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Abstract
As the brain develops and ages, cognitive abilities (e.g., attention and memory)
undergo significant functional fluctuations. In order to differentiate neuropathology from
natural changes that occur due to development and aging, the goal of our study is to
develop an understanding of changes in cognitive control that occur across the lifespan.
The oculomotor system is an ideal model to probe cognitive function through the
analysis of saccadic eye movements. We used a video-based eye tracker capable of
measuring various saccade metrics on an interleaved pro- and anti-saccade task in
healthy participants 5-85 years of age. The interleaved pro- and anti-saccade task
requires the generation of pro-saccades (automatic eye movements toward a salient
stimulus) and/or anti-saccades (voluntary eye movements away from a salient stimulus)
depending upon a visual colour instruction. Participant head position was stabilized
using a fixed head mount and participants sat in front of a computer screen to conduct
the task. Our results show that individuals between 17 and 29 years of age
outperformed younger and older participants by generating the fastest correct pro(Mean = 146ms to 160ms) and anti-saccades (Mean = 225ms to 232ms). Participants
between 21 and 29 years of age generated the fewest anti-saccade direction errors
(Mean = 13.3%), which occur when an automated pro-saccade is initiated towards the
target. Younger children (5-13 years-old) and older adults (50-85 years-old) had the
slowest anti-saccade reaction times (Mean = 285ms to 339ms and 265ms to 290ms,
respectively). Among younger participants (5-16 years-old), direction error rates
decreased with age (Mean = 60.3% to 29.8%). Taken together, these results
demonstrate strong developmental- and age-related effects in participant performance,
ii

reflecting maturation and deterioration of the nervous system. This study provides
valuable insight into the natural oculomotor changes that take place across the lifespan,
providing a foundation for future comparisons between clinical, preclinical and healthy
populations.
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Chapter 1
General Introduction
Vision is arguably among the most important senses that humans use to
navigate and analyze the world. The human eye is a specialized organ that contains the
retina; a thin layer of tissue that lines the back of the eye and transduces light energy
into neural impulses. Both eyes contain a highly specialized central region known as the
fovea, which provides the highest visual acuity to process information in targeted
locations of visual scenes (Perry and Cohen, 1985). Continuous re-orientation of the
fovea towards salient targets of interest provides the viewer with the ability to distinguish
fine details (e.g., texture) about the target or object (Yarbus, 1967). The human visual
system can also be probed to explore aspects of cognition (i.e., informing the eyes
when and where to look) since there is considerable overlap with the oculomotor
circuitry controlling saccadic eye movements (for review see Munoz and Everling,
2004).
A saccade is a rapid, coordinated movement of both eyes in the same direction.
To collect information about a visual scene, visual motor sequences of saccadic eye
movements contain two phases: fixation, when virtually all visual information within a
scene is processed, and the saccade in between fixations, when minimal visual
information within a scene is processed due to blurring of the image representation
(Wurtz, 2008; Cassin and Solomon, 1990). Through rapid saccade initiation and
termination, the brain generates a unified panorama of the surrounding environment
(Wurtz, 2008; Yarbus, 1967).
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Multiple brain structures are involved in generating saccadic eye movements,
such as the occipital, frontal, and parietal cortices (Desouza et al., 2003; Van der
Stigchel et al., 2013; Ptak and Muri, 2013; Pierrot-Deseilligny et al., 2004), superior
colliculus (SC) (Munoz and Fecteau, 2002; Munoz et al., 2000; Goossens and van
Opstal, 2012), basal ganglia (BG) (Watanabe and Munoz, 2011, 2010, 2009; Hikosaka
et al., 2000), thalamus (Tanaka and Kunimatsu, 2011), cerebellum (Pierrot-Deseilligny
et al., 1991; Voogd et al., 2012; Robinson and Fuchs, 2001), and the brainstem (Cohen
and Komatsuzaki, 1972). These cortical and subcortical regions also sub-serve specific
cognitive functions (i.e., executive functions), implicating an overlap between the neural
circuitry controlling cognition and eye movement behaviours. Therefore, the saccade
circuitry of the brain provides a window through which to investigate complex cognitive
processes, as well as motor processes required for saccade generation. Further,
investigating eye movement characteristics allows us to gain insight into how these
brain structures are influenced by natural changes across the lifespan (i.e.,
development and aging) or by pathological changes associated with various
neurological illnesses (i.e., Parkinson’s disease). The goal of this thesis is to explore
eye movement behaviours in healthy developing and aging participants, providing a
necessary baseline comparison of healthy saccadic eye movement changes across the
lifespan to abnormal changes that occur due to neuropathology.
1.1 Pro-saccade and Anti-saccade Generation
1.1.1 Characteristics and Parameters
A pro-saccade occurs when a saccade is directed towards the peripheral
stimulus, resulting in an automatic, stimulus-directed response (Hess et al., 1946;
2

Munoz and Everling, 2004) (Fig. 1A). Pro-saccades have a high degree of stimulusresponse compatibility (i.e., target stimulus appearing on the left side requires the
initiation of a saccade towards the left) (Fitts and Deininger, 1954). Because of this high
stimulus-response compatibility, pro-saccades are associated with faster saccadic
reaction times (SRT), a metric specifying the time required to initiate a saccade (see
reviews Munoz and Everling, 2004; Luna et al., 2008).
In contrast to pro-saccades, anti-saccades require additional processes:
suppress the automatic response to gaze toward the peripheral stimulus, and a vector
inversion of the stimulus representation into a voluntary motor command to look in the
opposite direction (Hallet, 1978; Munoz and Everling, 2004) (Fig. 1A). Anti-saccades
have a low degree of stimulus-response compatibility (i.e., target stimulus appearing on
the left side requires the initiation of a saccade to the right) (Fitts and Deininger, 1954;
Hallet, 1978; Munoz and Everling, 2004). Anti-saccades typically have longer SRTs
compared to pro-saccades (Peltsch et al., 2011; McDowell et al., 2008; Dyckman et al.,
2007; Brown et al., 2006; Munoz and Everling, 2004; DeSouza et al., 2003; Everling et
al., 1999; Evdokimidis et al., 1996) due to: 1. The low stimulus-response compatibility,
and 2. The additional cognitive demands required to inhibit the prepotent tendency to
look toward a cue and make a voluntary eye movement in the opposite direction (see
reviews Munoz and Everling, 2004; Luna et al., 2008).
The pro- and anti-saccade tasks have been widely used in the literature, with
various task designs (e.g., blocked versus interleaved presentation, number of targets,
fixation timing variations) to probe cognitive function (Peltsch et al., 2014, 2011; Munoz
and Everling, 2004; Luna et al., 2004; Zeligman and Zivotofsky, 2017; Ethridge et al.,
3

2009; Dyckman et al., 2007; Irving et al., 2006; Cherkasova et al., 2002; Munoz et al.,
1998; Hallet, 1978). Our study will use the interleaved pro- and anti-saccade task as this
design is demanding, requiring constant updating of goal-directed behaviours (Zeligman
and Zivotofsky, 2017; Ethridge et al., 2009; Cherkasova et al., 2002). During the
interleaved pro- and anti-saccade task, participants fixate on a central FP and a
peripheral target appears adjacent to the FP. Participants are required to initiate a
saccade toward (pro-saccade) or away (anti-saccade) from the peripheral target based
on the colour cue of the fixation point (Fig. 1A). The interleaved task is demanding,
evidenced through increased SRTs and direction error rates on both pro- and antisaccade tasks (Zeligman and Zivotofsky, 2017; Ethridge et al., 2009; Irving et al., 2009;
Dyckman et al., 2007; Cherkasova et al., 2002), compared to blocked and/or single task
designs. Therefore, we believe that the interleaved pro- and anti-saccade task is an
effective design that can be used to amplify subtle and major cognitive deficits present
in healthy and clinical populations.

4

Figure 1: Schematic of the interleaved pro- and anti-saccade task and saccade parameter marking
criteria. (A) Depiction of the correct eye movements on a pro- and anti-saccade trial as well as the
corresponding central fixation point (FP) colour cue (green: pro-saccade, red: anti-saccade). (B) Time
course of the experimental paradigm and dependent measures. The FP disappeared for 200ms (gap)
before the target stimulus appeared 10° on either the left or right side. Saccadic reaction time (SRT) was
marked as the latency (anticipatory, express or regular) of the first saccade initiated during a trial, and
direction errors were marked if the first saccade was initiated towards the incorrect direction. Corrected
errors were marked when after a direction error occurred; a subsequent secondary saccade was initiated
towards the correct direction.

Impaired performance during the pro- and anti-saccade tasks may indicate which
key oculomotor regions are implicated in healthy changes (i.e., development and aging)
or that are compromised in neuropathology (Fig. 2). There are numerous saccade
parameters that can be used to evaluate saccade performance such as: SRTs, direction
errors, express and anticipatory saccades, saccade amplitude, and micro-saccades.
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SRT is a metric measuring the reaction time to initiate a saccade, either toward
or away from the target stimulus (see reviews Munoz and Everling, 2004; Luna et al.,
2008) (Fig. 1B). In healthy individuals, increased anti-saccade SRTs relative to prosaccade SRTs indicate sustained brain processing (i.e., global suppression of prosaccade response versus stimulus-driven response) because of increased task
difficulty. Among clinical populations, increased SRTs may indicate impaired processing
throughout the oculomotor circuit (i.e., frontal and parietal regions) (Munoz and Everling,
2004; Luna et al., 2008; Hallett, 1978). These increased SRTs are typically observed
among patients with neurodegenerative disease (i.e., Alzheimer’s disease), causing
degradation of the frontal and parietal lobes (Peltsch et al., 2014).
A key parameter used to measure anti-saccade performance is direction errors,
which occur when an initial erroneous pro-saccade is generated toward the target
stimulus, indicating reduced inhibitory control (Hallett, 1978; Munoz and Everling, 2004)
(Fig. 1B). A model proposed by Coe and Munoz (2017) suggests that different saccade
suppression mechanisms occur at separate times in order to prevent anti-saccade
direction errors. The first suppression mechanism is pre-emptive and must occur before
the peripheral target stimulus can propagate a saccade command. If this first form of
suppression fails, express-latency direction errors occur (Coe and Munoz, 2017). The
second suppression mechanism occurs when the voluntary motor command, to look
away from the stimulus (i.e., anti-saccade), must override the automated motor
command to look towards the stimulus (i.e., pro-saccade). If this second form of
suppression fails, regular-latency direction errors occur (Coe and Munoz, 2017). The
initial visual-motor transformation (i.e., visually identifies target location and
6

subsequently generates a saccade) is an involuntary signal since these signals are
activated by the appearance of the peripheral target stimulus. Given that these signals
occur at different times, they require different suppression mechanisms (Coe and
Munoz, 2017). These competing motor commands could explain, in part, the observed
changes in the generation of anti-saccade direction errors across the lifespan (Munoz et
al., 1998). Further, it is expected that direction error rates will increase when inhibitory
control is affected by neuropathology compared to competing motor commands (Coe
and Munoz, 2017). Clinical populations marked by inhibitory control impairments (i.e.,
attention deficit hyperactivity disorder (ADHD)), display direction error rates that are
significantly higher than healthy individuals (Munoz et al., 2003; Castellanos et al.,
2000).
We will also measure the proportion of corrected direction error responses to
evaluate voluntary control over behaviour (Fischer et al., 2000, 1997). It is proposed
that unstable visual fixation leads to increased direction errors, however if there is
strong voluntary control over behaviour, these errors will be corrected (Fischer et al.,
2000). Also, elevated direction error rates may still be a consequence of weaker
voluntary control over behaviour and fewer corrected direction errors may occur
(Fischer et al., 2000).
Express saccades are a key parameter used to measure the integrity of direct
pathways from the retina to the SC and subsequently to the extraocular muscles.
Express saccades are short-latency, stimulus-driven saccades that approach the
minimal afferent and efferent conduction times within the oculomotor circuit (Dorris et
al., 1997; Pare and Munoz, 1996; Fischer and Weber, 1993; Fischer and Ramsperger,
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1984; Fischer and Boch, 1983). Express saccades approach the fastest time for visual
information from the photoreceptors to reach the oculomotor system and to be
translated into a saccade via extraocular muscle moto-neurons (Carpenter, 1981; Dorris
et al., 1997; Pare and Munoz, 1996; Fischer and Weber, 1993). Express saccades are
the fastest visually triggered eye movements that create the first mode in the distribution
of SRTs (SRT = 90-140ms) (Fig. 1B) (Fischer and Ramsperger, 1984; Fischer and
Boch, 1983; Fischer et al., 1997; Dorris et al., 1997; Fischer and Weber, 1993). The
specific timing of the express saccade epoch is dependent upon laboratory conditions
such as the colour, size, and contrast of the target stimulus relative to the background
(Marino et al., 2015; Bell et al., 2006; Carpenter et al., 2004).
Saccade outcomes (i.e., express saccade and direction error rates) have been
shown to change depending on whether there is a gap (i.e., fixation point (FP)
disappears some time prior to target appearance) or overlap (i.e., target appears while
the FP is still present) paradigm presented (Saslow, 1967). During the gap paradigm,
express saccade rates increase compared to the overlap paradigm, indicating a
disengagement of fixation during the gap period (Fischer et al., 1993; Fischer and
Weber, 1993; Dorris and Munoz, 1995; Pare and Munoz, 1996; Dorris et al., 1997).
Munoz et al. (1998) used a brief (200ms) gap period to allow for faster responses to the
peripheral target due to reduced fixation activity within the SC (Dorris and Munoz,
1995). Also, anti-saccade direction errors are shown to increase when a gap condition
is presented compared to the overlap condition, which allows the fixation system to
support the inhibition of reflexive saccades (Fischer et al., 1997). It has been suggested
that children rely more on the protective effect of fixation than mature individuals (Klein
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and Foerster, 2001; Klein et al., 2005; see review Luna et al., 2008). Therefore, we
incorporated a brief gap period (200ms) within the interleaved pro- and anti-saccade
task design (Fig. 1) to evaluate changes in express saccade and direction error rates
across the lifespan.
Anticipatory saccades occur before the express saccade epoch (SRT < 90ms)
and are predictive saccades, occurring before the target location can be processed
within the oculomotor system (i.e., target-related visual guidance does not occur, often
resulting in errors) (Fig. 1B) (Smit and Van Gisbergen, 1989; McDowell et al., 2008).
Among clinical populations, such as Alzheimer’s disease (Peltsch et al., 2014),
Huntington’s disease (Vaca-Palomeres et al., 2017), Parkinson’s disease (Gurvich et
al., 2007), obsessive-compulsive disorder (Spengler et al., 2006), and schizophrenia
(Karoumi et al., 1998), anticipatory saccade rates are elevated compared to healthy
individuals, suggesting impaired inhibitory and voluntary control over behaviour.
Therefore among healthy individuals, elevated anticipatory saccade rates may indicate
reduced inhibition due to unsuccessful execution of task instructions (see review
McDowell et al., 2008).
The main sequence is thought to have a fixed relationship between saccade
amplitude, peak velocity, and duration, ultimately optimizing a speed-accuracy trade-off
(Harris and Wolpert, 2006; Leigh and Zee, 1999). Among healthy individuals, previous
research has shown that peak velocity and duration do not change with age (Pratt et al.,
2006; Kerber et al., 2005; Hamel et al., 2013; Luna et al., 2004; Munoz et al., 1998;
Shafiq-Antonacci et al., 1999; Abrams et al., 1998; Hotson and Steinke, 1988; Warabi et
al., 1986). However, hypometric saccade occurrence is elevated in younger (< 12 years9

old) and older (> 70 years-old) controls (Irving et al., 2006; Dowiasch et al., 2015;
Munoz et al., 1998; Huaman and Sharpe, 1993; Sharpe and Zackon, 1987), as well as
in patients with Parkinson’s disease (Srivastava et al., 2014).
During the interleaved pro- and anti-saccade task, participants are required to
maintain visual fixation on the central FP, however fixation is not completely stable due
to the occurrence of micro-saccades, which are small, fixational eye movements
(Martinez-Conde et al., 2002; Kagan et al., 2008; Ditchburn and Ginsborg, 1953; Ratliff
and Riggs, 1950; Steinman et al., 1973). Micro-saccades have amplitudes smaller than
the diameter of the foveal region, typically (< 2 deg) and assist in correcting eye position
during fixation, preventing perceptual fading (Martinez-Conde et al., 2009; Rolfs, 2009).
Micro-saccades are believed to act as a volitional action preparatory process, possibly
reflecting the state of one’s covert spatial attention (i.e., attention that can change
spatially without any accompanying eye movements) (Watanabe et al., 2013; Brien et
al., 2009; Engbert and Kliegl, 2003; Gowen et al., 2007). Recent studies have shown
that the occurrence of micro-saccades during fixation are linked to the initiation of
macro-saccades (Sinn and Engbert, 2011; Hafred and Krauzlis, 2010; Rolfs, 2007). A
study by Watanabe et al. (2013) found that micro-saccade rates were strongly reduced
before correct anti-saccade trials versus correct pro-saccade trials. These results
suggest that anti-saccade preparation reduces the frequency of micro-saccades,
reflecting the preparation of saccade suppression to prevent anti-saccade direction
errors from occurring (Watanabe et al., 2013). The origin of micro-saccades within the
brain has been under debate, although recent studies have shown that the FEF (Peel et
al., 2016), cerebellum (Amstein et al., 2015), SC (Ghasia and Shaikh, 2015; Hafed and
10

