisms assumed to be reflected in the PCN
have been interpreted in influential visual search models developed to explain search performance
under varying target-distracter configurations (Found & Miiller, 1996; Miiller & Krummenacher,
2006; Wolfe, Cave, & Franzel, 1989; Wolfe, 1994, 2007). Within subjects, the PCN amplitude varies
with the demands of top-down control in the task: it decreases when selection is made easier, for
example, by eliminating or lowering the number of distracters (Luck & Hillyard, 1994); and it
increases when selection becomes harder, such as in visual search for targets defined by feature
conjunctions as compared to single features (Luck & Hillyard, 1995; Luck, Girelli, McDermott, &
Ford, 1997). The PCN is sensitive to voluntary preparation, for example, when setting oneself to a
target expected to be defined within a particular feature dimension — corroborating the component’s
association with task-dependent, top-down modulation of processing the selection-relevant target

feature (Tollner, Zehetleitner, Gramann, & Miiller, 2010; Tollner, Miiller, & Zehetleitner, 2012).
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Given these (and numerous other) reports of within-subject PCN variations resulting from
experimental visual-search manipulations, the consensus view is that the component reflects a
filtering mechanism subserving the selection of task-relevant stimuli, whereby the processing of
targets is enhanced at the expense of distracters (Eimer, 2015; Luck, 2012). The PCN amplitude
specifically is assumed to reflect the amount of attentional resources allocated to the task-relevant
stimulus (Eimer et al., 1996; Luck & Hillyard, 1994; Tollner et al., 2008). Following this, we
interpret the between-subject differences we found under constant selection demands in the partial-
report task to indicate that individuals with better top-down control allocate relatively more of their
available attentional resources to the task-relevant object, compared to individuals with poorer top-
down control. In terms of TVA, this translates into a stronger competitive advantage of the target

over the distracter in the selection process (Bundesen & Habekost, 2008).

(N)TVA (Bundesen 1990, Bundesen et al., 2005), as a more general theory of visual
selection, has direct implications for visual search performance (Bundesen & Habekost, 2008) and

provides a complementary theoretical background for interpreting the ERP modulations.'

" Guided Search and related models distinguish between an early stage of preattentive, capacity-
unlimited parallel processing of simple sensory information, which is followed by a capacity-limited,
serial selection process required for recognition of the selected items. TVA also envisages a first
stage of preattentive parallel processing of the objects in the visual field (though not necessarily
limited to simple sensory features), on which the computation of attentional weights is based.
However, in contrast to the serial selection process in Guided Search, in TVA, the second stage of
processing is assumed to be a parallel capacity-limited process that is biased by the outcome of the

first processing stage (for details, see Bundesen & Habekost, 2008).
65



Specifically, the mechanisms assumed to be reflected in the PCN are reconcilable with the
mechanism of attentional weighting which, on TVA, underlies top-down selection (Bundesen et al.,
2005). TVA assumes that objects are selected by a “filtering” mechanism, in which attentional
weights are computed for all objects in the visual field based on their current importance. The
available processing resources are then distributed among objects according to their weights. As a
result, objects with higher weights are processed faster and more likely to be selected, which, in
terms of TV A, corresponds to being encoded into vSTM. In a partial-report situation (or, similarly, in
visual search), in which stimuli fall into categories of targets and distracters, effective top-down
control devotes relatively more visual processing resources to the behaviourally important target
objects by assigning higher weights to them compared to less important distracter objects. The
individual efficiency of this filtering process is reflected in the parameter estimate of top-down
control a. In line with this, given its association with o, the PCN amplitude could be interpreted as a
marker of the relative difference in the weighting of targets in one and distracters in the opposite
hemifield, on an individual-subject level. NTVA further proposes that the distribution of neural
resources according to the attentional weights is governed by higher-order cortical areas that project
to visual areas via the pulvinar nucleus of the thalamus (Bundesen et al., 2005). In line with this
proposed implementation of top-down processing, generator sources of the PCN have been identified
within the ventral occipito-temporal cortex, where processing is influenced by top-down signals from
frontal and parietal areas (Buschman & Miller, 2007; Hopf et al., 2002).

In order to integrate the results with other theoretical accounts of visual attention (Guided
Search: Wolfe, 1994, 2007; Dimension-Weighting Account: Miiller et al., 1995) and to test the
generalizability of the association between PCN amplitudes and individuals’ ability to effectively

filter target and distracter information, testing the relationship between individual differences in

66



performance in other selective attention tasks, specifically visual search, would be informative. In
fact, there is accumulating evidence that PCN amplitudes are larger in individuals with faster as
compared to slower response times in visual search tasks (Tollner, Conci, & Miiller, 2015; Williams
& Drew, 2017).
Hemifield-specific ERL asymmetries are related to individual differences in spatial bias. On the
group level, parameter estimates of spatial bias, wi, indicated largely balanced spatial weighting.
However, a slight, non-significant, leftward “pseudoneglect” was found, which mirrors the rightward
spatial bias found in patients with visual hemi-neglect in such TVA-based letter report paradigms
(Duncan et al., 1999; Finke, Matthias, Keller, Miiller, Schneider, & Bublak, 2012), albeit to a much
lower degree. This finding in healthy individuals is common (Finke et al., 2005) and in accordance
with the right-hemisphere dominance-hypothesis for visuo-spatial attention (Heilman & Van den
Abell, 1980; Posner & Petersen, 1990). For single participants, however, sizable spatial biases to
either left or the right hemifield were apparent (Fig. 3B). This implies that, on the individual level,
attentional resources deployed to locations in the left and right hemifields are asymmetrical, and that
the direction and degree of this asymmetry varies among individuals.

While inter-individual differences in spatial biases have previously been linked to other
aspects of neural hemispheric asymmetries, such as white matter volume (Thiebaut de Schotten et al.,

2011) and activity in the fronto-parietal attention network (Szczepanski & Kastner, 2013), our study
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is the first to link intrinsic hemifield asymmetries in spatial prioritization (or weighting) to
asymmetries in ERLs marking visual selection processes. Typically, on the assumption that the
visual system is organized contralaterally in a symmetrical fashion, left-right asymmetries in ERLs
such as the PCN are rarely reported (Mazza & Pagano, 2017). However, by taking individual
differences in spatial bias w into account, we revealed potentially meaningful asymmetries in early
EEG lateralizations elicited by correctly identified targets in the left versus right hemifield:
individuals with a leftward bias exhibited a negative ERL in response to right-target displays, but,
within the same time range, a positive ERL in response to left-target displays; conversely,
individuals with a rightward bias showed a negative ERL in response to left-target displays, but a
positive ERL in response to right-target displays.

A subdivision into negative and positive ERLs that co-occur in the broader PCN time range
has previously been noted by Hickey et al. (2009). In particular, they proposed the PCN to reflect the
summation of a positivity contralateral to the distracter (PD) that is related to a spatially-specific
active suppression mechanism and a negativity contralateral to the target (NT) that is related to target
selection. In the present study, we observed a negativity contralateral to the target (or positivity
contralateral to the distracter) only when the target appeared in the individual’s non-prioritized
hemifield. This may be taken to indicate that more activity related to enhance target- ( or suppress
distracter-) processing was engaged by our participants if the relevant information was presented at a

non-favored location.?

* Recall that we analyzed only bilateral target-distracter displays. Accordingly, ERLs always
reflected the summation of both components. Future studies may compare hemifield differences in
ERLs as a function of individuals’ spatial bias using displays with both laterally and vertically

presented target and distracter stimuli, which permit the Ppand Nt to be distinguished (see Hickey et
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Of note, the spatial bias-related asymmetry in ERLs occurred in a time window before the
maximum deflection of the overall PCN (Fig. 3 and 4). Several recent studies have pointed out that
the Ppc can precede the PCN with some display configurations (Corriveau et al., 2012; Jannati et al.,
2013). The functional interpretation of the Ppc is still under debate. The component has been
suggested to mark an early, attention-driven location-specific signal to a salient, task-relevant or
irrelevant stimulus (Corriveau et al., 2012; Fortier-Gauthier, Dell’Acqua, & Jolicceur, 2013). This
can be distinguished from the later Pd component that has been related to the active suppression of a
salient distracter (Sawaki & Luck, 2013). While our study is the first to suggest the Ppc’s relation to
spatial attentional bias, the component has recently also been reported to be sensitive to individuals’
attentional biases towards certain stimulus features; specifically, a processing advantage for targets
coloured red over other target colours (Pomerleau, Fortier-Gauthier, Corriveau, Dell'Acqua, &
Jolicceur, 2014), as well as to “global preference”, that is, preferential processing of object
configurations that form a global shape over non-shape configurations with otherwise equal physical
features (Wiegand et al., 2015). In the present study, participants showed a Ppc for targets that
appeared in their prioritized hemifield (recall that the target-distracter colour assignments and shapes
were the same for all participants) associated with a processing advantage for stimuli in this over
stimuli in the opposite hemifield. Accordingly, the Ppc might be regarded as a marker of bottom-up
signals for selection strongly driven by intrinsic observer preferences, creating “subjective saliency”
of the target in the prioritized compared to the stimulus in the contralateral hemifield. This early,
rather automatic processing advantage may then bias the subsequent stage of target selection

reflected by the PCN, which, in contrast, is strongly influenced by top-down processes of attentional

al., 2009).
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control and marks task-related selection by actively enhancing target-related, or suppressing
distracter-related, information (Gokce et al., 2014; Wiegand et al., 2015).

In terms of NTVA, the early spatial bias-specific asymmetry seen in the Ppc might reflect a
bottom-up mechanism of spatial weighting generating a topographic priority map during some early,
spatially specific processing wave — consistent with the view that the Ppc reflects laterally
imbalanced activity to the most salient item on a salience map (Jannati et al., 2013). An individual’s
spatial bias would translate into higher weights for stimuli at locations in the preferred hemifield,
compared to weights for stimuli in the opposite hemifield. As a consequence, stimuli at prioritized
locations have a competitive advantage in the second processing wave of selection, in which
resources are re-distributed according to weighting of both spatial and non-spatial features of stimuli
in the visual field (Bundesen et al., 2005; Habekost & Bundesen, 2008).

Our results lend support to the notion that the spatial bias is a generalizable, trait-like
characteristic of an individual’s attentional system (Benwell, Thut et al., 2013). This, however, does
not imply that spatial processing asymmetries are non-malleable. Rather, individual differences in
(baseline) spatial biases can co-occur, or even interact, with task-dependent changes in spatial bias
(Benwell, Harvey et al., 2013; Matthias et al., 2010). Of note, in TVA-based tests, letter stimuli are
used, which may induce an asymmetry due to left-hemisphere dominance for processing verbal
stimuli (Gross, 1972). In fact, TVA parameters processing speed C and vSTM storage capacity K
measured in a letter whole-report paradigm are typically found to be slightly higher in the right than
in the left hemifield (Brosnan et al., 2017; Kraft et al., 2015; Wiegand et al., in press). This indicates
that stimulus material-dependent lateralizations become prominent in parameters of visual attention
capacity. In fact, in a vSTM task with non-verbal stimuli, a left-hemifield advantage was found, at

least for simple-feature stimuli (Sheremata, Bettencourt, & Somers, 2010; Sheremata & Shomstein,
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2014). Importantly, in TVA, visual capacity is measured independently of the relative spatial
distribution of available processing resources reflected in parameter wi, with the latter typically
revealing the slight leftward pseudo-neglect also in tasks that use letter stimuli (Finke et al., 2005).
Similarly, a left-hemifield advantage is observed in rapid visual presentation tasks with letter stimuli,
together with a stronger PCN over the right compared to left hemisphere, which was attributed to the
right-hemispheric dominance for attention (Smigasiewicz, et al., 2014; Verleger et al., 2009). In
future experiments, task demands and stimulus material should be manipulated to systematically
investigate whether and how those factors affect spatial bias, asymmetries in attention capacity, and
hemifield-specific ERLs within individuals.

Top-down control and spatial bias are independent aspects of visual selection. TV A assumes that the
relative weighting of objects for selection with respect to task relevance and spatial position are two
independent processes, and accordingly the parameters reflecting those functions are estimated
mathematically independently from each other, as well as independently of the overall available
processing capacity. In accordance with this theoretical assumption, our study as well as previous
reports yielded only small, non-significant correlations between the parameters top-down control and
spatial bias (Finke et al., 2005; Habekost et al., 2014; Wiegand, Petersen, Bundesen et al., 2017).
Furthermore, a double dissociation of the two functions has been demonstrated in brain-damaged
patients (Bublak et al., 2005): a patient with a lesion in the inferior parietal region exhibited a
rightward spatial bias and intact top-down control, whereas the opposite pattern, impaired top-down
control in presence of balanced spatial processing, was found in a patient with a superior frontal
lesion. In line with previous work (Wiegand, Tdllner, Habekost et al., 2014; Wiegand, Tollner,
Dyrholm, et al., 2014), here we further support TVA’s independence assumption by showing distinct

relationships between inter-individual differences in the model parameters and ERPs.
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Apart from separating spatial and non-spatial selection processes, the TVA-based approach
further permits those functions to be quantified independently of motor processes. Handedness has
been shown to co-vary with asymmetries in other cognitive and perceptual processes, including
spatial bias measured in the landmark task (Jewell & McCourt, 2000). However, the association
between our TVA-based behavioural measures of spatial attentional processing asymmetries (and
top-down control) and ERLs did not change when we included handedness as a covariate in the
analysis. A crucial difference between the landmark task and TVA-based assessment is that the
former requires hand responses, which is why the resulting measure of visual spatial bias might be
more prone to be influenced by asymmetries in the motor system (Luh, 1995). In line with this view
of differential motor involvement in spatial bias measures, recent neuroscientific studies indicate that
asymmetries in frontal and parietal areas for visual spatial processing are unrelated to the degree of
handedness (Badzakova-Trajkov, Héberling, Roberts, & Corballis, 2010; Szczepanski & Kastner,
2011). Similarly, handedness did modulate neither behavioural nor ERL hemifield asymmetries in a
lateralized rapid serial visual presentation task (Smigasiewicza, Liebrand, Landmesser, & Verleger,

2017).

2.6. Summary and Outlook

In the present study, we combined parametric assessment based on the computational TVA
framework and visual ERLs, and established neuro-cognitive markers of individual differences in
two distinct functions of selective visual processing: First, top-down control, quantified as parameter
a, was related to the PCN amplitude, indicating that individuals with better top-down control engage

more resources during attentional selection of task-relevant over irrelevant stimuli. Second, spatial
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bias, quantified as parameter wi, was related to hemispheric asymmetries of visual ERLs depending
on the target and distracter position in the display, indicating differences in early bottom-up visual
processing of stimuli in an individual’s more, relative to less, preferred hemifield. The presumed
neuronal mechanisms underlying the activation pattern are in line with assumptions of NTVA and
support the view that the two aspects of spatial and non-spatial attentional weighting reflect
independent functions of the human visual processing system (Bundesen et al., 2005; 2011).

