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Abstract

Smooth pursuit eye movements (SPEM) are used to maintain the image of a slowly moving
stimulus on the fovea. Previous findings on this major oculomotor system show that SPEM performance
is degraded in the presence of a structured vs. blank background (background effect) and at faster vs.
slower target velocities (velocity effect). In addition, SPEM is considered an important biomarker in
schizophrenia research: patients with schizophrenia often present with impaired SPEM performance.
However, the exact psychological, molecular, and neural mechanisms underlying SPEM in healthy
individuals and in patients with schizophrenia are not well understood.

This dissertation aimed to investigate these mechanisms in more detail. To this end, data from
five experimental studies are reported. Study I focused on the reliability of SPEM performance in
general and, additionally, the reproducibility and reliability of the background and velocity effects. In
Study II, a pharmacogenetic study design was used to investigate the associations of the dopaminergic
and cholinergic systems with SPEM: Nicotine or placebo was administered to participants grouped
according to their genotypes on a variable number of tandem repeats (VNTR) polymorphism in the
SLC6A3 gene coding for the dopamine transporter (DAT). The other studies incorporated functional
magnetic resonance imaging (fMRI) data to examine the functional connectivity of areas active during
SPEM (Studies III-V). In addition, the neural mechanisms underlying the background and velocity
effects (Study IV), and differences in the neural correlates of SPEM between patients with
schizophrenia and individuals with varying expressions of the personality trait schizotypy were
investigated using machine learning methods (Study V).

Across all studies, SPEM task effects were found to be very robust. Their high reliability was
demonstrated in Study I. However, neither the drug factor (nicotine, placebo) nor the SLC6A3 VNTR
genotype factor (9R-carriers, 10R-homozygotes), alone or in interaction, had a significant effect on
SPEM performance in Study II. The good replicability of the network underlying SPEM, consisting of
visual areas in the occipital cortex, parietal and frontal areas (frontal and supplementary eye fields;
SEF, FEF), the lateral geniculate nucleus (LGN), and cingulate cortex, was underlined in Studies III-V.
Functional connectivity analyses provided evidence of close cooperation between these areas during
SPEM (Studies III-V). While the velocity effect was mainly associated with activations in visual areas,
the background effect exhibited more widely distributed activations in clusters encompassing visual,
frontal, and parietal areas (Study IV). Only very small deficits in SPEM performance were found in
patients with schizophrenia spectrum disorders (Study V), contradicting previous findings. However, a
combination of functional connectivity and machine learning approaches cautiously suggested that

altered functional connectivity from the right FEF may be present in schizophrenia spectrum disorders.
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The findings presented here highlight the high replicability of the background and velocity
effects and of the activity in the neural network associated with SPEM. The functional connectivity of
the components of this network was demonstrated for the first time and showed consistency across
studies. SPEM deficits in patients with schizophrenia were more subtle than previously reported. In
summary, these findings add considerably to the existing research literature on SPEM, but also leave

some questions open for future research.
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Zusammenfassung

Glatte Augenfolgebewegungen (smooth pursuit eye movements; SPEM) dienen dazu, das Bild
eines sich langsam bewegenden Stimulus auf der Fovea zu halten. Friihere Befunde zu diesem wichtigen
okulomotorischen System zeigen, dass die SPEM-Leistung bei einem strukturierten vs. leeren
Hintergrund (Hintergrundeffekt) und bei schnelleren vs. langsameren Zielreizgeschwindigkeiten
(Geschwindigkeitseffekt) abnimmt. Dariiber hinaus gelten SPEM als wichtige Biomarker in der
Schizophrenieforschung: Patient:innen mit Schizophrenie weisen héufig eine verminderte SPEM-
Leistung auf. Die genauen psychologischen, molekularen und neuronalen Mechanismen, die SPEM bei
gesunden Personen und bei Patient:innen mit Schizophrenie zugrunde liegen, werden jedoch noch
nicht ausreichend verstanden.

Ziel dieser Dissertation ist es, diese Mechanismen genauer zu untersuchen. Zu diesem Zweck
werden Daten aus fiinf experimentellen Studien berichtet. Studie I befasste sich mit der Reliabilitat der
SPEM-Leistung im Allgemeinen und mit der Reproduzierbarkeit und Reliabilitdt der Hintergrund- und
Geschwindigkeitseffekte. In Studie II wurde ein pharmakogenetisches Studiendesign verwendet, um
die Zusammenhidnge der dopaminergen und cholinergen Systeme mit SPEM zu untersuchen:
Teilnehmer:innen, die nach ihrem Genotyp in einem Polymorphismus mit ,,variable number of tandem
repeats” (VNTR) im SLC6A3-Gen, das fiir den Dopamintransporter (DAT) kodiert, gruppiert waren,
bekamen entweder Nikotin oder Placebo. In den anderen Studien wurden Daten der funktionellen
Magnetresonanztomographie (fMRT) genutzt, um die funktionelle Konnektivitdt der wahrend SPEM
aktiven Areale (Studien III-V) zu untersuchen. AufSerdem wurden die neuronalen Mechanismen, die
den Hintergrund- und Geschwindigkeitseffekten zugrunde liegen (Studie IV), sowie Unterschiede in
den neuronalen Korrelaten von SPEM zwischen Patient:innen mit Schizophrenie und Personen mit
unterschiedlichen Ausprigungen des Personlichkeitsmerkmals Schizotypie mit Hilfe von Methoden
des maschinellen Lernens untersucht (Studie V).

In allen Studien erwiesen sich die SPEM-Aufgabeneffekte als sehr robust. Thre hohe Reliabilitdt
zeigte sich in Studie I. Allerdings hatte weder die Substanz (Nikotin, Placebo) noch der SLC6A3 VNTR-
Genotyp (9R-Trdger, 10R-Homozygote), allein oder Interaktion, einen signifikanten Effekt auf die
SPEM-Leistung in Studie II. Die gute Replizierbarkeit des SPEM zugrundeliegenden Netzwerks,
bestehend aus visuellen Arealen im okzipitalen Kortex, parietalen und frontalen Arealen (frontale und
supplementire Augenfelder; SEF, FEF), dem Corpus geniculatum laterale (CGL) und dem cinguldren
Kortex, wurde in den Studien III-V herausgestellt. Funktionelle Konnektivitdtsanalysen lieferten
Hinweise auf eine enge Zusammenarbeit zwischen diesen Arealen wihrend SPEM (Studien III-V).
Wihrend der Geschwindigkeitseffekt hauptsdachlich mit Aktivierungen in visuellen Arealen assoziiert

war, ging der Hintergrundeffekt mit breiter verteilten Aktivierungen in Clustern einher, die visuelle,
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frontale und parietale Areale umfassten (Studie IV). Bei Patient:innen mit Schizophrenie-Spektrum-
Storungen wurden nur sehr geringe Defizite in der SPEM-Leistung festgestellt (Studie V), was im
Widerspruch zu frilheren Ergebnissen steht. Die Kombination von Methoden der funktionellen
Konnektivitit und des maschinellen Lernens deutete jedoch darauf hin, dass bei Schizophrenie-
Spektrum-Storungen eine verdnderte funktionelle Konnektivitit des rechten FEF vorhanden sein
konnte.

Die hier vorgestellten Ergebnisse unterstreichen die hohe Replizierbarkeit der Hintergrund- und
Geschwindigkeitseffekte sowie der Aktivitdt in dem mit SPEM assoziierten neuronalen Netzwerk. Die
funktionelle Konnektivitat der Komponenten dieses Netzwerks wurde zum ersten Mal gezeigt und war
konsistent zwischen den Studien. SPEM-Defizite bei Patient:innen mit Schizophrenie waren weniger
deutlich ausgepragt als in vorherigen Untersuchungen. Insgesamt stellen diese Ergebnisse eine
umfassende Ergianzung der bestehenden Forschungsliteratur zu SPEM dar, sie lassen aber auch einige

Fragen fiir kiinftige Forschung offen.
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1 Introduction

1.1 Eye movements

The human visual system is our most important perceptual system. More than a quarter of the
human cerebral cortex is devoted to visual function (van Essen, 2004), and 80% of the information
received from the outside world is processed by the visual pathway (Haupt, 2008). In the oculomotor
system, fundamental aspects of human experience and behaviour, such as perception, cognition, and
motor behaviour, are integrated in a very short period of time, making it an ideal platform to study
these processes both independently and jointly (Hutton, 2008; Lisberger, 2015; Shaikh & Zee, 2018).
Not without reason is the oculomotor system described as a “microcosm of the brain” (Carpenter, 1994,
p. 341) and a “window to the brain, mind and more” (Shaikh & Zee, 2018, p. 252). This dissertation
aims to peek through this window using different experimental manipulations and methods to
contribute to a better understanding of eye movements and their underlying principles.

Advantages of studying eye movements include the rich body of empirical knowledge about the
oculomotor system, the availability of animal models, the distinctiveness of eye movement
abnormalities which can be easily mapped to anatomical, physiological, or pharmacological
dysfunction, the ease and simplicity of assessing and interpreting eye movements — even in patient
populations —, a large number of academic disciplines investigating eye movements, enabling a broad
and interdisciplinary research program, the ease of combination with other neuroscientific methods
such as transcranial magnetic stimulation (TMS), functional magnetic resonance imaging (fMRI), and
magnetoencephalography (MEG), and the large number of meaningful and reliably measurable
parameters (Klein & Ettinger, 2008; Leigh & Zee, 2015; Shaikh & Zee, 2018).

Eye movements fulfil two fundamental functions: stabilising gaze to keep images steady on the
retina and shifting gaze to new objects of interest (Leigh & Zee, 2015). There are seven classes of eye
movements to serve these functions in different contexts: vestibular, fixational, vergence, and
optokinetic eye movements, as well as saccades, smooth pursuit eye movements (SPEM), and the quick
phase of the optokinetic nystagmus (OKN; Leigh & Zee, 2015). This dissertation focuses on SPEM,
which is a major oculomotor system. As such, it offers a particularly interesting perspective for studying
visuo-motor and cognitive processes (Barnes, 2008; Lisberger, 2015). Furthermore, there is a long
history of research on SPEM in psychiatric disorders, highlighting potential clinical applications (Levy,
Sereno, Gooding, & O'Driscoll, 2010; see 1.6). However, there are also a number of gaps in the

literature, particularly concerning the effects of experimental manipulation, reliability, and the neural
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mechanisms behind SPEM at the macroscopic and molecular levels. All of these aspects are addressed

in the present dissertation.

1.2 Basic mechanisms of SPEM

SPEM help to keep the image of a slowly moving target on the fovea (Lisberger, 2015). Two
distinct phases characterise SPEM: an initial open-loop phase followed by a closed-loop (also:
maintenance or steady-state) phase (Wyatt & Pola, 1983). In the open-loop phase at the beginning of
SPEM, the eyes begin to accelerate to reach target velocity. In this phase, which lasts for about 100 ms,
the SPEM response is driven only by visual motion information without the contribution of internal
feedback (Barnes, 2008). In the subsequent closed-loop phase, information is fed back to the SPEM
system with negative feedback loops (Barnes, 2008; Lisberger, Morris, & Tychsen, 1987). During closed-
loop SPEM, both retinal and extraretinal signals control eye movements (Barnes, 2008). Extraretinal
signals encompass all “nonvisual signals related to the ongoing eye movement” (Lisberger, 2015,
p. 450), which include recurrent information about the movement of the eye. It has been proposed to
add SPEM termination as a third phase, in which eye velocity decreases exponentially (Missal & Heinen,
2017).

SPEM can occur at target velocities up to 100 °/s (C. H. Meyer, Lasker, & Robinson, 1985) but is
typically studied at much lower velocities in the range of 15-30 °/s (Lencer & Trillenberg, 2008). The
latency to initiate SPEM after motion onset is estimated at 70—-130 ms and is caused by delays in
visuomotor processing and decision making (Barnes, 2008). Target position, velocity, and acceleration
information influence the SPEM command, which is also highly sensitive to extraretinal signals,
including prediction, attention, and the use of the so-called efference copy that carries information
about the oculomotor command (Barnes, 2008; Holst & Mittelstaedt, 1950; Leigh & Zee, 2015).
Critically, SPEM cannot be elicited without a moving stimulus with few and very specific exceptions
(Berryhill, Chiu, & Hughes, 2006). The contribution of extraretinal information is reflected in higher
SPEM accuracy with predictable compared to non-predictable targets, in the maintenance of SPEM
even when the target is briefly blanked, in the occurrence of anticipatory eye movements before motion
onset or target direction reversal with predictable targets, and in response to perceptual (e.g., virtual
barriers) or abstract cues (Kowler, Rubinstein, Santos, & Wang, 2019).

The SPEM system closely interacts with the saccadic system, and it is even claimed that both are
“two outcomes of a single sensorimotor system” (Goettker & Gegenfurtner, 2021; Orban de Xivry &
Lefevre, 2007, p.11). For example, SPEM is usually preceded by an initial saccade, which can be
eliminated with so-called step-ramp stimuli, in which the target first jumps in the opposite direction

of the movement that is then initiated (Barnes, 2008; Rashbass, 1961). In addition, catch-up and back-
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up saccades realign the eye to the target throughout the entire maintenance phase. They occur when
the relative motion of the eye with respect to the target is in a non-optimal range, balancing costs
related to saccade execution and holding (Orban de Xivry & Lefevre, 2007). A depiction of the different

types of saccades is in Figure 1, and a more detailed description is in 2.1.

a. Smooth Pursuit Task

" Opandoop Gain Segment

i | Catch-up Saccade
Back-up Saccads
. Closed-loop Gain Segments
E ‘:T\“h___h
Su |
. |I
" }n.) Square-wave Jerk
‘-“\damcas
""" 800 1200 1600 2000 2400

Tima (Milliseconds)

Figure 1: Schematic depiction of SPEM performance with different types of saccades.

Note. The dashed line represents the trajectory of the target, and the solid line represents the trajectory of the eye.

Reprinted from Brain and Cognition, 68(3), Calkins, M. E., Iacono, W. G., & Ones, D. S., “Eye movement dysfunction
in first-degree relatives of patients with schizophrenia: A meta-analytic evaluation of candidate endophenotypes”,
436-461, Copyright (2008), with permission from Elsevier.

In typical SPEM experiments, SPEM targets are presented on a screen and participants are
instructed to follow the targets as accurately as possible with their eyes while keeping their heads still.
Targets are presented with fixed, sinusoidal, or pseudorandom velocity patterns (Leigh & Zee, 2015).
Target velocity is held constant during the entire SPEM phase with fixed velocity patterns. To study
SPEM initiation, single ramps with constant velocity with and without initial steps are typically used
(Figure 2). However, to study SPEM maintenance at constant velocity, multiple ramps can also be
presented in sequence, resulting in so-called triangular stimuli (Lencer, Sprenger, & Trillenberg, 2019).
In contrast, with a sinusoidal pattern, target velocity is never constant but continuously changes over
time, accelerating towards and reaching peak velocity at the centre of the screen and then decelerating

towards the turning points. Sinusoidal targets are characterised by their frequency’ (i.e., the number of

1 All experiments of the studies integrated in this thesis employed horizontal targets following sinusoidal
velocity patterns. Following advice from reviewers of some of the manuscripts, I will adopt the term target
velocity (instead of target frequency) from now on to avoid confusion with the spatial frequency of targets or
distractors.
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excursions per second) and amplitude (the horizontal or vertical displacement of the target). They are
ideal for studying maintenance SPEM (Lencer et al., 2019). Peak and average velocities of sinusoidal
targets increase with increasing target frequency when the target amplitude is held constant.
Pseudorandom stimuli consist of multiple superimposed sinusoidal stimuli to separate predictive and

non-predictive components of SPEM (Barnes, 2008).

Figure 2: Target velocity patterns to investigate SPEM.

Note. Single ramp with constant velocity (A), single ramp with constant velocity and initial step (B), continuous
sinusoidal waveform (C), triangular waveform (D).

SPEM performance can be quantified with different outcome measures, such as SPEM gain (the
ratio of eye to target velocity), root mean square error (RMSE; a measure of the spatial position error
between eye and target), and the number and quality of saccades during SPEM. More details on these

performance outcomes are in 2.1.

1.3 Neural mechanisms of SPEM

Evidence concerning the neural underpinning of SPEM has been accumulated with a variety of
different methods, including positron emission tomography (PET), fMRI, TMS, single-cell recordings,
microstimulation, induced lesions in non-human primates as well as acquired lesions in humans. Here,
I give an overview with emphasis on results from the fMRI literature, but I also draw on evidence from
other methodological approaches to provide a comprehensive picture of the neural basis of this

complex oculomotor system.
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1.3.1 BOLD and PET correlates of SPEM

Early studies to investigate the neural mechanisms of SPEM in vivo used PET with radioactive
tracers (O'Driscoll et al., 2000; O'Driscoll, Strakowski, et al., 1998), which was soon replaced by less
invasive fMRI (see 2.3). Evidence from both methodological approaches points to a widespread
oculomotor network underlying SPEM when contrasted with baseline (e.g., fixation blocks). This
network includes areas in visual cortex (including visual areas V1 and V52), parietal cortex (including
precuneus, posterior parietal cortex [PPC], and lateral intraparietal sulcus [IPS]), frontal cortex
(including frontal and supplementary eye fields [FEF, SEF]), cingulate gyrus, and cerebellum (Berman
et al., 1999; Kimmig et al., 2008; Lencer et al., 2004; O'Driscoll et al., 2000; O'Driscoll, Strakowski, et
al., 1998; Ohlendorf et al., 2010; Ohlendorf, Kimmig, Glauche, & Haller, 2007; Petit & Haxby, 1999;
Tanabe, Tregellas, Miller, Ross, & Freedman, 2002). Subcortical activity during SPEM is found less
consistently but has been observed in thalamus (including lateral geniculate nucleus [LGN];
Kasparbauer et al., 2016; Meyhofer et al., 2015; Tanabe et al., 2002) and basal ganglia (Kimmig et al.,
2008; Lencer et al., 2004; Ohlendorf et al., 2010).

The SPEM network partly — but not entirely — overlaps with networks underlying saccades and
the OKN. Critically, the SPEM network differs from networks underlying these other types of eye
movements in the location of activation peaks and spatial extent of clusters in areas V5, FEF, PPC,
cingulate gyrus, and parts of the cerebellum (Berman et al., 1999; Dieterich et al., 2009; Konen &
Kastner, 2008; Konen, Kleiser, Seitz, & Bremmer, 2005; O'Driscoll et al., 2000; O'Driscoll, Strakowski,
et al., 1998; Petit, Clark, Ingeholm, & Haxby, 1997, Petit & Haxby, 1999; Rosano et al., 2002; Schraa-
Tam et al., 2009). The neural mechanisms of the interaction of the SPEM and saccadic systems are not
yet well researched. One study did not obtain specific activity related to corrective saccades during
SPEM but reported largely — but not completely — overlapping networks of prosaccades and corrective
saccades during other types of eye movements and fixation (Haller, Fasler, Ohlendorf, Radue, &
Greenlee, 2008).

During continuous target presentation, activity in V5 most likely represents processing of retinal
slip velocity and motion processing in general but is also implicated in extraretinal (e.g., predictive)
processes and transformation of visual information into motor commands (Barton, Simpson, et al.,
1996; Burke & Barnes, 2008; Dukelow et al., 2001; Kimmig et al., 2008; Nagel et al., 2006; Ohlendorf et
al., 2010). PPC is also engaged in sensorimotor transformation. Moreover, it has been associated with

attentional modulation of SPEM and processing of target velocity relative to a frame of reference

2 In this dissertation, I will adopt the umbrella term V5 for extrastriate motion processing areas at the occipital-
temporal-parietal junction containing the potential human homologues of the middle temporal visual area (MT)
and the medial superior temporal visual area (MST) found in non-human primates (e.g., Barton, Simpson, et al.,
1996; Chawla et al., 1999; Dukelow et al., 2001).
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(Kimmig et al., 2008; Konen & Kastner, 2008; Ohlendorf et al., 2007; Ohlendorf et al., 2010; Trenner et
al., 2008).

Frontal areas such as FEF and SEF are more strongly involved in the motor aspect of SPEM
(Kawawaki, Shibata, Goda, Doya, & Kawato, 2006; Kimmig et al., 2008). In addition, for SEF, increased
activity with predictable (vs. random) targets points to the contribution of this region to the control of
timing aspects of SPEM. In FEF, however, the opposite pattern was found (i.e., higher activity with
random vs. predictable targets), implying that FEF activity is more strongly related to visual guidance
of SPEM (Burke & Barnes, 2008). FEF can be further divided into medial and lateral subregions, but the
specific functional roles of these subregions are still not clear (Coiner et al., 2019; Dieterich et al., 2009;
Lencer et al., 2004). Activity patterns in cingulate gyrus and pre-supplementary motor area suggest
that these regions are associated with motor planning and learning of predictable SPEM targets
(Schmid, Rees, Frith, & Barnes, 2001).

Modifications of task characteristics and control conditions can help to further elucidate the
specific roles of each component of the oculomotor network in their well-orchestrated and interactive
interplay during SPEM. For example, extraretinal processes contributing to SPEM are investigated by
briefly blanking the SPEM target and comparing the neural activity during these periods without target
presentation with periods of continuous target presentation (Kawawaki et al., 2006; Lencer et al., 2004,
Nagel et al., 2006; Nagel, Sprenger, Hohagen, Binkofski, & Lencer, 2008). The blood oxygen level
dependent (BOLD; see 2.3) correlates of such blanking paradigms are threefold: Firstly, there is an
increase in activity in large parts of the SPEM network, especially in fronto-parietal areas (e.g., FEF,
SEF, IPS, PPC) and cerebellum. Secondly, activity is reduced in early visual areas (e.g., V1, but see Nagel
et al., 2008). Thirdly, there is additional BOLD activity in areas not found in simple SPEM tasks,
including in dorsolateral prefrontal cortex (DLPFC), basal ganglia, and premotor cortex. Activity
reductions in visual areas result from the absence of foveal visual information, whereas activity
increases during blanking are interpreted as correlates of extraretinal mechanisms. Specifically,
activity in frontal (e.g., DLPFC and FEF) and parietal cortex (e.g., IPS) are involved in attentional and
motor processes (e.g., use of efference copy) during non-retinal SPEM, whereas lateral occipital cortex
adjacent to visual area V5 contributes to target motion prediction (Kawawaki et al., 2006; Lencer et al.,
2004; Nagel et al., 2006; Nagel et al., 2008). DLPFC activity has also been associated with attentive
monitoring during SPEM (Schmid et al., 2001) and predictive processes closely coupled with working

memory (Burke & Barnes, 2008).
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1.3.2  Other methodological approaches

Lesions

Deficits in SPEM initiation and maintenance (e.g., lower SPEM gain, increased SPEM latency)
after lesions in the temporo-parieto-occipital junction (i.e., V5) are related to impaired retinal image
velocity and motion processing in space (Barton, Sharpe, & Raymond, 1996; Heide, Kurzidim, & Kémpf,
1996). In PPC, the effects of lesions are less consistent but have been associated with attentional
deficits (Heide et al., 1996; Pierrot-Deseilligny, Gray, & Brunet, 1986). Specific SPEM deficits in
patients with FEF lesions (e.g., lower SPEM gain, reduced initial SPEM velocity) highlighted the crucial
role of this area for the motor aspects of SPEM initiation and maintenance in a predominantly
direction-specific manner in one study (Heide et al., 1996). However, they were found to be essentially
direction-independent in another study (Lekwuwa & Barnes, 1996). Lesions in areas surrounding SEF
lead to specific deficits at target direction reversal, suggesting their involvement in long-term
prediction (Heide et al., 1996). DLPFC lesions, however, apparently do not systematically affect SPEM
performance (Heide et al., 1996; Pierrot-Deseilligny et al., 2003). The integral role of the cerebellum
for SPEM is made clear by the fact that removal of the cerebellum completely abolishes SPEM (Estanol,
Romero, & Corvera, 1979; Sharpe, 2008).