Krauzlis, 2012, 2010; Hafed et al., 2009), lateral geniculate nucleus (LGN), the primary
visual cortex (V1) (Martinez-Conde et al., 2002; Kagan et al., 2008; Ditchburn and
Ginsborg, 1953; Ratliff and Riggs, 1950; Steinman et al., 1973), and brainstem
omnipause neurons (Brien et al., 2009) are all involved in the generation of microsaccades. Unstable visual fixation (i.e. increased micro-saccade rates) has been linked
to Parkinson’s disease and ADHD, disorders associated with BG dysfunction (Shaikh et
al., 2011; Gould et al., 2001; Giedd et al., 2001; Oboso et al., 2000).
Overall, the interleaved pro- and anti-saccade task is demanding, requiring
constant updating of goal-directed behaviours for each trial, ultimately increasing
cognitive demands. The interleaved task design can probe cognitive dysfunction
through various derivable parameters and is a valuable tool for assessing the integrity of
key brain regions within the oculomotor circuit.
1.1.2 The Oculomotor Circuit
Knowledge regarding the exact neural pathways involved in generating saccadic
eye movements is under constant evolution, as novel findings emerge within the areas
of neuroimaging, lesion studies, behavioural testing, and animal neurophysiology.
However, previous studies exploring the brain regions involved in generating and
executing saccadic eye movements have consistently revealed that the V1, lateral
intraparietal area (LIP: in non-human primates; PEF: parietal eye fields in humans),
FEF, supplementary eye fields (SEF), DLPFC, SC, BG, thalamus, cerebellum, and
brainstem are critical components in orienting the eyes toward or away from a target
stimulus (Fig. 2) (see review Munoz and Everling, 2004).
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Visual inputs to the oculomotor system arise from the retino-geniculo-cortical
pathway to V1 and from the retinotectal pathway to the superficial layers of the SC
(SCs) (see review Munoz and Everling, 2004). The LIP/PEF, in the posterior parietal
cortex, is one area at the interface between sensory and motor processing (i.e.,
associating these modalities to form a unified output for directed saccade generation)
(Colby and Goldberg, 1999; Andersen, 1997). The LIP/PEF acts as a saliency map
(Bisley and Goldberg, 2003), which allows the most conspicuous visual object to be
identified by receiving input from different feature maps representing specific qualities
(e.g., colour, shape, movement) of the visual scene (Ittl and Koch, 2001; Fecteau and
Munoz, 2006; Wolfe, 1994). Consequently, these objects in the visual scene are
summed and the object with the greatest sum of activity is initially selected (Ittl and
Koch, 2001; Fecteau and Munoz, 2006; Serences and Yantis, 2006; Bisley and
Goldberg, 2003; Roitman and Shadlen, 2002; Thomas and Pare, 2007). The LIP/PEF
provides visuospatial information to the intermediate layers of the SC (SCi) and has
connections to the frontal oculomotor areas such as the FEF, SEF, and DLPFC (Pare
and Wurtz, 2001; Colby and Goldberg, 1999; Ptak and Muri, 2013; Ferraina et al., 2002;
Schall, 1997).
The FEF play a key role in visual attention and the execution of voluntary-driven
saccades (Van der Stigchel et al., 2012; Wardak et al., 2006; Schall, 2004; PierrotDeseilligny et al., 2003; Gaymard et al., 1999; Dias and Segraves, 1999; Rivaud et al.,
1994). The SEF are important for initiating and performing correct saccade sequences
(Coe et al., 2002; Pierrot-Deseilligny et al., 2003; Amador et al., 2004; Stuphorn et al.,
2000). The DLPFC is involved in attention, planning, spatial working memory, and
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suppressing automatic saccade responses (Ploner et al., 2005; DeSouza et al., 2003;
Pierrot-Deseilligny et al., 2003, 1991; Nyffeler et al., 2007; Gaymard et al., 1998;
Guitton et al., 1985). The LIP/PEF (Pare and Wurtz, 2001) and frontal oculomotor areas
project to the SCi (Everling and Munoz, 2000; Shook et al., 1990; Selemon and
Goldman-Rakic, 1988; Segraves and Goldberg, 1987; Sommer and Wurtz, 2000;
Stanton et al., 1988), which is a critical area in the premotor circuit where cortical and
subcortical signals are received and integrated (Munoz and Fecteau, 2002; Munoz et
al., 2000). The FEF, SEF, and SCi project directly to the premotor circuit within the
paramedian pontine reticular formation (PPRF) of the brainstem, providing the
necessary input to initiate or suppress a saccade (Gandhi and Keller, 1997; Segraves,
1992; Shook et al., 1990). Figure 2 shows a simplified model of the oculomotor circuit
(Coe and Munoz, 2017), highlighting key brain areas involved in generating pro- and
anti-saccades.
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Figure 2: Schematic of the oculomotor circuit through the brain highlighting areas involved in saccadic
eye movements. LGN: lateral geniculate nucleus; LIP: lateral intraparietal area; PEF: parietal eye fields;
FEF: frontal eye fields; SEF: supplementary eye fields; DLPFC: dorsolateral prefrontal cortex; CN:
caudate nucleus; GPe: globus pallidus external segment; STN: subthalamic nucleus; SNr: substantia
nigra pars reticulata; SCi: intermediate layers of the superior colliculus; SCs: superficial layers of the
superior colliculus (modified from Coe and Munoz, 2017).

There are also important excitatory and inhibitory control mechanisms in
subcortical structures within the BG (orange coloured section within Fig. 2) that assist in
guiding voluntary behaviour (Watanabe and Munoz, 2011; Watanabe and Munoz, 2010;
Hikosaka et al., 2006; Hikosaka et al., 2000). Frontal oculomotor areas project to the
caudate nucleus (CN), whereby γ-aminobutyric acid (GABA) neurons in the CN project
directly to the substantia nigra pars reticulata (SNr) via the direct pathway (Hikosaka et
al., 2000; Nakano et al., 2000; Smith et al., 1998). The SNr contains GABA neurons and
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projects to the SCi and nuclei within the thalamus that further project to the frontal
cortex, indicating that the neurons within the SNr are the major oculomotor output
source of the BG (Hikosaka et al., 2000). Cortical inputs to the direct pathway result in
disinhibition of the SC and thalamus because these inputs pass through two inhibitory
synapses (Hikosaka et al., 2000). The direct pathway through the BG enables saccade
initiation because of suppressed tonic activity within the SNr (Hikosaka et al., 2000;
Nakano et al., 2000; Smith et al., 1998). Roughly half of the GABA neurons within the
CN project to the SNr through the direct pathway, however the remaining half project to
the globus pallidus external segment (GPe) through the indirect pathway (Smith et al.,
1998). The GPe contains GABA neurons that project to the subthalamic nucleus (STN),
which sends excitatory glutamatergic projections to neurons within the SNr (Smith et al.,
1998). Cortical inputs to the indirect pathway inhibit the SC and thalamus because
these signals pass through three inhibitory synapses (Hikosaka et al., 2000). The
indirect pathway through the BG facilitates saccade inhibition because of disinhibited
tonic activity within the SNr (Hikosaka et al., 2000; Nakano et al., 2000; Smith et al.,
1998). Lastly, there is a hyperdirect pathway in which regions of the frontal cortex
project to the STN, which then directly projects to the SNr (Nambu et al., 2002). It is
referred to as the hyperdirect pathway because the conduction velocity is faster than the
direct and indirect pathways (Nambu et al., 2002). The hyperdirect pathway through the
BG inhibits areas of the thalamus and cerebral cortex that are related to both the
selected motor program and other competing programs. The direct pathway then
disinhibits the target motor program, resulting in only the selected motor program being
initiated, executed, and terminated at specific timing (Nambu et al., 2002). Overall, the
15

BG is a highly complex, subcortical structure that contains a series of excitatory and
inhibitory projections that fine tune and coordinate voluntary motor activity of saccadic
eye movements (Fig. 2).
Another key brain region involved in saccadic eye movements is the thalamus.
Different nuclei within the thalamus link cortical (FEF, SEF) and subcortical (BG)
regions involved in eye movements (Alexander et al., 1986; Middleton and Strick, 2000).
Specifically, damage to the right thalamus results in hypometric saccades when the
eyes are directed contralateral to the damaged side (Brigell et al., 1984). Another study
by Matsuda et al. (2004) found that healthy participants had increased activation within
the thalamus while completing anti-saccade trials compared to pro-saccade trials,
suggesting the thalamus plays an important role in initiating and inhibiting voluntary eye
movements. Recently, a study by Rivaud-Pechoux et al. (2007) found that patients with
Parkinson’s disease had increased direction errors when trials were interleaved
compared to blocked trials, suggesting that the BG-thalamocortical circuitry could be
involved in task-switching and behavioural flexibility (Tanaka and Kunimatsu, 2011).
Regions within the cerebellum such as the oculomotor vermis and its projection
target, the fastigial nucleus, coordinate saccade motor commands before saccade
initiation (Robinson and Fuchs, 2001; Noda and Fujikado, 1987). Studies have shown
that when the caudal fastigial nucleus is lesioned, saccadic eye movements are
inaccurate, slow, and abnormally variable in amplitude and velocity, resulting in
dysmetric saccades (Robinson et al., 1993; Vilis and Hore, 1981). Likewise, lesions to
the oculomotor vermis result in hypometric and slower saccades (Barash et al., 1999).
Therefore, without the involvement of these cerebellar regions, saccades become
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dysmetric, slow, and lose their normal stereotypy (Robinson and Fuchs, 2001),
illustrating an important role for the cerebellum in the coordination of saccades.
Finally, activity in the PPRF of the brainstem is specifically related to the control
of horizontal saccades. Microsimulation of neurons within the PPRF produces horizontal
saccades (Cohen and Komatsuzaki, 1972), and the velocity of horizontal saccades is
reduced after inactivation of neurons within the rostral PPRF, whereas the velocity to
vertical targets remains unchanged (Sparks et al., 2002). Therefore, the input received
from the FEF, SEF, and SC signalling to initiate or inhibit horizontal eye movements is
dependent on the PPRF (Gandhi and Keller, 1997; Segraves, 1992; Shook et al., 1990).
The brainstem undergoes myelination within the first few years of life (Sano et al.,
2007), therefore, maturation of the horizontal burst neurons within the PPRF become
adult-like by early childhood (4-5 years-old) (Cohen and Henn, 1972; Leigh and Zee,
1999; Munoz et al., 1998; Luna et al., 2004; Hainline et al., 1984). Progressive agerelated changes in the PPRF show minimal changes in horizontal eye movement control
evidenced through unchanged peak velocity and duration of horizontal saccades (Pratt
et al., 2006; Kerber et al., 2005; Hamel et al., 2013; Luna et al., 2004; Munoz et al.,
1998; Shafiq-Antonacci et al., 1999; Abrams et al., 1998; Hotson and Steinke, 1988;
Warabi et al., 1986), indicating that the PPRF is resistant to healthy age-related
deterioration.
Overall, the oculomotor circuitry controlling saccadic eye movements is
substantially complex, requiring coordination between neural networks that are
responsible for initiating, executing, and terminating saccades. The pro- and antisaccade tasks provide an excellent model to probe sensory, motor, and cognitive
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function within various areas of the oculomotor circuit. Although there is considerable
overlap between the brain areas responsible for conducting pro-saccades and antisaccades, the level of neural recruitment occurring within the oculomotor circuit
depends on the type of saccade (i.e. automatic vs. voluntary) initiated and executed.
1.1.3 Oculomotor Circuitry Responsible for Pro- and Anti-saccades
Although the pro- and anti-saccade tasks have similar stimulus conditions,
additional processes are required to successfully complete the anti-saccade task. These
additional processes require additional cognitive demands resulting in increased
recruitment of frontal oculomotor regions, in turn leading to increased SRTs compared
to pro-saccades (Peltsch et al., 2011; Dyckman et al., 2007; Brown et al., 2006;
DeSouza et al., 2003; Everling et al., 1999; Evdokimidis et al., 1996). Execution of antisaccades is thought to rely heavily on the integrity of the FEF, SC, SEF, DLPFC, BG,
and the anterior cingulate cortex (ACC) (see reviews McDowell et al., 2008; Munoz and
Everling, 2004).
Lesioning the FEF results in longer anti-saccade reaction times, suggesting that
the FEF plays a critical role in anti-saccade processing speed (Pierrot-Deseilligny et al.,
2002; Gaymard et al., 1998; Rivaud et al., 1994). However more recently, it has been
suggested that the lateral region of the FEF is involved in executing both pro-saccades
and anti-saccades whereas the medial region is involved to a greater degree for
saccades requiring controlled processing (e.g., anti-saccades) (Simo et al., 2005).
Behavioural flexibility, while performing saccadic eye movement tasks, is attributed to
variations in readiness to initiate a response or perform a specific task, known as the
preparatory set (Hebb, 1972). Multiple human imaging studies have shown that
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preparatory activity within the FEF is greater during anti-saccade trials compared to prosaccade trials (Clementz et al., 2007; Brown et al., 2006; DeSouza et al., 2003;
Connolly et al., 2002; Ford et al., 2005; Manoach et al., 2007; Kimmig et al., 2001). This
increased preparatory activity in the FEF is believed to be the result of increased
inhibitory input in preparation for anti-saccade execution (Manoach et al., 2007; Brown
et al., 2006; DeSouza et al., 2003; Connolly et al., 2002; Ford et al., 2005).
Single-neuron recording studies in monkeys have shown evidence that direct
descending projections from the FEF to the SC carry preparatory set-related activity for
pro- and anti-saccades (Everling and Munoz, 2000: Everling et al., 1998). Previous
research has found that the level and distribution of preparatory activity of build-up
neurons (neurons with higher discharge at the end of the gap period versus fixation
period) in the SC was predictive of whether correct or error responses would occur
(Everling et al., 1998; Dorris et al., 1997). Generation of correct anti-saccades were
associated with a motor burst of build-up neurons within the SC, ipsilateral to the
stimulus, while direction errors were associated with increased motor bursts in the SC,
contralateral to the stimulus (Everling et al., 1998). The exact source of inhibition within
the FEF and SC is unknown; however previous studies have shown that the DLPFC
(Ploner et al., 2005; Pierrot-Deseilligny et al., 2002; Nyffeler et al., 2007; Guitton et al.,
1985), SEF (Coe et al., 2002; Amador et al., 2004; Pierrot-Deseilligny et al., 2003, 2002;
Schlag-Rey et al., 1997), ACC (Ford et al., 2005; Polli et al., 2005; Matsuda et al., 2004;
Gaymard et al., 1998) and BG (Watanabe and Munoz, 2011, 2010, 2009; Hikosaka et
al., 2000) are key areas required for inhibiting automated, pro-saccade responses
during the anti-saccade task.
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Humans with lesions to areas within the DLPFC show an inability to suppress
automatic saccades, resulting in an increase in anti-saccade direction errors (Ploner et
al., 2005; Pierrot-Deseilligny et al., 2003, 2002; Nyffeler et al., 2007; Gaymard et al.,
1998; Guitton et al., 1985). A large proportion of DLPFC neurons that project directly to
the SC and FEF show increased differences in baseline activity during spatial, object,
and association tasks, while gazing at a FP before stimulus presentation (Asaad et al.,
2000). These differences in activity may reflect changes in preparatory set and may
influence the excitability of GABA neurons within the FEF, affecting the descending
projections and in turn, activity of the SC during the preparatory phase of the antisaccade task (Everling et al., 1998; Pouget et al., 2009). Pierrot-Deseilligny et al. (2002)
found that patients with lesions to the DLPFC had an increased percentage of antisaccade direction errors compared to patients with FEF lesions, which had increases in
anti-saccade SRT but not direction errors. Guitton et al. (1985) also found similar results
with increased direction error rates in patients with DLPFC lesions. These results
suggest that inhibition of automatic saccades is under the control of the DLPFC,
whereas the signal triggering the intentionally correct anti-saccade is under control of
the FEF (Pierrot-Deseilligny et al., 2002; Guitton et al., 1985; Gaymard et al., 1999).
Although these studies implicate the DLPFC as a key region for anti-saccade
completion, DLPFC activity may be dependent on the context in which pro- and antisaccades are presented (i.e. blocked vs. interleaved). During blocked trials, Dyckman et
al. (2007) found that human participants exhibited a greater blood-oxygen-level
dependant (BOLD) signal during anti-saccade trials compared to pro-saccade trials.
However, when trials were interleaved, no differential activity in the DLPFC was
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observed, suggesting tonic activity within the DLPFC is due to a lack of preparatory
processing or increased difficulty of the interleaved task design compared to the
blocked design (Dyckman et al., 2007).
Another critical node in the network involved in executing anti-saccades are the
SEF, which are implicated in internally guided saccades (e.g., decision-making), and in
the initiation and execution of correct saccade sequences (Coe et al., 2002; PierrotDeseilligny et al., 2003; Amador et al., 2004; Stuphorn et al., 2000). Multiple studies
have found that activity within the SEF increases during preparation of an anti-saccade,
compared to a pro-saccade (Coe et al., 2002; Amador et al., 2004; Clementz et al.,
2007; Dyckman et al., 2007; Brown et al., 2006; Desouza et al., 2003; Ford et al., 2005;
Schlag-Rey et al., 1997). Consistent with these findings, a competition model proposed
by Coe and Munoz (2017), suggests that during the anti-saccade task, the signal to
execute a voluntary motor command (look away from stimulus) competes with the
automated motor command (look toward stimulus). This model suggests that the SEF
are required to regulate the competing motor commands by biasing the signal-balance
between gaze-holding and gaze-shifting, depending on the task (Coe and Munoz, 2017;
Stuphorn et al., 2010; Massen, 2004). Although the SEF play a key role in motor
command competition and internally-guided saccades, the SEF do not contribute
directly to the initiation of saccades triggered by external cues (Stuphorn et al., 2010;
Coe et al., 2002; Amador et al., 2004; Schiller et al., 1987).
Another brain region that has shown significant activation during the anti-saccade
task is the ACC (Ford et al., 2005; Polli et al., 2005; Brown et al., 2006; Matsuda et al.,
2004; Gaymard et al., 1998). It is proposed that the ACC detects errors as divergences
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between actual (initiate pro-saccade) and desired (inhibit pro-saccade) events (Holroyd
and Coles, 2002; Gehring and Willoughby, 2002). Ford et al. (2005) explored the neural
processes associated with performing the anti-saccade task and found increased
activation within the ACC during the preparatory phase for correct anti-saccade trials,
compared to incorrect trials. However, during the response period, there was increased
activation within the ACC for incorrect anti-saccade trials. These results suggest that the
ACC is involved in error monitoring and motor control during cognitively demanding
tasks, such as the anti-saccade task (Ford et al., 2005; Brown et al., 2006; Polli et al.,
2005; Matsuda et al., 2004; Paus et al., 1992).
Subcortical brain regions such as the BG and thalamus have shown increased
activation during the anti-saccade task (Watanabe and Munoz, 2010; Dyckman et al.,
2007; Brown et al., 2006; Matsuda et al., 2004). The SC receives extensive converging
inputs; therefore the BG and thalamus must refine and relay these inputs to the SC,
resulting in purposeful and accurate saccades (Hikosaka et al., 2000; Watanabe and
Munoz, 2011; Middleton and Strick, 2000; Alexander et al., 1986). An fMRI study
conducted by Matsuda et al. (2004) found that during the anti-saccade task, healthy
controls had increased thalamic activation suggesting that the striatum is a critical area
required for disinhibition of the thalamus (i.e. direct pathway). Other studies have found
similar results with enhanced activity in the thalamus during anti-saccades compared to
pro-saccades (Dyckman et al., 2007; Tu et al., 2006). Tu et al. (2006) compared brain
activation patterns in schizophrenic patients and age-matched controls while performing
the anti-saccade task. They found that schizophrenic patients with anti-saccade
impairments tended to have decreased activation within the thalamus, indicating that
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dysfunction within the fronto-striato-thalamo-cortical pathway in schizophrenia may
reduce inhibitory activity, resulting in higher direction error rates (Tu et al., 2006). The
importance of the BG and thalamus to refine and relay sensory and motor inputs prior to
output to the SC is critical for enhanced voluntary control over eye movements.
Overall, coordination across the oculomotor circuitry necessary to perform
correct pro-saccades and anti-saccades is incredibly complex. Compromised
performance on these tasks may provide valuable clues regarding which brain areas
are affected, depending on how specific saccade metrics change (e.g., SRT). However,
performance impairments on these tasks may not necessarily be due to
neuropathology. Healthy development and aging processes are expected to influence
saccadic eye movements due to either immature or age-related deterioration of key
regions within the oculomotor circuit.
1.2 Cognitive Changes Linked to Healthy Development
The oculomotor circuit (Fig. 2) is an ideal system to probe improvements and
changes to saccadic eye movements linked with developmental-related brain
maturation (Luna et al., 2008). Developmental improvements of cognitive control and
the execution of appropriate behaviours occur rapidly between childhood, adolescence,
and adulthood (Durston and Casey, 2006; Levin et al., 1991). These improvements take
place as widespread brain maturation takes place (i.e., specialization, plasticity,
synaptic pruning, and myelination), ultimately enhancing neural processing and flexible
control over behaviour (Huttenlocher, 1990; Pfefferbaum et al., 1994; Jernigan et al.,
1991). Higher cognitive processes such as memory, executive function, planning, and
attention can be investigated in paediatric and adolescent populations using the pro23