TVA provides a formal theoretical framework for the interpretation of linked cognitive and
neurophysiological processes, grounded on basic research. Typically, ERPs are examined with
regard to their variation with experimental conditions; thus, inferences are biased by the
investigators’ pre-assumptions about the hypothesized variation of cognitive processes and ERPs in a
given task manipulation. The present inter-individual differences approach therefore augments our
understanding of the linkage between cognitive processes and ERP deflections (Braver, Cole, &
Yarkoni, 2010). Finally, TVA-based assessment provides a proven methodological apparatus for
quantifying attentional functions in the normal populations, lifespan changes (McAvinue et al.,
2012), and subtle and severe dysfunctions under various clinical conditions (Habekost, 2015). On
this basis, the present approach offers a promising method for deriving individual neuro-cognitive
trait-markers of attentional functions, as well as indices of age- and disease-related changes in these
functions (Wiegand, Téllner, Dyrholm et al., 2014; Wiegand et al., 2016; Wiegand, Petersen,

Bundesen, & Habekost, 2017).
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3.1. Abstract

Visual attentional functions are affected by ageing. Their decline was suggested to result from a
decreasing efficiency of top-down control, i.e. a deficit in prioritizing relevant over irrelevant
information. However, investigations of this assumption brought mixed results. In order to gain more
information about the relation between healthy ageing and changes in the efficiency of attentional
selection, we assessed top-down control efficiency using a partial-report task with briefly presented
letter arrays based on Bundesen’s Theory of Visual Attention in a sample of healthy participants
divided into three age groups: youngest, middle and oldest. The task was combined with a
simultaneous EEG recording to investigate whether potential age-related changes in top-down
control efficiency are reflected by changes in the amplitudes of the lateralized components.
Furthermore, we included a measurement of crystallized 1Q, as a potential factor influencing age-
related cognitive changes. We did not find changes in top-down control efficiency with ageing nor
any relation to crystallized 1Q. Electrophysiological data revealed that participants with more
efficient top-down control showed larger amplitudes of the lateralized components Ppc and PCN.
These results were in turn modulated by crystallized 1Q: Ppc amplitude was related to top-down
control efficiency only in participants with higher crystallized 1Q, whereas PCN amplitude was
related to age only in participants with lower crystallized IQ. Our results indicate that top-down
control efficiency is basically preserved in normal ageing. Furthermore, the fact that the same ERP
correlates, i.e. Ppc and PCN amplitudes, reflected top-down control efficiency across age groups
indicated that top-down control is neurally implemented in a similar way in older healthy participants
as in younger participants. We hypothesise that declining amplitudes of the described components

might be indicators of the age-related cognitive decline. The fact that crystallized IQ modulated the
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relationship between top-down control efficiency and both age and Ppc and PCN amplitudes
indicates that cognitive reserve has a significant role for the way top-down control is implemented in

ageing individuals.

3.2. Introduction

Normal ageing affects functions of visual attention (e.g. Craik & Salthouse, 2000; Carlson et al.
1995; Salthouse et al, 1989, Madden, 2007). Critically, there is an ongoing debate on the specific
attention functions that decline with ageing. According to the “inhibitory deficit hypothesis”, the
underlying cause is less efficient top-down control, i.e. a reduced ability to prioritize relevant
information while reducing interference from distracting information in older compared to younger
adults (Hasher & Zacks, 1988). However, coherent evidence for this assumption is missing. On one
hand, such inhibitory deficit could explain why older compared to younger adults show higher brain
activity associated with distractor processing in fMRI studies (Gazzaley et al., 2005, 2007). On the
other hand, it has been shown that older adults can effectively use top-down controlled strategies in
various visual search tasks, which actually suggests at least some aspects of visual attentional control
are preserved in normal ageing (Madden et al., 2004, 2005). For example, prefrontal cortical
activation during the performance if visual attention tasks was found to be higher in older compared
to younger adults. This suggested that older individuals may recruit preserved compensatory top-
down control mechanisms in order to counteract age-related decrease of attentional capacity
functions relying on more posterior parts of the brain, such as, e.g., visual processing speed (Cabeza,

1997; Madden, Whiting & Huettel, 2005).

One decisive advantage for the characterization of age-related changes in visual attention

functions can be gained by use of psychophysical paradigms based on the computational Theory of
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Visual Attention (TVA, Bundesen, 1990). As different parameters of visual attention can be
quantified independently using TV A-based methodology, a high cognitive precision is achieved (see
Habekost, 2015, for a review). In close relation to the ‘biased competition’ account of attention
(Desimone & Duncan, 1995), TVA assumes that multiple objects presented in the visual field are
processed simultaneously and compete to get encoded into a highly limited visual short-term
memory store (see: Cowan, 2001; Sperling, 1960). Only objects that reach the store are assumed to
get consciously represented and, thus, available for actions, such as, e.g. verbal report. The
probability of an object to get access to the store depends on its processing rate, which, in turn, is
determined by its relative attentional weight (w). When task-related selection is efficient, targets
receive relatively higher attentional weights, and are, thus, processed faster, compared to distractors.
TVA-based modelling of performance in a partial report task with briefly presented target and
distractor letters (Duncan, et al., 1999) allows for a separate estimation of the attentional weights
allocated to task-relevant targets on the one hand and task-irrelevant distractors on the other.
Parameter top-down control a is defined as the ratio of distractor and target weights and provides a

quantitative measure of how efficiently a given participant can prioritize targets over distractors.

With respect to pathological ageing, it has been reported that parameter top-down control as
measured with TVA-based partial-report tasks is impaired in patients with Mild Cognitive
Impairment at risk for Alzheimer’s disease and, more so, patients with Alzheimer’s disease (Redel et
al, 2012). With respect to the influence of normal ageing on top-down control, two TVA-based
studies have been published so far. Both used a CombiTVA task with intermingled partial and whole
report trials, the latter including multiple target and no distractor items, allowing the additional

assessment of attentional capacity parameters such as visual threshold, visual processing speed and
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visual short-term memory storage capacity (Vangkilde et al., 2011). Across these two studies
(McAvinue et al. 2012; Espeseth et al. 2014), substantial and linear age effects were found only on
attentional capacity parameters. In contrast, top-down control efficiency showed some age-related
decline only in the very youngest groups and remained relatively stable up from the age of around 30
(Espeseth et al., 2014) and 50 (McAvinue et al. 2012), respectively, until the age of 80+ years. These
results rather support the assumption of preserved top-down control in ageing individuals (Madden et
al., 2004). However, average top-down control values in these studies generally indicated floor
effects across the different adult groups that might result from the requirement to switch between
whole and partial report trials. Hence, it is possible that floor effects prevented age effects from

being shown in older adult groups.

A second decisive step in order to shed more light onto the relationship between top-down
control and ageing can be accomplished by taking individual differences in cognitive reserve into
account. Cognitive reserve is a construct that has been postulated to explain a non-linear relationship
between brain damage and observed clinical symptoms. More precisely, a greater amount of
cognitive reserve is assumed to denote a higher ability to use alternative brain networks or more
efficient cognitive strategies in response to a cognitively demanding task. Thus, higher cognitive
reserve is suggested to increase the probability of preserved cognitive performance in face of
neurodegeneration (Stern, 2003). The amount of cognitive reserve is typically estimated by measures
of educational attainment, such as crystallized 1Q (Stern, 2002), which can be assessed with
vocabulary tests (Cattell, 1971; Sumowski et al., 2010). Measures of crystallized 1Q do typically not

decline throughout the process of normal ageing (Stankov, 1988) and even during pathological
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neurodegeneration (Almkvist and Tallberg, 2009). Thus, they are seen as being good indicators of

educational attainment across the life span.

A third mean to shed a closer light on the question of potential age-related changes in top-
down control is the combination of the assessment of behavioural and neural indices of the efficiency
of selection. According to the neural interpretation of TVA (NTVA, Bundesen et al., 2005) the
biased distribution of attentional weights across objects is guided by higher-order cortical areas that
project via the ventral visual processing stream, through the pulvinar nucleus of the thalamus, to
visual areas (Bundesen et al., 2005). Importantly, a recent study combining electroencephalography
(EEG) and TV A-based assessment (Wiegand et al., in press) identified the amplitude of the Posterior
Contralateral Negativity (PCN), a lateralized event-related component with neural sources within the
ventral stream (Buschman and Miller, 2007; Hopf et al., 2006), as a neurophysiological correlate of
the individual efficiency of top-down control. More precisely, in this study, participants with more as
compared to those with less efficient top-down control showed higher PCN amplitudes. The PCN is
typically elicited 200-350 ms post-stimulus and is a marker of attentional resources recruited to
select a relevant object in the presence of distractors (see: Eimer, 1996; Heinze, Luck, Mangun and
Hillyard, 1990; Luck, 2005; Tollner et al., 2012; Woodman and Luck, 2001). Subsequent lateralized
component, the Posterior Positivity Contralateral is a positive lateralized component typically
elicited 160-270 ms post-stimulus and was recently suggested to reflect an early location-specific
processes of distractor inhibition (Ppc, Corriveau et al., 2012; Jannati et al., 2013). Importantly, both
PCN and Ppc, have been reported to be sensitive to normal ageing (e.g. Pagano et al., 2015; Van Der
Lubbe & Verleger, 2002; Wiegand et al. 2015). Thus, as normal ageing is assumed to affect both,

efficiency of top-down control and amplitudes of EEG components reflecting attentional selection
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and distractor inhibition, the question arises whether and how attentional top-down control in ageing

individuals is related to the amplitudes of PCN and Ppc.

Combining these three means we aimed at investigating the relationship between ageing and
top-down control efficiency. In the current study we tested 1) whether and how the efficiency of
attentional top-down control is affected by normal ageing and/or by crystallized IQ and whether
potential effects interact. Furthermore, we tested 2) whether the established neurophysiological
correlates of top-down control are affected by aging and/or 1Q and whether potential effects interact.
To address these questions we combined a partial-report letter task with simultaneous EEG recording
and measurement of crystallized IQ in a group of 83 healthy participants at the age of 20 to 77 years,
divided into three age groups of comparable size. In the partial-report task participants had to report
briefly presented targets (red letters) while ignoring distractors (blue letters). From report accuracy in
different conditions (see: Figure 1) we derived the TVA parameter top-down control o for each
participant, which we compared between youngest, middle and oldest participants divided into
groups with relatively high and low crystallized 1Q. To gain information concerning neural correlates
of top-down control efficiency, we compared amplitudes of lateralized components PCN and Ppc

between participants with better and poorer top-down control and higher and lower crystallized 1Q.
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3.3. Methods

Table 1.

Demographic information

You.ngest Middle participants Olde.:s.t Szl &
participants participants yx orF

N 28 27 28

Age [years] 35.5(3.8) 45.81 (7.56) 71.07 (4.06) p<0.001
<20-33> <33-58> <60-77>

Sex (F/M) 16/12 16/11 8/20 p=0.038

Education [years] 12.57 (0.74) 12.81 (1.27) 11.82 (1.61) p=0.090
<10-13> <9-13> <9-14>

Depression (BDI) 4.79 (4.72) 6.5 (5.59) 5.36 (4.68) p=0.446
<0-17> <0-18> <0-18>

State Anxiety (STAI) 35.79 (9.04) 32.87 (10.85) 32.29 (7.21) p=0.311
<24-59> <0-58> <23-49>

Trait Anxiety (STAI) 34.79 (11.23) 34.57 (12.48) 31.89 (7.75) p=0.532
<0-57> <0-67> <20-51>

Psychological distress (BSI)  3.45 (3.13) 3.99 (2.63) 3.22 (1.90) p=0.554
<0.42-14.90> <0.2-9.92> <0.14-7.27>

Sleep quality (PSQI) 4.73 (1.28) 4.92 (1.66) 5.14 (1.55) p=0.603
<2-8> <0.1-7.00> <3-10>

MMSE - -— 29.07 (0.90) -—

<27-30>
Executive functioning 2.34 (0.84) 2.31 (0.65) 2.33 (0.85) p=0.985
(TMT B/TMT A) <1.25-5.78> <1.28-4.15> <0.83-3.98>

Key: F-female; M-male; R-right handed, L- left handed; TMT — Trail Making Test; BDI — Beck

Depression Inventory; STAI - State-Trait Anxiety Inventory; BSI - Brief Symptom Inventory; PSQI -

Pittsburgh Sleep Quality Index; MMSE: Mini Mental State Examination.

Participants



Eighty-three native German speakers took part in the study. Participants were divided into three
groups of comparable size, according to their age: 28 participants were allocated to the “youngest
group” (aged 23 to 33 years), 27 to the “middle group” (aged 33.5 to 58 years) and 28 participants to
the “oldest group” (aged 60 to 77 years). The experimental procedure was approved by the local
ethics committee of the psychology department of the Ludwig-Maximilian-University, Munich. All
participants provided written informed consent according to the Declaration of Helsinki II and
received payment or course credits for taking part in the study. Before the experimental session
participants filled out demographic surveys containing demographical information. Then, a further
screening was carried out by a psychologist, consisting of an assessment of depression symptoms
(Beck’s depression inventory, BDI; Beck et al. 1996), anxiety symptoms (The State-Trait Anxiety
Inventory, STAI, Spielberger et al., 1983), psychological distress (Brief Symptom Inventory, BSI,
Derrogatis, 1993), sleep quality (The Pittsburgh Sleep Quality Index, PSQI, Buysse et al., 1983),
visual search speed and executive functioning (Trail Making Test, TMT, Reitan, 1958), and, in the
oldest group only, general cognitive status (Mini Mental State Examination, MMSE, Folstein et al.,
1975). The demographic details are listed separately for each age group in the Table 1°. Age groups
were matched with respect to educational level, mental health (BDI, STAI, BSI, PSQI) and executive
functioning (TMT B/TMT A). However, sex distribution differed between groups and therefore sex
was taken into account as a covariate in the statistical analyses. Criteria for exclusion from the study
included a questionnaire report of history of psychiatric (e.g. anxiety disorder, schizophrenia,
claustrophobia or depression) or neurological (e.g. brain injury, stroke, seizures, dementia) disorders,
disorders leading to risk for mental decline (non-corrected hypertension, diabetes), non-correctable

vision problems (e.g. colour blindness or glaucoma), intake of medication affecting cognitive

3 Demographic data presented separately for participants of different age and IQ level is presented in
the supplementary material.
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performance or alcohol at the day of testing, and, in the screening, a BDI score >20 indicating

current depression or a MMSE score < 27 indicating beginning neurodegeneration.