T™S

TMS can be used to temporarily disrupt normal functioning of targeted brain areas (Hallett,
2000). Applying TMS during SPEM has shown the crucial roles of regions in visual cortex and
cerebellum for SPEM performance (Haarmeier & Kammer, 2010; Ohtsuka & Enoki, 1998). TMS over
parietal cortex reduces SPEM gain (Hutton & Weekes, 2007). More specifically, it helped to establish
the role of PPC in controlling attention in a direction and hemisphere-specific manner (Drew & van
Donkelaar, 2007b). In addition, the temporoparietal junction (TP]) was shown to be particularly
involved in suppressing OKN (Haarmeier & Kammer, 2010; see also 1.4.2). In frontal cortex, evidence
from TMS studies revealed that FEF are crucial for initiating SPEM, allocating attention during SPEM,
and controlling the dynamic gain of predictive and retinal signals (Drew & van Donkelaar, 2007a;
Gagnon, Paus, Grosbras, Pike, & O'Driscoll, 2006; Jin, Gou, Zhang, & Li, 2021; Nuding et al., 2009). SEF
are also engaged in predictive processes during ongoing SPEM, especially at target reversal (Drew & van

Donkelaar, 2007a; Gagnon et al., 2006; Nyffeler, Rivaud-Pechoux, Wattiez, & Gaymard, 2008).
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Non-human primates

In non-human primates, a broader range of methods can be applied than in humans to gather
information about neural systems. For example, single-cell recordings, induced lesions, and
microstimulation can help to elucidate the specific neural mechanisms underlying SPEM (Ilg & Thier,
2008).

With these methods, processing in the early visual pathway has been analysed. Visual
information from the outside world is propagated from photoreceptors to retinal ganglion cells and on
to LGN in thalamus. From there, signals are sent to visual cortex in occipital lobe and on to extrastriate
cortex (Nassi & Callaway, 2009). Area MT has been identified as a major hub of visual motion processing
based on retinal information. The adjacent lateral MST (IMST) represents motion in world-centred
coordinates, suggesting non-retinal input. Its dorsal counterpart (AMST) is engaged in eliminating eye
movement-induced optic flow (Ilg & Thier, 2008).

In frontal cortex, evidence from single-cell recordings suggests that FEF neurons represent SPEM
movements in three-dimensional space (Fukushima, Yamanobe, Shinmei, Fukushima, et al., 2002). In
addition, FEF neurons are considered critical for SPEM initiation (MacAvoy, Gottlieb, & Bruce, 1991)
and controlling the gain of retinal signals during ongoing SPEM (Ono, 2015; Tanaka & Lisberger, 2001).
They are also involved in extraretinal processes, including prediction and attention (Armstrong &
Moore, 2007; Fukushima, Yamanobe, Shinmei, & Fukushima, 2002; Ilg & Thier, 2008; MacAvoy et al.,
1991). Similarly, SEF neurons have also been associated with SPEM initiation and prediction with
microstimulation methods (Missal & Heinen, 2001, 2004). An additional role of the SEF might lie in
controlling the decision to pursue a stimulus (Fukushima, Fukushima, Warabi, & Barnes, 2013; Leigh
& Zee, 2015). Neurons in intraparietal cortex code mainly for eye position and are thought to be
implicated in perceptual compensation of self-induced image motion as well as in spatial
representation (Ilg & Thier, 2008). There is still an ongoing debate about the existence of a cingulate
eye field (CEF) in non-human primates and humans and its functional role (Amiez & Petrides, 2009;
Gaymard et al., 1998; Wang, Matsuzaka, Shima, & Tanji, 2004).

Specific lesions in oculomotor vermis suggest the importance of this area for adaptively
controlling ongoing SPEM (Takagi, Zee, & Tamargo, 2000).

Animal models are also valuable for identifying structural connections. For example, it has been
shown that the SPEM network’s occipital, frontal, and parietal hubs are highly interlinked via white-
matter connections (Abe et al., 2018; Leichnetz, 2001; Maunsell & van Essen, 1983; Stanton, Friedman,
Dias, & Bruce, 2005). In addition, connections between cortical and subcortical structures can elucidate
the downstream pathway of SPEM signals. Cortical SPEM areas (e.g., V5 and FEF) and superior
colliculus (crucial for saccade planning) project to pontine nuclei (the dorsolateral pontine nucleus and

the nucleus reticularis tegmenti) that are sensitive to both SPEM and saccadic signals (Ilg & Thier,
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2008; Mustari, Ono, & Das, 2009). Projection sites of these pontine nuclei lie in cerebellum. In the
flocculus/paraflocculus complex, information is integrated with vestibular signals (Mustari et al.,
2009), and posterior vermis is involved in controlling the open-loop phase of SPEM (Ilg & Thier, 2008).
From there, signals are sent to the extra-ocular moto-neurons in the brainstem that directly control

the eye muscles (Horn & Straka, 2021; Ilg & Thier, 2008).

1.3.3  Interim Summary

Synthesising the evidence from all the methodological approaches described above, the
following processing pathway of the SPEM system emerges (Figure 3; Lencer et al., 2019). A SPEM
stimulus reaches early visual area V1 via retina and LGN (Nassi & Callaway, 2009), from where the
signal is propagated to visual motion processing area V5. V5 is an integral component of the SPEM
network implicated with motion processing, but also sensorimotor transformation and extraretinal
processes (Barton, Sharpe, & Raymond, 1996; Barton, Simpson, et al., 1996; Chawla et al., 1999; Ilg
& Thier, 2008; Kimmig et al., 2008). It closely interacts with parietal and frontal SPEM areas, including
FEF and SEF, and cingulate gyrus (Lencer & Trillenberg, 2008). In parietal cortex, SPEM signals are
primarily processed in PPC, which is involved in sensorimotor transformation, attention, and
integration of velocity relative to a frame of reference (Drew & van Donkelaar, 2007b; Kimmig et al.,
2008; Ohlendorf et al., 2007; Ohlendorf et al., 2010; Pierrot-Deseilligny et al., 1986; Trenner et al.,
2008). In frontal cortex, FEF are crucial for SPEM initiation, dynamically controlling the gain of retinal
and non-retinal signals and attentional processes during ongoing SPEM (Gagnon et al., 2006; Heide et
al., 1996; Jin et al., 2021; Tanaka & Lisberger, 2001). SEF support successful SPEM performance by
carrying predictive signals, especially at target motion reversal (Gagnon et al., 2006; Heide et al., 1996).
In contrast, DLPFC is not believed to be consistently involved in SPEM but may contribute extraretinal
information related to attention, monitoring, and prediction when needed (Kawawaki et al., 2006;
Lencer et al., 2004; Nagel et al., 2006; Schmid et al., 2001). Cortical SPEM areas propagate information
to brain stem nuclei that relay information to cerebellum, from where the final motor command is sent

to extra-ocular moto-neurons (Ilg & Thier, 2008; Mustari et al., 2009).
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The studies described here all tend to follow a functional segregation approach, in which each
brain area is assigned a specific function within the SPEM system. In fact, however, the interaction of
the different regions is vital for successful SPEM (Acs & Greenlee, 2008). This interplay (i.e., brain
connectivity, see 2.3.3) has been insufficiently investigated so far, which constitutes a critical gap in

the literature addressed in this dissertation (Studies III-V).
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Figure 3: Schematic depiction of the neural network underlying SPEM.

Note. Key components of the SPEM network comprise visual cortex (VC), lateral geniculate nucleus (LGN), middle
temporal visual area (MT), medial superior temporal visual area (MST), posterior parietal cortex (PPC), frontal eye
field (FEF), supplementary eye field (SEF), dorsolateral prefrontal cortex (DLPFC), basal ganglia (BG), pontine nuclei
(PN), cerebellar nuclei (CN), vestibular nuclei (VN), and oculomotor nuclei (OMN).

Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Eye movement
research: An introduction to its scientific foundations and applications, “Smooth eye movements in humans: Smooth
pursuit, optokinetic nystagmus and vestibular ocular reflex”, Lencer, R., Sprenger, A., & Trillenberg, P., Copyright
(2019).
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1.4 Experimental task effects on SPEM

SPEM performance is influenced by stimulus features. Specifically, changes in experimental task
designs, e.g., concerning the presence and quality of background stimuli or the velocity of the SPEM
target, modulate SPEM accuracy (e.g., Barnes, 2008; Lencer & Trillenberg, 2008). Changing these
features and investigating the effects on SPEM performance can help to unravel the specific
mechanisms involved in SPEM. This dissertation focuses on two experimental task effects: the

background and the velocity effect.

141  The background effect

SPEM in the lab is typically assessed by presenting a target stimulus on a uniform background.
Outside the lab, however, SPEM targets move in much more complex and visually rich environments.
It is not surprising to find SPEM performance to be influenced by background stimuli. In the last forty
years of SPEM research, it has been shown with remarkable consistency that SPEM performance in
humans is degraded by background stimuli as indicated by decreased SPEM velocity or velocity gain,
increased SPEM latency, increased rates of catch-up saccades, and higher position error (Barnes &
Crombie, 1985; Collewijn & Tamminga, 1984; Hutton, Crawford, Kennard, Barnes, & Joyce, 2000;
Kaufman & Abel, 1986; Kreyenmeier, Fooken, & Spering, 2017; Lindner & Ilg, 2006; Lindner, Schwarz,
& Ilg, 2001; Masson, Proteau, & Mestre, 1995; Meyhofer, Kasparbauer, Steffens, & Ettinger, 2019;
Niemann & Hoffmann, 1997, Spering & Gegenfurtner, 2007; Suehiro et al., 1999; Yee, Daniels, Jones,
Baloh, & Honrubia, 1983). This pattern of results has also been observed in non-human primates (Keller
& Khan, 1986; Kimmig, Miles, & Schwarz, 1992; Mohrmann & Thier, 1995).

Degraded SPEM performance has been shown with a variety of different stationary or dynamic
background stimuli (Figure 4), such as patterns of random dots (Barnes & Crombie, 1985; Collewijn
& Tamminga, 1984; Masson et al., 1995; Suehiro et al., 1999) or vertical stripes (Lindner & Ilg, 2006;
Niemann & Hoffmann, 1997; Yee et al., 1983), checkerboards (Collewijn & Tamminga, 1984; Hutton et
al., 2000), symmetrically or asymmetrically distributed distractors (such as circles, crosses, lines;
Lindner et al., 2001; Meyhofer et al., 2019), texture (Kreyenmeier et al., 2017), photographs of
landscapes (Kaufman & Abel, 1986), and gratings (Collewijn & Tamminga, 1984; Spering
& Gegenfurtner, 2007). Of note, the specific structure of the background was shown to be of only
marginal importance (Collewijn & Tamminga, 1984). Instead, the relative depth of background and

target stimuli in three-dimensional space (i.e., distance along the z-axis) plays a much more crucial
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role: background stimuli reduce SPEM performance more when presented in the same depth plane as

the target (Howard & Marton, 1992).
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Figure 4: Exemplary depiction of different target displays used as background stimuli for SPEM.

Note. (a) Asymmetrically distributed horizontal lines, (b) asymmetrically distributed crosses, (c) random dots, (d)
checkerboards, (e) symmetrically distributed circles, (f) symmetrically distributed vertical lines.

Crucially, however, the presence of a structured background can also enhance SPEM
performance, e.g., when target and background move in the same direction (Kreyenmeier et al., 2017,
Lindner et al., 2001; Masson et al., 1995; Niemann & Hoffmann, 1997), and when the background
stimuli provide crucial information on the target’s future movement, e.g., with static barriers and
abstract cues, and thus help to guide eye movements based on predictive processes (Eggert, Ladda, &
Straube, 2009; Goettker, Agtzidis, Braun, Dorr, & Gegenfurtner, 2020; Ladda, Eggert, Glasauer, &
Straube, 2007).

The precise mechanisms underlying the — largely detrimental — background effects on SPEM
performance are not yet fully understood. The stationary background induces a optokinetic drive
“dragging” the eyes opposite to the direction of target motion, which corresponds to the direction of
SPEM-induced image motion (Barnes, 2008; Lindner et al., 2001; Lindner & Ilg, 2006; Suehiro et al.,
1999). The control of SPEM with structured backgrounds seems to rely on inhibiting the resulting OKN
(Barnes, 2008; Spering & Gegenfurtner, 2008) and simultaneously enhancing the processing of the
target (Barnes & Crombie, 1985). For the successful inhibition of the OKN, sensitivity to global motion
signals in the opposite direction of the SPEM target is attenuated (Lindner et al., 2001). OKN inhibition

does not purely rely on visual signals such as self-induced image motion or relative motion of
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background and target but is instead based on the processing of extraretinal signals (Lindner & Ilg,
2006).

Studies I, II, and IV of the present dissertation focus on the background effect regarding its
replicability, reliability, and the neural mechanisms involved at the molecular and neural systems

levels, as these matters have not been adequately addressed in research in the past.

1.4.2  Neural correlates of the background effect

While the SPEM background effect is well replicated at the behavioural level, the literature on its
neural correlates is scant. Typically, a stable world is perceived when the eyes move on a structured
stationary background despite the retinal motion opposite of the target direction caused by the eyes’
movement. It is therefore hypothesised that an internal reference signal is used, which codes for the
visual action outcome during SPEM with background stimuli. This signal is influenced by two sources
of information: an internal representation of the eye movement (e.g., corollary discharge) and the
visual context (Lindner, Haarmeier, Erb, Grodd, & Thier, 2006; Tikhonov, Haarmeier, Thier, Braun, &
Lutzenberger, 2004). The search for the neural correlates of the reference signal has yielded three
candidate regions. Lindner et al. (2006) suggested that the cerebellum is important for the cancellation
of self-generated image motion. A MEG study with similar stimuli located correlates of the internal
reference signal in medial parieto-occipital cortex (Tikhonov et al., 2004). Findings from another MEG
study suggest that area V5 receives extraretinal information during SPEM with background stimuli
necessary for perceptual stability (Dunkley, Freeman, Muthukumaraswamy, & Singh, 2013).

Only one fMRI study directly investigated the BOLD correlates of SPEM over a structured
background with a whole-brain approach (Ohlendorf et al., 2010). Evidence presented therein points to
the pivotal role of the PPC, which was the only area activated in response to differential motion
between visual background and target. PPC is thus interpreted as integrating the movement of a frame
of reference relative to the target. The same area has also been pinpointed in a previous study with a
single background stimulus as critical for dividing attention between target and distractor (Ohlendorf
et al., 2007).

An early lesion study identified parts of parietal cortex (especially in supramarginal gyrus and
anterior inferior parietal lobe) and white matter connections close to the lateral ventricle as potentially
involved in the suppression of background processing (Lawden, Bagelmann, Crawford, Matthews, &
Kennard, 1995). Anatomical location of lesions of patients with poorer suppression overlapped in these
areas, whereas patients who successfully inhibited the background typically did not have lesions in

these areas.
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More evidence for the involvement of parietal cortex, especially the TPJ], in background
processing or suppression is provided by a TMS study by Haarmeier and Kammer (2010). They
demonstrated that — while the presence of a structured background slowed SPEM in general -
suppression of OKN during SPEM was impaired after TMS on both TPJs but not on other SPEM-related
areas (i.e., V1, V5).

In addition to these studies focusing directly on SPEM, a review of the literature on BOLD
correlates of OKN may also help to unravel the neural mechanisms of SPEM against a structured
background because of similarities in input stimuli (Bucher, Dieterich, Seelos, & Brandt, 1997,
Dieterich, 1998; Dieterich et al., 2009; Dieterich, Bense, Stephan, Yousry, & Brandt, 2003; Konen et al.,
2005; Schraa-Tam et al., 2009; Schraa-Tam, van der Lugt, Frens, et al., 2008; Schraa-Tam, van der Lugt,
Smits, et al., 2008). Critically, early fMRI studies have pointed to largely overlapping networks
underlying both SPEM and OKN (Bucher et al., 1997; Dieterich, 1998; Dieterich et al., 2003; Dieterich
et al., 2009; Konen et al., 2005). More recent evidence, however, suggests a more intricate picture by
tackling a potential confound in earlier studies. In a series of experiments, Schraa-Tam and colleagues
(Schraa-Tam et al., 2009; Schraa-Tam, van der Lugt, Frens, et al., 2008; Schraa-Tam, van der Lugt,
Smits, et al., 2008) used limited lifetime dots (as opposed to vertical stripes) as OKN stimuli. As the
dots’ lifetimes were too short to trigger the SPEM system, OKN and SPEM-related processes could be
separated. OKN BOLD correlates were found to be less widespread than in previous investigations.
Specifically, the overlap of SPEM and OKN was mainly restricted to early visual areas. In contrast, other
cortical areas, such as FEF, parietal cortex, V5, and cerebellar area VI, were involved in SPEM but less
consistently in OKN with limited lifetime dots. These findings on the comparison of SPEM and OKN
highlight that - despite similar visual input — BOLD correlates of OKN and SPEM over structured
backgrounds are clearly distinguishable, suggesting that differences are potentially due to higher-order
processes.

Evidence from literature on response inhibition additionally suggests that frontal areas are
involved in successfully inhibiting the processing of background stimuli (Wager et al., 2005).

To recapitulate, it is evident that the literature on the neural mechanisms underlying the robust
behavioural background effect is heterogenous and sparse. However, there is emerging evidence for
significant contributions of parietal cortex to the processing or suppression of background stimuli
during SPEM, as activity in this part of the cortex was found across different task designs and
methodological approaches. The specific location in the parietal subregions and the cognitive
mechanisms involved are, however, still unclear. Moreover, the contribution of other areas, such as
FEF, cerebellum, and V5, has not been addressed in depth. Therefore, Study IV of the present
dissertation compares BOLD response to SPEM in conditions with and without structured background

stimuli to tackle these open questions.
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143 The target velocity effect

The evidence for negative effects of increasing target velocity on SPEM performance is arguably
even more robust than the findings of decreased performance in the presence of a structured
background. Specifically, increasing target velocity reduces velocity gain (Barnes, 1993; Collewijn
& Tamminga, 1984; Ettinger et al., 2004; Ettinger, Kumari, Crawford, et al., 2003; Fransson et al., 2008;
Haraldsson et al., 2008; Hutton et al., 1998; Hutton et al., 2000; Hutton et al., 2001; Hutton & Tegally,
2005; Lekwuwa & Barnes, 1996; Lisberger, Evinger, Johanson, & Fuchs, 1981; Waterson, Barnes, &
Grealy, 1992; Wyatt & Pola, 1983), increases rates (Ettinger et al., 2004; Ettinger, Kumari, Crawford, et
al., 2003; Meyhofer et al., 2017; Meyhofer et al., 2019) and amplitudes of catch-up saccades (Meyhofer
et al., 2017) as well as rates of all types of saccades (Haraldsson et al., 2008), increases RMSE (Hutton
& Tegally, 2005; Meyhofer et al., 2017), decreases overall eye velocity (Buizza & Schmid, 1986), and
increases temporal or phase-lag between eye and target (Hutton et al., 2001; Wyatt & Pola, 1983).
These effects have been shown consistently for constant (e.g., Fransson et al., 2008; Haraldsson et al.,
2008; Hutton et al., 2000) and sinusoidal (e.g., Barnes, 1993; Lisberger et al., 1981; Meyhofer et al.,
2017; Waterson et al., 1992) target velocity patterns (Figure 2). Based on these results, it can be
concluded that the SPEM system works excellently at low velocities, but — as target velocity increases
- it is gradually supported by the saccadic system to realign eye and target (Barnes, 2008). The decay
in SPEM accuracy at increasing target velocities is thought to result from non-linearities in the SPEM
system based on eye velocity and acceleration saturation (Barnes, 2008; Buizza & Schmid, 1986).

Target velocity processing may also depend on the presentation of background stimuli. The
negative effect of background on SPEM performance has been shown to increase with increasing target
velocity, suggesting that the two processes may draw on overlapping cognitive resources (Meyhofer et
al., 2019).

In all studies employed in this dissertation (Studies I-V), targets are presented at different
velocities, enabling a broad outlook on the specific mechanisms involved in guiding SPEM in these

contexts.

1.4.4  Neural correlates of the velocity effect

Given the large and well-replicated effects of target velocity on SPEM performance, there is
surprisingly little literature on the nature of these effects at the neural level.

The importance of FEF for processing target velocity is highlighted by single-cell recordings that
revealed increased firing rates of neurons in these areas with faster targets (Gottlieb, MacAvoy, &

Bruce, 1994). Evidence from fMRI approaches in humans comes from Nagel et al. (2008), who reported
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increased activity in primary visual cortex, angular gyrus, cerebellum, and subcortical structures,
including thalamus and putamen, with increasing target velocity. A more intricate regression analysis
additionally pointed to increased activity with higher target velocity in V5, lateral parietal cortex, FEF,
and SEF. A subsequent study largely replicated these results in a control group of healthy participants
(Nagel, Sprenger, Steinlechner, Binkofski, & Lencer, 2012). However, in patients with schizophrenia,
when compared to healthy controls, target velocity was less strongly related to neural activity in V5
and IPS and not correlated with activity in SEF, putamen, and cerebellum (for a detailed summary of
SPEM and their neural correlates in schizophrenia see 1.6.3 and 1.6.4). Crucially, these results were
obtained with short target ramps and constant target velocity, which might be better suited to reflect
SPEM initiation but is suboptimal to study SPEM maintenance. More recent findings with continuous
sinusoidal SPEM targets provide evidence for robust effects of increased activity with higher target
velocity in visual cortex but not in other brain areas in medicated participants and participants with
varying levels of schizotypy (Kasparbauer et al., 2016; Meyhofer et al., 2015; Steffens et al., 2016). Data
of control or placebo participants of these three studies are re-analysed in Study III of the present
thesis to examine the velocity effect in a homogeneous sample, with greater power, and with more
sophisticated methods of analysis. Additional insights into the specific neural mechanisms are also

expected from Studies IV and V.

1.5 Molecular mechanisms of SPEM

In the previous sections, the macroscopic neural mechanisms of SPEM were shown to be
relatively well understood, even though there are still significant research gaps, especially concerning
the nature of the background and velocity effects. The literature regarding the molecular mechanisms
of SPEM, in particular the underlying neurotransmitter systems, on the other hand, is still insufficient.
In recent years, however, progress has been made in this area with pharmacological, clinical, genetic,
and nuclear imaging (PET and single photon emission computed tomography [SPECT]) approaches.

A particular focus in the search for the molecular basis of SPEM has been on the dopamine and
acetylcholine neurotransmitter systems (e.g., Naicker, Anoopkumar-Dukie, Grant, & Kavanagh, 2017;
Reilly, Lencer, Bishop, Keedy, & Sweeney, 2008; Figure 5). There are several reasons to presume that
these systems may be associated with SPEM. First, both dopamine and acetylcholine are involved in
cognitive function in general, particularly in attention (Hahn, 2015; Heishman, Kleykamp, & Singleton,
2010; Nieoullon, 2002; Poorthuis & Mansvelder, 2013), which is also essential for SPEM (Souto &
Kerzel, 2021). Second, SPEM performance is disturbed in patients with known dysfunction in these
neurotransmitter systems, e.g., in schizophrenia (Levy et al., 2010; see 1.6.1), Parkinson’s disease (Frei,

2020; Waterston, Barnes, Grealy, & Collins, 1996; White, Saint-Cyr, Tomlinson, & Sharpe, 1983), and
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Figure 5: The dopaminergic and cholinergic systems.

Note. Panel (A) shows the major dopaminergic pathways, and panel (B) shows the major cholinergic pathways.

Panel (A) is reprinted from “Association between chronic pain and alterations in the mesolimbic dopaminergic
system” by Yang, S., Boudier-Revéret, M., Choo, Y. J., & Chang, M. C., 2020, Brain Sciences, 10(10), p. 3. Licensed
under CC BY 4.0. Panel (B) is reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Behavioral Pharmacology of the Cholinergic System, “A review of the cholinergic system and therapeutic

approaches to treat brain disorders”, Bertrand, D., & Wallace, T. L., Copyright (2020).

