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Abstract

Either reading a text in the office or looking for an apple in the supermarket, we
are continuously flooded with visual stimuli. But how does the human brain support the
efficient processing of those stimuli? And, if pathological changes occur in the brain, how
do these changes lead to reductions in such efficient processing? In the present
dissertation, aging is used as a model to address these two questions. First, individual
differences in visual processing speed are examined in association with the coherence of
the brain’s spontaneous activity and how this coherence is affected by normal aging.
Second, individual differences in visual processing speed are studied in association with
behavior in tasks that measure complex visual object perception in patients at risk of
Alzheimer’s dementia and healthy aging adults. Based on these two approaches, evidence
will be presented for an association of a slowed visual processing with (a) decreased
coherent activity of a frontoinsular network in healthy aging and (b) simultaneous object
perception deficits in patients at risk of Alzheimer’s dementia. This evidence provides
critical insights into the particular link between visual processing speed and the coherence
of the brain’s spontaneous activity and reveals perceptual deficits in patients whose

clinically most apparent impairments lie in memory.
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Overview

A traffic jam with cars, buses, trams, trucks, and all types of traffic signs; a crowd
of people of different backgrounds walking at a different pace to get to many places; a
colorful variety of fruits and vegetables in the supermarket—All these scenes are
common environments of our daily life. But how can the human brain efficiently take up
the visual information from such cluttered environments? One answer points to visual
attention.

Visual processing speed is a central visual attention function that represents the
rate of information uptake in a given instant. A reduction in visual processing speed is
one of the best-described cognitive features of normal aging. Thus, aging can be used as a
model to understand how the brain supports visual processing speed and, particularly,
how specific changes in the brain can lead to reductions in visual processing speed.

In this Dissertation, individual differences in visual processing speed are
examined in association with the spontaneous activity of the brain as well as with
behavior in tasks that measure complex visual object perception. First, to determine brain
correlates of visual processing speed, we analyzed intrinsic functional connectivity and
how it is affected by normal aging. Second, to determine behavioral correlates of visual
processing speed, we analyzed performance in tasks of complex object perception and
how it differs between pathologically aging patients—known to suffer from slowing in
visual processing—and healthy aging adults.

Visual processing speed has been traditionally measured by reaction time tasks. In
such tasks, button presses are given in response to the appearance of a visual stimulus or
the number of correct motor responses (e.g., writing numbers) in a limited time frame
(e.g., 90 seconds) is counted. However, the performance in such tasks is affected by
motor speed, which inherently introduces a confounding variable in aging individuals
who show motor slowing.

Perceptual measures of visual processing speed (i.e., inspection time) require,
instead, visual discrimination under variable presentation times, but without response
time pressure. However, in inspection time measures, the individual perceptual threshold
(i.e., the minimum effective exposure duration before stimulus processing starts) does
additionally contribute to performance at a given exposure duration, and cannot be

separated from visual processing speed.



A. L. Ruiz Rizzo (2017) Visual Processing Speed in the Aging Brain

Bundesen’s theory of visual attention (TVA) offers an exceptional framework to
study visual processing speed. First, TVA allows the mathematical estimation of a visual
processing speed parameter obtained from verbal report accuracy—and not from a task
requiring a speeded motor response. Second, the parameter visual processing speed is
obtained independently from other visual parameters of visual processing, such as, e.g.,
visual perceptual threshold. Therefore, here the TVA framework is used to determine
visual processing speed.

We determined brain correlates of visual processing speed in two studies. The first
study assessed how visual processing speed is associated with functional connectivity in
general, i.e., in a normal brain system that is neither in an advanced stage of aging nor
affected by disease. Intrinsic functional connectivity captures the coherence of slow
fluctuations in spontaneous brain activity—which reflects fluctuations in cortical
excitability, critical for visual attention and visual processing speed in particular—and
yields spatial patterns that involve different regions of the brain: ‘intrinsic connectivity
networks.” Visual processing speed was associated with the intrinsic functional
organization within a brain network that includes medial and lateral frontal, insular, and
thalamic regions: the so-called ‘ventral attention,” ‘cingulo-opercular,” or ‘salience’
network.

The second study on the brain correlates of visual processing speed focused on the
critical network identified in the first study, i.e., the cingulo-opercular network, to
evaluate whether age-related differences in its intrinsic functional organization are
associated with individual differences in visual processing speed. We assessed healthy
individuals from young to advanced ages and found that a decreased connectivity within
the cingulo-opercular network mediates the reduction in visual processing speed that
occurs with increasing age.

To determine behavioral correlates of visual processing speed, we assessed a
group of aging patients that are known to have a slowing in visual processing that goes
beyond that of normally aging individuals; these are patients with amnestic mild cognitive
impairment at a high risk for developing Alzheimer’s dementia. These patients showed
deficits in simultaneous object perception and, crucially, the degree of these deficits was
associated with the severity of the visual processing speed reduction.

Collectively, the present results indicate the association of visual processing speed
in the aging brain with individual differences in both intrinsic functional connectivity and

the perception of overlapping objects—shown in healthy and pathological aging,
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respectively. Future directions based on these findings point to the association between
changes in the intrinsic functional connectivity of the cingulo-opercular network and

visual processing speed in early stages of Alzheimer's disease, such as mild cognitive

impairment.
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1. Outline

In the beginning, I present the general and specific objectives pursued during my
Ph.D. in the section Aims. In the Introduction, I develop three topics. First, I define
visual attention and visual processing speed. Moreover, I explain how to measure the
resting brain with functional magnetic resonance imaging, yielding the so-called intrinsic
brain networks. Finally, I present the main characteristics of the aging brain and,
particularly, the main changes in visual processing speed on the one hand, and in the
intrinsic functional organization of the brain, on the other, that occur during aging.

The core part of this Dissertation includes three Studies that address specific
questions aimed at determining correlates of visual processing speed at the brain and at
the behavioral level. The first two studies are manuscripts currently under review, and the
third one is published.

Finally, in the Summary and discussion section, I combine the main insights

obtained from the three studies as well as the future research paths they open.
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2. Abbreviations

AD - Alzheimer’s disease

aMCI - Amnestic mild cognitive impairment
BOLD - Blood oxygenation level dependent signal
BORB - Birmingham object recognition battery
fMRI - Functional magnetic resonance imaging
ICA - Independent component analysis

ICN - Intrinsic connectivity network

iFC - Intrinsic functional connectivity

MCI - Mild cognitive impairment

MRI - Magnetic resonance imaging

SPT - Simultaneous perception task

TVA - Theory of visual attention

TVA-WR - TV A-based whole-report task

VOSP - Visual object and space perception battery
VSTM - Visual short-term memory

12
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3. Aims

The main goal of my Ph.D. was to examine individual differences in visual
processing speed in association with the spontaneous activity of the brain as well as with

behavior in tasks that measure complex visual object perception.

In particular, I aimed to determine:

a. Brain correlates of visual processing speed by analyzing intrinsic functional
connectivity and how it is affected by normal aging. Potential network(s) related
to visual processing speed that could serve as candidates for the analyses of brain
correlates of age-related differences in visual processing speed were first

identified in the young normal brain.

b. Behavioral correlates of visual processing speed by analyzing performance in
tasks of complex object perception and how it differs between pathologically
aging patients—known to suffer from slowing in visual processing—and healthy

aging adults.

13
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4. Introduction

4.1. Visual processing speed

4.1.1. Visual processing speed as a visual attention function

4.1.1.1. Definition of visual attention

Our visual world encompasses complex and rich environments; it is a crowded
place full of visual stimuli, in which survival might depend on having the ability to
apprehend information quickly. Visual attention is a neural and psychological
phenomenon that can be operationalized and, consequently, scientifically approached.
Visual attention has been defined as the neural property that allows the resolution of a
competition among objects in the visual field through attentional selection (i.e., biased
competition model; Desimone and Duncan 1995). Specifically, object features are
coarsely coded into the neurons’ visual receptive fields. Visual receptive fields increase in
size along the ventral stream from posterior to anterior areas, including more objects at
each successive level of the visual hierarchy. Therefore, the neural resources for
processing become limited and, thus, individual objects must compete for them
(Desimone and Duncan 1995). The theory of visual attention (TVA), proposed by Claus
Bundesen in (1990), is a formalization of this so-called biased competition. TVA
proposes a set of mathematical equations that permit the independent estimation of visual
attention parameters (Bundesen 1990), with which we can reliably test hypotheses on

biological or psychological phenomena.

4.1.1.2. Definition of visual processing speed

Visual attention represents a bias that can be oriented either to objects (i.e., visual
pertinence or ‘filtering’) or features (i.e., visual bias or ‘pigeonholing’) (Bundesen,
Vangkilde, and Petersen 2015). The ‘pigeonholing” mechanism is purely feature-based,
but also complementary to the ‘filtering’ mechanism, which, in turn, refers to the
likelihood of perceiving and selecting the objects of a certain category—without affecting
their belongingness as members of a particular category (Bundesen 1990). In particular,
the ‘pigeonholing’ mechanism is the one that determines a visual processing speed

capacity C at the individual level (Bundesen 1990).

14
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In neural terms, ‘pigeonholing’ represents a multiplicative scaling of the level of
activation of the neurons that code for specific features in the visual system (Bundesen,
Habekost, and Kyllingsbaek 2005). Such level indicates an increase in the firing rate (i.e.,
spikes per second) above the baseline rate of a neuron (Bundesen et al., 2005). Although
the ‘pigeonholing’ mechanism affects the level of activation of feature-specific neurons
within the visual system, it has been proposed to derive from frontal, parietal, or limbic
areas (Bundesen et al., 2005).

Based on the conditional probabilities of making perceptual categorizations (i.e.,
‘pigeonholing’), visual processing speed C represents an individual capacity measure of
the rate at which visual categorizations are encoded into visual short-term memory
(VSTM) (Bundesen et al., 2005). Thus, visual processing speed C is operationalized as
the number of letters that can be encoded in VSTM per second (Bundesen 1990).

4.1.2. Assessment and modeling of visual processing speed

The visual processing speed parameter of a subject can be estimated from report
accuracy in a whole report task, where an array of unrelated letters is presented under
variable exposure durations (Figure 1). Both masked and unmasked displays are used. In
this task, subjects must report all letters seen, with a reasonable degree of certainty (i.e.,

not guessing).

Figure 1. Example of a whole report task. An array of letters is briefly presented under different exposure
durations. Some but not all trials are followed by post-display masks (see text). Participants must report all
letters they are reasonably sure to have seen. Visual processing speed can be estimated from report accuracy
across different exposure duration conditions. This image was created with illustrative purposes and does
not reflect the paradigm used in the studies presented in this Dissertation.

15
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According to TVA, the probability of correctly reporting a letter increases
exponentially with longer exposure durations (Bundesen 1990). Correspondingly, the
participant’s report accuracy is modeled as an exponential growth function of the
effective exposure duration, by a maximum-likelihood fitting algorithm (Figure 2)
(Bundesen 1990; Dyrholm, Kyllingsbaek, Espeseth et al., 2011; Kyllingsbaek 2006).
Three main parameters determine this function and the shape of its curve. First, the visual
threshold for conscious perception 70 sets the start of visual processing and shifts its
exponential distribution (Kyllingsbaek 2006). Second, the slope of the curve at 0 or
parameter C indicates the rate of visual information uptake in a specific unit of time (i.e.,
letters encoded in VSTM per second). The third parameter, K, is the asymptote of the
exponential function and illustrates the maximum number of elements that can be
simultaneously represented in VSTM.

Reliable and valid TVA parameter fitting is given by the variability of effective
exposure durations. Thus, both masked and unmasked trials (i.e., with and without post-
display masks) are used in the whole report task. Unmasked trials, in particular, allow the
additional component of iconic memory buffering (Sperling 1960). Accordingly, a
parameter representing the effective exposure prolongation due to the visual after-image
persistence (Sperling 1960) in unmasked trials, or parameter u, is also estimated (in
milliseconds). However, as ¢ only serves for the accurate estimation of the other, relevant

parameters, this is not further considered.

Mean score
2 3 45

1

I I I I I
0 50 100 150 200 250

Exposure duration (ms)

Figure 2. Illustration of the exponential growth function in TVA. Using the theory of visual attention
(TVA), an individual participant’s report accuracy in a whole report task (Figure 1) can be modeled as a
function of exposure duration. Parameter #0 is the estimated visual perceptual threshold, parameter C or
processing speed is the slope of the curve at x = t0, and parameter K or VSTM storage capacity is the
asymptote of the curve. Figure taken from Asgeirsson, Nordfang, and Sorensen (2015). Licensed under CC
BY 4.0.
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Theoretically, three factors can act in a multiplicative fashion to change visual
processing speed C. These factors are (a) the probability of stimulus presentation, (b) the
pertinence or relevance of the presented stimuli, and (c) the general level of alertness
(Bundesen et al., 2015). In agreement with this proposal, empirical evidence has shown
that C values linearly increase with the hazard rate (i.e., the conditional probability
density) of the stimulus presentation (Vangkilde, Petersen, and Bundesen 2013). The
increase in the hazard rate builds up the temporal expectation, and this, in turn, enhances
the general level of alertness (Matthias, Bublak, Muller et al., 2010; Vangkilde et al.,
2013). Moreover, exogenous increases in the degree of alertness through visual or
auditory stimuli (i.e., phasic alertness) produce a direct positive, dose-dependent effect in
visual processing speed C (Petersen, Petersen, Bundesen et al., 2017). Similarly, a
pharmacological enhancement of tonic alertness with a single dose of psychostimulants
has also shown to increase visual processing speed C up to a 30% in healthy young
participants with relatively low baseline C (i.e., below the group median) (Finke, Dodds,

Bublak et al., 2010). Thus, alertness has a major influence on visual processing speed.

4.1.3. Visual processing speed in the brain

Based on an individual difference approach, previous studies have investigated
how visual processing speed is represented in the structure of the young healthy brain.
For example, one study analyzed whether structural variability in specific frontoparietal
and fronto-occipital white matter tracts mediates individual differences in visual
processing speed (Chechlacz, Gillebert, Vangkilde et al., 2015). This study found that
higher visual processing speed C is associated with stronger rightward asymmetry of the
inferior fronto-occipital fasciculus (Chechlacz et al., 2015). Similarly, another study
reported a significant association between visual processing speed C and the fractional
anisotropy—a gross measure of microstructural white matter integrity—of the genu and
body of the corpus callosum (Espeseth, Vangkilde, Petersen et al., 2014). Thus, these
findings underscore the relevance of anterior areas, but also of their connectivity with
posterior brain areas, for visual processing speed.

The association between the brain’s electrical activity and visual processing speed
has also been investigated in healthy young adults. In particular, neural correlates of
visual processing speed have also been searched for in the temporal evolution of the

brain’s activity. Quantitative differences have been shown in event-related potentials

17



Visual Processing Speed in the Aging Brain A. L. Ruiz Rizzo (2017)

(ERP) derived from the electroencephalographic activity. Specifically, when healthy
young participants are split according to their relatively high or relatively low visual
processing speed, differences can be observed in the amplitude of the N1 ERP component
— a negative-going component that peaks around 150-200 milliseconds post-stimulus

(Wiegand, Tollner, Habekost et al., 2014).

4.1.4. Summary and knowledge gap

To sum up, visual processing speed is an individual measure of the efficiency for
making perceptual categorizations. Using TVA, the visual processing speed C parameter
can be estimated mathematically independently from the visual perceptual threshold,
short-term memory storage capacity, or motor speed. One direct influence on visual
processing speed comes from alertness, as shown by the effects of temporal expectation,
exogenous stimulation, and psychostimulant medication. Finally, the neural substrates of
visual processing speed have been studied using an individual differences approach,
whereby the brain’s white matter integrity and electroencephalographic activity have been
shown relevant. However, it has not been investigated yet whether and how visual
processing speed is represented in the functional organization, i.e., in the intrinsic

functional connectivity, of the healthy brain.
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4.2. The resting human brain

4.2.1. Visual processing speed in the resting brain

‘Pigeonholing’ (i.e., selection of categories) represents a multiplicative scaling of
the level of activation of feature-specific neurons and determines visual processing speed
C (Bundesen et al., 2005). Notably, fluctuations in the level of activation of cortical
neurons occur spontaneously and continuously (Wu, Xiaoying, and Chuan 2008) and
slowly propagate throughout the cortex by a nonlinear amplification of single neurons and
an activity-dependent adaptation (Sanchez-Vives, Massimini, and Mattia 2017).

Co-activation of neuronal spiking activity (i.e., calcium signals) among particular
cortical areas occur at different moments of slow “global propagating calcium waves”
during light anesthesia in mice (Matsui, Murakami, and Ohki 2016). Such spontaneous
co-activation, which starts at a local level, forms spatial patterns of neural activity at a
whole-brain level.

Whole-brain spatial patterns of neural activity can be observed using resting-state
hemodynamics (i.e., based on the dynamics of the blood flow in the blood vessels). These
hemodynamic-based patterns spatiotemporally match those resulting from the
spontaneous fluctuations in excitatory neural activity (Ma, Shaik, Kozberg et al., 2016;
Matsui et al., 2016) and can even be predicted from local calcium events during slow
wave activity (Schwalm, Schmid, Wachsmuth et al., 2017).

If resting-state hemodynamic-based co-activation among cortical areas does
closely reflect the co-activation based on excitatory neural activity, we can reliably
measure the hemodynamic-based co-activation in the human resting brain to understand
visual processing speed at a neural level. Moreover, if the level of activation of cortical
neurons fluctuates continuously forming whole-brain spatial patterns and, at the same
time, determines an individual processing speed capacity C, we can test whether the
degree of coherence in the spatial patterns relates to the level of visual processing speed
of an individual. To measure the hemodynamic-based co-activation and the degree of
coherence in the whole-brain spatial patterns, we can use the blood oxygenation level-
dependent signal during functional magnetic resonance imaging and the analysis of the

intrinsic functional connectivity (Figure 3).
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S

Visual selection of categories: Spontaneous coherent
pigeonholing fluctuations: spatial patterns

Level of activation of
cortical neurons

Figure 3. Rationale for studying visual processing speed in the resting brain. The level of activation of
cortical neurons fluctuates continuously, which forms whole-brain spatial patterns that can be captured by
analyzing intrinsic functional connectivity in the resting human brain using functional magnetic resonance
imaging, fMRI (purple-blue track). Visual category selection (or ‘pigeonholing’) is represented by a
multiplicative scaling of the level of activation of cortical neurons coding for a particular visual feature,
thus determining the visual processing speed C capacity of an individual (purple-rose track). Therefore, we
can test whether the degree of coherence in the spatial patterns (i.c., intrinsic functional connectivity) relates
to the level of visual processing speed of an individual.

4.2.2. Intrinsic functional connectivity

4.2.2.1. The blood oxygenation level-dependent (BOLD) signal

With the help of positron emission tomography, it was revealed that induced
increases in the neural activity of the normal human brain are accompanied by an
escalation in regional blood flow, but not by a comparable increment in oxygen
consumption (e.g., Blomqvist, Seitz, Sjogren et al., 1994; Fox, Raichle, Mintun et al.,
1988) (Raichle and Mintun 2006). Such increase in regional blood flow is achieved
through the so-called neurovascular coupling or the close interaction among the brain
blood vessels, neurons, and glia (Girouard and ladecola 2006; Hall, Howarth, Kurth-
Nelson et al., 2016). Thus, given that all the oxygen brought (through the arteries) up to
the brain tissue is not consumed—despite the increase in neuronal and metabolic
activity—the ‘level of blood oxygenation’ in veins and capillaries will consequently be
relatively heightened (Kim and Ogawa 2012; Raichle and Mintun 2006).

The blood ‘level of oxygenation’ indicates the relative addition of oxygen to
hemoglobin, a protein in the red blood cells, and further determines hemoglobin’s

magnetic properties (Pauling and Coryell 1936). For example, the hemoglobin that carries
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oxygen (i.e., oxygenated hemoglobin) is diamagnetic, whereas the hemoglobin that has
delivered oxygen (i.e., deoxygenated hemoglobin) becomes paramagnetic owing to the
oxygen-free iron ion. Being paramagnetic (i.e., with higher magnetic susceptibility)
means that deoxygenated hemoglobin can disrupt a magnetic field (Pauling and Coryell
1936). Consequently, a local increase of oxygenated-to-deoxygenated hemoglobin ratio
enhances the local signal that can be measured with magnetic resonance imaging (MRI)
(Ogawa, Lee, Kay et al., 1990). This endogenously generated contrast was, therefore,
named the blood oxygenation level-dependent, BOLD signal (Ogawa et al., 1990) (Figure
4).
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Figure 4. Origin of the “BOLD” signal. (A) During baseline, the amounts of deoxyhemoglobin and
oxyhemoglobin are relatively similar, as shown in this schematic capillary. (B) When there is neural
activity, the net level of deoxyhemoglobin is decreased due to increases in (C) oxygen metabolism, and
blood (D) flow and (E) volume. The decreased deoxyhemoglobin (which distorts a magnetic field) relative
to the increased oxyhemoglobin after neural activity creates an endogenous contrast, known as BOLD.
Figure taken from Barth and Poser (2011). Licensed under CC BY 3.0.
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The BOLD signal is, thus, based on the hemodynamic response to neural activity,
and its response function is determined by changes in the cerebral blood flow, the
cerebral metabolic oxygen rate, and the venous cerebral blood volume (Kim and Ogawa
2012). The BOLD signal has been proposed to arise from signaling processes mediated
by both glutamate, locally, and amine and cholinergic neural systems, globally (Attwell
and Tadecola 2002). The hemodynamic response has been shown to correlate with local
field potentials; that is, with synaptic (input) rather than spiking (output) activity, which
probably reflects the incoming input and local processing in a given area (Logothetis,

Pauls, Augath et al., 2001).

21



Visual Processing Speed in the Aging Brain A. L. Ruiz Rizzo (2017)

4.2.2.2. Definition of intrinsic functional connectivity

Spontaneous fluctuations in the BOLD signal intensities measured with functional
MRI (fMRI) (Figure 5) were initially regarded as noise in task-response studies (Fox and
Raichle 2007). Therefore, the contribution of ‘noise’ was reduced through signal
averaging (Fox and Raichle 2007). BOLD fluctuations are considered spontaneous
because they occur during behavioral rest—i.e., where participants are not given any
stimulus, or in which they are asked to refrain as much as possible from any cognitive,

language, or motor response (Biswal, Yetkin, Haughton et al., 1995).
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Figure 5. Example of the spontaneous fluctuations in the BOLD signal. BOLD signal intensity values
are plotted as a function of time (600 seconds) with a sampling rate of 0.5 Hz (lower image), for a random
voxel (blue square) in a T2*-weighted image of a human brain (upper image). This spatial information (i.e.,
brain voxels) across time, during resting, is the basis for intrinsic functional connectivity analysis. This
image represents real data of a pilot participant and the time course of one random voxel.

Functional connectivity is defined as the temporal correlation of a
neurophysiological index measured from different regions of the brain (Friston, Frith,
Liddle et al., 1993; Friston 1994). In a pioneer study, the BOLD spontaneous fluctuations,
given at a low frequency (0.01 - 0.1 Hz), were shown to correlate exclusively between left
and right motor cortices when one or the other was used as a reference region (Biswal et
al., 1995). Strikingly, the spatial map generated by such correlation resembled that of
BOLD fMRI activation during a bilateral finger-tapping task, thus suggesting the
presence of “functional connectivity” also during rest (Biswal et al., 1995).

There is an important distinction between ‘activation’ and ‘connectivity.” During

echo planar imaging (i.e., BOLD fMRI), brain volumes are rapidly acquired (e.g., every 2
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seconds) to obtain spatial information on BOLD signal intensity changes throughout the
entire brain (Cordes, Haughton, Arfanakis et al., 2000). In conventional task-related
fMRI, such spatial information is used to study the increase in blood flow temporally
locked to a stimulus or task (i.e., regional ‘activation’) (Cordes et al., 2000). In contrast,
in functional connectivity fMRI, such spatial information allows examining spatial
patterns that are based on the synchronicity of the fluctuations in the signal along time
(i.e., ‘connectivity’) (Cordes et al., 2000). In the case of functional connectivity,
moreover, the term ‘intrinsic’ is added because, during rest, the coherence of BOLD
reveals different groups of brain regions that show ‘positive’ or ‘negative’ activation in
task-related contexts (Fox, Snyder, Vincent et al., 2005).

Intrinsic functional connectivity (iFC) has repeatedly been shown in regions
relevant for motor function, visual and auditory processing, executive functioning,
memory (including the so-called default mode), and attention (a simplified description
can be seen in the Table, and a further elaboration will be presented in the section 4.2.3)
(Allen, Erhardt, Damaraju et al., 2011; Cordes et al., 2000; Damoiseaux, Rombouts,
Barkhof et al., 2006; De Luca, Beckmann, De Stefano et al., 2006; Beckmann, Deluca,
Devlin et al., 2005; Smith, Fox, Miller et al., 2009; van den Heuvel and Hulshoff Pol
2010; Yeo, Krienen, Sepulcre et al., 2011). Although such a partition suggests a
distinctive functional organization of the brain, it does not directly imply that those
‘systems’ are disconnected (Damoiseaux et al., 2006). Instead, a distinctive functional
organization of the brain indicates a primary mode of interaction among specific brain
regions (De Luca et al., 2006) that, in the face of a stimulus or a task, tend to work

together (Laird, Fox, Eickhoff et al., 2011; Smith et al., 2009).

Table. Functional systems of the human brain obtained from intrinsic functional connectivity (iFC)

Systems Brain regions typically included First studies reporting

these systems

“Motor” Precentral gyri: motor cortex Biswal et al., (1995)
“Sensorimotor” Pre and postcentral gyri Cordes et al., (2000)
“Auditory” Primary and Cordes et al., (2000)

association auditory cortices in the superior

temporal lobe

“Default mode” Prefrontal, anterior and posterior cingulate cortices,  Greicius, Krasnow, Reiss
superior parietal et al., (2003)
“Task-positive Regions of the “dorsal attention” (Corbetta and Fox et al., (2005)
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“Task-negative Regions of the “default system” and cerebellum Fox et al., (2005)
network”

“Executive control” Superior and middle prefrontal cortices, anterior Beckmann et al., (2005)
cingulate and paracingulate gyri, ventrolateral

prefrontal cortex, and thalamus

“Ventral attention” Temporoparietal junction, ventral frontal cortex Fox, Corbetta, et al.,
(2006)

“Frontoparietal” Dorsolateral prefrontal cortex, intraparietal sulcus, ~ Dosenbach, Fair, Miezin et

inferior parietal lobule, precuneus al., (2007)

“Salience network”  Anterior insula, dorsal anterior Seeley, Menon, Schatzberg

cingulate/paracingulate cortex, superior temporal et al., (2007)
lobe, dorsolateral prefrontal cortex, supplementary

motor area, and frontal, temporal, and parietal

opercula
“Frontoparietal Lateral frontopolar, anterior prefrontal, dorsolateral ~ Vincent, Kahn, Snyder et
control” prefrontal, anterior cingulate, and medial frontal al., (2008)

cortices, lateral cerebellum, anterior insula, caudate,

and anterior inferior parietal lobule.
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4.2.2.3. Independent component analysis

Independent component analysis (ICA) is a method widely used to examine fMRI
BOLD data. ICA is an iterative unsupervised neural-network learning algorithm (Bell and
Sejnowski 1995) that performs blind separation of input data (McKeown, Makeig, Brown
et al., 1998). More specifically, ICA models the signal observed at a given voxel as the
sum of the contributions of latent independent components and Gaussian noise
(Beckmann and Smith 2004).

ICA is based on three main assumptions: spatial sparsity, statistical independence,
and linear summation. First, each component map, specified by a spatial distribution of
values in each voxel, represents multifocal brain areas that share BOLD signal influence.
Second, the components’ distributions are spatially independent. Third, the observed
BOLD signals are presumed to result from the linear sum of the individual components’
contributions in each voxel (McKeown et al., 1998).