and anti-saccade paradigm, as these tasks are simple to perform with minimal
instruction required (Alahyane et al., 2014; Matsuzawa, 2001; Ross et al., 1993).
Performance on the pro- and anti-saccade tasks is not influenced by varying verbal or
learning strategies, which may lead to inaccurate results on various neuropsychological
tests measuring developmental progression (Luna et al., 2008).
1.2.1 Changes to Visual Fixation across Development
During the pro- and anti-saccade tasks, participants are required to fixate on a
central FP to properly begin the task (Hallett, 1978). The ability to visually fixate on a
target stimulus is typically acquired within the first 6 months of life (von Noorden and
Campos, 2002; Aring et al., 2007). Visual fixation is an active process requiring
sustained attention and inhibiting unwanted saccades (Luna et al., 2008). Therefore,
neurodevelopmental progression must influence fixation stability and control. A recent
study conducted by Stjerna et al. (2015) found that infants with elevated performance
scores, on a visual fixation task, had increased widespread white matter integrity. This
suggests that visual fixation is improved and maintained through extensive branching of
neural networks, potentially representing a developmental milestone for cognition. The
stability and control of fixation has been shown to improve from 4 to 15 years-old (Aring
et al., 2007; Ygge et al., 2005; Paus, 1989).
Further, the rostrolateral pole of the SCi contains neurons that are tonically active
during fixation and these neurons cease firing during the execution of a macro-saccade
(> 2 deg) (Munoz and Wurtz, 1993, Munoz and Wurtz, 1993, 1992). However, visual
fixation is not completely stable due to the occurrence of micro-saccades, a type of
fixational eye movement (< 2 deg). A study by Shaikh and Ghasia (2017) explored
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differences in micro-saccade characteristics in children (5-13 years-old) and adults (2436 years-old). They found that both children and adults had similar frequencies of microsaccades; however, micro-saccades were more conjugate in children compared to
adults. This difference could be due to developmental completion of binocular regulation
of micro-saccades in adulthood or a deficiency in saccadic eye movement control as
age increases (Shaikh and Ghasia, 2017). However, this study is limited since microsaccade rates were compared between groups across a large age gap; therefore,
micro-saccade changes related to developmental progression may have occurred within
this gap (14-23 years-old). Therefore, visual fixation coincides with brain maturation, as
white matter networks develop, from infancy to young adulthood.
1.2.2 Changes to Pro-saccades across Development
Pro-saccade performance is typically measured by SRT and amplitude metrics.
Multiple studies (Irving et al., 2006; Alahyane et al., 2016; Luna et al., 2004; Fukushima
et al., 2000; Klein and Foerster, 2001; Munoz et al., 1998; Fischer et al., 1997) have
shown that correct pro- and anti-saccade SRTs dramatically decrease as age increases
from childhood and adolescence (5-15 years-old) to young adulthood (18-20 years-old).
However, widespread brain maturation undergoes rapid progression within a relatively
short period, sparking debate as to which age(s) correct pro-saccade SRTs become the
fastest. Klein and Foerster. (2001) found that children (6-12 years-old) generated
significantly more express saccades compared to a young adult group (18-26 yearsold), during the pro-saccade task. These findings are consistent with previous research
(Biscaldi et al., 1996; Munoz et al., 1998) and suggest that children have poorer control
over visual fixation. Also, they found that pro-saccade SRTs in children (10-11 year-old)
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did not differ in from the adult group (18-26 years-old), however their SRTs were faster
than younger (6-7 year-old) individuals. These results suggest that stabilization of prosaccade SRT occurs at approximately 11 years of age. In contrast, a study conducted
by Irving et al. (2006) found that mean pro-saccade SRT decreased from 3 to 14 yearsold (439ms to 172ms, respectively), whereby SRT stabilized throughout adulthood until
50 years. These results suggest pro-saccade SRT stabilize at a later age in
adolescence (> 14 years-old), in contrast to the findings from Klein and Foerster (2001)
(> 11 years-old). Luna et al. (2004) found a steep initial improvement in SRT until age
15, followed by stabilization. These results indicate that developmental-related
improvements in pro-saccade SRTs are driven by enhanced neural processing via
continued myelination with age (Klingberg et al., 1999), as SRT stabilization coincides
with region-specific maturation during adolescence (i.e., top-down behavioural control)
(Luna et al., 2008).
Saccade amplitude, relative to a target stimulus, increases throughout childhood
(3-15 years-old), and stabilizes as age increases into young adulthood (~20 years-old)
(Irving et al., 2006; Munoz et al., 1998; Fiorvanti et al., 1995). Typically, infants tend to
execute hypometric saccades (Harris et al., 1993; Regal et al., 1983) and this tendency
decreases until approximately 12 years-old (Munoz et al., 1998). Developmental
improvements in pro-saccade performance occurs relatively early in childhood.
However, the development of voluntary control required for anti-saccade execution is
complex, requiring longer periods for oculomotor brain regions to mature.
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1.2.3 Changes to the Voluntary Control of Anti-saccades across Development
Enhanced oculomotor circuity activation leads to significant improvements during
the anti-saccade task (Alahyane et al., 2014; Bucci and Seassau, 2012; Ordaz et al.,
2011; Velanova et al., 2009, 2008; Luna et al., 2010, 2004; Brown et al., 2006; Durston
and Casey, 2006; Kramer et al., 2005; Munoz et al., 1998; Fischer et al., 1997;
Johnson, 1995). Widespread neural recruitment, during anti-saccade generation, is
necessary to sustain attention and inhibit automated responses. Therefore,
neurodevelopmental improvements likely occur at different rates for pro- and antisaccades due to the progression of frontal lobe maturation (Lee et al., 2013; Asato et
al., 2006; Luna et al., 2004; Munoz et al., 1998). It is important to consider the age at
which anti-saccade performance begins to improve and reach adult-like levels. Klein
and Foerster (2001) found that young adults (18-26 years-old) generated faster correct
anti-saccade SRTs and fewer direction errors compared to children (10-11 years-old).
The authors suggest that anti-saccade performance reaches adult-like levels between
12 and 17 years-old, however they were unable to identify when anti-saccade
performance peaks within this age range since they were not tested (Klein and Foerster,
2001). However, other studies (Fukushima et al., 2000; Bucci and Seassau, 2012) have
found conflicting results.
Fukushima et al. (2000) found that anti-saccade direction error rates gradually
decreased in younger children (~50% increase in error rates by 10-years-old). They
found no differences in error rates between 10 and 12 year-olds, although 12-year-old
children had increased direction error rates compared to the adult group (20-38 yearsold). Similarly, Bucci and Seassau (2012) found that as age increased until 12 years,
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SRT and direction error rates decreased throughout childhood and adolescence on the
anti-saccade task (Bucci and Seassau, 2012). Together, these results suggest that
oculomotor regions responsible for generating anti-saccades are still immature at 12
years of age, continuing to undergo significant maturational changes until young
adulthood (Fukushima et al., 2000; Bucci and Seassau, 2012). However, the
optimization of the functional circuits may not be completed until later in young
adulthood.
Likewise, a study by Irving et al. (2009) conducted an interleaved pro- and antisaccade task in children (5-12 years-old) and adults (20-51 years-old) to measure
developmental-related improvements in saccade performance (Irving et al., 2009). They
found children had increased direction error rates relative to the adult group. Although
children possess adequate working memory capacity to conduct the anti-saccade task,
they may not be capable of maintaining and remembering these instructions throughout
the entire task (Malone and Iacono, 2002). In support of this, Eenshuistra et al. (2007)
found that by increasing working memory demands (i.e. list reading and subsequent
image recollection) before conducting the anti-saccade task, 8-year-old participants’
performance significantly deteriorated compared to older participants (> 9 years-old),
indicating a reduced working memory capacity in younger children (< 8 years-old).
These results indicate that age-related anti-saccade performance differences are
influenced by a reduced working memory capacity, rather than solely due to immature
oculomotor circuitry (Eenshuistra et al., 2007).
Finally, it has been shown that saccade parameters (SRT, direction errors, and
corrected errors) tend to follow dramatic performance improvements across
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development (Klein et al., 2005). These results indicate that improvements on the antisaccade task occur rapidly across relatively small age gaps, signifying the importance of
measuring saccade effects across smaller age bins. Though research has
demonstrated significant anti-saccade improvements during development, activation
patterns within the oculomotor circuit may provide a more holistic view regarding the
optimization of these circuits across development.
To prepare for and consistently generate correct voluntary eye movement
sequences, the fronto-parietal cortical network (i.e., FEF, SEF, DLPFC, PEF) must
initially undergo extensive maturation (Brown et al., 2006; DeSouza et al., 2003; Ford et
al., 2005; Dyckman et al., 2007; Curtis and Connolly, 2008). There is general
agreement that this network is immature during adolescence, resulting in increased
impulsive behaviours and reduced inhibitory control (Geier, 2013; Padmanabhan et al.,
2011; Steinberg, 2008; Huttenlocher and Dabholkar, 1997). Sensory areas, such as V1,
reach adult-like levels of grey matter density early in development (~12 years-old),
whereas regions such as the prefrontal cortex (PFC) require more time to reach adultlike levels (Geier et al., 2013; Huttenlocher and Dabholkar, 1997). Although immature,
this fronto-parietal network is recruited in children and adolescents when generating
correct anti-saccades. Because voluntary control over behaviour improves with age,
functional optimization of this network may reach peak efficiency in fully-developed
adults (Velanova et al., 2009, 2008; Brown et al., 2006). A recent study conducted by
Alahyane et al. (2014) compared brain activation patterns within the fronto-parietal
network during saccade preparation (task instruction via fixation point shape) and
execution (target appearance) in participants between 8 and 25 years-old. They found
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that preparatory activation within the FEF, SEF, and PEF increased from younger
participants (8-17 years-old) to adults (18-25 years-old) during both pro- and antisaccade tasks. Preparatory activation within the ACC increased with age but only during
the anti-saccade task. Execution-related activation of this network only appeared to
change in the ACC, and in fact ACC activation decreased with age (Alahyane et al.,
2014). These findings indicate that preparatory activity within the fronto-parietal network
increases across the developmental period (8-17 years-old), suggesting that
developmental-related improvements are due to enhanced preparatory processing
related to task instruction, rather than task execution (Alahyane et al., 2014). Also,
increased ACC activation in children may suggest that the ACC provides a
supplementary signal or compensatory mechanism (i.e., for immature preparation and
task difficulty) to execute a correct anti-saccade (Alahyane et al., 2014).
Likewise, Velanova et al. (2008) found that the dorsal ACC in particular, showed
increased and extended activation during error trials (relative to correct trials) in adults
(18-27 years-old) compared to younger (8-17 years-old) participants. Improvements in
error regulation due to increased activation of the dorsal ACC are therefore believed to
underlie developmental-related performance enhancements (i.e., inhibitory control)
during the anti-saccade task (Velanova et al., 2008). These results, in addition to those
found by Alahyane et al. (2014), suggest that at approximately 18 years of age,
supplemental brain regions are increasingly engaged within the fronto-parietal network
compared to children and adolescents, who tend to increasingly rely on recruiting
regions within the PFC (Brown et al., 2006; Booth et al., 2003; Durston et al., 2002;
Casey et al., 1997).
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Ordaz et al. (2011) explored whether increased preparation time prior to
generating an anti-saccade influences performance in children (8-12 years-old),
adolescents (13-17 years-old), and adults (18-31 years-old). Regardless of age,
increased preparation time (2000-6000ms) enhanced anti-saccade performance
compared to less preparation time (500ms). However, even with increased preparation
times, children and adolescents were still unable to achieve adult-like performance
(e.g., reduced direction errors). This suggests that engaging appropriate oculomotor
areas is not simply time-dependent, but rather due to absences in cortical maturation
and optimization, consequently reducing preparatory activity within immature areas.
A recent magnetoencephalography study by Hwang et al. (2016) found that
adolescents (14-16 years-old) performing the anti-saccade task displayed weaker and
inconsistent neural oscillations within the FEF compared to adults (20-30 years-old).
There was also less coupling between the DLPFC and FEF that was evident in
adolescents, indicating reduced inter-regional coordination and increased inhibitoryrelated errors. The authors conclude that the development of inhibitory control, from
adolescence to adulthood, is associated with strengthened frontal cortex connectivity
and functional optimization of the FEF, while suppressing irrelevant automated
responses (Hwang et al., 2016).
Finally, research has pointed to a role for the DLPFC in suppressing irrelevant,
automatic saccades during anti-saccade execution (Ploner et al., 2005; PierrotDeseilligny et al., 2002, 1991; Nyffeler et al., 2007; Gaymard et al., 1998; Guitton et al.,
1985). Children and adolescents (5-17 years-old) are able to perform correct antisaccades, albeit inconsistently, indicating the DLPFC circuitry is capable of functioning
31