Alzheimer’s disease (Molitor, Ko, & Ally, 2015). Third, drugs that modulate dopaminergic and

cholinergic function have been found to influence SPEM performance in some but not all investigations

(Allman, Ettinger, Joober, & O'Driscoll, 2012; Bare$ et al., 2003; Ettinger, Kumari, Zachariah, et al.,

2003; Kasparbauer et al., 2016; Naicker et al., 2017; Penetar, Haegerstrom-Portnoy, & Jones, 1988;

Schmechtig et al., 2013; for nicotine, see 1.5.2). In addition, the cholinergic and dopaminergic systems

closely interact at the cellular level. For example, the balance of acetylcholine and dopamine in

striatum is important for general movement control (Aosaki, Miura, Suzuki, Nishimura, & Masuda,

2010) and might thus also be relevant for SPEM.

One study integrated in this dissertation (Study II) aims to study the molecular mechanisms

involved in SPEM by targeting the dopaminergic and cholinergic systems with a pharmacological
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approach through nicotine administration whilst also taking into account individual differences in

dopamine function at the molecular genetic level.

1.5.1  Nicotine

Nicotine is a nonselective agonist of the nicotinic acetylcholine receptor (nAChR) with extensive
effects in the nervous system (Dani & Bertrand, 2007; Kloet, Mansvelder, & Vries, 2015). These
receptors can be found in cortical and subcortical brain areas, including in thalamus, striatum,
hippocampus, substantia nigra, ventral tegmental area (VTA), locus coeruleus, and the raphe nuclei,
and in the peripheral nervous system (J. S. Meyer & Quenzer, 2013). In the central nervous system,
nicotine triggers dopamine release in striatum, especially in nucleus accumbens (Ferrari, Le Novere,
Picciotto, Changeux, & Zoli, 2002; Nisell, Nomikos, & Svensson, 1994). Cholinergic neurons are
regarded as a major modulatory input of dopamine neuron activity in the VTA (Kloet et al., 2015), and
cholinergic interneurons play an important role in dopamine release in striatum (Cachope et al., 2012;
Threlfell et al., 2012). In addition to these direct influences, nicotine also has an indirect modulatory
effect on the dopamine system via activation of y-aminobutyric acid (GABA) and glutamate (Bonci,
Bernardi, Grillner, & Mercuri, 2003; Kloet et al., 2015).

Nicotine has been studied extensively for its addictive potential and adverse effects on global
health (Benowitz, 2010). In clinical settings, it has received particular attention due to the high
prevalence of self-administration in patients with schizophrenia and attention deficit hyperactivity
disorder (ADHD; N. M. Lambert & Hartsough, 1998; Leon & Diaz, 2005). High rates of nicotine self-
administration may be due to positive effects on cognitive symptoms and alleviation of adverse side
effects of antipsychotic medication in schizophrenia, referred to as the self-medication hypothesis
(Kumari & Postma, 2005; McClernon & Kollins, 2008). Indeed, beneficial effects of nicotine on
cognitive task performance have been found in groups of patients with schizophrenia and ADHD (Barr
et al., 2008; D'Souza & Markou, 2012; Levin et al., 1996; Rezvani & Levin, 2001).

Crucially, however, pro-cognitive effects of nicotine were also reported in healthy participants.
Specifically, positive influences of nicotine on motor abilities, attention, and memory were obtained in
a comprehensive meta-analysis in non-smokers and satiated or minimally deprived smokers (Heishman
et al., 2010). Similarly, in deprived smokers, nicotine improves cognitive function in various domains
(Evans & Drobes, 2009). There is a relatively consistent pattern of nicotine effects for oculomotor
control with evidence pointing to improvement of antisaccade performance under nicotine influence

(Ettinger & Kumari, 2019), but inconclusive findings regarding SPEM performance.
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1.5.2  Nicotine effects on SPEM

Early investigations on nicotine effects on SPEM performance found SPEM accuracy decreased
and rates of intrusive or compensatory saccades increased after nicotine administration (Sibony,
Evinger, & Manning, 1988; Thaker, Ellsberry, Moran, Lahti, & Tamminga, 1991). In contrast, later
studies mainly yielded positive results, as shown by increased SPEM gain and SPEM velocity and
decreased rates of catch-up and leading saccades after nicotine administration (Avila, Sherr, Hong,
Myers, & Thaker, 2003; Dépatie et al., 2002; Domino, Ni, & Zhang, 1997; Meyhofer et al., 2019; Olincy,
Ross, Young, Roath, & Freedman, 1998; Sherr et al., 2002). Other studies could not establish any effect
of nicotine on SPEM performance (Kasparbauer et al., 2016; Schmechtig et al., 2013).

Several different factors may be considered as potential moderators of these heterogeneous
results. First, between-group differences have to be considered: positive results were primarily
obtained in samples of deprived smokers (Avila et al., 2003; Dépatie et al., 2002; Domino et al., 1997)
or patients with schizophrenia (Avila et al., 2003; Dépatie et al., 2002; Olincy et al., 1998; Sherr et al.,
2002; Tregellas, Tanabe, Martin, & Freedman, 2005). Evidence for nicotine effects on SPEM in healthy
non-smokers, on the other hand, is mixed, including positive (Meyhofer et al., 2019), negative (Thaker
et al., 1991), and null results (Avila et al., 2003; Domino et al., 1997; Kasparbauer et al., 2016;
Schmechtig et al., 2013; Sherr et al., 2002). Second, methodological shortcomings might have caused
this heterogeneity and call into question the validity of some of the results. Specifically, not all studies
had an adequate placebo control (Avila et al., 2003; Domino et al., 1997; Olincy et al., 1998; Sherr et
al., 2002; Sibony et al., 1988; Thaker et al., 1991). Some studies were not double-blinded or did not
provide information on blinding (Avila et al., 2003; Tanabe, Tregellas, Martin, & Freedman, 2006;
Tregellas et al., 2005) or were ill-powered (Sibony et al., 1988) and one study reported clinical results
but did not have a healthy control group (Tregellas et al., 2005). In addition, studies differed in the
method of nicotine administration, e.g., using gum (Meyhofer et al., 2019; Tanabe et al., 2006), patches
(Dépatie et al., 2002; Kasparbauer et al., 2016; Schmechtig et al., 2013), cigarette smoking (Domino et
al., 1997; Olincy et al., 1998; Sibony et al., 1988; Thaker et al., 1991), or nasal spray (Avila et al., 2003;
Sherr et al., 2002), study design, e.g., within-subject (Meyhofer et al., 2019) vs. between-subject design
(Domino et al., 1997; Kasparbauer et al., 2016; Schmechtig et al., 2013), and nicotine dosage, e.g., 2 mg
(Meyhofer et al., 2019) vs. 4 mg or 6 mg gum (Tanabe et al., 2006), ad libitum smoking (Olincy et al.,
1998) vs. smoking of one cigarette (Domino et al., 1997), and 7 mg (Kasparbauer et al., 2016; Schmechtig
et al., 2013) vs. 14 mg patches (Dépatie et al., 2002).

Thus, despite the rich body of research on the effects of nicotine on SPEM, there is still no clear
overall picture. More recent, well-controlled evidence tentatively points to enhancing effects on SPEM
performance even in non-smokers, especially in the presence of a structured background (Meyhofer et

al., 2019). However, given the generally inconsistent literature on nicotine effects on SPEM and the
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large number of possible moderators, the effect of nicotine on SPEM is further explored in the present

work (Study II).

1.5.3 A pharmacogenetic perspective on dopamine-acetylcholine interactions

As noted above (see 1.5), the dopamine system is associated with SPEM, warranting a more
detailed investigation into the specific molecular mechanisms. Study II of this dissertation focuses on
genetic variation in the gene coding for the dopamine transporter (DAT). The sodium- and chloride-
dependent DAT is a crucial component of the human dopamine system. It is essential for dopamine
neurotransmission by controlling the active re-uptake of dopamine in the presynaptic neuron, where
it is re-packed into new vesicles for re-release (Figure 6; McHugh & Buckley, 2015; Piccini, 2003;
Salatino-Oliveira, Rohde, & Hutz, 2018). DAT-mediated re-uptake is - along with enzymatic
degradation - one of two mechanisms to terminate DAT neurotransmission (McHugh & Buckley, 2015)

and thus directly regulates extracellular dopamine availability.
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Figure 6: Synaptic dopamine reuptake and degradation.

Note. From “Synaptic Dopamine reuptake and degradation”, The Lundbeck Institute, Copyright (2016),
(institute.progress.im).
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The specificity of DAT occurrence in dopaminergic neurons has been exploited to study the
dopaminergic system in vivo with radioactive tracers (Piccini, 2003). DAT density is highest in striatum
(putamen, caudate nucleus, and nucleus accumbens) and olfactory tubercle but can also be found in
other cortical and subcortical structures (including amygdala, hypothalamus, hippocampus, substantia
nigra, VTA, parts of the thalamus, and neocortex; Piccini, 2003; Salatino-Oliveira et al., 2018).

DAT is the site of action of many drugs, such as cocaine, amphetamine, methamphetamine, and
methylphenidate. Therefore, it is widely studied to understand mechanisms of drug action as well as
substance abuse and addiction (Salatino-Oliveira et al., 2018).

Apart from substance-related disorders, DAT is also investigated in other physiological and
psychiatric disorders associated with dopaminergic dysfunction, including Parkinson’s disease, ADHD,
and schizophrenia (McHugh & Buckley, 2015; Salatino-Oliveira et al., 2018). In addition, considerable
interindividual differences in dopamine function exist in the non-clinical range (Cools et al., 2009;
Cools & D'Esposito, 2011; Costa et al., 2013).

Some of these dopamine-related interindividual differences may be attributed to variation at the
genetic level (Bogdan, Carré, & Hariri, 2012; Hariri, 2009; Siebner, Callicott, Sommer, & Mattay, 2009).
The DAT gene (SLC6A3) is located in chromosome 5p15.3 and has 15 exons, separated by 14 introns,
spanning over more than 60 kb (Bannon, Michelhaugh, Wang, & Sacchetti, 2001; Giros et al., 1992;
Vandenbergh et al., 1992). One of the most widely studied polymorphisms in the DAT gene is a 40-base
pair variable number of tandem repeats (VNTR) polymorphism (rs28363170) in the 3’ untranslated
region of the gene. The number of repeats of the VNTR ranges from 3 to 12 (Kang, Palmatier, & Kidd,
1999; Vandenbergh et al., 1992), but the most common alleles are the 9- (9R) and 10-repeat (10R) forms
with substantial variability between ethnic groups (Kang et al., 1999). Typically, 9R-carriers (i.e., 9R-
homozygotes and 9R/10R-heterozygotes) are compared to 10R-homozygotes to investigate potential
differences between groups. The localisation of the rs28363170 VNTR in the untranslated region
precludes a direct influence on DAT structure or function. Instead, DAT genotype may affect messenger
ribonucleic acid (mRNA) localisation, transcript stability or regulation of protein synthesis (Bannon et
al., 2001; Kang et al., 1999).

At the molecular level, meta-analyses of the association of DAT availability and the VNTR have
shown that 9R-carriers have higher DAT availability than 10R-homozygotes (Costa, Riedel, Miiller,
Moller, & Ettinger, 2011; Faraone, Spencer, Madras, Zhang-James, & Biederman, 2014). The same
pattern of results was also found in three subsequent studies at the descriptive level (Jakobson Mo et
al., 2022; Kasparbauer et al., 2015; Wagner et al., 2014). These findings corroborate the emerging
pattern from meta-analyses but also emphasise the importance of well-powered studies and meta-
analyses to detect significant associations between genotype and phenotype.

On the behavioural level, however, despite extensive research, there is no consistent association

between genotypes and cognitive functioning (Ettinger, Merten, & Kambeitz, 2016; Rincén-Pérez,
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Sanchez-Carmona, Albert, & Hinojosa, 2018). Crucially, evidence is more consistent when looking at
subjective experience and brain function in pharmacological studies. Here, 9R-carriers were found to
react more strongly to pro-dopaminergic interventions (Brewer et al., 2015; Franklin et al., 2009;
Franklin et al., 2011; Gelernter, Kranzler, Satel, & Rao, 1994; Kambeitz, Romanos, & Ettinger, 2014;
Lott, Kim, Cook, & Wit, 2005; Millar et al., 2011). For example, Franklin et al. showed in two
independent samples of smokers that 9R-carriers, compared to 10R-homozygotes, had stronger fMRI
activations to videos containing smoking cues (vs. neutral cues) in ventral striatal, pallidal, and
orbitofrontal regions (Franklin et al., 2009; Franklin et al., 2011). In another study, 9R-carriers
displayed reduced P50-gating following nicotine administration, while no such effect was found for
10R-homozygotes (Millar et al., 2011). Concerning subjective experience, 9R cocaine users reacted
more strongly to intravenously administered cocaine than 10R-homozygote users (Brewer et al., 2015).
Furthermore, paranoia was found more often in cocaine users with 9R-alleles than with 10R-alleles
(Gelernter et al., 1994). For d-amphetamine, however, the results are more heterogeneous. While
9R/10R-heterozygotes and 10R-homozygotes showed enhanced subjective experience following d-
amphetamine administration, results for 9R-homozygotes did not differ from placebo (Lott et al.,
2005). Response to methylphenidate treatment in ADHD is not consistently associated with DAT
genotype, although the response was poorer in 10R-homozygotes than in other genotype groups in
studies using naturalistic designs (Kambeitz et al., 2014). Overall, most studies point to higher
responsivity to pro-dopaminergic challenges in 9R-carriers.

As outlined in 1.5.2, nicotine effects on SPEM are inconsistent across studies. Some of these
discrepancies might be explained by variability between individuals at the genetic level. As nicotine
interacts with the dopamine system and the DAT is an essential component of that system, here, focus
is placed on variability in the SLC6A3 gene coding for the DAT. Specifically, in Study II of the present
dissertation, participants are grouped according to their SLC6A3 VNTR genotype to investigate if 9R-

carriers differ from 10R-homozygotes in how nicotine influences their SPEM performance.

1.6 SPEM and the schizophrenia spectrum

1.6.1  Schizophrenia

Schizophrenia is a psychiatric disorder characterised by disturbed thinking and perception,
cognitive and motor impairments, avolition, apathy, abnormal affective expression, and
communication difficulties (Tandon, Nasrallah, & Keshavan, 2009). Schizophrenia phenomenology is

often described in terms of symptoms on different dimensions or categories. There is disagreement on
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the specific number and quality of these dimensions (Peralta & Cuesta, 2001). The most simplistic
approaches entail three dimensions (positive symptoms/reality distortion, negative
symptoms/psychomotor poverty, and disorganisation; Liddle, 1987). Other approaches additionally
include cognitive (e.g., impaired executive function) and affective (depression and mania) features (van
Os & Kapur, 2009) or even more specific facets (e.g., Peralta & Cuesta, 2001). Critically, the clinical
expression of schizophrenia is very heterogeneous, with some overlap with other psychiatric conditions
(Tandon et al., 2009; van Os & Kapur, 2009). Schizophrenia is only one of several psychotic — or
schizophrenia spectrum - disorders (American Psychiatric Association, 2000; Heckers et al., 2013).
Critically, it is the most frequent one (Bogren, Mattisson, Isberg, & Nettelbladt, 2009; Chang et al.,
2017; Perdla et al., 2007) and arguably the one that is studied the most, which is why studies involving
patients with schizophrenia are emphasised here.

Lifetime prevalence of schizophrenia averages at approximately 0.4% across different studies
and is about 2- to 3-fold higher for any psychotic disorder (Bogren et al., 2009; Chang et al., 2017;
Perila et al., 2007; Saha, Chant, Welham, & McGrath, 2005). Importantly, schizophrenia is considered
one of the most severe psychiatric disorders associated with increased suicidality (Hawton, Sutton,
Haw, Sinclair, & Deeks, 2005; Hor & Taylor, 2010; Siris, 2001) and mortality (Laursen, Nordentoft, &
Mortensen, 2014; Saha, Chant, & McGrath, 2007), high rates of physiological and psychiatric
comorbidity (esp. depression and substance abuse; Buckley, Miller, Lehrer, & Castle, 2009; Carney,
Jones, & Woolson, 2006; T. J. R. Lambert, Velakoulis, & Pantelis, 2003; W. Li et al., 2020; Tsai &
Rosenheck, 2013), and low quality of life (Huppert, Weiss, Lim, Pratt, & Smith, 2001; Reine, Langon, Di
Tucci, Sapin, & Auquier, 2003; Sim, Mahendran, Siris, Heckers, & Chong, 2004) compared to healthy
individuals. In addition, it leads to substantial direct and indirect economic burdens (Chong et al., 2016;
Knapp, Mangalore, & Simon, 2004).

At the level of brain structure, patients with schizophrenia show substantial reductions in total
brain volume and grey matter (Fornito, Yiicel, Patti, Wood, & Pantelis, 2009; Glahn et al., 2008; Haijma
et al., 2013; Steen, Mull, McClure, Hamer, & Lieberman, 2006). Similarly, BOLD activity is decreased
across widespread brain networks in patients with schizophrenia compared to healthy controls in
different tasks (Glahn et al., 2005; Minzenberg, Laird, Thelen, Carter, & Glahn, 2009; S. F. Taylor et al.,
2012; see 1.6.4 for SPEM). However, increased activity in some areas might point to compensatory
mechanisms (Glahn et al., 2005; Minzenberg et al., 2009; S. F. Taylor et al., 2012).

In addition to these regional brain abnormalities, patients with schizophrenia also show
abnormal brain connectivity, which has been found at the structural and functional levels (Pettersson-
Yeo, Allen, Benetti, McGuire, & Mechelli, 2011). These findings led to the formulation of the influential
dysconnection hypothesis of schizophrenia (Friston, Brown, Siemerkus, & Stephan, 2016; Friston &
Frith, 1995; Stephan, Friston, & Frith, 2009), which states that “the core pathology of schizophrenia is

an impaired neuromodulation of synaptic plasticity, leading to abnormal functional integration of
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neural systems, ie, dysconnectivity” (Stephan et al., 2009, p. 510). Importantly, dysconnectivity in this
context does not necessarily refer to decreased connectivity but describes abnormal connectivity per
se (Pettersson-Yeo et al., 2011; Stephan et al., 2009).

To date, the aetiology of schizophrenia is insufficiently understood (Tandon, Keshavan, &
Nasrallah, 2008). Although it has been shown that schizophrenia is highly heritable (>80% heritability;
Sullivan, Kendler, & Neale, 2003) and modern approaches to genetic research with genome-wide
association studies have identified more than a hundred candidate genes that are associated with
vulnerability to schizophrenia (Pardinas et al., 2018; Ripke et al., 2014), it has also become clear that it
is not a single or a few genes that cause the development of the disorder, but that its origin is complex
and multifactorial. In addition to genetic factors, environmental factors and gene-environment
interactions contribute significantly to schizophrenia aetiology (Fusar-Poli et al., 2017; Radua et al.,
2018; Tandon et al., 2008).

Importantly, schizophrenia cannot be regarded as a diagnostic category that has clear boundaries
with other conditions and that falls into a dichotomy of disease and health. Instead, it is often viewed
as the extreme pole of a continuum covering a range of psychosis-like phenomena with normal
experience at the other end of the spectrum (Allardyce, Suppes, & van Os, 2007; DeRosse & Karlsgodt,
2015; Haslam, McGrath, Viechtbauer, & Kuppens, 2020; Stefanis et al., 2002; van Os, Linscott, Myin-
Germeys, Delespaul, & Krabbendam, 2009). This view implies that subclinical manifestations of
psychosis can also be observed in the general population and that there is a gradual unfolding from
psychotic experiences over psychotic symptoms to psychotic disorders with increasing levels of severity

(Figure 7; van Os et al., 2009).5

3 In what follows, I will refer to this continuum as the schizophrenia spectrum.
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Figure 7: Schematic depiction of the schizophrenia (or psychosis) spectrum.

Note. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
Encyclopedia of Adolescence, “Psychotic-like experiences”, Fonseca-Pedrero, E., Lemos-Girédldez, S., Paino, M.,
Sierra-Baigrie, S., & Muniz, J., Copyright (2011).

1.6.2  Schizotypy

An influential approach to quantifying variance along the schizophrenia spectrum is schizotypy,
a multidimensional personality trait that is stable over time and reflects a general tendency towards
psychosis-like experiences (Ettinger, Meyhofer, Steffens, Wagner, & Koutsouleris, 2014; Kwapil &
Barrantes-Vidal, 2015).

There are two distinct theoretical conceptualisations of schizotypy: a fully- and a quasi-
dimensional approach (Nelson, Seal, Pantelis, & Phillips, 2013). The quasi-dimensional approach
proposed by Meehl sees schizotypy as a manifestation of schizotaxia, which is defined as a “genetically
determined integrative defect, predisposing to schizophrenia” (Meehl, 1990, p. 35). This approach
maintains a certain degree of binarity as only a distinct subgroup of the population is considered
genetically vulnerable, i.e., at risk of developing psychosis, while the larger part of the population is
not (Lenzenweger, 2006; Meehl, 1990; Nelson et al., 2013). The fully-dimensional approach, on the
other hand, is based on the work of Claridge (e.g., Claridge, 1997) and focuses on interindividual
differences from a psychological point of view. In this framework, schizotypy is understood as a
normally-distributed trait that is present and measurably to a varying degree across the entire
population (Kwapil & Barrantes-Vidal, 2015; Nelson et al., 2013). As such, schizotypy spans a broad
spectrum from the lowest level of normal psychological experience and health, through schizotypal

personality disorder, to the extreme of manifest psychosis or schizophrenia (Figure 7; Claridge, 1997).
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There is evidence for both perspectives on schizotypy, but the fully-dimensional approach has recently
found better support in the literature (Nelson et al., 2013).

Resembling the factor structure in schizophrenia (Lenzenweger & Dworkin, 1996; Liddle, 1987),
three dimensions can be distinguished in schizotypy, namely the cognitive-perceptual (or positive),
interpersonal (or negative), and disorganised dimensions (Bentall, Claridge, & Slade, 1989; Fonseca-
Pedrero, Paino, Lemos-Giraldez, Sierra-Baigrie, & Muiiz, 2011; Raine et al., 1994; Reynolds, Raine,

Mellingen, Venables, & Mednick, 2000; Wuthrich & Bates, 2006).

1.6.3  SPEM deficits in schizophrenia and schizotypy

Over the past years, several potential biomarkers of schizophrenia have been identified and
investigated, with SPEM emerging as one of the most promising candidates (Allen, Griss, Folley,
Hawkins, & Pearlson, 2009; Braff, Freedman, Schork, & Gottesman, 2007; Calkins et al., 2008; Calkins,
Tacono, & Curtis, 2003; Lencer et al., 2015). The term biomarker refers to “objectively measured
biological antecedents or consequences of normal or pathogenic processes or a physiologic response to
a therapeutic intervention” (Lenzenweger, 2013, p. 1347). Biomarkers are useful in clinical settings as
they promise improvement in diagnosis, prognosis, and prediction of treatment response (Singh &
Rose, 2009; Weickert, Weickert, Pillai, & Buckley, 2013).

The study of SPEM deficits in schizophrenia has a long history, with the first evidence dating
back to the seminal studies of Diefendorf and Dodge in the early 20th century (Diefendorf & Dodge,
1908). Almost 70 years later, Holzman and colleagues independently rediscovered these results
(Holzman, Proctor, & Hughes, 1973), prompting a remarkably rich body of research with more than 80
replications of SPEM deficits in schizophrenia until the publication of a comprehensive literature
review in 2010 (Levy et al., 2010) and more replications until now (e.g., Lencer et al., 2015; Sami et al.,
2021; Shiino et al., 2020).