All participants were part of the Munich INDIREA* aging cohort, which consists of a sample
of 108 healthy adults aged 19 to 78 years old who underwent functional and structural MRI and
electroencephalography. For the current study, 4 participants were excluded from this original
sample, according to the exclusion criteria listed above, 3 due to the BDI score and 1 participant due
to the MMSE score. Furthermore, the data of further participants of whom behavioural and EEG data
was recorded, was not used for further analyses. This was data of 14 participants who showed ceiling
effect or floor effect in the partial report task i.e. performance above 90% or below 70% in the single
target condition, 4 participants who showed excessive eye ocular artefacts in the EEG signal and 3
participants who showed extreme ERL amplitudes that deviated more than 3 standard deviations

from the respective average.

Partial-report paradigm

Task. The TVA-based partial-report task was similar to the task introduced by Duncan et al. (1999).
Fig. 1 illustrates the sequence of stimuli presented in a single experimental trial. Participants were
instructed to fixate on a central point displayed at the beginning of each trial and throughout stimulus
presentation. Subsequently, an array of red (target) and blue (distractor) letters was briefly presented
on a black background. In each trial participants could be presented either with a single target letter,
two target letters or one target letter accompanied by one distractor letter. The task was to verbally

report only the red targets while ignoring the blue distractors without order or speed constraints.

* Individualized Diagnostics and Rehabilitation of Attentional Disorders

84



Time for report was indicated by the appearance of a white question mark in the centre of the screen.
The experimenter was present in the chamber throughout the whole testing procedure, sitting behind
the participant, entering the letters reported by the participant on a keyboard and manually starting
each trial by a key press. The duration of the letters’ exposure was individually adjusted in a pre-test

to ensure a comparable level of task difficulty across participants.

Feedback

after each

block of
trials

Fixation point Stimuli Blank Response

>

1500ms + jitter

504 trials divided into 14 blocks

Individual exposure

duration

Figure 1. Sequence of events in the partial report experiment. Each trial started with a fixation point,
followed by a brief display containing either a single target (red letter) letter, a target accompanied by
another target or a target accompanied by a distractor (blue letter). This was followed by a display with a
white question mark indicating time for reporting displayed red targets. (Note that the figure does not
present the actual proportions of the used stimuli).

Procedure. At the beginning of the assessment all participants received standardized written and oral
instructions with a presentation of the stimuli used in the experiment. Then 16 practice trials were
presented with an exposure duration of 80 ms. This was followed by a procedure for adjusting the

individual exposure duration, consisting of 24 trials (4 single target, 12 dual target, 8 target-distractor
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trials), with an initial exposure duration of 80 ms. If the participant reported both letters correctly in
the dual target condition, exposure duration was decreased by 10 ms. If only one letter was reported
correctly, exposure duration remained unchanged. If none of the letters was reported correctly,
exposure duration was increased by 10 ms. Single target and target plus distractor conditions were
additionally displayed. They were, however, not used for exposure duration adjustment, but simply
for familiarizing the participant with the task. The adjustment procedure was followed by a
performance check block with 24 trials (8 single target, 8 dual target, 8 target-distractor trials),
presented for the previously adjusted duration. Following this, accuracy for single target, dual target
and target-distractor display trials was separately calculated and displayed on the screen. If accuracy
was within a range of 70 — 90% in the single target and above 50% in the dual target condition (i.e.
on average more than one letter was reported correctly in the dual target condition), the experimenter
started the testing phase of the partial report experiment. If the accuracy was either below or above
this range, the experimenter manually adjusted the exposure duration and repeated the performance
check procedure until the appropriate exposure duration was found. The number of trials with the
different conditions was unequal, due to varying relevance with respect to the ERP assessment in our
study. More precisely, 112 single target trials were presented equally often at the four different
locations; 112 dual target trials were presented, with equal numbers of vertical and horizontal display
trials. 280 target-distractor trials were presented. Out of these, 112 trials were vertical and 168 were
horizontal target-distractor trials. Together, these were 16 different conditions containing the target
equally often at all four possible locations, constituting 504 trials, divided into 14 blocks. The
different experimental conditions were equally distributed across blocks of trials and were displayed

in randomized order within the block.
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After each experimental block the participant received a visual performance feedback in
which the percentage of correctly reported letters out of all reported letters was displayed. To avoid
too liberal or too conservative responses, participants were instructed to aim for correctness between
70 — 90%, indicated by a green colour coding of the desired range on an accuracy scale. Note that the
feedback did not deliver information with respect to absolute performance. The total duration of the
session was approximately two hours, including the questionnaires, EEG preparation, verbal

instructions and approximately 45 minutes of testing procedure.

Stimuli. The central fixation point was a white circle of 0.9° in diameter, with a white dot in the
centre, presented for a duration randomly drawn from 10 to 240 ms. The presented letters were
randomly chosen out of the set: {A, B, D, E, F, G, H, J, K, L, M, N, O, P, R, S, T, V, X, Z} with the
same letter appearing only once in a given trial. The red target letters (CIE xyY: 0.534, 0.325, 3.25)
and blue distractor letters (CIE xyY: 0.179, 0.118, 3.15) were of comparable luminance and had a
size of 0.9°. Letters were displayed horizontally or vertically, but never diagonally, at the corners of
an imaginary square, with an edge length of 12.3° centred on the midpoint of the screen. The white

question mark indicating time for reporting letters was 0.9° in diameter.

Apparatus. The task was conducted in a dimly lit and sound-attenuated chamber (Industrial
Acoustics Company). To avoid distraction, the source of light was placed behind the participant.
Stimuli were displayed against a black background on a 24" LED screen (resolution: 800 x 600

pixels, refreshing rate: 100 Hz), with a viewing distance of approximately 65 cm.
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Estimation of top-down control efficiency. Modelling of the behavioural data was performed using
the TVA computational model, implemented in the Matlab toolbox /ibTVA (Mads Dyrholm,
www.machlea.com/mads/libtva.html). Detailed descriptions of the fitting procedure can be found in
Kyllingsbak (2006). Fitting individual raw datasets to the model described by the TVA provided
estimates of attentional weights w; assigned to targets and distractors displayed at each of the four
different locations used in the partial report experiment. Based on these values task-related
weighting, described by parameter a, can be estimated. Parameter o reflects the efficiency of the top-
down control and is derived as the ratio of attentional weights allocated to distractor objects wpto the

weights allocated to target objects wr:

Thus, lower a values indicate more efficient top-down control and higher values, approaching 1,
indicate rather non-selective processing. The parameter o is estimated based on the decrease of
performance in the conditions where a target is accompanied by a distractor, relative to conditions
without distractors. Thus, in order to verify the correspondence between the estimated parameter o
and raw performance, we computed a target selection index (TSI) based on the accuracy raw scores.
TSI was computed as mean performance accuracy in the single-target (ACC,r) and dual-target

conditions (ACC,r) divided by performance accuracy in the target-distracter condition (ACCrp).

0.5%[ACC,;+ACC,,
Bl ACC,,

Crystallized intelligence measurement
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Assessment of the crystallized intelligence was accomplished using the German Multiple-Choice
Vocabulary Test (MWT-B, Lehr, 1995), which can be used for measurement of premorbid IQ in
clinical groups (Lehrl, Triebig and Triebig, 1995). In this test participants select one actual word
given among four distractors (pseudo-words) in rows with increasing difficulty. Higher 1Q is

reflected by a higher number of correctly recognized words.

EEG data acquisition

Electroencephalographic was recorded simultaneously with behavioural data from 64 active
Ag/AgCl electrodes (actiCAP System, BrainProducts). Sixty-three electrodes were mounted on an
elastic cap (Falk Minow Service), with positions matching the international 10-10 system (American
Electroencephalographic Society, 1994). Saccadic eye activity was monitored by an additional
VEOG celectrode placed at the inferior orbit below the left eye. All electrodes' impedances were
regularly controlled every 4 blocks of trials and were kept below 5 kQ. The EEG signals were
amplified using BrainAmp DC amplifier (BrainProducts) with sampling rate of 1 kHz, referenced to
channel FCz, and online filtered using 250 Hz low pass filter.

During offline analysis the raw data of each participant was first visually inspected to detect
and manually remove nonstereotypic noise (e.g., excessive electromyographic bursts). Then, the
continuous signal was high-pass filtered at 0.1 Hz (Butterworth zero phase filter, 24 dB/oct). In order
to identify and remove ocular artefacts (blinks and horizontal eye movements) an Infomax
Independent Component Analysis (Bell and Sejnowski, 1995) was performed using the Brain Vision

Analyzer II software (BrainProducts). After ICA inspection, the data was re-referenced to averaged
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mastoids (channels TP9/10) and filtered using 40 Hz low-pass filter (Butterworth zero phase, 24 dB/
Oct). In the next step, the continuous EEG signal was segmented into 1000 ms epochs, ranging from
200 ms pre-stimulus to 800 ms post-stimulus onset. The pre-stimulus interval was used for baseline
correction. Epochs containing signals exceeding 30 pV in channels F9/10, likely indicating residual
eye-related activity, were excluded from the analyses (7% of all trials). Trials including voltage steps
greater than £ 50 uV/ms, activity lower than £0.5 pV within intervals of 500 ms or signals exceeding
+ 60 pV in any channel were also marked as artefacts and removed from the analysis on an

individual-channel basis.

In order to isolate lateralized brain activity from non-lateralized ERPs, the waveforms at the
posterior-occipital electrodes ipsilateral to the side of the target location were subtracted from the
waveforms contralateral to the target ([(POS8—PO7)ic warget T (POT7-PO8)signt wareet]/2). Peak amplitudes
were manually determined as a mean value of ten samples before and after maximum positive
deflection within the time range of 80 to 250 milliseconds post-stimulus for the Ppc and maximum

negative deflection within the time window of 130 to 350 milliseconds post-stimulus for the PCN.

In the EEG analysis we used only trials in which target and distractor letters were displayed
in opposite hemifields. In these conditions sensory input is balanced across hemifields, therefore
contra-ipsilateral hemispheric differences reflect purely target-related processing differences. As
parameter top-down control o reflects the ratio of target and distractor weights, we assumed that
individual differences in top-down control would be reflected by differences in ERPs in these

conditions.

Statistical analyses

To investigate the relation between age, crystallized 1Q, top-down control efficiency and its neural
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correlates, participants within each age group were assigned to groups of participants having either
more or less efficient top-down control based on the median split according to the TVA parameter o
and participants having either relatively high or relatively low crystallized 1Q based on a median split

according to the MWT-B score.

Raw data. We performed a two way ANOVA on the accuracy level in the baseline single target
condition with factors age group (levels: youngest, middle, oldest) and crystallized IQ level (levels:

lower, higher) to ensure that the difficulty level was comparable across age groups.

Theory of visual attention parameter estimates. The correspondence between the empirical scores
and the scores predicted by the TVA model was verified by correlation between the target selection
index and parameter o separately for the different age and crystallized 1Q groups. In addition, we
computed the goodness of fit R* values that reflect the amount of variance in the raw performance
that can be predicted by the individual TVA parameter estimates.

Effects of age and crystallized IQ on top-down control efficiency. To analyse the effects of age
and crystallized 1Q on top-down control efficiency, a two way ANOVA was used with the between-
subjects factors age (levels: youngest, middle, oldest) and crystallized 1Q level (levels: lower,
higher). Subsequently, we calculated a two-way ANOVA on the target selectivity index with factors
age group and crystallized IQ level in order to test whether the raw data pattern supports the results
obtained by the analysis of the parameter top-down control efficiency o

Effects of age and crystallized I1Q on neural correlates of top-down control efficiency. This was
followed by the analysis of the effects of age and crystallized 1Q on neural correlates of top-down

control efficiency. We investigated two lateralized components: Ppc and PCN. Firstly we confirmed
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the existence of the lateralized components by using paired samples t-tests to compare the amplitudes
of the Ppc and PCN components against the most positive and most negative deflection measured
within the pre-stimulus time range. In the next step the effects of age, top-down control efficiency
and crystallized 1Q on the amplitudes of the components were investigated using three-way
ANOVAs with the between-subjects factors age group (levels: youngest, middle, oldest), top-down
control efficiency (levels: less efficient, more efficient) and crystallized 1Q level (levels: lower,
higher). Whenever appropriate the Greenhouse-Geisser correction for nonsphericity (Jennings and
Wood, 1976) was applied. Due to unequal distribution of males and females across groups, all
ANOVAs included sex as a covariate variable. Significant results of the ANOVAs were
supplemented by Pearson correlation analyses in order to more closely investigate relations between
examined variables. All statistical analyses were performed using IBM-SPSS Statistics (version 24,

IBM, USA).

3.4. Results

Raw data

Visual attentional top-down control (according to TVA) is a capability of prioritizing targets over
distractors. Figure 2 presents the percentage of correctly identified target letters, separately for
conditions where the target letter was presented without any other stimulus (None) or was
accompanied by a distractor (D) or another target (T). Accuracy is presented separately for all age

groups and for participants with relatively higher and lower crystallized 1Q. As we were interested in
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top-down control across the visual fields, averaged values across left and right hemifields are

resented.
100 | Youngest
= Higher
= crystallized IQ
Q
‘; Lower
S e crystallized 1Q
30 None .D T
3
§ 75
32
50 None D
10NN Oldest

Figure 2. Mean proportion of correctly reported letters (in %). Data presented for youngest, middle, and
oldest participants separately for participants with higher (purple) and lower (green) crystallized 1Q for
conditions in which a target was presented without any accompanying stimulus (None), in which a target was
accompanied by a distractor (D) or by a second target (T). Error bars show standard errors of the mean.

%

50

None D T
Accompanymg stimulus

The criterion of 70 — 90% accuracy in the single target baseline condition was reached in all age and

IQ groups. The pattern of performance over different conditions was in accordance with predictions
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made by the TVA. Numerical value of accuracy was highest in the single-target condition, in which
all attentional weights can be allocated to a single item. Compared to this, it was a bit reduced in the
target-distractor condition and it was more reduced in the dual target condition, where weights had to
be distributed across equally relevant stimuli. This pattern indicates that participants allocated more

resources to target than to distractor stimuli.