in a mature manner early in life (Alahyane et al., 2014; Ordaz et al., 2011; Klein and
Foerster, 2001; Fukushima et al., 2000; Munoz et al., 1998). DLPFC and ACC regions
show extensive activation during the preparatory phase of the anti-saccade task
compared to the pro-saccade task (Brown et al., 2006), and are thought to provide topdown executive control by biasing cortical circuitry to initiate a voluntary motor
command instead of an automated motor command (Milham et al., 2003; Badre and
Wagner, 2004; Brown et al., 2006). However, Alahyane et al. (2014) found no changes
in DLPFC activation patterns across age groups (8-25 years-old) during anti-saccade
preparation or generation, suggesting that the DLPFC may play a general role in
maintaining task instructions based upon updating goal-directed behaviours each trial.
Furthermore, these results indicate that developmental improvements in inhibitory
control may largely be a result of improving the ability to successfully pre-set goaldirected brain circuits (e.g., frontal cortex and BG) (Alahyane et al., 2014).
Overall, it is apparent that anti-saccade performance and inhibitory control
undergo significant improvements across development. Understanding which saccade
parameters undergo improvements across development (e.g., faster correct SRTs and
fewer direction errors) is informative to differentiate natural development from
neuropathology. Developmental improvements in the anti-saccade task are likely
associated with coordinated increases or decreases in activation of oculomotor circuitry
and functional optimization of these regions (i.e., fronto-parietal cortical network).
Healthy developmental progression typically results in: strengthened frontal connections
between cortical and subcortical regions, increased recruitment of supplementary
fronto-parietal regions, and improved preparatory processes associated with task
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instruction. In contrast during the natural aging process, regions within the oculomotor
circuit may experience structural and functional degradation, leading to poorer control
over saccadic eye movements.
1.3 Cognitive Changes Linked to Healthy Aging
Aging is commonly associated with changes in cognitive function, which can
either represent typical, healthy aging, or abnormal neuropathology (e.g., Alzheimer’s
disease) (Pa et al., 2014). The oculomotor circuit is an effective system to study natural
cognitive decline associated with healthy aging. This natural decline results in several
structural changes such as: reductions in frontal cortical and total brain volume (Scahill
et al., 2003), widespread neuronal cell death (Dixon et al., 2004; Kolb and Wishaw,
1998), reduced dendritic synapses (Barnes, 2003), decreased available dopamine
(Backman et al., 2010), and significant reductions in white matter within the frontal lobe
(Liu et al., 2017; Bartzokis et al., 2003; Tullberg et al., 2004; Peters, 2006).
Consequently, these structural changes result in fewer available resources (e.g.,
processing speed intercellular communication) to draw upon to match cognitive
demands among elderly individuals (Dixon et al., 2004). Ultimately, these changes have
negative impacts on cognition including deficits in memory processes, executive
function, and attentional processes (Dixon et al., 2004). Therefore, it is critical to
differentiate natural cognitive decline caused by healthy aging from neuropathology
(e.g., Alzheimer’s disease). Cognitive decline associated with aging occurs at a
relatively steady pace over a prolonged period of time (Klein et al., 2005).
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1.3.1 Changes to Visual Fixation across Aging
As mentioned above, visual fixation is an active process that requires sustained
attention and inhibition of unwanted saccades (Munoz and Wurtz, 1993; Luna et al.,
2008; Munoz and Everling, 2004). One study conducted by Herishanu and Sharpe
(1981) found that when participants were required to maintain fixation on a central FP,
fixation breaks increased in an elderly group (65-79 years-old) compared to a younger
group (20-52 years-old), suggesting fixation stability decreases with age. However, a
recent study by Abadi and Gowen (2004), requiring participants to fixate on a central
FP, did not find a correlation between the frequency of fixation breaks and age. Given
the disagreement between results, and the fact that the laboratory environment and task
conditions can influence fixation stability (Marino et al., 2015; Bell et al., 2006), it may
be more informative to investigate how micro-saccades are affected by the aging
process since these saccades reflect spatial attention and preparatory processes
(Watanabe et al., 2013; Brien et al., 2009; Engbert and Kliegl, 2003; Gowen et al.,
2007).
A study by Port et al. (2016) found that micro-saccade frequency exhibited a
small steady increase as age increased (4-66 years-old) on a visual search task.
However, increases in micro-saccade frequency may be explained by increased macrosaccade generation, in order to search a given visual scene (Sinn and Engbert, 2011;
Hafred and Krauzlis, 2010; Rolfs, 2007). Also, Kapoula et al. (2014) compared
differences in micro-saccade rates across patients with Alzheimer’s disease (60-83
years-old) and mild cognitive impairment (59-91 years-old), to healthy age-matched
controls (60-93 years-old), during a fixation task. They found that micro-saccades were
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prevalently more oblique in the patient groups compared to controls, indicating a
potential biomarker of dysfunction among these clinical populations. However, this study
did not evaluate differences in micro-saccade dynamics among the healthy controls as
age increased and used a small age range for comparison (Kapoula et al., 2014).
Therefore, further research is needed to evaluate changes in micro-saccade rates and
dynamics across healthy aging (21-85 years-old).
Areas within the oculomotor circuit involved in micro-saccade generation (i.e.,
FEF, SC, cerebellum, LGN, V1) are expected to functionally decline due to age-related
structural deterioration within the oculomotor circuit (Scahill et al., 2003; Barnes, 2003;
Liu et al., 2017; Bartzokis et al., 2003; Tullberg et al., 2004; Peters, 2006), leading to
increased micro-saccade rates and unstable visual fixation (Peel et al., 2016; Amstein
et al., 2015; Ghasia and Shaikh, 2015; Hafed and Krauzlis, 2012, 2010; Hafed et al.,
2009; Martinez-Conde et al., 2002; Kagan et al., 2008; Ditchburn and Ginsborg, 1953;
Ratliff and Riggs, 1950; Steinman et al., 1973).
1.3.2 Changes to Pro-saccades across Aging
Generally, previous research has shown that aging marginally influences the
oculomotor circuitry responsible for generating pro-saccades (Peltsch et al., 2011;
Kaneko et al., 2004; Klein et al., 2000; Munoz et al., 1998; Pratt et al., 2006; Kerber et
al., 2006; Klein et al., 2005). A study by Kaneko et al. (2004) found that pro-saccade
SRTs were slower in an older (67-74 years-old) group compared to a younger (21-35
years-old) group. Similarly, a recent study by Peltsch et al. (2011) explored aging
effects in healthy elderly participants (60-85 years-old) during blocked trials of the proand anti-saccade task. They found that participants between 60 and 64 years-old had
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faster SRTs during the pro-saccade task compared to older participants between 80
and 85 years-old (Peltsch et al., 2011). Other studies (Pratt et al., 2006; Eenshuistra et
al., 2004; Munoz et al., 1998) have shown a similar broad consensus that aging
minimally influences pro-saccade SRTs, suggesting that healthy aging has subtle
influences on pro-saccade performance. However, studies using specific age subsets
(Peltsch et al., 2011; Kaneko et al., 2004) provide significant limitations in relation to the
effects that aging has on automated processes. To assess longitudinal effects of aging
on pro-saccade SRTs, Kerber et al. (2006) conducted a study consisting of 9-yearly
oculomotor tests in elderly patients (> 75 years-old) and found that as age increased,
SRT increased. These results highlight the subtle negative influence that aging has on
pro-saccade SRTs, suggesting automatic processes are resilient to aging-effects.
In addition to SRTs, Klein et al. (2000) also found that younger adults (20-35
years-old) generated more express and anticipatory saccades compared to older
participants (59-88 years-old). They also found a greater frequency of express and
anticipatory saccades under the gap condition compared to the overlap condition. The
discrepancy of express saccade rates between the gap and overlap conditions may
reflect a disengagement of attention (Fischer and Weber, 1997) or fixation release
(Reuter-Lorenz et al., 1991) during the gap condition, resulting in increased express
saccade rates. Similarly, Munoz et al. (1998) found that express saccade generation
decreased among participants older than 40 years of age, with significantly more
express saccades generated during the gap condition. Together, these results support
the disengagement and fixation-release hypotheses (Fischer and Weber, 1997; ReuterLorenz et al., 1991).
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Lastly, studies examining aging effects on saccade amplitude have shown
reduced accuracy and increased hypometric saccades rates with aging (Dowiasch et
al., 2015; Irving et al., 2006; Sharpe and Zackon, 1987; Huaman and Sharpe, 1993),
while other studies have shown no age-related differences (Yang and Kapoula, 2008;
Munoz et al., 1998; Hamel et al., 2013; Olincy et al., 1997; Moschner and Baloh, 1994;
Shafiq-Antonacci et al., 1999). Conflicting findings regarding saccade amplitude could
be a result of different task instructions, as well as different eccentricities between the
target stimulus and the FP. Further research is required to explore healthy, age-related
changes to saccade amplitude.
1.3.3 Changes to the Voluntary Control of Anti-saccades across Aging
Anti-saccade performance can provide a powerful tool to assess age-related
cognitive decline, and impaired anti-saccade task performance is associated with age
increases among elderly individuals (Pa et al., 2014; Mirsky et al., 2011; Peltsch et al.,
2011; Raemaekers et al., 2006; Crawford et al., 2005; Klein et al., 2005; Eenshuistra et
al., 2004; Butler et al., 1999; Munoz et al., 1998; Olincy et al., 1997; Fischer et al., 1997;
see review Chen and Machado, 2016). Aging coincides with frontal lobe deterioration,
leading to deficiencies in voluntary control over behaviour (Sweeney et al., 2001).
Therefore, anti-saccade performance is sensitive to aging, providing an indicator of
frontal lobe changes occurring across different ages (Chen and Machado, 2016). Klein
et al. (2005) found that aging effects on anti-saccade performance (i.e., SRT, direction
errors, and corrected direction errors) represent a linear trend of performance decline,
beginning as early as 26-29 years in healthy participants. They suggest that these age-
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related effects are homogenous across multiple anti-saccade parameters, indicating a
consistent decline in voluntary control and inhibitory capacity (Klein et al. (2005).
A recent study by Peltsch et al. (2011) found that during the blocked pro- and
anti-saccade task, significant age-related increases in correct mean anti-saccade SRT
(+110ms) and direction error rates (+11%) from the youngest (60 years-old) to oldest
(85 years-old) participants. Compared to their results showing minimal age-related
changes in pro-saccade performance, aging significantly influenced anti-saccade
performance. This age-related discrepancy between tasks suggests that brain regions
involved in generating pro-saccades and anti-saccade degrade at different rates during
aging (Peltsch et al., 2011). Also, Wang et al. (2013) measured blocked and interleaved
pro- and anti-saccade task performances across younger (20-27 years-old) and older
(54-77 years-old) adults. They found slower anti-saccade SRTs and increased direction
error rates in the older adult group across both task conditions (Wang et al., 2013).
Similar results have been found when measuring anti-saccade performance across a
larger age range as well (5-79 years-old) (Munoz et al., 1998). These results suggest
that inhibitory control initially begins to decline around 30 years of age and as age
increases, this decline begins to progress more rapidly (Wang et al., 2013).
Moreover, a study by Crawford et al. (2005) explored differences in anti-saccade
performance between older participants diagnosed with mild dementia (Mean age =
77.8 years-old), age-matched elderly controls (Mean age = 75.2 years-old), and
younger controls (Mean age = 23.8 years-old). They found that participants with mild
dementia exhibited 30% more direction errors compared to age-matched controls, who
themselves exhibited 30% more direction errors compared to the younger controls
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(Crawford et al., 2005). These findings suggest that both inhibitory control and working
memory capacity significantly decline with age, due to healthy aging or neuropathology.
To successfully conduct the anti-saccade task, participants require appropriate
task instructions and information. Therefore, task instructions must be remembered
across trials, activating working memory during task execution (Baddeley, 1986;
Eenshuistra et al., 2004). Eenshuistra et al. (2004) tested young (18-24 years-old) and
older (61-75 years-old) participants on the anti-saccade task across two conditions: the
control condition, and a working memory, updating condition (image recall during
stimulus presentation). They found that the working memory condition increased antisaccade SRTs and direction error rates in the older group, whereas there were no agerelated differences in these parameters during the control task (Eenshuistra et al.,
2004). Therefore, inhibitory control may stabilize with age however, elderly participants’
performance tended to rapidly decline once working memory capacity was overloaded.
Overall on the anti-saccade task, increased SRTs and direction error rates tend to
coincide with aging. It is critical to understand the oculomotor circuitry that degrades,
due to healthy aging, and how region-specific degradation is associated with impaired
anti-saccade generation.
A study by Alichniewicz et al. (2013) explored changes in brain activation
patterns in older (Mean age = 58.8 years-old) and younger (Mean age = 24.6 years-old)
participants while completing blocked pro- and anti-saccade trials. They found that
young adults exhibited increased anti-saccade SRTs and direction error rates, while
associating these metrics with reduced activity within the parietal-oculomotor area (i.e.,
PEF). Further decreases in parietal activation as age increases may signify reduced
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functional connectivity between the frontal and parietal lobes, negatively impacting
performance on the anti-saccade task (Alichniewicz et al., 2013). The timing of antisaccade performance changes indicate that the frontal oculomotor areas involved in the
volitional control of saccades are sensitive to aging (Van der Stigchel et al., 2012;
Schall, 2004; Pierrot-Deseilligny et al., 2003; Miller and Cohen, 2001; Munoz et al.,
1998; see reviews Chen and Machado, 2016; Cameron et al., 2015).
Frontal lobe deterioration also directly impacts other executive function domains
such as working memory, inhibitory control, and behavioural flexibility, leading to
impaired control over anti-saccades (Hedden and Gabrieli, 2004; Munoz and Everling,
2004). Specifically, the PFC is important in the execution of anti-saccades, however, the
PFC deteriorates at a faster rate with aging compared to other frontal regions,
influencing performance (Cabeza and Dennis, 2012; Hedden and Gabrieli, 2004).
Because of the complexity of the oculomotor circuitry guiding voluntary behaviour, it is
expected that areas responsible for inhibition, preparation, and execution are also
increasingly impaired with age. A study conducted by Mirsky et al. (2011) investigated
how performance on the anti-saccade task correlated to measures of frontal lobe
volume among healthy elderly participants (Mean age = 67.1 years-old). They found
that the percentage of correct anti-saccade responses were associated with increased
frontal grey matter volume, specifically in the right-SEF and left-inferior frontal junction.
Therefore, the anti-saccade task is sensitive to these subtle structural changes within
the frontal lobe, signifying a potential biomarker of future cognitive decline when age
increases (Mirsky et al., 2011). Moreover, a study by Boxer et al. (2006) found that grey
matter volume loss within the right lateral FEF was associated with reduced correct anti40

saccade responses in patients with pathological frontal lobe neurodegeneration (AD or
frontotemporal lobar degeneration). Pa et al. (2014) found similar results with FEF
hypoactivity associated with impaired anti-saccade performance (Pa et al., 2014). They
also found that hub integrity of the right-DLPFC and right-ACC was associated with
better anti-saccade performance, suggesting that these regions are involved in guiding
inhibitory control and may serve as compensatory regions that maintain anti-saccade
performance across aging (Pa et al., 2014).
Because aging coincides with deterioration of key regions within the oculomotor
circuit (Alichniewicz et al., 2013; Mirsky et al., 2011; Boxer et al., 2006; Pa et al., 2014;
Sweeney et al., 2001), for healthy individuals to still maintain the ability to perform the
anti-saccade task, compensatory mechanisms may be present. Compensatory
mechanisms act to enhance activity of supplemental brain regions to maintain
successful anti-saccade execution, circumventing age-related changes occurring within
the oculomotor circuit (Heuninckx et al., 2008; Cabeza and Dennis, 2012). Langenecker
et al. (2004) found that older adults (Mean age = 71 years-old) had increased activation
within the prefrontal cortical regions (i.e., inferior frontal gyrus), while performing the
Stroop task (measuring inhibitory control), compared to younger adults (Mean age = 26
years-old). These experiments did not specifically examine compensatory activity in
relation to anti-saccade control; therefore Raemaekers et al. (2006) conducted an fMRI
study across young (18-30 years-old), mid-adult (30-55 years-old) and elderly (55-72
years-old) participants exploring activation patterns during the pro- and anti-saccade
tasks. They found an age-related shift in activity from the posterior (i.e., intraparietal
sulcus) regions to frontal (i.e., FEF, SEF) and subcortical (i.e., striatum) regions once
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participants reached mid-adulthood, but there were no age-related changes in antisaccade task performance. Also, elderly participants had a global reduction in BOLD
activity within the visual and oculomotor systems, suggesting that compensatory activity
within the aging brain can regress due to inefficient vasculature (i.e., reduced elasticity
and compliance of blood vessels) (Raemaekers et al., 2006; D’Esposito et al., 2003).
Age-related functional changes to the frontal-parietal network may be caused by
compromised vasculature and therefore, reductions in cerebral blood flow (CBF) to
frontal regions may play a significant role in reducing volitional eye movement control
(Aanerud et al., 2012; Raemaekers et al., 2006). A study by Aanerud et al. (2012) found
that as age increased, CBF decreased throughout the cerebral cortex, especially within
the PFC. Therefore, if there is a prolonged reduction in CBF and oxygenated
hemoglobin to energy-demanding regions during aging, gradual functional deterioration
of these vulnerable regions may occur, especially in sensitive frontal regions (Cabeza
and Dennis, 2012; Raz et al., 2016).
Overall, age-related changes to the fronto-parietal network are accompanied by
structural and functional deterioration of the frontal and parietal lobes, as well as
compromised vasculature within highly susceptible oculomotor regions. Thus, these
aging effects studied in healthy participants may account for impaired anti-saccade
performance, reiterating the importance of the frontal-parietal network within the
oculomotor circuit.
1.4 Thesis Objectives and Hypothesis
The ultimate goal of this thesis is to explore saccade characteristics across the
lifespan to establish a normative database distinguishing typical developmental- and
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age-related changes in saccade performance. It is important to understand these
natural changes caused by healthy development and aging in order to compare these
changes with those occurring within clinical populations (e.g., Alzheimer’s disease).
Previous literature has primarily investigated saccade characteristics in healthy
participants across smaller age ranges (Alahyane et al., 2014; Peltsch et al., 2011;
Irving et al., 2009) and/or while measuring saccade performance using the blocked proand anti-saccade condition (Velanova et al., 2008; Klein and Foerster, 2001; Munoz et
al., 1998). We will use the interleaved pro- and anti-saccade task. The interleaved task
is demanding (Zeligman and Zivotofsky, 2017; Ethridge et al., 2009; Cherkasova et al.,
2002), requiring participants to constantly reset their preparatory set as to whether they
will initiate a saccade away from or towards the stimulus. The interleaved design is
effective to explore cognitive changes across development and aging because
participants must constantly update their goal-directed behaviour between voluntary and
automated processes. We will use a video-based eye tracker capable of measuring
saccade parameters of interest (i.e., SRTs, anticipatory and express saccades, direction
errors, corrected errors, saccade amplitude, micro-saccades).
Hypotheses I. General anti-saccade performance: We hypothesize that antisaccade performance among younger participants (5-20 years-old) will significantly
improve with age, evidenced by faster SRTs, fewer direction error rates, and increased
corrected error rates (Alahyane et al., 2014; Irving et al., 2009; Klein and Foerster,
2001; Eenshuistra et al., 2007; Fukushima et al., 2000). We also expect that as age
increases (> 30 years-old), anti-saccade SRTs will increase, direction error rates will
increase, and corrected direction error rates will decrease due to age-related
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deterioration of the frontal oculomotor regions (Peltsch et al., 2011; Mirsky et al., 2011;
Boxer et al., 2006; Munoz et al., 1998). Furthermore, we hypothesize that expresslatency direction errors will decrease as age increases among younger subjects (5-20
years-old) due to the development of frontal regions, evidenced by faster latencies for
the voluntary motor processes to override the automated processes (Coe and Munoz,
2017). We also expect that the proportion of corrected direction errors will increase due
to age-related improvements (5-20 years-old) and will decrease across aging (> 30
years-old) due to reduced voluntary control (Fischer et al., 2000).
We hypothesize that the latency for the voluntary motor command to override the
automated motor command, during the anti-saccade task, will decrease as age
increases among younger participants (5-20 years-old) and subsequently will increase
as age increases in older participants (> 30 years-old) (Coe and Munoz, 2017; Milham
et al., 2003; Badre and Wagner, 2004; Brown et al., 2006).
Hypotheses II. General pro-saccade performance: We hypothesize that prosaccade SRTs will decrease as age increases among younger participants (< 10 yearsold) (Irving et al., 2006; Luna et al., 2004; Klein and Foerster, 2001; Munoz et al., 1998)
and that SRTs will increase with age among older participants (> 60 years-old) (Peltsch
et al., 2011; Kerber et al., 2006; Kaneko et al., 2004; Munoz et al., 1998).
We hypothesize that younger participants (< 16 years-old) will generate
increased express saccade and micro-saccade rates during the pro-saccade task due
to reduced inhibitory capacity and control over visual fixation (Aring et al., 2007; Ygge et
al., 2005; Klein and Foerster, 2001; Biscaldi et al., 1996). Also, we hypothesize that
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express saccade rates will decrease with age (> 40 years-old) (Munoz et al., 1998; Klein
et al., 2000) due to slower processing speeds within the oculomotor circuit, evidenced
by reduced pro-saccade SRTs with age (Peltsch et al., 2011; Kerber et al., 2006;
Kaneko et al., 2004; Munoz et al., 1998).
We hypothesize that there will be increased hypometric saccades among the
youngest (< 12 years-old) and oldest participants (> 70 years-old) (Irving et al., 2006;
Dowiasch et al., 2015; Munoz et al., 1998; Sharpe and Zackon, 1987).
Hypotheses III. General saccade performance across both tasks: We
hypothesize that anticipatory saccade rates will decrease due to age-related
improvements in younger participants (5-20 years-old) and will increase across aging (>
30 years-old) due to reduced inhibitory control (Smit and Van Gisbergen, 1989).
Further, we expect micro-saccade rates to be reduced during the anti-saccade
trials compared to the pro-saccade trials, reflecting the preparation of saccade
suppression and increased inhibition (Watanabe et al., 2013). We hypothesize that due
to reduced fixation stability, micro-saccade rates will decrease due to age-related
improvements in younger participants (5-20 years-old) (Aring et al., 2007; Ygge et al.,
2005; Paus, 1989) and will subsequently increase due to age-related decline among
older participants (> 30 years-old) (Port et al., 2016). Previous studies have only
explored micro-saccade changes across large age gaps (Shaikh and Ghasia, 2017) and
within clinical populations (Kapoula et al., 2014), with a lack of research showing microsaccade changes in healthy populations. Therefore, we will evaluate potential changes
in micro-saccade rates across the lifespan, during developmental and aging periods.
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Chapter 2
Materials and Methods
2.1 Participants
All experimental procedures were reviewed and approved by the Queen’s
University Human Research Ethics Board. Three hundred and seven participants
between 5 and 85 years-old were recruited through local newspaper advertisements
(Table 1). Participants completed experimental testing in the Centre for Neuroscience
Studies Eye Tracking Lab at Hotel Dieu Hospital in Kingston, Ontario, Canada.
Participants were naïve concerning the objectives of the experimental tasks and
provided informed consent for their participation in the study. Parents provided informed
consent for minors (< 18 years-old). All participants were compensated $20.00 per
recording session. All participants reported no previous history of neurological or
psychiatric conditions and had normal or corrected to normal vision to accurately
conduct the task. Participants that had vision complications were excluded from
conducting the experiment. Participants were permitted to wear prescription lenses
during the recording sessions.
Participants were pooled into one of 13 bins based upon age, with smaller age
bins among younger participants to evaluate rapid developmental changes that occur at
these ages. Table 1 provides the range of ages in each bin, the number of male and
female participants, and the average MoCA score of each bin (if applicable).
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Table 1: Demographic information for age distribution and Montreal Cognitive Assessment
(MoCA) score.
Age range
(years)
5-7
8-9
10-11
12-13
14-16
17-20
21-29
30-39
40-49
50-59
60-69
70-75
76-85
Total