Each independent component has a particular spatial distribution of voxel values
and an associated time course, and the number of components used to model the signal
can be up to the number of time points in the data (i.e., fMRI volumes) (McKeown et al.,
1998). At a first stage, a probabilistic component analysis is employed to find an
appropriate linear subspace that contains the sources. At a second stage, the source
signals (i.e., independent components) are estimated within the subspace obtained from
the first stage using a fixed-point iteration scheme (Hyvarinen 1999). Finally, based on
the estimated standard error of the residual noise, the extracted spatial maps are converted
into Z-maps and assessed for significantly modulated voxels with a Gaussian Mixture
Model for the distribution of intensity values (Beckmann and Smith 2004).

ICA can be performed in group resting-state data (see below). Group ICA is
achieved by concatenating the data matrix (3D x time point) of each subject’s dataset, one
on top of each other. Subjects’ functional data need to be co-registered into a standard
space (e.g., with the help of their high-resolution anatomical images and a canonical
template) and temporally normalized by estimated voxel-wise noise covariances
(Beckmann and Smith 2005). Group independent component maps and their associated
time courses are thereby obtained. However, an additional step is still needed to provide
‘individual versions’ of those group maps that allow performing group-level statistical

analyses. This step is called ‘dual regression.’
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4.2.2.4. Dual-regression approach

For group-level analyses, data are temporally concatenated into one single large
dataset (as mentioned above) (Beckmann et al., 2005; Calhoun, Adali, Pearlson et al.,
2001). This method is referred to as ‘temporal concatenation group ICA.” The
independent components generated in the group ICA are the input for the dual-regression
approach (Filippini, MacIntosh, Hough et al., 2009; Beckmann, Mackay, Filippini et al.,
2009; Zuo, Kelly, Adelstein et al., 2010).

The dual-regression approach works in two stages: a spatial and a temporal
regression (Zuo et al., 2010; Beckmann et al., 2009; Filippini et al., 2009; Smith,
Utevsky, Bland et al.,, 2014). First, in the spatial regression, the un-thresholded
independent components are used as predictors of the individual, preprocessed 4D
datasets (i.e., 3D spatial dimensions across time or fMRI volumes). The spatial regression
results in a time-point by number of components matrix, which contains the regression
weights (i.e., beta coefficients) that characterize, in each subject, the temporal dynamics
(i.e., time series) of each independent component. Next, in the temporal regression, the
resulting matrix of temporal dynamics is used as a predictor, again, of the individual 4D
datasets. The result of this spatial regression, for each individual, is a matrix of beta
coefficients for each voxel and within each independent component. Importantly, dual
regression characterizes the temporal and spatial dynamics of each component at the
subject level, while also controlling for the influence of the remaining components (Smith
etal., 2014).

Remarkably for the study of brain-behavior relationships, we can use the results of
the temporal regression (i.e., individual spatial maps) to test hypotheses on the iFC within
a specific network, and those of the spatial regression (i.e., individual time courses) to
investigate iFC between particular networks.

Finally, the temporal concatenation group ICA and dual regression approaches
have shown moderate to high short- and long-term test-retest reliability, thus representing
an effective tool for the investigation of the resting brain and its functionally

interconnected regions (Zuo et al., 2010).

4.2.3. Intrinsic connectivity networks

The analysis of the resting brain based on iFC — be it with ICA or with other

analysis methods such as seed-based or graph-theory — yields robust spatial patterns that
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reveal ‘networks’ of functional significance (Beckmann et al., 2005; Biswal, Mennes,
Zuo et al., 2010; Yeo et al., 2011). The term ‘network’ suggests a gradual clustering,
rather than a clear-cut set, of brain regions with a similar profile of activity (Sadaghiani,
Hesselmann, Friston et al., 2010). Coherent spatial patterns have been shown in both
primary sensory (e.g., visual, auditory, and somatomotor) and association (e.g., dorsal
attention, default and executive control) regions (Allen et al., 2011; Beckmann et al.,
2005; Smith et al., 2009; Yeo et al., 2011) (Figure 6). These patterns constitute the so-
called intrinsic connectivity networks (ICNs) or ‘resting-state networks.” ICNs may
describe direct corticocortical axonal pathways, indirect polysynaptic connections, or
shared feed-forward projections among cortical, subcortical, and cerebellar structures

(Allen et al., 2011).

Figure 6. Canonical intrinsic connectivity networks in the human brain. These (and other) spatially
defined networks emerge from the analysis of the spontaneous fluctuations of the BOLD signal during
resting-state fMRI. Table 1 also shows examples of naming and regions comprised in these networks. (A-
G) The default mode, frontoparietal control, language, ventral attention, sensorimotor, visual, and dorsal
attention networks are shown. Figure taken from Lee, Hacker, Snyder et al., (2012). © 2012 Lee et al.
Creative Commons Attribution License.

ICNs are highly consistent across species (Vincent, Patel, Fox et al., 2007),
individuals (Beckmann et al., 2005; Damoiseaux et al., 2006), scanning sessions
(Shehzad, Kelly, Reiss et al., 2009), development (Doria, Beckmann, Arichi et al., 2010),
and states of consciousness such as sleep (Fukunaga, Horovitz, van Gelderen et al., 2006;
Larson-Prior, Zempel, Nolan et al., 2009), anesthesia (Martuzzi, Ramani, Qiu et al.,

2010), or active cognition (Smith et al., 2009). Moreover, ICNs reflect underlying
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structural connectivity (Hagmann, Cammoun, Gigandet et al., 2008; Honey, Sporns,
Cammoun et al., 2009; Segall, Allen, Jung et al., 2012). Critical for brain-behavior
relationships, ICNs can predict how constituent brain regions will respond (Fox, Snyder,
Zacks et al., 2006; Mennes, Kelly, Zuo et al., 2010) to a task and how an individual will
perform (Fox, Snyder, Vincent et al., 2007) the task (Fox and Raichle 2007).

Although ICNs are given at a long-range, global scale, it is also acknowledged
that multiple spatial and temporal scales of iFC are concurrently present in the brain and
that ICNs indicate the integration of the information processing that occurs at more local
levels (i.e., efficient topology) (Sadaghiani and Kleinschmidt 2013; van den Heuvel and
Hulshoff Pol 2010).

4.2.4. Summary and knowledge gap

To sum up, the resting human brain can be assessed non-invasively with fMRI by
measuring the relative changes in the blood oxygenation level or BOLD signal. When the
coherence of this signal’s spontaneous fluctuations is analyzed throughout the whole
brain, an indicator of intrinsic functional connectivity can be obtained. Already for 20
years, studies have repeatedly and consistently shown that intrinsic functional
connectivity occurs in sensory, motor, and association cortices, as well as subcortical
regions, thus forming the so-called intrinsic connectivity networks. These networks
constitute spatial patterns that can be predicted from the spontaneous fluctuations in the
excitability of cortical neurons—as shown by studies in mice—, which could also
influence visual attention functions and visual processing speed in particular.

Cognitively meaningful changes in the functional connectivity within intrinsic
connectivity networks have been reported to occur during healthy aging. However, it is
not yet clear to what extent these changes in functional connectivity are associated

with those in visual processing speed.
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4.3. The aging human brain

4.3.1. The aging brain during rest

4.3.1.1. Differences and changes in the aging brain

The differences (i.e., cross-sectional) or changes (i.e., longitudinal) in the human
brain occurring with aging can be influenced by person-specific and environmental
negative and positive factors (Lindenberger 2014) that occur along the entire lifespan
(Raz and Rodrigue 2006). Therefore, the course and shape of these changes are best
appreciated as a range of life ‘trajectories’ (Lindenberger 2014). Hypertension, metabolic
markers (e.g., homocysteine level), cardiovascular risk, stress, aerobic fitness, or
experience-dependent cognitive plasticity are factors that can modify the particular
trajectory of the aging brain (Lindenberger 2014; Raz and Rodrigue 2006).

Increasing age has been associated with decreasing global gray matter volume
(Good, Johnsrude, Ashburner et al., 2001) (Figure 7), density (Sowell, Peterson,
Thompson et al., 2003), and thickness (Salat, Buckner, Snyder et al., 2004), and total
cortical surface in both hemispheres (Salat et al., 2004). More specifically, gray matter
volume loss has been reported in the central sulci, insula (Peelle, Cusack, and Henson
2012), superior parietal gyri, and cingulate sulci bilaterally, with a relative sparing of
thalami, amygdalae, and hippocampi (Good et al., 2001). Cortical thinning has also been
described for association cortices (e.g., inferior lateral frontal cortex), with a relative
sparing of regions within the temporal lobe (Salat et al., 2004).

When examined from childhood, nonlinear effects of aging are observed in the
gray matter density of dorsal areas of the frontal and parietal regions, both on lateral and
medial surfaces and in the orbitofrontal cortex (Sowell et al., 2003). In particular,
between the ages of 7 and 60 years, the loss of gray matter density in the superior frontal
sulcus is of approximately 32%, but only of 5% between the ages of 40 and 87 years
(Sowell et al., 2003). The respective values for the superior temporal sulcus are 12%
(between 7 and 60 years old) and 24% (between 40 and 87 years old) decline (Sowell et
al., 2003). Thus, this evidence collectively suggests a gray matter reduction that is more
prominent in parietal and frontal regions, whereas the reduction in posterior temporal and
primary cortices is relatively delayed or spared. Remarkably, this regional-specific

reduction has been linked to poorer performance in cognitive domains that these regions
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are thought to support; e.g., frontal volume has been associated with executive functions,
and hippocampal volume with spatial memory (Raz and Rodrigue 2006). A regional-
specific increase, in turn, has been related to protective factors that enhance cognitive
reserve (such as higher education attainment) (Arenaza-Urquijo, Landeau, La Joie et al.,

2013).
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Figure 7. Differences in volume across age controlling for total intracranial volume (TIV). Total gray
matter (TGM), white matter (TWM), and cerebrospinal fluid (TCSF) volumes as a function of age in a
sample of 420 adults. Figure from Peelle et al., (2012). Only the right panel is reproduced from the original
figure, further modified from vertical to horizontal arrangement. Licensed under CC BY 3.0.

The total volume of white matter was reported to increase with age until it reaches
its peak in the mid-forties from where it starts to decrease (Sowell et al., 2003). However,
global volumes of the white matter of the oldest are similar to those of the youngest
(Sowell et al., 2003), which indicates no significant global decreases of white matter
volume with age (Good et al., 2001) (Figure 7). In contrast, relative decreases of the
white matter volume have been observed locally in the optic radiations, frontal white
matter, and posterior limbs of internal capsule bilaterally, and areas of relative
preservation in the posterior frontal lobes, cerebellum, and right temporal lobe (Good et
al., 2001). Similarly, age effects on white matter microstructure (i.e., fractional anisotropy
and mean diffusivity measures of white matter) have been reported in fibers such as the
corpus callosum, corona radiata, cingulum, and superior longitudinal fasciculus (Espeseth
et al., 2014).

A positive linear relationship between age and the volume of cerebrospinal fluid
has been consistently reported (Sowell et al., 2003; Good et al., 2001; Raz and Rodrigue
2006) (Figure 7). The increase of cerebrospinal fluid includes its entire compartment in
the ventricles and surface sulci, such as chiasmatic and supra cerebellar cisterns, cisterna

magna, third ventricle, and the Sylvian and interhemispheric fissures (Good et al., 2001).
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Given that aging is in itself a risk factor for diseases like Alzheimer’s,
Parkinson’s, diabetes, hypertension, and arteriosclerosis, most elderly adults might
experience some form of age-related neural pathology (Hedden and Gabrieli 2004). In
particular, elderly adults with higher global amyloid burden—a pathological hallmark of
Alzheimer’s disease (see section 4.3.2)—but who are cognitively normal show gray
matter reduction in frontal and parietal regions (Oh, Habeck, Madison et al., 2014).
However, unlike in pathology, the volume reduction that occurs in normal aging does not
necessarily reflect brain atrophy or neuronal death, but rather the loss of synaptic density
(Hedden and Gabrieli 2004), as shown by studies of age-related differences in metabolic
markers of neural integrity in vivo using magnetic resonance spectroscopy (Raz and
Rodrigue 2006). Moreover, animal and human data suggest morphological alterations that
are unique for aging and independent from neurodegenerative diseases. For example, loss
of synaptic density in the prefrontal cortex and neuronal loss in the dentate gyrus,
indicative of loss of synaptic input via the perforant pathway, would be characteristic of
aging (Jagust 2013). In contrast, loss in both Cornus Ammonis subfield CAl and
entorhinal cortex would more likely reflect Alzheimer’s pathology (Jagust 2013).

The decreased brain activity measured during task-related fMRI that older adults
sometimes show, relative to younger adults, is seen as a manifestation of cognitive
deficits (Grady 2012). When elderly show increased activity instead, this is interpreted as
compensatory activity (if it results in better behavioral performance), as less efficient use
of neural resources, or as a lack of selectivity in the brain response (Grady 2012).
Whether showing decreased or increased activity, differences in brain activity in older
adults are influenced by structural age changes, alterations in dopaminergic
neurotransmission, or individual vulnerability to Alzheimer’s disease pathology (Grady

2012).

4.3.1.2. IFC differences in the aging brain

Evidence based on various analysis methods has consistently shown significant
differences in iFC in the aging brain both within and between intrinsic connectivity
networks. Using ICA, age alone has been reported to account for 10 to 20% of the
variance in 1FC, with a general decrease within and across different networks and a
specific iFC increase within the basal ganglia system (Allen et al., 2011). Machine

learning based analyses have similarly revealed that decreased iFC between sensorimotor
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and cingulo-opercular networks can correctly classify ‘older’ from ‘younger’ individuals
(Meier, Desphande, Vergun et al., 2012).

Functional correlations between specific regions (seen in ‘seed-based’ analyses)
within the default mode (e.g., anterior medial prefrontal and posterior
cingulate/retrosplenial cortices) and dorsal attention networks (e.g., intraparietal sulcus
and middle temporal area) have been shown to decrease with age (Andrews-Hanna,
Snyder, Vincent et al., 2007). Importantly, such decrease is also observed in older adults
with no signs of Alzheimer’s disease pathology (i.e., in amyloid imaging) (Andrews-
Hanna et al., 2007). Graph-theory based analyses have also revealed that, with increasing
age, the average iFC density (i.e., the number of functional connections between a
specific voxel and all the rest in the brain) is decreased for the default mode and dorsal
attention networks, but increased for somatosensory, cerebellar, and thalamic networks
(Tomasi and Volkow 2012). Beyond the default mode and dorsal attention networks, a
decreased iFC has also been reported within the “salience” or cingulo-opercular network
in healthy (Meier et al., 2012; He, Qin, Liu et al., 2014; Onoda, Ishihara, and Yamaguchi
2012) and pathological (He et al., 2014) aging.

Age-related changes in iFC are not just an epiphenomenon, but rather have a
crucial functional relevance. For example, there is some evidence that the strength of iFC
between the medial prefrontal cortex and the posterior cingulate/retrosplenial cortex
contributes to cognitive decline not only in memory but also in executive function
(Andrews-Hanna et al., 2007). Other studies have shown that, particularly in older (but
not younger) adults, lower iFC within the anterior part of the default mode network
correlates with lower performance on the Trail Making Test B (Damoiseaux, Beckmann,
Arigita et al., 2008)—a speeded measure of executive control (Reitan and Wolfson 1985;
Tombaugh 2004).

Positive associations between 1FC of the salience network and visuospatial
intelligence in the middle- and advanced-aged adults have also been reported (Onoda et
al., 2012). Moreover, increased iFC between the anterior cingulate cortex and the
hippocampus, posterior cingulate cortex, inferior frontal lobe, and angular gyrus has been
reported for elderly with high cognitive reserve (i.e., higher education attainment)
(Arenaza-Urquijo et al., 2013). Finally, encompassing the entire spectrum of (normal and
pathological) aging, there is evidence of a significant association between iFC in the

salience network and global cognitive state (He et al., 2014).
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4.3.2. The aging brain under pathology

A clear demarcation between healthy and pathological aging is not
straightforward. Mild cognitive impairment (MCI) constitutes a common example of
pathological aging. Cognitive impairment, in general, is not a normal or expected effect
of aging (Morris, Storandt, Miller et al., 2001; Morris and Price 2001). Therefore, when
marked cognitive impairments (e.g., in memory) start to manifest, even despite functional
independence, a prodromal stage of a neurodegenerative disease (e.g., Alzheimer’s) could
be occurring (Nestor, Scheltens, and Hodges 2004). However, MCI is heterogeneous and
can either lead to dementia or remain stable until death (Mattsson, Zetterberg, Hansson et
al., 2009). In particular, in the case of Alzheimer’s disease (AD), MCI is regarded as a
“symptomatic predementia phase” of AD (Albert, DeKosky, Dickson et al., 2011).

Studies have shown that patients with a diagnosis of MCI who later convert to AD
dementia have abnormal levels of Amyloid- (AB) and Tau protein in cerebrospinal fluid
samples compared both with other MCI patients who are stable or convert to other
dementias and with healthy controls (Mattsson et al., 2009). Senile or neuritic plaques
(AP) and neurofibrillary tangles (Tau) (Figure 8), as well as degeneration of synapses and
neurons, are the characteristic microscopic lesions in AD (Blennow, de Leon, and
Zetterberg 2006). A widespread neocortical A deposition (i.e., senile plaques) in the
neocortex of a brain with AD has been proposed as the main distinction between
pathological (e.g., MCI) and healthy aging (Morris and Price 2001). More specifically,
whereas neurofibrillary tangles in structures of the medial temporal lobe accompany
aging, the widespread presence of AP plaques indicates AD (Morris and Price 2001;
Price, Davis, Morris et al., 1991).
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Figure 8. Senile plaques (SP) and neurofibrillary tangles. SP and NFT can be observed with Thioflavin
stain (a fluorescent dye) on a section of the hippocampus of a patient with Alzheimer’s disease. SP include
a peptide derived from the amyloid precursor protein, the Amyloid 3. LP: lipofuscin granules (lysosomes-
derived autofluorescent inclusions that accumulate during normal aging). The Antibody and image courtesy
of EnCor Biotechnology Inc. By Gerry P. J. Shaw (own work) via Wikimedia Commons CC BY-SA 3.0.

The so-called ‘biomarkers’ are biological in vivo or cognitive measures that can
signal the start or progression of AD—i.e., the pathology and not necessarily the
diagnostic entity of 4D dementia. Biomarkers are necessary because AD has an insidious
and slow onset and progression; for example, neurodegeneration has been estimated to
start 20 to 30 years before clinical onset (Blennow et al., 2006). AD has been postulated
as an extended period free of symptoms, but with pathophysiological processes going on
(e.g., Sperling, Aisen, Beckett et al., 2011) with a particular temporal evolution (e.g.,
Jack, Knopman, Jagust et al., 2013). Thus, individuals with biomarker evidence of AD
have a higher risk to develop symptoms congruent with AD dementia or predementia
(Sperling et al., 2011). The most studied biomarkers in AD are AP (e.g., AP42 in
cerebrospinal fluid or positron emission tomography [PET] amyloid imaging) and
biomarkers of neuronal injury (e.g., Tau in cerebrospinal fluid, medial temporal lobe
atrophy on MRI, and temporoparietal hypometabolism or hypoperfusion on PET or
single-photon emission computed tomography) (Albert et al., 2011).
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4.3.3. Visual processing speed differences in aging

In general, the speed of information processing has a major influence on cognition
along development, as age-related differences in different cognitive variables are
substantially attenuated when processing speed is accounted for (Kail and Salthouse
1994). For example, in healthy older adults (i.e., > 65 years), the processing speed can
account for no less than 70% of the total age effect in cross-sectional (i.e., concurrent)
measures of memory or verbal fluency (Sliwinski and Buschke 1999).

Traditionally measured with reaction times—i.e., with a motor response to a
visual stimulus—visual processing speed shows an increase with age that is prominent,
but also more variable intra-individually, after around the age of 50 (Der and Deary
2006). Other measures based on motor responses (e.g., writing numbers corresponding to
symbols in a limited time or pressing a key that corresponds to a visually presented
number) have also shown a significant decrease in visual processing speed both cross-
sectional and longitudinally (Sliwinski and Buschke 1999). The motor component of
these measures could, however, provide a confounding effect on visual processing speed
assessment in aging. This confounding effect furthermore adds to the increased intra-
individual performance variability (i.e., across tasks or at multiple occasions) that occurs
with aging (Hultsch, MacDonald, and Dixon 2002). These potential shortcomings lead to
difficulties in drawing specific inferences about individual differences in visual
processing speed in aging.

Cross-sectional studies based on TVA modeling, which measure processing speed
independent of motor speed, have also reported a significant reduction of visual
processing speed in healthy aging (Espeseth et al., 2014; Habekost, Vogel, Rostrup et al.,
2013; McAvinue, Habekost, Johnson et al., 2012). For example, one study documented
that attention capacity parameters like speed and storage capacity show an increase from
childhood to teenage years, but then a further linear decline through to older ages
(McAvinue et al., 2012). Such decline was quantified in another study as from about 65
items/s at the age of 20 to about 40 items/s by the age of 80 (i.e., approx. 38%) in visual
processing speed C estimates (Espeseth et al., 2014). Moreover, the decline of C has been
shown still marked in advanced ages, with an average reduction to half as the age
increased from 70 to 85 years (Habekost et al., 2013).

A more evident reduction of visual processing speed has been shown in

pathological cases of aging, such as in acquired lesions (e.g., stroke) (e.g., Duncan,
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Bundesen, Olson et al., 2003) or neurodegeneration (e.g., Huntington’s disease or
posterior cortical atrophy) (e.g., Finke, Schneider, Redel et al., 2007; Neitzel, Ortner,
Haupt et al., 2016). In these cases, the marked reduction in visual processing speed has
been shown to associate with simultanagnosia—or the deficit in perceiving more than one
object at the same time (e.g., Balint 1909; Friedman-Hill, Robertson, and Treisman 1995).
Thus, cases of pathological aging have enriched the understanding of visual processing

speed and shown the clinical implications of its severe reduction.

4.3.4. Summary and knowledge gap

To sum up, the aging human brain can follow a range of developmental
trajectories that are influenced by both positive and negative individual and
environmental factors. These trajectories can differentially affect the rate and degree of
change in brain tissue. However, in general, gray matter decreases with age for most of
the cortex, white matter increases until middle age and then starts to decrease, and
cerebrospinal fluid follows a constant increase. The evoked activity of the brain also
changes with aging, with both decreases and increases depending on the specific task or
task demands. Both increases (mostly cortical) and decreases (mostly subcortical) are also
shown in intrinsic functional connectivity with increasing age. Those changes are
functionally relevant and not a mere epiphenomenon.

When compared to other age groups, individuals at older ages are characterized by
a generalized reduction of higher-order cognition, in which visual processing speed
appears to play a prominent role. Indeed, its prominent role is underscored by evidence
from clinical cases of pathological aging, in which a reduction in visual processing speed
is associated with a deficit in the simultaneous perception of objects. A staged decline of
processing speed has been shown for patients with mild cognitive impairment, patients
who are at high risk of a common age-related pathology, Alzheimer’s dementia.
However, it has not yet been determined whether patients at risk of Alzheimer’s

dementia also manifest deficits in the simultaneous perception of objects.
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5. Study 1: Visual processing speed in the resting human brain

Adriana L. Ruiz-Rizzo, Julia Neitzel, Hermann J. Miiller, Christian Sorg, Kathrin Finke

Summary

In this manuscript titled Distinctive Correspondence between Separable Visual

Attention Functions and Intrinsic Brain Networks and currently under second review

in_the journal Frontiers in Human Neuroscience, we present direct evidence for a
distinctive network-based functional representation of independent visual attention
functions in general and visual processing speed in particular. Based on visual processing
speed C parameter estimates, we assigned healthy young adults to ‘high’ or ‘low’ (than
the group median) performance subgroups. We tested whether these subgroups differ in
the intra- and inter-network functional connectivity of functional networks that
encompass brain areas relevant for visual attention: visual, executive control, right and
left frontoparietal, and ventral and dorsal attention networks.

We found that higher visual processing speed was associated with lower intra-
network functional connectivity of the right middle frontal gyrus within the ventral
attention network only. Moreover, higher visual processing speed was associated with
higher functional connectivity between the visual attention and right frontoparietal
networks. Interestingly, the lower intra-network connectivity of the ventral attention
network tended to relate to its higher connectivity with the right frontoparietal network.
Importantly, these associations were distinct from those found for other visual attention
parameters (e.g., top-down control).

The results of this study indicate that the ventral attention (also known as
“salience” or “cingulo-opercular”) and right frontoparietal networks are relevant for
visual processing speed. These results complement previous evidence on structural
connectivity in healthy young adults and further serve as a baseline to test specific
hypotheses on the neural mechanisms of visual processing speed in healthy and
pathological aging.

Copyright notice: This manuscript is currently under review in Frontiers in
Human Neuroscience, an open access journal. If the manuscript is accepted, according to

Frontiers, “the copyright in the text of individual articles...is the property of their
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respective authors, subject to a general license granted to Frontiers and a Creative

Commons CC-BY licence granted to all others”

(https://www.frontiersin.org/Copyright.aspx)
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Abstract

Separable visual attention functions are assumed to rely on distinct but interacting
neural mechanisms. Bundesen’s ‘theory of visual attention’ (TVA) allows the
mathematical estimation of independent parameters that characterize individuals’
attentional capacity (i.e., processing speed and short-term memory storage capacity) and
selectivity (i.e., top-down control and spatial laterality). However, it is unclear whether
these parameters for separable attention functions distinctively map onto different brain
networks obtained from intrinsic functional connectivity, which organizes slowly
fluctuating ongoing brain activity. Thirty-one demographically homogeneous healthy
young participants performed whole- and partial-report tasks and underwent resting-state
functional magnetic resonance imaging (rs-fMRI). Report accuracy was modeled using
TVA to estimate, individually, four parameters: visual processing speed, visual short-term
memory storage capacity, top-down control, and spatial laterality. Networks
encompassing cortical areas relevant for visual attention were derived from independent
component analysis of rs-fMRI data: visual, executive control, right and left
frontoparietal, and ventral and dorsal attention networks. Two TVA parameters were
mapped on particular functional networks. First, participants with higher (vs. lower)
visual processing speed showed lower functional connectivity within the ventral attention
network. Second, participants with more efficient (vs. less) efficient top-down control
showed higher functional connectivity within the dorsal attention network and lower
functional connectivity within the visual network. Additionally, high performance was
associated with higher functional connectivity between networks, specifically, between
the ventral attention and right frontoparietal networks for visual processing speed; and
between the visual and executive control networks for top-down control. The higher inter-
network functional connectivity was related to the lower intra-network connectivity.
Thus, results demonstrate that separable visual attention functions correspond
distinctively to the functional connectivity both within and between particular functional
networks. Data suggest that individual differences in distinct functions of attentional
selection are represented by differences in intrinsic connectivity of slowly fluctuating

brain activity.
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Introduction

Separable visual attention functions are assumed to rely on distinct but interacting
neural mechanisms (Bundesen, Habekost, and Kyllingsbaek 2005; Desimone and Duncan
1995; Posner and Petersen 1990). The computational ‘theory of visual attention’ (TVA,
Bundesen 1990) permits a set of independent parameters to be estimated that reflect
attentional capacity (i.e., visual processing speed and short-term memory storage
capacity) and selectivity (i.e., top-down control and spatial laterality). These TVA
parameters have been suggested to constitute traits that characterize individuals’ speed
and efficiency of attentional selection processes (Finke, Bublak, Krummenacher et al.,
2005). The relationship between these parameters and the basic organization of the brain
has been addressed in local lesion (Kraft, Irlbacher, Finke et al., 2015; Neitzel, Ortner,
Haupt et al., 2016; Peers, Ludwig, Rorden et al., 2005; Sorg, Myers, Redel et al., 2012)
and structural connectivity studies (Chechlacz, Gillebert, Vangkilde et al., 2015). For
example, reductions in visual processing speed have been associated with temporoparietal
junction (Peers et al., 2005) and lateral thalamic non-traumatic lesions (Kraft et al., 2015),
as well as with a parietal white-matter reduction in posterior cortical atrophy (Neitzel et
al., 2016). A lateral spatial bias has been documented following medial thalamic lesions
(Kraft et al., 2015) as well as asymmetric parietal hypometabolism induced by early
Alzheimer’s disease (Sorg et al., 2012). In healthy participants, visual short-term memory
(VSTM) capacity has been associated with the organization of the superior longitudinal
and inferior fronto-occipital fasciculi (Chechlacz et al., 2015), and top-down control has
been related to task-related functional connectivity among parietal areas (Vossel,
Weidner, Moos et al., 2016). Thus, these studies imply that TVA parameters closely
reflect the integrity of attention-relevant brain areas and their connections, including their
functional interactions. It is, however, unknown whether and how these parameters map
onto functional networks overlapping those attention-relevant areas.

