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Abstract

Eye tracking has emerged as a ubiquitous research tool in neuroscience, owing to its
simple administration, welilelineated neural correlates, and widege ofavailableparadigms.
Structured paradigms such as the interleaved pregantade task (IPAST) provide a robust
measure of inhibitory control, whilenstructured paradigms, suasthe free viewing (FV) task
provide insight intamplicit attertional processed.he overarching aim of this thesis is to
evaluate the use tiieseparadigmgo characterizehangesn inhibitory and attentional control
in healthyaging ancheuropsychiatridlness While many prior studies have usegedracking to
assess cognition imdividuals of different ag groups oneuropsychiatricohorts this thesis
seeks to assetask behaviar(1) continuously across the lifespaand(2) in three prevalent and
overlappingneuropsychiatriclisorders: attenticdeficit hyperactivity disorder (ADHD), bipolar
disorder (BD), and borderline personality disorder (BPD).

Chapters 2 and 3 provide detailed accounts of IPAST and FV behavior in a large, cross
sectional cohort of healthy individuals spanning young childhood thraugll tadulthoodIn
both chapters, generalized additmedels and change point analyseere used to identifthe
ages at whiclmeasures of inhibitory and attentional controtlerwent periods of significant
change.

Building uponChapters 2 and, £hapte 4 contrasts adults with ADHD, BD, and BPD
on IPAST performance, while Chapter 5 contrasts adults with ADHD and BDhaodified
version of the IPAST involving the presentation of emotional fdaeBcientinhibitory control
differentiatedclinical grougs from healthy control$n both studiesFinally, Chapter &describes
the use oa newly developedersionof theFV task, the=V-Faces task, tassesgaze and

emotional facgrocessing abnormalitiess BD.



This body of workrepresents a substantial adlmaition toward our understanding of
inhibitory and attentional processasross the lifespaandin adults with ADHD, BD, and BPD
Thesefindings indicate that eye tracking is highly sensitive to changes in the neural circuitry
underlyinghealthyagingand psychopathology=uture workadoptingmore ecologically valid
behavioal paradigms and datiiven analysis techniquedll be important tcaddress whether

eye tracking is specific enoughpeedictcognitiveoutcomes for individuals.
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Chapter 1

General Introduction



1.1 Eye Tracking as a Modern Research Tool

The study of eye movements to probe complex cognitive processeassattantion,
memory, and decisiemaking is currently an active and productive field of research. While the
useof eye movements as a proxy for ongoing mental processes is a relatively recent focus of
research, examining the mechanics of how we moveyes has long been a point of interest for
physiciansand scientists. In the T&entury, French ophthalmologists observed that reading did
not involve continuous sweeping of the eyes over lines of text, but rather a series of short
saccades and fixatioffBluzyczka, 2018; Wade, 2010). Years later, the development of the first
eye tracking device, which involved placing a contact lens attached to an aluminum indicator on
the eye of the participant (Pluzyczka, 2018; Wade, 2010), enabled quantificatiemuéttics
of these eye movements for the first time. Through the 19368s, Guy Buswell and Alfred
Yarbusdé work on scanpaths during object and
eloquently demonstrated the active role eye movements play in pesgaption and cognition.
That is, eye movements not only enable us to perceive the world around us, but also reflect
evolving cognitive processes suchoasfocus of attention (Borji & Itti, 2014; Findlay &
Gilchrist, 2003; Rolfs, 2015; Tatler et £2010). Eye tracking research expanded significantly
from the 1970<1990s as eye tracking devices became less invasive and more precise. This
period also saw the emergence of prominent theoretical models describing the relationships
between eye movementsrpeption, and cognition (e.g., Norton & Stark, 1971; Rizzolatti et al.,
1987; Treisman & Gelade, 1980). Today, eye tracking is performed using sophisticated video
based recording and has been widely adopted within the fields of psychology, neurophysiology
and neuroscience. As will be the focus of this thesis, modern eye tracking has also emerged as an

invaluable research tool to characterize cognitive functioning in health and neurological disease.



1.1.1 Advantages of Eye Tracking

Eye tracking offers ntay advantages as a modern research tool. The first is the ease with
which eye movements can be measured in a laboratory setting. The eye movement system is
unique in the speed and simplicity of its visuomotor transformation. That is, the brain transforms
visual input into motor output very efficiently (Clementz et al., 2007; Fischer & Ramsperger,
1984; Fischer & Weber, 1993; Vanni et al., 2001), allowing us to make several eye movements
every second. As evidenced by the early work of Buswell and Yarbugyeaity expanded
upon in recent years (Coe & Munoz, 2017; Findlay & Gilchrist, 2003; Hutton, 2008; Liversedge
& Findlay, 2000; Ryan & Shen, 2020), these eye movements not only play an active role in
visual perception, but also reflect ongoing cognitivecpsses such as attention, memory, and
decisionmaking. Thus, whereas other commonly studied behavioral effectors (i.e., reaching,
button presses) reflect the final output of multiple prolonged cognitive processes, eye movements
refl ect t h eheseuwcayitivel pobiessesin réaé (Ryan & Shen, 2020).

As eye movement patterns contain both spatial and temporal information (i.e., where an
individual is looking and when), they provide a rich source of derivable parameters that can be
linked to urderlying neural processes (Coe et al., 2019; Ryan et al., 2022; Smyrnis, 2008). These
eye movement patterns can be measured in the absence of explicit task demands or even
conscious awareness from the participant. Advances in eye tracking technologgsosgteel in
devices that capture these patterns with a high level of precision and ease. Modern eye trackers
are noninvasive, highly accurate, and have become increasingly compact and portable. While
the most commonly used eye trackers for resebasled prposes are headnd deskmounted
configurations, the development of cameras and eye tracking software embedded within

lightweight glasses, computer tablets, and webcams is currently ongoing.



The second advantage eye tracking offers is that the nénatatry underlying eye
movement behavior has been extensively characterized. This is due to the large body of monkey
neurophysiology (Everling et al., 1999; Johnston & Everling, 2008, Shdgget al., 1997),
human lesion (Muri & Nyffeler, 2008; Pierrteseilligny et al., 2002; Rivaud et al., 1994), and
human neuroimaging (Connolly et al., 2002; Luna et al., 2008; McDowell et al., 2008; Sweeney
et al., 2007work conducted talate. This research has demonstrated that understanding eye
movement behavior gelires an understanding of the entire visuomotor loop through the brain
(Munoz et al., 2007). Depending on the context of viewing conditions, varying levels of visual
and cognitive information will be integrated in the planning and execution of saccades. F
example, eye movements can be triggered in a reflexive, bogomanner based on the visual
properties of external stimuli, or generated in a volitionakdown down manner based on the
goals and expectations internakhe observer (Corbetta & Simian, 2002 Theeuwes, 2090

From the retina, visual information is first relayed directly to the superior colliculus (SC)
and to the primary visual cortex (V1) via the lateral geniculate nucleus (LGN) of the thalamus.
Neurons in V1 have small receptiveldie and are tuned for simple visual properties such as line
orientation and luminance contrast (G8lpector & Maluch, 2004; Hubel & Wiesel, 1968;
Livingstone, 1998). Moving from V1 into the diverging extrastriate dorsal and ventral steams,
neuronal receypve fields increase in size and tuning properties increase in complexity, resulting
in more elaborate visual processing (Felleman & Van Essen, 1991S@eititor & Maluch,

2004; Lamme & Roelfsema, 2000). The dorsal steam, which is predominately assediate
visuospatial processing and terminates in the dorsolateral prefrontal @ifekC), contains
neurons responsive to motion and orientation (Goodale & Milner, 1992; Kravitz et al., 2011).

The ventral stream, which is predominately associated wjdtbperception and terminates in



the ventrolateral prefrontal cort¢XLPFC), contains neurons responsive to color, shape, and
form (Goodale & Milner, 1992; GriBpector et al., 2001; Kravitz et al., 2013).

While reflexive, bottorrup processing occursomg these pathways in a feedforward
manner (i.e., proceeding in a single direction along a hierarchy of lower to higher cortical areas;
Kanwisher & Wojciulik, 2000; Lamme & Roelfsema, 2000)itional, top-down processing
occurs via recurrent feedback @aions from frontal and parietal areas (Armstrong & Moore,
2007; Baldauf & Desimone, 201&;lbert & Li, 2013). That is, moving from lower to higher
areas otortex, volitional influenc®n incoming visual input increases (Gilbert & Li, 2013;
Serences &antis, 2006). For example, the parietal (PEF), supplementary (SEF), and frontal
(FEF) eye fields rely on both visual and cognitive inputs to coordinate the planning, sequencing,
and execution of saccades (Connolly et al., 2002; Munoz and Everling, 2804t-Beseilligny
et al., 2002). Areas such as ePFCand anterior cingulate cortex (ACC) contribute more
directly to topdown volitional control. The DLPFC is well known to guide eye movement
behavior under the context of higHewel mgnition, suchasduringsustained attention, working
memory, and response inhibition (Alvarez & Emory, 2006; Johnson et al., 2006; Miller &
Cohen, 2001; Pierrddeseilligny et al., 2005). The ACC has been widely associated with
mediating performance monitoring, errottelgion, and reward processing (Critchley et al.,
2005; Johnson et al., 2007; Polli et al., 2005; Rushworth et al., 2007).

Another important set of structures in the volitional control of eye movements are the
subcortical basal ganglia (BG). The BG formltiple parallel feedback loops between cortical
and thalamic regions, with each loop involved in regulating a different aspect afrgyead
behavior (Alexander et al., 1986; Alexander & Crutcher, 1990; Haber, 2003). The oculomotor

loop receives input fio the FEF and SEF and projects to the thalamus and SC (Hikosaka et al.,



2000). Via direct, indirect, and hyperdirect pathways through the BG nuclei, cortical input to the
loop can either dinhibit or inhibit the SC, therebgfluencing subsequent eye maowvent
behavior (Hikosaka et al., 2000; Hikosaka et al., 2018; Watanabe & Munoz, 2011).

In the final stage of the visuomotor loop, these distributed cortical and subcortical signals
converge on the SC, a midbrain structure critically involved in eye moveraetrol (Gandhi &
Katnani, 2011; Krauzlis et al., 2013; McPeek & Keller, 2002). While the superficial layer of the
SC (SCs) integrates visual input from the retina and V1 and is organized into a visual map of
space, the intermediate layer (SCi) integsategnitive input from frontal, parietal, and BG areas
and is organized into a motor map of space (Krauzlis et al., 2013; White & Munoz, 2011).
Saccade and fixation neurons within the SCi coordinate the sequencing of saccades and fixations
(Everling et al. 1999; Munoz & Wurtz, 1993a; 1993b), and project directly to the premotor
circuit in the brainstem reticular formation to provide the signal to either initiate or suppress a
saccade (Sparks, 2002). This transformation of visual and cognitive signappnopriate
motor output occurs several thousand times a day, reflectirigriiamentally active role eye
movements play imision and cognition (Findlay & Gilchrist, 2003; Munoz et al., 2007).

The third advantage of eye tracking is the broad adapyabileye tracking paradigms.
Because the neural circuity underlying eye movement control is so widely distributed throughout
the brain, eye tracking provides an elegant way to probe a variety of mental processes. Numerous
eye tracking paradigms have betveloped to assess a range of discrete visuomotor and
cognitive processes. These include-pagcade (PRO) tasks, asticcade (ANTI) tasks,
oculomotor delayed response (memguyded) tasks, prediction tasks, foregwbice tasks,
visual search tasks, mgnition tasks, and free viewing (FV) tasks. The focus of this thesis is on

two paradigms investigated extensively by our group and others; PRO/ANTI tasks and FV tasks.



1.1.2 Behavioral and Neural Correlates of Pro/AntiSaccade Tasks

The PRO and ANTI t&s, initially described by Hallett (1978), are two well
characterized paradigms of visuomotor processing anddem inhibitory control. In the PRO
task, participants are instructed to look at a peripherally appearing visual stimulus as soon as it
appearsin the ANTI task, experimental conditions are nearly identical but participants are
instructed to look in the opposite direction of the stimulus instead. As the location of the stimulus
and the saccade goal are decoupled in the ANTI task, successluti@xeequires tojglown
inhibition of the reflexive response to look at the stimulus, followed by a transformation of the
stimulus location into a voluntary motor command to look in the opposite direction (Munoz and
Everling, 2004). These additional stepguire higheiorder cognitive control and lead to longer
saccadic reaction times (SRT; time between stimulus appearance and saccade onset) on ANTI as
compared to PRO tasks (Coe and Munoz, 2017; Munoz and Everling, 2004)d¢iviop
inhibition is insuffigent in the ANTI task, a direction error (an erroneous saccade toward the
stimulus) will be triggered. In the interleaved PRO/ANTI task (IPAST), PRO and ANTI trials are
randomly interleaved within a block, with trial condition indicated by the color ofiaally
presented central fixation point. The IPAST requires continuous updating of the saccade goal
from trial to trial, producing longer SRTs and increased direction error rates relative to blocked
tasks (Cherkasova et al., 2002; Ethridge et al., 2R@9ce et al., 2015; Reuter et al., 2006).

Both PRO and ANTI performance involves recruitment of brain regions necessary for the
visuomotor mapping and execution of saccades, including the FEF, SEF, PEF, thalamus, and SC
(Connolly et al., 2002; Munoz aritlverling, 2004; McDowell et al., 2008; Pieneseilligny et
al., 2002). On PRO trials, the PEF is involved in transforming the visual signal associated with

the appearance of the stimulus intsudbsequentinotor command to look toward it (Coe and



Munoz,2017; Munoz and Everling, 2004). In some instances, the appearance of the stimulus can
drive a direct visuomotor transformation (Dorris et al., 1997; Edelman and Keller, 1996; Sparks
et al., 2000) via retingorticattectal pathways that bypass the coftege fields (Schiller et al.,

1987). The saccades that result from these direct transformations reflect the fastest visually
triggered responses in the brain (with latencies typically betwedd®@ns), and are referred to

as fAexpress o &Ramspeagdrel984;(Fisches & Weber, 1993). The frequency of
express saccades has been shown to be influbycedarietyof experimental manipulations

(Bell et al., 2006; Marino & Munoz, 2009; Sparks et al., 2000).

Successful performance ANTI trials requires recruitment of brain regionyatved in
higherorder cognitive contrah order to suppress the automatic response to look at the stimulus
(McDowell et al., 2008; Munoz & Everling, 2004; Sweeney et al., 2007). More specifically, pre
emptive inhilition provided by regions such as the DLPFC, FEF, SEF, and BG is required prior
to stimulus appearance to suppress saccades neurons in the SCi and prevent a direction error
from being triggered (Coe & Munoz, 2017; McDowell et al., 2008; Munoz & Everliogs 2
PierrotDeseilligny et al., 2005; Watanabe & Munoz, 2011). Coordinated activity between these
regions is then required to drive the voluntary motor command to generatadesa the
opposite directioriCoe et al., 2019; Coe and Munoz, 2017).
1.1.3Behavioral and Neural Correlates of Free Viewing Tasks

In contrast to the highly structured nature of PRO/ANTI tasks, FV tasks are a more
recently developed category of eye tracking paradigms that are intentionally unstructured. FV
tasks typically refeto paradigms in which participants are allowedréely view visual stimuli
in the absence of any explicit goals or instructions (Hasson et al., 2009; Marsman et al., 2016;

Parkhurst et al., 2002; Tatler & Vincent, 2009). Although some FV tasks ardyentire



unstructured (in the sense that researchers will simply prompt participants to examine the stimuli
in whatever manner they would like), others require participants to provide some sort of aesthetic
or interest rating for the content observed. As pgaicis are often not aware of what type of

rating they will be asked to provide before beginning the task, these additional requirements are
useful for ensuring engagement without imposing an explicit task that may otherwise influence
eye movement behaviditti et al., 2005; Mital et al., 2011; Peters et al., 2005).

The major advantage of FV paradigms is that they can be used to assess visuomotor and
attentional processes in individuals of all ages and cognitive abilities, without concern for the
level of ask comprehension affecting behavior. The majority of FV studies conduaiatkto
have presented participants with a series of static images from one or more semantic categories
(i.e., natural landscapes, building/city scenes, home interior sceness olaiees, human social
interactions, computer generated images, etc.) for durations ranging-ftbree8each (Acik et
al., 2010; Helo et al., 2014; Nuthmann et al., 2020; Parkhurst et al., 2002; Tatler & Vincent,
2009). In an effort to increase the egptal validity of these paradigms, a numberstididies
have used dynamic video, as opposed to static images, in these tasks. Some groups have
presented longer.é., 20 810 min), segments of footage acquired from TV, film, or local
sources (Franchak at., 2016;Hasson et al., 2009; Mital et al., 2011; Marsman et al., 2016;

Rider et al., 2018). Others have presented series of short-d.eecp, video clips of varying
content (Habibi et al., 2022; Tseng et al., 2013; Zhang et al., 2019).

Evidently,the eye tracking measures derived from these paradigms are highly dependent
on the specifics of the stimuli and experimental design used. A common approach has been to
separately examine measures which reflect basic visuomotor control, measures wiutch refle

reflexive, bottomup attentional processes, and measures which reflect volitionalptop



attentional processes. Botteup attentional processes have been investigated by assessing the
tendency of participants to fixate visually salient regions ofjgsaand videos; that is, regions
thatareconspicuous from their surroundings based onlewel visual features such as

luminance, color, and contrast (Foulsham & Underwood, 2008; Itti & Koch, 2000; Itti, 2005;
Parkhurst et al., 2002). Tafpwn attentionlgprocesses have been investigated by assessing the
tendency of participants to fixate stimuli with high semantic meaningpabehavioral

relevance, such as faces (Franchak et al., 2016; Rider et al., 2018) or objects (Nuthmann et al.,
2020). Topdown atentional processes have also been assessed by comparing the similarity of
fixation locations between participants (Marsman et al., 2016; Tseng et al., 2013).

Although the neural correlates underlying FV behavior have not been mapped out to the
same exterdisthose underlyindPRO/ANTI behavior, FV tasks have the potential to provide
insight into the integty of visuomotor and attentiarircuits of the brain. Visual processing,
saccade planning, and attentional control overlap in some of the key regibas/suomotor
loop previously introduced, such as areas of the visual cortex, FEF, SEF, PEF, BG, thalamus,
and SC (Baluch & Itti, 2011; Ignashchenkova et al., 2004; Krauzlis et al., 2013; Reynolds &
Chelazzi, 2004; White et al., 2017; Veale et al., 20/7particular, the FEF, SEF, and SC may
be regions which integrate botteup visual saliency and tegpown behavioral relevancy during
the exploration of visual stimuli (Bisley & Goldberg, 2010; Fecteau & Munoz, 2006; Thompson
& Bichot, 2005; Zelinsky & Bsley, 201%. The presentation of different types of stimuli in FV
tasks may additionally recruit specific extrastriate regions along the dorsal and ventral streams.
Along the ventral stream, regions within the inferior temporal cortex respond prefeyentiall
discrete stimulus categories such as objects, tools, faces, and body parts (Baldauf & Desimone,

2014; Downing et al., 2005; Kanwisher et al., 1997; Kravitz et al., 2013; Gauthier et al., 2000).
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The PRO/ANTI and FV tasks described above highlighs#resitivity of eye tracking to
the neural circuitry underlying inhibitory and attentional control. Given this sensitivity, eye
tracking provides a simple and nowvasive means to investigate how cognition may be altered
in healthy aging and neurologiaditease. Indeed, the past few dkxsaof eye movement
research havieeen marked by studies demonstrating the capacity of eye tracking to probe
cognitive functioning across healthy and clinical populatitmbealthy individuals, eye tracking
parameters ofisuomotor, inhibitory, and attentional control have been found to change
dramatically thougbut development and agingiommel et al., 2004&Klein et al., 2005; Luna et
al., 2004;Munoz et al., 1998Trick & Enns, 1998 Regarding clinical populations, @yracking
has been extensively applied to study inhibitory and attentional processes in complex
neuropsychiatric disorders such as attentleficit hyperactivity disorder, anxiety, depression,
bipolar disorder, and schizophrenia (Armstrong & Olatunji,2@arvalho et al., 2015;

Chamorro et al., 2021; Gooding & Basso, 2008; Hutton & Ettinger, 2006).