Mean Age
(± SD)
6.9±0.8
9.0±0.7
10.8±0.7
13.3±0.6
15.3±1.2
19.7±1.2
23.4±2.6
34.8±3.3
44.9±2.8
54.9±3.3
64.9±3.1
72.7±1.7
79.8±1.7

Number of
Participants
14
15
12
21
21
20
53
19
23
33
39
14
9

Female

Male

6
6
7
11
14
12
28
14
17
18
29
10
4

8
9
5
10
7
8
25
5
6
15
10
4
5

293

176

117

Mean MoCA
Score (n)
N/A
N/A
N/A
N/A
N/A
29.0 (3)
28.5 (14)
28.8 (14)
28.8 (33)
28.2 (31)
28.5 (31)
27.4 (13)
27.2 (9)

Participants were excluded if they scored less than 26/30 on the Montreal
Cognitive Assessment (See section 2.2.2 below). 14 participants did not meet this cutoff requirement and were excluded from all analyses (Table 2). Therefore, a total of two
hundred and ninety three participants were included in the final analyses. One
participant (63 years-old) was also excluded from the anticipatory analyses (Fig. 10A-B)
due to generating more than 50% anticipatory saccades during the pro-saccade trials
and being a significant outlier (> 3 SD) relative to the 60-69 year-old group.

47

Table 2: Participants that did not meet the MoCA test requirement (scored < 26) were
excluded from all analyses.
Participant Age
(yrs)
35
45
55
55
56
57
59
61
64
71
72
70
76
85

Gender
(M/F)
F
F
M
M
M
F
F
F
F
F
F
F
M
M

MoCA Score
(n)
24
24
25
23
25
23
23
23
25
22
23
25
18
23

2.2 Montreal Cognitive Assessment (MoCA)
The Montreal Cognitive Assessment (MoCA) was used to screen for cognitive
function. The MoCA is a 30-point screening test designed to measure the following
domains: visuospatial/executive function (trail making test, 1 point; 3-dimensional cube
copy, 1 point; clock drawing, 3 points), language (naming animals, 3 points; repetition of
short sentences, 2 points; phoneme fluency, 1 point), attention (forward and backward
repetition of digits, 2 points; target detection, 1 point; serial subtraction, 3 points), verbal
abstraction (word similarity, 2 points), episodic memory (five-word delayed recall, 5
points), and orientation (date and location, 6 points). Participants score 0 to 30 points
with higher scores indicating better overall cognitive functioning. We administered the
original English version of the MoCA, version 7.1, to participants aged 18-years and
older before testing took place.
For participants younger than 18 years of age, we administered a medical history
questionnaire to the participants’ parental guardian. If participants had previously been
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diagnosed with a neurological or psychiatric disorder, or were prescribed medication
(e.g., anticonvulsants, Ritalin), they were deemed ineligible and were excluded from the
study.
2.3 Recording and Apparatus
Eye position was recorded using the EyeLink 1000 Version 5.1, (SR Research
Ltd., Mississauga, ON, Canada), a table-mounted eye-tracking device. Monocular eye
movements based on the right eye were recorded at a sampling rate of 1000 Hz,
although two participants required the left eye to be tracked due to significantly
improved pupil detection and corneal reflection quality. Stimuli were presented on an
adjustable 17-inch LCD monitor at a screen resolution of 1280x1024 pixels with a 60 Hz
refresh rate. The monitor, infrared illuminator and camera were located 60 cm from the
eyes. All participants were situated in a mounted chin rest, stabilizing the head and
limiting movement during each trial. The EyeLink 1000 averages eye position accuracy
between 0.25° and 0.50°. First, eye position was calibrated using nine target points
presented on the screen (one in the centre and eight in the periphery). Each target point
appeared on the screen until the participant maintained fixation on each point. After
initial calibration, a second calibration took place to confirm that the average drift
between eye fixation and target point was < 1°. Calibration accuracy flagged by the
EyeLink system to be of a good level was a prerequisite before each task began.
Recalibration was performed after 5 blocks of free viewing video clips were completed.
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2.4 Interleaved Pro- and Anti-saccade Task
The interleaved pro- and anti-saccade task (Fig. 1A) consisted of two 10-minute
testing blocks with a total of 240 trials (120 trials per block). Participants were given a
break every 40 trials. Each trial began when a central fixation point (FP) appeared on
the screen. After the FP was illuminated for 1000ms, the FP disappeared for 200ms and
a peripheral target stimulus appeared 10° to either the left or right of the FP. The gap
condition (gap = 200ms) was employed (Fig. 1A). If the FP was green, it indicated a prosaccade trial and participants were required to look at the peripheral target once it
appeared. If the FP was red, it indicated an anti-saccade trial and participants were
required to look away in the opposite direction of the peripheral target once it appeared.
At the end of the trial, participants were instructed to return to the centre of the screen to
start the next trial. Peripheral target location (left or right) and FP colour (green or red)
were equally and randomly interleaved within each block of trials. Participants were
either provided with 20 practice trials before testing or until they were able to repeat the
instructions of the task to the experimenter prior to data collection. Participants
completed a total of 120 pro-saccade trials and 120 anti-saccade trials.
2.5 Dynamic Free Viewing Task
The dynamic free viewing task was administered to all participants after the
interleaved pro- and anti-saccade task was completed. The free viewing task consisted
of ten 1-minute block videos, with variable 5-second video clips, varying in semantic
content (landscapes, animation, sports, nature, indoor, and wild animals). All clips were
presented at a refresh rate of 60 Hz and were played in random order. Participants were
instructed to simply sit and watch the video clips before the task began, ensuring a
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natural viewing experience. Participants were given a break after each 1 minute block
concluded and a FP appeared in the centre of the display to initiate the subsequent
block.
2.6 Data Analysis
Each trial and eye movement was categorized by an auto marking script written
in MatLab (Version R2015b; MathWorks Inc., Natick, MA, USA). Marking of saccade
parameters followed specific latency and directional criteria (Fig. 1B). Eye position was
digitized from start to end of each trial. Fixation duration was defined as the average
duration (ms) of all fixations in the trial. The onset and termination of saccades were
determined when saccade velocity increased or decreased, respectively, beyond a
30°/sec threshold criteria. Amplitude was computed for all correct pro-saccade trials.
SRT was defined as the time from target appearance to the first saccade away from
fixation (eye velocity > 30°/sec). Trials were scored as correct if the first saccade after
stimulus appearance was in the correct direction (towards stimulus during pro-saccade
trials; away from stimulus during anti-saccade trials). Direction errors were scored when
the first saccade was initiated towards the incorrect direction after target appearance
(e.g., saccade towards the stimulus during an anti-saccade trial). Saccades with SRTs
between 90ms and 140ms were classified as express saccades (Fischer and
Ramsperger, 1984; Fischer and Boch, 1983). SRTs longer than express saccades were
considered regular-latency saccades (SRT > 140ms). Saccades with SRTs faster than
express saccades (SRT < 90ms) were categorized as anticipatory (Smit and Van
Gisbergen, 1989). For all correct pro-saccades with latencies between 90 and 1000ms,
we computed the mean amplitude of the first saccade following target appearance. For
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micro-saccades, we only analyzed correct pro- and anti-saccade trials. We computed
micro-saccades during and after the disappearance of the central FP (-700 to 0ms), to
prevent saccades from the previous trial from interfering with fixation stability (-1000ms
to -800ms). We only included micro-saccades with amplitudes between 0.5° and 1.5°
due to average micro-saccade amplitudes typically occurring around 1° (Peel et al.,
2016; Watanabe et al., 2014; Watanabe et al., 2013; Martinez-Conde et al., 2009, 2002;
Rolfs, 2009; Kagan et al., 2008; Rolfs et al., 2006). Cumulative micro-saccade
distributions were computed by applying a causal window (Dayan and Abbott, 2001),
which produced an optimized estimate of the micro-saccade rate variation as a function
of time. Trials with blinks or eye position deviation of > 2° from the central FP during
fixation (1000ms) were classified as blink trials or fixations breaks, respectively, and
were excluded from analyses.
For each participant, correct median SRT was computed for pro- and antisaccade trials with latencies from 90ms to 1000ms. We also calculated the percentage
of: anticipatory saccades (SRT < 90ms), correct express saccades (SRT = 90-140ms),
regular latency saccades (SRT > 140ms), direction errors, and corrected direction errors
(secondary saccade subsequently initiated toward the correct direction after initiating a
direction error) (Fig. 1B). We also computed the anti-effect (anti-saccade SRT – prosaccade SRT). For all correct pro-saccades with latencies between 90 and 1000ms, we
computed the mean amplitude of the first saccade following target appearance. Prosaccade amplitudes were calculated based on the assumption that the participant’s final
eye position was aimed directly at the target. Participants were not provided with any
feedback regarding the accuracy of their anti-saccades; therefore there was
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considerable variability in the amplitude of these saccades between all participants
(hypo and hypermetric saccades). As a result, only correct pro-saccade trials were used
to compute amplitude. To determine the micro-saccade rates per trial, we computed
micro-saccades with amplitudes between 0.5° and 1.5° and that occurred during and
after the disappearance of the central FP (-700 to -200ms and -200 to 0ms,
respectively). To compute the average number of micro-saccades per trial, we divided
each individual participant’s total number of micro-saccades by the number of correct
pro- and anti-saccade trials (SRTs = 90-1000ms) they completed, to compute the
average number of micro-saccades.
Kruskal-Wallis rank-sum, linear regression, and paired t-tests were run in
GraphPad Prism 7.03 with one independent variable: age group. Dependent variables
were saccade parameters of interest (e.g., SRT, direction errors). Significant
interactions at this level were followed up by pairwise comparisons using Dunn’s
multiple comparison tests for ranked sums (post hoc). Micro-saccade and SRT
cumulative distributions were created in MatLab, while all group mean, individual mean,
and regression plots were created in GraphPad Prism.
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Chapter 3
Results
Saccade characteristics were analyzed separately for each participant. Figure 3
(A-C) shows eye position traces recorded from three representative participants (7, 22,
and 85 years-old), performing anti-saccade trials. The traces reveal that participant
performance varied with increased errors and longer SRTs for the 7 year-old (Fig. 3A)
and an 85 year-old (Fig. 3C), compared to a typical 22 year-old (Fig. 3B).

Figure 3: Individual eye traces for representative (A) 7 year-old, (B) 22 year-old, and (C) 85 year-old
participants performing the anti-saccade task. The grey shaded box represents the express latency epoch
(90-140ms). Solid lines indicate correct anti-saccades, dashed lines represent direction errors, and dotted
lines represent anticipatory saccades.
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3.1 Saccadic Reaction Time (SRT)
Participant age influenced the SRT distributions. Figures 4A-B and 5A-B show
the distribution of SRTs in the pro- and anti-saccade tasks, respectively, across the 13
age groups (See Table 1). We separated developmental (5-20 yrs) and aging (30-85
yrs) periods and compared each time period to the 21-29 year-old group because
participants between 21 and 29 years-old had the fastest correct SRTs (Figs. 4A-B, 5AB). We expected to find significant main effects of task, on the parameters measured in
this study (e.g., SRT, direction errors), due to the increased cognitive demands that the
anti-saccade task requires, compared to the pro-saccade task (Hallet, 1978; Munoz and
Everling, 2004). Throughout development, correct pro-saccade SRTs decreased as age
increased from 5 to 29 years-old (Fig. 4A). Correct pro-saccade SRTs increased as age
increased beyond 30 years-old (Fig. 4B). The grey shaded boxes in Figures 4A-B and
5A-B represent the range of express saccades (fastest visually-guided saccades) for all
age groups. The proportion of correct express saccade responses marginally increased
as age increased from 5-20 years-old (Fig. 4A) and steadily decreased as age
increased from 21-85 years-old (Fig. 4B).
The proportion of responses for the anti-saccade task revealed that throughout
development, correct anti-saccade SRTs and error responses decreased dramatically
as age increased from 5-29 years-old (Fig. 5A). Correct anti-saccade SRTs increased
as age increased beyond 30 years of age, while the proportion of error responses also
increased with age (Fig. 5B). Specifically, most error responses during the anti-saccade
task (i.e., erroneous pro-saccade towards the target) were triggered during the express
saccade epoch (90-140ms) after target appearance (Figs 5A-B). Younger participants
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between 5 and 20 years-old generated a higher proportion of express latency errors
compared to participants aged 21 to 29 years of age (Figs. 5A-B).

Figure 4: Cumulative SRT distribution of group responses during the pro-saccade task from 0-400ms
across (A) development and (B) aging. Each distribution depicts the cumulative proportion of correct and
error responses at a given reaction time. The grey shaded boxes represent the range of express
saccades (90-140ms). Responses depicted above the zero line are correct and responses depicted
below are errors. To generate the curves, SRTs were binned into 10ms epochs.
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Figure 5: Cumulative SRT distribution of group responses during the anti-saccade task from 0-400ms
across (A) development and (B) aging. Each distribution depicts the cumulative proportion of correct and
error responses at a given reaction time. The grey shaded boxes represent the range of express
saccades (90-140ms). Responses depicted above the zero line are correct and responses depicted
below are errors. To generate the curves, SRTs were binned into 10ms epochs.