Functional networks that include regions relevant for visual attention have been
identified based on their intrinsic functional connectivity (FC) (Allen, Erhardt, Damaraju
et al., 2011; Fox, Corbetta, Snyder et al., 2006; Raichle 2015; Smith, Fox, Miller et al.,
2009; Yeo, Krienen, Sepulcre et al., 2011). Intrinsic FC represents the correlation, among
different brain regions, of infra-slowly (i.e., 0.01-0.1 Hz) ongoing blood oxygenation
level dependent (BOLD) signal intensity fluctuations obtained from resting-state

functional magnetic resonance imaging (fMRI) (Fox and Raichle 2007; Raichle 2011).
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Such fluctuations reflect the dynamics of slowly propagating activity including cortical
neuronal excitability (Matsui, Murakami, and Ohki 2016; Wu, Xiaoying, and Chuan
2008), linked with faster oscillatory activity by cross-frequency phase-amplitude coupling
(Brookes, Woolrich, Luckhoo et al.,, 2011; He, Zempel, Snyder et al., 2010; Hipp,
Hawellek, Corbetta et al., 2012; Mantini, Perrucci, Del Gratta et al., 2007). Intrinsic FC
provides relevant information on both brain evoked activity (Mennes, Kelly, Zuo et al.,
2010) and behavior (Markett, Reuter, Montag et al., 2014; Rosenberg, Finn, Scheinost et
al., 2016; Rosenberg, Finn, Scheinost et al., 2017). Crucially, the brain networks
identified through intrinsic FC are stable both within (Zuo, Kelly, Adelstein et al., 2010)
and across subjects (Damoiseaux, Rombouts, Barkhof et al., 2006; De Luca, Beckmann,
De Stefano et al., 2006), and largely correspond to structural connectivity (Honey,
Sporns, Cammoun et al., 2009; Damoiseaux and Greicius 2009). These characteristics
collectively suggest the possibility of a distinctive correspondence between specific,
separable visual attention functions and particular intrinsic brain networks.

Here we examined whether and how independent visual attention parameters
obtained from modeling using TVA are mapped onto distinct functional networks derived
from intrinsic FC. Crucially, to avoid potential confounding from structural integrity or
visual attention changes inherent in patient or developing populations, we assessed an
age-homogeneous group of healthy participants. Moreover, following the neural
interpretation of TVA (Bundesen et al., 2005), we focused on networks that comprise
brain regions relevant for visual attention (for a review, see Parks and Madden 2013).
White matter pathways could anatomically constrain functional network connectivity
(Parks and Madden 2013), though not in a one-to-one fashion (Damoiseaux and Greicius
2009). Therefore, based on previous TVA-derived research on structural connectivity
variability (e.g., Chechlacz et al., 2015), we expected a positive association between TVA

parameter estimates and intrinsic FC.

Materials and Methods

Participants

Thirty-two healthy young subjects (25 to 27 years old) participated in this study.
The ‘Klinikum rechts der Isar’s’ Ethics Committee approved the study, which was
conducted in agreement with the Declaration of Helsinki, and all participants gave written

informed consent and were paid for their participation. All participants underwent BOLD-
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fMRI during rest and TVA-based assessment in separate sessions conducted on the same
day (though one participant did not perform the TVA partial-report task and thus had to
be excluded from the analyses). And all had a normal or corrected-to-normal visual acuity
and normal color vision. Before visual attention and MRI examination, participants were
assessed for global cognitive functioning by trained psychologists using a short version of
the German Wechsler Adult Intelligence scale-I11 (WAIS-III) (Von Aster, Neubauer, and
Horn 2006), permitting computation of Full-Scale 1Q. Demographic information is listed

in Table 1. Males and females did not differ in any of the demographic variables.

Parametric assessment and estimation of visual attention functions

General procedure

The general TVA-based procedure for assessing visual attention functioning has
been described in detail elsewhere (e.g., Finke, Neitzel, Bauml et al., 2015). Briefly, to
assess visual attention functions, participants performed, in a balanced order, whole- and
partial-report tasks that lasted approx. 0.5 h each. Within a trial, a central white cross
(0.3° visual angle) appeared for 300 ms, followed by a 100-ms gap after which the task-
relevant stimuli were presented (Figure 1). Stimuli comprised of red or green letters (0.5°
high x 04° wide) randomly chosen from a  pre-specified  set
(“ABEFHJKLMNPRSTWXYZ”). Letters were followed by masks (i.e., a box with a star
inside) to allow overwriting the iconic memory store contents and accurately estimating
visual short-term memory (see below). However, trials without post-display masks were
introduced in the whole-report task to increase the variability of effective exposure times
(by allowing for an additional component of iconic memory buffering; Sperling 1960)
and thus ensure reliable and valid TVA parameter fitting. Stimuli were presented on a 17-
inch monitor (1024 by 1280 pixel screen resolution, 60-Hz refresh rate), in a dimly lit

room.

Visual attention capacity parameters

Capacity parameters were derived from report accuracy in the whole-report task
(Figure 1, left panel), in which participants were instructed to report all letters they were
fairly sure they had seen. First, in a pretest (24 trials), one individualized exposure
duration was determined as the presentation time required to report one letter on average

over several trials correctly. Shorter and longer exposure durations were then determined
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based on that value. Next, the three durations were used to present stimuli either
unmasked or immediately followed by masking stimuli, thus resulting in six effective
exposure durations (for more details, see Finke et al., 2015). The average short,
intermediate, and long exposure durations were, respectively, 45.17 (SD = 7.0), 82.23
(SD =17.26), and 164.90 (SD = 33.40) ms. The task consisted of 192 trials presented in 4
blocks of 48 trials each. Within each block, trials were randomized and presented equally
often under 12 conditions (2 masking conditions, 3 exposure durations, and 2 hemifields).
Performance accuracy (i.e., the number of letters reported correctly) was measured as a
function of effective exposure duration. Based on TVA, an exponential growth function
was used to model the probability of selecting an object (Bundesen 1990; Kyllingsbaek
2006). The slope of the exponential curve at the minimum effective exposure duration #0
(for masked displays) reflects the processing rate C — or number of elements processed
per second — and the asymptote indicates the VSTM storage capacity — or the maximum
number of items that can be simultaneously represented in VSTM. The effective
additional exposure duration in unmasked displays (mp) — due to iconic memory
buffering — was also determined to validly estimate parameters C and K. While mp was of
no further interest in our study, it was necessary to estimate because, in unmasked
displays, storage of visual information in iconic memory leads to prolonged information

processing (Finke et al., 2015).

Visual attention weighting parameters

Attentional weighting parameters were derived from report accuracy in the partial-
report task (Figure 1, right panel), in which participants had to report targets (red letters)
and ignore distractors (green letters). On each trial, (a) a single target, (b) a target and a
distractor, or (c) two targets were presented horizontally or vertically at the corners of an
imaginary square (for more details, see Finke et al., 2015). As in the whole-report task,
the individual exposure duration was specified in a pretest (32 trials) as the duration at
which the participant reported single targets with 80% accuracy. The average exposure
duration was 91.50 ms (SD = 23.42). The task consisted of 6 blocks of 48 trials each (i.e.,
288 trials in total). In contrast to the whole-report task, stimuli were always followed by a
mask under 16 conditions (4 of target conditions, 8 target and distractor conditions, and 4
dual target conditions). From the probabilities of target report, attentional weights were
separately derived for targets and distractors, and for each visual hemifield, based on

TVA. More specifically, the selectivity of attentional weighting, or top-down control «,
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was estimated as the ratio of the attentional weights allocated to targets to the weights
assigned to distractors. Lower « values would then indicate high selectivity or preference
for targets (i.e., more efficient top-down control), whereas higher values would indicate
less selective processing. In turn, the spatial distribution of attention across visual
hemifields, or spatial laterality wi,, was defined as wi/ (Wi + Wrigh), Where wie
indicates the attentional weight allocated to the left visual hemifield and Wy the
attentional weight allocated to the right visual hemifield. A value of 0.5 indicates
balanced weighting, whereas values above or below 0.5 would be indicative of,

respectively, left- or rightward spatial laterality (Finke et al., 2005).

Resting-state fMRI

Imaging data acquisition

Imaging data were acquired on a 3T MR scanner (Achieva TX, Philips,
Netherlands) with an 8-channel phase-array head coil. Participants lay comfortably with
their heads surrounded by soft foams to reduce head motion. Before starting the
functional data acquisition, participants were instructed to close their eyes but avoid
falling asleep (i.e., resting state), and we checked with them at the end of the sequence
that they had not done so. Functional data were collected across 10 min 52 s during
resting state, and comprised 250 T2*-weighted volumes using a gradient-echo echo-
planar sequence: TR = 2,608 ms; TE = 35 ms; flip angle = 90°; FOV = 230 mmz; matrix
size = 64 x 63, 41 slices with 3.58 mm thickness and no interslice gap; reconstructed
voxel size = 3.59 mm isotropic. Structural data were obtained from a TI1-weighted
magnetization-prepared rapid-acquisition gradient echo (MPRAGE) sequence: TR = 7.71
ms; TE = 3.93 ms; flip angle = 15°; field of view (FOV) = 256 mmz; matrix = 256 x 256,

180 slices; voxel size = 1 mm”.

Imaging data preprocessing

Imaging data were preprocessed using the Data Processing Assistant for Resting-
State fMRI (DPARSF; Chao-Gan and Yu-Feng 2010), a toolbox in MATLAB (R2013a,
version 8.1.0.604; The Mathworks Inc.; Natick, MA, USA). Briefly, the preprocessing
included realignment, reorientation to the AC-PC axis of functional and structural images;
segmentation of the structural T1-weighted image and co-registration of the segmented

T1-weighted and the T2*-weighted functional images. No participant had to be excluded

56



A. L. Ruiz Rizzo (2017) Visual Processing Speed in the Aging Brain

based on excessive head motion, which was defined as cumulative translation or rotation
larger than 3 mm or 3° or mean point-to-point translation or rotation greater than 0.15
mm or 0.1°. Six head motion parameters, as well as white-matter, CSF, and global signals
were entered as nuisance covariates and regressed out from the functional data. Next,
functional images were normalized into the Montreal Neurological Institute (MNI) space
using unified segmentation of T1 image (Ashburner and Friston 2005), and resampled to
2 mm isotropic voxel size to keep the highest resolution possible. The normalized images
were then smoothed using a 4 mm full-width-at-half-maximum (FWHM) Gaussian

kernel.

Independent component and dual regression analyses

Preprocessed data were temporally concatenated and analyzed by probabilistic
independent component analysis (ICA) as implemented in FSL (version 5.0.7)
Multivariate Exploratory Linear Optimized Decomposition into Independent Components
(MELODIC version 3.14). In more detail, data were normalized for voxel-wise mean and
variance, high-pass filtered (100 s cutoff), and then reduced into a 20-dimensional
subspace by probabilistic principal component analysis. A low dimensionality was chosen
to decompose the data into more spatially extended components reflecting intrinsic brain
networks (Smith et al., 2009). Next, data were decomposed into time courses and spatial
maps by optimizing for non-Gaussian spatial distributions using a fixed-point iteration
technique (Hyvarinen 1999). Finally, estimated group-level component maps were
divided by the standard deviation of the residual noise and thresholded by fitting a
mixture model to the histogram of intensity (Beckmann and Smith 2004).

To obtain estimates of independent components for each participant, we
performed dual regression analysis separately (Beckmann, Mackay, Filippini et al., 2009;
Filippini, MacIntosh, Hough et al., 2009). The group independent components generated
in the group ICA are the input for the dual regression analysis (Beckmann et al., 2009;
Filippini et al., 2009; Zuo et al., 2010). Dual regression analysis allows quantifying, for
each subject, the FC of each voxel with each group independent component while
controlling for all other components — some of which represent artifacts (Smith, Utevsky,
Bland et al., 2014). Crucially for our study, dual regression analysis has been shown to
better detect individual variability in FC in comparison with traditional approaches such

as seed-based analysis (Smith et al., 2014).
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In the dual regression analysis, the group-average ICA-generated set of
independent components was first regressed onto each participant’s 4D preprocessed
dataset. This regression yielded 20 time-courses — one per independent component — for
each subject. Next, these time courses were regressed onto the same 4D datasets, which
resulted in 20 spatial maps — one per independent component — for each subject (Filippini
et al., 2009). Finally, group spatial maps were obtained using FSL's randomise
permutation-testing tool, based on 500 permutations and a p-value of 0.05, corrected for
multiple comparisons by threshold-free cluster enhancement (TFCE; Smith and Nichols
2009).

The individual networks for each participant included voxel-wise Z-scores or
standardized parameter estimates (by the residual within-subject noise) obtained from the
second regression. In other words, each map contained voxel-wise information on the
particular contribution to an independent component while controlling for the influence of
its contribution to all the other components (Filippini et al., 2009; Smith et al., 2014).
Thus, each participant has 20 individual maps (one for each component); within each
map, the Z-score of every voxel reflects how closely the voxel’s time course resembles
that group component’s time course. These individual voxel-wise Z-maps were further
used for group statistics, in which group differences could manifest in any brain region
belonging to the independent component, irrespective of whether or not that region is
typically included in the brain network that the independent component represents (Smith

etal., 2014).

Selection of intrinsic brain networks for further statistical analysis

The particular choice of networks we focused our analyses on was based on both
the neural interpretation of TVA (Bundesen et al., 2005) and the standard templates of
intrinsic brain networks reported in the resting-state fMRI literature (e.g., Allen et al.,
2011; Yeo et al., 2011). However, to find a distinctive correspondence between visual
attention parameters and intrinsic brain networks, we first needed to ensure that the
relative independence among networks was comparable to that among the different TVA
parameters. Therefore, we chose ICA over, e.g., a seed-based approach. First, as a
multivariate approach, ICA can yield a set of statistically independent sources or
components (Beckmann and Smith 2004). Second, as a data-driven approach, it can
extract noise from the signal (e.g., both physiological and scanner-related) (Zuo et al.,

2010).
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We selected the independent components that represent intrinsic brain networks
relevant for visual attention. First, we identified relevant intrinsic networks by referring to
typical networks described previously. In detail, to automatically select independent
components reflecting intrinsic networks, we conducted multiple spatial cross-
correlations with templates derived from FC based on resting-state fMRI of 1000 healthy
subjects (Yeo et al., 2011), in which a 7-network parcellation of the cortex was found
robust, including visual, dorsal and ventral attention, and frontoparietal networks. It
should be noted that the labeling of these networks — though fitting in the context of
attention research — is somewhat arbitrary, as these networks are also involved in other
cognitive functions (Smith et al., 2009), i.e., there is no one-to-one mapping between
intrinsic networks and function. After that, we chose the networks that best covered
regions proposed by neural TVA to contribute to visual attention functions (i.e., frontal,
parietal, limbic, and occipital; Bundesen et al., 2005), in particular: the visual, executive
control, lateralized frontoparietal, and ventral and dorsal attention networks. To be
independent of the special parcellation approach used by Yeo and colleagues for intrinsic
networks (i.e., clustering), we considered reasonable to compare our spatial maps with
network templates obtained using ICA. Thus, we conducted further spatial cross-
correlations but with intrinsic brain network templates derived from an ICA approach
based on the resting-state fMRI data of 603 healthy subjects (Allen et al., 2011). We
found the chosen networks to exhibit the greatest overlap with frontoparietal and
occipital-visual networks (i.e., IC60, IC72, IC55, IC34, IC64, and IC27 of Allen et al.,
2011) that have been related with attention functions previously (e.g., Corbetta and
Shulman 2002; Dosenbach, Fair, Miezin et al., 2007; Dosenbach, Fair, Cohen et al., 2008;
Finke et al., 2015; Fox et al., 2006; Smith et al., 2009; Vincent, Kahn, Snyder et al.,
2008), thus confirming our selection of attention-relevant brain networks. Please note that
the extension of ICA-derived spatial maps can have a larger extension and include more
regions than those classically associated with a specific network (Smith et al., 2014),

without compromising the reliability of the method (Zuo et al., 2010).

Statistical analysis

Intra-network differences in functional connectivity between performance groups
Based on the individual TVA parameter estimates, the group median was

calculated and used to split the sample into ‘high’ and ‘low’ performers (for parameters
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visual processing speed C, visual short-term memory capacity K, and top-down control )
and left- and right- preference (for parameter spatial laterality wy,). Next, we tested for
differences in intrinsic FC in visual attention-relevant brain networks between the groups
based on the median splits wusing Statistical Parametric Mapping, SPMS
(www.fil.ion.ucl.ac.uk/spm/software/spm8/). Specifically, using a second-level (i.e.,
group) general linear model, we predicted each voxel’s intra-network FC (within each
visual attention-relevant network) from TVA performance (i.e., performance group of the
variable of interest), controlling for the remaining three TVA parameters and for
education and gender (i.e., variables of no interest).

Because our goal was to systematically examine whether and how TVA
parameters are independently mapped onto distinct functional networks of the healthy
brain, we performed six (i.e., one for each brain network) two-sample #-tests for each
TVA parameter of interest. In the general linear model, intra-network FC was predicted
from 7 parameters (i.e., 24 degrees of freedom). The two main parameters on which the
contrasts were further tested corresponded to group (i.e., ‘high’ and low’ performers).
Within each group, the images included the individual network-specific Z-maps derived
from dual regression; each voxel within each of these maps contained a value of how
close its time course reflected the group component’s time course. Results were corrected
for multiple comparisons (p < 0.05 FWE-corrected at the cluster level, voxel-wise height
threshold p < 0.001) and only results surviving the additional Bonferroni corrections at
the network level (i.e., peorr 0.05 / 6 networks = 0.0083) were considered further.

We chose a median split over a linear regression approach, for the following
reasons. First, given the strong homogeneity of our sample regarding demographics, brain
integrity, and behavior, we had no reasons to expect a linear relationship — or a particular
direction of it — between intrinsic FC and TVA parameters. Second, as previous TVA-
based studies on small healthy samples had revealed significant differences between
performance groups in experimental manipulations (e.g., Finke, Dodds, Bublak et al.,
2010) or brain measures (e.g., Wiegand, Tollner, Habekost et al., 2014), we wanted to
keep our analyses and results comparable to these studies. Third, TVA parameters have
been proposed to reflect latent traits of attentional capabilities (Finke et al., 2005), i.e.,
they can be taken to be relatively stable characteristics of a given individual. Given this,
we can assume that our median split-defined groups are random samples of ‘high’ and

‘low’ performers from the population. Finally, the independence of TVA parameters is
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given mathematically (Bundesen 1990) and empirically (Habekost, Petersen, and
Vangkilde 2014), which reduces the probability (Iacobucci, Posavac, Kardes et al., 2015)
of Type I errors (Maxwell and Delaney 1993). Note that, in our sample too, these

parameters are statistically independent: p-values > 0.072.

Inter-network differences in functional connectivity between performance groups

We used the results of the first stage of the dual regression to implement inter-
network connectivity analyses. For each subject, we correlated the time courses of the six
independent components of interest and performed Fisher r-to-z transformation. Next, we
tested whether the inter-network FC was significantly higher for ‘high’ than for ‘low’
performers. Finally, we examined whether intra-network FC correlated with inter-

network FC.

Results

Visual attention parameters

Mean TVA parameter estimates for the entire sample, as well as separately for
each performance and spatial laterality preference group are listed in Table 2. Note that
for the spatial laterality parameter wy,, the group mean did not differ from the value of
0.5, which indicates optimally balanced attention [#30) = -0.569, p = 0.573]. Males and
females did not differ significantly in any of the TVA parameter estimates (data not
shown; all p-values > 0.179). The TVA parameters did not significantly correlate with
each other (all p-values > 0.072; see Table 3 for pairwise correlations). Furthermore,
except for a significant correlation between processing speed C and 1Q (r = 0.37, p =
0.039), they also did not correlate with any of the demographic variables in the entire
sample (all other p-values > 0.135). The group medians for the four TVA parameters used
to split the sample are listed in Table 2. Importantly, the resulting groups differed
exclusively in the TVA parameter of interest and not in any of the other TVA parameters,
education, age, 1Q, or gender [C: #18.8) = 5.382, p < 0.0001, all other covariates: p >
0.150; K: #(17) = 6.634, p < 0.00001, all other covariates: p > 0.108; a: #(29) =-9.308, p <
0.00001, all other covariates: p > 0.184; wy.: #29) = -6.764, p < 0.00001, all other
covariates: p > 0.191]. It is worth noting that only six participants (five males and one

female) were always classified as ‘high’ (three) or ‘low’ (three) performers for C, K, and
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a. These participants did not differ in any demographic or TVA variable from the rest of
the sample (p > 0.506). Thus, our participants have a distinct profile in terms of the
different parameters, instead of exhibiting a more general, either ‘good’ or ‘poor’ visual
attention performance. Importantly, this corroborates the independence assumption
maintained for the TVA parameters (e.g., Habekost et al., 2014) and indicates that the
median split methodology can be validly applied here.

Selection of brain networks relevant for visual attention

Six components that comprised occipital, lateral frontal and parietal, and limbic
regions were selected as relevant for visual attention out of 12 functionally relevant
components (Figure 2). These components were cross-correlated with the templates of
Yeo et al., (2011) as well as with the ICA-based 28 network templates of Allen et al.,
(2011), and those with the highest coefficients were selected as networks (e.g., IC3: r =
0.57 with IC60 of Allen et al.; IC4: r = 0.40 with IC72; IC6: r = 0.49 with IC55; IC7: r=
0.34 with IC34; IC11: r = 0.43 with IC64; and IC18: r = 0.45 with IC27).

The components shown in Figure 2 comprise the IC11 or ‘visual’ network, mainly
encompassing occipital clusters on the lingual gyri and calcarine sulci, as well as clusters
on the right middle frontal gyrus, and postcentral gyrus bilaterally. The IC18 or
‘executive control’ network included temporal and frontal clusters bilaterally on the
superior and middle temporal gyrus, and the inferior frontal and precentral gyri, as well as
on the precuneus and calcarine sulci. The IC3 or ‘right frontoparietal’ network comprised
parietal clusters bilaterally on the inferior parietal lobule, superior and middle temporal
gyrus, and inferior frontal gyrus, as well as on the left cerebellum and left calcarine
sulcus. For IC7 or ‘left frontoparietal’ network, clusters were observed mainly in left
frontal and parietal areas, including the inferior frontal gyrus, intraparietal sulcus, as well
as in the right cerebellum, and left and inferior temporal gyri. The 1C6 or ‘ventral
attention’ network included bilateral frontoinsular regions such as the insula, anterior and
middle cingulate cortex, middle frontal gyrus, as well as bilateral regions of the
cerebellum, the thalamus, and the caudate nucleus, and of parieto-occipital areas. Finally,
the IC4 or ‘dorsal attention’ network was formed by bilateral parietal clusters of the
precuneus, superior and inferior parietal lobules, supramarginal gyrus, as well as middle

and inferior temporal, superior frontal, precentral, and fusiform gyri, and cerebellum.
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Intra-network differences in functional connectivity between performance groups

Based on our approach of median splits of a group of healthy participants, we
observed voxel-wise intrinsic FC group differences in three particular attention-relevant
brain networks (Table 4). With respect to capacity parameters, we found significant group
differences for visual processing speed C in the ventral attention network, but no
significant differences for VSTM capacity K. With regard to weighting parameters, we
found significant group differences for top-down control ¢ in the dorsal attention and
visual networks. In addition, for spatial laterality wy,, we found significant differences in
the right frontoparietal network — though this result did not survive Bonferroni correction
at the network level (Table 4). In more detail, the group with relatively higher visual
processing speed showed lower intrinsic FC of the right middle frontal gyrus in the
ventral attention network (Figure 3). Moreover, more efficient top-down control was
associated with higher FC of the right precuneus in the dorsal attention network, but also
with lower FC of the right calcarine sulcus in the visual network.

To account for possible differences in e.g., noise levels between groups we
calculated the temporal signal-to-noise ratio of the realigned fMRI time series and
repeated the analyses including it as a covariate in the model. In the case of the ventral
attention and visual networks, the results remained the same [#(23) = 4.74, p = 0.008, k =
60 voxels for the ventral attention network, and #23) = 6.49, p = 0.001, k = 129 voxels for
the visual network; same cluster peaks for both as in Table 4]. In the case of the dorsal
attention network, the results were slightly reduced, but still significant [#(23) = 6.26, p =
0.013, &£ = 33 voxels]. Thus, group differences were not explained by systematic

differences in signal quality.

Directionality of functional connectivity differences

Although we had no strong expectations regarding the directionality of the results,
we decided to explore inter-network FC (i.e., among brain networks) to better understand
the finding of a relatively lower intra-network FC (i.e., among brain regions within one
network) in ‘high’ compared to ‘low’ performers. More specifically, we wanted to
ascertain whether or not a higher infer-network FC is observed for the visual and ventral
attention networks (i.e., those with lower intra-network FC) in high performers. Inter-
network FC has been shown to vary among individuals, and this variation is associated

with attention performance (Kelly, Uddin, Biswal et al., 2008). Thus, we expected to find
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a difference also in inter-network FC between high and low performers. Moreover, the
strength of the negative relationship between ‘task-positive’ and ‘task-negative’ networks
has been associated with more consistent behavioral performance (Kelly et al., 2008).
Thus, we hypothesized a positive relationship among ‘task-positive’ networks for high
performers. Finally, we determined whether a Aigh inter-network FC is related to the low

intra-network FC of the visual and ventral attention networks.

Inter-network differences in functional connectivity between performance groups

We tested whether the inter-network FC was significantly higher for ‘high’ than
for ‘low’ performers in the visual and ventral attention networks. Finally, we examined
whether a lower intra-network FC correlated significantly with higher inter-network FC.

To start with, the correlation matrix of the Z values (i.e., r-to-z transformation),
averaged across the entire sample, is presented in Figure 4 to illustrate the inter-network
FC. Next, Figure 5 depicts a group matrix for both visual processing speed C (left) and
top-down control « (right), summarizing significant differences in inter-network FC
between high and low performers. We only tested differences in the ventral attention
network for visual processing speed, and in the visual network for top-down control
(vector framed by white) — because, in both cases, the respective intra-network FC was
lower for high compared to low performers. We found only the inter-network FC of the
ventral attention network with the right frontoparietal network to be significantly
increased for the group with higher visual processing speed C estimates (mean Z value for
high performers, 0.269 vs. 0.116 for low performers, #29) = 1.685, p = 0.051, 1-tailed).
For top-down control, only the inter-network FC of the visual network with the executive
control network was significantly increased for the group with better (i.e., lower) top-
down control « estimates (mean Z value for better, 0.020 vs. -0.111 for poorer, #29) =
1.895, p = 0.030, 1-tailed). These results, however, do not survive Bonferroni correction
(i.e.,, p=0.01).

The observed high inter-network FC in high performers could explain the low
intra-network FC. To test for this possibility, we computed the correlation between intra-
network FC in the ventral attention and visual networks and inter-network FC with the
right frontoparietal and executive control networks, respectively. We controlled for the
intra-network FC of the right frontoparietal and executive control networks, respectively.

Marginally (» = -0.28, p = 0.069) and significantly negative (r = -0.31, p = 0.045)
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correlations were found for the ventral attention and visual networks, respectively. This
pattern indicates that high inter-network FC could indeed explain the observed low intra-

network FC in high performers.

Discussion

We examined whether and how visual attention parameters derived from TVA-
based model fitting that are assumed to represent latent traits underlying the individual
efficiency of the visual selection process are mapped onto distinct brain networks
obtained from intrinsic functional connectivity (FC). We divided the sample into groups
of high and low performers for each relevant TVA parameter and compared their FC of
networks that encompass cortical regions relevant for visual attention.

First, we found significant intra-network FC group differences for two TVA
parameters. Participants with higher, compared to those with lower, visual processing
speed exhibited lower FC of the right middle frontal gyrus within the ventral attention
network. Furthermore, participants with more efficient, compared to those with less
efficient, top-down control exhibited higher FC of the right precuneus within the dorsal
attention network and lower FC of the right calcarine sulcus within the visual network.