Theory of visual attention parameter estimates

From the estimates of the attentional weights obtained in the partial report task, we fitted the
parameter efficiency of top-down control a. The highest estimate of top-down control was a = 0.74,
indicating that in the entire sample [M = 0.41, SD = 0.15] participants prioritized targets compared to
distractors’. The parameter fop-down control o correlated significantly with the target selection index
in all age groups and in participants with lower and higher crystallized 1Q, [all r > 0.951, all
p<0.001], which confirms close correspondence between estimated parameters and report accuracy
patterns. In order to assess the amount of variability in the report accuracy across the different
experimental conditions explained by the model a mean goodness-of-fit R* measure was calculated
separately for each age group and participants with lower and higher crystallized 1Q. Across all

groups the model explained at least 78% of the variability in the raw performance.
Effects of age and crystallized 1Q on top-down control efficiency

The two-way ANOVA on top-down control a with age group and crystallized IQ level as between-

subjects factors revealed no significant effect of age, [F(2,76)=3.043, p=0.054] or crystallized 1Q

° Note that more efficient top-down control is denoted by lower values of the TVA parameter.

Parameter a value equal 1 denotes lack of selectivity.
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[F(1,76)=0.084, p=0.773]. The interaction was also not significant [F(2,76)=0.391, p=0.678], see
Figure 3. Thus, the efficiency of top-down control a was found to be relatively comparable across
age groups. Furthermore, there was no indication that IQ level modulated top-down control across
age groups. As a control analysis, we computed a two-way ANOVA on the target selectivity index
with factors age group and crystallized IQ level. This analysis revealed no significant main effect of
age, [F(2,76) = 2.532, p=0.086] or crystallized 1Q [F(1, 76)=0.163, p=0.688]. The interaction of both
factors was also not significant [F(2, 76) = 0.323, p=0.725]. This confirms that estimated parameter

top-down control efficiency a is in good correspondence to the raw data.
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Effects of age and crystallized IQ on neurophysiological correlates of top-down control

efficiency.

Posterior contralateral positivity (Ppc) As revealed by a significant paired-samples t-test, the
amplitude of the Ppc component was significantly larger than a maximal deflection measured within
pre-stimulus time range [M=0.95 puV, SD=0.63 vs. M=0.78 uV, SD=0.35, t(82)=2.242, p=0.028],

confirming the presence of this component.
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Figure 5. Amplitudes of the Ppc components. Amplitudes presented for youngest, middle and oldest
participants separately for participants with more efficient (solid line) and less efficient (dashed line) top-
down control. The top figure presents amplitudes averaged for participants with higher crystallized 1Q. The
bottom figure presents amplitudes averaged for participants with lower crystallized 1Q.

Figure 5 presents Ppc amplitudes for younger, middle and older participants separately for

participants with more and less efficient top-down control and with higher and lower crystallized 1Q

97



level. A three-way ANOVA on the amplitude of the Ppc component with the factors age group, top-
down control efficiency and crystallized IQ revealed no significant main effects of age group
[F(2,70)=0.168, p=0.846] or crystallized 1Q [F(1,70)=1.058, p=0.307]. However, we found a
significant main effect of top-down control efficiency: the amplitude of the Ppc component was
larger in more efficient compared to less efficient participants [M=1.21 pV, SD=0.63 vs. M=0.70
uV, SD=0.52, F(1,70)=15.366, p<0.001]. No two-way or three-way interaction between age and top-
down control efficiency was found. Thus, the effect of top-down control on the Ppc component was
comparably found across all age groups. Furthermore, across all age groups, we found a significant
interaction of top-down control efficiency and crystallized 1Q [F(1,70)=5.080, p=0.027], see Figure
6. Separate post-hoc t-tests revealed that in participants with relatively high crystallized 1Q, the Ppc
amplitude was higher in participants with more efficient compared to less efficient top-down control
[M=1.44 nV, SD=0.72 vs. M=0.62 uV, SD=0.53, t(40)=4.230, p<0.001]. No comparable difference
was found in participants with relatively low crystallized 1Q [t(39)=1.366, p=0.180]. None of the

other interactions reached significance (all p>0.482).
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Figure 6. Interaction of crystallized 1Q and top-down control efficiency on the amplitude of the Ppc
component. Error bars show standard errors.

In order to further investigate the interaction between top-down control efficiency and crystallized
1Q, we checked for a linear relationship between the amplitude of the Ppc component and top-down
control efficiency separately in the groups with higher and lower crystallized 1Q. A significant
correlation was found only in the group with higher IQ, i.e. amplitude of the Ppc component
increased significantly with efficiency of top-down control, [r=-0.567, p<0.001]°, but not in the

group with lower 1Q [r=-0.069, p=0.667], see: Figure 7.

® Note that a negative value of the Pearson r coefficient denotes positive correlation between top-

down control efficiency and Ppc amplitude.
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Figure 7. Correlation between the amplitude of the Ppc component and top-down control efficiency a
Correlations presented for the high (left) and low (right) crystallized 1Q group. *** p<0.001

Posterior contralateral negativity (PCN) The amplitude of the PCN component was significantly
larger than the maximal deflection measured within pre-stimulus time range as revealed by paired-
samples t-test [M=-1.87 uV, SD=0.90 vs. M=-0.76 uV, SD=0.40, t(82)=-11.916, p<0.001], thereby

confirming also the presence of the PCN in the present task.
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Figure 8. Amplitudes of the PCN as a function of age, separately for participants with more (solid line)
relative to less efficient (dashed line) top-down control. The top figure presents amplitudes averaged for
participants with higher crystallized 1Q, he bottom figure presents amplitudes averaged for participants with
lower crystallized 1Q.
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Figure 8 presents the PCN amplitudes for youngest, middle and oldest participants averaged
separately for participants with more versus less efficient top-down control and with higher and
lower crystallized 1Q level. In the three-way ANOVA with the factors age group, top-down control
efficiency and crystallized 1Q, the main effect of top-down control efficiency was found to be
significant [F(1,70)=5.781, p=0.019]. This indicates that the amplitude of the PCN component was
larger in the participants with more efficient [M = -2.11 pV, SD = 0.99] compared to less efficient
top-down control [M=-1.65 pV, SD=0.76]. Neither the main effects of age [F(2,70)=0.405, p=0.669]
nor crystallized 1Q [F(1,70)=0.289, p=0.587], nor the interaction of age with top-down control
efficiency were significant [F(2,71)=0.203, p=0.816]. Thus, the modulation of the PCN amplitude by
top-down control was evident across all experimental groups, and, thus, independent of age and 1Q

level. The interaction of age and crystallized IQ was significant [F(2,70)=3.712, p=0.029], see Figure

9.
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Figure 9. Interaction of age and crystallized 1Q on the amplitude of the PCN component. Error bars
represent standard errors.
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The significant interaction was further analysed using separate ANOVAs for the relatively low and
high crystallized 1Q groups. In participants with lower crystallized IQ, there was a non-significant
trend for a declining PCN amplitude with increasing age [F(2,37) = 2.615, p=0.087]. No such trend
was found in participants with relatively high 1Q [F(2,38) = 0.951, p=0.395]. In addition, in the
oldest group, there was a marginal effect for a higher PCN in the group with relatively high
compared to low 1Q level [t(26) = 2.049, p = 0.051].

To follow up the result of a trend for a decreasing PCN with increasing age in participants
with relatively low IQ level, we analysed whether a linear relationships between the PCN amplitudes
and years of age would be found in these participants. We ran separate correlations for participants
with relatively high and low IQ, across all experimental age groups. Indeed, we found that the
amplitude of the PCN was significantly decreasing with age only in participants with relatively low
crystallized 1Q, [r=0.384, p=0.013], but not in the group with relatively high IQ [r=-0.098, p=0.539],

see: Figure 10.
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Figure 10. Correlation between amplitude of the PCN component and age. Correlation presented
separately for participants with higher (left) and lower (right) crystallized 1Q. *p<0.05
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3.5. Discussion

In the current study we investigated whether and how top-down control efficiency was affected by
healthy ageing and/or by the amount of cognitive reserve, or a mixture of both. Furthermore, we
investigated whether electrophysiological correlates of top-down control previously established in
young participants were affected by normal ageing and/or the amount of cognitive reserve and
whether age and cognitive reserve interact with each other. In order to quantify the efficiency of top-
down control and its electrophysiological correlates, we employed a TVA-based partial report task
with simultaneous EEG recording in a sample of variable age. We assessed the amount of cognitive
reserve by measuring crystallized IQ using the German MWT-B vocabulary test. To answer the
questions concerning top-down control, we compared top-down control efficiency between the
younger, middle and older participants, and between participants with relatively low and relatively
high amount of cognitive reserve. Then, we compared behavioural and electrophysiological data
between groups of different age, top-down control efficiency, and cognitive reserve level to answer
the questions whether age and cognitive reserve modulate to the neurophysiological correlates of top-

down control.

Influence of age and cognitive reserve on top-down control efficiency.

All participants included in the current study were able to prioritize task-relevant targets over task-
irrelevant distractors (all participants had a value of the parameter o lower than 1). We found that
efficiency of top-down control was neither affected by age nor by the amount of cognitive reserve.
The latter result is in line with a study presented by Madden et al. (2005), who found that at least

some forms of top-down control are preserved in ageing. Previous TVA studies showed age-related
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decline in participants younger than 30 (Espeseth et al., 2014) and younger than 50 (McAvinue et al.
2012) years old. In older participants, top-down control efficiency was shown to remain relatively
stable. In our study, to add to the knowledge on the effects of top-down control on ageing, we
carefully checked all participants for potential factors influencing cognition such brain injury,
seizures, dementia, depression, anxiety disorder, psychological distress or sleep quality. Furthermore
we also matched participants with respect to their educational background. Thus, participants
included in the study had a relatively homogeneous sociodemographic status, are healthy and do not

suffer from dementia or mild cognitive impairment indicating risk for dementia.

Relation between ERLs, age, top-down control efficiency and cognitive reserve

We analysed amplitudes of two distinct lateralized components as established correlates of top-down
control efficiency: Ppc and PCN. Both components were elicited by the presentation of target letter
accompanied by a distractor letter in the opposite hemifields. We found that the amplitudes of both
components were associated with top-down control efficiency and that this relation was equally
present across the different age groups. This implies that the amplitudes of the PCN and Ppc may be
considered as valid neural markers of visual top-down control efficiency in healthy participants

across the lifespan.
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in participants with a relatively high amount of cognitive reserve. As the Ppc component has been
suggested to reflect an inhibitory mechanism (Gokce et al., 2014), we assume that higher Ppc
amplitudes in participants with more efficient top-down control reflect more efficient inhibition of
visual distractors, which in turn leads to more efficient selection of a task-defined targets during
subsequent processing stages. The fact that we found such a relationship only in participants with
relatively high amount of cognitive reserve may suggest that participants that differ in educational
attainment employ different strategies for selection of relevant information. Of note, our results
imply that, across all age groups, in participants with higher cognitive reserve early bottom-up driven
processes contribute more to visual selection processes than in participants with low cognitive
reserve.

Wiegand et al. (2017) previously identified the PCN amplitude as a neural correlate of the
efficiency of top-down control. In the current study we showed that this relation is preserved in older
age: more efficient top-down control was associated with a more pronounced negativity on the side
contralateral to the target across all three age groups. While the absence of a main effect of age
implied that healthy aging does not influence the PCN amplitude in general, a significant interaction
suggests that aging separately affects the PCN in participants with low and high cognitive reserve. In
participants with rather low cognitive reserve, the PCN amplitude was significantly affected by
aging. A follow-up correlation analysis showed that the PCN amplitude decreased significantly with
increasing age in this group. In participants with a rather high cognitive reserve, the PCN amplitude
remained unchanged with increasing age. Recall that the PCN amplitude is thought to reflect the
amount of attentional resources engaged to select a task-relevant object (e.g., Eimer et al., 1996;
Luck and Hillyard, 1994; Toéllner et al., 2012). Thus, we assume that, in participants with lower

amount of cognitive reserve, ageing might be related to a reduced ability to efficiently distribute
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attentional resources towards the targets. This finding of a reduced component might be the first sign
of decreasing selection efficiency in the neural system despite lack of behavioural consequences.
Such changes might be detectable, but at even higher age.

In sum, age and the amount of cognitive reserve modulate the relationship between the
efficiency of attentional top-down control and its neural correlates indexed by the ERLs. However,
we did not find any differences in top-down control efficiency on the behavioural level between age
groups. Thus, we propose that declining amplitude of the PCN might be a more sensitive indicator of
the vulnerability to an age-related cognitive decline than the results of the behavioural task.
Moreover, because the amount of cognitive reserve modulates the relation between age and the
neurophysiological correlates of top-down control efficiency, it should be taken into account in

ageing studies.
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Youngest participants Middle participants Oldest participants Sig. Sig. Mean Sig.
Mean effect of Inter
effect of 1Q level actio
age n
Lower Higher Lower Higher Lower Higher
crystallized | crystallized crystallized crystallized crystallized crystallized
1Q IQ IQ IQ 1Q Q
N 14 14 13 14 14 14
Age [years] 24.5 (4.13) 26.5(2.30) | 45.08(7.68) | 46.5(7.66) 72.36 (4.13) 69.79 (3.70) | p<0.001 0.811 0.232
<20,33> <21,31> <34,57> <33,58> <60,77> <63,75>
Sex (F/M) 10/4 6/8 7/6 9/5 5/9 3/11 0.038 0.325 -
Education 12.43 (0.94) 12.71 11.77 (1.54) 12.57 11.64 (1.74) 12 (1.52) 0.088 0.084 0.713
[years] <10,13> (0.47) <9,13> (0.85) <9,14> <9,13>
<12,13> <10,13>
Depression 5.79 (4.51) 3.79 (4.89) 6.00 (5.80) 6.93 (5.59) 6.07 (4.62) 4.64 (4.81) 0.469 0.457 0.535
(BDI) <0,15> <0,17> <0,15> <0,18> <0,18> <0,15>
State Anxiety | 36.64 (8.69) 34.93 31.83 34.0 (3.82) 33.5(6.67) 31.07 (8.72) 0.324 0.751 0.641
(STAI) <24,50> (9.64) (14.82) <25,34> <23,45> <24,49>
<26,59> <0,58>
Trait 36.64 (8.45) 32.93 35.83 33.18 32.57(6.93) 31.21 (8.72) 0.545 0.289 0.918
Anxiety <26,57> (13.54) (16.39) (6.57) <21,51> <20,44>
(STAI) <0,50> <0,67> <22,43>
Psychologica 0.1(0.01) 0.1 (0.01) 0.10 (0.01) 0.10 (0.01) 0.1 (0.01) 0.10 (0.01) 0.418 0.880 0.333
1 distress <0.09,0.12> | <0.09,0.12 <0.10,0.12> | <0.09,0.12> | <0.09,0.12> <0.9,0.13>
(BSD) >
Sleep quality 5.08 (1.44) 4.38 (1.04) 5.09 (1.04) 4.76 (2.12) 493 (1.21) 5.36 (1.86) 0.607 0.567 0.384
(PSQI) <3,8> <2,6> <3,7> <0.1,7.0> <3,7> <3,10>
MMSE - - - - 28.78 (0.80) 29.36 (0.93) - 0.093 -
<27,30> <27,30>
Speed of 23.85(9.89) 20.44 31.33 (9.65) 29.43 40.70 (8.49) 43.31 p<0.001 0.691 0.516
visual search | <13.44,49.0 (5.68) <18.39,56.08 (14.97) <27.91,56.55 (10.24)
(TMT A) 1> <14.03,29.7 > <14.37,60.3 > <28.71,74.98
1> 4> >
Executive 2.12(0.35) 2.56 (1.04) 2.1(0.36) 2.51(0.82) 2.54(0.89) 2.12(0.78) 0.984 0.387 0.071
functioning <1.253.17> | <1.53,5.78 <1.52,2.64> | <1.28,4.15> | <1.15,3.98> <0.83,3.77>
(TMT >
B/TMT A)