To demonstrate the rate at which the voluntary anti-saccade command overrides
the automated pro-saccade command (Coe and Munoz, 2017), we subtracted all the
correct SRTs from error SRTs across the anti-saccade cumulative distributions (Figs.
5A-B). From this subtraction, we computed anti-saccade difference curves across
development (Fig. 6A) and aging (Fig. 6B) and computed a windowed average to create
the curves. The vertical lines denote the point where the voluntary anti-saccade
command is able to override the automated motor command (Coe and Munoz, 2017).
Faster latencies for the voluntary anti-saccade command indicate more efficient
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processing through the voluntary system, preventing automated errors during the antisaccade task (Coe and Munoz, 2017). Throughout development, the efficiency of
voluntary processes to override automated processes dramatically improved as age
increased between the 5-7 year-old (330ms) and 17-20 year-old (160ms) groups (Fig.
6A). The efficiency of voluntary processes to override automated processes steadily
declined as age increased between the 17-20 year-old (160ms) and 76-85 year-old
(230ms) groups (Figs. 6A-B).
Figures 6C and 6D show the distribution of individual-participant and group mean
latencies for the anti-saccade command to override the pro-saccade command, during
the anti-saccade task (from Figs. 6A and 6B). To evaluate group mean differences, we
only included participants that generated 10 or more correct anti-saccade responses (11
participants did not meet this criterion and were excluded from this analysis). A nonparametric Kruskal-Wallis test demonstrated that latencies for the anti-saccade
command to override the pro-saccade command significantly differed across the 13 age
groups [H(12)=73.83, p<0.0001]. Latencies were significantly faster among the 17-20
year-old (Mean = 173ms) and 21-29 year-old (Mean = 180ms) groups compared to
younger (5-7 and 8-9 yrs; Mean = 271ms and 234ms, respectively) and older (50-85
yrs; Mean = 208ms to 231ms) participants.
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Figure 6: Anti-saccade difference curves (correct SRT - error SRT) from 0-400ms across (A)
development and (B) aging. Each distribution contains a vertical line representing the point at which the
voluntary motor command overrides the automated motor command. All responses are correct (1.5 SD)
to the right of the line and errors to the left of the line. (C) Group mean latencies (ms) for the anti-saccade
command to override the pro-saccade command. Eleven participants (Aged 5, 7, 7, 7, 8, 9, 10, 14, 14,
68, and 74 yrs) generated less than 10 correct anti-saccade responses and were excluded from this
analysis. (D) Individual participant latencies are fitted to a fifth degree polynomial.
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Participant age significantly influenced median SRT. Figures 7A and 7B show the
distribution of group mean of median SRTs and individual-participant median SRTs as
a function of age in the pro- and anti-saccade tasks. A non-parametric Kruskal-Wallis
test verified that median SRT significantly differed across the 13 age groups for both
pro-saccades [H(12)=51.15, p<0.0001] and anti-saccades [H(12)=73.10, p<0.0001]. We
compared all age groups to the 17-20 year-old and 21-29 year-old groups because
these groups generated the fastest correct pro- and anti-saccade SRTs (Figs. 4A, 5A).
Post hoc analysis revealed that pro-saccade SRTs were significantly slower in the 6069 year-old group (Mean = 192ms) compared to younger participants between 17 and
29 years-old (Mean = 146ms to 160ms). Furthermore, participants between 50-59
years-old (Mean = 186ms) had significantly slower pro-saccade SRTs compared to the
17 and 20 year-old (Mean = 146ms) group (Fig. 7A-B). Anti-saccade SRTs were
significantly faster among participants between 17 and 29 years-old (Mean = 225ms to
232ms) compared to younger participants between 5 and 9 years-old (Mean = 285ms to
339ms) and older participants between 50 and 75 years-old (Mean = 265ms to 290ms).
A linear regression across development (5-29 yrs) revealed a significant decrease in
anti-saccade SRT (-4.06ms/year) as age increased (Fig. 7C). During this age-related
improvement, the rates at which correct median SRTs decreased significantly differed
between tasks (F(1, 308) = 25.38, p < 0.0001), indicating that anti-saccade SRTs
decreased at a faster rate as age increased (Fig. 7C). A linear regression across older
participants (21-85 yrs) revealed significant increases in both pro-saccade
(+0.62ms/year) and anti-saccade (+0.95ms/year) SRTs as age increased (Fig. 7D).
Among older participants, the rates at which correct median SRTs change were not
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significantly different between tasks (F(1, 376) = 2.87, p > 0.05), indicating that both
pro- and anti-saccade SRTs increased at similar rates as age increased (Fig. 7D).

Figure 7: (A) Group means of median correct SRTs (ms). (B) Individual participant median SRTs are
fitted to a fifth degree polynomial. Linear regressions for individual median correct SRTs during
2
2
development across the (C) pro-saccade (R =0.0126, p > 0.05) and anti-saccade (R =0.2488, p <
0.0001) tasks. Linear regressions for individual median correct SRTs during aging across the (D) pro2
2
saccade (R =0.1005, p < 0.0001) and anti-saccade (R =0.1893 p < 0.0001) tasks.

The anti-effect (correct median anti SRT – correct median pro SRT) was
computed to determine the differences between correct pro- and anti-saccade SRTs
across different ages (Fig. 8A-B). The anti-effect significantly differed across the age
groups [H(12)=46.90, p<0.0001]. We compared all age groups to the 30-39 year-old
and 40 to 49 year-old age groups because these groups had the lowest anti-effect (Fig.
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8A). Post hoc analysis revealed the anti-effect was significantly higher in the youngest
participants between the 5-7 and 8-9 year-old (Mean = 155ms and 123ms, respectively)
groups compared to older participants between 30 and 49 years-old (Mean = 70ms).
The anti-effect was the highest among the youngest (5-7 yrs and 8-9 yrs) participants
(Fig. 8A-B).

Figure 8: The anti-effect (correct median anti SRT – correct median pros SRT) plotted across (A) Group
means and (B) Individual participant means are fitted to a fifth degree polynomial.

3.2 Anticipatory Saccades
Anticipatory saccades (SRT < 90ms) were generated in all age groups in the proand anti-saccade tasks (Figs. 9A-B, 10A-B). Analysis of the proportion of anticipatory
saccades during the pro-saccade task (Figs. 9A-B) revealed that participants between
30 and 49 years-old generated the fewest anticipatory saccades compared to younger
and older participants. Similarly, the proportion of anticipatory saccades during the antisaccade task (Figs. 10A-B) revealed that participants between 30 and 49 years-old
generated the fewest anticipatory saccades compared to younger and older
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participants. Anticipatory saccade rates increased as the time until target appearance
increased.

Figure 9: Cumulative SRT distribution of anticipatory saccade responses during the pro-saccade task
from -200-100ms across (A) development and (B) aging. Each distribution depicts the cumulative
proportion of anticipatory saccades at a given reaction time. To generate the curves, SRTs were binned
into 10ms epochs.
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Figure 10: Cumulative SRT distribution of anticipatory saccade responses during the anti-saccade task
from -200-100ms across (A) development and (B) aging. Each distribution depicts the cumulative
proportion of anticipatory saccades at a given reaction time. To generate the curves, SRTs were binned
into 10ms epochs.

A paired samples t-test revealed that on average, participants generated more
anticipatory saccades during the pro-saccade task (Mean = 7.58, SE = 0.48) compared
to the anti-saccade task (Mean = 5.21, SE = 0.37). This difference, 2.37, CI [1.65, 3.09],
was significant t(292) = 2.35, p < 0.001. A Kruskal-Wallis test demonstrated that group
mean anticipatory saccade rates were different across age groups for the pro-saccade
task [H(12)=27.49, p<0.01] and anti-saccade tasks [H(12)=49.43, p<0.0001] (Figs. 11AB). We compared all age groups to the 30-39 year-old group because this group
generated the fewest anticipatory saccades during the pro-saccade task (Fig. 11A).
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Post hoc analysis revealed that anticipatory saccade rates, during the pro-saccade task,
were significantly lower in participants between 30 and 39 years-old (Mean = 3.8%)
compared to younger participants between 12 and 13 years-old (Mean = 12.1%).
Further, we compared all age groups to the 40-49 year-old group because this
group generated the fewest anticipatory saccades during the anti-saccade task (Fig.
11A). Post hoc analysis revealed that anticipatory saccade rates, during the antisaccade task, were significantly lower among participants between 40 and 49 years-old
(Mean = 2.5%) compared to younger participants between 8 and 13 years-old (Mean =
8.0% to 9.7%).

Figure 11: (A) Group percentages of anticipatory saccades during the pro-saccade (blue) and antisaccade (red) tasks (SRT < 90ms). (B) Individual participant anticipatory saccade rates (%) fitted to a
third degree polynomial. One participant (60 yrs) was classified as an outlier (+3 SD) and was excluded
from this analysis (> 50% of participants trials were anticipatory).

3.3 Express Saccades
Correct express saccades (SRT = 90-140ms) were generated in all age groups in
the pro-saccade task and were virtually not generated during the anti-saccade task
(Mean = 1.2%); therefore our analyses only investigated correct express saccades for
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the pro-saccade task (Figs. 12A-B). A Kruskal-Wallis test demonstrated that groupmean express saccade rates were different across age groups during the pro-saccade
task [H(12)=48.37, p<0.0001]. We compared all age groups to the 17-20 year-old group
because this group generated the most express saccades (Fig. 12A). Post hoc analysis
revealed that participants between 17 and 20 years-old generated significantly more
express saccades (Mean = 44.8%) compared to older participants between 50 and 85
years of age (Mean = 15.0% to 22.5%) (Figs. 12A-B).

Figure 12: (A) Group percentage of express saccades during the pro-saccade task (SRT: 90-140ms). (B)
Individual participant express saccade rates (%) are fitted to a fifth degree polynomial.

3.4 Direction Errors
Anti-saccade direction errors changed as a function of participant age, resulting
in an asymmetric “U” shaped distribution across all age groups (Fig. 13A-B). A KruskalWallis test demonstrated that group-mean direction error rates were different across
age groups during the anti-saccade task [H(12)=115.10, p<0.0001]. We compared all
age groups to the 21-29 year-old group because this group generated the fewest antisaccade direction errors (Fig. 13A). Post hoc analysis revealed that anti-saccade
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direction error rates were significantly lower in the 21-29 year-old group (Mean = 13.3%)
compared to younger participants between 5 and 16 years-old (Mean = 60.3% to
29.8%) and the oldest participants between 76 and 85 years-old (Mean = 33.3%). A
linear regression across the younger participants (5-29 yrs) revealed significant
decreases in anti-saccade direction error rates (-2.59%/year) as age increased (Fig.
13C). A linear regression across the older participants (21-85 yrs) revealed significant
increases in anti-saccade direction error rates (+0.27%/year) as age increased (Fig.
13D).

Figure 13: (A) Group percentage of direction error rates during the anti-saccade task (SRT: 90-1000ms).
(B) Individual participant direction error rates (%) fitted to a fifth degree polynomial. Linear regressions for
2
individual participant’s direction error rates across (C) development (R =0.4847, p < 0.0001) and (D)
2
aging (R =0.1108, p< 0.0001).
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Pro-saccade direction errors only marginally increased within older participants
(> 40 years-old) (Figs. 14A-B). A Kruskal-Wallis test demonstrated that group-mean
direction error rates were not different across age groups during the pro-saccade task
[H(12)=19.32, p=0.081]. However, pro-saccade direction error rates were the lowest in
the 17-20 year-old group (Mean = 1.9%) and increased with age until the 76-85 year-old
group (Mean = 6.6%). Overall, the aging process negatively affected both pro- and antisaccade task performances, resulting in higher frequencies of direction errors in all ages
relative to 21-29 year-old participants. The developmental process only improved antisaccade performance via decreased direction error rates as age increased, whereas
there were no changes to pro-saccade direction error rates across the younger
participants.

Figure 14: (A) Group percentage of direction errors during the pro-saccade task (SRT: 90-1000ms). (B)
Individual participant direction error rates (%) fitted to a fifth degree polynomial.

The percentage of express-latency direction errors (SRT = 90-140ms) changed
as a function of participant age (Figs. 15A-B). A Kruskal-Wallis test demonstrated that
group-mean express-latency error rates were different across age groups during the
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anti-saccade task [H(12)=69.48, p<0.0001]. We compared all age groups to the 21-29
year-old group because this group generated the fewest express latency errors (Fig.
15A). A post hoc analysis revealed that the 21-29 year-old group (Mean = 6.6%)
generated significantly fewer express errors compared to the youngest participants
between 5 and 13 years-old (Mean = 20.1% to 24.6%).
Regular-latency direction errors (SRT = 141-1000ms) also followed an
asymmetric “U” shaped distribution that differed from express errors (Figs. 15A-B). A
Kruskal-Wallis test demonstrated that group-mean regular direction error rates were
different across age groups during the anti-saccade task [H(12)=110.40, p<0.0001]. We
compared all age groups to the 17-20 year-old and 21-29 year-old groups because
these groups generated the fewest regular latency errors (Fig. 15A). Post hoc analysis
revealed that regular error rates were significantly lower among participants between 17
and 29 years-old (Mean = 6.7%) compared to younger participants between 5 and 16
years-old (Mean = 14.9% to 39.2%) and older participants between 60 and 85 years-old
(Mean = 16.0% to 22.3%). A linear regression across the younger participants (5-29 yrs)
revealed significant decreases in both express (-0.99%/year) and regular (-1.62%/year)
error rates (Fig. 15C). Among the younger participants, the rates at which expresslatency and regular-latency errors decreased significantly differed (F(1, 308) = 8.33, p <
0.01), indicating that regular-latency errors decrease at a faster rate as age increases
(Fig. 15C). A linear regression across the older participants (21-85 yrs) revealed no
differences in express error rates as age increased, however, regular latency error rates
significantly increased (+0.22%/year) with age (Fig. 15D). Among older participants, the
rates at which express-latency and regular-latency errors increased significantly differed
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(F(1, 376) = 10.41, p < 0.01), indicating that regular-latency errors increase at a faster
rate as age increases (Fig. 15D).

Figure 15: (A) Group mean express (90-140ms) and regular (91-1000ms) latency direction error rates on
the anti-saccade task. (B) Individual participant express and regular latency error rates (%) fitted to a fifth
degree polynomial. Linear regressions for individual mean error rates during development for (C)
2
2
express-latency (R =0.1647, p < 0.0001) and regular-latency (R =0.45, p < 0.0001) errors. Linear
2
regressions for individual mean error rates during aging for (D) express-latency (R =0.0008, p > 0.05) and
2
regular-latency (R =0.1757, p < 0.0001) errors.

3.5 Corrected Direction Errors
The number of corrected direction errors (i.e., subsequent secondary saccade
initiated towards the correct direction) changed as a function of participant age (Fig.
16A-B). Because the frequency of pro-saccade direction errors was negligible (Fig.
14A), corrected direction error rates were only computed for the anti-saccade task. A
70

Kruskal-Wallis test demonstrated that group-mean corrected direction error rates were
different across age groups during the anti-saccade task [H(12)=71.50, p<0.0001].
Three participants (27, 29, and 30 years-old) did not initiate any direction errors and
were therefore excluded from this analysis. We compared all age groups to the 17-20
year-old and 21-29 year-old groups because these groups had the most corrected
direction errors (Fig. 16A). Post hoc analysis revealed that corrected direction error
rates in the 17-20 year-old (Mean = 90.6%) and 21 to 29 year-old (Mean = 86.6%)
groups were significantly higher compared to the 5-7 year-old (Mean = 54.8%) and 8-9
year old (Mean = 59.3%) groups. Among younger participants, corrected direction error
rates steadily increased as age increased from 5-7 years-old (Mean = 54.75%) to 17-20
years-old (Mean = 90.6%). As age increased beyond 17-20 years-old, corrected
direction error rates steadily decreased until participants were 76-85 years-old (Mean =
72.6%).

Figure 16: (A) Percentage of corrected direction errors (express and regular latency) during the antisaccade task. (B) Individual participant corrected direction error rates (%) fitted to a fifth degree
polynomial. Three participants (Aged 27, 29, and 30 yrs) did not initiate any direction errors and were
therefore excluded from this analysis.
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3.6 Saccade Metrics: Amplitude
The metrics of saccadic eye movements during the pro-saccade task were
analyzed for developmental and aging effects. Figures 17A and 17B show the amplitude
of primary saccades generated during the pro-saccade task for targets located on the
left and right side at 10°. A Kruskal-Wallis test demonstrated that group-mean saccade
amplitude was different across age groups during correct pro-saccade trials
[H(12)=41.36, p<0.0001]. We compared all age groups to the 21-29 year-old group
because this group had the highest average amplitude (Fig. 17A). Post hoc analysis
revealed that the 70-75 year old (Mean = 9.0°) and 76-85 year-old (Mean= 8.8°) groups
generated significantly more hypometric saccades compared to the 21-29 year-old
participants (Mean = 9.8°).