Second, we found that for those networks where participants with superior
attentional performance showed lower intra-network FC than those with inferior
performance, the same participants also showed higher inter-network FC. More precisely,
significantly higher inter-network FC was found for the ventral attention network with the
right frontoparietal network in the group with higher compared to that with lower
processing speed. For top-down control, significantly higher inter-network FC was found
for the visual network with the executive control network in the group with more efficient
compared to that with less efficient top-down control. Our results demonstrate for the first
time a distinctive correspondence between particular visual attention parameters and FC

of different brain networks.

Visual attention capacity parameters

Visual processing speed C and the ventral attention network
Our finding of a linkage between visual processing speed and FC within the
ventral attention network, and particularly in the right middle frontal gyrus, points to a

role of this frontoparietal, limbic network for the rate of visual information uptake. As the
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ventral attention network has been previously documented to be relevant for tonic
alertness (e.g., Coste and Kleinschmidt 2016; Sadaghiani, Scheeringa, Lehongre et al.,
2010; Sestieri, Corbetta, Spadone et al., 2014), our current result shows agreement with
theoretical proposals (Bundesen, Vangkilde, and Petersen 2015) and empirical evidence
(Finke et al., 2010; Matthias, Bublak, Costa et al., 2009; Petersen, Petersen, Bundesen et
al., 2017; Wiegand, Petersen, Finke et al., 2017; Vangkilde, Coull, and Bundesen 2012)
for a close link between alertness and visual processing speed.

Although uncorrected for multiple comparisons, our further finding on higher
inter-network FC between the ventral attention and the right frontoparietal network
further supports the close link between alertness and visual processing speed. Right-sided
brain regions have generally been implicated in the maintenance of an alert state under
conditions without external warning cues (i.e., tonic alertness) and with increased time on
task (i.e., vigilance) (e.g., Pardo, Fox, and Raichle 1991; Sturm and Willmes 2001). In
healthy individuals, the right middle frontal gyrus has been shown to exhibit higher
activity during maintenance of an alert state (Sturm, de Simone, Krause et al., 1999), as
well as higher spontaneous activity during high degrees of tonic alertness, as measured by
pupil size changes (Schneider, Hathway, Leuchs et al., 2016). Moreover, in patients with
tonic alertness deficits following right-sided ventral lesions, tonic alertness training leads
to an increase in the activity of the right middle frontal gyrus (Thimm, Fink, Kust et al.,
2006). Similarly, stroke damage to areas in the right mid-frontal lobe, often involved in
the neglect syndrome, can also produce deficits in sustained attention (Husain and Rorden
2003). Finally, evidence from structural connectivity has also shown that the degree of
right-side lateralization of the inferior fronto-occipital fasciculus is positively associated
with visual processing speed in healthy young subjects (Chechlacz et al., 2015). In sum,
in young healthy adults who process visual information faster, these frontoinsular and
parietal networks that are important for tonic and phasic alertness, respectively, appear to
be functionally well coupled.

According to TVA, visual processing speed represents the number of visual
elements that can be categorized in a given unit of time (e.g., one second; Bundesen
1990). This rate of encoding into VSTM depends on the strength of the sensory evidence,
a perceptual decision bias, and on the relative attentional weight of a specific object. In
the neural interpretation of TVA, NTVA (Bundesen et al., 2005), the encoding speed is
suggested to depend on both the number of cortical neurons representing the

categorization and the firing rates of those neurons. More specifically, a perceptual
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decision bias determines how an object is categorized by changing the firing rate of the
cortical neurons that code a particular feature (i.e., ‘pigeonholing’). The individual overall
visual processing speed, parameter C, has been related, both theoretically and empirically,
to alertness functions. For example, stimulant medication with methylphenidate and
modafinil (Finke et al., 2010) as well as experimental manipulations enhancing phasic
alertness (Matthias et al., 2009) have been shown to lead to an increase in this attentional
capacity parameter. Recently, the effects of phasic alertness and temporal expectancy of
upcoming stimuli were more formally integrated into the theory. More specifically, an
enhancement of overall visual processing speed C was suggested, which would be given
by a multiplicative upscaling of the activation, i.e., of the firing rates of all neurons
coding the presented stimulus array by changes in perceptual bias (Vangkilde et al., 2012;
Wiegand et al., 2017). Bias values have been proposed to derive from higher order areas
(e.g., in frontal cortex) and, directly or indirectly, from the limbic system (Bundesen et

al., 2005).

VSTM storage capacity K

One reason for our non-significant findings regarding this parameter might be the
low variability in its estimates and, thus, the lack of statistical power at the present sample
size. Another reason might be the reliance of VSTM capacity on spatially organized
sustained activity implemented via recurrent thalamocortical feedback loops (Bundesen et
al., 2005), as supported by studies on the connectivity of thalamocortical fibers
(Menegaux, Meng, Neitzel et al., 2017). Thus, future studies could examine inter-network

thalamocortical FC in samples with greater variance in this parameter (e.g., in aging).

Visual attention weighting parameters

Top-down control « and dorsal attention and visual networks

From a mechanistic perspective, the neural TVA suggests that top-down control is
a selection bias, whereby higher ‘attentional weights’ are assigned to objects that belong
to a currently relevant category (e.g., red letters) (Bundesen et al., 2005). In the present
study, we found that more efficient top-down control was linked with higher FC within
the dorsal attention network, particularly in the precuneus. This result is in agreement
with task-based neuroimaging studies (e.g., Giesbrecht, Woldorff, Song et al., 2003;
Hopfinger, Buonocore, and Mangun 2000; Vossel et al., 2016; Weissman, Mangun, and
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Woldorff 2002; Wojciulik and Kanwisher 1999), which have also revealed a general role
of dorsal parietal regions in the control of selective attention. Importantly, however, our
results add to the existing evidence for a role of the precuneus in attentional top-down
controlled, task-based selection that is independent of individual capabilities in spatial
attentional selection or processing speed.

We found that more efficient, compared to less efficient, top-down control was
associated with lower FC within the visual network, particularly in the calcarine sulcus.
Moreover, more efficient control was related to higher FC between the visual and the
executive control networks, though this result did not survive Bonferroni correction.
Importantly, lower FC within the visual network was significantly associated with higher
FC of the visual with the executive control network. Thus, it appears that it is the degree
of functional coupling of the visual network with the executive control network that
might be relevant for the individual degree of efficiency of top-down control. This finding
accords with the assumption of a critical role of the executive control network in the
adaptive control of goal-directed selection (Dosenbach et al., 2007; Dosenbach et al.,
2008). Collectively, ours and previous findings suggest, in agreement with theoretical
accounts on visual attentional processing, that the efficiency of top-down control is
related to the degree of interaction between the executive control network generating
attentional control signals and sensory structures that process visual information
(Bressler, Tang, Sylvester et al., 2008; Bundesen et al., 2005; Corbetta and Shulman
2002; Desimone and Duncan 1995; Posner and Petersen 1990).

Although we failed to find a significant inter-network FC between the visual and
the dorsal attention networks, our results do not imply a lack of functional interaction
between them. Instead, our results only allow us to suggest that higher intra-network FC
in the dorsal attention network is by itself relevant for more efficient top-down control. In
consequence, the relevant role of the intra-network FC in top-down control would then be
additional to that of the inter-network FC between the visual and the executive control
networks. This interpretation would fit a view in which multiple cortical and non-cortical
sources can be involved in top-down control as long as they can carry information on
task-related top-down control (Gilbert and Li 2013). In this regard, our finding of a
significant inter-network FC of the visual network with the executive control network is
not entirely surprising. In particular, the prefrontal cortex — a central component of the
executive control network — has been revealed as a source of biasing signals in object-

based attention (Baldauf and Desimone 2014). Thus, from our perspective, rather than
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directly implying a lack of interaction between the visual and the dorsal attention
networks—or an exclusivity of the executive control network for top-down control over

the visual network—our results highlight the relevance of all three networks.

Spatial laterality wy,,

The lack of significant (Bonferroni corrected) group differences in any network
for this parameter is not surprising in this sample of healthy young participants, given that
no significant deviation from 0.5 in their wy, values was present. In neurologically
impaired samples, by contrast, parameter wy, does exhibit high variance, such as in
patients with mild cognitive impairment and mild Alzheimer’s disease, in which
significant spatial biases have been revealed (Redel, Bublak, Sorg et al., 2012; Sorg et al.,
2012). Accordingly, studies on groups with more evident lateralized attentional

performance might well reveal a relationship of parameter wy,, with FC.

Visual attention functions in the “resting brain”

In mice, infra-slowly spontaneous neuronal fluctuations (i.e., 0.01 — 0.1 Hz) have
been shown to underlie the intrinsic FC obtained from BOLD fMRI (Matsui et al., 2016).
In humans, spontaneous slow cortical potentials (< 0.5 Hz) measured with intracranial
EEG have also been shown to be associated with intrinsic FC, where both have been
proposed to reflect fluctuations of cortical excitability (He, Snyder, Zempel et al., 2008;
Raichle 2011). These fluctuations indicate spontaneous subthreshold depolarizations of
the cortical neuronal membranes, which influences the level of activation of cortical
neurons (Wu et al., 2008). If spontaneous fluctuations of cortical excitability do indeed
influence attention continuously, their spatial patterns of coherence among brain regions
and networks could be captured by intrinsic FC. In consequence, the differential spatial
patterns obtained by FC could, then, distinguish among separable attention traits.

In support of such links, previous findings have suggested that particular
functional interactions within (Markett et al., 2014; Rosenberg et al., 2016) and between
(Kelly et al., 2008) spontaneously active functional networks relate to individual
differences in performance in attention tasks. In agreement with these findings, here we
also identified particular functional networks whose intra- and inter-network FC
corresponds to specific, separable visual attention functions represented by individual

parameters or latent traits (Finke et al., 2005).
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Functional implications and further issues

Collectively, our results offer an array of possibilities, based on the analysis of the
brain’s intrinsic activity, to trace the loss or gain in specific visual attention functions
under pathological or cognitively-enhancing conditions. Visual attention functions can be
impaired to varying degrees and further interact in a particular neurological or psychiatric
disorder. Therefore, identifying the correspondence between those functions and the
multiple functional organization of the healthy brain can help to understand the different
attentional syndromes they cause. For example, it is clear from previous work that the
severity of the spatial deficits in neglect — a neurological syndrome mainly with rightward
attentional bias — also depends on the integrity of functional networks that support non-
spatial functions (Corbetta, Kincade, Lewis et al., 2005; He, Snyder, Vincent et al., 2007;
Husain and Rorden 2003).

Some neurological disorders, however, can present with less evident visual
attention deficits. For example, as our group has previously reported, amnestic mild
cognitive impairment and incipient Alzheimer’s disease can present with both top-down
control deficits (Redel et al., 2012) and a staged slowing of visual processing (Bublak,
Redel, Sorg et al., 2011). Particularly — though not exclusively — in these cases, our
results set a ground to focus on a functional network when investigating the interaction
among visual attention deficits and with other cognitive or behavioral symptoms, or their
change with disease progression. The advantage of our approach lies on its feasibility for
patient populations, as information on multiple visual attention traits and functional
networks can be obtained with two simple psychophysical tasks and one short, easy fMRI
session.

Our results mainly highlight the relevance of particular functional networks for
both visual attention capacity and weighting parameters. As a voxel-wise approach was
used to identify those functional networks, differences were observed in specific regions
within those networks. However, we do not see those regions as respectively ‘responsible
for’ visual processing speed or top-down control: The voxels conforming those regions
have values that indicate their connectivity with a particular network (Beckmann et al.,
2009; Smith et al., 2014) and not values indicating their levels of activity. Rather, we see
them simply as clusters whose voxels reached statistical significance in this particular

sample; at best, they allowed us to identify the relevant networks for visual attention
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functions. Furthermore, given that we relied on the group median to divide this sample,
we cannot make strong claims about an ‘increased’ or ‘decreased’ FC in healthy young
adults. We think it would be more useful to elucidate whether the directionality of FC
holds practical significance in terms of, for example, predicting the level of BOLD
activity or connectivity during the whole- and partial-report tasks. Previous task-related
fMRI studies have shown that individual differences in visual attention functions might
not be reflected in differences in BOLD evoked amplitudes (Gillebert, Dyrholm,
Vangkilde et al., 2012) but in differential connectivity between regions (Vossel et al.,
2016). Thus, future studies could assess the associations between ‘offline’ (i.e., during
rest) and ‘online’ (i.e., during task) measures of FC in the context of separate visual

attention functions to establish the practical relevance of the directionality of FC.

Limitations

Our results must be interpreted considering several limitations. First, although eye
movements were not monitored throughout the tasks, systematic eye movements are
unlikely because of the short exposure durations in both whole- and partial-report tasks.
Second, previous work has shown that frame-to-frame motion can impact resting-state FC
(Power, Barnes, Snyder et al., 2012). Although we relied on the power of ICA to extract
noise from the signal corresponding to functional networks (Beckmann and Smith 2004;
Zuo et al., 2010), it could still be possible that low-scale noise could influence FC
measures. Thus, future studies should consider applying more stringent methods of head
motion control, such as head motion scrubbing regressors, even in samples of young
adults.

Finally, we checked that our participants had not fallen asleep during the resting-
state fMRI sequence, but we cannot entirely exclude that they had done so without being
aware of it. However, we are confident that possible micro sleep did not affect our
intrinsic functional connectivity measure for two reasons. First, previous research has
shown that functional connectivity of both higher order and primary sensory networks can
be maintained during the transition from wake to sleep (e.g., Larson-Prior et al., 2009).
And second, spatial changes within functional networks (i.e., decoupling of the default
mode network) have been reported during deep sleep (e.g., Horovitz et al., 2009).

However, it is unlikely that our participants had reached deep sleep within the ~ 11
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minutes of the resting-state fMRI sequence as they were not sleep-deprived and reaching

deep sleep in an unknown and unusual environment is not easy.

Summary and conclusion

In sum, here we showed that visual attention functions correspond distinctively to
the functional connectivity both within and between particular functional networks.
Within networks, (1) higher visual processing speed was associated with lower functional
connectivity in the ventral attention network; and (ii) more efficient top-down control was
associated with higher functional connectivity within the dorsal attention network and
lower functional connectivity within the visual network. Between networks, higher
functional connectivity was observed between (i) the visual attention and right
frontoparietal networks for higher visual processing speed; and (ii) the visual and
executive control networks for more efficient top-down control. Finally, lower functional
connectivity within a network might be explained by the higher functional connectivity
between networks. To conclude, our results point to a distinctive network-based
functional representation of separable visual attention functions, which can further serve
to test specific hypotheses about the neural mechanisms of visual attention functions in

aging or pathology.
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Tables

Table 1. Demographic variables

Demographic variable Entire sample Females Males p-value
(n=31) (n=14) n=17)
Age [years] 26.56 +0.55 26.61 +0.55 26.52 +£0.56 0.680
Education [years] 11.55+1.59 11.50 £ 1.56 11.59 £ 1.66 0.881
Intelligence [1Q] 99.94 + 11.64 100.57 + 8.55 99.41 £13.93 0.788
Mean + standard deviations are shown.
Table 2. TVA parameter estimates
Entire sample High performance Low performance
TVA parameter (n=31) (n=16) (n=15)
Processing speed C (Md ~ 25.89 = 7.34 30.76 = 7.05 20.70 £ 2.45
=24.30)
VSTM capacity K(Md ~ 3.03 £0.47 3.37+0.41 2.66=0.10
=2.83)
Top-down control & 0.52+0.21 0.34+0.12 0.71+£0.10
(Md = 0.49)
Right preference Left preference
(n=16) (n=15)
Spatial laterality wlat 0.49 +0.06 0.45+0.04 0.54+0.03

(Md = 0.49)

Mean =+ standard deviation are shown. Md = Median value used to split the groups.
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Table 3. Pairwise correlations among TV A parameters

TVA parameters C K o

C

K 18 (p=.328)

a 18 (p=.343) 20 (p=.284)

Wiar -.09 (p =.636) -.03 (p=.873) 33 (p=.073)

TVA parameters: C: visual processing speed; K: visual short-term memory storage capacity; a: top-down
control; wy,: spatial laterality

Table 4. Group differences in intrinsic FC between subgroups defined according to TVA

parameters
Cluster MNI
TVA . . . .
Brain network Peak brain area size coordinates tvalue p value
parameter .
(voxels)  (x,y,z)in mm
Ventral attention R middle frontal 60 36, 54, 20 4.79 0.008*
C
K
Dorsal attention R precuneus 36 12, -62, 60 6.38 0.008*
a
Visual R calcarine sulcus 126 8,-76, 10 6.52 0.001*
Right R Angular 55 34,-70, 50 5.08 0.038
Wiy frontoparietal

L: Left; R: Right. All p values are corrected for Family-Wise Error (FWE). *Survive additional Bonferroni
correction (p = 0.05 / 6 = 0.0083) at the network level.
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Figures

Whole report task Partial report task

Figure 1. Whole- (left) and partial-report (right) tasks used to assess and estimate visual attention
functions. In the partial-report task, targets (T) are presented in red and distracters (D) in green.

IC11 - Visual

IC18 — Executive Control

£

0.98 0.985 0990 0995 1.00

Figure 2. Visual attention-relevant brain networks selected from 20 components obtained from
independent component (IC) analysis and dual regression of resting-state BOLD-fMRI data of 31
healthy young participants.The spatial maps represent voxels significantly belonging to each network (p <
0.05, FWE-corrected) and are overlaid onto an anatomical high-resolution brain-extracted template in MNI
space (MRIcron; Holmes, Hoge, Collins et al., 1998; Rorden and Brett 2000). The labels just serve to
identify them and follow conventional names given in the literature.
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Visual processing speed C Top-down control a

IC6 - Ventral attention IC4 - Dorsal attention IC11 - Visual network

Right Middle Right Calcarine

Frontal Gyrus Sulcus
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Visual processing speed Top-down control Top-down control

Figure 3. Group differences in intrinsic functional connectivity (FC). The group with higher visual
processing speed C estimates showed lower FC of the right middle frontal gyrus within a ventral attention
network (left part). The group with better top-down control « estimates showed both higher FC of the right
precuneus within a dorsal attention (middle part) and lower connectivity of the right calcarine sulcus within
a visual network (right part). Significant clusters (in red) are overlaid onto the respective group spatial maps
of Figure 2 (in yellow). Below these maps, respective group differences can be observed with respect to the
Eigenvariate or average FC of the networks. Error bars indicate standard error of the mean. Significant
clusters have FWE-corrected p-values < 0.0083. Red bars show #-values (see also Table 4).
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IC11 = Visual

IC18 — Executive control

IC3 - Right frontoparietal

IC7 — Left frontoparietal

IC6 - Ventral attention

IC4 - Dorsal attention

Figure 4. Inter-network functional connectivity (FC) among visual-attention relevant networks. One-
sample #-test results (q < 0.05 FDR corrected for multiple comparisons) of the correlations among
components on one side of a symmetrical matrix (below the diagonal line). Significant correlations are
color-coded in warm (positive) and cool (negative) colors, whereas non-significant correlations are coded in
turquoise. Spatial maps of components are depicted in Figure 2. The color bar shows mean Fisher r-to-z
transformed values.

Visual processing speed C Top-down control a

I
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’
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IC11 - Visual

IC18 — Executive control

IC3 - Right frontoparietal

ICT - Left frontoparietal

IC6 — Ventral attention -

IC4 — Dorsal attention

%, o, v %,, &b
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K9 %%, ", “ °f % %/ &%

Figure 5. Visual processing speed (left) and top-down control (right) matrices showing t-values of
high vs. low performance group differences. Higher inter-network functional connectivity (FC) values of
the ventral attention (left) and visual (right) networks with the other networks were tested for the high
performance group of speed and top-down control, respectively. The inter-network FC of the ventral
attention network with the right frontoparietal network was significantly higher for the group with higher
visual processing speed C. The inter-network FC of the visual network with the executive control network
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was significantly higher for the group with better top-down control . The color bar shows ¢ values (df = 29,
high vs. low, p < 0.05).
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6. Study 2: Visual processing speed and the resting human
brain in healthy aging

Adriana L. Ruiz-Rizzo, Hermann J. Miiller, Signe Vangkilde, Christian Sorg, Kathrin
Finke

Summary

In this manuscript titled Decreased Cingulo-Opercular Network Functional
Connectivity Mediates the Impact of Aging on Visual Processing Speed, currently

under review in the journal Neurolmage, we provide evidence for the specific mediator

role of the intrinsic functional connectivity (iFC) within the cingulo-opercular network in
the effect that aging has on visual processing. A reduction in visual processing speed is
one of the best-established changes that occur during aging, but the neural factors that
account for it are incompletely understood.

Based on previous evidence, here we test the hypothesis that a decrease in the iFC
within the cingulo-opercular network accounts for the reduction in visual processing
speed during aging. We used a whole report task and modeling based on Bundesen’s
computational theory of visual attention to assess visual processing speed in 91 healthy
participants from 20 to 77 years old. IFC was estimated using independent component
and dual regression analyses of resting-state functional magnetic resonance imaging data.

We found that decreased insular iFC was significantly associated with visual
processing speed reduction. This association was not explained by gender, education,
anxiety, or brain volume. Decreased insular iFC was further not associated with visual
short-term memory capacity or visual perceptual threshold. Moreover, the iFC of the left
insula was found to mediate the association between age and visual processing speed.
Such mediation was not observed for the dorsal attention or default mode networks.
These results, thus, consistently point to a decreased iFC of the cingulo-opercular network
as an exclusive mediator between age and visual processing speed.

The mediation of iFC of the cingulo-opercular network between age and visual
processing speed suggests that it is not aging on its own what, in a deterministic manner,
would lead to the well-established visual processing speed decrements. Instead, such

mediation indicates that individuals at an advanced age could have “normal” visual
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processing speed—or comparable to that of younger individuals—given a “normal” iFC
of the cingulo-opercular network. Accordingly, this result suggests TVA parameter visual
processing speed C as a testable neuro-cognitive marker for the efficacy of processing
speed training as well as for brain-behavior analyses in pathological aging.

Copyright notice: This manuscript is currently under review in Neurolmage, a

journal of Elsevier, and, if accepted for publication, it will be subject to the Copyright

terms of Elsevier.
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Abstract

A reduction in visual processing speed is one of the well-established changes that
occur during aging. The neural factors that account for this reduction are, however,
incompletely understood. The cingulo-opercular network plays a crucial role in tonic
alertness, one of the major determinants of visual processing speed. Based on previous
reports of age-related decreases in the intrinsic functional connectivity (iFC) within the
cingulo-opercular network, we hypothesized that these decreases account for the
reduction in visual processing speed during aging. We used a whole-report task and
modeling based on Bundesen’s computational ‘theory of visual attention’ to assess visual
processing speed independent from other visual attention functions and motor speed in 91
healthy participants from 20 to 77 years old. IFC was estimated using independent
component and dual regression analyses of resting-state functional magnetic resonance
imaging data. We found a significant age-related decrease in the iFC of the anterior and
middle cingulate cortex, middle frontal gyri, bilateral insula, and left cerebellum. In
particular, decreased insular iFC was significantly associated with the visual processing
speed reduction. Moreover, the iFC of the left insula was found to mediate the association
between age and visual processing speed. Importantly, this mediation was exclusive for
visual processing speed and the iFC of the cingulo-opercular network, and was not
explained by gender, education, or brain volume. Our results thus provide evidence for a
specific mediator role of cingulo-opercular network 1FC decrease in the effect that aging

exerts on visual processing speed.

Keywords: Cingulo-opercular network; functional connectivity; healthy aging;

processing speed; resting-state fMRI
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Introduction

A decline of processing speed represents a major cognitive change during aging
(Salthouse 1996). In particular, a reduction of visual processing speed, or rate of
information encoding into visual short-term memory (VSTM), has previously been
established in both healthy (Espeseth, Vangkilde, Petersen et al., 2014; Habekost, Vogel,
Rostrup et al., 2013; McAvinue, Habekost, Johnson et al., 2012) and, more severely,
pathological aging (Bublak, Redel, Sorg et al., 2011; Ruiz-Rizzo, Bublak, Redel et al.,
2017) — using computational approach based on Bundesen’s (1990) ‘theory of visual
attention’ (TVA). TVA permits the contribution of processing speed to the efficiency of
visual selection and recognition to be quantitatively estimated, independently of motor
speed or other visual attention functions, including VSTM capacity, the perceptual
threshold, or attentional top-down control (Bundesen 1990; Habekost, Petersen, and
Vangkilde 2014). Of note, a major influence on visual processing speed has been
demonstrated for tonic alertness (Matthias, Bublak, Muller et al., 2010), an ‘intensity’
aspect of attention related to the ability to maintain an appropriate level of arousal (Posner
and Petersen 1990; Sturm and Willmes 2001). Increasing tonic alertness via psycho-
stimulant medication has also been shown to enhance visual processing speed (Finke,
Dodds, Bublak et al., 2010). At a neural level, tonic alertness has been identified as a
function of a cingulo-opercular network’s spontaneous (Sadaghiani, Scheeringa,
Lehongre et al., 2010; Schneider, Hathway, Leuchs et al., 2016) and sustained activity
(Coste and Kleinschmidt 2016; Sadaghiani and D'Esposito 2015; Sestieri, Corbetta,
Spadone et al., 2014) during task performance. This network — also referred to as a
‘salience’ (e.g., Seeley, Menon, Schatzberg et al., 2007) or ‘ventral attention’ (e.g., Yeo,
Krienen, Sepulcre et al., 2011) network — is centered on the anterior insula and the
anterior cingulate cortex (Dosenbach, Fair, Miezin et al., 2007; Dosenbach, Fair, Cohen et
al., 2008; Menon and Uddin 2010; Seeley et al., 2007). Given that the cingulo-opercular
network plays a crucial role for tonic alertness, its relevance for visual processing speed
would appear plausible.

Age-related changes of the cingulo-opercular network have previously been
described particularly as regards its intrinsic functional connectivity (iFC) (He, Qin, Liu
et al., 2014; Onoda, Ishihara, and Yamaguchi 2012). IFC refers to the coherence of the
infra-slow (i.e., 0.01 — 0.1 Hz) spontaneous neural activity, typically measured with

BOLD- (blood-oxygenation-level-dependent-) functional magnetic resonance imaging
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(fMRI) during resting state (De Luca, Beckmann, De Stefano et al., 2006; Fox and
Raichle 2007; Raichle 2015). Specifically, age-related decreases of the cingulo-opercular
network’s iFC have been reported for bilateral frontoinsular, dorsal anterior cingulate,
and left dorsolateral prefrontal cortices (He et al., 2014), with these changes being related
to reductions in global cognitive state (He et al., 2014), visuospatial intelligence, and
executive functions (Onoda et al., 2012). The present study was based on the assumption
that quantitative measures with higher cognitive specificity might reveal whether a more
basic function — namely, visual processing speed — is at the core of these relations. A
prime role of visual processing speed is plausible given that it accounts for a significant
amount of variance in diverse cognitive tasks (e.g., fluid intelligence), especially in old
age (e.g., Deary and Stough 1996).

Specifically, we investigated whether and how changes in the iFC of the cingulo-
opercular network may account for the age-related decline of visual processing speed. A
cross-sectional cohort of healthy adults performed a whole-report attentional task and
underwent resting-state fMRI. Using a TVA-based approach, visual processing speed was
estimated, and its association with age-related changes in the iFC of the cingulo-opercular
network was examined. In addition, to assess the concurrent criterion validity of such an
association, we examined whether the results would generalize to a conventional
neuropsychological measure of speed, the Trail Making Test (TMT; Tombaugh 2004).
We also performed a series of control analyses. First, we controlled for the potential
influence of anxiety on the relation between iFC and visual processing speed, using it as a
covariate, given its previous association with the iFC of the cingulo-opercular network
(e.g., Seeley et al., 2007). Second, we investigated for respective potential influences on
visual processing speed of the iFC of default mode and dorsal attention networks,
documented to decrease with aging (Andrews-Hanna, Snyder, Vincent et al., 2007;
Damoiseaux, Beckmann, Arigita et al., 2008; Ferreira and Busatto 2013). Finally, we
examined the relationship of the cingulo-opercular network’s iFC with other visual
attention functions, including the perceptual threshold and VSTM storage capacity, which
are also known to be affected by aging (McAvinue et al., 2012).