We turn now to examine studies which have used PRO/ANTI and FV tasks to
characterize cognitive functioning in healthy aging and neuropsychiatric illnedsegifewith a
brief summary of the studies that have used these tasks to study cognition in normative
development and aging, of which there are many. Before considering research that has used these
tasks to investigate cognition in neuropsychiatric dissrdee provide relevant background
information on some of the unique challenges of studying psychiatric iliness. In particular, the
use of heterogeneous and frequently overlapping diagnostic categories has adversely impacted
scientific and clinical prograswithin the field tedate. These limitations in how we characterize
neurgsychiatric disorders highligtihe importance of using objectiverainbasedesearch

tools, such as eye tracking, to advance our understanding of cognition in complex disease stat
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1.2Eye Tracking to Assess Cognition Across the Lifespan

As we age, the brain follows a distinct trajectorytofictural and functional changjeat
parallek the acquisition, maturation, and decline of cognitive abilit@essgey et al., 2005;
Damoiseay, 2017;Harada et al., 2033From childhood through to early adulthood, gray matter
matures in visual and sensorimotor cortices before it matures in parietal, temporal, and frontal
cortices (Giedd et al., 1999; Gogtay et al., 2004; Sowell et al., 2@@é)ting the progressive
acquisition of motor skillsspatial attention, languagandmentalizatioras we develop (Casey et
al., 2005; Mechelli et al., 2004; Spreng et al., 2008). The prefrontal cortex is among the last
region to mature, consistent witlie notion that the capacity for higHewel cognitive control is
not achieved until adolescence or early adulthhoad et al., 2010; Rubia, 201 3Prototypical
cognitive aging profiles indicate that most cognitive abilities peak around thelduadk of life
(Salthouse, 2009and then gradually decline alongside-agsociated gray and white matter
volume loss (Good et al., 2001; Jernigan et al., 2001; Raz et al., 2005). Specifically, damage and
atrophy in prefrontal and temporal circuits has begplicated in impairments in processing
speed, memory, and response inhibition that are often experienced bgcltds(Buckner et
al., 2004;Harada et al., 2013; Kennedy & Raz, 2009 Su |l | i.,2Gh). et al

The eye movement system is an ideal modelfoi nvesti gati ng changes
functional capacity throughout the lifespan. The neural circuitry underlying eye movement
control previously introduced overlaps directly with the neural circuitry that undergoes structural
and functional maturationithh age (Klein et al., 2000; Luna et al., 2004; Munoz et al., 2007).
Further, as compared to traditional manAuaponse tasks, eye tracking paradigms provide a
simpler and more direct means of assessing the neural circuitry underlying inhibitory and

attertional control that are also easily understood by young children and older adults.
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1.2.1 Pro/Anti-Saccade Task Behavior Across the Lifespan

A considerable number of studies have used PRO/ANTI tasks to investigate how
visuomotor processing and inhibitacgntrol change as a function of age. The most commonly
reported measures are PRO and ANTI SRT and ANTI direction error rates, which we focus on
here.Children as young as 5 years old can understand ttragtisns of PRO/ANTI tasks,
however their perfomance is characterized by long and variable SRTs and high (i.e., up to 50%)
direction error ratedHukushima et al., 2000; Klein & Foerster, 2001; Kramer et al., 2005;
Munoz et al., 1998). Task performance improves (i.e., SRT and direction error ragssdgcr
dramatically throughout childhood and adolescence, with a number of studies suggesting that
mat ure- efiedol behavi or e mas(Buecs& Seassam20th e ages
Fukushima et al., 2000; Irving et al., 2006; Klein & Foerster, 2001alatral., 2004). Other
studies that have included individuals from adolescence to young adulthood have reported that
consistently short SRTs and low direction error rates (i.e., 10%) are not maintained until the ages
of 1825 (Alahyane et al., 2014; Fukusta et al., 2000; Klein & Foerster, 2001; Luna et al.,
2004; Munoz et al., 1998; Velanova et al., 2008). Performance appears to remain relatively
stable from young to mid adulthood (i.e., from the-80s) (Irving et al., 2006; Munoz et al.,
1998), howeverthere is a paucity of studies including individuals in this age range. From the
sixth decade of life and onwarajerelatedchanges appear to become more pronounced, with
SRT and direction error rate both increasing (Abel & Douglas, 2007; FernBRuiteet al.,
2018; Fujiwara et al., 2010; Klein et al., 2000; Noiret et al., 2016; Munoz et al., 1998; Peltsch et
al., 2011; Sweeney et al., 2001). The oldest participants typically included in these studies are
between the ages of 6, although a few (Ab&k Douglas, 2007; Klein et al, 2000; Peltsch et

al., 2011) have examined performance in individuals in their 80s.
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The studies highlighted above point to systematic changes in PRO/ANTI behavior as a
function of age; task performance is deficient in yoahniddhood, improves dramatically until
adolescence/early adulthood, remains relatively stable throughfejithen declines gradually
in older adulthood. The significant contribution of this literature notwithstanding, these studies
could be expanded upan a number of ways. First, the vast majority of these studies used
blocked PRO/ANTI paradigms. In contrast to blocked paradigms, the IPAST secpmtenuous
updating of the saccade goal, or task set, from trial to trial. The IPAST has been shoeih to el
longer SRTs and increased direction error rates (Cherkasova et al., 2002; Ethridge et al., 2009;
Pierce et al., 2015; Reuter et al., 2006), as well as gifdéiRdrBOLD activity in saccade related
regions such as the FEF and precuneus (Pierce & MdD@0&7). Given these increased
cognitive demands, the IPAST may be better suited to amplify cognitive chthagescur with
age(Coe et al., 2017; Alahyane et al., 2014; FernaiRigiz et al., 2018).

Many of these studies also investigate developimdjaging cohorts separately, and
compare individuals grouped into small, artificially delineated age bins. Studies with the ability
to collect data across wider age ranges (Munoz et al., 1998; Klein et al.| 2085t al., 2004
and useage as a contuous predictor in regression models (Alahyane et al., 2014; Bucci &
Seassau, 2012; Coors et al., 2021; Klein et al., 2005; Luna et al., 2004; Ordaz et al., 2010; Mack
et al., 2020) allow for a more accurate characterization ofelgeed effects on behavri These
studies have suggested that developmental trajectories are best characterized by an inverse curve
fit, while aging trajectories are best characterized by a linear fit (Alahyane et al., 2014, Klein et
al., 2005; Luna et al., 2004; Mack et al., @0@rdaz et al., 2010; 2013)hus, sudieswhich
investigate IPAST behavior across the entire lifespan using flexible analytical approaches are

needed to corroborate and extend the existing literature on PRO/ANTI behavior across age.
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1.2.2 Free Viewing sk Behavior Across the Lifespan

Relative to the literature on PRO/ANTI task behavior across the lifespan, the literature on
FV task behavior across the lifespan is still in its infancy. Further, the unstructured nature of FV
paradigms means that thenstili and experimental design of these tasks vary substantially. We
describe below a few recent studies in which participants freely viewed static images or dynamic
videos in the absence of any explicit goal or task instruction. Acik et al. (2010) foand tha
although children (B years old), young adults (¥ years old), and older adults {82 years
old) engaged in comparable levels of explorative viewing of naturalistic images, older adults
made more frequent and lower amplitude saccades separatenttey 8kations. Featureelated
(i.e.,saliencybased viewing was highest in children and decreased with age, whereas
idiosyncratic viewing was lowest in children and increased with age. In contrast to the findings
of Acik et al. (2010), Helo et al. (28} found that fixations durations decreased and saccade
amplitudes increased with age iy 2-6-, 6-8-, 8-10-yearolds, and adults (289 years old)
while they viewed naturalistic scenes. Similar to Acik et al. (2010), however, these authors also
found that the impact of saliency on gaze behavior was stronger in the younger children relative
to the older children and adults. In a study in which participants watchedead@e of
Seasame Street, Franchak et al. (2016) found that eye movement consistehdis increased
with age in 6, 9-, 12-, and 24monthold infants, as did gaze biases toward salient areas and the
time spent looking at faces. Finally, in ardepth investigation of saliendmsed object
prioritization, Nuthmann et al. (2020) conmpd young (1829 years old) and ol6-83 years
old) adults viewing realvorld scenes. Young and old adults did not differ on number of
fixations, fixation durabn, or saccade amplitude. Qddults, however, fixated significantly

fewer objects and engagjé.e., refixated) for significantly longer with selected objects.
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Although few in number, the FV studies described above illustrate how unstructured
paradigms can be used to investigate changes in visuomotor and attentional processes as a
function of ag@. Regarding changes in visuomotontrol, findings thus far amixed. Acik et
al. (2010) reported no differences in saccade frequency, saccade amplitude, or fixation duration
between children and adults, while Helo et al. (2014) found that fixatioa@hs decreased
and saccade amplitudes increased from childhood to adulthood. Similarly, Acik et al. (2010)
reported that older adults made more frequent and lower amplitude saccades separated by shorter
fixations, whereas Nuthmann et al. (2020) did nuod flifferences in these metrics between their
young and older adult groups. Regarding attentional procegsdsthus farsuggest that
bottomup influences are strongest in childhood and decrease with age, whileviop
influences are weakest in chilalbd and increase with age (Acik et al., 2010; Helo et al., 2014).

A growing trend in vision research has been the use of more naturalistic (i.e., complex,
dynamic, rich; Vanderwal et al., 2019; Hasson et al., 2009) stimuli in order to improve the
ecologcal validity of the behavioral processes being studied. A key visual property of
naturalistic stimuli is their dynamic nature. Motion and flicker have been demonstrated to be the
strongest predictors of human gaze (Carmi & Itti, 2006; Itti, 2005; Mitall €2011; Smith &

Mital, 2013). As static images lack these properties, #heyftenconsidered insufficient

surrogates for naturalistic viewing (Tatler, 2011). To the best of our knowledge, Franchak et al.
(2016) and Rider et al. (2018) are the onlyugrs to investigate age differences in gaze behavior
during the free viewing of dynamic videos. Thus, a significant gap in our knowledge of visual
attention is how gaze behavior during the free viewing of dynamic videos changes as a function
of age. Studie which investigate gaze behavior from young childhood to old adulthood using

unstructured, naturalistic FV tasks are needed to address this gap.
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1.3Clinical and Scientific Implications of Current Neuropsychiatric Nosology

Before considering studies that feawsed eye tracking to investigate cognition in
neuropsychiatric disorders, \iiest discuss some of the unique challenges of studying
psychiatric disorders. Psychiatrists and neurologists alike face the dauntingdaskpbkring
the human brain, an aag whose complex mechanisms represent the summation of an
individual 6s genetic makeup, |ife experience,
characterizing psychiatric disorders are no different from those of neurological diseases, as both
can be heterogeneous atinical presentation, comorbid witbther conditionsand share
commonpathophysiologyWhere psychiatry diverges from all other branches of medicine is in
its continued reliance on observable signs and symptoms, rather than wgderlyi
pathophysiology, to guidédiagnosis and treatmenthis continued reliance on symptomology
contributes to diagnostic categories that lack construct validity (i.e., do not reflect underlying
etiology), and overlap to a significant degree between disord@ibrs approach to characterizing
psychiatric illness is considered tothe signal greateginpediment to scientific and clinical
progress within the field (Cuthbert & Insel, 2013; Insel et al., 2010).

The Diagnosti@and Statistical Manual of Mental Disorders (DSM; American Psychiatric
Association [APA], 2013) is the classification systesedpredominately in North America to
diagnose psychiatric disorders. The release of the 1B 1980 saw the introduction of
discrete diagnostic categories, such that individuals were determined as belonging to one or more
categories based on whether a certain number of syrdpsed criteria were met. Many of
these categories are still used today, such as schizophrenia, adepr@sdibipolar disorder.

While the introduction of these categories has improved the reliability of diagnoses made over

the years, categorization based exclusively on symptomology is problematic given that different
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pathophysiological pathways can prodsgailar symptoms (Hyman, 2010). As such, current
categorical constructs represent largely heterogeneauseuently comorbid syndromes,
rather than specific disease processes (Etkin, 2019; Kapur etldl), BDthe clinical setting a
large proportiorof patientsdo not fit neatly into one singular diagnostic categbuy rather,
present with a heterogeneous set of symptoms that may be partially descneddogus
categorical constructs. Further, symptom sets may réfleactomorbidity of multiplelisorders.
These complexities can severely hinder a clin
treatment decisions, which adversely affects the likelihood of positive outcomes for patients.

Current psychiatric nosology also limits the prog@sesearch aimed at advancing
etiological understanding and therapeutic developroerihese disorderespite substantial
efforts directed towards identifying objective biological markers or tests for psychiatric illness,
none have yet been identified sufficiently valid or reliable (Cuthbert & Insel, 2013; Kapur et
al., 2012). Furthermore, despite the need for new therapeutics, only a small number of novel
psychotopicdrugshapr ogr essed to phase I 11 clinical tri
2014). While current medications can be effective in treating individuals, they lack precision and
tend to affect a broad range of disorders (Murrough & Charney, 2012).

The focus of this thesis is on three prevalent neuropsychiatric disorders thatigxempl
the limitations of current approaches to characterizing neuropsychiatric disorders: attention
deficit hyperactivity disorder (ADHD), bipolar disorder (BD), and borderline personality
disorder (BPD). Despite distinctions in age of disease onset, agfulieess, and core
symptomology, adults with these illnesses share clinical features and behavioral deficits that
make it challenging for clinicians to differentiate between diagnoses. We provide a brief

description of each disorder before discussingenmmvel approaches to their characterization.
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1.3.1 Clinical Features, Behavioral Impairments, and Neurobiology of ADHD

ADHD is a neurodevelopmental disorder characterized by persistent symptoms of
inattention and/or hyperactivity and impulsivity tha¢gent in childhood and interfere with
typical functioning or development (APA, 2013). Symptoms of inattention may present as being
unable to maintain focus on tasks, disorganization, or frequent distractedness or forgetfulness.
Hyperactivity may manifestsaexcessive fidgeting, restlessness, or talkativeness. Impulsive
symptoms can include behaviors such as social intrusiveness or an inability to delay gratification.

ADHD develops in childhood and is prevalent in 5% of chilqolanczyk et al., 2007)
Although previously thought to remit in adulthood, it is now well established that ADHD persists
in roughly twathirds of affected individuals (Faraone et al., 20B@p0on et al., 2009), with an
estimated adult prevalence of 2.8% (Fayyad et al., 2017). ADHD is more common in males than
females (Polanczyk et al., 2007), however, girls and women with ADHD may be under
recognized and undeliagnosed due to the presentatad milder inattentive symptoms and
more frequent internalizing problems (Hinshaw et al., 2022). Although symptom sewelrity a
clinical presentation changéth age (Faraone et al., 2000; Turgay et al., 2012), ADHD is
associated with substantial interpmral, educational, and volitional impairments throughout the
lifespan (Das et al., 2012; Sobanski et al., 2007; Torgersen et al., 2006; Katzman et al., 2017).
50-80% of adults with ADHD are estimated to have at least one otkeisting psychiatric
disoder (Sobanski et al., 2007; Torgersen et al., 2006), with the most common being depressive
disorders, anxiety disorders, bipolar disorder, personality disorders, and substance use disorders
(Katzman et al., 2017). Stimulants such as methylphenidate arftetamnpne are the firdine
treatment for ADHD, and alleviate symptoms by increase dopaminergic signaling in the

prefrontal cortex (Arnsten, 2006; Del Campo et al., 2011).
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ADHD is associated with a wide range of cognitive deficits, including impairments in
sustained attention, response inhibition, working memory, response time variability, and reward
processing (Castellanos et al., 2006; Matthews et al., 2014; Willcutt et al., 2005). Magnetic
resonance imaging (MRI) studies of children, adolescents, aittd adtin ADHD have
described cortical thinning throughout the cortex, but particularly within frontal regions of the
brain (Batty et al., 2010; Depue et al., 2010; Hesslinger et al., 2002; Shaw et al., 2006). Altered
connectivity of frontestriatal and frato-cerebellar fiber tracts has also been reported in children
and adults with ADHD (Ashtari, 2005; Konrad et al., 2010). Further, gray and white matter
abnormalities and deficits in sustained attention have been found to be shared between ADHD
probands adh their unaffected firstiegree relatives (Pironti et al., 2014). Functional MRI (fMRI)
studies have reported hypoactivation in frestivatal and frontgarietal circuits in ADHD
cohorts across a rangécognitive, motor, and rewafgrocessing tasks (Cese et al., 2012;
Hakvoort et al., 2013; Hart et al., 2013; Rubia, 2018). Resting state fMRI has also identified a
potential role for the default mode network in ADHD, with hyperactivatiotihe network
suggested to contribute to attentional and worknggnory deficits (Castellanos et al., 2008;
Cortese et al., 2012; Rubia et al., 2018).

The genetic etiology of ADHD is substantial, with twin studies estimating heritability to
range from 780% (Faraone & Mick, 2010). The most commonly implicated gena®HD
are those involved in dopaminergic, noradrenergic, and glutamatergic signaling, as well as those
implicated in axonal growth and synaptic plasticity (Bonvicini et al., 2016; Faraone & Mick,
2010; Gizer et al., 2009). It has become increasingly theathe development of the disorder is
mediated not only by many genes of small effect, but also by numerous environmental factors

which remain poorly understood (Schuch et al., 2015).
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1.3.2 Clinical Features, Behavioral Impairments, and Neurobiology of B

BD is an affective disorder involving abnormal fluctuations in mood, energy, and
cognition during recurring episodes of hypomania/mania and depression (Grande et al., 2016).
The most common subtypes of BD are BDI and BDII, with prevalence rates of 0600444,
respectivelyMerikangas et al., 2011BDI involves at least one lifetime eoide of mania,
defined as a period of persistently elated, grandiose, or irritable mood, increased energy or
activity, and increased engagement in impulsive and potentially dangerous behaviors (APA,
2013). BDIl involves at least one episode of hypomargéndd by manic symptoms not severe
enough to cause marked functional impairment, and an episode of major depression, defined as a
period of persistently low, hopeless, or irritable mood, anhedonia, fluctuations in weight and
sleep, and recurrent thouglaifsdeath or suicide (APA, 2013). Although individuals with BD
experience periodsf remission (i.e. euthymidetween mood episodes, recurrenceobd
episodes is common, particularly in BDIIl (Grande et al., 2016; Judd et al., 2003).