A meta-analysis integrating data from more than 2000 patients and 1900 controls based on the
SPEM literature from 1994 to 2008 (O'Driscoll & Callahan, 2008) points to large effect sizes of all global
SPEM measures, such as RMSE, qualitative ratings, signal to noise ratio, and total saccade rate. Effect
sizes of similar magnitude were also found for some specific measures, including maintenance gain and
leading saccade rate. Other specific measures of SPEM performance, such as open-loop gain, catch-up
saccade rate, and SPEM latency, yielded smaller but still significant effect sizes in the medium to small
range. In contrast, rates of back-up saccades and square wave jerks were not significantly different
between patients and controls. Exemplary data on SPEM performance in a patient with schizophrenia

and a healthy control individual is in Figure 8.
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Figure 8: Exemplary SPEM performance in a healthy individual and a patient with schizophrenia.

Note. Target and eye position for the horizontal (eye position in blue, target position in grey [solid line]) and
vertical (eye position in red, target position in grey [dashed line]) directions. The upper panel (A) shows data of a
healthy individual. The lower panel (B) shows data of a patient with schizophrenia.

Reprinted from “Eye movement characteristics in schizophrenia: A recent update with clinical implications” by
Morita, K., Miura, K., Kasai, K., & Hashimoto, R., 2020, Neuropsychopharmacology Reports, 40(1), p. 3. Licensed
under CC BY 4.0.

Analyses of potential moderators of these effects showed that results were largely unaffected by
task (such as target velocity or velocity pattern) and patient characteristics (including duration of
illness, symptom ratings, and number of patients receiving atypical medication).

The effect sizes obtained in this meta-analysis are among the largest reported for any
neurocognitive measure for direct comparisons of patients with schizophrenia and controls (Heinrichs,

2004; O'Driscoll & Callahan, 2008), highlighting the particular importance of this biomarker for

schizophrenia research.
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SPEM deficits show high temporal stability (Benson et al., 2012; Calkins et al., 2003; Gooding,
Iacono, & Beiser, 1994) and can be found across patient groups in different stages of the disease,
including in patients with first-episode, residual, and chronic schizophrenia (Arolt, Teichert, Steege,
Lencer, & Heide, 1998; Campion et al., 1992; Hutton et al., 1998; Hutton et al., 2001 ; Katsanis & Iacono,
1991; Lencer et al., 2010; Sweeney, Haas, & Li, 1992; Thaker, Ross, Buchanan, Adami, & Medoff, 1999).
Considering that deficits are also found in drug-naive and unmedicated patients (Campion et al., 1992;
Hutton et al., 1998; Hutton et al., 2001; Lencer et al., 2008; Thaker et al., 1999) and that medication
was not a significant moderator of effect size when sex-matching was controlled for in the meta-
analysis (O'Driscoll & Callahan, 2008), it is unlikely that differences between patients and controls are
due to antipsychotic medication. Instead, they represent a highly robust time-stable trait directly
associated with the underlying disorder (Levy et al., 2010).

Poorer SPEM performance has also been observed in patients with schizoaffective, delusional,
and bipolar disorders (Campana, Gambini, & Scarone, 1998; Lencer et al., 2010; Lencer et al., 2015; Yee
et al., 1987), individuals at high risk of psychosis (van Tricht et al., 2010), and relatives of patients with
schizophrenia (Calkins et al., 2003; Calkins et al., 2008; Lencer et al., 2015). The findings of impaired
SPEM performance in relatives are particularly relevant as they led to the consideration of SPEM
deficits as potential endophenotypes of schizophrenia (Allen et al., 2009; Calkins et al., 2003; Calkins
etal., 2008; Lencer et al., 2015). Endophenotypes are measurable and heritable state-independent traits
associated with a certain illness in the population that show co-segregation with the illness within
families and can be found in unaffected family members to a greater extent than in the general
population (Glahn et al., 2014; Gottesman & Gould, 2003). The definition of endophenotypes thus goes
beyond that of biomarkers by including a genetic dimension (Glahn et al., 2014; Gottesman & Gould,
2003; Lenzenweger, 2013). Intriguingly, deficits in SPEM performance can also be found in persons
scoring high on schizotypy (Gooding, Miller, & Kwapil, 2000; Holahan & O'Driscoll, 2005; Kendler et
al., 1991; Koychev et al., 2016; Meyhofer et al., 2017; O'Driscoll, Lenzenweger, & Holzman, 1998;
Smyrnis et al., 2007), supporting the dimensional quality of the schizophrenia spectrum (Smyrnis,
Amado, Krebs, & Sweeney, 2019).

Although multiple approaches to explaining SPEM deficits along the schizophrenia spectrum
have been developed and investigated, these remain poorly understood. There is evidence that
impaired motion processing (Chen, 2003; Chen, Levy, et al., 1999; Chen, Nakayama, Levy, Matthysse,
& Holzman, 1999), faulty sensorimotor transformation (Lencer et al., 2010; Trillenberg et al., 2017),
defective extraretinal (e.g., predictive or efference copy) processes (Hong et al., 2008; Hooker & Park,
2000; Spering, Dias, Sanchez, Schiitz, & Javitt, 2013; Thaker et al., 1999; Thakkar, Diwadkar, & Rolfs,

2017), or a combination of these factors underlie SPEM deficits in schizophrenia (Levy et al., 2010). For
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schizotypy, however, there is no conclusive evidence to explain SPEM dysfunction (Faiola, Meyhofer,
& Ettinger, 2020).

The multiplicity of possible mechanisms and the sometimes heterogeneous findings
demonstrate — along with the finding that global measures are generally more impaired than specific
measures (O'Driscoll & Callahan, 2008) — that SPEM deficits along the schizophrenia spectrum are
complex and multifactorial and that more research is needed to understand them better. One possible
approach to address this heterogeneity is to additionally consult neural data, as detailed in the

following section.

1.6.4 BOLD correlates of SPEM deficits along the schizophrenia spectrum

Abnormalities of BOLD response during SPEM have been observed in almost all components of
the SPEM network in patients with schizophrenia compared to healthy controls (Hong et al., 2005;
Keedy, Ebens, Keshavan, & Sweeney, 2006; Lencer et al., 2011; Lencer, Nagel, Sprenger, Heide, &
Binkofski, 2005; Nagel et al., 2007; Nagel et al., 2012; Tregellas et al., 2004). However, there are
substantial differences between studies.

For example, in one study, decreased BOLD response in patients compared to healthy controls
was obtained across almost the entire SPEM network (Keedy et al., 2006), suggesting a global
oculomotor — but not cortical or general motor — deficit underlying abnormal SPEM in patients. Other
results, however, point to more nuanced differences. Specifically, some authors suggest a deficit in
visual motion processing based on reduced activations in area V5 and its immediate projection sites
(Lencer et al., 2005; Lencer et al., 2011; Nagel et al., 2012). They further argue that this deficit is
partially compensated for by extraretinal mechanisms as indicated by increased BOLD response in
patients in areas such as cerebellum, DLPFC, anterior cingulate gyrus, and FEF (Lencer et al., 2011;
Nagel et al., 2007; Nagel et al., 2012).

An alternative line of arguments hints at deficits in areas related to extraretinal processing based
on findings of reduced activity in FEF and SEF, medial superior temporal cortex, and anterior cingulate
gyrus but increased BOLD response in areas associated with the processing of retinal information in
middle temporal cortex in patients vs. controls (Hong et al., 2005). Lastly, it has been proposed that
hippocampal hyperactivity related to dysfunctional inhibitory interneurons in the hippocampus may
underlie SPEM deficits in schizophrenia (Tregellas et al., 2004; Tregellas et al., 2005; Tregellas et al.,
2010).

Paralleling the results in schizophrenia, reduced BOLD activity in occipital regions has been
observed during SPEM in individuals scoring high on schizotypy (Meyhofer et al., 2015). These results

suggest that impaired motion processing or attentional dysfunction may be at the root of SPEM deficits
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in schizotypy, again pointing to an overlap between schizophrenia and schizotypy at the neural and
behavioural levels (Lencer et al., 2011; Meyhofer et al., 2015).

In summary, the findings on neural mechanisms of SPEM deficits are heterogeneous, similar to
the findings on cognitive mechanisms, with evidence for deficits in motion or extraretinal processing,
so that no clear picture emerges as to what causes SPEM deficits in individuals with schizophrenia and
high schizotypy. Partly, this inconsistency is due to the fact that many of the studies presented were
ill-powered or operationalised and measured SPEM differently, strongly calling for more well-
conducted research in this area. Apart from the need to increase sample sizes and correct BOLD data
appropriately for multiple testing, studying the brain from an integrative perspective can also help to
gain a better understanding of SPEM deficits. In this context, particular attention should be paid to
(dys)connectivity approaches which represent a time-honoured perspective on explaining
schizophrenia pathophysiology (Friston et al., 2016; Friston & Frith, 1995; Pettersson-Yeo et al., 2011,
Stephan et al.,, 2009; see also 1.6.1). Only two studies have focused on studying functional
dysconnectivity during eye movements in schizophrenia (Krishna, O'Neill, Sanchez-Morla, & Thaker,
2014; Tu et al., 2010), despite the highly robust finding of eye-tracking dysfunction in schizophrenia
(see 1.6.3). By combining eye-tracking and electroencephalography (EEG), impaired connectivity
between frontal and posterior cortical regions was observed during SPEM in patients with
schizophrenia compared to controls (Krishna et al., 2014). In addition, evidence for aberrant functional
connectivity of the CEF in patients with schizophrenia was obtained with fMRI data during saccades
(Tu et al., 2010). While these findings are essential first steps towards understanding abnormal
oculomotor control in schizophrenia, the scarcity of studies also points to a significant gap in the
literature. Critically, task-based BOLD functional connectivity during SPEM has not yet been
investigated in schizophrenia or schizotypy. Additionally, no direct comparison of BOLD response
during SPEM between patients with schizophrenia and individuals with different levels of schizotypy

is available. These open questions are addressed in Study V of this dissertation.
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1.7 Aims of this dissertation

The overall aim of this dissertation is to expand our understanding of the mechanisms underlying
SPEM. To accomplish this, I will adopt a framework proposed by Siebner et al. (2009) that illustrates
the different levels of analysis linking genome to phenome (Figure 9) and how they are connected. This
dissertation integrates data from multiple levels of measurement to provide a broad and comprehensive
view of the SPEM system. These levels encompass clinical syndromes and symptoms, behavioural traits,
neural systems, more specifically both macroscopic and cellular pathways, and the genome. I address
different sets of open questions in the SPEM literature in five studies. In each study, data on SPEM
performance located at the behavioural level are analysed and complemented as appropriate with data

from one or multiple additional levels.

Figure 9: Schematic depiction of the neurobiological levels tapped in this dissertation.

Note. Reprinted from Neuroscience, 164(1), Siebner, H. R., Callicott, J. H., Sommer, T., & Mattay, V. S., “From the
genome to the phenome and back: linking genes with human brain function and structure using genetically
informed neuroimaging using genetically informed neuroimaging”, 1-6, Copyright (2009), with permission from
Elsevier.
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In the first study (Study I), the replicability and reliability of background and target velocity
effects, two highly robust findings in the SPEM literature, are probed to provide an important
methodological foundation for all subsequent studies.

The second study (Study II) integrates data from the lowest levels of analysis, namely those of
cellular pathways and their genetic basis. Specifically, in this study, the heterogeneity in SPEM
response to nicotine, a substance known for its pro-dopaminergic effects, is addressed with a
pharmacogenetic study design that aims to advance our comprehension of how the dopaminergic and
cholinergic systems are associated with SPEM.

Studies III, IV, and V additionally draw on data from neural systems, specifically BOLD fMRI
data collected during the execution of SPEM. Critically, Study III helps to close an important gap in
the SPEM literature, namely the question of how different brain areas work together temporally to
accomplish SPEM in healthy participants, and it thus incorporates functional connectivity analyses.

The fourth study (Study IV) also adopts an fMRI approach, yet with a more refined experimental
design. In particular, SPEM performance is investigated both at different target velocities and in the
presence and absence of a structured background. The neural mechanisms underlying the behavioural
response to these stimuli are explored using methodological approaches to address local brain
activations and functional connectivity reflecting the velocity and background effects.

Finally, the fifth study (Study V) includes data from the highest and arguable most complex
levels of the model tapping clinical symptoms and syndromes. Specifically, this study explores the
neural mechanisms underlying SPEM deficits along the schizophrenia spectrum by directly comparing
healthy controls with individuals scoring high on schizotypy and patients with schizophrenia spectrum
disorders. Again, both functional segregation and integration methods, and additionally complex
machine learning algorithms, are used to investigate differences in patients and controls and to

examine similarities and dissimilarities of schizotypy with the two extremes of the spectrum.
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2 Methodology

2.1 Assessment of SPEM

Several different methods can be employed to assess eye movements, ranging from subjective
evaluation by experts (bedside assessment) via electrooculography (EOG), scleral contact lenses or
search coil techniques, infrared-limbus tracking, dual-Purkinje tracking, to video-based combined
pupil and corneal reflection techniques (VCPCR; Duchowski, 2017; Holmqvist et al., 2011; Holmqvist
et al., 2022; Hutton, 2019). Each of these methods comes with advantages and disadvantages.

The most highly used approach today is VCPCR (Holmgvist et al., 2022; Hutton, 2019) which
offers low invasiveness, high temporal, and high spatial resolution (although somewhat lower than with
search coil or dual-Purkinje techniques). In VCPCR, infrared light is shone at the eye, and a video
camera is used for data collection (Holmgqvist et al., 2011). Eye position is obtained by identifying the
centres of corneal reflection (first Purkinje image) and pupil and calculating their position relative to
each other (Holmgvist et al., 2011; Hutton, 2019). Complex computer algorithms perform this
calculation following a three-step procedure from image acquisition via image analysis to gaze
estimation (Holmgqvist et al., 2011; Hutton, 2019). To compute the point of regard (or gaze), the system
exploits the fact that the relative position of corneal reflection and pupil changes when the eyes move.
The pupil moves as the eye moves, whereas the corneal reflection remains relatively stable with the
infrared light source at a fixed location (Duchowski, 2017). Typically, point of regard is determined in
the pixel coordinate system of the target display (Holmgqvist et al., 2022). Before data collection,
calibration and validation procedures are performed. These are crucial steps to guarantee the spatial
accuracy of the collected data as they establish a mapping function linking eye position to predefined
locations on the screen (Hutton, 2019). Critically, specific VCPCR eye-trackers can also be used in
magnetic resonance imaging (MRI) scanners with the help of mirror techniques to allow concurrent
assessment of eye movements and BOLD images.

The quality of SPEM performance can be assessed with a variety of different parameters. Velocity
gain is usually considered the key and primary outcome of the SPEM system (Smyrnis, 2008). It is
defined as the ratio of eye to target velocity and thus provides a direct measure of the success of the
SPEM system in aligning the eye with the slowly moving target. SPEM typically occurs in combination
with saccades (Goettker & Gegenfurtner, 2021; Orban de Xivry & Lefévre, 2007), which is why the
number of saccades, as well as their timing, direction, velocity, and amplitude provide important
additional information on SPEM performance. Saccades are detected using velocity (e.g., > 30 °/s),
amplitude (e.g., > 1 °) and acceleration (e.g., > 3800 °/s?) criteria. Saccades during SPEM can be further

classified into different categories for more detailed analysis (Smyrnis, 2008), although the total
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number of saccades is already a well-established, valid and useful performance outcome measure
(O'Driscoll & Callahan, 2008; Smyrnis, 2008). A valuable element of differentiation relates to the
interaction of saccades with the SPEM system: specifically, saccades can be regarded as either intrusive
(i.e., disrupt SPEM) or compensatory (i.e., relocate the eyes on the target after a phase of low SPEM
gain; Orban de Xivry & Lefévre, 2007; Smyrnis, 2008). While researchers largely agree on this basic
distinction, there is less consensus on the specific criteria used to further define the different types of
SPEM-related saccades (Smyrnis, 2008). The most frequent type of compensatory saccades is catch-up
saccades, which occur in the same direction as the moving target and reduce eye position error when
the eye lags behind the target (Smyrnis, 2008). Back-up saccades occur in the opposite direction of the
moving target, reducing eye position error when the eye is ahead of the target (Levy et al., 2000).
Intrusive saccades comprise anticipatory and leading saccades as well as square wave jerks (Levy et al.,
2000; Ross, Olincy, Zerbe, & Radant, 2001; Smyrnis, 2008). Depending on the research question,
sample, and task setup, all or only some types of saccades are analysed.

RMSE is a global measure that describes the spatial deviation between eye and target (O'Driscoll
& Callahan, 2008; Smyrnis, 2008). Segments of SPEM and saccades are included in the calculation of
RMSE, and blinks are excluded. The angular distance between eye and target position is calculated for
each time point. The resulting values are then squared, added across time points and divided by the
number of time points. Finally, the square root of this mean value is calculated to obtain the RMSE
measure.

Specific task setups such as target blanking or step-ramp paradigms allow the measurement of
additional SPEM outcomes (Barnes, 2008; O'Driscoll & Callahan, 2008; Smyrnis, 2008) that go beyond
the scope of this dissertation. Studies I-V each report at least one of the following outcomes to
quantify SPEM performance: SPEM gain, RMSE, catch-up, and total saccade rate.

These SPEM performance outcomes have been studied regarding their reliability in the past.
Importantly, interpreting reliability indices is not straightforward, as different interpretation
guidelines exist (Hedge, Powell, & Sumner, 2018). In this dissertation, the guidelines proposed by
Cicchetti (1994) are adopted, which indicate poor reliability for scores less than 0.40, fair reliability for
scores between 0.40 and 0.59, good reliability for scores between 0.60 and 0.74, and excellent reliability
for scores between 0.75 and 1.00. Following these guidelines, studies investigating the reliability of
different SPEM performance outcomes point to largely good test-retest and internal consistency
reliability scores of SPEM gain, RMSE, and catch-up saccade rate (Bargary et al., 2017; Calkins et al.,
2003; Ettinger, Kumari, Crawford, et al., 2003; Roy-Byrne, Radant, Wingerson, & Cowley, 1995; Versino
et al., 1993). Study I seeks to complement these earlier results by reporting test-retest and split-half
reliability for the SPEM task effects, e.g., the difference measures between conditions with and without

a structured background and between conditions with higher and lower target velocity.
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2.2 Psychopharmacology

Psychopharmacology studies the interaction of drugs, the nervous system, experience, and
behaviour. More precisely, drugs or other chemical compounds are used “to understand neural
function, to prevent and treat mental illness and drug abuse, and to understand how nontherapeutic
psychoactive drugs and natural substances alter human mood, memory, motor activity, endocrine, and
other centrally mediated functions” (Stolerman & Price, 2015b, p. 1389). Psychopharmacology thus
incorporates two directions: pharmacodynamics which entails the “processes through which drugs
bring about their actions on living organisms” (Stolerman & Price, 2015a, p.1275) and
pharmacokinetics, which relates to “what the body does to a drug and hence concerns itself with the
quantitation of drug absorption, distribution, metabolism, and excretion” (Wolff, 2015, p. 1280).

When designing psychopharmacological studies, it is recommended to follow what constitutes
the gold standard of pharmacological research comprising (double-)blinding, placebo control, and
randomisation (Karpouzian, Petrovsky, Ettinger, & Reilly, 2019). Substances can be administered
within or between participants. Within-subjects designs have higher statistical power as variance due
to individual differences can be better controlled. Between-subjects designs, on the other hand, are
better suited to control for potential order or practice effects but require a larger sample size
(Karpouzian et al., 2019).

Other important aspects to consider in psychopharmacological studies are how, when, and in
which doses substances are administered. For example, with nicotine, administration mode (e.g.,
cigarette, nasal spray, patch, lozenge, chewing gum) affects the magnitude and timing of maximum
blood concentration and half-life (Hansson, Rasmussen, & Kraiczi, 2017; Shiffman, Fant, Buchhalter,
Gitchell, & Henningfield, 2005). With nicotine gum administration, nicotine reaches maximum blood
concentration after approximately 15-90 minutes (median 30 minutes; Nyberg et al., 1982). Dosage
should be chosen depending on the specific sample and task. For example, the same nicotine dose
might affect smokers and non-smokers differently (Kalman & Smith, 2005; Logemann, Bocker,
Deschamps, Kemner, & Kenemans, 2014). While nicotine blood concentration parametrically increases
with increasing dose (Hansson et al., 2017; Kraiczi, Hansson, & Perfekt, 2011), nicotine can affect
behavioural reactions in a linear (Myers, Taylor, Moolchan, & Heishman, 2008) or non-linear way

(Almeida et al., 2020).

2.2.1  Pharmacogenetics with candidate genes

»~Pharmacogenetics (PGx) deals with genetically determined variation in how individuals

respond to drugs” (U. A. Meyer, 2004, p. 669). Research in this area is considered paramount as it offers
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hope for developing personalised medicine, which could dramatically improve treatment response (U.
A. Meyer, 2004). In addition, pharmacogenetic studies can help to explain heterogeneity in response to
pharmacological compounds and thus provide insights into the mechanisms underlying interindividual
differences at the behavioural level (Bogdan et al., 2012).

There are two distinct approaches to studying the genetic basis of complex traits such as drug
response. The candidate gene approach aims to identify correlations between specific genetic variants
and specific phenotypes such as a disease, human mental operation, or neural process based on prior
knowledge (Frank & Fossella, 2011; Tabor, Risch, & Myers, 2002). In contrast, genome-wide
association studies use mass-univariate testing to assess genetic associations between a large number
of independent genetic variants and a specific phenotype without prior hypotheses (Montag, Ebstein,
Jawinski, & Markett, 2020). Both approaches have advantages and disadvantages (Frank & Fossella,
2011). Candidate gene approaches are particularly promising when genes with a strong biochemical
functionality are studied, e.g., genes coding for neurotransmitter receptors (Bogdan et al., 2012; Frank
& Fossella, 2011).

In Study II, a VNTR polymorphism in the SLC6A3 gene coding for the DAT is investigated (see
1.5.3). More specifically, the two most common allele groups (10R-homozygotes and 9R-carriers) are
compared concerning how their SPEM performance is affected by nicotine, a drug with downstream
effects on the dopaminergic system (see 1.5.1). The participants (non-smokers) are given 2 mg nicotine

gum or placebo in a randomised, double-blind, between-subjects study design.

2.3 Functional magnetic resonance imaging

MRI is a powerful and widely-used non-invasive brain imaging technique to indirectly measure
properties of the brain, including structure, blood flow, and neural activity (Logothetis & Wandell,
2004). The MR signal is obtained in a strong static magnetic field in which hydrogen nuclei align in
parallel or antiparallel (Huettel, Song, & McCarthy, 2014; Logothetis & Wandell, 2004).
Radiofrequency coils produce brief electromagnetic fields (excitation pulses) and receive information
about the realignment (i.e., relaxation) of hydrogen nuclei in the static field in the longitudinal and
transverse dimensions (Huettel et al., 2014; Logothetis & Wandell, 2004). Additional gradient fields are
used for localising MR signals in three-dimensional space, and shimming coils assure the homogeneity
of the magnetic fields. Crucially, relaxation times of hydrogen nuclei differ depending on tissue types
and thus help to generate contrast images of the brain (Huettel et al., 2014). Relaxation times are
characterised by time constants, e.g., T1 for longitudinal relaxation, T2 and T2* for transversal
relaxation. T2*-weighted images additionally factor in inhomogeneities in the static magnetic field. To

generate images sensitive to one form of contrast or another, the interval between successive excitation
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pulses (repetition time; TR) and the interval between excitation pulses and data collection (echo time;
TE) are varied (Huettel et al., 2014).

Studies III-V use fMRI which relies on BOLD contrasts and is based on the fact that the magnetic
properties of haemoglobin molecules change depending on whether oxygen is bound to them or not
(Ogawa & Lee, 1990; Ogawa, Lee, Kay, & Tank, 1990; Ogawa, Lee, Nayak, & Glynn, 1990). Critically,
oxygen consumption increases when an area in the brain is activated, resulting in an increased flow of
oxygen-rich blood to that region. A positive BOLD signal is elicited by a subsequent increase in the
proportion of oxygenated blood compared to deoxygenated blood in the vicinity of the activated area
of the brain. BOLD contrasts thus reflect the difference in signal on T2*-weighted images as a function
of the amount of deoxygenated haemoglobin (Huettel et al., 2014).