Materials and Methods

Participants
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The present study includes 91 healthy adults, in the age range from 20 to 77 years
(mean age: 48.8 = 19.2 years; 46 females; mean education: 12.0 £ 1.6 years; 4 left-
handed). The study was approved by the LMU Munich ethics committee, and written
informed consent was obtained from all participants. Initially, 108 adults (19 to 78 years
old) of the Munich INDIREA aging cohort' had taken part in this study. However, 17
participants had to be excluded owing to incomplete or unreliable data (n = 12),
uncorrected visual acuity decreases (n = 2), or moderate symptoms of depression (n = 3)
[i.e., BDI (Beck, Steer, and Brown 1996) scores above 19]. The MiniMental State
Examination (MMSE; Folstein, Folstein, and McHugh 1975) was applied for dementia
screening in participants from 60 years onwards. Participants in the elderly group had no
indication of cognitive impairment (mean MMSE score: 29 + 0.9). All 91 participants
included in this study were free of previous or current psychiatric or neurological
disorders, psychiatric or neurological medication, diabetes, color blindness, and current
symptoms of depression (mean BDI score: 5.2 + 4.8). In one session, participants
underwent resting-state functional magnetic resonance imaging (fMRI) at the Department
of Neuroradiology, Klinikum rechts der Isar, Munich (Germany). In a separate,
psychophysical testing session, visual attention functioning was assessed using a whole-
report task. Session order depended on individual participants’ convenience. The average

time between sessions was 2.6 months.

Assessment and estimation of visual processing speed C

A whole-report task, based on TVA (Bundesen 1990), was used to estimate visual
processing speed C. On each trial, four red letters were briefly presented to participants,
who were instructed to verbally report, in any order, all letters they were fairly certain
they had seen. Stimuli were randomly chosen from a set of letters (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 visual angle, on either the right or the left of a fixation point (Figure 1).
To ensure balanced visual stimulation in both hemifields, targets were accompanied by
four blue symbols (composed of random letter parts; see Figure 1 for an example) of the

same luminance displayed on the symmetrical semicircle on the other side of fixation.

" INDIREA: ‘Individualised Diagnostics and Rehabilitation of Attentional Disorders’ project. All
participants underwent extensive behavioral assessment (i.e., memory, attention, and intelligence) and
neuroimaging (i.e., functional and structural MRI, and electroencephalography).
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Visual stimuli were 1.3° of visual angle in diameter, and both letters and symbols
appeared only once in a particular trial.

The task included 10 blocks of 40 trials each (400 trials in total), with targets
presented in the left and, respectively, the right hemifield in half of the blocks. The
stimulus exposure durations were individually adjusted in a short pre-test and determined
as follows. To start with, the participant was presented with one trial (adjustment) display
for 80 ms, with stimulus exposure terminated by post-display masks (see below). If s/he
reported at least one letter correctly, the exposure duration was decreased by 10 ms, and
this procedure continued for the next 15 adjustment trials (divided into 4 blocks, and
accompanied for 4 trials always presented unmasked for 200 ms and 4 trials always
masked for 250 ms, i.e., 12 trials in total in each block). The exposure duration was
decreased until the lowest duration was established at which the participant could no
longer report one letter. If this point was reached before the last of the 16 adjustment
trials, the exposure duration was kept constant for the remaining adjustment trials. Setting
the lowest exposure duration so low was meant to ensure that we would obtain a valid
estimate of the visual threshold parameter. Then, based on that lowest exposure duration,
four longer values were additionally chosen to allow for variability in letter report
performance across the whole range from near-floor to near-ceiling, and thus render the
TVA-based parameter estimation more precise. The five exposure durations thus
determined were then introduced in the subsequent whole-report task. Note that, on
masked trials, the displays were shown for one of the five durations and immediately
followed by masks (a scattered patch of red and blue squares, 1.3° in size) presented for
900 ms at each stimulus location, so as to avoid visual persistence effects. In addition to
trials with masked display exposure, we introduced unmasked trials (without post-display
masks), to increase the variability of effective exposure times (by allowing for an
additional component of iconic memory buffering; Sperling 1960) and thus ensure
reliable and valid TVA parameter fitting. Specifically, on unmasked trials, displays were
presented at one of two exposure durations: one was the same as the second shortest
masked duration and the other one was 200 ms. The latter (200-ms unmasked) duration
was used for the purposes of simultaneous electroencephalographic measurement for the
analysis of event-related potentials, which will not be reported here. Thus, overall, trials
displays were presented for seven effective exposure durations, five masked and two
unmasked. A block of 40 trials (with hemifield blocked) thus consisted of 15 masked

trials, with 3 trials for each of the 5 set exposure durations; 3 unmasked trials with the
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second shortest duration; and 22 unmasked trials with 200-ms duration. Trials were
presented in random order within each block.

Participants were tested in a sound-attenuated chamber (Industrial Acoustics
Company) with a dim light placed behind them. Stimuli were presented on a 24" LED
screen with an 800px x 600px resolution and a 100-Hz refresh rate. The viewing distance
was kept constant at about 65 cm. At the beginning of each block, a black screen with a
white arrow appeared pointing towards the side where the stimuli would appear for that
specific block. In each trial, the experimenter entered the reported letters in the reported
order and manually started the next trial. After stimulus presentation, a white question
mark appeared in the center of the screen prompting the start of the verbal report. The
measure of interest was pure report accuracy (at a given effective exposure duration),
disregarding the speed and the order of the participant’s letter report. At the end of each
block, the participant received visual feedback in the form of the percentage of correctly
reported (out of all reported) letters, displayed in the form of an accuracy bar. To avoid
too liberal or too conservative responding, participants were instructed to keep their
report accuracy in the range between 70% and 90% correct, which was shown in green on
the accuracy bar. The whole-report task lasted 45 minutes approximately, after which
participants completed other behavioral tasks and questionnaires.

Visual processing speed C was estimated by modeling the participant’s report
accuracy as function of the effective exposure duration, using a maximum likelihood-
fitting algorithm (Bundesen 1990; Dyrholm, Kyllingsbaek, Espeseth et al., 2011;
Kyllingsbaek 2006). The TVA-based fitting procedure models the probability of correct
letter report in terms of an exponential growth function with increasing (effective)
exposure duration. The slope of the function at its origin represents processing speed or
parameter C, i.e., the rate of visual information uptake (in elements per second).
Additionally, two other parameters were estimated: parameter #,, indicating the visual
perceptual threshold, i.e., the longest ineffective exposure duration (in ms) below which
information uptake is effectively zero; and parameter K, indicating the maximum number
of elements that can be simultaneously represented in visual short-term memory (VSTM).
With aging, ) exhibits an increase whereas K shows a decrease (Espeseth et al., 2014).
An additional parameter, parameter u, representing the prolongation of the effective
exposure duration (in ms) on unmasked trials, was also estimated in the TVA fitting
process. However, as u only serves for the valid estimation of the relevant parameters C,

K, and tj, this parameter is of no further relevance in the present study. In summary, the
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computational model used had 6 degrees of freedom (df): C, 1 df; #, 1 df; K, 3 df (the
reported K value is the expected K given a particular distribution of the probability that on
a given trial K =1, 2, 3, or 4); and u, 1 df. For those participants whose ) was estimated

to be below 0, we re-fitted the data fixing #, at 0.

Other behavioral tasks and questionnaires

Trail Making Test (TMT) A

The TMT-A measures visual scanning speed in terms of the time required to
connect circles with numbers in ascending order (Reitan and Wolfson 1985; Tombaugh
2004). If participants made errors in this task, they were asked to correct them, thus
increasing the total time of task performance (Spreen and Strauss 1998). Only seven
participants made an error (with the maximum number of errors made being 1). We
examined the association of the time to complete the TMT-A with the iFC of the cingulo-

opercular network.

State-Trait Anxiety Inventory (STAI)

The STAI Form X (Laux, Glanzmann, Schaffner et al., 1981; Spielberger,
Gorsuch, and Lushene 1970) consists of two reliable (Barnes, Harp, and Jung 2002) self-
report scales of 20 items each that measure state anxiety (i.e., how a person feels at a
particular moment regarding circumstances that are perceived as threatening) and trait
anxiety (i.e., how a person generally experiences apprehension, tension, and increased
autonomic nervous system activity). Thus, trait anxiety refers to individual differences in
the frequency and intensity of anxiety, whereas state anxiety can fluctuate as a function of
stressors (Spielberger 1972). All items are rated on a 4-point scale (“not at all” to “a lot”

for State Anxiety, and “almost never” to “almost always” for Trait Anxiety).

MRI data acquisition

MRI data were acquired on a Philips Ingenia 3T system (Netherlands), using a 32-
channel SENSE head coil. Functional MRI T2*-weighted data were collected for 12.5
min while participants’ rested with their eyes closed, after having been told not to fall
asleep. We checked that participants had not fallen asleep by directly asking them

immediately after finishing the sequence. Foam padding was used to constrain
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participants’ head motion while scanning, and earplugs and headphones were provided to
reduce adverse effects of scanner noise. Six hundred volumes of BOLD-fMRI signal were
acquired from each individual, using a multiband (Feinberg and Setsompop 2013) echo-
planar imaging (EPI) sequence, with a 2-fold in-plane SENSE acceleration (SENSE
factor, S = 2) and an M-factor of 2 (Preibisch, Castrillon, Buhrer et al., 2015). Other
fMRI acquisition parameters were: repetition time, TR = 1250 ms; time to echo, TE = 30
ms; phase encoding, PE direction: anterior-posterior; flip angle = 70°; field of view, FOV
= 192 mm?; matrix size = 64 x 64 mm, 40 slices; slice thickness = 3.0 mm; interslice gap
0.3 mm; reconstructed voxel size = 3 x 3 x 3.29 mm. A high-resolution T1-weighted
anatomical volume was acquired using a 3D magnetization prepared rapid acquisition
gradient echo (MPRAGE) sequence with the following parameters: TR = 9 ms; TE = 4
ms; inversion time, TI = 0 ms; flip angle = 8 °; 170 sagittal slices; FOV =240 x 240 x 170

mm; reconstruction matrix = 240 x 240; reconstructed voxel size = 1 mm isotropic.

MRI Data Analysis

Resting-state fMRI data preprocessing

Six hundred resting-state fMRI volumes per individual were preprocessed using
the Data Processing Assistant for Resting-State fMRI (DPARSF; Chao-Gan and Yu-Feng
2010), a toolbox for data analysis of resting-state fMRI based on MATLAB (R2016b;
MathWorks Inc.; Natick, MA, USA). To start with, the first five volumes were discarded
to compensate for T1 saturation effects. Next, the data were slice timing corrected,
realigned, reoriented to the AC-PC axis, and co-registered to the individual structural
images. Nuisance variables (i.e., six head motion parameters, white matter, CSF, and
global signals) were regressed out from the functional data. Data were normalized to MNI
(Montreal Neurological Institute) space, with a 2-mm isotropic voxel size and smoothed
using a 4-mm full-width-at-half-maximum (FWHM) Gaussian kernel. No excessive head
motion was identified across subjects (i.e., cumulative translation or rotation 3 mm or 3°
and mean point-to-point translation or rotation 0.15 mm or 0.1°). Frame-wise
displacement was not correlated with age (p > 0.30) (Power, Barnes, Snyder et al., 2012).
To further ensure the independence of our findings from movement-induced artifacts, we
repeated our analysis on ‘scrubbed’ fMRI data, in which movement-induced artifacts had
been censored by the identification and exclusion of volumes possibly contaminated by

movement (Power et al., 2012). To this end, volumes whose root mean square of
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translational and rotational head movement parameters exceeded a predefined threshold
of the root mean square of such parameters (0.25 mm + 2 standard deviations of all
subjects) were excluded from further analyses (Satterthwaite, Elliott, Gerraty et al., 2013).
To foreshadow the results, findings based on censored data were almost identical with
those based on not-censored data, indicating the independence of our findings from
movement-induced artifacts. Finally, given the relevance of controlling the signal-to-
noise ratio (SNR) in studies of aging (D'Esposito, Deouell, and Gazzaley 2003), we
examined the temporal SNR of the fMRI time series (Murphy, Bodurka, and Bandettini
2007) in relation to age, but found no significant association (r(89) = -0.09, p = 0.394).

Independent component analysis and dual regression

The preprocessed resting-state fMRI data were analyzed by employing
probabilistic independent component analysis (ICA) with 20 dimensions in FSL
MELODIC (Beckmann and Smith 2004; Smith, Jenkinson, Woolrich et al., 2004). The
preprocessed data were normalized for voxel-wise mean and variance and then reduced to
a 20-dimensional subspace by probabilistic principal component analysis. Subsequently,
data were decomposed into time courses and spatial maps by optimizing for non-Gaussian
spatial distributions using a fixed-point iteration technique (Hyvarinen 1999). The
resulting group-level independent components were divided by the standard deviation of
the residual noise and thresholded by fitting a mixture model to the histogram of intensity
(Beckmann and Smith 2004). To further conduct statistical group analyses on the
independent component corresponding to the cingulo-opercular network, we performed
dual regression (Beckmann, Mackay, Filippini et al., 2009; Filippini, MacIntosh, Hough
et al., 2009), which permitted us to obtain individual spatial maps with associated time
courses. Dual regression is a multivariate approach that works in two stages, namely, a
spatial and a temporal regression. First, the group independent component maps are
regressed onto the participant’s 4D preprocessed dataset, resulting in subject-specific time
courses (one for each independent component per fMRI volume). Second, those time
courses are regressed onto the same 4D dataset, resulting in subject-specific spatial maps
(one for each independent component). To select the component of interest, we performed
a spatial cross-correlation between the 20 independent components and the 7-networks
parcellation reported by Yeo et al. (2011). We identified as the cingulo-opercular network
the component with the highest spatial correlation coefficient with the ‘ventral attention’

network of Yeo et al. (2011) (component 7, r = 0.23; see Introduction for different
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naming). By visual inspection, we confirmed that this component included the key
structures of the cingulo-opercular network, namely, insula and anterior cingulate cortex
(Dosenbach et al., 2007; Dosenbach et al., 2008; Menon and Uddin 2010; Seeley et al.,
2007).

Estimation of total brain volume

We estimated the total brain volume for each participant, normalized for their
head size, based on the T1-weighted high-resolution anatomical volume using SIENAX
in FSL (Smith, Zhang, Jenkinson et al., 2002; Smith et al., 2004). Briefly, SIENAX
works by first removing non-brain tissue; performing affine registration to MNI152 space
(Jenkinson and Smith 2001; Jenkinson, Bannister, Brady et al., 2002) using the skull
images to determine registration scaling; and segmenting into tissue types using partial
volume estimation (Zhang, Brady, and Smith 2001) to calculate the total volume of brain
tissue. This value is then multiplied by the estimated volumetric scaling factor — obtained
from the skull image — to reduce variability due to between-subject differences in head
size. We used these values of normalized brain volume as a control variable for the
correlation analyses between behavioral measures and iFC, and thus always report partial

correlation coefficients, unless otherwise specified.

Statistical analyses

Multiple regression analysis

We performed a voxel-wise multiple regression of age on iFC while controlling
for education and gender for the cingulo-opercular network (p < 0.05 FWE corrected for
multiple comparisons at the cluster level, voxel-wise height threshold p < 0.001) using
SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Next, the Eigenvariates (i.e.,
individual average iFC values) of each of the significant age-related clusters were
extracted and further examined in relation to the visual processing speed parameter C. To
assess the specificity of our results, we performed similar voxel-wise analyses using the
default mode and dorsal attention networks. The significant clusters of the cingulo-
opercular network were additionally examined in relation to the other visual attention
parameters (i.e., VSTM storage capacity, K, and perceptual threshold, #)) and to the TMT-
A scores. Partial correlation analyses were used to determine whether the variance in each

significant iFC cluster contributed above and beyond age to the variance in visual
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processing speed. If so, a further mediation analysis (see below) was conducted on the
clusters that fulfilled this criterion. All reported p values are based on one-tailed tests,
unless otherwise specified, given the previous reports on the associations between age
and visual processing speed (e.g., McAvinue et al., 2012), and among age, iFC of the
cingulo-opercular network, and cognitive functions (e.g., He et al., 2014; Onoda et al.,

2012).

Mediation analysis

After determining via partial correlations the potential mediator(s) of the
association between age and visual processing speed (following Baron and Kenny’s
criteria) (Baron and Kenny 1986), we computed how much of this association the
potential mediator could explain. In our proposed mediation model, the total effect of age
on visual processing speed was estimated with a simple linear regression. Second, this
total effect was deconstructed into an indirect and a direct effect. Third, the indirect
effect, reflecting the significance of the mediation (i.e., p < 0.05, two-tailed), was
evaluated using bootstrapping (Hayes 2012; Mackinnon and Fairchild 2009; Preacher and
Hayes 2004) with 5000 replication samples. The indirect effect represents an estimate of

the amount of change in visual processing speed per year of age.

Results

Visual processing speed in aging

Means and standard deviations in TVA parameters obtained from the whole-report
task as well as scores from the TMT and STALI are listed in Table 1. Males and females
did not differ in any of these behavioral measures (all p-values > 0.124). As expected
(e.g., McAvinue et al., 2012), visual processing speed C estimates were significantly
negatively correlated with age. Similarly, VSTM storage capacity (K) and, marginally,
perceptual threshold (#) parameters as well as performance in the TMT-A were
significantly associated with age (Table 1). None of the anxiety measures showed a

consistent relationship with age.

Functional connectivity of the cingulo-opercular network in aging
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The cingulo-opercular network encompassed frontal regions such as the inferior
frontal and middle frontal gyri bilaterally, anterior and middle cingulate cortex; insular
regions; the superior temporal gyrus; parietal regions such as supramarginal gyrus,
inferior parietal lobule, and precuneus; and subcortical regions such as the basal ganglia,
thalamus, amygdala, brain stem, and cerebellum (one-sample t-test, controlled for gender
and education, p < 0.05 FWE-corrected at the cluster level; Figure 2).

In a voxel-wise multiple regression analysis, we found significantly reduced iFC
in the right anterior and middle cingulate cortices, bilateral insula, bilateral middle frontal
gyrus, and left cerebellum, with increasing age (controlled for gender and education, p <

0.05 FWE-corrected at the cluster level; Figure 3 and Table 2).

A decrease in the iFC of the cingulo-opercular network mediates the age-related

reduction in visual processing speed

IFC values of bilateral insula clusters were significantly positively associated with
visual processing speed C (left insula: r(89) = 0.34, p = 0.001; right insula: r(89) = 0.26, p
= 0.005; Figure 4). The right anterior cingulate cluster’s iFC values as well as those of the
left middle frontal gyrus also correlated significantly with visual processing speed C
(r(89) = 0.21, p = 0.023 and r(89) = .20, p = 0.028, respectively), though these
correlations were no longer significant when normalized brain volume was controlled for
(p > 0.080). In contrast, the associations between each insula cluster and processing speed
C were still significant after controlling for normalized brain volume (left insula: r(88) =
0.30, p = 0.002; right insula: r(88) = 0.22, p = 0.017). Next, we examined whether the iFC
values of the insula clusters are potential mediators of the age-related reduction of visual
processing speed (Baron and Kenny 1986). When the correlation between age and C was
controlled for iFC, this was no longer significant (left insula: r(88) = -0.02, p = 0.870;
right insula: r(88) = -.09, p = .205). In contrast, when the correlation between iFC and C
was controlled for age, it did remain significant for both the left (r(88) = 0.27, p = 0.004)
and the right insula (r(88) = 0.19, p = 0.036). Statistical tests based on normal theory
(e.g., Sobel 1982) confirmed this result (left insula: effect = -0.075, SE = 0.0307, Z = -
2.46, p = 0.014; right insula, effect = -0.0439, SE = 0.0257, Z = -1.71, p = 0.088).
Unstandardized coefficients (and their respective standard errors and significance values)

of the different effects are shown in Figure 5.
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The cingulo-opercular network specifically mediates the visual processing speed

age-related reduction

Given the well-known age-related decrease in other intrinsic brain networks, such
as the default mode and dorsal attention networks (Damoiseaux et al., 2008; Ferreira and
Busatto 2013; Tomasi and Volkow 2012), it might be possible that the reduction in visual
processing speed was associated with a general age-related decrease of iFC (rather than
exclusively with that of the cingulo-opercular network). Accordingly, from the ICA and
dual regression analyses, we selected the default mode and the dorsal attention networks
(Yeo et al., 2011). For the default mode network, on one hand, age-related decreased iFC
was found in the middle temporal gyri bilaterally as well as in the right cuneus and left
precuneus. Only the iFC values of the clusters localized on the left middle temporal gyrus
(peak MNI coordinates, X, y, z: -60, -58, 8; k = 107 voxels) were marginally related to C
values, while controlling for normalized brain volume (r(88) = 0.20, p = 0.026). On the
other hand, for the dorsal attention network, clusters significantly reduced with aging
were, in turn, found in the left superior, middle, and inferior (pars triangularis) frontal
gyri, left orbitofrontal cortex, left superior parietal lobule, left precuneus, right posterior
middle temporal gyrus, and right postcentral gyrus. Only the iFC values of the cluster
localized on the left orbitofrontal cortex (MNI peak coordinates: -26, 58, -2; 239 voxels;
r(88) = 0.20, p = 0.029) and those of the cluster on the right supramarginal gyrus (MNI
peak coordinates: 68, -20, 36; 157 voxels; r(88) = 0.175, p = 0.049) were marginally
correlated with C. To further test whether the iFC of these regions could still mediate the
association between age and visual processing speed, we computed the respective partial
correlations controlling for age. For both the default mode and dorsal attention network
clusters, these correlations were no longer significant (p > 0.060 and p > 0.075,
respectively), indicating that their iFC cannot explain the variance in visual processing

speed values above and beyond age.

Control analyses

Trail Making Test. To assess the concurrent criterion validity of the association
between processing speed and the iFC of the insula clusters, we used the performance on
the TMT-A, shown to decrease with aging (Tombaugh 2004). As expected, TVA

estimates of visual processing speed C were significantly associated with the time needed
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to complete the TMT-A (r(88) = -0.28, p = 0.004, one young participant lacked TMT-A
data), with higher visual processing speed being associated with lower time to complete
the task. Moreover, higher performance in the TMT-A was associated with higher iFC of
the insula clusters. Specifically, less time needed to complete the TMT-A significantly
correlated with higher iFC, for both the left (r(87) = -0.34, p = 0.001) and the right (r(87)
=-0.20, p = 0.030) insula controlling for normalized brain volume. Finally, unlike with
visual processing speed C estimates, the iFC of the insula clusters did not explain the
variance in TMT-A performance above and beyond age (both p-values > 0.145).

Visual attention functions. Other visual attention parameters have been shown to
decrease with age (e.g., Espeseth et al., 2014). Thus, to test whether the iFC of the insula
clusters was associated specifically with visual processing speed C (and not generally
with visual attention), we also examined the correlation with VSTM capacity K and
perceptual threshold 7y, controlling for normalized brain volume. The left insular iFC
correlated only marginally with VSTM capacity K (r(88) = 0.17, p = 0.054). The right
insular iFC did not correlate with K (p > 0.335), and none of the insular clusters
correlated with ¢y estimates (both p-values > 0.150).

Anxiety. Additionally, we inspected whether the iFC of the insula clusters
correlated with the anxiety scores derived from both STAI scales. The correlation was not
significant (all p-values > 0.130). However, previous reports have pointed to a role of the
dorsal anterior cingulate cortex (Seeley et al., 2007), for which we indeed found a
significant, though modest, correlation with the State Anxiety scores (r(89) = 0.20, p =
0.030). Moreover, the iFC of the left middle frontal gyrus (r(89) = 0.23, p = 0.014) and
that of the left cerebellum (r(89) = 0.18, p = 0.042) also correlated with these scores. No
further significant correlations were observed. Importantly, controlling for anxiety scores
did not affect the association between visual processing speed C and the iFC of the insula
clusters (all p-values < 0.007).

Gray matter. Post-hoc, we performed a voxel-based morphometry analysis
(Ashburner and Friston 2000) on the individual T1-weighted anatomical image to
establish whether the mediation of the relation between aging and visual processing speed
— observed for the iFC of the insula — was due to a reduction of the insular gray matter.
Age was voxel-wise regressed on the segmented, normalized, modulated, and smoothed
(4-mm isotropic Gaussian kernel) gray matter images, while controlling for gender and
education (see Statistical analyses). This regression was restricted to a binary mask of the

insula taken from the Harvard-Oxford probabilistic cortical atlas (with a 50% probability
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threshold; see Supplementary Figure S1 white mask
fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases). Next, we extracted the Eigenvariate of the multiple
regression results to use it as a control variable for the correlation between the iFC of the
insula clusters and the visual processing speed C estimates. The association with visual
processing speed was still significant for both the iFC of the left insula cluster while
controlling for the left insula gray matter (r(88) = 0.30, p = 0.002; x, y, z MNI coordinates
of the peak: -40, -8, 8; k = 497) and the iFC of the right insula cluster while controlling
for its respective gray matter (r(88) = 0.23, p = 0.016; MNI coordinates: 42, -4, 6; k =
495). However, as the cluster size (i.e., k) of these anatomical probabilistic masks were
almost two times larger than the respective iFC clusters, and given the functional and
structural heterogeneity of the insular cortex (Chang, Yarkoni, Khaw et al., 2013), it
remains possible that non-relevant parts had been included. To address this, we also
restricted the analyses to binary masks of the iFC results (i.e., k = 226 voxels for the left
insula and k£ = 77 voxels for the right insula; see red masks in Figure S1). As with the
probabilistic anatomical masks, we found that the relationship between iFC and visual
processing speed held significant while respectively controlling for the gray matter of the
left (r(88) = 0.30, p = 0.002) and the right (r(88) = 0.24, p = 0.010) insula.

Vascular risk. Twelve out of our 33 elderly participants (i.e., > 60 years) were at
risk for vascular events and, thus, took hypertensive (n = 9), lipid-lowering (n = 2), or
antiplatelet (n = 1) medication. Mann-Whitney U tests showed no significant differences
in either visual processing speed or the insular iFC between the presumed high- and low-
risk subgroups (all p-values > 0.162). Moreover, when the possible vascular risk was used
as a control variable in the correlation between visual processing speed and the iFC of
each insula cluster, it did still remain significant (r(30) = 0.41, p = 0.009 and r(30) = 0.45,
p = 0.005 for the left and the right insular iFC, respectively).

Discussion

We modeled visual processing speed independently of other visual attention
functions and motor speed (using a TVA-based approach) and tested its association with
the iFC of the cingulo-opercular network in aging. We did confirm such an association,
which could, moreover, not be accounted for by individual variability in gender,
education, brain volume, anxiety, or gray matter changes. Additionally, this association

was specific to visual processing speed (and not general to visual attention) and not
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evident with other intrinsic brain networks whose iFC decreases with aging (i.e., the
default mode and dorsal attention networks). Our results thus demonstrate, for the first
time, a mediator role of the insular iFC of the cingulo-opercular network in the relation
between increasing age and the slowing of visual processing. We conclude that the iFC of

the cingulo-opercular network is central for visual processing speed reductions in healthy

aging.

Mediator role of the iFC of the cingulo-opercular network in the visual processing

speed reduction in aging

Our results (Table 1) replicate previous findings on decreases in both visual
processing speed (Espeseth et al., 2014; Habekost et al., 2013; McAvinue et al., 2012;
Salthouse 1996; Tombaugh 2004) and the iFC of the cingulo-opercular network (Figure
3) (He et al., 2014; Onoda et al., 2012; Meier, Desphande, Vergun et al., 2012) over the
course of normal aging. More importantly, however, our results demonstrate that a
decreased iFC of the cingulo-opercular network is associated with the age-related
reduction in visual processing speed (Figure 4). Specifically, the insular iFC was
significantly related to visual processing speed, and the iFC of the left insula, in
particular, was found to mediate the association between age and speed (Figure 5). Visual
processing speed has long been known to explain a significant part of the variability in
different, speed-dependent cognitive tasks and fluid intelligence especially in the elderly
(e.g., Deary and Stough 1996; Deary, Der, and Ford 2001; Deary, Johnson, and Starr
2010). Moreover, the TVA visual processing speed parameter C has been suggested to
represent a quantitative measure of an individual, latent parameter (Finke, Bublak,
Krummenacher et al., 2005) with substantial influence on cognitive capabilities. Our
results thus argue that the previously established links between the iFC of the left insula
in the cingulo-opercular network and general cognitive measures in elderly individuals
(e.g., He et al., 2014; Onoda et al., 2012) are mediated by a reduction in this more
specific, basic function.