Onset of first moodm@sode in BD typically occurs in late adolescence or early
adulthood, but can also occur at any point throughout the lifetime (Baldessarini et al., 2010). BD
is equally prevalent in males and females (Merikangas et al., 2007), however, females are more
likely to experience rapid cycling and mixed feature episodes (Altshuler et al., 2010; Erol et al.,
2015). BD is associated with considerable functional impairment. Despite having education
levels similar to that of the general population, individuals withiale lower soci@conomic
status and experience difficulties maintaining employment (Bonnin et al., 2014; Schoeyen et al.,
2011; Zimmerman et al., 2010). BD is highly comorbid with anxiety disorders, conduct
disorders, ADHD, and substance use disordesEMy et al., 2001; Merikangas et al., 2011),

and is also associated with a number of cardiovascular, endocrine, and metabolic conditions
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(Kilbourne et al., 2004; Ortiz et al., 2010). BD is treated with mood stabilizers, antipsychotics,
and antidepressatwhich act to regulate psychosis and mood lability via modulation of
dopaminergic and serotonergiansmissior{Grande & Vieta, 2015; Miura et al., 2014). Due to
its chronic nature and high comorbidity with other psychiatric and medical conditions,
individuals with BD facea risk for suicide that is 280 times higher than that of the general
population (Pompili et al., 2013).

BD has been extensively characterized by impairments in both cognitive (i.e., processing
speed, response inhibition, working meg)aand emotional (impaired facial emotion
recognition, altered reward processing) domains that have been found to vary as a function of
mood state (Bourne et al., 2011; Cardenas et al., 2016; Ma”aren et al., 2004; Mercer &
Becerra, 2013; Townsend &ltshuler, 2012; Strakowski et al., 2009; Volkert et al., 2016).
Abnormalities in the structure and function of frontal and limbic system circuits, including
regions such as the ventrolateral cortex and amygdala, have been proposed to underlie the
symptons of emotional dysregulation, impulsivity, and psychosis in BD (Chen et al., 2011,
Phillips & Swartz, 2014; Strakowski et al., 2012).

BD is among the most heritable psychiatric disorder, with heriyakstimates ranging
from 7993% (Barnett & Smoller2009).The wide range of@ne variants associated with BD
include those implicated in dopaminergic, serotonergic, and glutamatergic signaling, calcium
channels, circadian rhythms, neuronal plasticity, and cell adhesion proteins (Barnett & Smoller,
2009; Fereira et al., 2009; Shinozaki & Potash, 2014). Similar to ADHD, the notion of a multi
faceted genetienvironmental interaction contributing to the etiology of BD is widely supported

(Craddock & Sklar, 2013; Ozerdem et al., 2016).
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1.3.3 Clinical Features, Behavioral Impairments, and Neurobiology of BPD

The personality disorders are a category of psychiatric illnesses characterized by
enduring patterns of cognition and behavior that deviate significantly from the expectations of an
i ndi vi duaPA 2013). fPerdonalityedisordars develop in adolescence or early
adulthood, are stable over time, and generally lead to marked functional impairment and distress
(APA, 2013). With an estimated prevalence ot3.9%(Grant et al., 2008; Lenzenweger,

2007) BPD is among the most common personality disorder, and is characterizpdhgsive
pattern of instability in interpersonal relationships,-gekige, affective regulation, and impulse
control (Lieb et al., 2004). BPD has been recognized as one of the most clinically complex and
heterogeneous psychiatric disorders (Paris, 28R@clol et al., 2002).

BPD is diagnosed primarily (75%) in females (Widiger & Weissman, 1991), although
prevalence rates of males and females with BPD have been reported as comparable elsewhere
(Grant et al., 2008; Tomko et al., 2014). BR@Associated wih severe mental impairment,
occupational deficits, and difficulties in interpersonal relationships (Grant et al., 2008;
Lenzenweger et al., 2007; Skodol et al., 2002; 2005). BPD is also characterized by an extremely
high risk for suicidelt is estimatedhat8-10% of affected individuals commit suicide, a rate that
is almost 50 times greater than in the general population (Oldham, 2006). BPD is commonly
comorbid with depressive disorders, BD, eating disorg@sttruametic stress disordd?TSD),

ADHD, other personality disorders, and substance use disorders (Grant et al., 2008;
Lenzenweger et al., 2007; Skodol et al., 2005). Psychotherapy, such as cognitive behavioral
therapy, in adjunct to mood stabilizers, antipsychotics, and antidepressants is eacechto

reduce depression, anxiety, and suicidal ideation in BPD (McMain et al.,[4@09; | i nk o &

Vuksanl u s a, Stafferé\Veinterling et al., 2012).

23



Despite the fact that individuals with BPD utilize more mental heatresources than
individuals wth other psychiatric disorders (Bender et al., 2001; Zanarini et al., 2001), BPD
remains an understudied and poorly characterized illness. Studies are just now beginning to
systemically investigate cognitive impairments in BPD, with a number identifyoagdeficits
in processes such as attention, response inhibition, cognitive flexibility, and planning (Koudys &
Ruocco, 2021; McClure et al., 2016; Nigg et al., 200%9cco et al., 2005). Although the extent
to which cognitive impairments are charactigeisf individuals with BPD is still debated,
dysregulated emotional processing is considered a primary feature of the disorder (Andermann et
al., 2022; Mitchell et al., 201&K0senthal et al., 2008).

Neuroimaging studies indicate that structural and fanat abnormalities in fronto
limbic networks underlie the symptoms of impulsivity, aggression, and affective instability in
individuals withBPD (KrauseUtz et al., 2014; PereRodriguez et al., 2018). BPD has been
associated with reduced volumes in regisuch as the DLPFC, orbitofrontal cortex, anterior
and posterior cingulate cortices, amygdala, and hippocampus (Brunner et al., 2010; Driessen et
al., 2000; Hazlett et al., 2005; Schmahl et al., 2003; Tebartz et al., 2003). Many of these same
regions hag been reported to be abnormally recruited in individuals with #®Ren presented
with emotionally valenced stimuli such as faces or w@bgasperi et al., 2021; Koenigsberg et
al., 2009; Ruocco et al., 2013; Schulze et al., 2016)

Recent theoretical mets of the BPD emphasize the interaction of both genetic risk and
early environmental adversity in the development of the disorder (Ensink et al., 2015; Winsper et
al., 2016). Twin studies of individuals with BPD estimate a heritability ef@% (New et h,

2008), although metanalysexonducted tadate have beesomewhatnconclusive in

identifying genes which may contribute to the disorder (Amad et al., 2014).
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1.3.4 Addressing Overlap and Heterogeneity in Current Psychiatric Nosology

Despite the distictions in age of onset, course of illness, and core symptomology
described above, adults with ADHD, BD, and BPD share clinical features and behavioral deficits
that make it challenging for clinicians diifferentiate between diagnoses. Complicating the
situation further, these three disordare also highly comorbid with one anothBe(nardi et al.,
2012;Frias et al., 2018ylerikangas et al., 2011; Weibel et al., 2DIBxamples of overlapping
symptoms can include inattention, hyperactivity, impulsjatyd mood lability Asherson et al.,
2014; Eich et al., 2014; Frias et al., 2016) (Fig. Iril)erms of behavioral impairments, all three
groups have been characterized by deficits in inhibitory and attentional processes (Hidiroglu et
al., 2015; Koudy# Ruocco, 2021; McClure et al., 2016; Matthews et al., 2014; Sepede et al.,
2012).Notably, hese deficits appear to be particularly pronounced when the processing of
complex social or emotional stimuli is also involved (Favre et al., 2015; Kaiser20%8;,

Peckham et al., 2016; Schulz et al., 2014; van Zutphen et al., 2020).

It is clear that progress in mechanistic understanding and clinical managementhweithin
field of psychiatry requires a shift away from traditional nosology and toward approaches
grounded in contemporary research methodology and neuroscientific understanding. A
prominent initiative that embodies this strat
Research Domain Criteria (RDoC). The aim of the RDoC is to provide a nosfickson
framework for psychiatric illness based on dimensions of neurobiology and behavior that cut
across currently defined diagnostic categories (Cuthbert & Insel, 2013; Insel et al., 2010). With
an emphasis on dathiven, dimensional, and multhodd approaches to characterization, the
RDoCrepresents a more viable initiatif@ moving psychiatry forward toward improved

precision in understanding, diagnosis, and treatment (Hyman et al., 2010; Kapur et al., 2012)
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Figure 1.1Clinical overlap in ADHD, BD, and BPD.

1.4 Eye Tracking to Assess Cognition in Neuropsychiatric Disorders

Given its sensitivity to underlying neural circuitry and ability to provide insight into
discrete cognitive processes, eye tracking presents as an ideal tool todaibii@cterization of
psychiatric disorders across fundamental cirbaged behavioral domains. Indeed,\thkie of
usingeye tracking to study psychiatric illnesas long been appreciatégdne of the first studies
to demonstrate that eye tracking cob&used to assess cognitive alterations in psychiatric
illness was that of Fukushima et al. (898~7ho found that schizophrerpatiens haveelevated
direction error rategelative to healthy controls. Given the welaracterized role of the frontal

cortex in direction error suppression, this finding led to the association of frontal cortex

dysfunction in patients with schizophrenia. Since this seminal paper, these findings have been
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widely replicated (Curtis et al., 2001; Gooding & Tallent., 2001;IfRetlal., 2014). In fact, eye
tracking has now been used to investigate cognitive processes in nearly all major psychiatric
categoriegArmstrong & Olatunji, 2012; Carvalho et al., 2015; Chamorro et al., 2021; Hutton &
Ettinger, 2006; Gooding & Basso, Z)0While the majority of these studies have identified
deficits in cognitive functioning between patient groups and healthy controls, fewer studies
compare task performance across different patient groups. This is the case in eye tracking studies
conductd in adults with ADHD, BD, and BPD, which well now discuss.
1.4.1 Pro/Anti-Saccade Task Behavior in ADHD, BD, and BPD

PRO/ANTI paradigms have been used to compare visuomotor and inhibitory control
between healthy individuals and individuals with ADHED), or BPD in a number of prior
studies. Given its childhood onset, the majority of research on PRO/ANTI task performance in
ADHD has been conducted in children (Chamorro et al., 2021). Nonetheless, a growing number
of studies have also examined task geniance in adults. Saccade metrics have generally been
found to be normative in ADHD (Hakvoort Schwerdtfeger et al., 2013), although two studies
haveidentified longer saccade durations (Feifel et al., 2004; Munoz et al, 2003). PRO and ANTI
SRT has been perted to be longer in ADHD patrticipants relative to healthy controls in some
(Munoz et al., 2003; Carr et al., 2006; Duval et al., 2021; Hakvoort Schwerdtfeger et al., 2014),
but not all (Nigg et al., 2002; Feifel et al., 2004) studies whaleinvestigated these measures.
ANTI direction error rate has consistently been reported to be elevated in ADHD patrticipants,
typically ranging from 1&0% (Carr et al., 2006; Duval et al., 2021; Feifel et al., 2004; Hakvoort
Schwerdtfeger et al., 2013; Munoz et 2003; Nigg et al., 2002).

BD has also been characterized by PRO/ANTI paradigms. PRO SRT appears to be

normative in individuals with BD relative to healthy controls (Harris et al., 2009). ANTI SRT
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has been reported to be longer in BD participants relaiihealthy controls in some (Gooding
& Talent, 2001), but not all (Harris et al., 2009) studies, while ANTI direction error rate has
consistently been reported to be elevated in BD participaiitsyaluesranging from 3635%
(Gooding & Talent, 2001; Has et al., 2009; Martin et al., 2007; Reilly et al., 2014).

To our knowledge, only two studies have investigated PRO/ANTI performance in BPD
to-date. Grootens et al. (2008) compared PRO/ANTI task performance between individuals with
BPD, individuals withschizophrenia, and healthy controls. Relative to control participants, BPD
participants were found to make significantly more ANTI direction errors. In contrast to the
findings of Grootens et al. (2008), Jacob et al. (2010) did not find any differensBg In
direction error rate between a group of women with BPD and healthy control women.

Although additional studies are needed to characterize PRO/ANTI performance in BPD,
the abovementioned studies conducted in ADHD and BD are consistent with the tidibn
ANTI error rates are increased across neuropsychiatric disorders, and may reflect common
frontalstriatal dysfunction (Gooding & Basso, 2008; Hutton & Ettinger, 2006). To our
knowledge, no study has directly compared adults with ADHD, BD, and BAFIR@IANTI
behavior.In line with morerecent research initativesich studies argnperative to determine
the extent to which inhibitory control is similar or divergent across major diagnostic categories.

With the exception of Hakvoort Schwerdtfegeakt(2013), the majority of prior studies
used a blocked PRO/ANTI task to investigate inhibitory control in these patient groups. Given
the additional cognitive demands of the IPAST, this task besuékd to amplify subtle
impairments across groups. &ily, in addition to PRO SRT, ANTI SRT, and ANTI direction
error ratesnumerous other metrics can be derived from the IPAST to assess a wider range of

visuomotor and cognitive processes (Coe & Munoz, 2017; Coe et al., 2019).
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1.4.2 Free Viewing Task Behawr in ADHD, BD, and BPD

Although the use of unstructur&¥ paradigmsn neuropsychiatric disorders has been
limited thus far, existing research points to the potential of such tasks to assess visual attention in
these complex disorders. Below we hightiglfew relevant studies which support a more
widespread adoption of FV paradigms to study attentional processes in ADHD, BD and BPD.

In a study in which children watched 15 minutes of videos consisting of short, unrelated
clips, Tseng et al. (2013) weable to differentiate children with ADHD from healthy children
on the basis of gaze biases towards visually salieidnme@f the videos. That ishildren with
ADHD were more drawn teisualfeatures such as color and texture. In a recent review on
emotonal scene processing in children and adolescents with ADHD, Leroy et al. (2021)
surmised that children with ADHD appear to be comparable to healthy children in general scene
exploration and comprehensin®jt may exhibit difficultieslisengaging from thmain stimuli
being presented. Thus, both the study of Tseng et al. (2013) and the review of Leroy et al. (2021)
implicate dysregulated botteop attentional mechanisms in children with ADHD. Whether this
dysregulation persists in adults with ADHIReddgo be investigated.

A number of studies have investigated visual attention in adults with BD using paradigms
akin to FV tasks. In tasks in which participants viewed images of different semantic categories
(i.e., faces, landscapes, noise patterns), both IBester et al. (2006) and Wang et al. (2022)
found smaller saccade amplitudes in BD participants relative to healthy controls. However, in a
study presenting images of emotional faces, Peckham et al. (2016) did not identify any
differences in gaze behavibetween BD participants and controls. In one other study involving
the presentation of emotional film clips, Kjeerstad et al. (2020) found that BD participants spent

less time looking at all clips compared to controls.
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While it does not appear that aduligh BPD have been characterized with any FV
paradigmger se thisclinical grouphas been extensively characterized by face emotion
recognition tasks. In a number of tasks, it has been founththeiduals withBPD fixate the
eyes of emotional facesdi@r and for longer durations thhealthy control¢Bertsch et al.,

2017; Kaiser et al., 2019; Seitz et al., 2021).

Although conclusions regarding the ability of FV tasks to assess attentional processes in
neuropsychiatric disorders can not be drawn ftieenexisting literature, evidence from relevant
studies suggest that individuals with ADHD, BD, and BPD all exhibit some form of altered
visual attention that could be indexed by these tasks. The unstructured, naturalistic, and engaging
nature of FV paradms may make them particularly well suited to unobtrusively assess visual
attention across these three disorders.

Finally, a number of prior studies have indicated that inhibitory and attentional processes
are particularly impaired in adults with ADHD, B@nd BPD during theoncurrenprocessing
of complex social or emotional stim(kavre et al., 2015; Kaiser et al., 2016; Peckham et al.,

2016; Schulz et al., 2014; van Zutphen et al., 2020). All three clinical groups exhibit impairments
in the identifiation and processing of emotional stimuli (Andermann et al., 2022; Mitchell et al.,
2014; De Brito Ferreira Fernandes et al., 2016; Degabriele et al., 2011; Ibafiez et al., 2011; Miller
et al., 2011). In tasks of inhibitory or attentional control which Imedhe concurrent

presentation of emotional stimuli, impaired task performance has been hypothesized to result
from abnormal activation of frontlimbic circuits of the brain (Andermann et al., 2022; Schulz

et al., 2014; Favre et al., 2015). Thus, eyekireg paradigms which incorporate more complex
social/emational stimuli, such as emotionally valenced faces, may be particularly useful to assess

the interaction of cognitive and affective psychopathology in these three disorders.
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1.5 Thesis Objectives

The overarching aim of this thesis is to evaluate the use of IPAST and FV tasks to
characterize cognitive changes in healthy aging and neuropsychiatric illness. As described above,
the use of eye tracking to study cognitionndividuals of different agergups or
neuropsychiatric cohorts has been an active area of research in recerheanstivation for
this thesis was to expand upon the understanding and limitations of this literature in order to
conduct a comprehensive investigation into cognitiveefioning in health and psychopathology.

In order to provide a robust characterization of cognitive changes across normative
development and aging, we recruited a csisgional cohort of over 500 healthy individuals
between the ages of33. Chapters and 3 of this thesis provide detailed descriptions of IPAST
and FV behavior in this large lifespan cohort. Chapter 2 builds upon existing PRO/ANTI
literature by considering performance on the IPAST, a cognitively demanding paradigm that is
well-suited toamplify the behavioral changes that occur across age. We also examine a wider
range of task parameters than what is typically reported in the literature, in order to provide a
more comprehensive account of agiated changes in inhibitory control.

Chapte 3 examines FV behavior collected in the same lifespan cohort. Here, participants
freely viewed 10 minutes of dynamic video depicting a wide range of engaging content. Given
the naturalistic nature of the FV task employed and the size of the partiapant iovestigated,
this study is particularly novel. To examine agéated changes in visuomotor control, bottom
up attentional processes, and-tigwn attentional processes, humeroastentindependent and
contentdependengaze measures were derivedianalysed. In both of Chapters 2 and 3,
flexible, datadriven modelling techniques and change point analyses were used to identify the

ages at which behavioral measures underwent significant change.
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To determine the extent to which cognitive proceseeslaared or divergent across
prevalent neuropsychiatric disorders, we also compared eye tracking behavior across adults with
ADHD, BD, and BPD. Building upon the foundational knowledge provided by Chapter 2,
Chapter 4 compares IPAST performance acrosettieee clinical groups. Factor analysis was
also conducted to determine if there were latent variables underlying IPAST performance across
participants that correlated with clinical assessments of inattention, impulsivity, and mood.

Given prior work indcating that inhibitory and attentional processes are particularly
impaired in neuropsychiatric disorders during ¢becurrenprocessing of complex
socialemotional stimuli Chapters 5 and 6 assessed behavior in these clinical groups using
emotional vamnts of the IPAST and FV task. In Chapter 5, a separate group of adults with
ADHD and BD were compared on a modified version of the IPAST in whichethef
emotional face stimuli acted as the cue to perform either the PRO or ANTI. In Chapter 6, adults
with BD were compared to healthy controls on a modified version of the FV task in which clips
featuring emotional faces were randomly presented within the 10 minutes of unstructured video
viewing. In this study a region of interest analysis was performedssess attentional biases to
the facial features of emotionally valenced faces.