Figure 17: (A) Mean amplitude of primary saccades initiated during correct trials of the pro-saccade task.
(B) Individual participant mean amplitudes fitted to a fifth degree polynomial. Amplitude refers to the size
of the first saccade after target appearance (degrees).
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3.7 Micro-saccades
Figures 18A-B and 19A-B show the timing of micro-saccades during the fixation
epoch across development and aging during correct pro- and anti-saccade trials,.
Overall across all age groups (in both pro- and anti-saccade tasks), micro-saccade
rates decreased as time, relative to the appearance of the target stimulus, increased
(Figs. 18A-B, and Figs. 19A-B). We found that overall; there was a greater frequency of
micro-saccades during the fixation period compared to the gap period, regardless of
age. Across the pro- and anti-saccade tasks, micro-saccade rates decreased as the
time relative to target appearance increased (Figs. 18A-B, 19A-B).
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Figure 18: Cumulative micro-saccade distributions during the pro-saccade task (-700-0ms) across (A)
development and (B) aging. The central FP was present until -200ms, whereby it disappeared (gap) and
the target stimulus appeared at 0ms. The gap period is represented by the shaded grey box (-200-0ms).
Each group distribution depicts the micro-saccade rates for correct pro-saccade trials (blink, fixation
breaks, anticipatory, and direction error trials were excluded). Micro-saccades were only included if the
amplitude was between 0.5° and 1.5°. To generate the distributions, the micro-saccade responses were
collected into bins (width: 1ms).
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Figure 19: Cumulative micro-saccade distributions during the anti-saccade task (-700-0ms) across (A)
development and (B) aging. The central FP was present until -200ms, whereby it disappeared (gap) and
the target stimulus appeared at 0ms. The gap period is represented by the shaded grey box (-200-0ms).
Each group distribution depicts the micro-saccade rates for correct anti-saccade trials (blink, fixation
breaks, anticipatory, and direction error trials were excluded). Micro-saccades were only included if the
amplitude was between 0.5° and 1.5°. To generate the distributions, the micro-saccade responses were
collected into bins (width: 1ms).
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Participant age influenced micro-saccade rates (Figs. 20A-B). Figure 20 shows
the (A) age group and (B) individual participant distributions of the average number of
micro-saccades generated during the instructed fixation period of correct pro- and antisaccade trials. A paired samples t-test revealed that on average, participants generated
more micro-saccades per trial during the pro-saccade task (Mean = 0.37MS/trial, SE =
0.02) compared to the anti-saccade task (Mean = 0.30MS/trial, SE = 0.01). This
difference, 0.07, CI [0.06, 0.09], was significant t(292) = 9.73, p < 0.001. A KruskalWallis test demonstrated that group mean micro-saccade rates were different across
age groups for the pro-saccade [H(12)=45.17, p<0.0001] and anti-saccade
[H(12)=41.83, p<0.0001] tasks. During the pro- and anti-saccade tasks, we compared
all age groups to the 17-20 year-old and 20-29 year-old groups because these groups
generated the fewest micro-saccades per trial (Fig. 20A). Post hoc analysis revealed
that during the pro-saccade task, older participants between 50 and 85 years-old (Mean
= 0.50MS/trial to 0.58MS/trial) generated significantly more micro-saccade rates
compared to participants between 17-29 years of age (Mean = 0.24MS/trial) (Figs. 20AB). Similarly during the anti-saccade task, post hoc analysis revealed that participants
between 50 and 75 years-old (Mean = 0.38MS/trial to 0.46MS/trial) had significantly
higher micro-saccade rates compared to the 17-20 year-old (Mean = 0.17MS/trial) and
21-29 year-old (Mean = 0.19MS/trial) groups (Figs. 20A-B). A linear regression across
the younger participants (5-29 yrs) revealed significant decreases in micro-saccade
rates during the pro-saccade (-0.01MS/year) and anti-saccade (-0.01MS/year) tasks as
age increased (Fig. 20C). A linear regression across the older participants (21-85 yrs)
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revealed significant increases in micro-saccade rates during the pro-saccade
(+0.01MS/year) and anti-saccade (+0.01MS/year) tasks as age increased (Fig. 20D).

Figure 20: (A) Group mean micro-saccade rates per trial during the pro- and anti-saccade tasks (-7000ms to target appearance). (B) Individual participant micro-saccade rates per trial fitted to a fifth degree
polynomial. (C) Linear regressions for individual mean micro-saccade rates during development: pro2
2
saccade task (R =0.0626, p < 0.01) and anti-saccade task (R =0.0303, p < 0.05). (D) Linear regressions
2
for individual mean micro-saccade rates during aging: pro-saccade task (R =0.1535, p < 0.0001) and anti2
saccade task (R =0.1178, p < 0.0001). The central FP was present until -200ms, whereby it disappeared
(gap) and the target stimulus appeared at 0ms. Micro-saccades were only included if the amplitude was
between 0.5° and 1.5°. Micro-saccades were only included from viably correct trials (viable correct SRT:
90-1000ms).
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Chapter 4
General Discussion
The objective of this study was to establish a normative database of healthy
control participants to explore changes in eye movement behaviours across the
lifespan. Generally, we observed a global “U-shaped” trend across many saccade
parameters of interest (e.g., SRTs, direction errors, micro-saccades, anticipatory
saccades), whereby developmental trajectories improved with age, until around 17 to 29
years-old, where they were optimized and then began to decline throughout aging. We
hypothesized that as participants’ reached adult-like levels of cortical and subcortical
maturation (21-29 years-old), they would perform better on the anti-saccade task,
requiring enhanced frontal oculomotor recruitment, compared to younger participants (<
20 years-old) (Alahyane et al., 2014; Ordaz et al., 2011; Velanova et al., 2009; Munoz et
al., 1998; Fischer et al., 1997; Luna et al., 2008). We hypothesized that amplitude would
remain relatively stable throughout development, suggesting that key areas within the
brainstem (i.e., PPRF) are developed by early childhood (> 12 years-old) (Cohen and
Henn, 1972; Leigh and Zee, 1999; Munoz et al., 1998; Luna et al., 2004; Hainline et al.,
1984). Furthermore, we found that once participants’ entered adulthood and age
increased (> 40 years-old), pro- (Kerber et al., 2006; Klein and Foerster, 2001) and antisaccade (Peltsch et al., 2011; Mirsky et al., 2011; Boxer et al., 2006; Pa et al., 2014;
Munoz et al., 1998) performance would decline (e.g., slower SRTs, increased direction
errors) due to age-related degradation of cortical and subcortical regions (e.g., DLPFC,
BG) (Cabeza and Dennis, 2012; Hedden and Gabrieli, 2004; Alichniewicz et al., 2013;
Sweeney et al., 2001).
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As age increased from 5 to 29 years-old, anti-saccade parameters such as:
SRTs (Figs. 5A, 7A-C), latencies for the voluntary motor processes to override the
automated motor processes (Figs. 6A, 6C-D), total direction errors (Figs. 13A-C), and
express- and regular-latency direction errors (Figs. 15A-C) all decreased with age, while
the proportion of corrected direction errors increased (Fig. 16A-B). Our results suggest
that regions within the frontal lobe responsible for inhibiting unwanted responses and
volitional control over flexible behaviour undergo significant maturation-related changes,
directly coinciding with reduced anti-saccade SRTs and direction errors (Irving et al.,
2009; Klein and Foerster, 2001; Eenshuistra et al., 2007; Fukushima et al., 2000; Luna
et al., 2008). Pro-saccade SRTs (Figs. 4A, 7A-C), correct express saccades (Fig. 12AB), and amplitude (Figs. 17A-B) remained stable from 5 to 29 years-old. Our results
suggest that regions within the oculomotor circuit involved in fast, visually-triggered
responses (Irving et al., 2006; Luna et al., 2004; Klein and Foerster, 2001; Dorris et al.,
1997; Pare and Munoz, 1996; Fischer and Weber, 1997) reach adult-like maturity very
early in life (< 10 years-old) and remain stable from 5 to 29 years-old. Micro-saccade
rates decreased on both pro- and anti-saccade tasks as age increased during
development (Figs. 20A-C), suggesting that fixation stability improves across
development, coinciding with maturation of the FEF (Peel et al., 2016; Brown et al.,
2006; DeSouza et al., 2003; Ford et al., 2005; Dyckman et al., 2007; Curtis and
Connolly, 2008). Our findings suggest that critical regions within the brain (i.e., frontal,
parietal, visual cortices) likely undergo rapid improvements across development,
undergoing maturation. However, the frontal regions require more time to fully mature,
compared to regions responsible for automated responses (e.g., parietal cortex),
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resulting in improvements on the anti-saccade task that continue until young adulthood
(~21 years-old) (Lee et al., 2013; Irving et al., 2009; Asato et al., 2006; Luna et al.,
2008, 2004; Klein and Foerster, 2001; Fukushima et al., 2000; Munoz et al., 1998).
Conversely, as age increased from 21 to 85 years-old, anti-saccade parameters
such as: SRTs (Figs. 5B, 7A-B, 7D), latencies for the voluntary processes to override
the automated processes (Fig. 6B-C), and direction errors (Figs. 13A-B, 13D) all
increased, while the proportion of corrected direction errors decreased (Fig. 16A-B).
These results suggest that the frontal oculomotor regions (i.e., FEF, SEF, DLPFC, and
ACC) undergo significant age-related deterioration, coinciding with increased antisaccade SRTs and direction errors (Peltsch et al., 2011; Mirsky et al., 2011; Boxer et
al., 2006; Pa et al., 2014; Munoz et al., 1998). However, in contrast to development,
pro-saccade SRTs (Figs. 4B, 7A-B, 7D), anticipatory saccades (Figs. 11A-B), direction
errors (Figs. 14A-B, 14D), and hypometric saccades (Figs. 17A-B) all increased as age
increased among older participants, while correct express saccades (Fig. 12A-B)
decreased. Our results suggest that regions responsible for generating automatic
responses within the oculomotor circuit deteriorate with age, consistent with previous
research (Peltsch et al., 2011; Kaneko et al., 2004; Klein et al., 2005, 2000; Munoz et
al., 1998; Pratt et al., 2006; Kerber et al., 2006; Dowiasch et al., 2015; Irving et al.,
2006; Munoz et al., 1998; Sharpe and Zackon, 1987; Huaman and Sharpe, 1993).
Micro-saccade rates increased on both pro- and anti-saccade tasks (Figs. 20A-B, 20D),
suggesting that as age increases, fixation stability becomes increasingly unstable, likely
coinciding with age-related deterioration of the FEF (Peel et al., 2016; Boxer et al.,
2006). However, different regions appear to be affected at different age ranges, such
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that the frontal regions are more sensitive to age-related deterioration and these
changes occur earlier (~40 years-old) compared to the regions involved in automatic
processes (~70 years-old), which are resistant to age-related decline (Peltsch et al.,
2011; Sweeney et al., 2001; Munoz et al., 1998).
We’ve shown that the interleaved pro- and anti-saccade task can provide insight
into cognitive changes that occur at different ages among healthy participants,
compared to other task designs that are less demanding (e.g., blocked). Although
saccadic eye movement research exploring healthy change has been previously studied
(Alahyane et al., 2014; Peltsch et al., 2011; Irving et al., 2009, 2006; Ordaz et al., 2011;
Velanova et al., 2009; Klein et al., 2005; Klein and Foerster, 2001; Fukushima et al.,
2000; Luna et al., 2004; Munoz et al., 1998; Fischer et al., 1997), incorporating the
interleaved task design across the entire lifespan (5-85 years-old) is novel. We were
able to compare changes in task performance that took place across smaller age bins
during development, as well as changes throughout older age groups within our healthy
control distribution. Using this paradigm, we were able to highlight dramatic and subtle
changes occurring within saccadic eye movement parameters (e.g., SRTs, direction
errors, micro-saccades) across the lifespan. Through previous research, we were able
to allude to the oculomotor circuitry that was differentially affected by development and
aging, while identifying the age ranges of these changes. We discuss the results in
relation to previous research investigating the effects of development and aging upon
saccade parameters, speculating on potential changes (healthy development and aging
effects) taking place within the oculomotor circuitry.
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4.1 Overall Implications and Clinical Relevance
The efficacy of saccadic eye movements as a diagnostic tool for neurological and
psychiatric disorders has been previously established. Neuropathological disorders are
often complex (e.g., Alzheimer`s disease), requiring a holistic approach to diagnosis
and treatment, therefore it is important to assess a multitude of saccade parameters to
gain insight into abnormal cognitive dysfunction at different ages (Peltsch et al., 2014;
Everling and Fischer, 1998; Leigh and Kennard, 2004; see reviews Munoz and Everling,
2004; Luna et al., 2008; McDowell et al., 2008). It is still unknown whether exploring
saccadic eye movements alone can accurately, and consistently, differentiate preclinical
neuropathology from healthy, typical changes that occur during development and aging.
However, the patterns of change occurring across the various saccade parameters
measured in this study may provide insight into abnormal cognitive dysfunction.
4.1.1 Saccadic Reaction Time (SRT)
Previous studies exploring cognitive changes during development have
demonstrated faster pro- and/or anti-saccade SRTs, as age increases across
development, while stabilizing in young adulthood (~18 years-old) (Irving et al., 2006;
Luna et al., 2004; Fukushima et al., 2000; Klein and Foerster, 2001; Munoz et al., 1998;
Fischer et al., 1997). Also, previous studies exploring cognitive changes across aging
have shown significant increases in anti-saccade SRTs and marginal increases in prosaccade SRTs as age increases (> 50 years-old) (Peltsch et al., 2011; Mirsky et al.,
2011; Kaneko et al., 2004; Klein et al., 2000; Munoz et al., 1998; Kerber et al., 2006;
Klein et al., 2005; Raemaekers et al., 2006; Fischer et al., 1997). Our findings across
development and aging were consistent with these previous studies with regard to
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changes to median SRTs during the pro-saccade (Figs. 4A-B, 7A-D) and anti-saccade
(Figs. 5A-B, 7A-D) tasks. We found that SRT versus age produced an asymmetric “U”
shaped function, directly comparable to the results obtained by Munoz et al. (1998), with
participants between 17 and 29 years of age generating the fastest correct SRTs during
the pro- and anti-saccade tasks (Fig. 7A). We consider the asymmetric “U” shaped
function to represent the dramatic improvements across development and subsequent,
steady age-related decline in SRTs across the lifespan. The difference in SRTs
between the anti-saccade and pro-saccade tasks (the anti-effect) was significantly
elevated in the youngest (5-9 years-old) children (Fig. 8A). Similar to the results by
Munoz et al. (1998), we attribute this heightened anti-effect to the cognitively
demanding nature of the interleaved pro- and anti-saccade task, requiring younger
participants to invest more time to correctly complete anti-saccade trials.
Anticipatory saccades were initiated before the location of the target stimulus
was processed; suggesting reduced inhibitory control (Smit and Van Gisbergen, 1989;
McDowell et al., 2008). Overall, anticipatory saccade rates were higher during the prosaccade task compared to the anti-saccade task across the lifespan (Figs. 11A-B). We
also found that participants between 30 and 49 years of age generally made fewer
anticipatory saccades compared to younger and older participants (Figs. 11A-B). We
believe that younger (5-13 years-old) and older (> 50 years-old) participants have
reduced inhibitory control, causing them to generate increased predictive saccades on
both pro- and anti-saccade tasks. These results are consistent with our previous
findings showing that developmental-related maturation and age-related deterioration of
frontal oculomotor regions has profound effects on maintaining attention and
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remembering task instructions (Peltsch et al., 2011; Eenshistra et al., 2007; Malone and
Iacono, 2002; Luna et al., 2004; Klein and Foerster, 2001).
Express saccades are the fastest visually triggered eye movements that conduct
along the shortest neural pathway from the retina, through the SC to the extraocular
muscles (Fischer and Ramsperger, 1984; Fischer and Boch, 1983; Fischer et al., 1997;
Dorris et al., 1997; Pare and Munoz, 1996; Fischer and Weber, 1993; Carpenter, 1981).
Express saccades have reaction times that approach these minimal afferent and
efferent conduction times (grey shaded boxes within Figs. 4A-B, 5A-B). There were
large variations in express saccade rates between participants, whereby some
participants failed to generate any while others almost exclusively generated express
saccades (Fig. 12A-B). Once participants aged (> 50 years-old), express saccade rates
dropped compared to young adults between 17 and 20 years of age (Fig. 12A-B). We
believe that this age-related decline in express saccade frequency may be caused by
slower processing speeds within the oculomotor circuit, evidenced through slower prosaccade SRTs as age increases (Figs. 7A-B). These slower processing speeds can
likely be localized to the short neural pathway from the retina to the extraocular
muscles. Moreover, previous studies evaluating express saccades have suggested that
a greater frequency of express saccades and more variable SRTs in younger
participants may indicate poor control over visual fixation (Biscaldi et al., 1996; Munoz
et al., 1998). Although control over fixation improves as development progresses (Aring
et al., 2007; Ygge et al., 2005; Paus et al., 1989), our results indicate that express
saccade rates are relatively unaffected by development but significantly decrease
among older participants (> 50 years-old).
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4.1.2 Direction Errors and Correcting Responses
If participants are unable to suppress the automatic response to look towards the
target stimulus, they will execute a direction error (Hallett, 1978; Coe and Munoz, 2017;
Munoz and Everling, 2004). We measured total viable direction error rates (Fig. 12A-B),
which included both express- and regular latency direction errors (SRT: 90-1000ms),
and excluded errors generated within the anticipatory range (SRT < 90ms) since these
errors were predictive. Direction error rates during the anti-saccade task dramatically
decreased as age increased during development (Figs. 13A-C) and steadily increased
across aging (Fig. 13A-B, D). Anti-saccade direction error rates were near 50-60%
among young children (5-11 years-old) and direction errors significantly decreased to
around 30% by 14 years-old. Direction error rates continued to decrease with
participants between 21 and 29 years-old generating the fewest errors (~15%). Among
older participants (> 30 years-old), direction error rates remained relatively unchanged
until 60 years of age, after which direction error rates significantly increased to around
40% in the oldest participants (> 70 years-old). The observed fluctuations in antisaccade direction errors replicate previous studies examining anti-saccades in blocked
designs and/or across smaller age ranges (Alahyane et al., 2014; Peltsch et al., 2011;
Velanova et al., 2008; Irving et al., 2009; Klein and Foerster, 2001; Munoz et al., 1998).
Interestingly, most participants generated at least some pro-saccade direction
errors (Figs. 14A-B), which rarely occur within blocked designs (Zeligman and
Zivotofsky, 2017; Ethridge et al., 2009; Peltsch et al., 2011; Cherkasova et al., 2002;
Munoz et al., 1998). Pro-saccade direction errors remained unchanged across
development however, as age increased (21-85 years-old) pro-saccade direction error
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rates subtly increased (Figs. 14A-B). Elevated pro-saccade direction errors may indicate
inattention during the task (i.e., distracted, spacing out, briefly forget instructions) since
pro-saccades are automatic and require minimal voluntary control. Therefore, the
proportion of anti-saccade direction errors must also contain a subset of these errors
(i.e., equivalent to the proportion of pro-saccade direction errors) that are caused by
inattention, not reduced inhibitory control. Because pro-saccade direction errors slightly
increased with age (> 40 years-old), higher anti-saccade direction errors in elderly
participants can likely be attributed to reduced inhibitory control as well as inattention
during the task.
Furthermore, it has been suggested that the timing of direction errors (i.e.,
express- and regular-latency errors) reveal which saccade suppression mechanism has
failed (Coe and Munoz, 2017). We separated the frequency of express- and regular
latency direction errors to determine which suppression mechanisms are functional at
different ages (Figs. 15A-D). As age increased across development (5-29 years-old),
express-latency errors decreased (Figs. 15A-B) indicating that young children and
adolescents had greater difficulty suppressing fast, visually-triggered express saccades.
This indicates that from 17 to 29 years-old, the first pre-emptive form of suppression
(i.e., occurs before the visual stimulus can propagate a saccade command) is effectively
preventing visually-triggered responses during the anti-saccade task, signifying that
frontal oculomotor regions have reached adult-like levels of maturation (Coe and
Munoz, 2017; Lee et al., 2013; Asato et al., 2006; Luna et al., 2004; Munoz et al., 1998).
The second form of suppression occurs later (SRT > 141ms) when the voluntary
saccadic signals must override the automatic saccadic signals to generate an anti86