The mediation of iFC of the cingulo-opercular network between age and visual
processing speed (Figure 5) suggests that it is not simply aging per se that, in a
deterministic manner, would give rise to the well-established decrements in visual
processing speed. Instead, it implies that, even at an advanced age, individuals might

exhibit relatively ‘normal’ visual processing speed (comparable to that of younger
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individuals) — given ‘normal’ (i.e., youth-like) iFC of the cingulo-opercular network.
Accordingly, the TVA parameter visual processing speed C may provide a testable neuro-
cognitive marker for the efficacy of processing speed training (e.g., Ball, Edwards, and
Ross 2007) as well as for brain-behavior analyses in pathological aging (e.g., Bublak et
al., 2011; Ruiz-Rizzo et al., 2017). Note, however, that this result is based on cross-
sectional and correlational data, which do not allow firm inferences to be drawn regarding
the directional relationship(s) among aging, iFC, and speed.

Also of note, the iFC of the cingulo-opercular network did not mediate the
association between age and performance in the TMT-A, which is readily explained by
this standard measure’s high reliance on motor speed (i.e., the speed of connecting the
circles on the paper form). Arguably therefore, because our TVA-based measure does not
hinge on the speed of motor responding (Habekost et al., 2014), we were able to establish
the relationship between iFC and visual processing speed more directly, without potential
confound of age-induced motor slowing.

Previous studies have revealed significant associations between task-evoked
(Coste and Kleinschmidt 2016; Sadaghiani and D'Esposito 2015) and spontaneous
(Schneider et al., 2016; Sadaghiani et al., 2010) fMRI BOLD activity of the cingulo-
opercular network and the level of tonic alertness. Our results are in agreement with these
studies, as alertness in general (Bundesen, Vangkilde, and Petersen 2015; Matthias et al.,
2010; Petersen, Petersen, Bundesen et al., 2017), and tonic alertness in particular (Finke
et al., 2010; Matthias et al., 2010; Vangkilde, Petersen, and Bundesen 2013), has been
shown to exert a direct influence on visual processing speed. In addition to these prior
studies, we now provide direct evidence for the crucial role of the cingulo-opercular
network for visual processing speed across individuals over a wide range of ages.

Finally, the convergence of the results regarding the left insula within the cingulo-
opercular network raises a question as to the cause of this lateralized iFC effect on visual
processing speed. On the one hand, as our stimuli were letters, this effect could reflect the
functional dominance of the left hemisphere for processing verbal stimuli (i.e., briefly
presented letters). On the other hand, differential interhemispheric iFC has been reported
for the insula, specifically: preferential iFC of the left insula with frontal regions vs.
preferential iFC of the right insula with parietal regions (Kann, Zhang, Manza et al.,
2016). Thus, there might indeed be a functional hemispheric dominance of the left insula

in visual processing speed.
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Specificity of the association between the iFC of the cingulo-opercular network and

visual processing speed

In line with previous reports (e.g., Seeley et al., 2007), anxiety was also associated
with the iFC of the anterior cingulate cortex in our sample. Previous fMRI evidence has
pointed to activity of cingulo-opercular network regions as a neural correlate of
interoceptive awareness (i.e., the perception of visceral signals like the heart beat)
(Critchley, Wiens, Rotshtein et al., 2004), a core factor in the pathophysiology of anxiety
disorders. In the current study, however, anxiety did not explain the age-related reduction
in the insular iFC. Moreover, according to a previous study, there is no significant
relationship between the individual degree of interoceptive awareness and the level of
alertness in healthy subjects (Matthias, Schandry, Duschek et al., 2009). Collectively,
these results suggest that different patterns of brain activity or connectivity within the
cingulo-opercular network might, independently, underlie both anxiety-related symptoms
and visual processing speed.

Our findings of an age-related reduction of iFC in the default mode and dorsal
attention networks are in agreement with previous reports (Andrews-Hanna et al., 2007,
Damoiseaux et al., 2008; Ferreira and Busatto 2013). Moreover, the marginally
significant relationships that we observed between iFC in the default mode and dorsal
attention networks and visual processing speed would, in principle, also be in line with
previously-reported significant associations (e.g., Andrews-Hanna et al., 2007). However,
in contrast to the iFC in the cingulo-opercular network, we found no evidence for the iFC
in these two networks to contribute above and beyond age to the variance in visual
processing speed. Rather than supporting a general relationship between age-related
decreases in iFC across diverse networks and visual processing speed decrements, our
results indicate that the iFC of the cingulo-opercular network plays a special mediator
role.

We replicated previous findings that visual attention functions other than
processing speed (i.e., VSTM capacity and perceptual threshold) are also significantly
affected by aging (Espeseth et al., 2014; McAvinue et al., 2012). However, our results do
show that the iFC of the cingulo-opercular network was exclusively associated with
visual processing speed. Of theoretical importance, this is in line with a central
assumption of the neural interpretation of TVA (NTVA, Bundesen, Habekost, and
Kyllingsbaek 2005), namely, that the different visual attention parameters reflect distinct
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neural processes that contribute independently to the individual attentional performance.
Thus, it is likely that the brain mechanisms underlying changes in VSTM capacity and

perceptual threshold are distinct from those in visual processing speed.

Possible biological factors of iFC changes in aging

Both vascular (e.g., reactivity or pathology of the blood vessels; D'Esposito et al.,
2003) and structural (e.g., changes in gray matter; Lu, Lee, Tishler et al., 2013) changes
might potentially induce the age-related decrease in the iFC of the cingulo-opercular
network. However, controlling for either vascular risk or gray matter volume (i.e., as
measured by voxel-based morphometry) did not change the significance of the
association between speed and iFC. Thus, our results do point to variations in the intrinsic
functional organization of the cingulo-opercular network as critical for reductions in
visual processing speed. It remains to be determined whether structural connectivity
changes (e.g., as measured by tractography) within the cingulo-opercular network or with

other networks underlie the changes in iFC.

Conclusion

In summary, our results demonstrate a specific mediator role of the cingulo-
opercular network’s iFC in the impact of aging on visual processing speed. Future
longitudinal studies could attempt to identify whether, among older individuals, changes
in iFC and visual processing speed occur at similar or different time points. To conclude,
the evidence presented here, for the first time, points to a significant role of the iFC of the
cingulo-opercular network in the attentional processing capacity of healthy aging

individuals.
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Tables

Table 1. Behavioral results and their correlation with age

Behavioral measure Mean + SD Range Correlation with age
WR TVA estimates
Processing speed C 22.52+7.76 9.71-47.00 r=-0.21 (p=0.025)
VSTM capacity K 3.17+£0.41 1.95-3.88 r=-0.25 (p =0.009)
Perceptual threshold #, 13.54 £ 13.76 0.00-67.13 r=0.19 (p=0.032)
Trail Making Test
TMT-A (s) 32.52+12.99 13.44 - 74.98 r=0.65(p <0.001)
STAI
STAI-State 33.46 £ 8.69 0-59 r=-0.19 (p =0.074)
STAI-Trait 33.56£9.93 0-67 r=-0.09 (p =0.375)

Abbreviations. STAI: State-Trait Anxiety Inventory; WR: Whole-report task based on the theory of visual
attention (TVA). In bold: Significant at p < 0.05, one-tailed. The p values for both STAI scales are two-
tailed.

Table 2. Brain regions (local maxima) of the cingulo-opercular network whose iFC

significantly decreased with age.

Brain region (AAL)  MNI coordinates in Cluster size Z value of peak p value
mm (X, y, Z) (voxels) coordinate
R ACC 2,28,22 747 5.85 <0.001
L MFG -26, 40, 40 440 5.50 <0.001
L cerebellum -50, -60, -36 167 5.48 0.001
L insula -44, 12, -10 226 4.98 <0.001
RMCC 14, -32, 38 347 4.54 <0.001
R MFG 34,40, 36 312 4.54 <0.001
R insula 44,12, -10 77 4.27 <0.001

Abbreviations. AAL: Anatomical Automatic Labeling; ACC: anterior cingulate cortex; L: left; MCC:
middle cingulate cortex; MFG: middle frontal gyrus; MNI: Montreal Neurological Institute; R: right.
Multiple-regression controlled for gender and education, p < 0.05 FWE corrected at the cluster level.
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Figures

Trial Mask

Figure 1. Example of a trial and the mask used for whole report task. Symbols were symmetrically

presented contralateral to the target stimuli to ensure balanced physical stimulation. Stimuli diameters were
equal to 1.3° visual angle.
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Figure 2. Statistical parametric mapping of the cingulo-opercular network obtained with
independent component analysis of resting-state fMRI data and one-sample t-test. Significant voxels
(p < 0.05 FWE-corrected at the cluster level) are overlaid onto an anatomical standard MNI152 template.
ACC: anterior cingulate cortex; IFG: inferior frontal gyrus; IPL: inferior parietal lobule; MCC: middle

cingulate cortex; MFG: middle frontal gyrus; SMA: supplementary motor area; SMG: supramarginal gyrus;
STG: superior temporal gyrus. The color bar indicates ¢ values.
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Insula

MFG 3

Figure 3. SPM of voxel-wise multiple regression of age on functional connectivity of the cingulo-
opercular network (see Figure 2), while controlling for gender and education (p < 0.05 FWE-corrected at
the cluster level). Overlaid onto a standard MNI152 template are the voxels with decreased functional
connectivity with increasing age. Clusters were found in the anterior and middle cingulate cortex (ACC and
MCC), middle frontal gyrus (MFG) bilaterally, insula bilaterally, and left cerebellum. The color bar
indicates ¢ values.

50 50

r=034 p=0001 r=026 p=0005

Left insula cluster (Z value) Right insula cluster (Z value)

Figure 4. Scatter plots illustrating processing speed C as a function of the iFC of two insular clusters

(left: -44, 12, -10, 226 voxels; right: 44, 12, -10, 77 voxels) within the cingulo-opercular network (see
Figure 2). The insular clusters are derived from SPM of Figure 3, reflecting the association between iFC
and age. Partial coefficients controlling for normalized brain volume: left insula, r(88) = 0.30, p = 0.002;
right insula, r(88) = 0.22, p = 0.017.
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Figure 5. Unstandardized coefficients (b) and their respective standard errors (SE) and p values (two-
tailed) for each path of the mediation model. Thicker lines indicate significant paths, dashed lines
marginally significant paths, and thinner lines no significant paths.

D Anatomical atlas
. Functional connectivity

Supplementary Figure. Insular masks based on the Harvard-Oxford cortical atlas (white) and on the
functional connectivity results (Figure 3) used to restrict multiple regression analyses of aging onto gray
matter.
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7. Study 3: Visual processing speed and complex object
perception in pathological aging

Adriana L. Ruiz-Rizzo, Peter Bublak, Petra Redel, Timo Grimmer, Hermann J. Miiller,

Christian Sorg, Kathrin Finke

Summary

In this paper titled Simultaneous Object Perception Deficits and Reduced
Visual Processing Speed in Amnestic Mild Cognitive Impairment, we highlight the
relevance of visual processing speed assessment for disclosing non-memory impairments
in patients with single-domain amnestic mild cognitive impairment (aMCI).

Specifically, in a group of patients diagnosed with single-domain aMCI due to
Alzheimer’s disease (AD), we observed simultaneous object perception deficits. Notably,
the deficits observed were not related to their global cognitive state as assessed by the
Mini-Mental State Examination, or to their verbal memory, visual short-term memory,
perceptual sensitivity, or visual object agnosia. Rather, these deficits were significantly
associated with a reduction in visual processing speed as previously reported in patients
with stroke, Huntington’s disease, or posterior cortical atrophy.

The results of this study can have at least three crucial implications for the early
detection of subjects at risk for developing AD dementia. First, the results underscore the
presence of non-memory deficits even in single-domain aMClI, i.e., a reduction of visual
processing speed. Second, simultaneous object perception assessment can become a novel
tool for the early detection of AD that can be applied easily by assistant personnel.
Finally, our results suggest an account for the high sensitivity of visual memory deficits
as well as spatial navigation deficits in disclosing AD-related cognitive decline.

This paper was published in the journal Neurobiology of Aging, Volume 55, July
2017, pages 132-142.

Copyright notice: According to Elsevier, the author of this article “retains the
right to include it in a dissertation, provided it is not published commercially.” Permission

is thus not required, but the journal must be referenced as the original source.
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Simultanagnosia, an impairment in simultaneous object perception, has been attributed to deficits in
visual attention and, specifically, to processing speed. Increasing visual attention deficits manifest over
the course of Alzheimer’s disease (AD), where the first changes are present already in its symptomatic
predementia phase: amnestic mild cognitive impairment (aMCI). In this study, we examined whether
patients with aMCI due to AD show simultaneous object perception deficits and whether and how these
deficits relate to visual attention. Sixteen AD patients with aMCI and 16 age-, gender-, and education-
matched healthy controls were assessed with a simultaneous perception task, with shapes presented
in an adjacent, embedded, or overlapping manner, under free viewing without temporal constraints. We
used a parametric assessment of visual attention based on the Theory of Visual Attention. Results show
that patients make significantly more errors than controls when identifying overlapping shapes, which
correlate with reduced processing speed. Our findings suggest simultaneous object perception deficits in

Keywords:

Amnestic mild cognitive impairment
Alzheimer’s disease
Neuropsychology

Visual perception

Attention

Balint syndrome

very early AD, and a visual processing speed reduction underlying these deficits.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Deficient memory is considered the hallmark of Alzheimer’s
disease (AD), already manifesting in mild dementia and amnestic
mild cognitive impairment (aMCI) as a symptomatic predementia
phase of AD (Albert et al., 2011; Morris et al., 2001; Petersen, 2004).
However, growing evidence suggests the presence of visual atten-
tional impairments early in the course of AD (Alescio-Lautier et al.,
2007; Bonney et al., 2006; Bublak et al., 2011; Finke et al., 2013;
Perry and Hodges, 1999; Perry et al., 2000; Rapp and Reischies,
2005; Redel et al., 2012; Rizzo et al., 2000). Significant relation-
ships of such impairments to hypometabolism and functional
connectivity changes in frontoparietal attention systems have been
documented (Neufang et al., 2011, 2014; Sorg et al., 2007, 2012). Of
note, frontoparietal hypometabolism and atrophy overlapping with

* Corresponding author at: Ludwig-Maximilians-Universitdt Miinchen, Depart-
ment of General and Experimental Psychology/Neuro-Cognitive Psychology, Leo-
poldstr. 13, 80802 Munich, Germany. Tel.: +49 (0) 89/2180 72520; fax: +49 (0) 89/
2180 5211.

E-mail address: finke@psy.Imu.de (K. Finke).

0197-4580/$ — see front matter © 2017 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.neurobiolaging.2017.03.029
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B-amyloid accumulation at the aMCI stage have been revealed even
to precede similar changes in memory-relevant temporal structures
(Drzezga et al., 2011; Engler et al., 2006; Kemppainen et al., 2007;
Mattsson et al, 2014; Mintun et al., 2006; Sorg et al., 2012).
Among the affected attention functions, for example, visual pro-
cessing speed shows a staged decline (Bublak et al., 2011), implying
that individual cases suffer from more or less severe slowing.
Critically, for diverse patient groups, it has been suggested that
reduced visual processing speed can lead to impairments in the
ability to perceive several objects at the same time, that is, to
perceive symptoms of simultanagnosia (Chechlacz et al., 2012;
Duncan et al., 2003; Finke et al., 2007). Thus, in the present study,
we asked whether patients with aMCI show deficits in simulta-
neous object perception and, if so, whether these deficits are
associated with a reduction of processing speed.

Patients with simultanagnosia are not able to integrate the
objects within a visual scene to achieve a meaningful interpreta-
tion, although recognition of single objects is usually preserved
(Balint, 1909; Coslett and Saffran, 1991; Holmes, 1918; Wolpert,
1924). In patients with full-blown simultanagnosia, perception
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appears to stick to a single object at a time in the scene, resulting in
the acquisition of visual information in a piecemeal fashion (Rizzo
and Vecera, 2002). Particular severe problems occur if 2 or more
objects are presented in an overlapping manner (e.g., Balint and
Harvey, 1995; Luria, 1959). For example, Luria reported that
patients with simultanagnosia were not able to identify 2 over-
lapping triangles of different colors that formed the “star of David”;
rather, they reported only one of them (Luria, 1959). Interestingly,
the neural damage in cases with simultanagnosia due to acquired
lesions typically involves extensive bilateral frontoparietal areas
(Chechlacz et al., 2012; Ptak, 2012), including the same regions (e.g.,
Corbetta, 1998) that are affected in predementia phases of AD (Perry
and Hodges, 1999). Thus, some degree of simultanagnosia can be
expected to be present in aMCI patients, too.

A crucial step towards a systematic analysis of processing speed
and visual short-term memory (VSTM) as putative causes of
simultaneous object perception deficits was taken by applying
parametric measurement of attention based on the “Theory of
Visual Attention” (TVA; Bundesen, 1990) to patients with simulta-
nagnosia. TVA is a unified computational account for visual single-
stimulus recognition and attentional selection from multielement
displays (Bundesen, 1990), essentially implementing a mathemat-
ical formalization of the biased competition model (Desimone and
Duncan, 1995). Within TVA, both visual recognition and attentional
selection consist in making perceptual categorizations (Bundesen,
1998). There are 2 fundamental capacity parameters that can be
independently estimated based on the TVA formalization: visual
processing speed C and VSTM storage capacity K. Parameter C is a
quantitative estimate of the number of objects that can be pro-
cessed in parallel per second; parameter K, in turn, is the estimate of
the maximum number of objects that can be maintained simulta-
neously in the VSTM store. Both C and K parameters can be derived
from an individual’s performance in a whole-report task, where
observers’ ability to perceive and report multiple letter stimuli is
assessed as a function of the effective array exposure duration
(Bundesen, 1990) (for application in clinical samples, see Bublak
et al., 2011; Finke et al., 2005; McAvinue et al., 2015). Using TVA
assessment, Duncan et al. (2003) found severely reduced visual
processing speed, even with single-item presentation, in 2 patients
with both dorsal and ventral simultanagnosia, while VSTM storage
capacity appeared to be preserved (Duncan et al., 2003). Further-
more, Finke et al. (2007) conducted a first group analysis based on
TVA: an assessment of patients with Huntington’s disease, who
typically suffer from increasingly severe visual processing speed
deficits (Finke et al., 2006). Finke et al. (2007) found that patients
with more pronounced slowing displayed greater impairments in
simultaneous object perception. They concluded that a slowing of
the rate of visual information uptake gives rise to impaired
perception of multiple overlapping stimuli in Huntington’s disease
(Finke et al., 2007). These results were also replicated in a recent
study in patients with posterior cortical dementia (Neitzel et al.,
2016). Of note, a staged decline of visual processing speed was
also found in the amnestic form of Alzheimer’s disease (Bublak
et al., 2011). Thus, given the relevance of deficient visual process-
ing speed in diverse patient groups, in the present study we, too,
focused on the role of this specific attentional (dys)function with
regard to potential deficits in simultaneous object perception in
aMCI patients.

In particular, we aimed to ascertain whether there are deficits in
simultaneous object perception in aMCI due to AD, and, if so,
whether these deficits are associated with a reduction of visual
processing speed. To this end, we compared aMCI patients and
healthy control (HC) participants on several simultanagnosia tests
and a TVA-based whole-report paradigm.

2. Materials and methods
2.1. Participants

Sixteen patients with a diagnosis of aMCI due to AD (9 females;
mean age 70.9 4+ 7.8 years; 11.6 mean years of education) and
16 age-, gender-, and education-matched HCs (9 females;
69.9 + 7.4 years old, 11.6 mean years of education) participated in
our study. Patients were diagnosed at, and recruited from, the
Memory Clinic of the Department of Psychiatry, Technische Uni-
versitdt Miinchen, Germany, and controls were recruited from the
general community through flyers and word-of-mouth recom-
mendation. All participants gave written informed consent to take
part in this study according to the Declaration of Helsinki II, and the
study had local ethical committee approval.

Participants underwent a standardized diagnostic process that
included medical, psychiatric, and neurological examinations.
Patients had additionally brain-imaging diagnostics including
structural magnetic resonance imaging and fluorodeoxyglucose
positron emission tomography. All participants had undergone an
informant-derived Clinical Dementia Rating (Morris, 1993), with
patients having values of 0.5 and controls of 0, and neuropsycho-
logical assessment using the neuropsychological battery of the
Consortium to Establish a Registry for Alzheimer’s Disease (CERAD;
German version; Berres et al., 2000), including the Mini—Mental
State Examination (MMSE; Folstein et al., 1975) and the clock-
drawing test (Shulman et al.,, 1993). Based on this assessment,
aMCI patients fulfilled cognitive impairment criteria according to
Petersen (Petersen et al., 1999, 2001), along with largely preserved
activities of daily living (Bayer ADL scale; Hindmarch et al., 1998),
and no dementia according to the International Classification of
Diseases, Tenth Revision criteria (WHO, 2010). Furthermore, all
aMCI patients of this study met the criteria for MCI due to AD
(Albert et al., 2011). Beyond patients’ MCI, they had biological signs
of AD in terms of bilateral temporoparietal hypometabolism as
shown in fluorodeoxyglucose positron emission tomography
(Albert et al., 2011). Criteria for exclusion from the study were
history of other neurological diseases and imaging evidence of
marked brain lesions that affected cognition (e.g., stroke lesions).
Three of the 16 patients were under antidepressant medication (n =
1 with selective serotonin reuptake inhibitors, n = 1 with tricyclic,
and n = 1 with noradrenergic and specific serotonergic antide-
pressants). Concerning genotyping, 11 patients had either 1 (n = 9)
or 2 (n = 2) alleles of the APOE ¢4 allele.

HCs were free of any current, or history of, psychiatric or
neurological condition. Patients and controls did not differ in age,
gender, or education (see Table 1). As expected from the diagnosis,
aMCI patients had significantly lower MMSE scores, that is, a lower
global cognitive state, than controls [t(30) = —4.025, p < 0.001]
(Table 1 for all demographic details). All aMCI patients were able to
follow verbal instructions and to concentrate sufficiently during the
tasks. All participants had normal or corrected-to-normal vision
and were not color-blind.

2.2. Procedure

After their routine clinical assessment, aMCI patients and con-
trols underwent testing of simultanagnosia and visual attention,
specific for the present study. This testing was conducted in 2—3
one-hour sessions. Well-established clinical test batteries known to
be sensitive to simultanagnosia symptoms were administered to
most of our study participants (n = 13 aMCI and n = 10 HC).
Moreover, the simultaneous perception task (SPT), a time-
unlimited experimental task that allows for different levels of
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Table 1

Demographic variables of both groups
Variable aMCI patients, n = 16 Control participants, n = 16 t (30) p-value
Sex (female [%]/male [%]) 7/9 (43.8)/(56.3) 719 (43.8)/(56.3) — —
Age (y) 70.86 (7.81) 69.95 (7.39) 0.34 0.369
Education (y) 11.63 (1.86) 11.63 (1.02) 0.00 0.500
MMSE/30 26.69 (1.49) 28.44 (0.89) —4.02° <0.001
Handedness (right/left/ambidextrous) 15/1/0 12/2/2 — —

Bold value indicates statistical significance at p = 0.0004.

Key: MMSE, Mini—Mental State Examination; aMCI, amnestic mild cognitive impairment.
2 Statistically significant at p < .05, 1-tailed. Means (standard deviation, SD) are shown if not otherwise stated (Folstein et al., 1975).

difficulty and has proved useful to reveal simultanagnosia symp-
toms in neurodegenerative samples, such as Huntington’s disease
(Finke et al., 2007), was applied in all participants. To assess visual
attention, TVA-based whole and partial reports were applied in all
participants, but we only focus on the whole-report results here. In
both the SPT and the TVA whole-report (TVA-WR), stimuli were
shown on a 17-inch monitor (1024 x 768 pixels screen resolution).
The viewing distance was approximately 50 cm.

2.3. Assessment of simultanagnosia symptoms

2.3.1. Neuropsychological assessment of simultanagnosia—BORB
and VOSP

Specific tasks were taken from 2 standardized and widely used
neuropsychological batteries that are employed to assess impair-
ments in the simultaneous perception of visual objects and spatial
locations in patient populations. More specifically, the overlapping
figures—line drawings subtest of the Birmingham Object Recogni-
tion Battery (BORB) (Riddoch and Humphreys, 1993) and the sub-
tests Dot Counting, Position Discrimination, and Number Location
of the Visual Object and Space Perception Battery (VOSP)
(Warrington and James, 1991) were used. For the BORB, we ob-
tained the time (in seconds) per sheet in paired nonoverlapping and
overlapping line drawing condition and a ratio between the 2 (i.e.,
overlapping time divided by nonoverlapping time). For the VOSP,
we used the total score of correct responses in each subtest.

2.3.2. Experimental assessment of simultaneous object
perception—SPT

The SPT (Finke et al., 2007) is an experimental task that assesses
simultaneous object perception deficits. We consider the SPT as
complementary to the standard neuropsychological simultanagnosia
batteries because it is time-unconstrained (i.e., it sets no time limit
for participants to respond to stimuli), uses basic geometric shapes
for which no elaborated semantic knowledge is needed, and delivers
more detailed information on the pattern of deficits in simultaneous

A B

object perception because set sizes and condition types vary. In short,
the SPT consists of the digital presentation of 9 different black line
drawings of shapes on a white background without time limit. These
9 line drawings correspond to basic shapes including square, triangle,
heart-shape, pentagon, hexagon, moon, cross, star, and circle (see
Fig. 1). The participant’s task is to identify them in each of 16 trials
under 4 conditions that increase in the complexity of simultaneous
object perception. The first condition, single stimulus, is a control
condition in which each of these open shapes is separately presented
twice; this condition permits ensuring that the participant can
correctly perceive, identify, and name all the stimuli. In the 3
following conditions, adjacent, embedded, and overlapping, the
shapes are simultaneously presented in trial displays with 2 to 5
items presented in an adjacent, embedded, or overlapping manner
(Fig. 1). After the participant indicates that the answer is complete,
the next trial starts. A trial counts as an error if the participant is not
able to identify at least one of the shapes presented on that trial. The
percentage of error trials is computed for each of the conditions that
include simultaneously presented shapes. Importantly, we made sure
that all participants were able to correctly name all shapes presented
in whatever size, small or large, in a pretest. Moreover, to reduce the
influence of potential changes in verbal recall ability, or of variability
of verbal productions, in patients, the verbal labels they assigned to
displayed objects were scored as “correct” even if these labels were
“uncommon”, as long as they indicated correct visual identification.

2.4. Assessment of visual attention

TVA is a computational model that permits mathematical esti-
mation of relevant, independent attentional capacity parameters
such as visual processing speed, C, and VSTM storage capacity, K
(Bundesen, 1990). The participant’s task is to report verbally as
many letters as possible from briefly presented arrays of letters on a
black background. Only “fair certainty” of recognition, rather than
the order or speed of reporting, is emphasized in the instruction.
The duration of the arrays is individually adjusted in a short pretest.

Cc

Fig. 1. Example-items: (A) adjacent (B) embedded, and (C) overlapping shapes condition of the simultaneous perception task (SPT; see (Finke et al., 2007) for a presentation of all
trial displays). Each condition has 4 trials of 2—5 different geometrical shapes that are presented to the participant without time limit. A trial counts as an error trial if the participant
fails to identify at least one of the shapes. Before the adjacent condition, there is a control condition, in which each shape is presented alone to ensure that the participant can

identify and name them all.
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Table 2
BORB and VOSP results for both groups
Subtest aMClI patients (n = 13) Healthy controls (n = 10) t(21) p-value 95% Cl Cohen’s d
M SD M SD
BORB
Paired nonoverlapping (seconds per sheet) 25.78 7.89 21.95 4.57 1.36 0.093 [-2.01 to 9.67] 0.59
Paired overlapping (seconds per sheet) 38.82 2371 2513 3.80 1.80 0.043 [-2.14 to 29.52] 0.79
Ratio (overlapping/nonoverlapping) 1.48 0.50 1.16 0.14 1.92 0.034 [-0.02 to 0.65] 0.84
VOSP
Dot counting/10 9.31 1.11 9.70 0.67 —0.98 0.168 [-1.22 to 0.44] -0.43
Position discrimination/20 17.92 2.46 19.50 0.85 —-2.15 0.024 [-3.14 to —0.01] —0.94
Number location/10 8.38 1.56 8.70 1.16 -0.53 0.299 [-1.54 to 0.91] -0.23

In bold are statistically significant at p < 0.05, 1-tailed.