Table 2. Demographic information presented for youngest, middle and oldest participants separately
for participants with lower and higher crystallized 1Q

Key: F-female; M-male; R-right handed, L- left handed; TMT — Trail Making Test; BDI — Beck
Depression Inventory, STAI - State-Trait Anxiety Inventory, BSI - Brief Symptom Inventory, PSQI -

Pittsburgh Sleep Quality Index; MMSE: Mini Mental State Examination
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4.1. Abstract

Visual processing speed, i.e. the total amount of information being processed per second (Duncan et
al. 1999) is one of the key components of Bundesen’s Theory of Visual Attention (TVA; Bundesen,
1990). Recently, it has been shown that higher versus lower levels of processing speed are associated
with the amplitude of the visual N1 (Wiegand et al. 2014a). However, it remains an open issue
whether processing speed may also influence early, spatially selective processes as indexed by event-
related lateralizations (ERLs). Here, we aimed at examining (i) whether interindividual differences in
processing speed are reflected by ERLs, and (ii) whether the relation between processing speed and
ERL waves is modulated by age. To quantify processing speed, we used a TVA-based whole-report
task, with simultaneous recording of the electroencephalogram. We found that both N1pc and PCN
waves index interindividual differences in processing speed, with enhanced amplitudes for
participants with higher relative to lower levels of processing speed. In addition, N1pc waves were
increased and PCN waves delayed for participants of older relative to younger age, suggesting that
younger versus older participants employ different selection modes to solve the present whole-report
task. While older participants seem to put more emphasis on pre-selecting, target information already
during an initial orienting of attention phase (indexed by the Nlpc), younger participants seem to
encode the entire display during this early phase, which is then followed by a temporally less

variable attentional selection process (indexed by the PCN).
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4.2. Introduction

Visual processing speed is one of the key components of visual attention. In Bundesen’s
mathematical framework Theory of Visual Attention (TVA; Bundesen, 1990), processing speed is
defined as the total amount of information being processed per second (Duncan et al. 1999). More
specifically, TVA assumes that all objects in the visual field compete for getting encoded into visual
short-term memory (vSTM), which is highly limited in storage capacity (see: e.g., Cowan, 2001;
Luck & Vogel, 1997; Sperling, 1960). The core assumption of the theory is that all competing
objects are processed simultaneously by the visual system, but at varying processing rates. In
principle, the higher the rate of a given object, the higher is its probability of getting encoded into
vSTM. The sum of all rates distributed among all objects being processed is depicted by the TVA
parameter processing speed C. Individual estimates of the parameter C can be obtained by employing
a simple psychophysical whole-report task. In this type of task, participants are briefly presented
with an array of target objects (e.g., letters), with the instruction to verbally report as many of them
as possible (see: Habekost, Petersen & Vangkilde, 2013). Such a design provides methodological
advantages as the performance in the task can be dissociated from measures of motor processes.
Notably, the latter may be a potentially confounding factor in, for example, ageing studies due to a
general slowing of motor processes. An individual estimate of C can be derived by fitting the raw
performance in the task as a function of stimuli exposure duration to the TVA model (a detailed
formal description of the fitting procedure can be found in Kyllingsbaek, 2006).

More recently, a neural interpretation of TVA (NTVA, Bundesen et al. 2005) has suggested

the neural mechanisms underlying processing speed. According to NTVA, processing speed of a
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perceived object is proportional to the number of neurons coding the object's features and to the
firing rates of these neurons. Results of a recent EEG study by Wiegand et al. (2014a) were in
accordance to this view: using a TVA-based whole report paradigm with simultaneous recording of
event-related potentials (ERP), they showed that younger participants with higher compared to lower
processing speed C exhibited reduced amplitudes of the visual N1 wave—a component associated
with stimulus discrimination processes (Vogel and Luck, 2000). In a subsequent study, Wiegand et
al. (2014b) showed that this relation between processing speed and the amplitude of the visual N1
was also preserved in older age participants, suggesting that age-specific mechanisms contributing to
changes in processing speed are not modulating the N1 component.

Of note, Wiegand et al. did not investigate the relation between processing speed and early,
spatially specific processes as indexed by event-related lateralizations (ERLs). That is, differences in
electrophysiological activity that can be directly linked to attended, lateralized objects (activity
obtained from the contralateral hemisphere) as opposed to objects that are not attended (activity
obtained from the ipsilateral hemisphere) (see: Corriveau et al., 2012; Luck, Woodman, & Vogel,
2000; Wascher and Wauschkuhn, 1996). The difference between contra- and ipsilateral ERP activity
provides direct information about target-related brain activity, as any target-unrelated activity that is
common for attended and unattended objects will be cancelled out by the subtraction procedure.
Thus, posterior ERLs have been shown to be particularly instructive for processes related to spatially
selective attentional selection (e.g. Eimer, 1996; Woodman and Luck, 2003; Tdllner, Conci, &
Miiller, 2015).

The aim of the current study was twofold: first, we aimed at examining whether
interindividual differences in processing speed are reflected by early, spatially selective processes as

indexed by ERLs; second, as processing speed has been shown to decline with age (Habekost et.al,
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2012; Nielsen & Wilms, 2015; Wiegand et al. 2014b), we further aimed at investigating whether the
relation between processing speed and ERL waves is modulated by healthy ageing. To assess these
questions, we employed a TVA-based whole report paradigm, which was adapted for measuring
lateralized components by presenting targets in the left or right visual hemifield. In order to test
whether healthy ageing modulates the relation between processing speed and lateralized brain
responses, we compared amplitudes and latencies of different ERLs (see below) between young,
middle and older participants divided into subgroups with lower and higher TVA parameter
processing speed C.

In the EEG analysis, we focused on three potential ERL candidates that may differentiate
between high and low performers as a function of age. The first ERL candidate is a negative
deflection typically observable in the time range of the P1/N1 (i.e. 100—200 ms post-stimulus), called
N1-posterior-contralateral (N1pc). The Nlpc is assumed to reflect weighting and competition of
incoming sensory signals and an “initial orienting of attention” process (Wascher and Beste, 2010).
Another ERL candidate, termed Positivity-posterior-contralateral (Ppc, Fortier-Gauthier et al., 2012;
Leblanc, Prime, & Jolicceur, 2008), is a positive deflection usually observable in the time range 160-
270 ms post-stimulus. The Ppc is usually elicited in fixed-feature search tasks (Jannati et al., 2013),
and has been associated with a spatially specific inhibition process (Gokce, Geyer, Finke, Miiller &
Tollner, 2014; Wiegand et al. 2015). The third ERL wave that may be related to processing speed is

the Posterior-Contralateral Negativity (PCN)’. The PCN is a negative-going deflection elicited over

’ Note that the PCN wave is also referred to as N2-posterior-contralateral (N2pc; e.g., Luck, Fan and
Hillyard, 1993). However, we prefer the term PCN because amplitude and timing of this ERL have
been shown to be independent from the amplitude and latency of the non-lateralized N2 (see, e.g.,

Shedden and Nordgaard, 2001; Tollner et al., 2011a).
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parieto-occipital areas in the time range approximately 200-350 ms post-stimulus. There is a general
consensus that this component reflects focal-attentional selection of task-relevant objects in visual
space (Eimer, 1996; Tollner et al., 2016; Woodman and Luck, 2001).

Based on the interpretation provided by the NTVA and the results of Wiegand et al. (2014a,
2014b), we expect that participants who allocate proportionally greater amount of attentional
resources to the task-relevant red letters than task-irrelevant blue characters would elicit more
pronounced contra-minus-ipsilateral asymmetry in EEG activity over visual sensory areas. Thus, the
magnitude of this asymmetry should reflect the interindividual differences in processing speed.
However, it is still not clear on which stage of processing one should expect this effect.
Interindividual differences in processing speed might be related (i) to the initial orientation of
attention as reflected by the N1pc, (ii) to spatially specific inhibition of distractor items as indexed by
the Ppc, (iii) to the attentional selection of the target letters as marked by the PCN, or (iv) to a

mixture between these alternatives.
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4.3. Methods

Table 1. Demographic information

Young Middle Older Sig.
participants participants participants 2 or F

N 32 29 33

Age 26.16 (4.12) 46.83 (6.65) 71.03 (4.5) <0.001
20-34 35-58 60 - 78

Sex (F/M) 17/15 20/9 11/22 0.019

Handedness Index 0.63 (0.59) 0.83 (0.46) 0.84 (0.31) 0.133
-1-1 -0.8-1 -0.45-1

Crystallized IQ (MWT-B) 110.63 (14.16) 112.75 (14.99) 127,15 (10.29) <.0001
86 - 143 81 -143 104 - 143

Depression (BDI) 4.28 (4.65) 6.50 (5.67) 5.24 (4.50) 0.225
0-17 0-18 0-18

State Anxiety (STAI) 34.73 (9.17) 34.39 (7.83) 31.81 (6.86) 0.285
23-59 14 - 58 23-49

Trait Anxiety (STAI) 34.68 (9.38) 36.29 (8.95) 31.64 (7.66) 0.107
20-57 24 - 67 20-51

Psychological distress (BSI) 0.30 (0.30) 0.43 (0.28) 0.32 (0.19) 0.104
0-1.43 0.4-1.08 0.02-0.72

MMSE ——— ——— 29.03 (0.88) -—

27-30

Processing speed (TMT A) 22.09 (8.20) 30.96 (11.92) 42.38 (9,55) <0.001
10.40 - 49.01 14.37 - 60.34 27.91 - 74.98

Executive functioning (TMT B)  48.89 (18.24) 66.84 (27.29) 95.34 (29.69) <0.001

18.76 - 100.05

33.87 - 146.82

51.68 - 154.65

Abbreviations: F, female; M, male; MWT-B, German Multiple-Choice Vocabulary Test; TMT, Trail

Making Test;, BDI, Beck Depression Inventory, STAI, State-Trait Anxiety Inventory;, BSI, Brief

Symptom Inventory;, MMSE, Mini Mental State Examination.
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Participants. 32 younger, 29 middle and 33 older healthy adults were included in the study. All
participants received payment or course credits for taking part in the study and provided written
informed consent according to the Declaration of Helsinki II. The experimental procedure was
approved by the Ethics Committee of the psychology department of the Ludwig-Maximilians-
University. Participants were part of the Munich INDIREA® aging cohort, which consists of 108
healthy adults aged from 19 to 78 years old, who underwent behavioural assessment of memory,
attention, and intelligence and received functional and structural MRI and electroencephalography.
All participants were native German speakers and had normal or corrected to normal vision. Each
participant was screened with an assessment of handedness (Edinburgh Handedness Inventory,
Oldfield, 1971), crystallized 1Q (Mehrfachwahl-Wortschatztest, Version B, i.e., Multiple Choice
Vocabulary Intelligence Test, version B; Lehrl, 1977), anxiety (The State-Trait Anxiety Inventory
STAI Spielberger et al., 1983), psychological distress (Brief Symptom Inventory BSI, Derogatis,
1993), processing speed (Trail Making Test TMT, Reitan, 1958) and depression symptoms (Beck’s
depression inventory BDI; Beck et al. 1996). Older participants were additionally tested with the
Mini Mental State Examination (MMSE, Folstein et al., 1975). The demographic data are
summarized in Table 1. Exclusion criteria consisted of BDI score higher than 20 and MMSE score
lower than 27 (in older participants), any neurological (e.g. brain injury, stroke, epileptic seizure) or
psychiatric disorders (e.g. depression, anxiety disorder, schizophrenia), chronic eye diseases (e.g.
colour blindness, glaucoma), intake of medication affecting cognitive performance and
claustrophobia. In the current study, 5 participants withdrawn from the study, 3 participants were

excluded due to depression symptoms (BDI score higher than 20), 1 participant due to dementia

¥ Individualised Diagnostics and Rehabilitation of Attentional Disorders
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symptoms (MMSE score lower than 27), 3 participants due to vision problems and 2 participants due
to excessive eye ocular artefacts in the EEG signal.

Apparatus and stimuli. Participants were tested in a sound-attenuated chamber (Industrial Acoustics
Company) with a dim source of light placed behind the participant. Stimuli were presented on a 24"
LED screen with resolution 800x600 pixels and refreshing rate of 100 Hz. Viewing distance was

approximately 65 cm from the screen.

Fixation point Stimuli Masks/Blank Response ' Feedback
after each
block

200 ' 900
- ms ms -

o - -

5 varying EDs 900 ms

Figure 1. Experimental procedure used for the assessment of the TVA parameter processing speed C.
Four red target letters arranged on a half-circle plane were presented either on the left or right side of the
display and were physically counterbalanced with four blue, equiluminant characters. 5 individually adjusted
exposure durations with masking were used. Additionally two conditions were unmasked: with the second
shortest exposure duration and an exposure duration of 200 ms.

Fig. 1 illustrates the sequence of events being presented in a single experimental trial. At the
beginning of each trial a fixation point (a white circle, size of 0.9° of the visual angle in diameter
with a white dot in the centre) was presented in the centre of the display for a duration randomly
drawn from 10 to 240 ms. Participants were instructed to fixate this point throughout the whole trial.