The studies presented in this thesis took advantage of: (1)deatgedata collection
conducted using modern vidéased eye trackers in highly controlled laboratory sestif2) the
implementation otarefullydesigned eye tracking paradigtosassess discrete inhibitory and
attentional processgand (3) the use of standardized-precessing pipelines capable of
deriving a rich set dbehavioral parameters from eye movetrecordingsThus, this body of
work illustrates the strengths of usir@pust,standardized approaches for eye tracking data

collection and analysis in the study of large and heterogeneous participant cohorts.
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Chapter 2

Interleaved pro/anti-saccade behavior across the lifespan
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Yep, R.,Smorenburg, M. L., Riek, H. C., Calancie, O. G., Kirkpatrick, R. H., Perkifs, J.
Huang, J., Coe, B. C., Brien, D. C., & Mum D. P. (2022)Iinterleaved pro/antsaccade
behavior across the lifespdfrontiers in Aging Neuroscienc#4:842549doi:

10.3389/fnagi.2022.842549

73



2.1 Abstract

The capacity for inhibitory control is an important cognitive process tidgngoes
dynamic changes over the course of the lifespan. Robust characterization of this trajectory,
considering age continuously and using flexible modelling techniques, is critical to advance our
understanding of the neural mechanisms that differ ilttheaging and neurological disease.
The interleaved pro/aniaccade task (IPAST), in which pand antisaccade trials are
randomly interleaved within a block, provides a simple and sensitive means of assessing the
neural circuitry underlying inhibitorgontrol. We utilized IPAST data collected from a large
crosssectional cohort of normative participans§04, 593 years of age), standardized-pre
processing protocols, generalized additive modelling, and change point analysis to investigate
the effectof age on saccade behavior and identify significant periods of change throughout the
lifespan. Maturation of IPAST measures occurred throughout adolescence, while subsequent
decline began as early as the 8@k and continued into old age. Consideringgaccade
correct responses and aséiccade direction errors made at express (short) and regular (long)
latencies was crucial in differentiating developmental and aging processes. We additionally
characterized the effect of age on voluntary override timeyal measure describing the time at
which voluntary processes begin to overcome automated processessaceadie trials.
Drawing on converging animal neurophysiology, human neuroimaging, and computational
modelling literature, we propose potentialrftat-parietal and frontastriatal mechanisms that
may mediate the behavioral changes revealed in our analysis. We liken the models presented
here to Acognitive growth curveso which have

neurological diseasstates that emerge during vulnerable windows of developing and aging.
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2.2Introduction

Inhibitory control, or the ability to voluntarily suppress prepotent responses in favor of
more appropriate and adaptive ones, is a critical executive function #id¢gigoalriven
behavior in everyday life (Diamond, 2013; Miyake and Friedman, 2012). The capacity for
inhibitory control can be measured with numerous behavioral paradigms and has been shown to
change dynamically over the course of the lifespan; itfci@nt in early childhood, improves
dramatically throughout adolescence, remains relatively stable from young to mid adulthood,
then declines gradually later in life (Bedard et al., 2002; Ferguson et al., 2021; Klein et al., 2005;
Munoz et al., 1998; Selstian et al., 2013a). This cognitive trajectory, which typically follows a
curvilinear Ushape, is paralleled by changes in the structure and function of brain regions that
mediate inhibitory control, namely, those involved in froqgatietal and frontastriatal circuits
(Aron, 2011; Sebastian et al., 2013b; Swick et al., 2011). Importantly, abnormalities in these
circuits occurring during vulnerable windows of brain maturation or decline can lead to the onset
of neurological disorders of inhibitory caat (i.e., attentiordeficit hyperactivity disorder,
Parkinsonds disease) at either end of the I
Kulisevsky, 2012). Improved identification and understanding of these vulnerable windows
requires robust charerization of inhibitory control across normative development and aging.
Here we describe the use of a simple and sensitive eye tracking paradigm of inhibitory control
(the interleaved pro/antiaccade task) to investigate changes in this important cagpitbcess
from early childhood through to old age. We first introduce the basic parameters of this task, the
behavior it produces, and the neural mechanisms underlying those behaviors. We then outline
how existing work using this task to study developnaent aging can be expanded upon by

considering age continuously across the lifespan and employing flexible modelling techniques.
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As compared to traditional manua@sponse tasks, eye tracking paradigms provide a
more direct means of assessing the nearaliitry underlying inhibitory control that are also
easily understood by young children and older adults. In thesaotade (ANTI) task (Hallett,
1978), participants are required to suppress the reflexive response to look at a peripherally
appearing \8ual stimulus and look in the opposite direction instead. This is in contrast to the
pro-saccade (PRO) task, where conditions are nearly identical but participants are required to
look at the stimulus as soon as it appears. As the location of the standltise saccade goal are
decoupled in the ANTI task, successful execution required@em inhibition of the reflexive
response to look at the stimulus, followed by a transformation of the stimulus location into a
voluntary motor command to look in thepmsite direction (Munoz and Everling, 2004). These
additional steps necessitate higleder cognitive control and lead to longer saccadic reaction
times (SRT; time between stimulus appearance and saccade onset) in ANTI as compared to PRO
tasks (Coe and Mwz, 2017; Munoz and Everling, 2004). If tdpwn inhibition is insufficient
in the ANTI task, a direction error (an erroneous PRO toward the stimulus) will be triggered.

Experimental manipulations of the PRO and ANTI tasks produce distinct changes in SRT
and direction error rate. In the gap condition, removal of the central fixation point 200 ms before
stimulus appearance elicits increlalsneyd r ates
saccades that approach the minimum sersatpr conduction dalys in the brain (Fischer and
Boch, 1983; Fischer and Ramsperger, 1984; Paré and Munoz, 1996). Other manipulations, such
as increasing the temporal and spatial predictability of stimulus appearance, have also been
shown to increase the frequency of thdsaridatency saccades (Bibi and Edelman, 2009; Dorris
and Munoz, 1998; Marino and Munoz, 2009). In the interleaved PRO/ANTI task (IPAST), PRO

and ANTI trials are randomly interleaved within a block, with trial condition indicated by the
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color of the centidixation point. The IPAST requires continuous updating of the saccade goal
from trial to trial, producing longer SRTs and increased direction error rates, relative to blocked
tasks (Cherkasova et al., 2002; Reuter et al., 2006). The IPAST with gageferiadighly
effective at eliciting correct responses and direction errors made at both express and longer
(often referred to as Aregul aro) | atencies.
of both expressand regulaitatency correctesponses, while the SRT distribution for ANTI
trials in this task consists of expreasd regulatatency direction errors, as well as regular
latency correct responses (Coe and Munoz, 2017; Munoz and Everling, 2004).

The neural circuitry underlying thesaccade behaviors is welaracterized, and
includes areas of the frontal and parietal cortices, basal ganglia (BG), thalamus, superior
colliculus (SC), brainstem, and cerebellum (Hikosaka et al., 2000; McDowell et al., 2008;
Munoz and Everling, 2004;cBall, 2004; Scudder et al., 2002; Sparks, 2002; Watanabe and
Munoz, 2011). Briefly, the appearance of the peripheral stimulus induces a transient visual
response that enters the brain via reggeniculastriate and retintectal pathways. This visual
regponse propagates through several freptaietal and frontastriatal circuit structures,
including the frontal (FEF), supplementary (SEF) and parietal (PEF) eye fields, dorsolateral
prefrontal cortex (DLPFC), and BG, before converging on the SC. FroBGhthe signal to
either initiate or suppress a saccade is projected directly to the brainstem reticular formation. We
have previously proposed that on PRO trials, the transient visual response either drives an
expresdatency saccade via a direct sensmgtor transformation, or a regultency saccade
via propagation of a welkarned, automated motor command (Coe and Munoz, 2017; Munoz
and Everling, 2004). On ANTI trials, two different types of suppression are required to prevent

the expressand reglar-latency direction errors from being triggered. Prior to stimulus
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appearance, premptive, global inhibition is required to suppress the direct semsotgr
transformation of the visual transient. If this first suppression fails, an eXptessy eror is
triggered. After stimulus appearance, the voluntary, locapatific motor command to make
an ANTI must override the automated motor command to make a PRO. If this second
suppression fails, a regultency error is triggered (Coe and Munoz, 20d3de et al., 2019).
Existing work using PRO and ANTI tasks to study development and aging highlights the
sensitivity of these tasks to changes in underlying frgrdalketal and frontastriatal circuitry as
a function of age. Children as young as 5 ye&dan perform these tasks, but have long and
variable SRTs and high direction error rates (Fukushima et al., 2000; Klein and Foerster, 2001;
Kramer et al., 2005; Munoz et al., 1998). Task performance improves throughout childhood and
adolescence, withgak, aduHevel behavior suggested to emerge from the ages-2bXBucci
and Seassau, 2013; Fukushima et al., 2000; Irving et al., 2006; Klein and Foerster, 2001; Luna et
al., 2004), and consistently short SRTs and low direction error rates beinginemiritam the
ages of 185 (Alahyane et al., 2014; Fukushima et al., 2000; Klein and Foerster, 2001; Luna et
al., 2004; Munoz et al., 1998; Velanova et al., 2008). Performance appears to decline more
gradually from young to mid adulthood (Irving et aDOB; Munoz et al., 1998), while in the
seventh decade of life onward, increases in SRT and direction error rate become more
pronounced (Abel and Douglas, 2007; FernarRReiz et al., 2018; Fujiwara et al., 2010; Klein
et al., 2000; Noiret et al., 2016; Momet al., 1998; Peltsch et al., 2011; Sweeney et al., 2001).
The contribution of this literature notwithstanding, previous studies are limited in that
they investigate developing and aging cohorts separately, compare individuals grouped into
small, artifcially delineated age bins, and utilize different task parameters (i.e., gapgapno

interleaved vs. blocked design) and-precessing methods. Using age as a continuous predictor
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variable in regression models allows for a more precise charactamiphtagerelated effects on
saccade behavior. This has been done in a number of developing (Alahyane et al., 2014; Bucci
and Seassau, 2012; Luna et al., 2004; Ordaz et al., 2010), aging (Coors et al., 2021; Mack et al.,
2020), and lifespan (Klein et a0D05) cohorts talate. The conventional linear regression
models used in many of these studies, however, may be insufficiently flexible to capture the
complex, nodinear trajectories of ageelated changes in the brain (Fjell et al., 2010).
Semiparametricegression models, such as those that rely on smoothing splines, have been
demonstrated to be more robust in this regard (Fjell et al., 2010; 2013; Nook et al., 2020;
Sgrensen et al., 2021), and have recently been used to identify the ages at whish variou
behavioral and braibased measures undergo significant periods of change (Calabro et al., 2020;
Calancie et al., 2021; Nook et al., 2020; Simmonds et al., 2014; Wierenga et al., 2019).

The goal of the present study is to investigate the effect of alfAST behavior and
identify significant periods of change throughout development and aging. We use IPAST data
collected from a large cros®ctional cohort of normative individuals, standardized pre
processing protocols, generalized additive models, hadge point analysis to robustly
characterize changes in inhibitory control across the lifespan. We hypothesize that IPAST
behavior will follow a curvilinear tshaped trajectory of improvement, maturation, and decline,
and that considering PRO and ANTI lbwlors made at expressnd regulatatencies, as well as
voluntary override time a novel measure describing the time at which voluntary processes
overcome automated processes on ANTI trald| further differentiate developmental and
aging processelVe consider the identified behavioral changes in relation to converging animal
neurophysiology, human neuroimaging, and computational modelling literature which provide

insight into the neural mechanisms underlying inhibitory control across the lifespan.
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2.3 Materials and Methods
2.3.1Participants

All experimental procedures were reviewed
Health Sciences and Affiliated Teaching Hospitals Research Ethics Board. Healthy individuals
between the ages of%3 were recraed from the greater Kingston area via newspaper and online
advertisements. All participants reported no history of neurological or psychiatric illness and had
normal or correctetbb-normal vision. A subset of participants aged 18 and older completed a
Montreal Cognitive Assessment (MoCA), a brief screening tool shown to be sensitive in the
detection of mild cognitive impairment (Nasreddine et al., 2005). Here, participants were
excluded if they scored <20 on the MoCA. This-offtscore was determined basen the range
of MoCA scores from the available subset of adult participants (ag68)1i8 our study cohort
prior to outlier rejection (se® e c t RreProceésing). The use of a cuiff score lower than the
recommended 26 (Nasreddine et al., 2008pissistent with more recent studies suggesting that
lower thresholds may decrease the false positive rate for mild cognitive impairment in large,
diverse cohorts including older adults and individuals with lower education levels (Carson et al.,
2018; Rossti et al., 2011). Written informed consent was obtained from all individuals aged 18
and ol der. Written informed assent, in addit:i
consent, was obtained from all individuals under the age of 18. Study sdesions
approximately one hour each. Participants were compensated $20 CAD for their time.
2.3.2Recording and Apparatus

During the eye tracking portion of the study, participants were seated in a dark room with
their heads resting comfortably in a head reatticipants were seated 60 cm away from a 17

inch 1280x1024 pixel resolution LCD computer monitor. An infrared \vokesed eye tracker
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(Eyelink 1000 Plus, SR Research Ltd, ON, Canada) was used to track monocular eye position at
a sampling rate of 500 HA 9-point array calibration and validation procedure was performed
for each participant prior to beginning the task to map raw pupil position into gaze position.
Eyelink 1000 measures validation accuracy as the average error in degrees between gaze and
validation target positions. Here, participants had to have an average validation accuracy <1.5° in
order for their eye tracking data to be considered sufficiently accurate for further analysis.
2.3.3Experimental Paradigm

The IPAST (Fig2.1A) consisted btwo blocks of 120 trials each, lasting approximately
20 minutes in total. Each trial began with the appearance of a colored fixation point (FP; 0.5° in
diameter, 44 cd/m2) in the center of a black screen (0.1 cd/m2) for 1000 ms. The color of the FP
indicated the trial condition (green=PRO, red=ANTI). Following a 200 ms gap during which the
FP was removed (GAP), a gray stimulus (STIM; 0.5° in diameter, 62 cd/m2) appeared 10° to the
left or right of the FP position and remained on screen for an additido@@lrhs. On PRO trials,
participants were instructed to look at the STIM as soon as it appeared. On ANTI trials,
participants were instructed to look away from the STIM (i.e., to its diametrically opposite
position) as soon as it appeared. An ktted interval (ITI) consisting of a black screen (0.1
cd/m2) was presented for 1000 ms before the start of each new trial. Drift checks occurred every
40 trials to confirm the accuracy of eye tracking or to allow faralération, if necessary. Trial
condition(PRO/ANTI) and STIM location (left/right) were pseutindomly interleaved with
equal frequency throughout each block. Verbal task instructions a2d fifactice trials were
provided to each participant prior to beginning the task in order to ensureetw@ngion.
2.3.4Data Analysis

Pre-Processing
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A Interleaved PRO/ANTI-Saccade Task (IPAST)
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Figure 2.1 A. Visual representation of the Interleaved PRO/AMEIccade Task (IPAST). Each

trial began with the appearance of a fixation point (FP) in the center of a black screen for 1000
ms. The color of th&P indicated the trial condition (green=PRO, red=ANT]I). Following a 200

ms gap (GAP) during which the FP was removed, a gray stimulus (STIM) apfi€aredthe

left or right of the FP position and remained on screen for an additional 2000 ms. On RO tria
participants were instructed to look at the STIM as soon as it appeared. On ANTI trials,
participants were instructed to look away from the STIM as soon as it appeared. Direction errors
were saccades made toward the STIM on ANTI trials. An-inirinterval (IT1) was presented
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for 1000 ms before the start of each new trial. Note that for illustration purposes, the colors of the
FP, screen, and STIM shownAndiffer slightly from how the task would appear to participants
in the lab.B. Cumulative SRTistributions for PRO and ANTI trial©n PRO and ANTI trials,
saccades were classified based on when they occurred and their start and end positions. Saccades
made towards the two potential STIM locations occurring betwkEHd 89 ms relative to STIM
appearance were considered fAanticipatoryo and e
towards the two potential STIM locations occurring betwedr800 ms relative to STIM
appearance were considered Avi ablies.RGQwualdle f ur t h
correct responses and ANTI viable direction errors were divided into expréd899@s) and
regular (140800 ms) latencies. Thick lines are averaged distributions for the entire study cohort.
Thin lines are individual participants. Vertigaay windows indicate the exprelsdency epoch.

The standardized pipeline used to convert, clean, angrpoess the IPAST data
collected for each participant has been described in detail elsewhere (Coe et al., 2022). Briefly,
custom automated sctpwritten in MATLAB (The MathWorks Inc., Natick, MA, USA) were
used to detect saccades on a-yatrial basis based on criteria for eye movement speed and
duration. A dynamic speed threshold was defined for each trial as the mean plus 2.5 times the
standard deviation of the background noise during fixation, with a minimum possible value of 20
°/s. Eye movement speed had to remain above this threshold for 10 ms in order for saccade
detection to occur. Detected saccades were then classified based dheyhercurred, relative
to STIM appearance, and their start and end positions{Big; Supplementary Fi@.1B).
Saccades made towards the two potential STIM locations occurring betil€e89 ms relative
to STIM appearance (i.e., after FP offset imto visual processing of the STIM) were
equally likely to be correct responses or direction errors, indicative of guessing behavior (Munoz
et al ., 1998). These saccades were considered
Saccades madewards the two potential STINMvcations occurring between 800 ms relative

to STIM appearance (i.e., after FP offset and visual processing of the STIM) were considered

Aviabled and further del iSeeaWVeasredohistieest). on t hei
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Following basic prgprocessing, participant outlier rejection was performed using & three
step procedure. The first two of these steps
counts. The IPAST consisted of 120 PRO and 120 ANTI tiggkavioral countdor PRO and
ANTI trials were defined as all trials for which eye tracking was not lost. Eye tracking loss was
most commonly due to poor calibration/validation, excessive head movement, or excessive eye
blinks. Behavioral counts were theivided intonon-compliance countslefined as all trials in
which the participant never fixated the FP, made a random saccade, or made no saccade at all
(i.e., were norcompliant to the task instructions), avidble countsdefined as all trials in which
the participant made a correct response or direction errimgdine viable window (i.e., 9800
ms). Behavioral counts therefore reflect all trials in which any measurable behavior was
performed, while viable counts reflect all trials in which a ted&vant behavior was performed.
In the first step of the outlier rejection procedure, participants were removed if they had a PRO
or ANTI viable trial count <30. This criterion was used to exclude participants who had
insufficient data (either due to pooreetracking, or inability or unwillingness to participate) to
adequately characterize task performance. Second, participants were removed if they had a PRO
or ANTI eye loss or noigompliance trial count >20% of the total expected trial count. This
criterionwas used to exclude participants with task behavior atypical from that of a normative
population (e.g., an individual with >24 PRO or ANTI trials in which eye tracking was not lost,
but no taskrelevant behavior was performed). Third, participants weneved if they
completed a MoCA (subset of individuals agee9B3 and scored <20, as previously described.
Measures of Interest

A number of IPAST measures were investigated in order to assess changes in inhibitory

control across the lifespan. The cumulat(¥ig.21B) and instantaneous (Supplementary Fig.
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2.1B) SRT distributions for PRO and ANTI trials illustrate the timing and frequency of some of
these measures. PRO and ANTI viable correct SRT were calculated for each participant as the
mean time betweeBTIM appearance and the onset of a correct saccade occurring within the
viable window. The delineation of this viable window into expressl regulatatency epochs
has been described previously (Fischer and Boch, 1983; Fischer and Ramsperger, 1984).
Although the timing of the expre&stency epoch can be influenced by various task parameters
(Bibi and Edelman, 2009; Dorris and Munoz, 1998; Marino and Munoz, 2009), and is therefore
somewhat arbitrary, healthy human participants typically make reflexiog;latency sccades
within the range of 9440 ms (Munoz et al., 1998; Munoz et al., 2003). On PRO trials, viable
correct responses were therefore further delineated into extatessies, occurring betweeni90
139 ms, and reguldatencies, occurring beeen 140800 ms. On ANTI trials, viable direction
errors were similarly divided into expre¢80i 139 ms) and regula140’ 800 ms) latencies.
Ratios of PRO expredatency correct responses, PRO regldéency correct responses, ANTI
expresdatency diretion errors, and ANTI reguldatency direction errors were calculated for
each participant using their viable trial counts as denominators.