The so-called haemodynamic response to a brief stimulus, i.e., the change in MR signal triggered
by neuronal activity, is characterised by distinct phases (Figure 10; Huettel et al., 2014). After an initial
dip (1-2 seconds), the BOLD signal increases above baseline and reaches its peak after about 4-6
seconds. The BOLD signal then decreases below baseline (undershoot; Logothetis & Wandell, 2004).
When stimuli are presented in rapid sequence or continuously over a more extended period of time, the

haemodynamic response reaches a plateau slightly below its peak value (Huettel et al., 2014).

signal 5 4,
intensity (I1) main BOLD response
o 12-30s time

(1) initial dip (1) post stimulus undershoot

Figure 10: Depiction of a typical BOLD haemodynamic response function.

Note. Reprinted from PET Clinics, 8(3), Siero, J. C. W., Bhogal, A., & Jansma, J. M., “Blood Oxygenation Level-
dependent/Functional Magnetic Resonance Imaging: Underpinnings, Practice, and Perspectives”, 329-344,
Copyright (2013), with permission from Elsevier.

Despite disadvantages such as the indirectness of measuring neuronal activity and relatively low
temporal resolution, MRI has many advantages that make it one of the most widely used neuroimaging
techniques today. Notably, MRI is widely available, non-invasive, has relatively high spatiotemporal
resolution, and can be used to delineate the entire network of brain areas involved in a specific task

(Logothetis, 2008).
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2.3.1  Pre-processing

MR images are pre-processed to reduce the variance of systematic non-task-related sources and
thus increase power, and to prepare data for subsequent statistical analyses (Ashby, 2019; Huettel et
al., 2014). The crucial steps employed in all papers presented in this thesis are briefly introduced here
(Figure 11). First, data are realigned to correct for head motion, using a least square approach and six-
parameter rigid-body transformation. Next, anatomical and functional images are aligned by co-
registration. This step is crucial to improve the spatial localisation of the low-resolution functional
data. Then, images are normalised with affine linear transformation to map the individual images to
standard brain space (e.g., Montreal Neurological Institute [MNI]) and thus increase comparability
between studies and facilitate anatomical interpretation. Lastly, smoothing with a Gaussian filter is

applied to reduce non-systematic spatial noise (Ashby, 2019; Huettel et al., 2014).

2.3.2  Data analysis

Statistical analysis of BOLD fMRI data (Figure 11) is typically based on a voxel-wise mass-
univariate general linear model (GLM) approach (Friston et al., 1994, Friston et al., 1995; Worsley &
Friston, 1995). Briefly summarised, time courses of specific events (e.g., the task) are convolved with
the haemodynamic response function (HRF) and modelled as regressors along with a constant to
predict signal intensity in a given voxel. A high-pass filter is applied to account for slow signal drifts.
At the individual level (first level), contrasts are formed to compare specific task conditions with each
other or with baseline (Friston et al., 1994; Friston et al., 1995; Worsley & Friston, 1995). The resulting
contrast maps are then taken to the second level for group-level analyses, where data have to be

appropriately corrected for multiple comparisons.
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Figure 11: Schematic depiction of the fMRI data analysis flow.

Note. After data acquisition and reconstruction, fMRI scans are pre-processed. The pre-processed scans are then
fed into a first level analysis where contrast images for each participant are generated. These contrast images are
then taken to the second level to analyse effects across groups. HRF = haemodynamic response function.

2.3.3  Generalised psychophysiological interaction analyses

The investigation of the interplay of distributed components of large-scale brain networks has
become increasingly important in recent years and has complemented the previously dominant
approach of studying functional segregation or specialisation to understand brain function (Friston,
2011; Rogers, Morgan, Newton, & Gore, 2007). As the number of available analytical approaches to
study brain integration (as opposed to segregation) increased, so did the number of publications in this
area (Friston, 2011; K. Li, Guo, Nie, Li, & Liu, 2009; Rogers et al., 2007). Methods for analysing
functional integration can be grouped based on different criteria. An important distinction is between
functional and effective connectivity. The former reflects “statistical dependencies among remote
neurophysiological events”, whereas the latter “refers to the influence that one neural system exerts
over another, either at a synaptic or population level” and thus integrates the notion of causal influence
(Friston, 2011, p. 14). Another - albeit related — distinction concerns data-driven vs. model-based
approaches (K. Li et al., 2009; Rogers et al., 2007). And lastly, connectivity analysis methods can be

divided into task-based and resting-state approaches (K. Li et al., 2009).
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In this thesis, I was interested in the functional network underlying the execution of SPEM and
therefore I focus on task-based connectivity analyses here, in particular the psychophysiological
interaction (PPI) analysis approach adopted in Studies ITI-V.

PPI analyses* were initially introduced by Friston et al. (1997) as seed-based connectivity
analyses following a GLM approach. The underlying principle of PPI can already be inferred from its
name. It is based on the statistical interaction of a psychological (“psycho”) and a physiological variable
(“-physiological”), where the psychological variable corresponds to a specific task (or context), while
the physiological variable refers to the neural activity in a specific brain region. The results of PPI
analyses can be interpreted from two perspectives: (1) they allow us to understand how the contribution
of one brain area to another changes with the psychological context (e.g., the task), and (2) they help
to elucidate how the response of specific brain regions to the psychological context depends on the
activity in the influencing region (Friston et al., 1997; Rogers et al., 2007). Generally, PPI analyses adopt
a whole-brain approach to identify those voxels in the brain that show significant association with the
interaction term. Critically, they require the a priori definition of seed regions derived from anatomical
or functional hypotheses or task activation peaks in the conventional BOLD analysis (O'Reilly et al.,
2012).

After their introduction, PPI analyses were significantly improved by addressing two potential
pitfalls. First, as these interactions occur at the neural level and not at the haemodynamic level,
Gitelman et al. (2003) introduced a deconvolution step of the seed region to ensure that the task and
seed voxel time course and their interaction are captured at the same level of measurement. Second,
the traditional PPI approach allowed the investigation of only two task conditions, which prevented
more complex study designs from being investigated using these methods. This limitation was
overcome with the introduction of the generalised PPI (gPPI) by McLaren et al. (2012), which proved to
be compelling tools, especially in tasks with block designs (Cisler, Bush, & Steele, 2014; McLaren et al.,
2012). In this new approach, it is now possible to implement a hypothetically unlimited number of task

conditions and concurrently increase sensitivity and specificity compared to the original version.

4 PPI might be regarded as models of effective connectivity as they not merely rely on statistical covariation
but define a clear linear model to explain the activity in a given voxel. As these models are very simple, the direction
of influence is uncertain, and alternative explanations such as common input or indirect effects cannot be ruled
out, it is the subject of ongoing debate whether PPI analyses truly reflect effective connectivity (Friston, 2011;
Friston et al., 1997; Gerchen, Bernal-Casas, & Kirsch, 2014; Rogers, Morgan, Newton, & Gore, 2007; O'Reilly,
Woolrich, Behrens, Smith, & Johansen-Berg, 2012). Therefore, they were also described as models of “directed
functional connectivity” (Gerchen et al., 2014, p. 5072). In this thesis, I will refer to them simply as a method to
study functional connectivity, as this is a widely accepted umbrella term.
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In gPPI, to form the interaction term, the first eigenvariate of the time course in the seed region
is extracted after removing the effects of covariates of no interest and then de-convolved from the HRF
to obtain an estimate of neural activity. Then, the element-by-element product of this seed region
vector and the task vector (e.g., boxcar function of the task) is calculated to form the PPI term (Figure
12), which is then re-convolved with the HRF (Gitelman et al., 2003; O'Reilly et al., 2012). Crucially, in
gPPI analyses, multiple PPI terms are formed in the case of multiple task vectors (i.e., one PPI term per
vector; McLaren et al., 2012). Finally, a GLM is built including all PPI terms, but — critically — also the
seed region time course and all task vectors along with nuisance covariates of no interest (e.g., the
motion vectors extracted from the realignment pre-processing step) and a constant. This procedure
ensures that significant results from a PPI term reflect only the variance beyond what is modelled by
the task and seed region vectors alone (i.e., in statistical terms: the main effects of task and seed region;
O'Reilly et al., 2012). As in the standard BOLD GLM analyses, contrast images are calculated at the first

level (i.e., intra-individually) and then taken to the second level to analyse effects across multiple

participants or between groups of participants.

B —p

Figure 12: Generation of the psychophysiological interaction (PPI) term.

Note. Panel (a) shows the time course of the main effect of the blocked task regressor before (dashed line) and after
convolution with the haemodynamic response function (solid black line). The grey line is zero. Panel (b) additionally
shows the time course of the extracted activity from a seed region of interest (blue line). In panel (c), the red line
represents the time course of the psychophysiological interaction term, i.e., the element-by-element product of the
seed region (red line) and the convolved task regressors (black line).

Reprinted from O'Reilly, J. X., Woolrich, M. W., Behrens, T. E. ]., Smith, S. M., & Johansen-Berg, H., “Tools of the
trade: psychophysiological interactions and functional connectivity”, Social Cognitive and Affective Neuroscience, 2012,

7(5), 604-609, by permission of Oxford University Press.
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24 Machine Learning

Machine learning helps to “uncover general principles underlying a series of observations
without explicit instructions” (Bzdok & Meyer-Lindenberg, 2018, p. 223). It employs an automatic
computational procedure to find an optimal solution for a given problem without prior definition of an
algorithm to find a fixed solution (Dwyer, Falkai, & Koutsouleris, 2018). With machine learning
methods, classifiers can be trained to determine whether a person belongs to one of two groups, e.g.,
patients or healthy controls. Machine learning has been employed in clinical settings for diagnosis,
prognosis, and treatment prediction of psychiatric disorders and to find and evaluate potential
biomarkers (Bzdok & Meyer-Lindenberg, 2018; Dwyer et al., 2018).

Two important goals of machine learning are high accuracy and generalisability of the newly-
determined classifier (Dwyer et al., 2018). Accuracy can be assessed with parameters such as sensitivity,
specificity, and balanced accuracy (mean of sensitivity and specificity; Dwyer et al., 2018).
Generalisability is the “extent to which a statistical model generated in one group performs accurately
in new groups or individuals” (Dwyer et al., 2018, p. 96). It can be estimated and optimised with cross-
validation (CV) procedures in which models are trained in one set of examples and then applied to
another. The gold standard of CV is nested CV, a two-stage procedure in which the sample is divided
into multiple partitions at the so-called outer CV (or CV2). One set of participants is completely left
out, and models are trained and selected based on the remaining participants (i.e., in the inner CV,
CV1). The models are then applied to the left-out participants for validation. This process is repeated
in an iterative procedure with a predefined number of permutations and sets (also: folds, partitions) of
individuals, and the best-performing model is selected.

Machine learning involves two necessary analysis steps: pre-processing and training of the
example data (Figure 13 A). Pre-processing encompasses data preparation for the subsequent training
pipeline and includes steps such as pruning, correction for nuisance covariates, and dimensionality
reduction (Dwyer et al., 2018). Pre-processing is performed inside the CV framework to prevent
information leakage and overfitting (Dwyer et al., 2018; Madsen, Krohne, Cai, Wang, & Chan, 2018). In
both pre-processing and training, hyperparameters can be optimised to find the best models (Dwyer et
al., 2018). Significance of classification is assessed by permutation testing with random-label allocation

(Orru, Pettersson-Yeo, Marquand, Sartori, & Mechelli, 2012).
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Figure 13: Illustration of the pattern classification procedure with support vector machines.

Note. Panel A shows the feature extraction and classification steps, and panel B is a schematic depiction of
support vector classification.

Reprinted from Madsen, K. H., Krohne, L. G., Cai, X., Wang, Y., & Chan, R. C. K., “Perspectives on machine
learning for classification of schizotypy using fMRI data”, Schizophrenia Bulletin, 2018, 44(suppl 2), S480-S490,
by permission of Oxford University Press.

There are several approaches to determine the group-separating classifiers (Schmah et al., 2010).
One of these is support-vector machine (SVM) learning, a widely-used method of supervised machine
learning with neuroimaging data (Figure 13 B; Dwyer et al., 2018; Madsen et al., 2018; Orru et al., 2012;
Schmabh et al., 2010). Supervised approaches rely on labelled data for pattern classification (Madsen et
al., 2018). More specifically, SVM is a multivariate pattern classification technique which aims to find
a decision function to categorise individual observations into distinct classes based on data in high-
dimensional space (Orru et al., 2012). With this method, the margin between two a priori defined (i.e.,
labelled) groups (e.g., diagnostic categories) is maximised by relying on so-called support vectors, i.e.,
those examples lying closest to the group-separating plane (Madsen et al., 2018; Orru et al., 2012). The
algorithm is thus based on those examples that are hardest to categorise. With a soft margin,
misclassification is allowed to ensure the generalisability of the classifier (Dwyer et al., 2018; Madsen
et al., 2018). The trade-off between maximal margin and misclassification can be optimised within the
machine learning framework to find the best solution for the data and research question (Dwyer et al.,
2018; Madsen et al., 2018). Complementing previous univariate analysis methods, Study V uses an
SVM-based machine learning approach to separate individuals on the schizophrenia spectrum and

healthy controls and to examine how individuals with high levels of schizotypy are classified.
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2.5 Assessment of schizophrenia and schizotypy

The schizophrenia spectrum covers a broad range of symptoms and experiences that can be
assessed with various different methods. In clinical settings, strict classification criteria guide experts
to determine which - if any — diagnostic category a patient is assigned to, e.g., using the International
Classification of Diseases (ICD; World Health Organization, 1993) or Diagnostic and Statistical Manual
of Mental Disorders (DSM; American Psychiatric Association, 2000) manuals and criteria that were also
employed in Study V. Symptom ratings can further inform classification and are useful in clinical and
research contexts. For example, the positive and negative syndrome scale (PANSS) for schizophrenia
(Kay, Fiszbein, & Opler, 1987) is used by clinicians to rate the absence or presence and severity of
positive, negative, and general psychopathological symptoms.

In the subclinical domain, a wide range of methods have been developed to assess schizotypy,
including self-report questionnaires and interviews (see Mason, 2015, for a comprehensive review). In
Study V of the present dissertation, the German version of the short Oxford-Liverpool Inventory of
Feelings and Experiences (O-LIFE) questionnaire (Grant et al., 2013; Mason, Claridge, & Jackson, 1995;
Mason, Linney, & Claridge, 2005) is used to assess the schizotypy dimensions unusual experiences,
cognitive disorganisation, introvertive anhedonia, and impulsive nonconformity. Exemplary items for
each scale are in Table 1. The O-LIFE is based on the fully-dimensional conceptualisation of schizotypy
(see 1.6.2; Grant et al., 2013; Mason & Claridge, 2006). Its short version consists of 43 items. Each item
is a question, and participants are asked to indicate whether it applies to them or not (yes/no). Cut-off
thresholds can be used to assign participants to high and low scorers, e.g., on the overall score or
positive (unusual experience) and negative schizotypy (introvertive anhedonia; Meyhofer et al., 2017;
Morgan, Bedford, O'Regan, & Rossell, 2009; Park, Lim, Kirk, & Waldie, 2015). The O-LIFE questionnaire
is widely used and has good test-retest reliability, internal consistency (Grant et al., 2013; Mason et al.,

1995), and construct validity (Mason, 2015).

Table 1: Exemplary items for each scale of the O-LIFE questionnaire

Item Scale

Have you ever thought that you had special, almost magical powers? Unusual experiences

Are you easily distracted when you read or talk to someone? Cognitive disorganisation
Do you like mixing with people? (reverse) Introvertive anhedonia

Do you often feel the impulse to spend money which you know you

Impulsive nonconformit
can’t afford? P Y
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3 Summaries of experimental studies

The five experimental studies included in this dissertation are listed in Table 2.

Table 2: Overview of the experimental studies integrated in this dissertation.

Number Reference

II

III

IV

Schroder, R., Baumert, P. M., & Ettinger, U. (2021). Replicability and
reliability of the background and target velocity effects in smooth pursuit eye
movements. Acta Psychologica, 219, 103364.
https://doi.org/10.1016/j.actpsy.2021.103364

Schréder, R., Reuter, M., FafSbender, K., Plieger, T., Poulsen, J., Lui, S. S.,
Chan, R. C. K., & Ettinger, U. (2021). The role of the SLC6A3 3’UTR VNTR in
nicotine effects on cognitive, affective, and motor function.
Psychopharmacology, 239(2), 489-507. https://doi.org/10.1007/s00213-021-
06028-x

Schréder, R., Kasparbauer, A. M., Meyhofer, 1., Steffens, M., Trautner, P., &
Ettinger, U. (2020). Functional connectivity during smooth pursuit eye
movements. Journal of Neurophysiology, 124(6), 1839-1856.
https://doi.org/10.1152/jn.00317.2020

Schréder R., Keidel, K., Trautner, P., Radbruch, A., & Ettinger, U. (2022).
Neural mechanisms of background and velocity effects in smooth pursuit eye
movements. Human Brain Mapping, 44(3), 1002-1018.
https://doi.org/10.1002/hbm.26127

Schréder, R., Faiola, E., Urquijo, M. F., Bey, K., Meyhofer, I., Steffens, M.,
Kasparbauer, A. M., Ruef, A., Hogenauer, H., Hurlemann, R., Kambeitz, ].,
Philipsen, A., Wagner, M., Koutsouleris, N., & Ettinger, U. (2022). Neural
correlates of smooth pursuit eye movements in schizotypy and recent onset
psychosis: A multivariate pattern classification approach. Schizophrenia
Bulletin Open, 3(1), 1-13. https://doi.org/10.1093/schizbullopen/sgac034
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3.1 Study I: Reliability of the background and velocity effects in SPEM

Detrimental effects of structured backgrounds on SPEM accuracy belong to the most robust
observations in SPEM research (e.g., Barnes & Crombie, 1985; Hutton et al., 2000; see section 1.4.1).
Similarly, increasing target velocity impairs SPEM with large effect sizes (e.g., Collewijn & Tamminga,
1984; Ettinger et al., 2004; see also section 1.4.3).

In previous investigations on SPEM reliability, mostly moderate to good reliability indices were
found for direct SPEM outcomes (Bargary et al., 2017; Calkins et al., 2003; Ettinger, Kumari, Crawford,
et al., 2003; Roy-Byrne et al., 1995; Versino et al., 1993), and reliability was higher for faster compared
to slower target velocities (Ettinger, Kumari, Crawford, et al., 2003). Critically, however, the
background and velocity effects (i.e., the difference measures of SPEM performance) have not yet been
studied systematically regarding their reliability. This lack of research is critical as it has recently been
demonstrated that robust task effects at group level often do not translate into reliable individual
difference measures, a phenomenon termed the reliability paradox (Hedge et al., 2018). Notably, if
these SPEM task effects prove to be reliable, they might be applied in the future, e.g., concerning their
correlation with schizotypy.

Therefore, this study aimed at (1) replicating the background and target velocity effects and (2)
investigating the reliability of both these effects and the direct performance outcomes. Additional aims
were to explore task length and repetition effects on SPEM performance and on performance reliability.

A sample of N =45 healthy participants performed a SPEM task employing three sinusoidal target
velocities (0.2 Hz, 0.4 Hz, 0.6 Hz) in the presence and absence of a structured background consisting of
a grid of white circles (Figure 14). The task was presented at the same time of day at two time points

approximately one week apart. Short and long versions of the task were compared where each task

time

Figure 14: Schematic depiction of the target display.

Note. The target moved at 0.2 Hz, 0.4 Hz, and 0.6 Hz in the absence (left) and presence (right) of the stationary
background stimuli. Each target velocity was presented once with and once without background stimuli for 30 s.
Order of the conditions was randomised.
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condition (i.e., each velocity x background pairing) was presented once (block A) or twice (blocks A and
B) for 30 s in randomised order. Eye movements were assessed using VCPCR, and SPEM gain was
analysed as the primary performance outcome. Reliability was calculated with split-half and test-retest
methods using intraclass (ICC) and Pearson correlations. The individual background effect was
calculated as the difference in SPEM gain between the conditions without and with backgrounds. The
individual velocity effect was calculated as the differences in SPEM gain between the 0.2 Hz and 0.6 Hz
velocity conditions.

In line with previous investigations large velocity and background effects were observed for
SPEM gain (Figure 15, panel A). In addition, task performance was significantly better in the second

compared to the first assessment. There were significant interactions between the background and
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Figure 15: Key findings from Study I.

Note. Mean SPEM gain (panel A) at the first and second assessment day (T1, T2) in blocks A and B as a function of
the target velocity and background conditions. Error bars in panel A represent standard errors. Intraclass
correlation (ICC) reliabilities for the SPEM gain background effect (panel B; no background condition minus
background condition) and SPEM gain velocity effect (panel C; 0.2 Hz condition minus 0.6 Hz condition). Error
bars in panels B and C represent the upper and lower limit of the 95% confidence interval.

Adapted from “Replicability and reliability of the background and target velocity effects in smooth pursuit eye
movements” by Schroder, R., Baumert, P. M., & Ettinger, U., 2021, Acta Psychologica, 219, p. 6, and Appendix A.
Supplementary data, p. 5. Material has been modified (rearrangement of the panels). Licensed under CC BY-NC-
ND 4.0.
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velocity factors (indicating larger background effects with increasing target velocity), the background
and time factors (indicating that gain increased from T1 to T2 only in the background condition) as well
as the velocity and time factors (indicating that gain increased from T1 to T2 only in the 0.6 Hz velocity
condition), but no further interactions and no main effect of block. Hence, performance was relatively
stable from the first to the second half of the long version of the task.

Analyses of reliability showed similar results for the ICC and Pearson correlations. Reliability
scores of the velocity and background effects were largely good to excellent (Figure 15, panels B and C).
Reliability scores of the direct performance outcomes were fair to good at lower target velocity without
background but good to excellent at higher target velocity and in the background conditions. The longer
version of the task achieved higher retest reliability scores than the shorter version in nearly all
conditions, and split-half reliability was consistently higher on the second than the first assessment
day. However, confidence intervals overlapped, suggesting that these differences were not significant.

The results of this study complement a long series of earlier findings and thus confirm the
robustness of the background (e.g., Barnes & Crombie, 1985; Collewijn & Tamminga, 1984; Hutton et
al., 2000; Kaufman & Abel, 1986; Lindner et al., 2001; Meyhofer et al., 2019) and velocity effects (e.g.,
Collewijn & Tamminga, 1984; Lisberger et al., 1981; Meyhofer et al., 2019; Nagel et al., 2008) in SPEM.
Intriguingly, these results also demonstrate that velocity and background effects are reliable,
suggesting that the so-called reliability paradox found for standard cognitive tasks cannot simply be
extended to SPEM performance outcomes (Hedge et al., 2018). Reasons for this discrepancy might be
higher ecological validity in oculomotor tasks (Burgess et al., 2006), lower task impurity, and fewer
biases such as speed-accuracy trade-offs (Draheim, Mashburn, Martin, & Engle, 2019; Miller & Ulrich,
2013). These findings are well in line with evidence from other forms of oculomotor behaviour, such as
saccades and fixation (Castelhano & Henderson, 2008; de Haas, Ilakovidis, Schwarzkopf, &
Gegenfurtner, 2019; Linka & de Haas, 2020; Meyhofer, Bertsch, Esser, & Ettinger, 2016). Employing a
longer task version improved reliability at a descriptive level. As this improvement was not significant,
no clear recommendations for task length in future studies can be drawn. Similarly, the difference in
split-half reliabilities between sessions (T1 < T2) was not significant, but the pattern of results hints at
a possible reduction in error variance at T2. Relatively low reliability scores for SPEM gain in the
condition with slow targets and no background might be due to a ceiling effect of performance and
resulting low between-subject variance. Performance was reasonably stable within each session, as the
factor task block had no significant effect. Crucially, however, SPEM gain improved when the task was
repeated after one week, consistent with a practice effect between sessions. Interactions with the
background and velocity factors suggest that this effect might be due to learning effects (Eibenberger,
Ring, & Haslwanter, 2012; Kerkhoff et al., 2013) in the more challenging task conditions, i.e., in the

background conditions and at higher target velocity.
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Taken together, the findings from this study demonstrate that the SPEM background and velocity
effects are not only highly replicable but also reliable, demonstrating that they also lend themselves to

the study of individual differences.