Subsequently, an array of 4 red target letters (CIE xyY: [0.600, 0.327, 9.510]) was briefly presented
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on a black background. Presented letters were randomly chosen out of set: {A, B, D, E, F, G, H, J, K,
L,M,N,O,P,R, S, T, V, X, Z}. Letters appeared on an imaginary semicircle with a radius of 5.27°
of the visual angle either on the right or on the left side of fixation. To ensure balanced physical
stimulation in both hemifields, target letters were accompanied with four, equiluminant, blue
symbols (CIE xyY: [0.190, 0.143, 9.660]) displayed symmetrically on the side opposite to the
targets. Diameters of letters and symbols were the same and equal to 1.3° of visual angle. The same
letter and symbol appeared only once in a given trial. Participants were informed on which side of
the display targets would be displayed at the beginning of each block of trials, and this side remained
identical throughout the entire block. The target side in the first block was counterbalanced across
participants (i.e. either left or right) and then alternated throughout the experiment. In five out of
seven conditions used in the experiment the letter array was followed by a mask (see Fig. 1): eight
red-blue scattered squares (size: 1.3° of visual angle) appearing at each stimulus location with a
duration of 900 ms. In the remaining two unmasked conditions, stimuli were followed by a blank
screen with a fixation point shown for 900 ms. After stimuli presentation a white question mark
appeared in the centre of the screen, indicating the start of a verbal letter report. Participants were
asked to report as many as possible red target letters in any order and without speed stress. After each
block, participant received a visual performance feedback in which the percentage of correctly
reported letters was displayed. To avoid too liberal or too conservative responses, participants were
instructed to aim for correctness between 70% — 90%, indicated by green colour coding of the
desired range on an accuracy chart presented after each block.

TVA parameter estimation delivers most precise fits if observations cover a broad range of
performance including near-floor as well as near-ceiling performance. Therefore, the letter arrays

were presented for five different, individually adjusted exposure durations with masking. In addition,
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two unmasked conditions were used: with the second shortest exposure duration and exposure
duration of 200 ms. Due to the visual persistence, in the unmasked conditions the exposure durations
are effectively prolonged compared to masked conditions (Sperling, 1960). Therefore, the five
masked conditions and two unmasked conditions result in seven different effective exposure
durations. Different experimental conditions were equally distributed across blocks of trials and were
displayed in randomized order within the block.

The experimenter was present in the chamber throughout the whole testing procedure, sitting
behind the participant in order to enter the letters reported by the participants and to manually start a
new trial via key presses. The duration of each session was approximately two hours, including
filling out of the questionnaires, EEG preparation, verbal instructions and approximately 45 minutes
of testing procedure.

Procedure. Each session began with a presentation of written instructions and stimuli used in the
experiment. This was followed by the procedure of adjusting the five individual exposure durations.
The exposure adjustment phase consisted of twelve triples of trials divided into four blocks, resulting
in a total of 48 trials. Each triple consisted of two trials that were not used for adjustment. These
were either unmasked with exposure duration of 200 ms or masked with exposure duration of 250
ms. One trial in each triple was used for adjustment; this was masked and initially displayed for 80
ms. Each time the participant reported at least one letter in this trial, exposure duration was decreased
by 10 ms until the lowest exposure duration was identified. Based on this value a set of additional 4
exposure durations was chosen from the predefined sets.

The testing phase consisted of 400 trials, equally distributed in 5 blocks with target letters
presented on the left side, and 5 blocks with target letters presented on the right side. For each

exposure duration we used 30 trials (15 for target letters displayed on each side) with exception of
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unmasked trials with exposure duration of 200 ms. These were presented 110 times on each side and
were used for ERP calculations.

EEG data acquisition. The EEG data was continuously recorded using BrainAmp DC amplifiers
(Brain Products) from 64 active Ag/AgCl electrodes (ActiCAP system, Brain Products). Sixty-three
electrodes were placed on an elastic cap (Falk Minow Service) according to the international 10/10
system (American Electroencephalographic Society, 1994). In order to control for eye movements,
we recorded the electrooculogram from electrodes placed at the outer canthi of the eyes and the
superior and inferior orbits. Impedances at all electrodes were regularly controlled after each 4
blocks and kept below 5 kQ. Signals were sampled at 1 kHz, online referenced to the electrode FCz
and filtered with a 0.1- 250 Hz bandpass filter.

In the offline pre-processing, the raw data was first visually inspected in order to detect and
remove nonstereotypic artefacts (e.g. electromygrahpic bursts). Then, the signal was filtered with a
high-pass Butterworth zero phase filter (24 dB/oct) at 0.1 Hz. This was followed by an infomax
independent component analysis (Bell and Sejnowski, 1995) to identify and remove components
representing ocular artefacts (Jung et al., 2000). Subsequently, the data was filtered with a
Butterworth zero phase, low-pass filter (24 dB/oct) at 40 Hz, and re-referenced to averaged mastoids
(electrodes TP9/10). The continuous EEG was then segmented into epochs, each epoch ranging from
200 ms before to 500 ms after stimulus onset. The 200 ms pre-stimulus interval was used for baseline
correction. Channels including voltage steps larger than + 50 pV/ms, activity lower than £ 0.5 pV
within intervals of 500 ms, or signals exceeding = 60 puV in any channel were excluded on an
individual-channel basis. On average, 16% of all trials were rejected using this procedure.

For the ERLSs analysis, we selected unmasked trials with exposure durations of 200 ms. ERLs

were computed as difference waves: ERP activity recorded over the hemisphere ipsilateral to the

121



presented targets was subtracted from contralateral ERPs using the following formula: ([(POS-
PO7)iett target 7 (PO7-PO8)rignt tareet]/2). Subsequently, difference waves were grand-averaged across left
and right targets. Amplitudes of the three candidate ERL waves were quantified by averaging 10
sample points (i.e. 10 ms) before and after the most negative deflection for the N1pc (120 — 210 ms
post-stimulus) and the PCN (210 — 350 ms post-stimulus), and most positive deflection for the Ppc
(160 — 270ms post-stimulus), respectively. Similarly, largest positive and largest negative deflections
within the pre-stimulus baseline (-200 - 0 ms) were obtained in order to compare ERLs against
baseline activity.

Statistical analysis. All statistical analyses were performed using IBM-SPSS Statistics (version 24,
IBM, USA). Based on a median split of the TVA parameter C, participants within each age group
were assigned to groups of participants having either relatively high or relatively low processing
speed. To compare the amplitudes of each ERL wave against baseline (i.e., to validate that the
respective ERL was reliably elicited), we calculated repeated-measures analyses of variance
(ANOVAs) for the within-subjects factor time window (baseline vs. component) and for the
between-subjects factor age group (younger vs. middle vs. older). Group differences in ERL
amplitudes and latencies were tested using two-way ANOVAs for factors age group (younger vs.
middle vs. older) and processing speed C-level (lower vs. higher). Whenever appropriate,
Greenhouse-Geisser correction for non-sphericity was applied (Jennings and Wood, 1976). Post-hoc
analyses were performed using Tukey's test. The association of the amplitudes and latencies of the
tested components with age was assessed using Pearson's correlation. In order to control for the
previously reported decline of the processing speed with age, association with the TVA parameter

processing speed C was tested using partial correlation with age as a controlled variable.
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4.4. Results

Behavioural data. The relatively high range of seven different effective exposure durations used in

the present study generated a broad range of the number of correctly reported letters, defining

probability distribution of performance as a function of exposure duration. Individual TVA

parameters were derived by modelling raw performance accuracy in the whole report procedure

using a maximum likelihood fitting algorithm (Kyllingsbaek 2006; Dyrholm et al. 2011). This

procedure was implemented in a Matlab toolbox /ibTVA (Mads Dyrholm, http://www.machlea.com/

mads/libtva.html). Mean scores obtained from TVA modelling showed a close correspondence to the

empirically obtained mean values (mean goodness-of-fit: young: R*=0.96; middle: R*=0.96, older:

R?=0.94). TVA parameter processing speed C was significantly decreasing with age [r =-0.235,p =

0.022], replicating previous studies (e.g. Wiegand et al., 2014b), see Fig. 2.

50
r=-0.235 *
- L
— L
w O
: s * ° .
R -
$ ° [ * b4 : .' .
325 O . . . .
o . e . P
c o ¢ LY . . o
m s . . R . ——
g . : T - <.
[ ]
g . * - °* [ -*. HEL L]
. *
0—0 30 40 50 60 70 80
Age [years]

Figure 2. Correlation between age and TVA parameter processing speed C.
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Electrophysiological data. Figure 3 presents grand-averaged event-related potentials elicited by
unmasked target displays with exposure duration of 200 ms, recorded at channels PO7/8. The left
panel presents waveforms recorded over the hemispheres contra- and ipsilateral to the target side.
The right panel presents the corresponding (contralateral-ipsilateral) difference waveforms
separately for participants with higher and lower TVA parameter processing speed C. For the N1pc
time window, a clear negative-going deflection can be seen for older participants, which gradually
decreases in amplitude for middle and younger age participants. In the younger group, a clear PCN
wave was elicited, which appears to be less prominent for middle and older participants. This age-
dependent PCN pattern is likely to result from increased trial-to-trial variance in older relative to

younger participants, based on which the PCN appears to be more smeared in older age groups.

Contra-/Ipsilateral ERPs Difference waveforms
-10 uV— -4 uV

b — Contralateral — LowerC Nlpc PCN
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o | |

=
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Figure 3. Grand-averaged event-related brain potentials recorded from parieto-occipital electrodes
(PO7/8) and grand-averaged separately for younger, middle and older participants. Blue area marks
Nlpc time range. Left panel: Contralateral (solid line) and ipsilateral (dashed line) waveforms. Right panel:
Difference waveforms compared between groups with lower (blue line) and higher (red line) processing speed
C.
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Nl-posterior-contralateral (Nlpc). The ANOVA testing the N1pc against baseline revealed the main
effect of time window [F(1,91)=89.068, p<0.001] and age [F(2,91)=13,760, p<0.001] to be
significant, indicating generally larger amplitudes for the N1pc time window relative to the baseline
time window, and for older relative to younger participants. In addition, the interaction between both
factors reached significance [F(2,91)=16.999, p<0.001], indicating that the Nlpc was gradually
increasing with age, whereas no such age-dependent difference was evident in the pre-stimulus time
window.

In the next step, we tested whether the age-dependent N1pc effect was further modulated by
processing speed C. The respective two-way ANOVA for the factors age and C-level revealed a
significant main effect of age [F(2, 88)=16.455, p<0.001]: N1pc amplitudes were significantly higher
in older participants [M=-3.81 pV, SD=2.03] than in middle [M=-2.21 pV, SD=1.84] and younger
participants [M=-1.24 uV, SD=1.70]. N1pc amplitude was also larger in participants with higher as
compared to lower processing speed C [M=-2.97uV, SD=2.33 vs. M=-1.89uV, SD=1.78] as
confirmed by a significant main effect of C-level [F(1,88)=7.627, p=0.007]. Interaction between age
processing speed was non-significant (p=0.764). Of note, Nlpc amplitudes were significantly
correlated with age [r(94)=-0.513, p<0.001], and a significant partial correlation between Nlpc

amplitude and processing speed C was also found [r(91)=-0.314, p=0.002] (see Fig. 4B and 4C).
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Figure 4. Relation between the N1pc amplitude, age and processing speed C. A) Mean amplitude of the
Nlpc component as a function of age group (young, middle, older) and C-level (lower, higher). Error bars
show standard errors. B) Correlation between amplitude of the Nlpc component and age. C) Correlation
between residual N1pc amplitude and residual processing speed C when controlled for age. *** p<0.001, **
p<0.01.

The ANOVA calculated for the latency of the N1pc did not yield any significant results [all
p>0.357]. The correlation of the N1pc latency with age and the partial correlation controlled for age

with processing speed C were also far from significance [all p> 0.414].

Positivity-posterior-contralateral (Ppc). There was a significant main effect of time window
[F(1,91)=7.835, p=0.003], which was driven by the counterintuitive pattern that the Ppc was
significantly smaller in amplitude than baseline activation [M=0.22 pV, SD=1.32 vs. M=0.63 nV,
SD=0.38]. While this pattern can be taken to indicate that there was no Ppc reliably triggered in the
present data set, it is worth noting that this effect may be partly due to the preceding N1pc. The main
effect of age reached significance [F(2,91)=3.583, p=0.032], indicating larger Ppc amplitudes for
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participants of older relative to younger age. The interaction of age and time window, on the
contrary, was not significant [p=0.460].

The ANOVA for the factors age group and C-level did not yield any significant results [all
p>0.130]. However, Ppc amplitudes significantly correlated with age [r(94)=-0.222, p=0.032] (see
Fig. 5B), but not with processing speed as revealed by the partial correlation controlled for age

between Ppc amplitude and C [r(91)=-0.168, p=0.107].
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Figure 5. Relation between the Ppc amplitude, age and processing speed C A) Mean amplitude of the Ppc
component as a function of age group (young, middle, older) and C-level (lower, higher). Error bars show
standard errors. B) Correlation between amplitude of the Ppc component and age. C) Correlation between
residual Ppc amplitude and residual processing speed C when controlled for age. * p<0.05.

The ANOVA on the timing of the Ppc did not yield significant results of age or C-level [all

p>0.129]. The correlation between Ppc latency and age was found to be significant [r(94)=0.221,
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p=0.032], (see Fig. 6B). Partial correlation with processing speed C was not significant [r=0.054,

p=0.607].
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Figure 6. Relation between the Ppc latency, age and processing speed C A) Mean latency of the Ppc as a
function of age group (young, middle, older) and C-level (lower, higher). Error bars show standard errors. B)
Correlation between latency of the Ppc and age. C) Correlation between residual Ppc latency and residual
processing speed C when controlled for age. * p<0.05.

Posterior-Contralateral-Negativity (PCN). Amplitudes of the PCN were significantly larger than
baseline [M=-2.49 nV, SD=1.50 vs. M=-0.60 uV, SD=0.32], as confirmed by a significant main
effect of time window [F(1,91)=158.483, p < 0.001]. The main effect of age group and the
interaction between time window and age group did not approach significance [all p>0.121].

As revealed by the two-way ANOVA for the factors age and processing level C, participants
with higher compared to lower processing speed C exhibited larger PCN amplitudes [M=-2.86,
SD=1.80 vs. M=-2.10, SD=0.97, F(1,88)=6.517, p=0.012]. The main effect of age group and the

interaction between C-level and age group, by contrast, were not significant [all p>0.122]. The
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correlation of PCN amplitudes with age was not significant [r = 0.111, p=0.289], but when controlled
for age, the partial correlation of the PCN amplitude with processing speed C reached significance
[r(91)=-0.262, p=0.011], showing that participants with higher processing speed had also larger PCN

amplitude (see Fig. 7C).
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Figure 7. Relation between the PCN amplitude, age and processing speed C. A) Mean amplitude of the
PCN component as a function of age group (young, middle, older) and C-level (lower, higher). Error bars
show standard errors. B) Correlation between amplitude of the PCN component and age. C) Correlation
between residual PCN amplitude and residual processing speed C when controlled for age. * p<0.05.