As described in Coe et al. (2019), by subtracting the cumulative SRT distribution of
ANTI direction errors fromhat of ANTI correct responses (F@1B, brown and red curves),
we can estimate the time at which voluntary processes begin to overcome automatic processes on
ANTI trials, or the voluntary override time (VOT). Apbint box shaped kernel was used to
smooh this distribution. VOT for each participant was determined as the minimum point along
this smoothed distribution occurring within the window of 200 ms relative to STIM
appearance (Supplementary R2@). Our seven IPAST measures of interest therefonsisted

of: 1) PRO viable correct SRT, 2) ANTI viable correct SRT, 3) PRO exaitmscy correct
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response ratio, 4) PRO regulatency correct response ratio, 5) ANTI expriedency direction
error ratio, 6) ANTI regulatatency direction error ratjand 7) VOT.
Generalized Additive Models and Change Point Analysis

In order to assess the effect of age on the IPAST measures described above, generalized
additive models (GAMs; Hastie and Tibshirani, 1986) were performed using the mgcv package
in R (Wodl, 2017). GAMs are generalized linear models in which the linear predictor consists of
a weighted sum of K basis functions, which are typically cubic ofglaite regression splines
(Wood, 2003; 2017). GAMs hold a number of advantages over more conamnégression
models that make them ideal for investigating the complex trajectories-oélaged changes in
the brain (Sgrensen et al., 2021). As GAMs are semiparametric, they enable flexibdeivéata
estimation of nodinear trends across time sesidata that are less susceptible to variations in the
range and sampling of data points (Fjell et al., 2010; Simpson, 2018). To prevent overfitting,
GAMs are regularized by a smoothing parametewhich can be selected using a variety of
automated metids (Simpson, 2018; Wood, 2017). These features are particularly important for
the characterization of lifespan cohorts in which the shape of developmental and aging
trajectories may not be knovenpriori. When compared to linear, quadratic, and cubic
regression models, semiparametric regression models such as GAMs have been shown to
provide a superior fit to various behavioral and bizased measures sampled across the lifespan
(Fjell et al., 2010; 2013; Nook et al., 2020; Sgrensen et al., 2021).

Here, GAVs defined by a smoothed fixed effect of age were performed for each of the
seven IPAST measures of interest. In order to meet the assumption of normality for use of a
Gaussian conditional distribution, IPAST ratio variables (which were naturally zer@or o

inflated) were first transformed with a logit transformation (Warton and Hui, 2011) before being
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entered into GAMSs. Restricted marginal likelihood maximization (REML) was used to estimate
the smoothing parameter, for each GAM, as it has been suggested to be the optimal approach
(Wood, 2011). As described by Wood (2017), and expanded upon by Simpson (2018),
statistically significant periods of change can be determined from GAMs through estimation of
the first deivative and simultaneous confidence intervals of the fitted trend using posterior
simulation. In this manner, significant periods of change are identified at the time points where
the simultaneous confidence intervals of the first derivative do not nareeo (p<0.05). This
approach has been adopted in a number of recent studies to identify the ages at which behavioral
and brairbased measures undergo significant periods of change (Calabro et al., 2020; Calancie
et al., 2021; Nook et al., 2020; Simmoradsl., 2014; Wierenga et al., 2019). Here, we follow
recent work from Calabro et al. (2020) in which posterior simulation was used to generate
10,000 GAM fits and their derivatives at §/éar age intervals. 95% confidence intervals were
then generateddm these simulated derivatives. These analyses were conducted using the
LNCDRpackage iR (Tervo-Clemmens and Foran, 2022). We sought to determine if, and when,
significant periods of ageelated change occur throughout the lifespan for each of our seven
| PAST measures of interest. Finally, Spear man
pairwise relationships between each of our measures of interest, given theornai
di stributions. Standardized r esredsadadcentraler i ved
for age.
2.4Results
2.4.1Study Cohort

631 individuals (409 F, 222 M;83 years of age) were recruited to participate in this

study from 20152022. Of the 430 individuals aged 18 and older, 346 (80%) completed a MoCA.
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We note that ouoriginal study cohoris skewed toward young (i.e.25 years old) female
participants due to extensive participant recruitment from local university and college student
bodies, as well as our | abbé6s ef f orchigrict o mat ch
patient cohorts within this demographic. From this original study cohort, 26 participants were
excluded as a result of our thrsep outlier rejection procedure. Nine participants were excluded
on the basis of a PRO or ANTI viable trial count <Rfurteen participants were excluded on the
basis of a PRO or ANTI eye loss or roompliance trial count >20%, and three participants
were excluded on the basis of a MoCA score <20. One additional participant was excluded on
the basis of not making a gile ANTI viable correct response. The final study cohort therefore
consisted of 604 participants (393 F, 211 My3®years of age). Of the 419 individuals aged 18
and older, MoCA scores were available for 335 (80%). The majority of individuals for which
MoCAs were not available were between the ages -@51& demographic for which scores in
large population cohorts have been found to be well above tiodéfaiged here (Rossetti et al.,
2011). Age and MoCA score distributions for male and female pantisipecluded in the final
study cohort are shown in Fig2A and B, respectively. Additional demographic information
(i.e., education level, average MoCA score, where applicable) for all included and excluded
participants is provided in Supplementary Edghl.
2.4.2Effect of Age on IPAST Behavior

Table2.1 displays the GAM fit parametens{ df, F, p, R, deviance explained) for each
of the seven IPAST measures of interest&eec t i on @ Mat er)iAkhrmeasurasn d Met h
exhibited significant[f<0.05) agerelated changes. The amount of deviance of the IPAST
measures explained by age ranged from-31.2%. In order to investigate if GAM fits differed

as a function of participant sex, a second GAM (Model 2) was defined by a smoothed fixed
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Figure 2.2 A. Age distribution for male and female participants included in the final study
cohort. Age bins vary in size from3years, with smaller bins used before the age of 20 and
larger bins used afterwards. Opaque bars indicate participants aged 18earidraidhich

MoCA scores were availablB. MoCA score distribution for male and female participants
depicted by the opaque barsAn
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Table 2.1

GAM fit parameters.

IPAST Measure Ref df F p R2 Deviance
Explained
PRO

viable correct 6.925 10.74 <2e-16 0.11 11.8%
SRT
ANTI
viable correct 8.412 25.22 <2e-16 0.26 26.9%
SRT
PRO
expresslatency
correct response
ratio
PRO
regular-latency
correct response
ratio
ANTI
expresslatency
direction error
ratio
ANTI
regular-latency
direction error
ratio

1.998 26.04 <2el6 0.079 8.15%

1.005 46.33 <2e16 0.0703 7.18%

6.106 13.9 <2el6 0.124 13.1%

7.857 31.88 <2el6 0.293 30.1%

Voluntary

- . 8.429 31.23 <2e-16 0.303 31.2%
override time

effect of age split by sex and also performed for each measure of integestiaBanformation
criterion (BIC) was used to compare the goodrudsfet of Model 2 with the originally specified

GAM (Model 1; smoothed fixed effect of age only), with lower values indicating a superior fit.
Supplementary Tabl2.2 displays the fit paraeters for both models. For Model 2, each smooth

fit of age remained significant when split by participant sex, and a similar amount of deviance of
the measures was explained by age (BB5%). However, BIC values were lower (indicating a
superior fit)for Model 1 for all measures investigated. We therefore describe the characteristics

of these GAMs for the remainder of our results.
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2.4.3Significant Periods of Change Throughout Development and Aging

Significant periods of change for the fitted GAMs wé@tentified at the ages where the
confidence intervals of the first derivative did not contain zp«0.05). At least one significant
period of change was identified for each measure. With the exception of PRO eapdess
regularlatency correct respoasatios, which exhibited significant change across the entire
lifespan, all periods of change beginning before the age of 23 captured improvements in task
performance (i.e., decreases in SRT/VOT or direction errors), while all periods of change
beginningafter the age of 23 captured declines in task performance (i.e., increases in SRT/VOT
or direction errors). We therefore refer to p
rel at edeor eolratfieadgdi,ngdependi ng on wditethédageof23.he per
PRO and ANTI Viable Correct SRT

GAM fits and significant periods of change for PRO and ANTI viable correct SRT are
shown in Fig2.3. Previous studies that have used age as a continuous predictor in regression
models of PRO and ANTI Ibavior have suggested that developmental trajectories are best
characterized by an inverse curve fit, while aging trajectories are best characterized by a linear fit
(Alahyane et al., 2014; Klein et al., 2005; Luna et al., 2004; Mack et al., 2020; €@ralaz
2010; 2013). The GAM fits presented here broadly support these claims, captursitapdd
trajectory of dramatic improvement (i.e., decreases in SRT) in childhood and adolescence,
followed by a more gradual decline (i.e., increases in SRT) begiimthe third decade of life,
which was steeper for ANTI SRT compared to PRO. Notably, however, the use of GAMs rather
than more conventional approaches allowed us to capture these comptelatagkeprocesses

within continuous, flexible models. Regarg change point alysis, both PRO and ANTI viable
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Figure 2.3 GAM fits and significant periods of change for PRK) and ANTI(B) viable correct
SRT. Scatter points are individual participants, black curves are the GAM fits, and gray ribbons
are the 8% confidence intervals. Bottom tiles indicate significant periods of developmental
related (orange) and aghnglated (blue) change.
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correct SRT exhibited significant developmentaated periods of improvement (i.e., decreases
in SRT) beginning at thage of 5.8. For PRO SRT, this improvement continued until the age of
17.6, while for ANTI SRT, this improvement continued until the age of 18.7. Following these
improvements, both measures exhibited multiple agetafed periods of decline (i.e., incses
in SRT). For PRO SRT, these occurred from the ages of333Mand 52.58.8, and for ANTI
SRT, these occurred from the ages of 205, 50.457.5, and 74:86.5.
PRO Expressand Reyular-Latency Correct Responses

GAM fits and significant periodsf@hange for PRO expressnd regulattatency correct
response ratios are shown in Figl. These two measures exhibited opposing linear trends that
were significant across the entire lifespan; PRO exgegdsacy correct responses decreased
continuouslyfrom the ages of-83, whereas PRO reguiatency correct responses increased
continuously from the ages of33.
ANTI Express and RegularLatency Direction Errors

In contrast to PRO expresand regulatatency correct response ratios, GAM fits for
ANTI expressand regulatatency direction error ratios were distinctively Aorear (Fig.2.5).
While both measures exhibited significant developmemiaked periods of improvement (i.e.,
decreases in error ratios), occurring from the ages e?&8fa ANTI expressatency direction
errors and 5-22.0 for ANTI regulaflatency direction errors, only the ANTI regulatency
direction errors exhibited subsequent agielgted periods of decline (i.e., increases in error
ratio) from the ages of 63.70.2and 76.789.7.
Voluntary Override Time

The GAM fit for VOT was also distinctively nelinear (Fig.2.6A), and, as to be

expected, resembled the fitted trends for ANTI viable correct SRT and ANTI régidacy
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Figure 2.4 GAM fits and significant perids of change for logit transformed PRO express
latency(A) and regulaiatency(B) correct response ratios. Scatter points are individual
participants, black curves are the GAM fits, and gray ribbons are the 95% confidence intervals.
Bottom tiles indicatesignificant periods of change. Note that these are continuous across the
entire lifespan.
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Figure 2.5 GAM fits and significant periods of change for logit transformed ANTI express
latency(A) and regulaiatency(B) direction error ratios. Scatter pasrdre individual

participants, black curves are the GAM fits, and gray ribbons are the 95% confidence intervals.
Bottom tiles indicate significant periods of developmenttdted (orange) and aginglated

(blue) change.
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Figure 2.6 A. GAM fit and spnificant periods of change for voluntary override time (VOT).
Scatter points are individual participants, black curve is the GAM fit, and gray ribbon is the 95%
confidence interval. Bottom tile indicates significant periods of developmestéaéd (orang)

and agingrelated (blue) chang®. First derivative of the GAM fit shown iA. Negative values
indicate improvements in task performance (i.e., decreases in VOT) and positive values indicate
declines in task performance (i.e., increases in VOT). $tgnif periods of developmental

related (orange) and aghnglated (blue) change were identified at the ages where the confidence
intervals of the first derivative of the GAM did not contain zgre0(05).C. A hypothetical
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percentile curves for the measure.

direction eror ratio. VOT exhibited a significant developmentalated period of improvement

(i.e., decreases in VOT) from the ages of 5330, followedby two significant agingelated

periodsof decline (i.e., increases in VOT), the first from the age¥)@52.2and the second

from the ages 076.1-85.6 Relative to the other IPAST measures investigated, age explained the
highest proportion of deviaador VOT, at 31.2% (Tabl2.1).

Additional information regarding the rate of change and percentiles for VOT are
illustrated in Fig2.6B and C, respectively, and also described below. We elaborate upon this
measure given that it summarizes both ANTI ocirresponses and ANTI direction errors for a
given individual, and was explained in large part by age in the current study cohd2t6Big.
shows the first derivative of the GAM fit for this measure. Negative values in this plot indicate
improvements inask performance (i.e., decreases in VOT), while positive values indicate
declines in task performance (i.e., increases in VOT). Although the first derivative of the GAM
fit is nonlinear across the lifespan, the rate of change can be approximatedsitear for the
initial developmentatelated period of improvement, 1 ms/year for the first agaigted period
of decline, and 2 ms/year for the second ageigted period of decline. These estimates
highlight the sensitivity of VOT to the dynamic imprawent, maturation, and decline of
inhibitory control across the lifespan. F&)6C provides the'95" percentile curves for VOT
across the |ifespan. We propose potenti al app
Sectionn Di scussi ono.
2.4.4Relationships Between IPAST Measures

Standardized residuals derived from each of the GAMs described above were input into
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Spearmané6és correlations to investigate the
controlling for age (Fig2.7). PRO and AN viable correct SRT were positively correlated with
one another. PRO and ANTI SRT were also both positively correlated with PRO +legeary
correct response ratio and ANTI regdlarency direction error ratio, and negatively correlated
with PRO expesslatency correct response ratio and ANTI expilagsncy direction error ratio.
PRO expresfatency correct response ratio was negatively correlated with PRO r&galary
correct response ratio, and positively correlated with ANTI expedsacy diection error ratio.
Finally, VOT was positively correlated with both ANTI viable correct SRT and ANTI regular
latency direction error ratio, as expected. All reported correlations were statistically significant
(p<0.05).
2.5 Discussion

This is the first sudy to use IPAST data collected from a large csesgional cohort of
normative individuals, standardized grecessing protocols, and flexible modelling techniques
to robustly characterize changes in inhibitory control across the lifespan. As hypedh€sAM
fits for the majority of the measures investigated followed a curvilinesindped trajectory that
has previously been reported in studies assessing cognitive performance (Bedard et al., 2002;
Cepeda et al., 2001; Ferguson et al., 2021), andl@sanship to underlying brain structure and
function (Danielsen et al., 2020; Kupis et al., 2021) across the lifespan. Change point analysis
provided further insight into significant periods of change occurring along these trajectories.
While PRO expressand regulaiatency correct responses exhibited continuous linear change
across the entire lifespan, PRO and ANTI viable correct SRT, ANTI ex@redsegulatatency
direction errors, and VOT all matured throughout adolescence. Subsequent decline began

mid-20s for PRO and ANTI SRT, in the 40s for VOT, and in the 60s for ANTI re¢atiency
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PRO Express Correct Ratio &
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ANTI Express Error Ratio i

ANTI Regular Error Ratio

Voluntary Override Time 0.2 -0.13 0.15
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Figure27Spear mands correlation matrix for the sev
controlling for age. R values are shown for the pairwise relatipagfetween each measure,
with warm colors indicating positive correlations and cool colors indicating negative
correlations. Only significant correlations<Q.05) are shown.
direction errors. We discuss these dynamic behavioral changes in relatomvénging animal,
human, and computational literature which provides insight into underlying neural mechanisms.
2.5.1PRO and ANTI Viable Correct SRT

GAM fits of PRO and ANTI viable correct SRT demonstrated that PRO SRT decreased
from the ages of-37 and increased from the ages 0f23 and 5258, while ANTI SRT
decreased from the ages e18 and increased from the ages of2ZZ; 50657, and 7486 (Fig.
2.3). The initial dramatic decrease in PRO and ANTI SRT captured here is consistent with past
group and regressicbased studies, reporting that saccade latencies decrease significantly from
the ages of 25 (Alahyane et al., 2014; Bucci and Seassau, 2013; Fukushima et al., 2000; Klein
and Foerster, 2001; Kramer et al., 2005; Luna et al., 2004; Mumabz £998; Ordaz et al.,

2010; Velanova et al., 2008). It has previously been proposed that PRO and ANTI SRT reach

adultlevels by the ages of 124 (Bucci and Seassau, 2013; Fukushima et al., 2000; Irving et al.,
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2006; Klein and Foerster, 2001). Usingaege cohort of 80 year olds, blocked PRO/ANTI
paradigm, and change point analysis based on fitted piecewise linear models, Luna et al. (2004)
identified 15 as the age at which saccade latencies reachedeadidt Our findings of saccade
latencies matung later in adolescence (i.e., 17 and 18) likely reflects our use of: 1) a larger
study cohort spanning the entire lifespan, 2) a more cognitively demanding eye tracking
paradigm (i.e., interleaved vs. blocked design), and 3) more flexible analyticabapes,

relative to past work.

Our findings of gradual increases in PRO and ANTI SRT during aging is consistent with
numerous growpased studies describing significant differences in SRT between adults in the
third and fourth decades of life relatite@ethose in the seventh, eighth, and ninth (Abel and
Douglas, 2007; Bonett et al., 2013; Fujiwara et al., 2010; Klein et al., 2000; Munoz et al., 1998;
Noiret et al., 2016; Sweeney et al., 2001). Two recent;poellered regressiebased studies
further deermined that PRO and ANTI SRT increased significantly from the ages@ 30
(Coors et al., 2021) and 84 (Mack et al., 2020). Our change point analysis revealed that PRO
and ANTI SRT begin to increase as early as the ages of 23 and 25, respectivielyh&vh is a
paucity of studies examining PRO and ANTI behavior in adults from the third through fifth
decades of life, studies investigating the effect of age on other behavioral paradigms of inhibitory
control and processing speed have similarly sugdebat decline may begin as early as the 20
30s (Ferguson et al., 2021; Salthouse, 2009).