Key: aMCI, amnestic mild cognitive impairment; BORB, Birmingham Object Recognition Battery (Riddoch and Humphreys, 1993); line drawings condition; CI, confidence
interval of the difference; M, mean; SD, standard deviation; VOSP, Visual Object and Space Perception Battery (Warrington and James, 1991).

The experimenter enters the reported letters in the reported order
and starts the next trial with a button press.

To estimate TVA parameters, an exponential growth function
models the participant’s letter report accuracy as a function of the
effective exposure duration, according to a maximum likelihood
method. The threshold for visual perception, parameter t0,
expressed in milliseconds, is the estimated minimal exposure
duration below which information uptake is assumed to be zero.
The other 2 parameters estimated from TVA-WR accuracy are
processing speed C, that is, the number of items that can be pro-
cessed in parallel per second, and VSTM storage capacity K, that is,
the number of items that can be held in a VSTM store.

2.5. Statistical analysis

The SPSS v.22 statistical package was used to perform statistical
analyses. Two-sample t-tests were used to evaluate the differences
between aMCI patients and controls in all demographic variables as
well as in TVA-WR parameter estimates, and BORB, and VOSP re-
sults. A mixed ANOVA was conducted on SPT performance (i.e.,
percentage of errors) with group (aMCI, HC) as between-subjects
factor, and condition type (adjacent, embedded, and overlapping)
and set size (2, 3, 4, and 5) as within-subjects factors, to compare
group performance in multiple object perception. Finally, a
Spearman-rho analysis was performed to evaluate the association
between SPT performance in the overlapping condition and TVA-
WR parameter estimates (processing speed C, and VSTM storage
capacity K) in the group of aMCI patients.

3. Results

3.1. Patients show simultaneous object perception deficits in clinical
neuropsychological and experimental tasks

3.1.1. Simultanagnosia symptoms in standard neuropsychological
tests

Participants’ performance in the BORB and VOSP is presented in
Table 2. In the BORB, aMCI patients needed roughly the same
time as controls to name nonoverlapping pairs of line drawings
[patients: M = 25.78, SD = 7.89 seconds vs. controls: M = 21.95,
SD = 4.57 seconds, t(21) = 1.36, p = 0.093, Cohen’s d = 0.59], but
significantly more time than controls to name pairs of overlapping
line drawings [M = 38.82, SD = 23.71 seconds vs. M = 25.13,
SD = 3.80 seconds, t(21) = 1.80, p = 0.043, Cohen’s d = 0.79]. Thus,
we found higher overlapping to nonoverlapping figure ratios
for aMCI patients than for controls [M = 148, SD = 0.50 versus
M = 116, SD = 0.14, t(21) = 1.92, p = 0.034, Cohen’s d = 0.84].
Analyzing the aMCI patients’ performance based on the BORB test

norm data [i.e, M = 21.5 seconds per sheet (0.9 per item) for
overlapping line drawings, and M = 23.9 per sheet (1.0 per item) for
nonoverlapping drawings] revealed that they were significantly
impaired in their identification (i.e., naming) time for both
nonoverlapping and overlapping line drawings (Riddoch and
Humphreys, 1993). At the individual level, all but one aMCI pa-
tients exhibited longer identification times and higher overlapping
to nonoverlapping ratios than the average values reported in the
test’s norms (i.e., 1.0/1.1; Riddoch and Humphreys, 1993). Of note,
general performance in the BORB did not correlate with the CERAD
delayed verbal recall (p-value >0.1), and only the overlapping to
nonoverlapping ratio significantly correlated with the CERAD
delayed visual recall (rho = —0.786, p = 0.001), so that longer times
to identify overlapping, compared to nonoverlapping, figures were
associated with lower scores in visual recall.

In the space perception battery of the VOSP, aMCI patients
exhibited significantly lower performance than controls in the Po-
sition Discrimination subtest only [patients: M = 17.92, SD = 2.46
vs. controls: M = 19.50, SD = 0.85, t(21) = —2.15, p = 0.024, Cohen’s
d = —0.94; other subtests’ p-values >0.1]. An additional comparison
of aMCI patient data to the tests’ norm data revealed that in Position
Discrimination, aMCI patients scored on average below the 5% cut-
off score (i.e., 18) for healthy participants and their numerical
average was even below that of the clinical norm group with right-
hemisphere damage (i.e., M = 18.7) (Warrington and James, 1991).
At the individual level, almost half (46%) of the patients failed this
subtest. We did not find significant differences between the groups
in the Dot Counting and Number Location subtests, with the pa-
tients too performing within the norms in these tests. Unlike the
BORB, the VOSP Position Discrimination scores correlated signifi-
cantly negatively with the CERAD delayed verbal recall
(rho = —-0.724, p = 0.003), but not with the visual recall
(rho = —0.081, p = 0.396). However, when the association between
Position Discrimination and delayed verbal recall was assessed in
the only 6 patients who failed the subtest, the correlation was no
longer significant (rho = 0.088, p = 0.434).

In sum, aMCI patients showed deficits in simultaneous object
perception in standard neuropsychological tests. These deficits
were revealed chiefly in the BORB overlapping figures—line
drawings subtest, sensitive to simultanagnosia symptoms. Addi-
tionally, significant deficits in position discrimination appear to
indicate a deficit in simultaneous perception of spatial locations.
However, normal performance in dot counting and location of
numbers indicates that spatial perception was basically spared in
the aMCI patients. Importantly, the deficits observed in aMCI were
not related to low global cognitive state as measured by the MMSE
(all p’s > 0.2). Only the deficit in simultaneous perception of spatial
locations was related to verbal memory performance, and only the
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Fig. 2. Mean error percentages in the simultaneous perception task (SPT) per set size and condition type are depicted for the MCI patients group (dark gray) and the age-, gender-,
and education-matched healthy control participants group (light gray). Note that aMCI patients did not make errors in the 2-shapes trials in both the adjacent and overlapping
conditions of the SPT. Error bars indicate standard error of the mean. Significantly different at p < 0.005, 2-tailed. Abbreviations: aMCI, amnestic mild cognitive impairment; MCI,

mild cognitive impairment.

overlapping to nonoverlapping ratio was associated with visual
memory performance.

3.1.2. Simultaneous object perception deficits in experimental SPT
task

Average error percentages in the SPT are depicted in Fig. 2
separately for each group, condition, and set size. The mixed
ANOVA, with main terms for group, condition, and set size, revealed
all main effects to be significant (group: F; 30 = 18.482, p < 0.001;
condition: F1.79, 53.66 = 20.173, p < 0.001; and set size: F203, 8793 =
19.909, p < 0.001). Three 2-way interactions among the factors
were also observed (group by condition: Fy79 5366 = 8.481,
p = 0.001; group by set size: Fy 93, 8793 = 8.434, p < 0.001; and
condition by set size: F3 47, 103.0s = 10.868, p < 0.001). Finally, there
was also a significant group by condition by set size interaction
(F3.47,103.08 = 4.003, p = 0.007). To analyze this 3-way interaction in
more detail, we computed mixed ANOVAs with the factors group
and set size separately for each condition (i.e., adjacent, embedded,
and overlapping). In all conditions, significant main effects of group
(adjacent: Fj 30 = 5.171, p = 0.030; embedded: F; 3¢ = 11.942,
p = 0.002; overlapping: F, 30 = 16.904, p < 0.001) indicated that
aMCI patients generally made more errors than controls. A signif-
icant main effect of set size was found only in the overlapping
condition (F2652, 7956 = 24.513, p < 0.001; adjacent and embedded
p’s > 0.188). Similarly, the group by set size interaction was only
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significant in the overlapping condition (F2652, 7956 = 9.518,
p < 0.001; adjacent and embedded p’s > 0.188). Post hoc t-tests
showed that aMCI patients were significantly worse than HCs when
more than 3 shapes were simultaneously presented [Fig. 2; 4
shapes, mean: 40.62 vs. 3.12, aMCI patients and controls, respec-
tively, t(30) = 3.795, p = 0.001, Cohen’s d = 1.38; 5 shapes: 56.25 vs.
15.62, respectively, t(30) = 4.044, p < 0.001, Cohen’s d = 1.48; both
p’s 1-tailed]. These results indicate that aMCI patients were in
general worse than controls in identifying simultaneously pre-
sented shapes. However, only when these shapes were presented in
an overlapping manner did aMCI patients show particularly severe
difficulties with larger set sizes (i.e., >3 items).

3.2. Visual attention deficits

As listed in Table 3, aMCI patients exhibited significantly lower
processing speed C estimates and significantly higher perceptual
thresholds t0 than HC participants in the TVA-WR. In other words,
aMCI patients required relatively longer stimulus durations and
were able to process fewer elements simultaneously compared to
control participants. However, we did not find a significant differ-
ence in VSTM storage capacity K estimates between groups. Neither
processing speed C (rho = —0.242, p = 0.183) nor t0 estimates
(rho = —-0.372, p = 0.130) significantly correlated with global
cognitive state as assessed by the MMSE.
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Table 3
Whole-report TVA (TVA-WR) estimates for aMCI patients and healthy controls
TVA-WR parameters aMClI patients (n = 16) Healthy controls (n = 16) t(30) p-value 95% ClI Cohen’s d
M SD M SD
Processing speed C 13.82 5.37 17.55 5.36 -1.97 0.029 [-7.60 to 0.25] —0.72
Storage capacity K 2.63 0.39 2.69 0.44 -0.37 0.358 [-0.35 to 0.25] -0.13
Visual threshold t0 112 60.39 35.17 46.91 4.02" <0.001 [37.78 to 115.87] 1.47

Bold values are statistically significant at p < 0.05 and at p < 0.001 (*), 1-tailed.

Key: aMCI, amnestic mild cognitive impairment; Cl, confidence interval of the difference; M, mean; SD, standard deviation; TVA, Theory of Visual Attention (Bundesen, 1990).

3.3. Overlapping figure perception deficits are associated with
reduced processing speed in aMCI

To determine whether simultaneous object perception deficits
in patients with aMCI are associated with a slowing in visual in-
formation uptake (i.e., a reduction in visual processing speed C), we
correlated the percentage of errors in the SPT overlapping condi-
tion, collapsed across set size (i.e., the measure that was assumed to
be most sensitive for subtle changes in simultaneous object
perception and that turned out to be most affected), with process-
ing speed C in patients with aMCI. As expected, higher error per-
centages in identifying simultaneously presented, overlapping
objects were associated with lower estimates of processing speed C
(Fig. 3; rho = —0.497, p = 0.025, 1-tailed), but not with VSTM ca-
pacity K (rho = 0.034, p = 0.450) or t0 (rho = 0.148, p = 0.292)
estimates. To examine whether the relationship between simulta-
neous perception deficits and processing speed would be confirmed
when using clinically established tasks for the assessment of
simultanagnosia, we calculated the correlations between visual
processing speed and performance on those tasks on which patients
performed worse than HCs. Note that complete data were available
only for a subgroup of patients (n = 13). We found a tendency to-
wards a negative relationship between the latencies to name pairs
of overlapping objects in the BORB and processing speed

C (rho = —0.426, p = 0.073). However, the correlation between
errors in the Position Discrimination condition of the VOSP and
processing speed C was nonsignificant (rho = 0.128, p = 0.339). The
correlation between the percentage of errors in the SPT and pro-
cessing speed C did not change for patients with at least one risk e4
allele of ApoE (n = 11) compared to the whole sample of patients
(n = 16) and became nonsignificant (closed circles in Fig. 3;
rho = -0.372, p = 0.130). Importantly, these deficits in simultaneous
object perception did not relate to the relatively low global cogni-
tive state in aMCI patients as assessed by the MMSE (rho = —0.301,
p = 0.128), or to verbal memory as assessed in the CERAD delayed
verbal recall (rho = 0.111, p = 0.341). However, similar to the BORB
results, simultaneous object perception deficits in aMCI patients did
also relate to visual memory recall (rho = —0.532, p = 0.017) and
were, thus, not solely impaired by the patients’ relatively low global
cognitive state or general memory impairments.

We also examined whether a more low-level visual impairment,
that is, the elevated visual threshold that was documented, might
alternatively, or additionally, explain the deficits in SPT perfor-
mance. Importantly, the significant association between visual
processing speed C and percentage of errors in the SPT overlapping
condition was replicated when controlling for t0 (rho = —0.492,
p = 0.031). Accordingly, the simultaneous object perception deficits
displayed by aMCI patients are not so much related to a more basic

50

Errors (%) in the Overlapping condition

T
9

Lo —4

1 I
14 19

Processing speed C estimates

Fig. 3. Scatterplot relating aMCI patients’ individual parameter estimates of visual processing speed C and their percentage of errors in the overlapping condition of the simul-
taneous perception task (SPT). C estimates are significantly negatively correlated with errors; rho = —0.497, p = 0.025, 1-tailed. Closed circles are aMCI patients with at least one risk
allele (4 allele) and open circles are aMCI patients with the 3 allele or 2 allele. Abbreviation: aMCI, amnestic mild cognitive impairment.
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elevation of the visual threshold than to a reduction of visual pro-
cessing speed per se.

Finally, we examined for a more general association between the
rate of visual information uptake and simultaneous object percep-
tion also in our normal observers. The respective correlation
between the percentage of errors in the SPT overlapping condition
and visual processing speed C was not significant in the HC group
(rho=-0.162, p = 0.274, 1-tailed). However, the difference between
the respective correlation coefficients of the patient and healthy
groups was not significant either (Z = 0.97, p = 0.166, 1-tailed).

4. Discussion

The present study investigated whether aMCI patients show a
deficit of simultaneous object perception and whether such a deficit
is attributable to a reduced visual processing rate. We provide direct
evidence for (1) simultaneous object perception deficits in aMCI as
an early symptomatic predementia phase of AD and (2) reduced
visual processing speed underlying simultaneous object perception
deficits. Three main findings support this evidence. First, aMCI
patients show deficits in simultaneous object perception. More
specifically, when aMCI patients had to identify each one of a set of
overlapping shapes in the BORB, they needed significantly more
time than age-, education-, and gender-matched HCs, resulting in
significantly higher overlapping to nonoverlapping time ratios.
Second, compared to HCs, aMCI patients showed significantly lower
processing speed C in a TVA-based whole-report paradigm. Finally,
specifically the individual severity of the processing speed reduc-
tion was significantly related to—and would, thus, appear to
underlie—the simultaneous object perception deficits in aMCI.

4.1. Simultaneous object perception deficits in aMCI

We found that patients with aMCI had significant difficulties
compared to HCs in 2 tasks of simultaneous object perception, the
BORB and the SPT. In both tasks, deficits occurred in particular
when objects were presented in an overlapping manner, that is,
under conditions that are conducive for simultanagnosia symptoms
to become manifest (Balint and Harvey, 1995; Laeng et al., 1999;
Luria, 1959; Riddoch and Humphreys, 2004; Valenza et al., 2004).
More precisely, in the BORB, aMCI patients were slow particularly in
the overlapping condition, as indexed by a higher overlapping to
nonoverlapping time ratio; in the SPT, they exhibited an increasing
number of errors with increasing set size particularly in the over-
lapping condition. Importantly, aMCI patients showed relatively
normal speed in identifying nonoverlapping drawings in the BORB,
and all patients were able to name the single shapes presented at all
(large and small) sizes in the screening part of the SPT, as well as in
the adjacent condition. Thus, importantly, the deficit in identifying
overlapping shapes does not relate to reduced visual acuity, se-
mantic memory deficits, or visual object agnosia. Remarkably,
although simultaneous object perception deficits as reported here
are characteristic of posterior cortical atrophy (Neitzel et al., 2016;
Tang-Wai et al, 2004) and quite common in AD dementia
(Mendez et al., 1990; Rizzo et al., 2000), whether they are also
present in individuals with aMCI at a symptomatic predementia
phase of the more typical form of AD had, to the best of our
knowledge, not been systematically tested before.

The use of the experimental SPT delivered fine-grained infor-
mation on the nature of the multiple object perception deficits in
aMCI. Specifically, we observed that only when stimuli were pre-
sented in an overlapping manner did aMCI patients show increased
set size effects compared to HCs. Of note, the simultaneous object
perception deficits were not only evident in our experimental task,
but were also revealed in the BORB. As the diagnosis of aMCI
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focuses on memory impairments, simultaneous object perception
is usually not evaluated in routine neuropsychological assessment;
thus, it is unsurprising that such deficits in an established standard
neuropsychological test for simultanagnosia had not been reported
before. Furthermore, it is worth noting that both tasks use free
viewing conditions without any time restrictions, and yet perfor-
mance was particularly compromised in conditions with multiple
overlapping shapes. In most previous studies, the duration of
stimulus exposition to patients with simultanagnosia had been
limited (Coslett and Saffran, 1991; Duncan et al., 2003; Huberle and
Karnath, 2006; Pavese et al, 2002). In the present study, by
contrast, we used the nonspeeded SPT to enable us to examine
separately processing speed and simultaneous object perception. In
other words, we used the SPT to determine whether indications of
slowing of visual processing in a whole-report task using briefly
presented letter arrays (Duncan et al., 2003; Finke et al., 2007) can
make valid predictions regarding deficits under unconstrained
viewing conditions.

Furthermore, the present study revealed a positive association
between the degree of simultaneous object perception deficits and
the degree of visual memory impairment in aMCI patients. In the
BORB, higher overlapping to nonoverlapping time ratios related to
lower scores in visual recall. In the SPT, more errors in the over-
lapping condition related to lower scores in visual recall. Thus, our
results shed light on the question as to why especially visual
memory tests using complex visual material such as the
Rey—Osterrieth and the Benton tests are exceptionally sensitive for
the earliest AD-related decline even in the preclinical phase (Kawas
et al,, 2003). Difficulties in these tasks might result from basic
impairments in the encoding of multiple visual stimuli or stimuli
containing multiple parts. Thus, while appropriate for cognitive
screening, conclusions about the deficits underlying low perfor-
mance in these tests should be drawn with caution.

Unlike with visual memory impairments, simultaneous object
perception deficits were not associated with relatively low global
cognitive state or verbal memory impairments in aMCI. This lack of
association strongly suggests that simultaneous object perception
deficits constitute an independent aspect in their own right in
aMCI, which might, in turn, underlie low performance in visual
memory tasks. In the context of evidence suggesting that aMCI is a
heterogeneous entity in its clinical progression (Li and Zhang,
2015), assessing simultaneous object perception might help
disclose multidimensionality in aMCI patients who, at first glance,
present as a single-domain aMCI individuals. The simultaneous
object perception deficits displayed by aMCI patients are, however,
not comparable to those shown by the classical cases reported by
Balint (1909); rather, they would be classified only as “mild”
(Hecaen and De Ajuriaguerra, 1954).

Concerning daily-life functioning, we usually do not perceive
and handle objects in an isolated manner. Thus, arguably, increasing
deficits in the simultaneous perception of objects likely contribute
to the incipient problems of daily living during aMCI, including
impairments in spatial navigation (Laczo et al., 2009), such as in
way-finding (Allison et al., 2016), which might signal the clinical
start of AD dementia.

4.2. Visual processing speed reduction leads to simultaneous
perception deficits in aMCI

In the present study, we followed the group study—based
approach to neurodegenerative diseases advocated by Rizzo and
Vecera (2002) and first applied by Finke et al. (2007) in research
on simultanagnosia and its underlying attentional deficits. Based on
a staged decline in visual attention functions and in particular
processing speed in individual cases of aMCI (Bublak et al., 2011),
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and on previous reports that visual processing speed reduction can
lead to symptoms of simultanagnosia (Chechlacz et al., 2012;
Duncan et al., 2003; Finke et al., 2007; Neitzel et al., 2016), we
hypothesized that reduced visual processing speed underlies
simultaneous object perception deficits in aMCI. In agreement with
the results in patients with stroke (Duncan et al., 2003) and Hun-
tington’s disease (Finke et al., 2007), we observed a significant as-
sociation between visual processing speed and simultaneous object
perception in aMCI patients. Taken together, these results indicate
that aMCI patients’ reductions in visual processing speed underlie
their simultaneous object perception deficits. Moreover, our results
complement the previous findings in indicating that, despite het-
erogeneous causes, the relationship between a reduced speed of
visual information uptake and deficient simultaneous objects
perception constitutes a general principle across patients with
symptoms of simultanagnosia. Likewise, our results add to the
existing evidence that sufficient visual processing speed provides
the necessary basis for identifying, integrating, and making sense of
the components of complex visual scenes. Accordingly, the associ-
ation between processing speed (reductions) and simultaneous
object perception (errors) would not be exclusive to aMCI patients,
but may hold for healthy participants too. In the present study, such
an association may simply have been obscured by healthy partici-
pants performing near ceiling on the simultaneous object percep-
tion task. Consistent with a general association, we did not find a
significant difference in the correlation coefficients between the
aMCI patients and the control participants. However, further
studies using experimental conditions best suited to assess simul-
taneous object perception in healthy samples are required to settle
the generalizability of this association.

At a first glance, it might seem astonishing that reduced visual
processing speed would affect the identification of overlapping
shapes only, leaving the speed and accuracy of identifying multiple
shapes presented in an embedded or adjacent fashion relatively
unaffected. As similarly argued before (Duncan et al., 2003; Finke
et al., 2007), patients with slow visual processing might use a
strategy of serial selection. Consistent with the piecemeal percep-
tion known from patients with simultanagnosia (Paterson and
Zangwill, 1944; Rizzo and Vecera, 2002), such a strategy would
engender the selection of one stimulus after the other. For example,
with adjacent stimuli, adaptive concentration of the available,
reduced processing resources on a given stimulus location at a time
will increase the likelihood of successful encoding, though the
overall time taken for the whole set of stimuli will be increased and
patients will appear to perform slower. Embedded stimuli, too,
might be processed and reported in series, starting with the outer-
or inner-most object and reporting them in a sequential manner,
ordered by stimulus size. When objects are overlapping, as they
typically are in multielement complex daily scenes, according to
biased competition models (Bundesen, 1990; Bundesen et al., 2005;
Desimone and Duncan, 1995), objects would compete for selection
and access to VSTM. Moreover, the amount of processing capacity
that is distributed among objects is limited, and, thus, only those
objects that are processed fastest are selected and stored in VSTM
(Bundesen, 1990). If processing capacity is overall reduced—as in
patients with simultaneous perception deficits—only the most
salient object can be selected; the others, by contrast, will not gain
access to VSTM and will thus not be consciously represented
(Duncan et al., 2003).

One might expect that processing speed would also be related to
performance in the adjacent and embedded conditions, given that
multiple objects must be perceived and categorized across all SPT
conditions. In nonoverlapping conditions, however, the receptive
fields are not shared, as a result of which the neural competition is
not as severe as in the overlapping condition (Bundesen et al., 2005;

Desimone and Duncan, 1995). In our overlapping condition, the
stimulus array contained multiple objects that were superimposed
at the same location, that is, they were segmented into shape parts,
or fragments, with overlapping contours. In this situation, a serial
selection strategy cannot be successful. Due to the concentration of
processing resources on one single location, 2 or more objects that
share the same position will also have to share processing capacity.
Thus, when patients with slowed visual processing are forced (to
attempt) to divide their limited processing resources among mul-
tiple objects, their capacity will be exhausted (Humphreys and
Price, 1994; Riddoch and Humphreys, 2004). Consequently, the
likelihood of making errors or omitting some objects will be high,
because patients cannot muster the resources necessary to reach
the depth of discrimination required for successful (whole-) object
identification. Thus, all but the most salient objects will have only a
low probability of being identified.

The association with visual processing speed C was only
borderline significant with performance in the paired overlapping
condition of the BORB, and not reliable for the Position Discrimi-
nation condition of the VOSP. These results differ from a previous
report of significant correlations in patients with posterior cortical
atrophy (Neitzel et al., 2016). As clinical neuropsychological batte-
ries designed to assess severe symptoms, the BORB and VOSP may
not be sensitive to more subtle deficits in simultaneous object
perception, as displayed by aMCI patients. In the BORB, only pairs of
overlapping objects are presented, while in the SPT aMCI patients
showed a significantly increased error rate only at higher set sizes
in the overlapping condition (see Fig. 2 and Table 2). Thus, the more
complex SPT, with up to 5 overlapping stimuli, yielded a greater
variation of responses, permitting a significant relationship be-
tween simultaneous object perception deficits and reduced pro-
cessing speed to be successfully established in aMCI.

Since the first analyses of patients with simultanagnosia, the
precise underlying cognitive deficit has been a matter of debate. For
example, a “general weakening” of visual traces (Luria, 1959) or
visual representations (Balint, 1909) was suggested to slow even the
perception of single objects, thereby disproportionately affecting
the perception of multiple objects. This view received support from
evidence that single-item processing too is slowed in patients with
simultanagnosia (Friedman and Alexander, 1984; Kinsbourne and
Warrington, 1962; Levine and Calvanio, 1978). Other authors
(Coslett and Saffran, 1991; Friedman-Hill et al., 1995; Pavese et al.,
2002) proposed that a deficit in VSTM storage gives rise to an
inability to bind shape and position properties of more than 1 ob-
ject and, as a result, in storing multiple objects. Accordingly, Rizzo
and Vecera (2002) proposed to take attentional functions and
specifically VSTM into consideration to gain a clearer understand-
ing of simultanagnosia. However, research examining whether
VSTM or processing speed deficits underlie symptoms of simulta-
nagnosia has found that the latter are primarily related to visual
processing speed, rather than to VSTM storage capacity, reductions
(Duncan et al., 2003; Finke et al., 2007; Neitzel et al., 2016).

It is well known that with increasing encoding time, more items
can be encoded into VSTM (Vogel et al., 2006). Thus, appropriate
methodological procedures are required for validly measuring
(individual) VSTM capacity in participants with reduced visual
processing speed. In the TVA-based whole-report paradigm,
exposure durations are adjusted individually so as to ensure that
even participants displaying severely reduced processing speeds
and/or an elevated visual threshold can fill their VSTM store up to
its limit (Bundesen, 1990; Finke et al.,, 2005). Following this
approach (which permits processing speed and storage capacity to
measured independently), we were able to demonstrate that VSTM
storage capacity is actually relatively spared in aMCI patients. For
subsequent stages of the disease—that is, AD dementia—, by
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contrast, previous reports have already documented reduced VSTM
capacity (Bublak et al., 2011; Vecera and Rizzo, 2004).

4.3. Possible neural mechanisms underlying simultaneous object
perception deficits in aMCI

According to the neural TVA, processing capacity is directly
related to the number and activation of cortical neurons that are
devoted to the processing of a visual object, so that (potentially)
important objects are represented by more cells than less impor-
tant ones (Bundesen et al., 2005, 2015). Consequently, any disease
process that hampers neuronal function can reduce processing
capacity.

In the typical aMCI, structural and functional changes of a
frontoparietal network are well documented (Mattsson et al., 2014;
Perry and Hodges, 1999; Sorg et al., 2007, 2012). Frontoparietal
regions, as well as the white-matter tracts connecting them, are
considered relevant for attentional processing (Coull et al., 1996;
Ptak, 2012; Thiebaut de Schotten et al., 2011). Early in the process
of AD, at the aMCl stage, frontal and posterior parietal regions show
hypometabolism even without signs of gray matter atrophy
(Kljajevic et al., 2014) and decreased functional connectivity (Sorg
et al.,, 2007), and amyloid deposition, metabolic changes, and at-
rophy when AD is already established (Buckner et al., 2005).