Analyses of the latency of the PCN yielded a significant main effect of age [F(2,88)=6.489,
p=0.002] (see Fig. 7A). Post-hoc Tukey test revealed that, in younger participants, PCN waves were
elicited significantly faster [M=292.34 ms, SD=42.95] than in older participants [M=324.18 ms,
SD=30.90]. The main effect of C-level as well as the interaction were not significant [all p>0.362].
Further, PCN latency correlated significantly with age [1(94)=0.342, p=0.001], with increasing PCN

latencies for participants of older relative to younger age (see Fig. 8B). Partial correlation controlled
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for age between PCN latency and processing speed C was not significant [r(91)=0.135, p=0.196],

confirming that there was no relation between C and the PCN timing.
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Figure 8. Relation between the PCN latency, age and processing speed C. A) Mean latency of the PCN
component as a function of age group (young, middle, older) and C-level (lower, higher). Error bars show
standard errors. B) Correlation between latency of the PCN component and age. C) Correlation between
residual PCN latency and residual processing speed C when controlled for age. *** p<0.001.

4.5. Discussion

The aim of the present study was to investigate (i) the relation between interindividual differences in
visual processing speed and early, spatially specific visual processing, and (ii) whether this relation
depends on healthy ageing. In order to quantify processing speed, we adapted a TVA-based whole
report task such that we could isolate event-related EEG lateralizations. In particular, we focused on
three well-established ERL waves as potential candidates that may index interindividual differences

in processing speed: N1pc, Ppc and PCN. To this end, we analysed the amplitudes as well as the
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timing of these ERLs between groups of lower versus higher processing speed as a function of
healthy ageing (younger, middle and older).

The behavioural results showed a significant decline of visual processing speed with age,
which is in accordance with age-related slowing observed in various other cognitive tasks (e.g. Bucur
et al., 2008; Nielsen & Wilms, 2015; Salthouse, 1994). At the electrophysiological level, we found
the amplitude of the N1pc being influenced by both processing speed and age: N1pc amplitudes were
boosted in participants with higher as compared to lower processing speed, and enhanced for older
relative to younger participants. The subsequent positive Ppc component, on the contrary, was not
affected by processing speed, but exhibited age-dependent variations. As the age of the participants
was increasing, Ppc amplitudes decreased while latencies slowed down. It is worth noting, however,
that these effects have to be interpreted with caution as any differences observable for the Ppc might
be directly caused, or confounded, by preceding Nlpc differences. The third ERL wave of interest,
the PCN, showed again a clear relation to processing speed: PCN amplitudes were larger for
participants with higher relative to lower processing speed. While the latency of the PCN slowed

down with age, no relation was evident between processing speed and the PCN timing.

Processing speed and age influence initial orienting of attention.

While the exact process underlying the N1pc component is still subject to debate, an increasing body
of studies suggests that this asymmetry during the P1/N1 time range can be associated with an initial
attentional orienting response, which seems to be mainly driven by physical characteristics of
bilateral stimulus arrays (Shedden and Nordgaard, 2001; Wascher and Beste, 2010, Sdnger and

Wascher, 2011). Wascher and Beste (2010), for example, showed that the N1pc can be observed in
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response to salient but task-irrelevant elements. In their study, a task-irrelevant orientation change
(between two bar elements that were temporally separated by 50 ms) could occur at a location
contralateral to a task-relevant luminance change (a black bar could be replaced by a white bar).
When the contralateral orientation change was rather weak (using a length-to-width ratio of 1:1.35),
the Nlpc was elicited in response to the task-relevant location at which the luminance change
occurred. When there was a high salient orientation change signal (using a length-to-width ratio of
1:2.41), by contrast, the N1pc was elicited in response to the location containing the task-irrelevant
location. Based on this pattern, Wascher and colleagues proposed the idea that the N1pc may reflect

an initial, saliency-driven attentional orienting response towards high salient stimulus elements.

Given that there were no manipulations of stimulus displays in the present study, our findings
go beyond these previous reports by revealing that the N1pc amplitude is not exclusively linked to
physical stimulus properties. Instead, we identified two additional inter-individual factors that
determine the degree to which the Nlpc is elicited: age and processing speed. In line with previous
notions that varying Nlpc amplitudes may reflect varying weighting and/or biasing of incoming
sensory information (Wascher and Beste, 2010), an age-dependent increase in the N1pc may indicate
that younger versus older participants employ different selection modes in the present whole-report
task. As demonstrated by Figure 3, importantly, the present N1pc age effects derive from decreasing
ipsilateral (instead of increasing contralateral) activity during the P1/NI1 time range. Reduced
ipsilateral activity may indicate that, in order to report target letters most efficiently, older
participants may strategically de-allocate processing resources from the task-irrelevant distractor
side, based on which the task-relevant target side may already be pre-selected, or biased, at this early

processing level, before being attentionally selected at the subsequent stage (indexed by the PCN).
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Such an early selection mode may be less necessary for younger participants as they have overall
more attentional resources available—indexed by higher processing speed. That is, exposure duration
of 200 ms (in the EEG trials) may provide sufficient time for younger participants to initially encode
the entire display (the relevant and the irrelevant hemifield) during this early processing stage,
leading to (more) comparable P1/N1 waves for both contralateral and ipsilateral hemifields. Spatial
attentional selection of task-relevant objects may be then performed at the later stage, as reflected by
faster and temporally less variable PCN waves.

Independent of this age effect, N1pc amplitudes were generally enhanced for participants
with higher relative to lower processing speed. In line with the above outlined interpretation, this
influence of processing speed may indicate that participants with higher processing speed are able to
allocate a greater amount of processing resources to pre-attentive analyser units that code target
information than participants with lower processing speed. As a result, the coding of task-relevant
information is facilitated and the total amount of information being processed per second is increased

(Duncan et al. 1999).

Processing speed, age, and attentional selection.

A second ERL that showed significant modulations owing to differences in processing speed and age
was the PCN wave, which can be generally linked to attentional target selection in visual space (e.g.
Eimer, 1996; Woodman and Luck, 2003; Tollner, et al., 2012). While participants with higher
processing speed exhibited larger PCN waves than participants with lower processing speed, the
timing of the PCN was systematically delayed as the age of the participants increased. As illustrated
by Figure 4, the PCN is most pronounced in the younger group, less distinctive in the middle group,

and even more smeared in the older group. Even though Fig. 3 gives the impression that PCN
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amplitudes were decreasing with age, differences between age groups in the PCN amplitude did not
reach statistical significance. The absence of significant PCN amplitude effects may be caused by
two reasons. First, because the PCN was triggered significantly later for older relative to younger
participants (292 ms vs. 324 ms), it appears to partially overlap with the subsequent negative
deflection (i.e., the SPCN)’, based on which there may be no distinct PCN peak visible when
calculating the grand-average waveforms for the older group (see Figure 4). Second, increased cross-
trial variance in the older group may additionally lead to more spread out components in the grand-
average waveforms and, thus, artificially reduced grand-average amplitudes.

The present findings replicate previous studies that reported age-dependent PCN modulations
(e.g., Lorenzo-Lopez et al., 2008; Wiegand et al., 2013, Pagano et al., 2016). Wiegand et al. (2013),
for example, likewise observed delayed PCN waves for participants of older relative to younger age.
Using a visual compound search task, participants in this study were instructed to report as fast as
possible the orientation (vertical vs. horizontal) of a pop-out target, which was randomly defined by
colour or shape. Accordingly, our findings demonstrate that age-dependent PCN timing effects can
be generalized from 2-alternative-forced-choice visual search for singleton targets to whole report
tasks, in which participants are instructed to select (and report up to) four colour-defined target
letters without any time pressure.

Besides the influence of age, we found that the level of processing speed reliably modulated
the elicitation of the PCN, thereby extending the list of interindividual factors that modulate
attentional selection processes—including conditions of schizophrenia (Luck et al., 2006) and
attention-deficit/hyperactivity disorder (Cross-Villasana et al., 2015). In particular, participants with

higher processing speed exhibited larger PCN waves than participants with lower processing speed.

? For the sake of brevity, we refrained from discussing the SPCN in detail.
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In most visual attention studies, enhanced PCN waves go along with facilitated behavioural
performance. This relation has been demonstrated for various bottom-up and top-down-driven
attention biases as, for example, physical salience (Brisson et al., 2007; Tollner et al., 2011), target
and distractor expectancy (Tollner et al., 2010, 2015), or previous trial history (T6llner et al., 2008).
When manipulating the salience of a pop-out target through varying the target orientation or the
target colour relative to the orientation and colour of its surrounding distractors in visual search, for
example, it has been shown that the PCN is gradually amplified for increasing relative to decreasing
target-distractor similarity (To6llner et al., 2011). Following this and other reports, it has been
proposed that the PCN can be used as neural measure of target salience/priority in tasks with
bilateral, physically balanced stimulus arrays (To6llner et al., 2015). In the light of this proposal, the
present results may indicate that enhanced PCN waves for participants with higher relative to lower
processing speed may result from differences in early sensory tuning to task-relevant information,
based on which target items will be processed with higher salience/priority. As a consequence, more
attentional resources can be allocated to task-relevant items, thereby providing the basis for larger

amounts of information being processed per second (Duncan et al. 1999).

Conclusion.

In the present EEG study, we identified the neural correlates of the attention parameter “processing
speed” C, as defined by the well-established Theory of Visual Attention (Bundesen, 1990). We found
that both N1pc and PCN waves index interindividual differences in C, and that this relation was
independent of age. Furthermore, Nlpc waves were markedly increased and PCN waves
substantially slowed for participants of older relative to younger age. This ERL pattern suggests that

younger versus older participants employ different selection modes to solve the present whole-report
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task. Older participants seem to put more emphasis on pre-selecting, or biasing, target information
already during an initial orienting of attention phase (indexed by the Nlpc), whereas younger
participants seem to encode the entire display during this early phase, which is then followed by a

temporally less variable attentional selection process (indexed by the PCN).
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S.  Summary and Discussion

5.1. Aim of the thesis

The main goal of the current PhD thesis was to shed more light on the relation between ageing and
efficiency of visual attentional selection and visual processing speed and underlying neural activity
of the brain. The presented work was theoretically grounded on the computational Theory of Visual
Attention (TVA, Bundesen, 1990) and its more recent neural interpretation (NTVA, Bundesen,
Habekost, & Kyllingsbak, 2005; 2011). We performed three studies that combined TVA-based
behavioural partial- and whole-report tasks with simultanecous EEG recording. During the
experiments participants were asked to verbally report briefly presented targets (red letters). In the
partial report task, targets were accompanied by distractors (blue letters) which participants were
asked to ignore. The TVA-based fitting of report accuracy permitted a separate quantification of
distinct attentional parameters postulated by TVA, whereas EEG provided information on the brain
activity related to the attentional processes with excellent temporal resolution. In the analysis of the
electroencephalographic data I focused on the event related lateralizations (ERLs) i.e. waveforms
computed as a difference of the potentials contra- and ipsilateral to the presented target. In studies 1
and 2, we measured the amplitudes of the components elicited by displays in which the presented
target was accompanied by a contralateral distractor. In study 3 we measured the amplitudes of
components elicited by displays, in which the target letters presented in one hemifield were visually
counterbalanced by meaningless characters in the other hemifield. Using such methodology we could
measure brain potentials related to processing the target elements, leaving out any other, non-related
activity. In the first study we aimed at identifying the neurophysiological underpinnings of the

individual differences in two distinct parameters of attentional selection: top-down control efficiency
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and spatial bias. In the second study we aimed at investigating whether neural indices of top-down
control efficiency change with healthy ageing and whether the potential relation between top-down
control efficiency, age and brain activity is influenced by the individual amount of cognitive reserve
(Stern, 2002). In the third study, we focused on investigating whether there is a relation between
healthy ageing and individual level of visual processing speed, and whether and how this potential

relation is reflected by the ERLs.

Study 1: Event-related EEG lateralizations mark individual differences in spatial and non-
spatial visual selection.
1. Key findings

The first study contributed to a better understanding of how different parameters of
attentional processing are reflected in brain activity. We tested young, healthy participants using a
TVA-based partial report paradigm with simultaneous recording of ERLs. Performance in the task
was mathematically modelled in order to obtain estimates of two distinct parameters of visual
attentional selection: top-down control, quantified as TVA parameter a, and spatial bias, quantified
as TVA parameter w,. By comparing amplitudes of the ERLs in participants with better vs. poorer
top-down control efficiency and left- vs. right-ward spatial bias we identified distinct lateralized
components related to either of the parameters of attentional selection. More precisely, we
demonstrated that differences in the efficiency of visual top-down control were reflected by the
amplitude of the Posterior Contralateral Negativity (PCN), but not by the amplitudes of the
hemifield-specific asymmetries. Conversely, interindividual differences in spatial bias were reflected
by the differences in the amplitudes of the hemispheric asymmetries of visual ERLs, but they were

not related to differences in the amplitudes of the PCN.
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2. Implications and relations to other accounts.
We demonstrated that participants with more efficient top-down control elicited relatively larger
amplitudes of the PCN than participants with less efficient top-down control. There is a general
consensus among researchers that the PCN reflects brain activity involved in the process of filtering
incoming visual information. This mechanism improves selection of relevant information by
reducing processing of distracting information (Eimer, 2015; Luck, 2012). Specifically, the
amplitude of the component is typically interpreted as an index of the amount of attentional resources
involved in the processing of the given task-relevant visual object (Eimer et al., 1996; Luck &
Hillyard, 1994; Tollner et al., 2008). However, in a large percentage of studies, changes in the
amplitude of the PCN reflected changes in the difficulty of the task (e.g. Luck & Hillyard, 1994;
Luck, Girelli, McDermott, & Ford, 1997) or changes in the saliency of the stimuli (e.g. Tollner et al.,
2011). In the presented study the difficulty of the task was adjusted to be comparable across all
participants and physical properties of the stimuli were kept constant throughout the entire
experiment. Hence, the observed differences in the PCN amplitudes suggest that participants with
more efficient top-down control allocate more attentional resources to relevant targets compared to
the participants with less efficient top-down control. According to one of the main postulates of
TVA, more efficient top-down control is a consequence of allocating relatively more attentional
weights to the target and less to the distractor (Bundesen & Habekost, 2008). Thus, larger PCN
amplitudes in participants with more efficient top-down control may be interpreted as a marker of
more efficient distribution of attentional weights.

The direction of the spatial bias was reflected by the amplitude of the hemispheric

asymmetries of visual ERLs, but did not correspond to the amplitude of the PCN. More precisely, we
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observed an enhanced negative ERL amplitude over the occipital site contralateral to the target.
When the target letter was presented in the participants’ non-prioritized hemifield, but not when it
was presented in the prioritized hemifield. Furthermore, after we split participants into subgroups
with rightward and leftward spatial bias according to the median value of the parameter spatial bias
w;, we observed specific ERL patterns that differed between the groups: within the same time range,
participants with rightward spatial bias showed a negative deflection in response to left-target
displays and positive deflection in response to right-target displays. In turn, participants with
leftward spatial bias showed a negative deflection in response to right-target displays and positive
deflection in response to left-target displays.