As previously introduced, a considerable advantage to using the IPAST to investigate
inhibitory control across the lifespan is that behaviors can be linked tehaethcterized frontal
parietal and frontastriatal mechanisms. Monkey neurophysiology, human lesion, and human

neuroimaging work have jointly indicated that the frontal, supplementary, and parietal eye fields
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(FEF, SEF, PEF) are critical in the plannisgnsorimotor mapping, and execution of saccades
(Amador et al., 2004; Connolly et al., 2002; Munoz and Everling, 2004; R@esilligny et
al., 2002). Notably, preparatory FEF activity prior to STIM appearance on PRO and ANTI trials
predicts subsequesaccade latencies in both monkeys (Everling and Munoz, 2000) and humans
(Alahyane et al., 2014; Connolly et al., 2005; Fernasitlez et al., 2018). Previous studies
employing eventelated fMRI during IPAST performance have shown that children have
significantly lower preparatory FEF, SEF, and PEF activity relative to adolescents and adults
(Alahyane et al., 2014), while older adults have significantly lower SEF activity relative to
younger adults (Fernand&aiiz et al., 2018). Our findings of PRO and ANSRT maturation at
the ages of 17 and 18, as well as their subsequent decline beginning in-2@smmdy therefore
be attributed to changes in the structural and functional integrity of the FEF, SEF, and PEF.
2.5.2PRO and ANTI Express and Regular-Latency Behavior

PRO expressand regulatatency correct responses exhibited opposing linear trends that
were significant across the entire lifespan (Big). Using a blocked PRO/ANTI paradigm, we
have previously reported higher expraency saccades individuals younger than 40 (Munoz
et al., 1998), and others have found exptatacy saccade rates to be significantly higherm 6
and 1011 year olds relative to 136 year olds (Klein and Foerster, 2001), and ¥82Fear olds
relative to 5973 ard 74-88 year olds (Klein et al., 2000). Most comparable to the present results,
Klein et al. (2005) also found a weak negative linear relationship between age and-express
latency saccade rate in a cohort of individuals agg#.9

PRO expressand regulatatency correct responses are both triggered by the STIM
visual transient. Expredatency responses result from a direct senswojor transformation of

the transient (Dorris et al., 1997; Edelman and Keller, 1996; Sparks et al., 2000) that occurs in
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the SC (Schiller et al., 1987), while regulatency responses result from the propagation of a
well-learned, automated motor command that may involve cortical areas such as the PEF (Coe
and Munoz, 2017; Munoz and Everling, 2004). Our findings suggest ttiaage, cortically
mediated automated processes may increasingly dominate subcortiedigted reflexive
processes, resulting in a continuous decrease in the proportion of expreggilarlatency
responses.

ANTI express and regulatatency directio errors exhibited distinctly nelmear trends
across the lifespan; both error types decreased until th2@sidbut only regulaiatency errors
subsequently increased beginning at the age of 63Zbig.It is wellestablished that children
make moralirection errors than adolescents, who make more direction errors than young adults
(Alahyane et al., 2014; Bucci and Seassau, 2013; Fukushima et al., 2000; Klein and Foerster,
2001; Kramer et al., 2005; Luna et al., 2004; Ordaz et al., 2010; Velandya2608), and that
older adults make more direction errors than younger adults (Abel and Douglas, 2007; Bonnet et
al., 2013; Coors et al., 2021; FernanéRaz et al., 2018; Fujiwara et al., 2010; Klein et al.,
2000; Mack et al., 2020; Noiret et al., 2QB@ltsch et al., 2011; Sweeney et al., 2001). The
latency of these direction errors, however, is rarely characterized. In one of the few studies to do
so, Klein and Foerster (2001) found that the difference in the proportion of expresgular
latencydirection errors was significantly greater #Y §ear olds relative to 101 and 1&6 year
olds. While not explicitly examining expressnd regulatatencies, other studies have described
longer direction error latencies in older relative to youngattagdBowling et al., 2012; Noiret et
al., 2016).

On ANTI trials, preemptive, global inhibition provided by regions such as the DLPFC,

FEF, SEF, BG, and SC is required prior to STIM appearance to suppress the-latpneys
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direction error (Coe and Munp2017; Coe et al., 2019). Subsequently, coordinated activity
between these regions is required to drive the voluntary, loespiecific motor command for an
ANTI to overcome the reguldatency direction error. Support for these claims stems from
monkey(Amador et al., 2004; Everling et al., 1999; Everling and Munoz, 2000; Johnston and
Everling, 2006; Johnston et al., 2007; Watanabe and Munoz, 2010) and human (Brown et al.,
2007; Connolly et al., 2002; Curtis and D'Esposito, 2003; DeSouza et al., 200&t &b, 2005)
work demonstrating differential preparatory activity in these regions on ANTI vs. PRO trials.
Preparatory activity in the DLPFC and anterior cingulate cortex (ACC) has been specifically
associated with the monitoring and suppression ettdon errors on ANTI trials (Ford et al.,
2005; Johnston and Everling, 2006; Johnston et al., 2007; Pizsatlligny et al., 2002; 2003).
Neuroimaging studies of PRO and ANTI behavior in development suggest that functional
activity and effective conmévity of frontalparietal and frontastriatal regions become more
widely distributed from childhood through to adulthood, supporting a reduction in direction error
rates (Alahyane et al., 2014; Hwang et al., 2010; Luna et al., 2001; Ordaz et alvV&ahdya
et al., 2008). Although neuroimaging studies of PRO and ANTI behavior in aging cohorts have
reported mixed findings tdate (Alichniewicz et al., 2013; Nelles et al., 2009; Raemaekers et al.,
2006), FernandeRuiz et al. (2018) recently found thatler adults had significantly lower
preparatory SEF and ACC activity relative to younger adults, potentially contributing to a
reduced ability to monitor task performance and drive the voluntary motor command for a
correct ANTI. Considering the presenbmk, the ability to suppress both expressd regular
latency direction errors by the mtDs may be mediated by mature activation and integration of

frontalparietal and frontastriatal regions, including the DLPFC, FEF, SEF, BG, and SC. By the
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60s, hovever, the ability of these regions to drive the voluntary motor command for a correct
ANTI may begin to deteriorate, resulting in an increase in regati@ncy direction errors.
2.5.3Voluntary Override Time

We characterized the time at which voluntargqesses begin to overcome automatic
processes on ANTI trials, or the VOT (Coe et al., 2019), for the first time across the lifespan.
VOT decreased dramatically from the ages-dB5remained relatively stable through the third
and fourth decades of lifdgen exhibited gradual increases from the ages-&248nd 7635
(Fig. 2.6A). Recent work from our group describes a generative model of saccadic action
selection, inspired by known signal components of neural activity, capable of producing PRO
and ANTIbehaviors similar to those observed here (Coe et al., 2019h&ostvestigations
into the VOT generated by this model reveal ed
between voluntary (based on activity in the FEF, SEF, and SC) and aut¢beeted on activity
in the PEF) signals, such that voluntary signals could override automated signals, produced
behavior that better approximated human data relative to prior simulations (Coe et al., 2019).
The present findings indicate that the abilitywofuntary signals to override automated signals
matures at the age of 19, (i.e., after maturation of saccade latency but before maturation of
direction error suppression), and begins to decline at the age of 40 (i.e., after decline of saccade
latency but kbfore decline of direction error suppression). Taken together, the animal, human,
and computational literature described here provide insight into potential fpamielal and
frontalstriatal mechanisms underlying the behavioral changes revealedanalysis. We
suggest that structural and functional maturation of these circuits mediates decreased saccade
latencies and direction error rates throughout adolescence, while their subsequent decline

mediates increased saccade latencies in th&2f@sdindncreased reguldatency errors in the
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60s. Increasing input from cortical, relative to subcortical regions of the brain mediates a
continuous decrease in the proportion of PRO exptessgularlatency correct responses
across age.
2.5.4Limitations and Future Directions

The generalizability of our study cohort is somewhat limited by the overrepresentation of
young female participants. Recent work has highlighted the importance of having sufficient
numbers of middiaged adults in lifespan cohorts irder to more comprehensively characterize
cognitive changes that occur with age (Ferguson et al., 2021). As there is a paucity of studies
investigating PRO and ANTI behavior in adults from the third through fifth decades of life, our
findings of PRO and ANITSRT beginning to decline as early as the-20d requires
replication. The uneven distribution of female and male participants in our study cohort
prevented us from conducting andepth analysis of sex differences in IPAST behavior.
However, BIC valuesdicated that GAMs specified with a smoothed fixed effect of age
provided a superior fit for all measures relative to GAMs specified with a smoothed fixed effect
of age split by sex. Previous studies examining sex differences in PRO and ANTI tasks have
been mixed; some failing to identify any differences (Bonett et al., 2013; Fujiwara et al., 2010;
Sweeney et al., 2001), others reporting shorter latencies in adolescent females relative to males
(Luna et al., 2004), and others reporting longer latenciadutt females relative to males
(Bargary et al., 2017; Mack et al., 2020). Although sex differences in PRO and ANTI behavior
remains to be clarified, it is clear that any sex effects that do exist are substantially weaker
relative to those of age (Coorsat., 2021; Ordaz et al., 2018).

A second limitation of the present work is the reliance on a-s@s$onal study design

rather than a longitudinal one, as the latter is more sensitive{@laded changes and inter
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individual variability (Casey etla 2006; Goh et al., 2012; Sgrensen et al., 2021). Indeed, the
GAM and change point analyses described here are highly amenable to longitudinal study
designs (Calabro et al., 2020; Danielsen et al., 2020; Simmonds et al., 2014; Wierenga et al.,
2019). Regrding interindividual variability, there are likely many biological, environmental,

and psychosocial factors contributing to variability in IPAST behavior that have yet to be fully
characterized (Bargary et al., 2017). As the frequency and timing cfsstgtency saccades can

be influenced by various task parameters (Bibi and Edelman, 2009; Dorris and Munoz, 1998;
Marino and Munoz, 2009), it is likely that these behaviors also vary on an individual participant
basis. Investigation into the factors meuhg interindividual variability of the frequency and

timing of expresdatency saccades is therefore a promising direction of future work.

The GAM fits and significant periods of change presented here have significant
implications for improving our undstanding of the vulnerable windows of brain maturation and
decline in which the risk for developing neurological disorders may be elevated. Attention
deficit hyperactivity disorder and Parkinsono
at eithe ends of the lifespan that can be differentiated from healthyregehed controls based
on ANTI SRT and ANTI expressnd regulatatency direction errors (Cameron et al., 2012;

Coe and Munoz, 2017; Hakvoort Schwerdtfeger et al., 2013). As VOT indetkesflibese

ANTI behaviors and is explained in large part (31%) by age, this measure presents as an ideal
Acognitive growth curveo for differentiating
lifespan (Fig2.6C). We propose that this curve cdlle used to identify individuals in early

childhood and late adulthood who may be at an elevated risk for developing these disorders, by

virtue of their VOT values falling outside of a specified percentile for normative aging.
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2.6 Conclusion

The charadrization of inhibitory control across the lifespan is critical if we hope to
improve our understanding of the vulnerable windows of brain maturation and decline in which
the risk for developing neurological disorders is elevated. The GAM fits preseméeXpand
upon previous eye tracking literature by capturing complexalgéed processes within
continuous, flexible models that also enabled us to identify the ages at which significant change
occurred. Drawing on converging animal, human, and compuntdtiiterature, we propose
potential frontalparietal and frontastriatal mechanisms that may mediate the behavioral
changes revealed in our analysis. Future work which focuses on longitudinal assessment and
investigation into the inteindividual factos contributing to inhibitory control will be paramount
in furthering our understanding of the neural mechanisms that differ in healthy aging and

neurological disease.
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2.8 Supplementary Figures

A Interleaved PRO/ANTI-Saccade Task (IPAST)

FP GAP STIM & Response ITI
(1000 ms) (200 ms) (1000 ms) (1000 ms)

% of Saccades
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0 100 200 300 400 500 600 700 800

% of Saccades

_6 1 1 1 1 1 ]
0 100 200 300 400 500 600 700 800

Time from STIM Appearance (ms)

Supplementary Figure 2.1 A. Visual representation of the Interleaved PRO/AI$aktcade

Task (IPAST). Each trial began with the appearance of a fixation point (FP) in the center of a
black screen for 1000 ms. The color of the FP indicated the trial condition (green=PRO,
red=ANTI). Folloving a 200 ms gap (GAP) during which the FP was removed, a gray stimulus
(STIM) appeared.0° to the left or right of the FP position and remained on screen for an
additional 1000 ms. On PRO trials, participants were instructed to look at the STIM as #oon a
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appeared. On ANTI trials, participants were instructed to look away from the STIM as soon as it
appeared. Direction errors were saccades made toward the STIM on ANTI trials. Anahter

interval (ITl) was presented for 1000 ms before the starhdf @ew trial. Note that for

illustration purposes, the colors of the FP, screen, and STIM shotvdiffer slightly from how

the task would appear to participants in the Badnstantaneous SRT distributions for PRO and

ANTI trials. On PRO and ANTI tals, saccades were classified based on when they occurred and
their start and end positions. Saccades made towards the two potential STIM locations occurring
between11089 ms rel ative to STIM appearance were
from further analysis. Saccades made towards the two potential STIM locations occurring
between908 00 ms r el ative to STIM appearance wer e
delineated based on their latencies. PRO viable correct responses and ANTI viable direction

errors were divided into express (939 ms) and regular (14800 ms) latencies. Thick lines are
averaged distributions for the entire study cohort. Thin lines are individual participants. Vertical
gray windows indicate the exprelséency epoch.

122



A 100 Sample VOT Calculation #1

_7 yo ferrhale (n=1) = ANTI correct response
0 = ANTI direction error
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Supplementary Figure 22 A-C. Sample voluntary override time (VOT) calculations for three
exemplar participants spanning childhdéd, adolescencé), and old ag€C). Cumulative

VOT distributions (purple curves) were calculated by subtrgdtie cumulative SRT

distributions of ANTI direction errors (brown curves) from the cumulative SRT distributions of
ANTI correct responses (red curves). Resulting distributions were smoothed wpibirat Box
shaped kernel. VOT for each participant waedained as the minimum point along these
smoothed distributions (black circles) occurring withifi 480 ms (vertical gray window)

relative to STIM appearancB. Smoothed cumulative VOT distributions for all participants.
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Thick line is the averaged didirition for the entire study cohort. Thin lines are individual
participants. Vertical gray window indicates the VOT epoch.
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2.9 Supplementary Tables
Supplementary Table 2.1
Demographic information for included (INC) and excluded (EXtyy participants. Age bins

are as in Fig. 2A. ORS = outlier rejection step. * indicates MoCA scores that resulted in ORS3
exclusion.

Mean/Individual

AB?ne Stud;(/n?tatus Sex (n) Education (n) MoC,(An )Score EESI?ISS?;nf(()r:)
INC (22) F(11); M (11) Elementary (22) N/A N/A
5-8 . ORS1 (3);
EXC (5) F (3); M (2) Elementary (5) N/A ORS2 (2)
INC (38) F (16); M (22) Elementary (38) N/A N/A
0-11 ORS1 (1);
EXC (4) F(1); M (3) Elementary (4) N/A ORS2 (2);
Other (1)
1214 INC (84) F (50); M (39 Elementary (84) N/A N/A
EXC (3) F(2), M (1) Elementary (3) N/A ORS2 (3)
1517 INC (41) F (29); M (12) High School (41) N/A N/A
EXC (4) F (3); M (2) High School (4) N/A ORS2 (4)
High School (24);
1820 INC (77) F (54); M (23) College (2); 28.02 (52) N/A
Undergradate (51)
High School (7);
College (3);
21-25 INC (96) F (66); M (30) Undergraduate (57); 28.03 (58) N/A
Graduate (22);
Professional (2)
High School (1);
College (3);
26-30 INC (31) F (19); M (12) Undergraduate (8); 28.33 (27) N/A
Graduate (17);
Professbnal (2)
High School (2);
. College (5);
31-35 INC (17) F (13); M (4) Undergraduate (4): 28.06 (15) N/A
Graduate (6)
College (5);
. Undergraduate (5);
36-40 INC (18) F (16); M (2) Graduate (7): 28.73 (15) N/A
Professional (1)
High School (2);
College (5);
41-45 INC (25) F (19); M (6) Undergraduate (9); 28.13 (24) N/A
Graduate (8);
Professional (1)
High School (1);
College (8);
46-50 INC (27) F (20); M (7) Undergraduate (10); 28.62 (26) N/A

Graduate (7);
Professional (1)
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51-55

INC (19)

F (8);M (11)

High School (3);
College (7);
Undergraduate (4);
Graduate (4);
Professional (1)

28.21 (19)

N/A

EXC (2)

F@):M(@1)

College (1); Graduate

)

26 (1): 26 (1)

ORS?2 (2)

56-60

INC (23)

F (14); M (9)

High School (3);
College (9);
Undergraduate (6);
Graduate (3);
Professional (2)

27.91 (23)

N/A

61-65

INC (19)

F (16); M (3)

High School (1);
College (10);
Undergraduate (7);
Professional (1)

28 (16)

N/A

66-70

INC (24)

F 17); M (7)

High School (3);
College (7);
Undergraduate (6);
Graduate (6);

Professimal (2)

27.25 (20)

N/A

71-75

INC (18)

F (12); M (6)

High School (3);
College (4);
Undergraduate (5);
Graduate (4);
Professional (2)

27.13 (15)

N/A

EXC (2)

F@):M(@1)

High School (1);
Graduate (1)

*18 (1); 22 (1)

ORS1 (1);
ORS3 (1)

76-80

INC (9)

F (4% M (5)

High School (1);
College (3);
Undergraduate (2);
Graduate (2);
Professional (1)

27.22 (9)

N/A

81-85

INC (7)

F(4); M (3)

High School (2);
Undergraduate (4);
Professional (1)

25.71 (7)

N/A

EXC (2)

F@A);M(Q)

Undergraduate (1);
Graduate (1)

23 (1); 25 (1)

ORS1 (1);
ORS2 (1)

86-90

INC (7)

F(3):M(4)

High School (1);
Undergraduate (6);

25.14 (7)

N/A

EXC (4)

F@);M(1)

Elementary (1);
Undergraduate (3)

*16 (1); *19 (2);

26 (1); 29 (1)

ORS1 (2);
ORS3 (2)

91-93

INC (2)

F(2)

High Schod (1);
Graduate (1);

21 (1); 26 (1)

N/A

EXC (1)

F@)

Undergraduate (2)

26 (1)

ORS1 (1)
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Supplementary Table 2.2

GAM fit parameters. Lower BIC values (shown in bold) indicate the model with superior fit.