Another factor that might contribute to reduced processing
speed is the dysfunction of the cholinergic system, like that
occurring in AD (Coyle et al., 1983), as cholinergic neurotransmis-
sion is known to be relevant for fast perceptual processing (Schliebs
and Arendt, 2011). The cholinergic system is assumed to play a
decisive role in the attentional processing of sensory stimuli (e.g.,
Rizzo, et al., 2000) due to its innervation of attention-related (i.e.,
frontal and parietal) areas (Lawrence and Sahakian, 1995). In sum,
the simultaneous object perception deficits that we observed in
patients with aMCI find an explanation in the reduction of visual
processing speed, which, in turn, might be attributable to the neural
changes in a frontoparietal attention network.

4.4. Limitations

Visual crowding due to contour interactions (Hess et al., 2000;
Huurneman et al., 2012) might, conceivably, also explain simulta-
neous object perception deficits in aMCI patients. If so, the deficits
would be indicative of a low-level visual, rather than a higher level
cognitive, limitation. Indeed, in our sample of aMCI patients, the
perceptual threshold t0 was significantly increased (see Table 3).
However, the association between visual processing speed C and
SPT performance remained unaffected even when we controlled for
this low-level factor. Future studies might more systematically vary
contour interactions to examine for possible effects of visual
crowding on simultaneous object perception in aMCI patients.
Further, as deficits in attentional selection parameters have previ-
ously been described in aMCI (Redel et al., 2012), follow-on studies
might also profitably investigate the association between TVA
partial-report and SPT performance. Moreover, further research
would be necessary in order to determine whether visual pro-
cessing speed is a basic mechanism underlying simultaneous object
perception in healthy observers generally.

4.5. Outlook

The findings of significant simultaneous object deficits have
clinical implications and demonstrate the relevance of analyzing
cognitive domains beyond memory in aMCI patients in both clinical
and research settings. Investigating in a longitudinal manner the
neural mechanisms of reduced visual processing speed in aMCI and
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their relation to the spread of AD pathology and brain connectivity
measures could help us better understand when and how these
deficits start to appear.

5. Conclusion

In this study, we report simultaneous object perception deficits
in patients with aMCI and show that these deficits are particularly
severe in patients with reduced visual processing speed. Collec-
tively, our results and those of previous studies allow us to conclude
that visual processing speed reduction is a crucial process that
underlies deficits in simultaneous object perception.
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8. Summary and Discussion

8.1. Correlates of visual processing speed in the human brain:

spontaneous activity during rest

8.1.1. Visual processing speed in association with the spontaneous activity of

the young healthy brain

Using an individual differences approach, we investigated whether visual
processing speed is reflected in the intrinsic functional organization of the human brain.

<

We identified one network for visual processing speed: the “ventral attention” (also
known as “salience” or “cingulo-opercular”) network”. We followed two assumptions: (a)
studying the healthy young brain precludes any aging-related or pathological
(confounding) influence; (b) network(s) where intrinsic functional connectivity (iFC)
differences are observed are relevant for visual processing speed. Based on these
assumptions, we conducted this study in a homogeneous sample of healthy young
participants.

Three aspects of our analysis approach are worth considering before putting our
findings into a theoretical context. First, we performed a voxel-wise analysis of six
different frontoparietal, frontolimbic, and occipital networks estimated using independent
component analysis and that included brain regions relevant for visual attention. We did
not purportedly limit our ‘search space’ a priori, because no previous TVA-based study
had so far directly assessed visual processing speed and iFC. Moreover, evaluating iFC
differences in different intrinsic connectivity networks, instead of focusing on only one,
could also provide us with a specificity measure for our findings. However, given the
resultant multiple comparisons and the increased likelihood of type I, or alpha, errors, we
adjusted the significance thresholds at both the cluster and network levels.

Second, our result was based on a median split—instead of a linear regression—
approach because our sample was demographically homogeneous and, thus, we could not
expect high variance in estimates of both brain and behavior. Although a sample median

is somewhat arbitrarily defined, it was a preferable method in our case because it allows

? From now on, referred to as “ventral attention/cingulo-opercular network”
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an easier interpretation. Our results are based on differences in visual processing speed
relative to other individuals of their age and education group.

The final aspect to consider is that the general linear model was used to find
differences at the brain level. In this model, we included the other three TVA parameters,
also estimated for each participant, education, and sex as covariates. Controlling for these
variables in the statistical parametric mapping would ensure that our iFC results were
exclusively due to group differences in visual processing speed.

The subgroup with relatively higher visual processing speed C estimates showed
lower 1FC within the ventral attention network, particularly in a cluster localized in the
right middle frontal gyrus. No significant differences were found for the five other
networks. The direction of the difference (i.e., lower iFC in higher speed) for the ventral
attention/cingulo-opercular network was somewhat counterintuitive. Therefore, we
explored the possibility that although the iFC within the ventral attention/cingulo-
opercular network was lower, its iFC with other brain networks would be higher. We also
reasoned that the higher iFC of the ventral attention/cingulo-opercular network with other
attention networks could be related to its lower intra-iFC. We found that the iFC of the
ventral attention/cingulo-opercular network was higher with the right frontoparietal
network in the subgroup with higher visual processing speed. No other differences were
found with other networks. Additionally, for the ventral attention/cingulo-opercular
network, its higher iFC with the right frontoparietal network tended to be associated with
its lower intra-network iFC.

Within the field of human cognitive neuroscience, the ventral attention/cingulo-
opercular network has been proposed as a “human task-set system” (Dosenbach,
Visscher, Palmer et al., 2006). This proposal is founded on the finding that dorsal anterior
cingulate cortex, medial superior frontal cortex, and bilateral anterior insula/frontal
operculum show start-cue and sustained activation across different visual and auditory
tasks during fMRI (Dosenbach et al., 2006). More broadly, this network has been
proposed to serve the maintenance of tonic alertness: Positive correlations have been
observed between the BOLD fMRI slow activity and the global field power of
oscillations in the upper alpha band (i.e., 10-12 Hz, an electroencephalographic marker of
vigilance fluctuations) during simultaneous measurement (Sadaghiani, Scheeringa,
Lehongre et al., 2010). Such positive correlations are prominent in the dorsal anterior
cingulate cortex, the right anterior insula, the right anterior prefrontal cortex, the

thalamus, and the basal ganglia (Sadaghiani et al., 2010).
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A full task profile (i.e., within and across tasks) of the ventral attention/cingulo-
opercular network has been characterized in a task-based fMRI study in healthy young
participants (Sestieri, Corbetta, Spadone et al., 2014). This study investigated whether
regions of this network exhibit sustained activity during and across perceptual (i.e.,
attending to environmental stimuli) or memory (i.e., retrieval of relevant episodic
information) search tasks. For both tasks, results showed sustained activity in all
processing stages within each task of the dorsal anterior cingulate /pre-supplementary
cortex and anterior insula/frontal operculum regions (Sestieri et al., 2014). Thus, these
results support a general involvement of the ventral attention/cingulo-opercular network
in sustained attention (i.e., tonic alertness), directed to either external or internal stimuli
(Sestieri et al., 2014).

More recent evidence from task-based fMRI activation studies has confirmed the
role of the ventral attention/cingulo-opercular network in ‘tonic alertness’ and ‘task-set.’
For example, in both visual and auditory tasks, higher BOLD fMRI activity in the anterior
insula/frontal operculum, anterior cingulate cortex, and thalamus was shown to precede
faster correct responses (i.e., trials with high alertness) to unpredictable, un-cued stimuli,
compared to the activity before slower responses (i.e., trials with low alertness) (Coste
and Kleinschmidt 2016). Notably, this evidence is based on reaction times, a traditional
measure of processing speed.

Our inter-network iFC findings point to the coupling between the ventral
attention/cingulo-opercular network and the right frontoparietal network as relevant for
the individual level of visual processing speed. Right hemisphere cortical and subcortical
regions have been implicated in the maintenance of an alert state under unwarned
conditions and during extended time periods (Sturm, de Simone, Krause et al., 1999;
Sturm and Willmes 2001). Evidence from structural connectivity has also shown that the
degree of right-sided lateralization of the inferior fronto-occipital fasciculus is positively
associated with visual processing speed in young subjects (Chechlacz, Gillebert,
Vangkilde et al., 2015). Moreover, both ventral attention/cingulo-opercular network
regions and frontoparietal regions overlapping the right frontoparietal network have been
reported to correlate with increases in pupil size—a physiological index of cortical
arousal (Schneider, Hathway, Leuchs et al., 2016).

A direct relationship between alertness and visual processing speed has been
demonstrated both theoretically (Bundesen, Vangkilde, and Petersen 2015) and
empirically (Finke, Dodds, Bublak et al., 2010; Matthias, Schandry, Duschek et al., 2009;
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Vangkilde, Coull, and Bundesen 2012; Wiegand, Petersen, Finke et al., 2017). A neural
mechanism that could support such relationship is the multiplicative scaling of the firing
rates of the neurons coding a particular category (Vangkilde, Petersen, and Bundesen
2013), or ‘perceptual bias’ (Bundesen, Habekost, and Kyllingsback 2005). Frontal,
parietal, and limbic areas—such as those comprising the networks here shown relevant
for visual processing speed—had been previously proposed as a possible neural source of
perceptual bias (Bundesen et al., 2005).

In sum, we used an individual differences approach in a homogeneous sample of
healthy young participants. This approach allowed us to find a representation of visual
processing speed in the functional organization of the brain. Such ‘representation’
pertains to two features of the ventral attention/cingulo-opercular network’s intrinsic
functional connectivity: its intra-network connectivity and its inter-network connectivity
with the right frontoparietal network. Therefore, our findings support the relevance of the
analysis of spontaneous BOLD fluctuations (e.g., by iFC) for behavior (He, Snyder,
Zempel et al., 2008; De Luca, Beckmann, De Stefano et al., 2006; Kelly, Uddin, Biswal
et al., 2008; Raichle 2015).

8.1.2. Age-related differences in visual processing speed and intrinsic

functional connectivity of the ventral attention/cingulo-opercular network

We analyzed visual processing speed and iFC within the ventral attention/cingulo-
opercular network in a cross-sectional sample of healthy adults from the age of 20 to the
late 70s. After peaking in the early 20s, visual processing speed starts to decrease
(Espeseth, Vangkilde, Petersen et al., 2014; McAvinue, Habekost, Johnson et al., 2012).
In line with this trajectory, in our sample, we also observed a linear reduction of visual
processing speed. Moreover, some regions of the ventral attention/cingulo-opercular
network also followed that linear pattern: anterior and middle cingulate cortex, middle
frontal gyri, bilateral insula, and left cerebellum.

Cross-sectional studies (e.g., Betzel, Byrge, He et al., 2014; He, Qin, Liu et al.,
2014; Meier, Desphande, Vergun et al., 2012; Onoda, Ishihara, and Yamaguchi 2012)
have reported age-related decreases in iFC within the ventral attention/cingulo-opercular
network. Decreases in functional connectivity within this network have also been noted
during task performance (e.g., visuospatial working memory and attentional inhibition or

conflict tasks) (Archer, Lee, Qiu et al., 2016). However, age-related decreases are not
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exclusive of the ventral attention/cingulo-opercular network; the iFC within frontoparietal
control, default mode, visual, and somatomotor networks has also been shown to decrease
over the lifespan (e.g., Andrews-Hanna, Snyder, Vincent et al., 2007; Betzel et al., 2014).
What our results add to the existing knowledge is the specificity of the association
between the decreased iFC within the ventral attention/cingulo-opercular network and the
age-related individual differences in visual processing speed.

Within the ventral attention/cingulo-opercular network, the iFC of the insula was
significantly related to visual processing speed. This relationship was not explained by
individual differences in gender, education, total brain volume, or insular gray matter.
Previous studies have shown a significant correlation of left insular iFC with visuospatial
intelligence in healthy elderly (Onoda et al., 2012), and global cognitive state in healthy
elderly and patients with incipient Alzheimer’s disease (He et al., 2014). Visual
processing speed is frequently acknowledged as a fundamental aspect of cognition,
including fluid intelligence, especially in the elderly (e.g., Deary, Johnson, and Starr
2010). Thus, our results suggest that visual processing speed is a cognitive mechanism
that could explain the previous findings of insular iFC with general neuropsychological
measures.

The wventral attention/cingulo-opercular network’s regions feature interesting
anatomical and morphological characteristics. First, the insula is concealed lobe of the
brain inside the frontal, temporal, and parietal opercula (Figure 1). A series of short U-
shaped white matter tracts connect the frontal operculum—i.e., inferior frontal gyrus pars
opercularis, triangularis, and orbitalis—with the anterior insular cortex, and the sub-
central gyrus (Brodmann area 43) with the posterior insular cortex (Catani, Dell'acqua,
Vergani et al., 2012). In hominoid primates, the insula (as well as the anterior cingulate

3

cortex) contains large spindle-shaped, bipolar neurons in layer 5, the “von Economo
neurons” (Allman, Tetreault, Hakeem et al., 2010; Craig 2009). Functionally, a major role

of the insula on the level of awareness of the subjects has been proposed (Craig 2009).
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Superior frontal gyrus
Middle frontal

short gyri of insula

long gyrus of insula

Temporal lobe

Injcn‘ar}:mtai gyrus

Figure 1. Anatomical localization of the insula in the human brain. (Leff) The insula (inside red square)
is a lobe hidden by the frontal, temporal, and parietal opercula. This is one reason for the name “cingulo-
opercular” network—the first part of the name refers to the anterior cingulate cortex. (Right) Coronal
section of the brain showing the insula between the frontal (green circle) and temporal (blue circle)
opercula. Image on the left modified from Sobotta's Textbook and Atlas of Human Anatomy 1908, Public
Domain, commons.wikimedia.org. Image on the right modified from Henry Gray (1918) Anatomy of the
Human Body, Public Domain, via Wikimedia Commons.

The functional complexity of the insula manifests beyond task involvement—i.e.,
also during resting state. Differential iFC has been revealed for the dorsal (i.e., with the
rostral dorsolateral prefrontal, dorsal anterior cingulate cortex, rostral inferior parietal,
and dorsal striatal regions) and ventral (i.e., pregenual anterior cingulate and orbitofrontal
cortices, ventral striatal regions, and amygdala) insula (Touroutoglou, Hollenbeck,
Dickerson et al., 2012). A tripartite functional parcellation (i.e., anterior dorsal, anterior
ventral, and posterior) has also been reported (Chang, Yarkoni, Khaw et al., 2013): the
anterior dorsal insular cortex shows preferential connectivity with frontoparietal
association cortex, the ventral anterior does with the limbic cortex, and the posterior
insular with somatosensory cortex (Uddin 2015). Evidence from structural connectivity in
humans also supports the existence of neural networks within the insula (e.g., Cloutman,
Binney, Drakesmith et al., 2012). Concerning the rest of the brain, a role in switching
between the central executive network and the default mode network has been shown for
the insula (Sridharan, Levitin, and Menon 2008).

Previous reports have noted a general role for the ventral attention/cingulo-
opercular network in anxiety (e.g., Seeley, Menon, Schatzberg et al., 2007). The anterior

insula, one of the main regions of the ventral attention/cingulo-opercular network, is a
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hub of the human brain (Power, Schlaggar, Lessov-Schlaggar et al., 2013). The
multiplicity of functional systems within the anterior insula could explain why, in our
study, controlling for anxiety did not affect the association between insular iFC and visual
processing speed. Previous studies have shown that the iFC strength between the dorsal
anterior insula and the dorsal anterior cingulate cortex explains more variance in speeded
executive control performance (i.e., Trail Making Test B) than in arousal to negative
pictures. In contrast, the iFC strength between the ventral insula and the pregenual
anterior cingulate cortex shows the opposite pattern (Touroutoglou et al., 2012). Thus, in
line with previous evidence, our control analyses support an independent role of the
insular iFC in visual processing speed.

The iFC of the ventral attention/cingulo-opercular network did not mediate the
association between age and performance in a conventional measure of processing speed
(i.e., the Trail Making Test A, TMT-A). The lack of mediation was explained by that
measure’s high reliance on motor speed (i.e., the task requires drawing lines to connect
circles). Visual processing speed estimates that are derived by TVA-based paradigms are
not affected by age-related motor slowing, as they depend on the accuracy of the report
instead of on reaction time (e.g., Habekost, Petersen, and Vangkilde 2014). Thus, our
results are based on a relatively clean measure of visual processing speed.

A relevant question is whether changes in white matter underlie the decrease in
iFC and, thereby, the visual processing speed reduction that occurs in normal aging.
Previous studies have described a relevant role for white matter integrity in the
relationship between age and visual processing speed. For example, a study on elderly
adults in their early 70s showed that a general white-matter integrity factor (i.e.,
explaining a significant part of the variance in fractional anisotropy of several white-
matter tracts) is associated with a general factor of visual processing speed (Penke,
Munoz Maniega, Murray et al., 2010). However, given the narrow age range of the
participants in that study, the effect of age could not be tested.

Another study in a group of men above 55 years old did find that the integrity of
myelin of late-myelinating regions like the genu of the corpus callosum (in contrast to
those myelinating earlier, like the splenium) significantly mediates visual processing
speed performance (Lu, Lee, Tishler et al., 2013). Although those results suggest an
interesting biological mechanism, they include both motor (i.e., they used the Trail
Making Test) and cognitive (i.e., they used both parts of the TMT, with part B including

an additional executive control factor) confounds. Moreover, they are based on a sample
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of only men. Thus, it remains to be elucidated whether white matter integrity—generally
in the brain or of particular tracts—mediates the relation between (a) age and visual
processing speed, (b) age and iFC, or (¢) iFC and visual processing speed.

In sum, this cross-sectional study in a relatively large sample of healthy adults
allowed us to investigate the relationship between iFC and visual processing speed in
aging. We found a mediator role for the ventral attention/cingulo-opercular network’s iFC
in the relationship between age and visual processing speed. The iFC of the anterior
insula within this network showed a prominent role for visual processing speed that is in
line with previously reported associations with more global cognitive functions. Thus, our
analyses revealed that the decreased iFC within the ventral attention/cingulo-opercular
network is relevant for the age-related differences in visual processing speed among

healthy adults.

8.2. Correlates of visual processing speed in the human behavior:

complex object perception

In the third study of this dissertation, we assessed patients with MCI who are
known to experience memory deficits. Memory deficits are a typical characteristic of
MCI patients who will later develop AD dementia (Albert, DeKosky, Dickson et al.,
2011); hence known as amnestic MCI or aMCI (Petersen 2004; Albert et al., 2011).
Additionally, attentional deficits—such as reductions in visual processing speed—are
found with increasing AD pathological load (Bublak, Redel, Sorg et al., 2011). Therefore,
we focused on aMCI to investigate whether the degree of reduction in visual processing
speed relates to complex visual object perception deficits.

Previous reports on patients with stroke (e.g., Duncan, Bundesen, Olson et al.,
2003), Huntington’s disease (e.g., Finke, Schneider, Redel et al., 2007), and posterior
cortical atrophy (e.g., Neitzel, Ortner, Haupt et al., 2016) have shown that visual
processing speed reduction is significantly associated with simultaneous object perception
deficits. Given the more or less severe reduction in visual processing speed that occurs in
aMCI, similar perceptual deficits could be also observed in these patients. Finding this
type of deficits in aMCIl—a common, slowly progressing form of pathological aging—

could offer a new possibility of measuring the progression of cognitive symptoms and,
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ultimately, of predicting outcomes; hence investigating these deficits poses clinical
relevance.

Compared to healthy elderly participants, patients with aMCI showed, as a group,
a reduction in visual processing speed. Patients with aMCI also showed signs of
simultanagnosia—i.e., an inability to perceive multiple objects at a time. As expected, the
degree of reduction in visual processing speed was associated with the level of
simultaneous object perception deficits. On the one hand, this association was not
explained by individual differences in the global cognitive state or verbal memory
impairment, thus indicating the independence of the reduction in visual processing speed.
On the other hand, simultaneous object perception deficits were not associated with the
visual perceptual threshold or visual short-term memory capacity. The results of this
study, thus, show a memory-independent deficit in aMCI in the simultaneous perception
of objects and the impact of a reduction in visual processing speed that, arguably, could
also be present in healthy aging (Ruiz-Rizzo, Bublak, Redel et al., 2017).

Simultaneous object perception was assessed with unlimited time using an
experimental task at different complexity levels within (i.e., set size) and between (i.e.,
adjacent, embedded, and overlapping shapes) conditions. The use of this task is a notable
strength of our study because the rate of visual processing was tackled, and not the speed
of responding or visual perception, and visual processing speed has been classically
linked more closely to decision accuracy than to decision time (Salthouse 2000). In sum,
the association between performance in this time-unconstrained task and the visual
processing speed estimates obtained from report accuracy in the whole report task
indicates that the TVA-based visual processing speed parameter can validly predict
deficits under unlimited viewing conditions (Ruiz-Rizzo et al., 2017).

The use of different conditions with increasing complexity allowed us to
determine that simultaneous object perception deficits in patients with aMCI are not
readily observed with simple 2-item tasks. Instead, those deficits emerge under the most
complex conditions (i.e., more than three objects presented in an overlapping manner).
Therefore, in our paper, we suggest that simultanecous object perception deficits could
explain the particular sensitivity of complex visual memory tests in revealing memory
deficits in aMCI patients (e.g., Kawas, Corrada, Brookmeyer et al., 2003) (Ruiz-Rizzo et
al., 2017). Moreover, we propose that simultaneous object perception deficits could be the

initial cognitive dementia symptoms (Ruiz-Rizzo et al., 2017), as indicated by the early
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problems in spatial navigation (Laczo, Vlcek, Vyhnalek et al., 2009) or way-finding
(Allison, Fagan, Morris et al., 2016)—which are more clearly seen in daily living.

In sum, in this case-control study, we showed simultaneous object perception
deficits in a sample of patients diagnosed with amnestic mild cognitive impairment due to
Alzheimer’s disease. Revealing these deficits is not trivial and requires a somewhat more
detailed assessment than the non-memory assessment typically done with screening
measures. Moreover, we found that the degree of simultaneous object perception deficits
significantly correlates with the corresponding degree of visual processing speed
reduction. Based on these findings and those of previous studies, we suggest that the
reduction of visual processing speed is a process that could underlie simultaneous object
perception deficits. Finally, we propose that these deficits could signal a closer

approaching to a more explicit AD dementia stage.

8.3. Limitations

The results presented in this Dissertation should be interpreted considering some
limitations not outlined previously in each study. First, the first two studies are based on
brain data obtained from fMRI. The BOLD signal measured with fMRI does not directly
reflect neuronal activity (as explained in more detail in the 4. Introduction, 4.2. The
resting human brain). However, this issue has been discussed in the literature and,
although not yet resolved, there is consistent evidence for the direct correlation between
neural (and neuronal) activity and the BOLD signal response and fluctuations (e.g.,
Attwell and Iadecola 2002; Hall, Howarth, Kurth-Nelson et al., 2016; He et al., 2008;
Logothetis, Pauls, Augath et al., 2001; Mantini, Perrucci, Del Gratta et al., 2007; Matsui,
Murakami, and Ohki 2016; Lu, Zuo, Gu et al., 2007).

A second issue is the cross-sectional design of the second study. It has been
proposed that longitudinal designs (i.e., the study of change in aging individuals) could
allow obtaining “a purer measure of aging effects” in behavior (Sliwinski and Buschke
1999). Although this is true when trajectories are to be studied, longitudinal designs can
result impractical (e.g., require a lifetime study) and be subject to selective attrition and
training effects. Moreover, given that age cannot be manipulated experimentally, the

effects of aging will always be based on correlations (Hedden and Gabrieli 2004).
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Nonetheless, our results cannot be extrapolated to the aging process of an individual and
could show, at least to some extent, cohort effects of our sample.

Finally, our third study lacks brain (imaging) data. In principle, the research
question that motivated this study (i.e., determining the impact of visual processing speed
on simultaneous object perception in aMCI) only required neuropsychological data.
Moreover, the comprehensive neuropsychological and experimental testing demanded
significant time and effort from patients. However, information on brain structure or
function could have allowed us to examine whether the degree of simultaneous object
perception deficits correlates with that of, e.g., gray matter atrophy or iFC of the ventral
attention/cingulo-opercular network. Regardless, our findings invite to the further

exploration of those possibilities, rather than being a limitation of them.

8.4. Future directions

The work presented in this Dissertation opens new questions for future research
(see Box). For example, the ventral attention/cingulo-opercular network has a relatively
high density of the nicotinic cholinergic receptor (Picard, Sadaghiani, Leroy et al., 2013).
Recent evidence has shown an association of a lower density of this receptor (i.e.,
measured by receptor binding of a form of pyridine) in the medial thalamus with lower
performance in the TMT-A in healthy elderly (Sultzer, Melrose, Riskin-Jones et al.,
2017). Moreover, in mice, a muscarinic receptor antagonist has been shown to
significantly reduce visual processing speed in a rodent version of the whole report
paradigm (Fitzpatrick, Caballero-Puntiverio, Gether et al., 2017). Thus, future studies
could examine the association between age-related differences in cholinergic depletion,
iFC of the ventral attention/cingulo-opercular network, and visual processing speed.

Crucial for societal impact, coalescent lines of research should address how
cognitive abilities can be maintained into old age to postpone or prevent pathologies
leading to dementia (Lindenberger 2014; Hertzog, Kramer, Wilson et al., 2008). In this
context, one pertinent question is whether the iFC within the ventral attention/cingulo-
opercular network predicts gains from visual processing speed training in healthy elderly.
Mechanisms of maintenance (i.e., preserved iFC similar to that of younger adults) or
compensation (i.e., reorganization of iFC involving other networks) in the old brain

(Lindenberger 2014) could anticipate the adequacy of such question.
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Box. Pertinent questions for future research derived from the current work

Biological
Does a cholinergic depletion relate to the decreased iFC of the ventral

attention/cingulo-opercular network in healthy aging?

Cognitive
Do iFC age-differences within the ventral attention/cingulo-opercular network (or
its connectivity with other networks) significantly predict the benefits of visual

processing speed training in healthy aging?

Trajectory
Do iFC age-differences within the ventral attention/cingulo-opercular network
occur before or simultaneously with visual processing speed reduction within the

same person?

Clinical
Does decreased iFC within the ventral attention/cingulo-opercular network underlie

the reduction in visual processing speed also in pathological aging (e.g., aMCI)?

Within a healthy group of older adults, there could be individuals who are already
showing biomarker evidence of AD pathology. They would be at a ‘preclinical stage’
(Sperling, Aisen, Beckett et al., 2011). Thus, based on the findings presented here, future
studies could investigate whether the iFC within the ventral attention/cingulo-opercular
network differs between elderly subjects with a stronger suggestion of preclinical AD and
those without it. Moreover, in line with this idea, whether a decreased iFC underlies the

staged decline of visual processing speed also in pathological aging.
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8.5. Conclusion

The critical insights obtained from the work presented in this Dissertation can be
summarized in three points. First, in line with the most influential theories of visual
attention, the results of the first study support a view of visual attention functions that
capitalizes on its multiplicity also at the level of intrinsic connectivity networks. Visual
processing speed, in particular, can be ‘mapped’ onto the ventral attention/cingulo-
opercular network. The functional connectivity within this network and also with the
right frontoparietal network can determine the level of visual processing speed.

The results of the second study indicate that aging (or the mere passing of time) in
itself does not reduce visual processing speed. Instead, the level of intrinsic functional
connectivity of the insula with other medial frontal, cerebellar, and parietal regions
of the ventral attention/cingulo-opercular network appear to contribute
significantly. Neurochemical changes in these areas could further underlie such
contribution.

Finally, the results of the third study add to previous clinical evidence to suggest
that a reduction in visual processing speed underlies deficits in the simultaneous
perception of objects in aMCI patients. These often-overlooked deficits in patients
whose clinically most obvious impairments in screening measures lie in memory speak
for a possible marker of progression into dementia. The study of the intrinsic brain
organization in these patients could help us understand the nature of these attention
deficits.

In conclusion, this work allowed determining a brain correlate of visual
processing speed in the intrinsic functional connectivity of the cingulo-opercular network,
which is affected by normal aging. A behavioral correlate of visual processing speed
was also determined in tasks that resemble daily visual scenes in patients at risk for
Alzheimer’s dementia. Future research should aim at establishing whether the neural
correlate of visual processing speed found in healthy aging also holds for pathological

aging (e.g., in patients at risk for Alzheimer’s dementia).
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