3.2 Study II: Nicotine effects on SPEM

The effect of nicotine on SPEM has been extensively researched, with largely positive (e.g.,
Dépatie et al., 2002; Meyhofer et al., 2019) but also negative (e.g., Sibony et al., 1988; Thaker et al.,
1991) and null (e.g., Kasparbauer et al., 2016; Schmechtig et al., 2013) effects on SPEM performance.
Some of these discrepancies might be explained by differences in study design, such as dosage (Almeida
et al., 2020) and participants’ smoking (Avila et al., 2003; Domino et al., 1997) and psychiatric status
(Olincy et al., 1998; Sherr et al., 2002), or should be interpreted with caution due to methodological
deficits, such as poor or no control conditions and lack of blinding (Avila et al., 2003; Domino et al.,
1997, Olincy et al., 1998; Olincy, Johnson, & Ross, 2003; Sherr et al., 2002; Sibony et al., 1988; Thaker
et al., 1991). Importantly, another line of argument points to interindividual differences at the genetic
level contributing to these heterogeneous results (Bogdan et al., 2012; Hariri, 2009; Siebner et al.,
2009).

The dopaminergic and cholinergic systems have been identified as important neurotransmitter
systems underlying SPEM (Allman et al., 2012; Heishman et al., 2010; see also 1.5). A key element of
the dopamine system is the DAT which regulates synaptic dopamine availability by controlling the re-
uptake of dopamine into the presynaptic neuron (McHugh & Buckley, 2015; see also 1.5.3). The
striatum is the area of the highest DAT density (Piccini, 2003). Strikingly, it also has a pivotal role in
dopamine response to nicotine (Cachope et al., 2012; Threlfell et al., 2012). The SLC6A3 VNTR
polymorphism is investigated as a potential moderator of heterogeneous results in response to
pharmacological challenges. 9R-carriers typically react more strongly to the administration of
substances that act on the dopaminergic system (e.g., Brewer et al., 2015; Franklin et al., 2011; see also
1.5.3) and have higher DAT-availability than 10R-homozygotes (e.g., Faraone et al., 2014; see also
1.5.3).

It was therefore hypothesised that the differences between genotype groups in response to pro-
dopaminergic challenges are a result of differences in baseline DAT availability (9R>10R) and ensuing
synaptic dopamine levels (9R<10R). Specifically, we expected 9R-carriers to respond more strongly (i.e.,
show higher SPEM performance increases) to nicotine than 10R-homozygotes and that this effect is
mediated by spontaneous blink rate (SBR), which was assessed as a non-invasive and indirect measure

of dopamine function in striatum (Jongkees & Colzato, 2016).
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To test these hypotheses, N = 194 participants, stratified for their SLC6A3 genotype, were given
2 mg nicotine or placebo in a between-subjects design. In addition, SBR was obtained in an initial
fixation paradigm. Then, participants performed a SPEM task with sinusoidal targets moving at three
different velocities (0.2 Hz, 0.4 Hz, 0.6 Hz) in the presence or absence of a structured background
consisting of a 6-by-6-grid of white circles (as in Study I, Figure 14). SPEM gain was computed as the
primary performance outcome. Additional tasks were administered that are not relevant to the present
dissertation, which is why no further details are reported here.

Substantial SPEM task effects were observed, replicating previous findings of performance
decreases in the presence of a structured background and with faster target velocity (Figure 16).
However, no significant drug or genotype effects on SPEM gain and no interaction of the two factors

could be observed. Bayesian analyses confirmed these null results. The proposed conditional process
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Figure 16: Key findings from Study II.

Note. Effects of the between-group factors substance and SLC6A3 VNTR genotype and the within-group factors
background (present, absent) and target velocity (0.2 Hz, 0.4 Hz, 0.6 Hz) on SPEM gain. Data are presented as mean *
standard errors.

Reprinted from “The role of the SLC6A3 3' UTR VNTR in nicotine effects on cognitive, affective, and motor function”,
by Schroder, R., Reuter, M., FafSbender, K., Plieger, T., Poulsen, J., Lui, S. S. Y., Chan, R. C. K., & Ettinger, U., 2022,
Psychopharmacology, 239(2), p. 497. Licensed under CC BY 4.0.
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model testing the mediating effect of SBR on the drug effect on SPEM gain and its moderation by
genotype yielded no significant results.

The absence of a nicotine effect is surprising given the substantial overlap in study and task
design with a previous study (Meyhofer et al., 2019) that reported enhancing effects of nicotine on
SPEM performance with large effect sizes. The only major methodological deviation was the use of a
between-subjects design in our study compared to a within-subjects design in the previous study.
Between-subjects designs have lower statistical power than within-subjects designs due to the lower
controllability of within-subjects effects (Karpouzian et al., 2019). Importantly, however, we tried to
overcome this constraint by choosing a much larger sample size with 90% power to detect a medium
effect. It is, therefore, unlikely that our results were due to low statistical power. This notion was also
supported by Bayesian analyses, which provided strong evidence not to include the drug and genotype
factors in the models. Our results are consistent with some prior null findings (Kasparbauer et al., 2016;
Schmechtig et al., 2013) and thus do not necessarily refute previous positive observations. Rather, they
point to the sensitivity of nicotine effects to changes in task design and thus underline the importance

of identifying and addressing potential moderators and establishing transparent research standards.

3.3 Study IlI: Functional connectivity during SPEM

A brain network of cortical and subcortical areas controls SPEM. The main components of this
network have been identified using neuroscientific methods. They include visual areas in occipital
cortex such as V1 and V5, PPC, FEF, and SEF as well as subcortical structures including LGN (e.g., Lencer
& Trillenberg, 2008; see also 1.3). Critically, little is known concerning the interaction of these brain
areas in terms of functional connectivity during SPEM. The only study that assessed task-based
functional connectivity (Acs & Greenlee, 2008) showed in a small sample that attention modulates the
bottom-up connection from V1 to V5. In order to broaden our understanding of the interplay of these
and other key regions of the oculomotor network during SPEM, this study aimed to investigate task-
based functional connectivity in a large sample. Secondary aims were to explore the effects of target
velocity on performance, regional brain activity, and functional connectivity and investigate brain-
behaviour relationships in terms of individual differences.

A sample of 57 healthy participants performed a blocked sinusoidal SPEM task with two target
velocities (0.2 Hz, 0.4 Hz) and baseline fixation blocks while undergoing fMRI assessment. Functional
connectivity (gPPI; see 2.3.3) was analysed separately for both conditions (vs. baseline) and the velocity
contrast (0.4 Hz vs. 0.2 Hz) for ten seed regions (LGN, V1, V5, PPC, and FEF in both hemispheres).

Analyses of behavioural data yielded large target velocity effects in all three dependent variables (SPEM
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gain, RMSE, and total saccade rate) indicative of decreased SPEM accuracy (lower gain, higher RMSE)
and higher rates of saccades with faster targets.

Traditional analyses of regional BOLD activity during SPEM revealed increased BOLD response
in both the low and high velocity contrasts in the known SPEM network, i.e., in occipito-temporal
clusters (including visual areas V1 and V5), inferior and posterior divisions of the parietal cortex, FEF,
SEF, middle cingulate gyrus, and in thalamus (encompassing LGN). Higher vs. lower target velocity was
associated with increased BOLD response in occipital cortex.

The gPPI analyses revealed widespread networks for both velocity conditions and all seed regions
(see Figure 17 for exemplary data for the left seed regions and the high target velocity vs. fixation
contrast). Increased coupling from LGN during SPEM vs. fixation was found in occipital, cingulate, and
subcortical brain regions. Connectivity from V1 was observed primarily in occipital cortex, similar to
that of V5, which additionally encompassed parietal and frontal areas. The seed region in PPC showed
connectivity to other parietal areas, as well as temporal, occipital, and frontal cortex and cerebellum.
Connectivity from FEF spread across the entire cortex and encompassed frontal, parietal, occipital,
temporal, insular, and cingulate brain areas. In addition, connectivity to subcortical structures,
including putamen and thalamus, was observed. Connectivity patterns did not significantly differ
between the high and low target velocity conditions.

Contrary to our expectations, there were no significant associations between the behavioural
outcome variables and brain activity in whole-brain regression analyses and no significant correlations
between the behavioural outcome variables and extracted brain activity from areas of interest (LGN,
V1, V5, PPC, FEF).

The results of this study replicate previous findings that identified the components of the SPEM
network (e.g., Berman et al., 1999; Lencer et al., 2004; Petit & Haxby, 1999). In addition, results point
to the robustness of the behavioural velocity effect in SPEM (e.g., Collewijn & Tamminga, 1984;
Lisberger et al., 1981; Meyhofer et al., 2019). For the first time, functional connectivity during SPEM
was investigated systematically and comprehensively, revealing the close interplay of the major
components of the SPEM network. Functional connectivity from areas involved in early SPEM-related
processes (LGN, V1, V5) was more regionally focused, especially in visual areas. Areas higher in the
oculomotor hierarchy (PPC, FEF) showed more widespread connectivity patterns with a strong fronto-
parietal focus.

These findings partially overlap with analyses of structural and resting-state connectivity (e.g.,
Caspers & Zilles; Geng, Scholvinck, Bergmann, Singer, & Kohler, 2016; Hampson, Olson, Leung,
Skudlarski, & Gore, 2004; Hutchison et al., 2012). Interestingly, task-based functional connectivity was
also found in areas outside the traditional oculomotor network, including DLPFC, suggesting a more

elaborate interplay of these areas during SPEM (O'Reilly et al., 2012).
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Figure 17: Exemplary key findings from Study III for one seed region and task contrast.

Note. Functional connectivity (gPPI) from the LGN (lateral geniculate nucleus), V1, V5, PPC (posterior parietal
cortex), and FEF (frontal eye field) seed regions in the left hemisphere at high velocity SPEM (0.4 Hz) vs. fixation.
Only clusters exceeding a 25 voxels minimum cluster size threshold are depicted. Results are corrected with whole-
brain family-wise error rate correction (FWE; p < .001) at peak level. Labels at the top refer to the z-coordinate of
the slices (Montreal Neurological Institute [MNI] space).

3.4 Study IV: Neural correlates of the background and velocity SPEM effects

As described above, SPEM performance is reliably degraded in the presence of a structured
background and with faster targets (e.g., Barnes & Crombie, 1985; Collewijn & Tamminga, 1984,
Hutton et al., 2000; Meyhofer et al., 2019; see 1.4.1 and 1.4.3). Crucially, the neural mechanisms of
these effects are insufficiently understood (see 1.4.2 and 1.4.4). Evidence concerning the background
effect is scarce. Results from fMRI, TMS, and lesion studies highlight the importance of different areas

in the parietal cortex for SPEM performance with background stimuli (e.g., Haarmeier & Kammer, 2010;
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Lawden et al., 1995; Ohlendorf et al., 2010; see also 1.4.2). Additionally, suppressing background
distractors might involve frontal cortex, as observed in tasks requiring response inhibition (Wager et
al., 2005). In some previous investigations, faster target velocity has been associated with increased
BOLD response across the entire SPEM network, including V1, V5, lateral intraparietal area, FEF, and
SEF (Nagel et al., 2008; Nagel et al., 2012). In investigations from our group, only visual cortex
responded to faster targets when data were analysed in separate samples (Kasparbauer et al., 2016;
Meyhofer et al., 2015; Steffens et al., 2016) and jointly across samples (see Study III).

Therefore, this preregistered study aimed to investigate the neural mechanisms of the
background and velocity effects in a sample of healthy participants with traditional and functional
connectivity methods. Secondary aims were to explore brain-behaviour-relationships with multiple
regression and correlation analysis approaches.

Thirty-three participants performed a sinusoidal SPEM task with the concurrent assessment of
eye movements and BOLD response. Target stimuli were presented at two velocities (0.4 Hz and 0.6 Hz)
in the presence and absence of a structured background (as in Studies I and II, Figure 14). SPEM blocks
alternated with baseline fixation blocks without background stimuli. SPEM gain, catch-up saccade rate,
and RMSE were calculated as SPEM performance outcomes.

Descriptively, for SPEM gain, background and velocity effects were observed in every single
participant. This observation was further supported by substantial main effects at the group level,
indicating decreased SPEM gain in the presence of a structured background and with faster targets.
Similarly, catch-up saccade frequency increased with background and with faster targets. For RMSE,
however, there was only a significant main effect of velocity, indicating higher position error with faster
targets but no effect of background. There was no interaction of the two factors for any dependent
measure.

At the neural level, analyses of regional BOLD response revealed task-related activity in the well-
known SPEM network, including primary visual and motion processing areas, parietal cortex, FEF, SEF,
cingulate gyrus, and LGN (Figure 18). For the background effect, enhanced BOLD response with
background was found in visual cortex, parietal cortex, medial FEF, SEF, and LGN. Regarding the
velocity effect, faster targets elicited BOLD response in visual cortex and left lateral FEF. There was no
interaction effect of the background and velocity factors at the neural level: the quality of the BOLD
task effect for one factor was independent of the expression of the other task factor.

In the SPEM vs. fixation contrast, gPPI connectivity from seed regions as in Study III was found
to cortical and subcortical structures. Notably, there were no differences in task-related connectivity
for the background and velocity effects and the background x velocity interaction. Task performance
outcomes (SPEM gain, catch-up saccade rate, and RMSE) did not predict BOLD response in separate

regression analyses for each condition. However, when correlating performance outcomes with
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extracted activity from the main effect clusters, in the 0.6 Hz no background condition, poorer SPEM
gain was associated with increased BOLD response in left V5. Moreover, catch-up saccade rate
positively correlated with BOLD response in right FEF in that condition. In the 0.4 Hz conditions with
background, increased SPEM gain was associated with higher BOLD response in left medial FEF. There
were no significant correlations for any other condition and the task effects.

The results of this study again replicate the background and velocity effects at the behavioural
level (Barnes & Crombie, 1985; Collewijn & Tamminga, 1984; Hutton et al., 2000; Meyhofer et al.,
2019; although not for RMSE). In addition, BOLD response was found in brain areas previously
identified as forming the SPEM network, substantiating findings from our own and other groups (e.g.,
Berman et al., 1999; Konen et al., 2005; Nagel et al., 2006 and Study III). Critically, the neural correlates
of the background and velocity effects were studied jointly for the first time. The background effect
relied on activity in widespread clusters with a strong visual and fronto-parietal focus. Interestingly,
BOLD response in FEF was located more medially than in the standard SPEM contrast and in the
conditions without background. This result — for the first time — points to functional specialisation of
FEF subregions during SPEM, suggesting a stronger involvement of medial FEF in more complex
cognitive processes, while lateral FEF might support motor function (Cieslik, Seidler, Laird, Fox, &

Eickhoff, 2016; Jin et al., 2021; Lencer et al., 2004; McDowell, Dyckman, Austin, & Clementz, 2008).

Figure 18: Key findings from Study IV.

Note. BOLD response during the SPEM task (all conditions vs. fixation; green) and in the background present vs.
absent (blue) and the high (0.6 Hz) vs. low (0.4 Hz) target velocity (red) contrasts. Only clusters exceeding a 10
voxels minimum cluster size threshold are depicted. Results are corrected with whole-brain family-wise error rate
correction (FWE; p < .05) at peak level. Labels at the top refer to the z-coordinate of the slices (Montreal
Neurological Institute [MNI] space).

Reprinted from “Neural mechanisms of background and velocity effects in smooth pursuit eye movements” by
Schroder R., Keidel, K., Trautner, P., Radbruch, A., & Ettinger, U., 2022, Human Brain Mapping, 44(3), 1002-1018.
Licensed under CC BY-NC 4.0.
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Increased BOLD response in parietal areas during SPEM with structured backgrounds is in line
with the putative involvement of the parietal cortex in attentional processes and processing of
movement relative to a frame of reference (Baumann & Greenlee, 2009; Ohlendorf et al., 2007;
Ohlendorf et al., 2010; Trenner et al., 2008). In good agreement with our own previous work (Study III),
the velocity effect was based on activity in visual cortex, and - for the first time with sinusoidal targets
— there was also evidence for the involvement of left lateral FEF, potentially related to higher motor
demands with faster targets (Cieslik et al., 2016; Nagel et al., 2008; Nagel et al., 2012). While task-based
functional connectivity analyses largely replicated previous findings (Study III), no connectivity-

related differences between the task conditions were identified.

3.5 Study V: Neural mechanisms of the SPEM BOLD response along the schizophrenia
spectrum

Deficits in SPEM performance outcomes belong to the most robust biomarkers of schizophrenia
spectrum disorders (e.g., Levy et al., 2010; O'Driscoll & Callahan, 2008; see also 1.6.3). Similar deficits
have also been observed in schizotypy (Gooding et al., 2000; Holahan & O'Driscoll, 2005; Kendler et
al., 1991; Lenzenweger & O'Driscoll, 2006; Meyhofer et al., 2015; Smyrnis et al., 2007), a general
tendency towards psychosis-like experiences and psychopathology at the subclinical level (see 1.6.2;
Ettinger et al., 2014; Kwapil & Barrantes-Vidal, 2015). However, at the descriptive level, SPEM
dysfunction is more subtle in high schizotypy than in schizophrenia spectrum disorders (Gooding et
al., 2000; Holahan & O'Driscoll, 2005; Lenzenweger & O'Driscoll, 2006; Meyhofer et al., 2017; Smyrnis
et al., 2007), and there is only partial overlap of deficits at the neural level when compared across
studies (Hong et al., 2005; Lencer et al., 2005; Meyhofer et al., 2015; Nagel et al., 2012).

So far, there is no direct comparison of patients with schizophrenia spectrum disorders and
individuals scoring high and low on schizotypy regarding the neural mechanisms underlying SPEM.
Even more importantly, these groups have not yet been compared in terms of task-based functional
connectivity during SPEM, although dysconnectivity is a widely endorsed explanation for the
pathophysiology of schizophrenia (Friston et al., 2016; Friston & Frith, 1995; Pettersson-Yeo et al.,
2011; Stephan et al., 2009; see also 1.6.1).

This study aimed to close these significant gaps in the literature. In addition to traditional mass-
univariate analyses of BOLD activity, machine learning analyses were applied to obtain classifiers
distinguishing between patients and controls. This approach was chosen as it may be more sensitive to
subtle group differences (Madsen et al., 2018). It was hypothesised that patients with schizophrenia
spectrum disorders (the recent onset psychosis [ROP] group) can be significantly distinguished from

healthy controls regarding behavioural performance, task-based BOLD activation, and functional
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connectivity (gPPI). In case of significant classification, the machine learning classifiers were applied
to groups of individuals scoring high on schizotypy to determine the likelihood of these participants
being classified as either ROP or healthy controls with low schizotypy scores (LS).

A total of 183 participants (N = 34 ROP, N = 62 LS, N = 46 participants with high levels of negative
schizotypy [HNS], N = 41 participants with high levels of positive schizotypy [HPS]) completed the study
at two sites. Participants performed a SPEM task with alternating SPEM (two sinusoidal target
velocities: 0.2 Hz, 0.4 Hz) and fixation blocks, and simultaneous measurement of BOLD activity and eye
movements. Three SPEM parameters were calculated (SPEM gain, RMSE, and saccade frequency) and
analysed for between-group differences. BOLD activity was compared between groups regarding two
contrasts: a SPEM contrast (all SPEM blocks vs. fixation) and a velocity contrast (0.4 Hz vs. 0.2 Hz). In
addition, gPPI analyses were carried out for both contrasts with seed spheres as in Studies III and IV.
SVM machine learning analyses were computed for multivariate pattern classification for the
behavioural data, both task contrasts, and each of the gPPI contrasts.

At the behavioural level, there was a significant group effect on RMSE, suggesting impaired SPEM
in the ROP group, although the subsequent t-tests did not survive Bonferroni correction. In addition,
there was a trend towards a group effect on SPEM gain but no effect on saccade rate. Pattern
classification did not yield a significant classifier for the behavioural data.

At the BOLD level, the task elicited activity in the well-known SPEM network, and the velocity
contrast revealed higher BOLD activity in visual cortex. However, there were no significant group
differences for any of the task or gPPI contrasts. Pattern classification was not significant for the two
task contrasts. The only significant classification for the gPPI contrasts was obtained for the
connectivity analyses with right FEF as seed regions. Here, patients and controls were separated with a
balanced accuracy of 62.4% (sensitivity =73.3%; specificity=51.5%; Figure 19). However, this
classification was not significant when correcting for multiple testing. The classification was based on
functional connectivity from right FEF to cortical and subcortical brain areas.

Applying the classifier to the two samples with high positive and negative schizotypy levels
produced decision scores that fell between those of patients and controls at the descriptive level.
However, decision scores did not significantly differ between the four groups. Regression analyses of
the effects of decision scores on BOLD activity in the combined schizotypal samples (HPS and HNS)
showed that a higher probability of being classified as ROP was associated with increased connectivity
from right FEF to multiple brain areas. Stacked analyses, combining decision scores from the traditional
BOLD and gPPI analysis levels separately for the SPEM and velocity contrasts, were not significant.

These results are largely at odds with previous investigations that yielded significant differences
in SPEM performance between patients with schizophrenia and controls with medium to large effect

sizes (O'Driscoll & Callahan, 2008).
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Figure 19: Key finding from Study V.

Note. Classification plot for the low schizotypy (LS) and recent onset psychosis (ROP) groups for the right frontal
eye field connectivity analysis. Positive support vector machine (SVM) scores indicate a higher likeliness of
belonging to the LS group, and negative SVM scores indicate a higher likeliness of belonging to the ROP group.
Circles are correctly classified individuals, and asterisks are incorrectly classified individuals. All blue symbols
belong to individuals from the LS group, and all red symbols belong to individuals from the ROP group. This
classification reached a balanced accuracy of 62.4%, sensitivity of 73.3%, and specificity of 51.5%.

In addition, group differences in BOLD activity during SPEM previously found in various
components of the SPEM network (e.g., Hong et al., 2005; Keedy et al., 2006; Lencer et al., 2005; Lencer
et al., 2011; Nagel et al., 2007; Nagel et al., 2012; Tregellas et al., 2004) were also not detected at the
neural level. The lack of significant results in the behavioural and mass-univariate BOLD analyses is
unlikely due to low statistical power as revealed by power analyses and when compared to sample sizes
of previous studies. Instead, relatively low performance accuracy in the LS group and diagnostic
heterogeneity in the ROP group must be considered potentially relevant factors.

However, combining brain integration with machine learning approaches proved to be promising
as using these methods a significant classification of patient and control data was obtained. Crucially,
these results must be interpreted with great caution as they were not significant after correction for
multiple analyses. The results tentatively point to both similarities and dissimilarities of individuals
with high schizotypy and patients with ROP.

To summarise, this study was the first to directly compare individuals with ROP and high and
low levels of schizotypy regarding BOLD activation and functional connectivity during SPEM with
traditional and machine learning methods. As such, it addressed a fundamental shortcoming in the

SPEM literature and laid the groundwork for further research.
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4 Discussion

SPEM occur whenever the eyes follow a slowly moving stimulus, making them a highly relevant
type of eye movement (Leigh & Zee, 2015). Their underlying mechanisms are still insufficiently
understood. This dissertation presented data from different psychological and neurobiological levels
to expand our knowledge of these mechanisms. Specifically, the behavioural, molecular, and neural
mechanisms of two very robust findings in the SPEM literature, namely the velocity and background
effects, were analysed (Studies I, IT and IV). Another focus of this dissertation was to address the lack
of research regarding functional connectivity of the brain areas involved in SPEM in healthy
participants (Studies III and IV) as well as in individuals with schizophrenia and high levels of

schizotypy (Study V).