IPAST Measure ~ Model  Ref df F p R? Deviance BIC
Explained
PRO 1 6.925 10.74 <2e16 0.11 11.8% 6128.941
viable correct
SRT 2 2.306, 17.416, < 2e16, 0
(F, M) 5.372 5.482 5.25e05 0.101 11.2% 6146.209
1 8.412 25.22 <2e16 0.26 26.9% 6332.529
ANTI
viable correct
SRT 2 7.945, 13.37, <2e16, o
(F, M) 7238 13.66 <2e16 0.254 27.1% 6377.061
PRO 1 1.998 26.04 <2e16 0.079 8.15% 1938.788
expresslatency
correct response 2 1.003, 36.785, < 2e16, o
ratio (F,M)  1.880  7.693 0000579 00767 8.21%  1950.467
PRO 1 1.005 46.33 <2e16 0.0703 7.18% 1816.082
regular-latency
correct response
. 2 1.001, 33.74, < 2e16, o
ratio (F. M) 1.004 12.90 0.000349 0.0685 7.31% 1828.029
ANTI 1 6.106 13.9 <2e16 0.124 13.1% 1659.440
expresslatency
direction error
. 2 5.217, 8.864, < 2e16, o
ratio (F, M) 4491 8.291 1.4006 0.118 13.1% 1686.447
ANTI 1 7.857 31.88 <2el6 0.293 30.1% 1317.410
regular-latency
direction error
. 2 7.491, 18.30, <2e16, o
ratio (F, M) 6.493 17.03 <2616 0.29 30.5% 1355.761
1 8.429 31.23 <2e16 0.303 31.2% 6064.501
Voluntary
override time
2 8193, 1743, <2elb, 0.299 315%  6106.566

(F, M) 6.921 16.69 <2el6
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Chapter 3

Characterization of naturalistic free viewing gaze behavior across the lifespan

This chapter is in preparation for submission:
Yep, R.,Brien, D. C., White, B. J., Riek, H. Calancie, O. G., Kirkpatrick, R. HNoyes, B.
K., Branyiczky, M.K., Smorenburg, M. L., Coe, B. C., Itti, L., & Munoz, D.[R023).

Characterization of naturalistic free viewing gaze behavior across the lifésgaaparation.
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3.1Abstract

Visual attention changes as we age, reflecting the development, maturation, and decline
of underlying visuomotor and attent&lrprocesses in the brain. Most prior studies investigating
visual attention in aging rely on behavioral paradigms thatdatidress the complex and
dynamic nature of real world viewing. Here we describe the use of a naturalistic free viewing
(FV) paradigm to characterize changes in visual attention across the lifespan. We recorded eye
movements from a large, cressctionalcohort of normative individual$€529, 682 years of
age) while freely viewing 10 mutesof naturalistic video in which the content changed (in the
form of a new clip) every-2 seonds To parse changes in visuomotor control, bottgm
attentional biasg and topdown attentional biases, we derived a number of comeependent
and contentlependent gaze metrics. Generalized additive models were then used to characterize
these metrics across the lifespan and identify the ages at which they undegniénast
changeOur findings revealed that gaze behavior followed different trajectories across the
lifespan: in early adulthood, participants showed e biases toward screen centeually
salient regions of clips, arisehaviorally relevant regns of clips. In mieadulthood, saccade
rates and fixation durations plateaued, while saccade amptiazieased continuoudiypom
childhood to old agaiVe attribute these trends to interacting-agjated changes in visuomotor
control, attentioal contrd, and accumulated scene viewing experience. We propose that the
simple, unstructured nature of this task makes it a valuable tool to assess visual attention in

individuals of all ages and cognitive abilities.

129



3.2Introduction

The complexity of the visal world far exceeds the processing capacities of our visual
system. To counteract this, saccdictation sequences allow us to direct the hagluity fovea to
the most conspicuous stimulus to attend to for further processing. This process, referred to as
visual attention, can be guided by both bottigm(i.e., reflexive, driven by the visual saliency of
exogenous stimuli) and teghown (i.e., volitional, driven by the knowledge, expectations, and
goals endogenous to the observer) influences (Baluch &0ttil; Connor et al., 2004, Corbetta
& Shul man, 2002; Katsuki & Constantinidis,
saliencymap model (Itti & Koch, 2001; Koch & Ullman, 1985) has been pivotal in
characterizing the influence of visual saliency on eyatibns during image viewing and visual
search (Foulsham & Underwood, 2008; Itti & Koch, 2000; Itti, 2005; Parkhurst et al., 2002). An
extension of the salienayap, the prioritynap, proposes that the combined representation of
visual saliency and behavral relevancy (i.e., endogenous knowledge, expectations, and goals)
ultimately determines attention and gaze (Fecteau & Munoz, 2006; Serences & Yantis, 2006;
Zelinsky & Bisley, 2015). Visual attention is thus a dynamic process reliant on underlying
visuonotor and attention circuits of the brain. An importarga ofaging research is how visual
attention changes as these circuits develop, mature, and decline.

Eye tracking provides an ideal means to assess changes in visual attention as a function
of age,given the overlap between the circuitry implicated in visuomotor control, attention, and
aging (Parks & Madden, 2013; Reynolds & Chelazzi, 2004; Zhao et al., 2012). One approach to
studying visual attention involves the use of free viewing (FV) paradigmgiich participants
freely view visual stimuli in the absence of any explicit goals or instructions. Relative to

traditional visual attention tasks, FV paradigms enable the use of more naturalistic (i.e., complex,

130

20



dynamic, rich; Hasson et al., 2009; Vengal et al., 2019) stimuli and are easily understood by
individuals of different ages and cognitive abilities. FV of naturalistic scenes elicits distinct
patterns of gaze behavior suggested to reflect the predominance of-bpttofluencesarly in
viewing and the gradual influence of talpwn processes latar viewing (Mills et al., 2011,
Pannasch et al., 2008; Smith & Mital, 2013; Theeuwes et al., 2010; Unema et al., 2005).

Despite the growing trend of using more naturalistic stimuli in visual &itergsearch,
our understanding of how unstructured scene viewing changes as a function of age remains
limited. Emerging FV studies that have been conducted in children, young adults, and old adults
suggesthat bottomup influences are strongest in chitaid and decrease with age, while-top
down influences are weakest in childhood and increase with age (Agik et al., 2010; Helo et al.,
2014; Nuthmann et al., 2020). The majority of these studies have used staticimthges
paradigmgbut see Franchak at., 2016; Rider et al., 2018). As motion is one of the strongest
predictors of gaze (Carmi & Itti, 2006; Itti, 2005; Mital & 2011; Smith & Mital, 2013)FV of
dynamic videos likely elicits gaze behavior closer to-vealld viewing (Dorr et al., 200;
Hasson et al., 2010; Itti et al., 2005; Mital et al., 2011).

To characterize how naturalistic FV behavior changes across the lifespan, we recorded
eye movements from a large, cra@estional cohort of normative individuals=629, 682 years
of age) vhile freely viewing 10 miantesof video thatchanged in content everyfZseconds.
Visuomotor control was assessed via basic saccade and fixation metrics.-Bptattantional
influences (i .e., saliency) wereormthsessed by
predictions of the welvalidated saliencynap model of Itti and Koch (2000). Ta@mwn
attentional influences (i .e., priority) were

behavior averaged at the group level. Generalized additivelmagre used to characterize the
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trajectories of these measures across the lifespan and identify the ages at which they underwent
significant change.
3.3 Materials and Methods
3.3.1 Participants

Experimental procedures were reviewed and approvedebytu eends Uni ver si
Sciences and Affiliated Teaching Hospitals Research Ethics Bdaatthy individuals aged 5
and older were recruited from the greater Kingston, Canada area via newspaper and online
advertisements. All participants reported ifietime history of major neurological or psychiatric
illness and had normal or correctidnormal vision. A subset of participants aged 18 and older
were screened for mild cognitive impairment using the Montreal Cognitive Assessment (MoCA,;
Nasreddine etla 2005). In line with studies suggesting that lower MoCAaftd decrease the
false positive rate for mild cognitive impairment in diverse cohorts including older adults and
individuals with lower education levels (Carson et al., 2018; Rossetti 204l; White et al.,
2022), participants had to score 020 on the M
written consent was obtained from all individuals aged 18 and older. Informed written assent, in
addition to a par enttenamsengwasa obthinea frodnsall indiniduals me d w
under the age of 18. Study sessions took approximately one hour each and participants were
compensated for their tim&hese participants have been described in another study by our
group investigating the fefcts of age on a separate eye tracking paradijragter 2[Yep et
al., 2022).
3.3.2 Recording and Apparatus

As in Chapter 2 (Yep et al., 202p, participants were seat®& cm away from a Lihch

LCD computer monitori280x1024 pixels, 3bit color, 60Hz refresh ratein a dark room with
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their head resting comfortably in a head .rést infrared videebased eye tracker (Eyelink 1000
Plus, SR Research Ltd, ON, Canada) was used to track monoghtaye position at a
sampling rate of 500 Hz. A-Bointarray calibration and validation procedure was performed for
each participant prior to beginning the task. In a minority of participants who were more difficult
to calibrate, a fpoint array was used. Participants had to have an average validation error
(distance in degrees between gaze and validation target positions) <1.5° in order for their eye
tracking data to be considered sufficiently accurate for further analysis.
3.3.3 Experimental Design

Before beginning the Free Viewing (FV) task, participarégsrwe t ol d: AYou wi l
of videos that will change as if someone was changing the channels on a television. Please watch
the videos and pay att el ninovidebsmade hpeol6A% t ask c o
individual clips (24 s each), presentedntinuously backo-back(Fig. 3.1A) Thevisualstimuli
for this task were taken from anligb database of video footage acquired from television,
movies, YouTube, and stock video websites. Footage depicted a wide range of naturalistic
content, includig animals, natural landscapes, buildings/street scenes, human activities, and
cartoon animations. As described elsewhere (Tseng et al., 2013), the original video footage was
cut into smaller clips lasting-2 s each and randomly reassembled th&i0 1-min videos.
While the order of the clips within each video was presented in a fixed sequence, tloé order
videos 15 and videos-40 were independenthandomized between participants. A drift correct
occurred at the beginning of eatimin video to confim the accuracy of eye tracking or to
allow for re-calibration, if necessary. The entire task was displayed at 30 fps using custom
Ubuntu 13 software that interfaced with the eye tracker via the SR Research API. Participants

had to view all 10 min of theask in order for their data to be included in further analysis.
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n=164 clips >
n=164 trials

Free Viewing (FV) Task

Video #1 SEapaseE T I Ty Each 1 min
Video #2 f : video:

. 16-17 clips,

Video #3 2-4 s each

Video #4
Video #5
Video #6 &

Video #7 SN
Video #8 o
Video #9 fas
Video #10 s

fContent-Dependent & Clip-Aligned Gaze Metric?

’Saliency Map Inter-Observer Map
.
»

Mean fixation eccentricity by Mean normalized scanpath Mean normalized scanpath
ordinal saccade number saliency (NSS) by ordinal priority (NSP) by ordinal
saccade number saccade number

Figure 3.1 Visual representatioof the Free Viewing (FV) task and metrics of interAst.

Participants watched 10rhin videos consisting of 167 individual clips (24 s each) presented
continuously backo-back.While the order of the clips within each video was presented in a
fixed sequence, the ordef videos 15 and videos-40 was independenthandomized between

participants. A screenshot from each of the 164 clips is shown teateishevide range of
content they depicte®. Schematic depicting how contemiépendent & clipaligned gaze

metrics were calculated for a hypothetical scanpath of 4 saccades made over the course of an

exemplary clip (see main text for details).
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3.3.4 Daa Analysis
Pre-Processing

The preprocessing of all FV data was performed using an automated analysis pipeline
developed idab and described in detail elsewhere (Coe et al., 2022). Custom scripts written in
MATLAB (The MathWorks Inc., Natick, MA, USA)vere used to detect saccades on a video
by-video basis based on criteria for eye movement speed (the mean plus 2.5 times the SD of the
background noise during drift correct fixation, with a minimum possible value of 20 °/s) and
duration OLO ms). All deteted saccades were subsequently marked for start and end position,
latency relative to video onset, direction, peak velocity, amplitude, and duration

To further distinguish saccades from noisy signals associated with eye tracking, the
saccade main sequen@eak velocity vs amplitude) was calculated and fit with a smoothing
spline for each participant and each video watched. For each detected sazcadee avas then
calculated based on its residual to the corresponding main sequence fit. In thihsersmres
could be used to rank how normative a saccade was for that particular participant and video
watched (Coe et al., 2022). Detected saccades had to have a main seggeneat3, duration
<100 ms, amplitude OO0. Sbhjeyelass(de., blioking)tbbenot be i n
considered Avalido and used for subsequent an
between any two successive valid saccades, as identified above, with a duration >50 ms.
Ouitlier Rejection

Following preprocessingparticipants were excluded if >40% of their eye tracking data
contained eye loss (indicative of excessive head motion, fatigue, or blinking), or if <50% of their
initially detected saccades were considered valid (indicative of abnormal gaze behaver). Gi

the additional importance of eye tracking accuracy in the codegendent analyses (described
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in the proceeding section), additional exclusiateda were also applied on a videg-video
basis for each participant. Each video had to
eye loss, and an average gaze distance from screen center <10°. These criteria ensured accurate
eye tracking da while also retaining as much data as possible across our large study cohort.
PostProcessing

The spatial and temporal properties of the gaze behavior elicited by the FV task reflect
complex, ongoing interactions between {@vel visuomotor processesdahighlevel
attentional processes. To parse the richness of this gaze behavior, analysis was performed in four
steps: 1) conterihdependent & clipaveraged, 2) contemtdependent & clipaligned, 3)
contentdependent & clipaveraged, and 4) contetépeandent & clipaligned. In each of these
steps, each clip of each video of the task was treated as an individual trial, resulting in 164 trials
per participant (see Fi§.1). We describe the gaze metrics derived from each of these 4 analysis
steps in moreetail in the section immediately below. The proceeding Statistical Analysis
section describes how gaze metrics were compared across age. To investigate differences in gaze
metrics across individuals of discrete age groups, participants were divided ade bihs of
roughly comparablesamplesizes (see Tablgl). To investigate differences in gaze metrics
across age as a continuous measure, generalized additive models were employed.
1) Contentindependent & ClipAveraged Metrics

To investigate generglaze behavior independent of clip content, we first calculated a
number of commonly reported saccade and fixation metrics. These included mean saccade rate,
mean saccade amplitude, and mean fixation duration. Metrics were averaged across clips for
each paticipant and used to assess differences in gaze behavior across discrete age bins or across

age as continuous measure (see Statistical Analysis section below).
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Table 3.1

Demographic information for all participants included in the final study cohortheaontentdependenanalysis,
participants in the 225-yearold age bin were randomly divided into retained and inteserver (10) subgroups.
The 10 subgroup was used to create priority maps to which all other participants were compared.

Age Bin
(n)

(n)

Subgroup Mean Age

(SD)

Sex

(n)

Education
Level (n)

MoCA

Completed

(%)

Mean
MoCA
Score (SD)

6-10 (31)

8.84 (1.62)

F (14); M (17)

Elementary (31)

11-12 (33)

12.06 (0.56)

F (16); M (17)

Elementary (33)

1314 (51)

13.98 (0.57)

F(31): M (D)

Elementary (27);
High School (24)

15-16 (32)

15.99 (0.61)

F(24); M (8)

High School (32)

17-20 (67)

19.32 (1.11)

F (49); M (18)

High School (17);
College/Trade (2);
Undergraduate (48)

40 (66%}

27.95 (1.7

21-25 (84)

Retained
(54)

22.78(1.54)

F (37); M (17)

High School (3);
College/Trade (1);
Undergraduate (35);
Graduate (11);
Professional (1)

34 (63%)

28.15 (1.37)

10
(30)

22.53 (1.37)

F (20); M (10)

College/Trade (2);
Undergraduate (19);
Graduate (8)

16 (53%)

28.06 (1.48)

26-30 (25)

28.33 (1.31)

F (16); M (9)

High School (1);
College/Trade (2);
Undergraduate (7);

Graduate (13);

Professional (2)

21 (84%)

28.57 (1.43)

31-40 (29)

36.32 (3.30)

F (24); M (5)

College/Trade (9);
Undergraduate (7);
Graduate (13)

24 (83%)

28.67 (1.31)

41-50 (48)

46.07 (2.86)

F (37); M (11)

High School (3);
College/Trade (12);
Undergraduate (17);

Graduate (14);

Professional (2)

47 (98%)

28.42 (1.57)

51-60 (49)

56.18 (3.08)

F (26):; M (23)

High School (5);
College/Trade (21);
Undergraduate (12);

Graduag (8);

Professional (3)

49 (100%)

27.73 (1.81)

61-70 (51)

66.00 (2.94)

F (39); M (12)

High School (5);
College/Trade (21);
Undergraduate (14);

Graduate (8);

Professional (3)

45 (88%)

27.33(1.98)

71-82 (29)

75.51 (3.23)

F (18); M (11)

High School (3)
College/Trade (7);
Undergraduate (9);

Graduate (6);

Professional (4)

26 (90%)

27.04 (1.71)

Note:®MoCA % completed and meamalculated out of all participants in the-2@-yearo | d
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2) Contentindependent & ClipAligned Metrics

Previous work has described distinct patterns of saccade and fixation behavior with
increasing viewing time ad naturalistic image or viddMills et al., 2011; Pannasch et al., 2008;
Smith & Mital, 2013; Unema et al., 2005). These patterns are suggesedtbtt the
predominance of bottomp influences on scene viewing early in time and the gradual influence
of top-down processes later in time (Theeuwes et al., 2010). As such, in the second step of our
analysis we sought to investigate how general, ctimelependent gaze metrics changed as a
function of ordinal saccade number after clip onset. The number of saccades made per clip was
highly variable across participants (mean=8.03, range=R2310, SD=1.70). We chose to
examine saccade latency, saccaaplitude, and fixation duration feach ofthe first 4
saccades made after clip onset to ensure adequate data sampling across participants and age bins.
These metrics were averaged across clips for each participant and used to assess differences in
gazebehavior across discrete age bins (see Statistical Analysis section below).
3) ContentDependent & ClipAveraged Metrics

We next sought to investigate how gaze behavior was influenced by clip content. To this
end, we derived metrics reflecting particigg®@ gaze bi ases towards scre
towards the lowevel (i.e., visually salient) regions of the clips, and gaze biases towards the
comhbned representation of lovand highlevel (i.e., visually salient and behaviorally relevant,
or prioritized) regions of the clips.

Center bias refers to the tendeméyndividalsto direct gaze towasthe center of visual
stimuli (Dorr et al., 2010; Tatler, 2007; Tseng et al., 200Bjs tendency is partially mediated
by Aphot ogr aphigrdikelihbod af ebfects being pdmoheel in the center of images

andvideos (Tseng et al., 2009)jo quantifycenterbias, fixation eccentricity was calculated as
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the Euclidean distance, in degrees, between screen center and the endpoint of edeimsatca
in eachclip.