The present results demonstrate that spatial and task related selection mechanisms are in fact
two distinct processes that are associated with different brain activity. This result provides a strong
support for the independence assumption postulated in the TVA, which assumes that the distribution
of attentional weights of the processed objects according to their relevance for the task and their
spatial location are independent from each other. This is reflected by mathematically independent

modelling of parameters top-down control efficiency a and spatial bias w.

Study 2: Age related changes in neural marker of top-down control.

1. Key findings

The second study aimed at investigating whether the relation between top-down control efficiency
and its neural markers changes in healthy ageing. Participants of the study were also tested for the
amount of cognitive reserve as a potential factor that might influence this relation. In this study we
used the same partial-report task, TVA-based mathematical modelling of performance and

simultaneous EEG recording as in the first study. In order to estimate the amount of cognitive
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reserve, we measured crystallized 1Q using a German Multiple-Choice Vocabulary Test (MWT-B,
Lehr, 1977). We tested healthy participants split into three age groups: younger (age 20 - 33),
middle-aged (age 33 - 58) and older (age 60 - 77). We did not find evidence for changes in top-down
control in aging individuals and did not find a significant relation between top-down control and
crystallized 1Q. Furthermore, analyses of electrophysiological data revealed that the relation between
top-down control efficiency and PCN amplitude identified in the first study in younger participants is
preserved also in ageing individuals. Furthermore, we demonstrated that in all age groups top-down
control efficiency modulated the amplitude of the lateralized component Posterior Positivity
Contralateral (Ppc), which precedes the PCN. Altogether, in all three age groups, participants with
more efficient top-down control elicited larger Ppc and PCN amplitudes. Moreover, amplitudes of
both lateralized components were not affected by age, but were revealed to be modulated by the
amount of crystallized 1Q. More precisely, we demonstrated that only in participants with relatively
high, compared to relatively low crystallized IQ, the Ppc amplitude was higher in participants with
more efficient compared to less efficient top-down control. Additional correlation analysis revealed
that Ppc amplitude was linearly correlated with top-down control efficiency only in participants with
relatively higher crystallized 1Q, but not in participants with relatively lower crystallized 1Q. The
PCN amplitude showed a tendency to decline with age only in participants with lower crystallized
IQ. A follow up correlation analysis showed that in participants with relatively lower crystallized 1Q
the amplitude of the PCN was significantly decreasing with age. In contrast, in participants with

higher crystallized IQ the amplitude of the PCN remained unaffected by age.
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2. Implications and relations to other accounts.

The presented findings provide new insights into more general questions on neural underpinnings of
attentional selection. We demonstrated that the efficiency of top-down control is related to two well
established markers of attentional processes: the Ppc and the PCN. Both components are thought to
reflect two distinct aspects of processing of visual information. The Ppc is typically interpreted as a
neural marker of a process of inhibition of task-irrelevant stimuli, which is considered to be a
bottom-up driven mechanism (Gokce et al., 2014). The amplitude of the PCN component is widely
interpreted as an index of the relative amount of attentional resources being allocated in order to
process task-relevant stimuli (e.g., Eimer, 1996; Luck and Hillyard, 1994). Thus, our results showing
a relation between top-down control efficiency and the amplitudes of the Ppc and the PCN are
complementary with the existing literature. Furthermore, we demonstrated that the relation between
top-down control efficiency and its electrophysiological correlates is modulated by healthy ageing
and by the amount of cognitive reserve. Based on our finding that only in participants with higher
amount of cognitive reserve the Ppc amplitude was correlated with top-down control efficiency, we
suggest that participants may employ different strategies to select task-relevant information
depending on the amount of their cognitive reserve. Participants with a higher amount of cognitive
reserve may employ earlier and bottom-up driven mechanisms in order to facilitate subsequent
selection. In contrast, we demonstrated that only in participants with lower levels of cognitive
reserve the amplitude of the PCN was declining with age. Given that the PCN is assumed to reflect
the relative amount of allocated resources to process the relevant as opposed to irrelevant
information, we assume that in participants with lower, compared to higher, levels of cognitive

reserve, the total amount of the available resources may decrease with age.
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Study 3: Age-dependent differences in visual processing speed and early, spatially selective
processing: New insights from N1pc and PCN waves

1. Key findings

In the third study, we aimed at answering two questions. First, do ERLs reflect interindividual
differences in visual processing speed. Second, is this potential relation affected by healthy ageing.
In order to answer these questions we tested healthy participants from three age groups: youngest
(age 20-34), middle (age 35-58) and oldest (age 60-78) using a TVA-based whole report task with
simultaneous EEG recording. Individual estimates of the visual processing speed were obtained by
modelling accuracy performance in the task. We demonstrated that visual processing speed can be
linked to two distinct lateralized components: the Nlpc and the PCN. Across all age groups,
amplitudes of both components were increased in participants with higher, compared to lower,
processing speed. However, the nature of the relation between each component and the processing
speed level was also affected by age. In younger individuals, compared to older ones, the amplitude
of the N1pc was decreased but its latency did not differ between age groups. In contrast, amplitude of
the PCN did not show any relation to age, but its latency was shorter in younger than in older

participants.

2. Implications and relations to other accounts.

The results presented in study 3 are reconcilable with other studies showing an age-related decline in
processing speed (e.g. Espeseth, Vangkilde, Petersen et al., 2014; McAvinue, Habekost, Johnson et
al., 2012). What our finding add to this picture is the fact that, on the neurophysiological level, the
relation between age and processing speed decline is accompanied not only by quantitative, but

rather qualitative changes of the lateralized components. More precisely, age-related decline of
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processing speed is not reflected by changes of a single ERL component, but it is rather reflected by
changes in the overall characteristics of the evoked ERL waveform. We demonstrated that age not
only affected the N1pc amplitude, but this enhancement was accompanied by a delay of the PCN
latency. Functionally, N1pc amplitude is attributed to weighting of incoming sensory information
(Wascher and Beste, 2010). Thus, significantly increased Nlpc amplitude in older, compared to
younger, adults may suggest, that these individuals, in face of lower amount of resources, preselect
information during early stages of attentional processing. In contrast, younger participants showed
faster PCN latencies, which suggests that in these individuals attentional selection of relevant
elements may be performed at the later stage of processing. Together, our results imply that healthy
ageing of the brain not necessary leads to a simple deterioration of the attentional functions, but it

rather involves reorganization of the cognitive processes.

5.2.  General conclusions from the projects

The presented studies demonstrate that the combination of testing methods based on well-established
theoretical background with methodological advantages of -electroencephalography may be
particularly fruitful. TVA, which is a computational model, provides means to quantitatively and
mathematically independently measure different parameters of visual attention, whereas the
methodology of event-related potentials provides information on the brain activity with an excellent
temporal resolution, crucial for disentangling functionally distinct processes.

The findings presented in the current thesis are in line with the interpretation postulated by
NTVA, which suggests that distinct aspects of visual attentional functions are reflected by different

neurophysiological markers. First, the functional interpretation of the PCN is reconcilable with the
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mechanism of allocating attentional weights to processed objects postulated by NTVA as a
mechanism underlying top-down controlled selection (Bundesen et al., 2005). According to NTVA, a
distribution of the attentional weights among the processed objects is the basis for the selection of the
relevant objects in the visual field. In turn, attentional weights describe how the available neural
resources are distributed among the processed objects. On the neural level, the distribution of the
resources is assumed to be controlled by higher-order cortical areas located in striate and extrastriate
cortical areas. Within these areas 1 values are computed, i.e. strength of evidence that the processed
object belongs to a particular category, e.g. it is a target or distractor stimulus. Based on these values
in a later stage of processing attentional weights (w;) of the objects are derived (Bundesen et al.,
2005). In line with this statement, it was shown in a study that combined different imaging methods
(event-related magnetic fields and event related potentials) that the neural sources of the PCN
component are located in the lateral occipital cortex and the visual V4 area (Hopf et al. 2006), which
is a part of the extrastriate cortex — an area predicted by in NTVA. Thus, increased PCN amplitudes
can be interpreted as an indirect measure of the relative distribution of attentional weights among
task-relevant targets and irrelevant distractors.

Second, asymmetries of ERLs related to the direction of spatial attentional bias may reflect
the mechanism of spatial weighting postulated by TVA. According to NTVA, attentional processing
consists of two subsequent waves. The first wave is unselective. An attentional weight for each
processed visual object is computed and stored in a saliency map located in the pulvinar nucleus.
Objects being presented in the individual’s preferred hemifield receive higher attentional weights
compared to objects in the opposite hemifield, which is then reflected in the TVA parameter spatial
bias w,. During the second, selective wave, the attentional weights w; serve as a basis for distribution

of neural resources, i.e. number of neurons involved in processing of the visual information
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(Bundesen et al., 2005). According to NTVA, task related and spatial selectivity are distinct and
independent functions of visual attention. The findings of the studies 1 and 2 showing that TVA
parameters spatial bias w, and top-down control efficiency a were reflected by different lateralized
components support the assumption, postulated by NTVA, that spatial and task-related aspects of
attentional selection are in fact two independent functions of the visual processing system (Bundesen
et al., 2005, 2011).

Finally, according to NTVA, the parameter visual processing speed C reflects the total
amount of attentional weights allocated to process visual objects. As mentioned before, attentional
weights guide the amount of resources engaged to process given visual information, i.e. the activity
of the neurons within visual cortex. Total activity of cortical nerve cells is reflected by the
amplitudes of the evoked potentials. Therefore increased N1pc and PCN amplitudes in participants
with higher processing speed across all age groups can be interpreted as a neural marker of higher

total amount of attentional resources allocated to process the target objects.

5.3. Outlook and future directions

The presented studies provide insights into the relation between attentional functions and neuronal
activity. However, there are questions concerning changes of attention in an ageing brain that still
remain unanswered and therefore the presented studies may serve as a starting point for further
investigations. In order to gain more information on age-related changes in mechanisms of attention
and their neural background one could employ further neuroimaging methods for measuring the

neural correlates of the distinct attentional parameters and/or use different experimental designs.
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Longitudinal assessment.

It is worth to note that study 2 and 3 compared independent groups of younger and older participants
in a between-subjects manner. A longitudinal study seems to be the most adequate in order to link
changes in functions of attention with the changes of neural activity in face of the neurodegenerative
processes in the brain. A study of 34 MCI patients demonstrated that individuals who were
diagnosed with dementia within 2.5 years from the date of the first assessment showed significantly
poorer performance in a visual search task than patients who did not progress from MCI to dementia.
Furthermore patients whose initial performance in the visual search task was particularly low had
higher probability of developing dementia within the following 2,5 years (Tales et al., 2011). This
suggests that visual attentional abilities decline with the progression of dementia. However, this
study did not include the measurement of the brain activity. This was done in a more recent study
investigating EEG correlates of the performance in the visual search task in younger and older
participants. The study revealed that longer reaction times in older participants compared to younger
were associated with age differences in the PCN (Wiegand et al. 2013). Based on the findings
provided by the three aforementioned studies one can expect that a follow-up re-test study on our
group of older participants may provide valuable results shedding more light onto the relation

between distinct parameters of attentions and their neural underpinnings in the ageing brain.

Examination of the consequences of pathological aging.

Investigation of pathological ageing may also shed more light onto the neural mechanisms
underlying attentional selection. It has been already demonstrated that top-down control efficiency is
significantly decreased in patients with mild cognitive impairment (MCI) compared to healthy adults
(Redel et al., 2012). However, Redel et al, did not collect electrophysiological data. In contrast, in the
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second study we demonstrated that in healthy adults the amplitude of the PCN is related to top-down
control efficiency and in some individuals it declines with age, despite a general lack of age-related
changes in top-down control efficiency on a behavioural level. However, we did not include patients
with symptoms of neurodegeneration in the study. Therefore a question how declining top-down
control efficiency in MCI patients is reflected by the PCN amplitude remains not answered. To
address this issue one could propose a study that would combine a TVA-based assessment with an
ERP methodology to test a patient group with symptoms of neurodegeneration. Preserved relation
between top-down control efficiency and PCN amplitude may enable formulating a hypothesis that a
decreased PCN amplitude in healthy adults may be predictive for pathological changes occurring in

the brain.

Employing further methods.

As visual attentional processes occur within hundreds of milliseconds and are faster than temporal
resolution of most neuroimaging methods such as fMRI or PET, a promising approach might be to
employ methods with higher temporal resolution. Aside non-invasive electroencephalography, one of
such methods is Transcranial Magnetic Stimulation (TMS), which has already been successfully used
in the field of visual attention (for a review see: Taylor & Thut, 2012; Taylor, Walsh & Eimer,
2008). During the stimulation a very short impulse of a strong electric current is passed through the
coil placed above the investigated cortical area inducing a rapidly-changing magnetic field that in
turn induces an electric current in the cortical tissue (Walsh & Cowey, 2000) temporarily disrupting
its functioning. Thus, TMS can be used to investigate whether there is a causal relation between
functioning of a given cortical area and efficiency of a particular cognitive process. Using a single

TMS impulse Fuggetta et al. (Fugetta et al., 2006) demonstrated that stimulation of the remote visual
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areas (right posterior parietal cortex) significantly impairs performance in the visual search task and
eliminates the early phase of the PCN. Based on this finding, in a proposed TVA-based experiment
with TMS stimulation one could formulate two main hypotheses: 1) stimulation of the V4 visual
areas may affect the characteristics of the PCN elicited in a TVA-based task and 2) performance in
the task may decline which would result in deterioration of TVA parameters. In particular, this
decline could be related to an impairment in top-down control efficiency caused by the TMS
stimulation. Linking induced changes in the top-down control efficiency with changes of the PCN

may improve our understanding of neural underpinnings of attentional selection.

5.4. Conclusion

The current PhD thesis contributes to our understanding of the relation between ageing, the
efficiency of attentional functions and their neural underpinnings. More precisely, the combination of
electroencephalography with well-established paradigms based on the mathematical framework of
the Theory of Visual Attention permitted us to demonstrate that 1) task-related and spatial attentional
selection can be distinguished by different patterns of associated neural activity, 2) age-related
changes in the brain activity reflecting attentional selection can be observed even when the changes
on the behavioural level are not yet present and 3) age-related decline in visual processing speed is
accompanied by use of different strategies in order to encode information in younger and older
individuals. We also demonstrated that the amount of cognitive reserve is an important factor

modulating the brain-behaviour relationship and should, therefore, be considered in ageing studies.
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