4.1 Integration

411 Basic and neural mechanisms of SPEM

Data from Studies I-V demonstrated that participants were generally excellent at pursuing the
SPEM target with an average SPEM gain of up to 0.96. Participants achieved these high gain scores even
in unfamiliar and distracting environments such as MRI scanners (Studies III-V). However, SPEM was
often interspersed with catch-up saccades, illustrating the close interplay of the SPEM and saccade
systems in guiding eye movements (Goettker & Gegenfurtner, 2021; Orban de Xivry & Lefévre, 2007).
SPEM performance varied depending on specific task configurations, e.g., with the background
conditions and levels of target velocity, which will be discussed in sections 4.1.2 and 4.1.3, respectively.

In Study I, the reliability of SPEM outcome measures was investigated with split-half and test-
retest methods. SPEM gain achieved fair to good reliabilities for the slowest (and arguably easiest)
target velocity condition without background stimuli and good to excellent reliabilities for all other
conditions, corroborating previous results (Bargary et al., 2017; Calkins et al., 2003; Ettinger, Kumari,
Crawford, et al., 2003; Roy-Byrne et al., 1995; Versino et al., 1993). These results underline not only
the time-stability of SPEM outcomes also observed for other types of eye movements (Meyhofer et al.,
2016) but also their general applicability in individual difference research, where high reliability is a
prerequisite for identifying correlations between psychological measures (Parsons, Kruijt, & Fox, 2019;
Spearman, 1910). Critically, reliability was higher in the more challenging task conditions, e.g., with
background stimuli and faster targets, and for the long task version. Hence, based on our findings, it

can be recommended to prefer such task configurations in future studies focusing on individual



Discussion [69]

differences in SPEM and their correlation with other measures (e.g., schizotypy; Smyrnis et al., 2007).
Reliability scores were higher for SPEM gain than catch-up saccade rate and RMSE, reinforcing the
utility of SPEM gain as a powerful primary outcome measure in SPEM research (Smyrnis, 2008).

Studies III-V examined the neural mechanisms behind SPEM performance. All studies
employed SPEM paradigms with two sinusoidal target velocities (0.2 Hz and 0.4 Hz in Studies III and V
and 0.4 Hz and 0.6 Hz in Study IV). In Study IV, targets were presented either on a stationary
structured background or a blank background. In Studies III and V, all target stimuli were presented
on a blank background. BOLD correlates of the background and velocity effects will be discussed in
sections 4.1.2 and 4.1.3, respectively.

BOLD response in the simple task contrasts (SPEM vs. fixation) was highly similar in all three
studies, highlighting the remarkable consistency of the neural processes underlying SPEM in the
presented velocity range. Specifically, increased BOLD response during SPEM execution was found in
visual cortex (including V1 and V5), parietal cortex, frontal cortex (FEF and SEF), cerebellum, and
cingulate gyrus as well as subcortically in LGN in all three studies. These findings substantiate previous
evidence on the neural mechanisms of SPEM (e.g., Berman et al., 1999; Lencer et al., 2004; Petit
& Haxby, 1999; see 1.3).

Another aim of Studies III-V was to investigate, for the first time, the functional connectivity
of the SPEM network with a gPPI approach. Five brain areas (LGN, V1, V5, PPC, FEF) considered key
components of the SPEM network were selected as seed regions. It was determined how BOLD activity
across the whole brain correlated with activity in these regions in the context of the SPEM task. In
Study III, functional connectivity from LGN was found primarily to visual cortex and subcortical
structures. Similarly, connectivity from V1 mainly reached surrounding areas in occipital cortex and
striatum. Analyses with V5 seed regions showed connectivity to other visual clusters, thalamus, and
cerebellum but also higher cortical areas, including superior and posterior parietal cortex and FEF.
Connectivity from PPC was found to other areas in parietal cortex and to occipital, temporal, and
frontal cortex, including FEF and inferior frontal gyrus. Similarly, FEF connectivity was widely
distributed and encompassed cortical and subcortical areas, extending beyond the SPEM network. In
fact, effects were so strong that contrasts needed to be corrected with very strict thresholds to increase
the interpretability of the results. In Study IV, similar findings were obtained. However, connectivity
patterns covered a larger proportion of the cortex. Specifically, for V1, strong connectivity to frontal
areas (e.g., FEF, SEF) was observed, which was not evident in Study III. In addition, connectivity from
V5 reached frontal and parietal areas to a larger extent. In contrast, connectivity from PPC and FEF was
less widespread in Study IV than in Study III but continued to show a fronto-parietal focus for both
seed regions. In Study V, results (in the LS control group) were even more widespread than in Study

IV from all seed regions, particularly from LGN. However, this result should be interpreted with caution
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as LGN is a small structure (M. Li et al., 2012) and it cannot ultimately be ruled out that the seed spheres
positioned at putative LGN also covered other parts of the thalamus. In general, more distributed
connectivity observed in Studies I'V and V might result from different statistical designs and greater
power compared to Study III, as the low and high target velocity conditions were analysed jointly.

The findings obtained in Studies III-V for functional connectivity during SPEM highlight the
remarkable interplay of the brain areas underlying SPEM. As expected, early components of the visual
stream, such as LGN and V1, work closely together (Nassi & Callaway, 2009). Interestingly, however,
they also showed connectivity to areas higher in the oculomotor hierarchy, such as FEF and PPC, in line
with a previous investigation of task-dependent connectivity during attentional tasks (Griffis,
Elkhetali, Burge, Chen, & Visscher, 2015). Of note, observations of increased gPPI connectivity
between brain areas do not necessarily imply a direct causal influence of one area on another nor give
insight into the direction of effects (O'Reilly et al., 2012). Therefore, the reported findings might reflect
signal propagation along the visual hierarchy, negative feedback loops, or the influence of a common
input source (e.g., a third brain area). The specific nature of these connections has to be clarified in
future investigations with more precise analysis approaches such as dynamic causal modelling (DCM;
Daunizeau, David, & Stephan, 2011; Friston et al., 2019).

The widespread functional interconnections of area V5 were particularly evident in Studies IV
and V and match previous findings (C. M. Taylor, Olulade, Luetje, & Eden, 2018; Zeki, 2015). Based on
the available evidence, it is clear that V5 is not only responsible for processing motion (Barton, Sharpe,
& Raymond, 1996; Chawla et al., 1999) but that — in interaction with other areas - it is also involved in
higher-order processes, including transformation between space coordinate systems and from sensory
to motor signals (Kimmig et al., 2008). The claim that V5 additionally receives and processes
extraretinal information is supported by evidence on three levels: (1) V5 activity is modulated by
attentional input from PPC (Acs & Greenlee, 2008; Friston & Biichel, 2000), (2) V5 subregions respond
more strongly during SPEM than during pure motion processing despite smaller retinal image motion
(Barton, Simpson, et al., 1996), and (3) V5 subregions can be active without motion input (Dukelow et
al., 2001). Our findings of close coupling between V5 and other components in and outside the SPEM
network fit well with that line of reasoning.

The broad connectivity patterns from FEF and PPC found in Study III and replicated to a lesser
extent in Studies IV and V parallel what has been found for these regions at rest (Bueichekd et al.,
2015; Hutchison et al., 2012). In addition, the exceptionally close interplay of frontal (e.g., FEF) and
parietal (e.g., PPC) brain areas during SPEM found in our studies echoes findings from cognitive tasks
involved in attention (Corbetta, Shulman, Miezin, & Petersen, 1995; Markett et al., 2014; Thiebaut de
Schotten et al., 2011). Similarly, both FEF and PPC have been associated with attentional processes
during SPEM (Baumann & Greenlee, 2009; Jin et al., 2021; Ohlendorf et al., 2007). Consequently, it is

reasonable to assume that the allocation of attentional resources during SPEM is controlled by the



Discussion [71]

functional interplay of FEF and PPC, which should be further corroborated by experimental findings.
Other functions attributed to FEF and PPC are dynamic gain control of retinal and extraretinal signals
(Gagnon et al., 2006; Ono, 2015) for the former and processing for target velocity relative to a frame of
reference (Ohlendorf et al., 2010) for the later. These functions are inherently connectionist, reflecting
the integration of information of different types. While our results are compatible with these views, our
methodological approaches do not allow us to draw more precise conclusions on how the SPEM network
supports these functions.

FEF showed enhanced connectivity to DLPFC during SPEM, an area not typically involved in
standard SPEM tasks. Instead, BOLD response in DLPFC is usually only found in tasks requiring higher
cognitive effort, e.g., when the target is briefly blanked (Kawawaki et al., 2006; Lencer et al., 2004; Nagel
et al., 2006; Nagel et al., 2008). Connectivity between these areas points to a more intricate interplay
during SPEM with a time course not simply represented by the boxcar function of the task (O'Reilly et
al., 2012).

In summary of this section, the evidence presented here clearly substantiates earlier findings
concerning the reliability of SPEM performance outcomes and the identification of areas involved in
SPEM. In addition, new insights into the close interplay of these areas were presented. From our
findings, it can be concluded that gPPI analyses are potent tools for studying functional connectivity
of the oculomotor system. The results presented here call for a rethinking of the traditional approach
of functional specialisation in the oculomotor system and prompt a transition towards a broader
perspective of functional integration, in which the functional roles of specific areas are defined by their

interconnections (Daunizeau et al., 2011).

4.1.2  The background effect

The so-called background effect refers to the degradation of SPEM performance in the presence
of a structured background (see 1.4.1). In this dissertation, three studies were presented reporting data
on this effect. Crucially and remarkably, the effect was found in all three publications (Studies I, II,
and IV) for the primary outcome measure SPEM gain with large effect sizes (1,2 up to 0.72). Studies I
(see Supplementary Material of the corresponding publication) and I'V additionally reported results for
catch-up saccade rate and RMSE. A large background effect was found for RMSE in Study I but not in
Study IV. For catch-up saccade rate, the pattern of results was reversed: there was a large background
effect in Study IV but no significant effect in Study I (as in Meyhofer et al., 2019). Overall, these
findings indicate that the background effect is highly robust for SPEM gain, which is well in line with
previous evidence (e.g., Barnes & Crombie, 1985; Collewijn & Tamminga, 1984; Hutton et al., 2000;

Kaufman & Abel, 1986; Meyhofer et al., 2019). However, the effect might not be as robust for other
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outcomes of SPEM. A possible explanation for this pattern of results could be that performance
degradation occurs mainly in the velocity domain of SPEM, primarily captured by SPEM gain. This claim
is supported by the fact that in Study IV, exploratory data analyses found larger position error in the
horizontal than in the vertical domain (data not shown). Vertically, background stimuli might even
guide eye movements by serving as a visual barrier (Eggert et al., 2009; Ladda et al., 2007). This
interpretation is also compatible with the inconsistent effect on catch-up saccade rate. While the need
for compensatory saccades is increased with increasing velocity error, compensation does not
necessarily have to occur in terms of increased saccade rate. Rather, catch-up saccades might be
generated at the same rate but with larger amplitudes in the background condition, which should be
further investigated in the future.

The reliability of the background effect was investigated in Study I. While this effect was found
in virtually every participant, there were substantial individual differences between participants. The
resulting reliability indices were good to excellent for all target velocity conditions. Test-retest
reliabilities were descriptively higher for the longer version of the task (Cicchetti, 1994), and split-half
reliabilities were higher at T2 than at T1. Comparing these reliabilities to those of difference measures
in other cognitive tasks, it is apparent that the SPEM outcomes performed considerably better,
suggesting that the so-called reliability paradox does not necessarily extend to oculomotor tasks
(Hedge et al., 2018). This divergence might be explained by better ecological validity, lower task
impurity, and less influence of response biases (Burgess et al., 2006; Draheim et al., 2019; Miller
& Ulrich, 2013) in SPEM tasks compared to standard cognitive tasks. Study I thus provided the
foundation for all future studies on the correlation of SPEM task effects and other outcomes, thereby
following recent recommendations for sound scientific practice when presenting results of cognitive
tasks (Parsons et al., 2019).

The neural mechanisms of the background effect were investigated in Study IV. Based on
previous findings from fMRI and lesion studies, increased activity in parietal and frontal brain areas
was expected. Consistent with this preregistered hypothesis, higher BOLD response in the conditions
with compared to without a stationary background was found across almost the entire SPEM network.
BOLD response was particularly strong in clusters encompassing occipital and parietal cortex. In
addition, increased BOLD response was found in LGN, SEF, and FEF. Increased BOLD in early visual
areas is not surprising, given the higher visual input of the background condition (Tootell et al., 1998).
Findings in parietal cortex were widespread, which is in good agreement with what was expected based
on previous findings (Lawden et al., 1995; Ohlendorf et al., 2010), underlining the notion that PPC
might be relevant in processing target velocity relative to a frame of reference (Ohlendorf et al., 2010).

A particularly intriguing finding was the increased BOLD response in the background conditions
in medial FEF. Based on our findings and results from the saccade literature, a specific functional

specialisation of the FEF subregions during SPEM can be proposed. We argue that lateral FEF are
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implicated with the more automatic motor aspects of SPEM, whereas medial FEF are involved in the
more demanding cognitive control of SPEM, similar to a division of roles suggested for the control of
saccadic eye movements (Cieslik et al., 2016; McDowell et al., 2008).

Crucially, there were no differences in connectivity between the background conditions. This
finding is surprising at first sight since the connectivity maps for the simple SPEM contrast were very
strong. However, it cannot be ruled out that statistical power was too low to detect differences in terms
of connectivity (O'Reilly et al., 2012).

The background effect was observed behaviourally with a very large effect size in Study II.
However, it was not influenced by nicotine which is not consistent with a previous investigation from
our group that found an interaction of drug and background conditions indicative of a reduced
background effect under nicotine compared to placebo (Meyhofer et al., 2019). Therefore, our results
cannot support previous claims that nicotine improves SPEM performance, particularly in the presence
of background distractors, by enhancing attentional filtering or facilitating attentional control (Hahn,
2015; Meyhofer et al., 2019). However, the discrepancy between our and the previous study should also

be interpreted in the light of the absence of a main effect of nicotine discussed in 4.1.5.

4.1.3 The velocity effect

With increasing target velocities, SPEM performance accuracy declines, a phenomenon referred
to as the velocity effect (e.g., Collewijn & Tamminga, 1984; Lisberger et al., 1981; Meyhofer et al., 2019;
Nagel et al., 2008). Strikingly, this effect was observed in all five publications integrated into this
dissertation with large effect sizes (n%, up to 0.95, Study IV), highlighting the remarkable consistency
of SPEM performance decreases with faster targets across different task designs and contexts. Of note,
we found the effect in all dependent variables investigated here, i.e., in SPEM gain (Studies I-V), catch-
up saccade rate (Studies I, IV), total saccade rate (Studies III, V), and RMSE (Studies I, III-V).

The reliabilities of the individual velocity effect (performance difference between the slowest
and fastest target conditions) were determined in Study I. They were fair to excellent across all
reliability types and for both background conditions. Test-retest reliabilities were descriptively higher
for the longer version of the task, and split-half reliabilities were higher at T2 than at T1. Coinciding
with the results of the background effect, these results imply that the reliability paradox (Hedge et al.,
2018) does not necessarily apply to SPEM velocity effects. Therefore, these effects can be regarded as
well suited for studying correlations with other outcomes such as schizotypal personality.

Neural correlates of the velocity effect were examined in Studies III-V. Echoing the results on
the behavioural level, striking consistency across studies was obtained despite different target

velocities and amplitudes. All three studies found higher BOLD response with faster compared to slower
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targets in clusters in visual cortex surrounding visual area V1. In Study IV, there was an additional
small cluster in left lateral FEF. Although these findings are all remarkably similar, they differ from
previous investigations (Nagel et al., 2008; Nagel et al., 2012) that reported more widespread
activations with faster targets. Of note, these broader activations encompassing V1, V5, lateral
intraparietal cortex, lateral FEF, SEF, thalamus, putamen, and cerebellum were obtained with a wider
velocity range (see 4.2), shorter targets more suitable to study SPEM initiation and regression analyses,
impairing direct comparison with our statistical design. A systematic comparison of task configurations
with different velocity patterns has yet to be realised.

From our findings, we can infer that processing of higher target velocities is associated with
increased BOLD response in visual cortex, likely due to greater retinal slip (Ilg & Thier, 1996) as the
SPEM system cannot fully meet the higher demands and lags behind the target. At the same time,
higher cortical areas do not necessarily respond with stronger activity apart from left lateral FEF, which
was significant in only one study. Thus, with target velocities in the medium range as employed in the
studies here, the SPEM system does not appear to operate according to a more-is-more principle
outside primary visual areas. Rather, once the system is turned on, it seems to work at similar levels of
intensity even when faster targets place objectively higher demands on the system. The small cluster
in left lateral FEF in Study IV and findings from additional analyses with lower statistical thresholds
reported in the supplementary material of the same study (also evident but not reported in Studies III
and V), however, imply that there might be very small BOLD increases also in higher areas that do not
survive correction for multiple testing. Another explanation for our results is that neural mechanisms
of the SPEM system are not only expressed in simple linear dependencies. Instead, certain areas might
exhibit a non-linear association with target velocity, such as an inverted-U-shaped pattern that cannot
be captured with our limited target velocity range (Chawla et al., 1999). An alternative line of argument
would be that processing faster target velocity is accompanied by a change in functional connectivity.
However, our findings from the gPPI analyses in Studies III-V did not provide evidence for this
hypothesis. Despite the large effects in the simple task contrasts, no connectivity differences were
observed between conditions with faster and slower targets in any of the three studies. While this might
be explained by a lack of statistical power (O'Reilly et al., 2012), it could also reflect that the response
to faster targets is simply not accompanied by a change in functional connectivity. Using target velocity
conditions with a larger difference (e.g., 0.2 Hz and 0.6 Hz) could help uncover the mechanisms behind
the velocity effect in the future.

The velocity effect was not influenced by nicotine (Study II) which is in contrast to a previous
study that reported drug x velocity interactions, indicating a steeper reduction in catch-up saccade rate
with nicotine compared to placebo at higher vs. lower target velocity (Meyhofer et al., 2019). Again,
these results must be considered in the context of the missing main effect of nicotine discussed below

(4.1.5).
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Comparing the velocity effect in participants with low and high schizotypy and schizophrenia
spectrum disorders did not yield group differences at the behavioural or neural levels (Study V). These
findings imply that SPEM deficits in schizophrenia might not primarily rely on difficulties in processing
target velocity. However, a prior study found altered neural response in a distributed network in
response to SPEM with different target velocities in patients with schizophrenia compared to controls
(Nagel et al., 2012). In contrast, there were no differences regarding the velocity effect at the neural
level for schizotypy (Meyhofer et al., 2015), in line with our finding in Study V. The fact that, at the
behavioural level, we only observed a small deficit for one of three variables (see 4.1.6) hinders the
interpretation of the non-findings at the neural level. Hence, our assumption that altered velocity
processing is not the main reason for SPEM deficits in schizophrenia spectrum disorders must remain
speculative. Previous findings suggest that various mechanisms, including impaired prediction,
sensorimotor transformation, and motion processing (e.g., Chen, 2003; Hong et al., 2008; Trillenberg

et al., 2017), are jointly responsible for these deficits (see 1.6.3).

414  Background and velocity interactions

Studies I, II, and IV additionally explored interactions between the background and velocity
conditions. For SPEM gain, there were significant interactions in Studies I and II, indicating larger
background effects at higher target velocities, in line with previous evidence (Hutton et al., 2000;
Meyhofer et al., 2019). This pattern was not found in Study IV. For RMSE, there was a significant
interaction in Study I, showing higher RMSE in the background conditions at the intermediate and
faster target velocity but not at the slowest target velocity. The significant interaction found in Study I
for catch-up saccade rate indicated that there were more catch-up saccades in the background
condition only at the intermediate target velocity but not at higher or lower target velocity. In Study IV,
no significant interactions for any dependent variables were obtained.

These results underline that SPEM gain is not only the most reliable SPEM outcome measure but
also the one that is most sensitive to task effects (see 4.1.1, 4.1.2, 4.1.3). Following additive factors logic
(Sternberg, 2001), it can be inferred that background and target velocity processing partially relies on
the same underlying resource to guide eye movements. As the effect was most robust in SPEM gain,
which primarily reflects velocity information, it could be speculated that velocity perception is impeded
both by background stimuli and faster targets (Raymond, Shapiro, & Rose, 1984). An alternative
interpretation is that processing of background and target velocity both rely on limited attentional
resources (Souto & Kerzel, 2021). The findings in Study IV did not help to elucidate the neural
mechanisms of the background = velocity interactions. These should be explored in the future with

larger samples.
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4.1.5 Molecular mechanisms of SPEM

Previous studies on the effects of nicotine on SPEM revealed a heterogeneous picture with
positive, negative, and null results (e.g., Meyhofer et al., 2019; Schmechtig et al., 2013; Thaker et al.,
1991). One aim of Study II was to explain these discrepancies with a pharmacogenetic approach.
Specifically, the VNTR polymorphism in the SLC6A3 gene coding for the DAT was identified as a
candidate gene to explain this heterogeneity due to its hypothesised effects on dopamine
neurotransmission. Nicotine was administered to a large sample of participants stratified for their
VNTR genotype (9R-carriers vs. 10R-homozygotes), and SBR was assessed as a non-invasive and
indirect measure of striatal dopamine function (Jongkees & Colzato, 2016). However, neither nicotine
nor genotype had a significant effect on SPEM performance. More importantly, the two factors did not
interact as had been hypothesised based on previous literature (e.g., Brewer et al., 2015; Franklin et al.,
2011; see also 1.5.3). The moderated mediation model testing whether SBR acts as a mediator of the
drug effect on SPEM and its influence by genotype was also not significant. The null effects of nicotine
and genotype and their interaction were further supported by Bayesian analyses. However, significant
drug effects on subjective experience and heart rate and the fact that participants identified the
administered substance above chance level speak for the validity of our approach.

The attempt made in Study II to explain parts of the inconsistencies found in previous studies
with a candidate gene approach focusing on dopamine neurotransmission thus proved unsuccessful.
However, previous findings of genotype-dependent drug effects were primarily — but not exclusively
(Millar et al., 2011) — obtained in samples with substance abuse disorders or nicotine dependency (e.g.,
Brewer et al., 2015; Franklin et al., 2009; Gelernter et al., 1994). This observation may lead to the
speculation that the hypothesised pattern can be found only in smokers. Moreover, future studies might
benefit from measuring dopamine activity using methods other than SBR, e.g., by assessing DAT
availability in vivo with SPECT or PET (e.g., Kasparbauer et al., 2015).

Taken together, while the results obtained in Study I generally support the utility of SPEM in
pharmacological and genetic studies, the findings from Study II did not help to decipher the molecular
mechanisms underlying SPEM. Given the large body of previous evidence (see 1.5.2), it would be
premature to conclude from our findings that nicotine does not affect SPEM performance in healthy
non-smokers at all. Instead, the findings obtained here are another piece of evidence adding to the
heterogeneous overall picture. Clearly, this calls for more systematic, large-scale experimental studies
and meta-analyses focusing on the effects of nicotine on SPEM with different dosages, task designs,
and in different populations (deprived and satiated smokers, non-smokers, patients with schizophrenia

spectrum and other psychiatric disorders).
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416 SPEM in the schizophrenia spectrum

Deficits in SPEM performance are among the most-replicated findings in schizophrenia
(O'Driscoll & Callahan, 2008) and were also reported in other psychotic disorders (e.g., Campana et al.,
1998; Lencer et al., 2010; Lencer et al., 2015) and in individuals scoring high on schizotypy (e.g.,
Gooding et al., 2000; Smyrnis et al., 2007). In Study V, SPEM performance and its neural correlates
were investigated in patients with ROP and compared to high and low scorers on schizotypy. At the
behavioural level, we obtained a significant group effect, indicating that patients with ROP and
individuals with LS differed in RMSE. However, this effect was small and did not survive correction for
multiple analyses. In a cumulative scientific process, a single non-replication does not necessarily
refute previous evidence (Shrout & Rodgers, 2018), especially not in this case of such a strong prior
research record synthesised in meta-analyses (Diefendorf & Dodge, 1908; Lencer et al., 2004; Levy et
al., 2010; O'Driscoll & Callahan, 2008). Instead, some methodological considerations might help to
explain this mismatch. Among these are diagnostic heterogeneity in the ROP group (Lencer et al.,
2015), relatively low performance in the LS group (although reasons for this are unclear), and low cut-
offs to assign an individual to the high schizotypy groups (but note previous investigations that did
identify deficits with the same or even less strict cut-offs, Faiola et al., 2020; Koychev et al., 2016;
Meyhofer et al., 2017). In addition, some self-selection may have occurred as patients with severe
symptoms might not have agreed to participate in a study with a potentially distressing MRI scan.