saccade, otherwise regular-latency errors occur (Coe and Munoz, 2017). As age
increased across development (5-29 years-old), regular-latency errors decreased (Figs.
15A-C) indicating that young children and adolescents have reduced voluntary control
over behaviour, resulting in automated, pro-saccade responses on the anti-saccade
task. This was quantified using anti-saccade difference curves (Figs. 6A-D), which
showed that the latency for the anti-saccade command to override the pro-saccade
command is delayed in younger participants (< 17 years-old) and peaks (160-170ms)
across ages 17 to 29 years-old. Also, as age increased (21-85 years-old), regularlatency errors increased (Figs 15A-B, 15D), indicating that older adults have reduced
voluntary control over behaviour, similar to that of adolescents. The anti-saccade
difference curves (Figs. 16A-D) supported this showing that the latency for the antisaccade command to override the pro-saccade command increases with age (> 30
years-old), indicating this second form of suppression is less effective as age increases.
Our results show that regular-latency errors decrease and increase at a faster rate
during development and aging, respectively, compared to express-latency errors (Figs.
15C-D). Therefore, age-related maturation and deterioration of the frontal oculomotor
regions (i.e., involved in top-down suppression signals) occur at a slower rate compared
to regions involved in automated, pre-emptive responses (i.e., parietal lobe). This
indicates that younger and older participants require more time to successfully inhibit
unwanted, automated responses (Coe and Munoz, 2017).
All participants corrected some of their direction errors, indicating that all
participants understood the instructions of the task (Figs. 16A-B). The rates at which
younger children (5-11 years-old) and the oldest adults (76-85 years-old) corrected their
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direction errors was significantly lower compared to the other age groups. Corrected
error rates were the highest between 17 and 29 years of age and steadily decreased
with age (> 30 years-old). In a gap anti-saccade task, weak fixation can lead to
increased direction errors (Fig. 13A), but if there is strong voluntary control over
behaviour, these errors will be corrected (Fischer et al., 2000). We observed this among
participants between 17 and 29 years of age who tended to correct most of their
direction errors (Mean = 86.6% to 90.6%), suggesting strong voluntary control over
behaviour. We suspect that elevated direction error rates (Fig. 13A) among younger (516 years-old) and older (> 30 years-old) participants may indicate weaker voluntary
control over behaviour, resulting in fewer corrected errors (Fig. 16A-B) (Fischer et al.,
2000). Further, reduced corrected error rates among younger and older participants
may reflect a failure to maintain goal-directed behaviour, inattention, and/or inadequate
goal-maintenance within working memory (Bowling et al., 2011; Dixon et al., 2004).
4.1.3 Saccadic Eye Movement Metrics: Amplitude
As age increased during development (5-20 years-old), saccade amplitude
remained unchanged (Figs. 17A-B). Our findings across development are consistent
with previous research showing that amplitude remains unchanged across younger
ages (< 30 years-old) (Luna et al., 2004; Munoz et al., 1998; Cohen and Henn, 1972;
Leigh and Zee, 1999; Hainline et al., 1984). The greatest age-related changes in
amplitude occurred within the older participants (> 70 years-old), consistent with
previous studies (Dowiasch et al., 2015; Irving et al., 2006; Munoz et al., 1998;
Moschner and Baloh, 1994; Huaman and Sharpe, 1993; Sharpe and Zackon, 1987).
Similar to previous research (Dowiasch et al., 2015; Irving et al., 2006; Munoz et al.,
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1998; Sharpe and Zackon, 1987), our results found that the greatest amount of
hypometria occurred among the oldest participants (70-85 years-old). We did not
analyze the metrics and dynamics of correct anti-saccades due to the variability of these
eye movements between, and within, participants.
4.1.4 Micro-saccades
Micro-saccade rates were elevated during the pro-saccade task compared to the
anti-saccade task (Figs. 20A-B). Consistent with previous findings by Watanabe et al.
(2013), we found reduced micro-saccade rates during the anti-saccade task, indicating
that the preparation to generate a correct anti-saccade involves enhanced suppression
of unwanted saccades. Furthermore, our results show that micro-saccade rates, during
both tasks, decrease as age increases across development and into adulthood (5-29
years-old) (Figs. 20A-C). We expected reduced micro-saccade rates during
development because it has been shown that fixation stability improves during
adolescence (Aring et al., 2007; Ygge et al., 2005; Paus, 1989). It was also expected
that micro-saccade rates would decrease as oculomotor regions involved in microsaccade generation (e.g., FEF) undergo maturation and coincide with elevated white
matter integrity, stabilizing fixation (Peel et al., 2016; Stjerna et al., 2015). We also
found that during both tasks micro-saccade rates increased with age throughout young
adulthood and into old age (21-85 years-old) (Figs. 20A-B, 20D). We expected
increased micro-saccade rates in the aging population due to the deterioration of
oculomotor regions involved in micro-saccade generation (e.g., FEF), causing unstable
fixation and subsequent increases in micro-saccades (Port et al., 2016; Herishanu and
Sharpe, 1981; Scahill et al., 2003).
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Furthermore, we measured the proportion of micro-saccades during the fixation
and gap periods on the pro-saccade (Figs. 18A-B) and anti-saccade (Figs. 19A-B)
tasks. We found that the number of micro-saccades tended to decrease as time relative
to target appearance increased, particularly during the gap period (grey shaded box in
Figs. 18A-B and 19A-B). Watanabe et al. (2014) also found reduced micro-saccades
during gap trials compared to overlap trials, suggesting reduced suppression effects of
micro-saccades on targeting saccade initiation on gap trials.
4.1.5 Oculomotor Circuitry: Developmental- and Age-related changes
Neuroimaging, lesion, behavioural, and animal neurophysiology studies have
shown that several cortical and subcortical brain regions are activated during the proand anti-saccade tasks (Desouza et al., 2003; Dyckman et al., 2007; Van der Stigchel et
al., 2013; Ptak and Muri, 2013; Pierrot-Deseilligny et al., 2004; Pierrot-Deseilligny et al.,
1991; Goossens and van Opstal, 2012; Watanabe and Munoz, 2011; Watanabe and
Munoz, 2010; Tanaka and Kunimatsu, 2011; Voogd et al., 2012; for review see Munoz
and Everling, 2004). Throughout development and aging, longer anti-saccade SRTs
(Figs. 5A-B, 7A-D) can likely be attributed to functionality of the FEF, particularly the
medial FEF, as this structure plays a critical role in anti-saccade processing speed
(Simo et al., 2005; Pierrot-Deseilligny et al., 2002; Gaymard et al., 1998; Rivaud et al.,
1994). Increased SRTs that occur within younger (< 17 years-old) and older (> 50
years-old) cohorts may therefore be due to immature neural circuitry (Luna et al., 2008,
2004; Lee et al., 2013; Asato et al., 2006; Munoz et al., 1998) or neuronal degeneration
within the oculomotor circuit (Scahill et al., 2003; Liu et al., 2017; Bartzokis et al., 2003;
Tullberg et al., 2006; Peters, 2006).
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We attribute elevated anti-saccade direction error rates (Figs 13A-D) to the
DLPFC (i.e., immature or neural deterioration), since previous studies have implicated
the DLPFC as a key region involved in suppressing automatic pro-saccades (Ploner et
al., 2005; Pierrot-Deseilligny et al., 2003, 2002; Nyffeler et al., 2007; Gaymard et al.,
1998; Guitton et al., 1995). At younger ages (< 17 years-old) the DLPFC is immature,
resulting in insufficient inhibition, evidenced by increased express-latency direction error
rates (Figs. 15A-C). As age increased during development (5-20 years-old), expresslatency direction errors steadily decreased (Fig. 15C), indicating that inhibition provided
by the DLPFC is necessary to prevent unwanted visually-triggered express saccades
(Ploner et al., 2005; Pierrot-Deseilligny et al., 2003, 2002; Nyffeler et al., 2007;
Gaymard et al., 1998; Guitton et al., 1995). We also showed that the latency for the
voluntary motor command to override the automated motor command decreases
throughout development (Figs. 6A, 6C-D), and subsequently increases with age (Figs.
6B-D). This competition between voluntary and automated motor commands is
suggested to involve top-down executive control signalling from the DLPFC and ACC in
order to bias oculomotor circuitry to initiate the correct voluntary motor command
(Milham et al., 2003; Badre and Wagner, 2004; Brown et al., 2006). The SEF also play
a key role in this motor command competition (Coe and Munoz, 2017; Massen, 2004;
Stuphorn et al., 2010), thus it is possible that elevated anti-saccade difference curve
latencies may reflect immature and/or functional deterioration of frontal oculomotor
areas. Between 17 and 29 years-old, peak latencies required for the voluntary
command to override the automated command may indicate peak voluntary control over
flexible behaviour when competition between responses is a factor. Overall, fluctuations
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in anti-saccade SRTs and direction error rates could reflect rapid maturation and
relatively-slower age-related deterioration of the frontal lobe across the lifespan.
Several studies have shown that micro-saccade generation is dependent upon
the functional integrity of several oculomotor regions (i.e., FEF, SC) (Peel et al., 2016;
Ghasia and Shaikh, 2015; Hafed and Krauzlis, 2012; Hafed et al., 2009) and acts as a
volitional action preparatory process (i.e., spatial attention) (Watanabe et al., 2013;
Brien et al., 2009; Engbert and Kliegl, 2003; Gowen et al., 2007). Our data show that
micro-saccade rates, on subsequent correct trials, were higher during the pro-saccade
task relative to the anti-saccade task (Figs. 20A-D). Consistent with Watanabe et al.
(2013), reduced micro-saccades during the anti-saccade task suggests increased
saccade suppression mechanisms occur when increased voluntary control over
behaviour is necessary. Compared to participants between 17 and 29 years-old,
younger participants between 5 and 16 years-old had higher micro-saccade rates on
both tasks (Fig. 20A). We suspect that reduced micro-saccade occurrence between 17
and 29 years-old is caused by extensive maturation and increased white matter integrity
within the oculomotor circuit, resulting in stable fixation (Stjerna et al., 2015; Aring et al.,
2007; Ygge et al., 2005; Paus, 1989). Micro-saccade rates decreased until around 17
years-old, coinciding with maturation of the FEF (Peel et al., 2016; Luna et al., 2008).
As age increased (> 30 years-old) micro-saccade rates steadily increased, indicating
that age-related increases in micro-saccade occurrence coincide with neuronal
degeneration of the FEF (Peel et al., 2016).
We found that the average number of micro-saccades decreased as time relative
to target appearance increased, with significantly fewer micro-saccades occurring
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during the gap period on both pro- and anti-saccade tasks (Figs. 18A-B, 19A-B). This
reduction in micro-saccade occurrence can be attributed to reduced firing of neurons in
the rostral SC, which have tonic firing during active fixation (Munoz and Wurtz, 1993,
1992). Therefore, this reduction of firing rates is likely induced by the termination of
incoming visual input from the FP (Watanabe et al., 2014). Furthermore, we did not find
any differences between developmental (5-29 years-old) and aging (21-85 years-old)
periods, suggesting that the rostral SC is likely functionally optimized early in life (< 5
years-old) and resistant to age-related changes.
Maturation of the cerebral cortex has been extensively studied and is associated
with improvements in saccadic eye movement control (Luna et al., 2008). Widespread
cortical maturation involving increased synaptic pruning, plasticity, and myelination
takes place rapidly across childhood and adolescence (< 21 years-old) (Huttenlocher,
1990; Pfefferbaum et al., 1994; Jernigan et al., 1991; Luna et al., 2008). This cortical
development coincides with improved cognitive control mechanisms, enhanced neural
processing, and flexible control over one’s behaviour, ultimately leading to enhanced
performance in cognitively demanding eye movement tasks (Luna et al., 2008;
Huttenlocher, 1990; Pfefferbaum et al., 1994; Jernigan et al., 1991). Our results suggest
that different regions within the oculomotor circuit develop at different rates, with frontal
regions requiring more time to completely mature (until ~21-29 years-old).
The cortical neuronal deterioration that accompanies healthy aging processes
has been associated with a steady decline in saccadic eye movement control (Peltsch
et al., 2011; Klein et al., 2005). Structural changes to the frontal lobe, such as
reductions in white matter and brain volume (Liu et al., 2017; Bartzokis et al., 2003;
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Tullberg et al., 2004; Peters, 2006), widespread neuronal death (Dixon et al., 2004; Kolb
and Wishaw, 1998; Barnes, 2003), and reduced CBF (Aanerud et al., 2012) coincide
with aging and cause impaired memory, attention, and executive function. Our results
suggest that these structural changes that accompany aging could lead to significant
deficits in both the pro- and anti-saccade tasks. We have shown the behavioural effects
of age-related deterioration, influencing different regions within the oculomotor circuit at
different rates. Specifically, the frontal regions that maintain flexible control over
behaviour deteriorate the earliest (~30 years-old), while the regions involved in
automatic responses are relatively resistant to aging processes, with deficits beginning
around (~40 years-old).
4.2 Limitations
There were limitations with the study population used in this thesis. We
administered clinical measures in participants between 5 and 17 years of age (medical
history questionnaire) and 18 years and older (MoCA). Self-reports completed by the
participant’s parental guardian, such as the medical history questionnaire, do not
account for preclinical diagnoses of disorders that have variable symptomology at
different age points (e.g., ADHD). Also, self-report measures pose the risk of
introspective ability and response bias, in which parents may ignore previous medical
history of medications, symptoms (i.e., that have improved within the past 1-2 years), or
parents may be dishonest when answering sensitive questions (i.e., maternal alcohol
consumption).
Further, our study did not evaluate longitudinal effects of development and aging
on saccade parameters of interest. Individual differences (i.e., saccade performance)
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within age groups were present in our study population and we were unable to follow
how these changes potentially varied across time. Future studies should conduct followup sessions with participants to evaluate how saccade performance changes across
multiple testing sessions or across various age ranges across development and aging,
accounting for individual differences.
4.3 Future Directions
This thesis has provided a necessary foundation for future comparisons between
clinical, preclinical, and healthy populations using saccadic eye movements. The
interleaved pro- and anti-saccade task is difficult and cognitively demanding, suggesting
this task condition provides more merit when studying pro- and anti-saccade
performance compared to blocked designs (Zeligman and Zivotofsky, 2017; Ethridge et
al., 2009; Dyckman et al., 2007; Cherkasova et al., 2002). Our study has characterized
periods of stability, as well as significant changes occurring to the saccadic eye
movement system across development and aging. Thus, future research exploring
preclinical and clinical populations can evaluate patients using the interleaved task
design, providing a more realistic assessment of a patient’s current mental state due to
the amplification of underlying cognitive dysfunction. By evaluating patients under the
same experimental conditions used in this study, future studies can compare patient
groups to our control database. This will provide a reliable assessment of abnormal
deviations in saccade metrics (i.e., caused by pathology) from healthy trajectories in
saccade performance associated with development or aging. Furthermore as there are
increased demands for more comprehensive, multi-dimensional approaches towards
disease assessment and treatment, future research must explore changes within the
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eye movement system in conjunction with other modalities (e.g., imaging and/or
genomics). Currently, most treatments for disease focus on isolated biological or
behavioural mechanisms and are inadequate given the complexity of neurological and
psychiatric disorders (e.g., Alzheimer’s disease). Therefore, by gaining insight into
pathological changes by evaluating saccadic eye movements and other modalities in
various clinical populations, earlier and more effective diagnostic methods and
treatment interventions can be developed, reducing debilitating symptoms that often
accompany neuropathology.
4.4 Summary and Conclusions
The main goal of this thesis was to build upon previous pro- and anti-saccade
studies by establishing a database of control participants across the lifespan. Our
findings demonstrate that eye movement characteristics significantly change during
development and aging in healthy participants. Our study explored ages at which proand anti-saccade performance improved and declined at, providing valuable insight into
the natural changes that typically take place across the lifespan.
By comparing changes in cognition within healthy populations that occur across
the lifespan, we have provided understanding for future clinical studies. Building upon
these findings, we can now use our healthy database as a comparison to ascertain
which changes in saccadic eye movements are a result of healthy fluctuations, and
which are a result of neuropathological processes. Through established models of
oculomotor circuitry (Fig. 2), the foundation is set to test future hypotheses regarding
potential loci of interest that may drive particular behavioural differences in different
neurological and psychiatric disorders. By establishing the healthy changes that occur
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to the oculomotor circuitry across the lifespan, we begin to understand the changes that
occur due to neuropathology. A comprehensive assessment of neuropathology, via
interleaved pro- and anti-saccade task, may provide clinically relevant information
regarding the changes taking place within the oculomotor circuit, ultimately manifesting
as specific behavioural deficits that can be exposed via the saccadic eye movement
system. Ultimately, earlier detection and intervention of neurological and psychiatric
disorders would be beneficial to a patient’s outcome to allow for a prolonged life, free of
disability.
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