To quantify the lowlevel (i.e., visually salient) properties of the clips, the current version
of the IttrKoch saliencymap model (http://ilab.usc.edu/toolkit/; Walther & Koch, 2006) was
used to generate saliency maps for each framaabf €ip of each video. Details of the visual
features included in the saliency maps and their implementation to generate saliency values for a
similar FV paradigm have been described elsewhere (Tseng et al., POd3aps for each
frame werghennormalzedtohave mean=0 and SD=1. To deter min
towards the salient regions in these maps, we calculated normalized scanpath saliency (NSS),
which has been described previously (Dorr et al., 2010; Peters et al., 2005). NSS wasdalculat
as the average of the saliency map values sampled within a 0.75° radius circle at the endpoint of
each saccade madeaachclip. The advantage of using NSS is its interpretability across
participants and videos. Due to the initial normalization ostiency maps, NSS values greater
than zero indicate a greater relationship between fixation locations anrpretigted saliency
than would be expected by chance; values equal to zero indicate no relationship; and values less
than zero indicate an inverssationship (Peters et al., 2005).

To quantify the comibed representation of lovand highlevel (i.e., visually salient and
behaviorally relevant) regions of the clips, intdrserver (10) priority maps were created using a
subset of the study cohoffthis approach is consistent with previous studies (Marsman et al.,

2016; Peters et al., 2005; Tseng et al., 2013) that have derived priority measures based on the
variability of human viewing behavior at the group level. Here, a randomly selected@&ubset
participants from the 225-yearold age bini=30, 36% of age bin, see Tal3d) were heleout

as an 10 subgroup and used to create priority maps to which all other participants were
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compared. We selected participants in this age range to createtitg paps as the neural
circuitry underlying behavioral control is known to mature by late adolescence/early adulthood
(Fair et al., 2009; Fjell et al., 2012; Luna et al., 2010). Further, modelling the effects of age on a
separate eye tracking paradigwoilected in this cohort indicated that all measures of reaction
time and error rate matured by the age of 23 and began to decline the&aise( 2 [Yep et
al., 2022). Priority maps were created by representing each sampled eye position of each 10
subgroup participant with a 2D Gaussian blob (SD=0.5°). These values were then summed to
create a priority map for each frame of each clip of each video. Similar to the saliency maps,
priority maps were normalized to have mean=0 and SD=1. To determinmaihneg
participantsd gaze biases towards the priorit
scanpath priority (NSP), a metric which we derive as an extension of NSS. NSP was calculated
as the average of the priority map values sampled watlBii75° radius circle at the dpoint of
each saccade made in ea&tip. Fixation eccentricity, NSS values, and NSP values were
averaged across clips for each participant and used to assess differences in gaze behavior across
discrete age bins or acrossagga continuous measure (see Statistical Analysis section below).
4) ContentDependent & ClipAligned Metrics

In the final step of our analysis, the contdependent measures described above were
also examined over the duration of clip viewing. Figuié3 provides an illustration of how
these metrics were calculated fdmypothetical scanpath made over the course of an exemplary
clip. Fixation eccentricity, NSS values, and NSP values were each calculated as a function of the
first 4 ordinal saccadesade after clip onset. These values were averaged across clips for each
participant and used to assess differences in gaze behavior across discrete age bins (see

Statistical Analysis section below).
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3.3.5Statistical Analysis
Gaze Differences Across DisdeeAge Bins

To investigate discrete changes in the gaze metrics described above across individuals of
different ages, participants were divided into 12 age bins of roughly compsaaiybdesizes
(Table3.1). Subsequent statistical analyses were perform8&#SS 28 (IBM, New York, NY,
USA). KruskatWallis tests were used to investigate differences inmmmally distributed gaze
metrics across age bins and amgy ANOVASs were used to investigate differences in normally
distributed gaze metrics across &ges. Here, we were interested in determining whether a
given age bin differed significantly from the next closest age bin (ex. does-tt#2yEhrold
age bin differ from the 134-yearold age bin?). As such, pairwise comparisons were performed
posthocfor significant KruskalwWallis and ANOVA tests adjusted with HolBonferroni
correction for sequential age bin comparisons only (i.e., 11 comparisons). Adqisties and
effect sizes are reported for all significant comparisons-sangle itests wee used to assess if
NSS and NSP values were different from 0 within each age bin, and-pairgae #tests were
used to assess if NSS and NSP values were different from one another within each age bin.
Gaze Differences Across Age as a Continuous Measure

Although comparing gaze metrics between discrete age bins provides a useful point of
reference for the study of behavioral changes in development and aging, these age bins were
defined based on analytical convenience rather than neurophysiological peomsklering
age as a continuous predictor in regression models allows for a more precise @hvelata
characterization of ageslated effects on behavidrherefore, ® assess how gaze metrics
changed as a continuous function of age, gEmametric geeralized additive models were

used.
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Generalized additive models (GAMSs) are extensions of generalized linear models in
which the linear predictor is a weighted sum of smooth functions, which are typica{yldken
regression splines (Wood, 2003; 201 Me$e models enable flexible, dald@en estimation of
nortlinear trends across time series data (Simpson, 2018; Sgrensen et al., 20l aned
well-suited to the present study. GAMs have increasingly been used to characterize the non
linear effectf age on various behavioral and braesed measures, including eye tracking
measures (Calabro et al., 2020; Calancie et al., 2021; Nook et al. Y2(26t al., 2022).

GAMs and change point analyses were performed in R usingdbe(\Wood, 2017) and
LNCDR(Tervo-Clemmens & Foran, 2022) packages, respectively. For each gaze metric of
interest, 2 models were specified. Model 1 was defined by a smoothed function of age only. To
investigate if behavior differed as a function of participant sex, Model 2lgfased by a
smoothed function of age split by sex. For both modetgricted marginal likelihood
maximization(REML) was used to estimate the smoothing paramei@ood, 2011). Bayesian
information criterion (BIC) was used to compare goodiuédg. For the better fitting model,
statistically significant periods of change were determined through estimation of the first
derivative and simultaneous confidence inéés of the fitted trend using posterior simulation
(Simpson, 2018; Wood 2017). Following previous work (Calabro et al., 2020; Calancie et al.,
2021;Yepet al., 2022), posterior simulation was used to generate 10,000 GAM fits and their
derivatives at 0-year age intervals. 95% confidence intervals were then generated from these
simulated derivatives. Significant periods of change were identified at the ages where the
simultaneous confidence intervals of the first derivative did not contain @ed®pb).
3.4Results

3.4.1 Study Cohort
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548 individuals (366 F, 182 M6-82 years of age) were initially recruited to participate in
this study from 201:2023. Of the 386 individuals aged 18 and older, 312 (81%) completed a
MoCA. From thisoriginal study cohort] participant was excluded for scoring <20 on the
MoCA, 2 were excluded for having an average trackingvalidation error >1.5°, 8ere
excluded for not viewing all 10 videos, 4 were excluded for having >40% of their eye tracking
data contain eye losand 3were excluded for having <50% of their initially detected saccades
considered valid (see Materials and Metho@neadditional participant was excluded based on
the experimenterds observation of higehly abno
final study cohort therefore consisted of 529 participants (351 AVI1 6332 years of age). Of
the 376 individuals aged 18 and older, MOCAs were available for 302 (80%). Of this subset, no
participant had a MoCA score <23. The majority of individuatssthich MoCAs were not
available were between the ages 0f2B3 a demographic for which scores in population cohorts
have been reported to be well above theatitised here (Rossetti et al., 2011). Within the final
study cohort, 20 participants alsodhane or more videos excluded from their analyses to ensure
gaze metric calculations were derived from accurate eye tracking data. 15 participants had 1
video excluded each, 2 participants had 2 videos excluded each, 1 participant had 3 videos
excluded, ad 2 participants had 5 videos excluded each. Videos were excluded due to >50% of
the data containing eye loss or the average gaze distance from screen center being >10°. The
number of participants included in each of the 12 age bins is shown B ZAgAdditional
participant demographic information (including education level and average MoCA score, where

applicable) is provided in Tab&1.
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Figure 3.2 Participant demographic information and eye tracking quality assurance measures by
age binA. Number of participants included in each age bin. Participants were divided into 12
age bins of roughly comparaldamplesizes; age bins vary in range froni2 years, with

smaller bins used before the age of 30 and larger bins used afterwards. Circle anarfarale
participants and triangle markers are male participants. Vertical lines are age bin nBedians
Mean eye tracking validation errd. Proportionof detected saccades considered v&lid.

Valid saccade count plotted as a function of video veitdh. Valid saccade count plotted as a
function of video number. IB andD, scatter points are individual participants, jittered along the
x-axis for visualization purposes, and horizontal lines are age bin medighanbiE, square

markers are age bmeans and error bars are age bin standard errors.
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3.4.2 Automated Saccade Detection & Data Quality

Our automated analysis pipeline (Coe et al., 2022) initially detected a total of 807,949
saccades across all participédntsv i d e o v Aftenappying the additienal saccade
detection criteria outlined in the Materials and Methods, 693,369 of these saccades (85%) were
deemed valid and used for subsequent analyses. KiisKas tests were used to investigate
differences in eye tracking quality assnce measures across age bins. There was no significant
difference in mean eye tracking validation error across age#(dd)=11.28p=0.420; Fig.
3.2B). Although there was a signiéint difference in the proportiasf detected saccades
considered valigH(11)=21.28p=0.031; Fig3.2D), pairwise comparisons did not survive
corrections for multiple comparisons. Within each age bin, valid saccade counts remained
relatively constant across video watched (BigC) and video number (Fi§.2E), suggesting
that participants were engaged throughout the duration of video viewing (despite the lack of any
explicit goals or tasks instructions), and that all 10 videos were comparably engaging.
3.4.3 Differences Across Discrete Age Bins
Contentindependent & ClipAveraged Behavior

To investigate general, contantiependent gaze behavior, we first calculated basic gaze
metrics averaged across all clips. FigB@A, B, and C show thprobability density estimates
for saccade rate, saccade amplitude, and fixatioation values by age bin, respectively. Across
age bins, video viewing elicited a high rate of small amplitude saccades separated by short
fixation durations. Ongvay ANOVAsindicated asignificant difference in mean saccade rate
(F(11,517)=13.28p<0.001) mean saccade amplitudg11,517)=10.26p<0.001), and mean
fixation duration F(11,517)=10.56p<0.001) across age bins, however, pairwise comparisons

were not significant.
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Contentindependent & ClipAligned Behavior

To investigate how conteimdependent gaze metrics changed over the course of clip
viewing, we next calculated saccade latency, saccade amplitude, and fixmtibardas a
function of ordinal saccade number (F3g1). Across age bins, the variability of saccade latency
was lowest for the first saccade and increased with saccade number thereaf8stAFid.here
was a significant difference in mean latencytfee first ¢(11,517)=3.65p<0.001), second
(F(11,517)=11.07p<0.001), third F(11,517)=13.16p<0.001), and fourthR(11,517)=11.53,
p<0.001) saccades across age bins, however, pairwise comparisons were not significant.

Across age bins, saccade amjy was largest for the first saccade, decreased from the
first to second saccade, and remained relatively constant between the second, third, and fourth
saccades (Fig3.4B). There was a significant difference in mean saccade amplitude for the first
(F(11,517)=18.25p<0.001), second(11,517)=9.48p<0.001), third F(11,517)=10.53,
p<0.001), and fourthH(11,517)=8.26p<0.001) saccades across age bins, however, pairwise
comparisons were not significant.

Across age bins, fixation duration followed tleeerse pattern of saccade amplitude;
increasing from the first to second fixation, where it was the largest, and then decreasing from
the second to third and third to fourth fixations (BdC). Note that the values plotted in Fig.
3.4C represent the fations occurring immediately after the first, second, third, and fourth
saccades, respectively. There was a significant difference in mean fixation duration for the first
(F(11,517)=15.09p<0.001), second~(11,517)=14.84p<0.001), third F(11,517)=8.26,
p<0.001), and fourthH(11,517)=7.64p<0.001) fixations across age bins, however, pairwise

comparisons were not significant.
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ContentDependent & ClipAveraged Behavior

To investigate how gaze behavior was influenced by clip content, we next calculated
fixation ecentricity (reflecting gaze biases towards screen center), NSS (normalized scanpath
saliency; reflecting gaze biases towards salient regions of the clips), and NSP (normalized
scanpath priority; reflecting gaze biases towards prioritized regions of pis¢ alieraged across
clips. Figure3.5A, B, and C show thprobability density estimasdor fixation eccentricity, NSS
values, and NSP valubey age binrespectively. Across age bins, fixation eccentricity values
were low, indicating a strong degree ohtax bias throughout video viewing (FB5A).

Although there was a significant difference in mean fixation eccentricity across age bins
(F(11,517)=10.06p<0.001), pairwise comparisons were not significant.

Onesample ttests indicated that mean NSSues were significantly greater than 0 in
each of the 12 age bins (pk0.001), suggesting a greater relationship between fixation locations
and salient regions of the clips than would be expected by chanc8.88y. There was a
significant differencen mean NSS values across age bi(&1,487)=5.32p<0.001), with
pairwise comparisons indicating that theileyearold age bin had higher NSS values
(mean=2.22; SD=0.46) than the-18yearold age bin (mean=1.95; SD=0.58;0.033).

Mean N3 valueswere also significantly greater than 0 in each of the 12 age bins (all
p<0.001), suggesting a greater relationship between fixation locations and prioritized regions of
the clips than would be expected by chance &&C). There was a significant differee in
mean NSP values across age bi(4.{,487)=6.43p<0.001), again with the 156-yearold age
bin having higher NSP values (mean=4.04; SD=0.99) than tid-¥8arold age bin
(mean=3.46, SD=1.1@=0.033). Pairessamples-tests indicated that me&tSP values were

significantly greater than mean NSS values in each of the 12 age bims0(801).
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ContentDependent & ClipAligned Behavior

To investigate how conteflependent gaze metrics changed over the course of clip
viewing, fixation eccentricity, NSS values, and NSP values were also calculated as a function of
ordinal saccade maber (Fig.3.6). Across age bins, mean fixation eccentricity increased with
increasing saccade number (RB&A). There was a significant difference in mean fixation
eccentricity for the firstf(11,517)=6.15p<0.001), second~(11,517)=19.21p<0.001),third
(F(11,517)=12.24p<0.001) and fourthK(11,517)=8.34p<0.001) saccades across age bins,
however, pairwise comparisons were not significant.

Across age bins, NSS values were lowest for the first saccade and highest for the second
saccade (Fig3.6B). There was a significant difference in mean NSS values for the first
(F(11,487)=4.03p<0.001), second™(11,487)=5.24p<0.001), third E(11,487)=5.61p<0.001),
and fourth F(11,487)=5.43p<0.001) saccades across age bins. For the first saccadaspairw
comparisons indicated that the-6@yearold age bin had lower NSS values (mean=1.60;
SD=0.34) than the 430-yearold age bin (mean=1.83; SD=0.32;0.033). For the fourth
saccade, there was a trend of thel&%/earold age bin having higher NSS uak (mean=2.33;
SD=0.57) than the 134-yearold age bin (mean=2.01; SD=0.5150.066).

Similar to NSS values, NSP values were lowest for the first saccade and highest for the
second saccade (Fig§6C). There was a significant difference in mean NSP edinrethe first
(F(11,487)=6.15p<0.001), second~(11,487)=5.68p<0.001), third F(11,487)=6.98p<0.001),
and fourth F(11,487)=6.76p<0.001) saccades across age bins. Although pairwise comparisons
were not significant, for both the first and fourticeades there were trends of thel65/ear
old age bin having higher NSP values than thd48earold age bin (first saccadp=0.077;

fourth saccadep=0.077).
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3.4.4Differences Across Age as a Continuous Measure

To assess how gaze metrics changed as a function of age in a moregneciaga
driven manner, GAMs defined by a smoothed function of age (Model 1) were specified for each
of the 6 clipaveraged gaze metrics. To investigate if behavior differed as a function of
participant sex, a second model defined by a smoothed functagedplit by sex (Model 2)
was also performed. TabBe2 displays the GAM output parameters for each metric and model.
All metrics exhibited significantp<0.05) agerelated change, with the proportion of metric
deviance explained by age ranging from 82235%. BIC values were lower (indicating a
superior fit) for Model 1 for all metrics investigated. Subsequent change point analyses were
therefore performed on the Model 1 fits only. Significant periods of change were identified at the
ages where the cadénce intervals of the first derivative did not contain zex®(05), with at
least one significant period of change being identified for each metric.
Contentindependent Behavior

GAM fits and significant periods of change for mean saccade rate, saeaade
amplitude, and mean fixation duration are shown in&i¢A, B, and C, respectively. These
plots illustrate the advantage of using flexible, spariametric models to characterize Hiorear
agerelated trends that may otherwise be obscureddrg wonventional groupased
comparisons. While mean saccade rate and mean fixation duration exhibited opposing
curvilinear trends across age (with saccade rate reaching a maximumaduttitbod and
fixation duration reaching a minimum in matiulthood) mean saccade amplitude decreased
linearly across the lifespan. Change point analyses revealed that mean saccade rate increased
significantly from the ages of845. Conversely, mean fixation duration decreased significantly

from the ages of-@2. Mean sa@de amplitude decreased significantly across the entire lifespan

153



Table 3.2

GAM output parameters. Lower BIC values (shown in bold) indicate the model with superior fit.

FV Gaze 5 Deviance
Metric Model Ref df F p R Explained BIC
Mean Age 4.08 33.29 <2e16 0.20 20.9% 577.82
Saccade
Age by sex 3.26, 33.38, < 2e16, o
Rate (F, M) 358 8.77 4.69606 0.22 22.5% 590.50
Mean Age 1.00 111.80 <2e16 0.17 17.5% 1378.13
Saccade
. Age by sex 1.00, 48.83, <2e16,
Amplitude (F, M) 1.00 70 52 <2616 0.18 18.5% 1384.4
Mean Age 4.17 26.73 <2e16 0.17 17.9% 5781.74
Fixation
. Age by sex 3.44, 25.87, < 2el6, o
Duration (F, M) 373 706 3.81605 0.18 19.5% 5796.10
Mean Age 7.14 13.58 <2e16 0.16 16.5% 944.78
Fixation
Age by sex 5.91, 5.03, 6.39e05,
Eccentricity g(F 1\32) 4.66 17.2 < 2616 0.17 18.8% 960.18
Age 6.84 5.29 1.39e05 0.070 8.03% 576.21
Mean
NSS
Age by sex 4.64, 1.97, 0.083, 0
(F, M) 4.88 393  oootg 0078 9.46% 589.27
Mean Age 6.92 6.91 2.38e07 0.088 9.89% 1327.38
NSP Age by sex 5.69, 2.74, 0.015, o
(F, M) 5.07 549 509805 0092  11.0% 1350.08

(i.e., from the ages of-82). Relative to the other gaze metrics investigated, age explained the
highest proportion of deviee for mean saccade ra# 20.9% (see TabR2).
ContentDependent Behavior

GAM fits and significant periods of change for mean fixation eccentricity, mean NSS
values, and mean NSP values are shown in38d\, B, and C, respectively. The GAM fits for
these three metrics were distinctly Aorear, with each showing the most dramati@ange from
childhood to early adulthood. Change point analyses indicated that mean fixation eccentricity

decreased significantly from the ages €1 and then increased significantly from the ages of
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Figure 3.8 GAM fits and significant periods of change for mean fixation eccentiijdfymean
NSS(B), ard mean NSKHC) across age as a continuous measure. Circle markers are female
participants and triangle markers are male participants. Black curves are the GAM fits and gray
ribbons are the 95% confidence intervals of the fits. Filled black tile alongttaarbof each

plot indicates significant periods of ageated change.
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