There were no significant group differences for the standard mass-univariate BOLD analyses nor
the respective gPPI analyses. However, machine learning analyses trained on the ROP and LS controls
were significant for one seed region (right FEF). The abnormal functional connectivity from FEF is in
line with what has been reported before (Krishna et al., 2014), but it is also much more subtle than what
might have been expected. Analyses of decision scores revealed that individuals with high positive and
negative schizotypy were classified between ROP and LS individuals at the descriptive level,
underscoring the existence of a continuum from healthy individuals with low schizotypy to individuals
with high schizotypy to those with full-blown schizophrenia (Allardyce et al., 2007; van Os et al., 2009).

Overall, our results were not in line with our hypotheses, but they point to the general
practicality of machine learning and connectivity methods for studying oculomotor deficits in the
schizophrenia spectrum. Crucially, these methods allow us to uncover additional information about the
brain, which might not be evident in mass-univariate analyses of regional brain activation (Dwyer et
al., 2018; Gerchen et al., 2014; Madsen et al., 2018). Therefore, results obtained with these methods are
compatible with the dysconnectivity approach to explaining schizophrenia pathophysiology (Friston et

al., 2016).
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4.2 Limitations

Some limitations should be considered when interpreting the results presented in this
dissertation. First, the background effect was studied by comparing SPEM performance in conditions
with and without a stationary structured background (Studies I, II, and IV). Of note, with this
approach, the specific mechanisms involved in the background effect at the cognitive level cannot be
disentangled. More precisely, whether the observed results are due to higher visual content, enhanced
recruitment of attentional processes, inhibition of background stimuli, or a combination of these or
other processes cannot be determined. Unravelling the specific mechanisms would require more
elaborate study designs (Goettker et al., 2020; Ohlendorf et al., 2010).

A second yet related concern is that the background stimuli used in Studies I, II, and IV are
highly artificial. For example, other studies examined SPEM performance to motion stimuli in dynamic
film scenes (Agtzidis, Meyhofer, Dorr, & Lencer, 2020; Silberg et al., 2019) and compared it to SPEM
with blank backgrounds (Goettker et al., 2020). As it has been shown that the SPEM system is not only
disturbed by background stimuli but that it can even use visual context information to improve
accuracy (Eggert et al., 2009; Goettker et al., 2020; Ladda et al., 2007), the question of how different
background stimuli influence SPEM performance has become even more interesting. The results
presented in this dissertation should be regarded as the groundwork for future studies employing a
broader and more naturalistic range of background stimuli to investigate the underlying cognitive and
neural processes.

Third, for economic reasons, only a limited number of target velocities was presented. Especially
in Studies III-V, it would have been interesting to examine a more extensive velocity range to map the
neural basis of the velocity effect more precisely. For example, with a larger range it would also have
been possible to examine whether BOLD response in V5 follows an inverted U-shape when performing
SPEM (Chawla et al., 1999). Examining more target velocities would also have been valuable for
exploring brain response outside the visual cortex in more detail (Nagel et al., 2008).

Last, we likely did not have sufficient statistical power to adequately analyse brain-behaviour
relationships, although some preliminary findings were obtained in Study IV. These findings, however,
did not survive correction for multiple analyses, which is why they should be interpreted with caution.
Recently, it has been suggested that research questions focusing on correlations between brain
structure or function and complex cognitive traits require large samples of several thousand
participants (Marek et al., 2022). While this claim has subsequently been criticised and corrected to
lower numbers when certain conditions are met, even less conservative estimations propose large
samples of more than 200 participants (DeYoung et al., 2022). These sample sizes are still significantly
larger than the ones used in this dissertation. Of note, however, our studies were not primarily designed

to detect these correlations. Rather, our sample sizes were chosen to detect BOLD response to SPEM
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stimuli as had been observed in previous studies, to detect the background and velocity effects at the
behavioural and neural levels, and to detect — for the first time — functional connectivity of the SPEM
network. Sufficient power for these aims was ensured by a priori power analyses and choosing larger

sample sizes than prior SPEM BOLD studies.

4.3 Future research

In addition to the abovementioned suggestions for future research (see 4.1) and those derived
from the limitations (see 4.2), I would like to propose four specific approaches that could be adopted in
the future to substantially complement my own findings.

Studies III-V provided the groundwork for ensuing studies on the specific interplay of the SPEM
network components. Exploring how these brain areas work together with more intricate analysis
approaches might be interesting. Here, it could be worth exploring PPI whole-brain parcellation-based
analyses that do not rely on the prior definition of seed regions (Gerchen et al., 2014). Even more
interestingly, DCM should be applied to SPEM data to compare alternative models and to study
effective connectivity (Friston, 2011; Friston et al., 2019).

While Study II did not provide conclusive evidence of how nicotine might influence SPEM in
healthy individuals, revisiting nicotine effects in patients with schizophrenia may be worth further
investigation, particularly when methodological deficits from prior studies are overcome.
Performance-enhancing effects might only become evident in individuals with low baseline
performance paralleling findings in other cognitive domains (Babin et al., 2011; Barr et al., 2008;
Kumari & Postma, 2005; Smith et al., 2006). Seminal studies on SPEM point to potential improvements
in performance under nicotine in samples of patients with schizophrenia (Avila et al., 2003; Dépatie et
al., 2002; Olincy et al., 1998; Sherr et al., 2002; Tregellas et al., 2005), but note methodological deficits
in these studies summarised in 1.5.2. In addition, it has yet to be investigated whether improvements
in SPEM performance under nicotine are mediated by the reduction of hippocampal dysfunction
observed in schizophrenia, as has been hypothesised but not explicitly tested in the past (Tanabe et al.,
2006; Tregellas et al., 2004; Tregellas et al., 2005). Future studies should investigate these potential
mechanisms by following state-of-the-art guidelines for psychopharmacological research, including
sufficient power, double-blinding, placebo-control, and randomisation (Karpouzian et al., 2019).

In Study IV, evidence was obtained for functional specialisation of medial and lateral FEF
subregions during SPEM (see 4.1.2). In addition, in Study V, FEF was the only seed region for which we
found a significant classifier to differentiate patients with schizophrenia spectrum disorders and
healthy controls. Both findings underscore the extraordinary role of FEF in SPEM guidance. However,

as the effect in Study V did not survive correction for multiple analyses, and the interpretation of the
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Study IV results was realised post hoc, future preregistered studies should focus on unravelling the
specific roles assumed by FEF subregions during SPEM in healthy and psychiatric groups. This aim
could be achieved with connectivity analyses (gPPI or DCM) with smaller seed regions in these
subregions and specific tasks designed to tap the processes ascribed to the medial and lateral regions
(see 4.1.2). For example, it can be explored whether lateral FEF shows more SPEM-related functional
connectivity to areas associated with the motor aspects of SPEM, and medial FEF to areas associated
with higher cognitive functions, such as DLPFC, paralleling results from the saccade literature (Cieslik
et al., 2016).

There is preliminary evidence that background stimuli might affect patients with schizophrenia
to a larger extent than healthy controls. In two early studies, SPEM performance of patients with
schizophrenia was affected by a striped background only at higher but not lower target velocity (Yee et
al., 1987), and SPEM was disturbed in patients with schizophrenia compared to healthy controls only
in light but not in dark background conditions (Pivik, Bylsma, & Cooper, 1988). However, in a more
recent study, patients with schizophrenia were not differentially affected by background stimuli
compared to healthy controls (Hutton et al., 2000). For the velocity effect, the pattern of results is also
inconsistent. While our research (Study V) did not find altered velocity effects in schizophrenia and
schizotypy, another study did so (Nagel et al., 2012, see also 4.1.3). To evaluate if and how background
and target velocity effects are altered along the schizophrenia spectrum, the individual task effects
could be correlated with overall or specific scores on the schizotypy dimensions in the future. The

reliability indices obtained in Study I laid the necessary foundations for such investigations.

4.4 Conclusion

SPEM performance is less accurate when the SPEM system is confronted with structured
backgrounds and faster target velocities. The findings of the studies presented here highlight the broad
applicability of these task effects in individual difference research due to their reliability and point to
complex mechanisms supporting SPEM function in these environments. While SPEM deficits in
schizophrenia were much more subtle in the data presented in Study V than in previous investigations,
analyses of functional connectivity proved valuable for studying the neural mechanisms of SPEM in
healthy individuals and patients with schizophrenia. Overall, a broad picture of the SPEM system was
provided, including insights into basic molecular mechanisms, behavioural effects, neural systems, and
clinical applications (Siebner et al., 2009), thereby expanding previous knowledge but also unveiling
new questions. Therefore, I can only conclude with the remarks of Stephen Lisberger, one of the most
influential SPEM researchers: “The apparent simplicity of the behavior [SPEM] belies its interesting

neurobiological complexity” (Lisberger, 2015, p. 448). There is still so much more to explore.
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ARTICLE INFO ABSTRACT

Keywords: When we follow a slowly moving target with our eyes, we perform smooth pursuit eye movements (SPEM).
Smooth pursuit eye movements Previous investigations point to significantly and robustly reduced SPEM performance in the presence of a sta-
Reliability tionary background and at higher compared to lower target velocities. However, the reliability of these back-
Replicability . . N .

Reliability paradox ground and target velocity effects has not yet been investigated systematically.

To address this issue, 45 healthy participants (17 m, 28 f) took part in two experimental sessions 7 days apart.
In each session, participants were instructed to follow a horizontal SPEM target moving sinusoidally between
+7.89° at three different target velocities, corresponding to frequencies of 0.2, 0.4 and 0.6 Hz. Each target
velocity was presented once with and once without a stationary background, resulting in six blocks. The blocks
were presented twice per session in order to additionally explore potential task length effects. To assess SPEM
performance, velocity gain was calculated as the ratio of eye to target velocity.

In line with previous research, detrimental background and target velocity effects were replicated robustly in
both sessions with large effect sizes. Good to excellent test-retest reliabilities were obtained at higher target
velocities and in the presence of a stationary background, whereas lower reliabilities occurred with slower
targets and in the absence of background stimuli. Target velocity and background effects resulted in largely good
to excellent reliabilities.

These findings not only replicated robust experimental effects of background and target velocity at group

Individual differences

level, but also revealed that these effects can be translated into reliable individual difference measures.

1. Introduction

When we follow a small, slowly moving target with our eyes, we
perform smooth pursuit eye movements (SPEM) in order to hold the
image of the target on the fovea (Leigh & Zee, 2015; Lisberger, 2015;
Lisberger et al., 1987). SPEM represent a complex sensorimotor
behaviour incorporating various perceptual, motor and cognitive pro-
cesses including attention, prediction and inhibition (Barnes, 2008;
Lisberger, 2015). Parameters used to quantify SPEM accuracy include
measures such as pursuit velocity gain (ratio of eye velocity to target
velocity) or root mean square error (RMSE) as well as more specific
measures such as the number of intrusive (e.g. anticipatory saccades) or
compensatory saccades (e.g. catch-up saccades) (Barnes, 2008; Lencer &
Trillenberg, 2008; Smyrnis, 2008). Velocity gain is considered the pri-
mary measure of performance of the smooth pursuit system (Barnes,
2008; Lencer & Trillenberg, 2008; Smyrnis, 2008).

A well-established experimental finding is that SPEM accuracy is

* Corresponding author.
E-mail address: ulrich.ettinger@uni-bonn.de (U. Ettinger).

https://doi.org/10.1016/j.actpsy.2021.103364

reduced in the presence of task irrelevant, visual distractors or struc-
tured backgrounds (Barnes & Crombie, 1985; Collewijn & Tamminga,
1984; Hutton et al., 2000; Kaufman & Abel, 1986; Mohrmann & Thier,
1995; Niemann & Hoffmann, 1997; Spering et al., 2006). It has been
argued that the optokinetic drive induced by the background slows
pursuit eye movements (Barnes, 2008). This process can be influenced
by attention directed to enhance target processing and/or reduce
background processing (Barnes, 2008), a process related to inhibitory
control (Friedman & Miyake, 2004). Importantly, increased deployment
of attention may counter, but does not fully abolish the detrimental
influence of task irrelevant background stimuli, leading to the replicable
observation of this background effect in the literature (Collewijn &
Tamminga, 1984; Hutton et al., 2000; Kaufman & Abel, 1986; Mohr-
mann & Thier, 1995; Niemann & Hoffmann, 1997; Spering et al., 2006).

SPEM is also highly sensitive to target velocity (or target frequency).
Horizontal SPEM targets typically either have a constant velocity or
follow a sinusoidal velocity pattern, i.e. decelerating towards the
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turnings points and accelerating towards the center of the screen. The
latter are described by their peak velocity and/or their temporal fre-
quency given a specific amplitude of target excursion. It has been shown
that performance reliably deteriorates with increasing target velocity (or
frequency) (Collewijn & Tamminga, 1984; Lisberger et al., 1981). This
effect indicates that increasing demands on the system at higher target
velocities cannot be fully addressed, leading to the observed perfor-
mance decreases. The effect might be attributed to eye velocity and/or
acceleration saturation at higher target velocities (Buizza & Schmid,
1986).

A recent study replicated the background effect, i.e. a general per-
formance decrease in the presence of a stationary background (Meyhofer
et al., 2019). In addition, it was shown that the background effect
interacted with the detrimental effects of target velocity on velocity
gain, as performance decrements with increasing target velocity were
particularly strong in the presence of a stationary background (Meyhofer
et al., 2019). This suggests that the inhibition of the influence of back-
ground stimuli and the precise matching of eye to target velocity
compete for the same limited cognitive resources or rely on the same
underlying system, possibly related to spatial attention or motion pro-
cessing (Spering & Montagnini, 2011; Van Donkelaar & Drew, 2002).

Whereas the background and target velocity effects on SPEM have
been consistently reported in the literature and are thus highly repli-
cable at group level, less is known about their reliability at the level of
individual differences. In this context, we refer to replicability as
obtaining a similar finding with different random samples that capture
the most important facets of the original research (Asendorpf et al.,
2013). In contrast, reliability refers to the extent to which a measure
consistently ranks individuals (Hedge et al., 2018).

In a widely noted recent methodological analysis, it was argued that
robust and replicable experimental task effects at group level cannot
necessarily be translated into reliable individual difference measures
due to low between-subject variability, a phenomenon referred to as the
reliability paradox (Hedge et al., 2018). In this context, Hedge et al.
(2018) showed that several classic, attention demanding inhibitory tasks
such as the Stroop and Eriksen flanker tasks show relatively poor test-
retest reliability despite producing replicable task effects at group
level. This phenomenon can be traced back to different objectives in
experimental and correlative research fields concerning within- and
between-subjects variance maximization.

Previous studies on the reliability of smooth pursuit performance
have yielded mostly moderate to good reliability scores (Bargary et al.,
2017; Calkins et al., 2003; Ettinger et al., 2003; Roy-Byrne et al., 1995;
Versino et al., 1993). Importantly, the only study that distinguished
between different target velocities reported better reliability for faster
targets (Ettinger et al., 2003), suggesting that reliability might depen-
dent on overall demands on the pursuit system, i.e. task difficulty. Most
strikingly, to our knowledge, no previous study has reported the reli-
ability of the background or target velocity effects in SPEM. This is an
important gap in the literature, particularly given the observation of
strong within-subject variance in these highly replicable group-level
effects.

Although SPEM has long been studied in experimental or group de-
signs (Barnes & Asselman, 1991; Haraldsson et al., 2008; Holzman et al.,
1973), more recently, there has been an increasing focus on individual
differences in SPEM using correlational designs (Bargary et al., 2017;
Lenzenweger & O’Driscoll, 2006; Smyrnis et al., 2007). Many of these
studies have investigated correlations between SPEM measures and
psychosis-spectrum personality traits, based on the continuum hypoth-
esis of individual differences in personality and psychopathology
(Ettinger et al., 2014; Haslam et al., 2020). Interestingly, studies on the
relationship between SPEM performance and psychosis-related person-
ality traits such as schizotypy typically yield only small correlations
(Lenzenweger & O’Driscoll, 2006; Smyrnis et al., 2007), possibly due to
low reliability of task performance (as has been argued regarding
cognitive tasks; Hedge et al., 2018). Therefore, the current study will
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focus on exploring the reliability of smooth pursuit in a paradigm with
and without a stationary background and at different target velocities in
a group of healthy participants, in order to estimate the reliability not
only of pursuit performance in general but, specifically, of the target
velocity and background effects.

In addition to this important primary objective, this study will
address a number of related, secondary questions. As a secondary issue,
the role of task duration in measuring reliability will be addressed. In
experimental investigations, shorter tasks carry several advantages
including economic efficiency, higher acceptability and easier applica-
bility in patient or developmental populations. However, compared to
longer tasks they bear the risk of lower reliability (Hedge et al., 2018;
Wostmann et al., 2013). The extent, to which task duration influences
the reliability of SPEM, and in particular of the target velocity and
background effects, has not yet been characterised. Therefore, this study
will also address this issue using a modification of a task that has pre-
viously been shown to produce robust background and target velocity
effects at group level (Meyhofer et al., 2019). Specifically, in each ses-
sion (test, retest), the task is presented twice, in two blocks, and reli-
ability indices are calculated for the short (one block) as well as the long
(two blocks) version of the task in order to characterise effects of task
duration on reliability.

A further aim of this study is to explore how repeated exposure to the
task both across sessions (test, retest) and in each session (first block,
second block) influences the magnitude of the background and target
velocity effects. While in standard SPEM tasks, in the absence of a
background, no or only small effects of repeated exposure on pursuit
performance across time points have been observed (Calkins et al., 2003;
Ettinger et al., 2003), less is known about the influence of task repetition
on the robustness of the background and target velocity effects. Complex
interactions between perceptual and motor learning may help to auto-
mate behaviour and improve performance over time (Censor et al.,
2012; Ostry & Gribble, 2016). By presenting the task in two blocks in
each session and twice across two sessions over the course of one week,
we aim to investigate whether the background and target velocity effects
can be replicated robustly within the same sample and to what extent
they are affected by time. If interactions between time or block and
background or target velocity are revealed, it is crucial to address this
issue in future studies as they can act as confounding factors in longi-
tudinal designs.

In summary, this study had six specific aims: (1) to replicate earlier
findings of reduced smooth pursuit performance in the presence of a
stationary background and at higher target velocities, (2) to explore the
test-retest and split-half reliability of smooth pursuit performance at
different target velocities with and without a stationary background, (3)
to specifically explore the reliability of the background and target ve-
locity effects, (4) to investigate whether reliability increases when using
a longer version of the task, (5) to explore the effects of repeated task
blocks on performance, and finally, (6) to explore how repeated expo-
sure to the task across sessions influences the magnitude of the back-
ground and target velocity effects.

2. Materials and methods
2.1. Power

To detect a significant intraclass correlation ICC of 0.40 (the
threshold for fair reliability according to Cicchetti, 1994) compared to
no correlation at all with 0.80 power, a sample size of least 39.5 par-
ticipants is necessary (Walter et al., 1998). With at least 43.5 partici-
pants it is possible to detect a difference between fair (0.40) and good
(0.60) reliabilities with 0.80 power (Walter et al., 1998). Concerning the
background and target velocity effects, at least 26 participants were
needed to detect a large effect (17% = 0.26) with at least 0.80 power (Faul
et al., 2007). Thus, the minimum sample size we aimed for was 44
participants.
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2.2. Participants

Participants were recruited via advertisements on the campus of the
University of Bonn, circular emails and social media. Exclusion criteria
were current diagnosis of physical, psychiatric or neurological condition
and current consumption of prescription or over-the-counter medication
(except for oral contraceptives in women, nutritional supplements or
thyroid drugs). Smokers were asked to abstain from smoking for at least
2 h prior to the sessions. Participants were included if they were healthy
university students aged 18-35 years. All participants had normal or
corrected-to-normal vision. The study procedures were approved by the
research ethics committee of the Department of Psychology at the Uni-
versity of Bonn. Participants provided written, informed consent and
received course credits for participation.

2.3. Study design and procedure

Upon recruitment, participants were asked to confirm inclusion and
exclusion criteria and to fill in a short online questionnaire to assess
demographic information (age, sex, current occupation, years of edu-
cation, and handedness, assessed via the Edinburgh Handedness In-
ventory (Oldfield, 1971)). If suitable, they were invited to take part in
two sessions in the eye-tracking laboratory. The assessments were car-
ried out at the same time of the day (+ 2 h) in two sessions (T1, T2)
approximately one week apart (7 days, + 2 days).

In each session, the task described in 2.4 was carried out two times
(block A vs. block B) with a short break in between. In total, one session
took no longer than 15 min.

X position in visual angle

-5

-104
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2.4. Task

The task was the same as the one used by Meyhofer et al. (2019) and
is available here (https://osf.io/qbtcf). It was written using Experiment
Builder (SR Research Ltd., Ontario, Canada, version 1.10) and presented
on the inner 1680 x 1050 px of a flat-screen BenQ monitor (screen di-
mensions 42.9 x 22.2 cm; resolution 1920 x 1080 pixels; refresh rate
144 Hz). The task was presented on a black background (RGB = 0, 0, 0)
in a block design in randomized order. The target was a grey circle (RGB
= 128, 128, 128; diameter = 15px/0.27°, stroke width = 5px/0.09°)
moving horizontally between +432px (7.89°) across the screen in a si-
nusoidal waveform at three different target velocities (corresponding to
frequencies of 0.2 Hz, 0.4 Hz, 0.6 Hz), always starting from the central
position (0°, 0°). The sinusoidal pattern indicates that target velocity
constantly changed over time, accelerating towards the center of the
screen, and decelerating towards the turning points. Peak and average
velocities were 9.91°/s and 6.31°/s for the 0.2 Hz target, 19.83°/s and
12.62°/s for the 0.4 Hz target and 29.74°/s and 18.94°/s for the 0.6 Hz
target. Target trajectories for the three target velocity conditions are
depicted in Fig. 1 along with exemplary eye position data from one
participant.

Each target velocity condition was presented once on a blank and
once on a structured stationary background (Fig. 2), resulting in a total
of 6 blocks, each lasting 30 s. The stationary background consisted of a
six-by-six grid of white circles (RGB = 255, 255, 255; diameter = 15px/
0.27°, stroke width = 5px/0.09°) symmetrically distributed along the
horizontal and vertical plane of the screen (corner coordinates in pixels:
408, 310; 408, 740; 1272, 310; 1272, 740).

Between blocks, a fixation circle was presented. Participants rested
their head on a chin-rest and were instructed to follow the target as
accurately as possible with their eyes while keeping their head still. At

- target

— eye

ZHZO0

ZH 0

ZH90

10000 12500

15000

17500 20000

time from pursuit start (in ms)

Fig. 1. Target and eye trajectories for the three different target velocities and window of gain analysis.
Legend: Trajectories of the target and exemplary eye data of one participant for the middle 10 s of each target velocity condition without background. Missing eye
data indicate blinks. Grey shaded areas show the critical interval for gain analysis (only shown for the first half-ramp) for each of the target velocity conditions.
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Fig. 2. Smooth pursuit target display.

Legend: The upper panel depicts the target display in the background condition.
The lower panel depicts the target display in the no background condition. Both
panels show the grey target at the center of the screen.

the beginning of each session, they performed a brief practice block in
order to get familiarized with the task. The practise block consisted of
four trials, each lasting 5 s in the following order: 0.4 Hz without
structured background, 0.2 Hz with structured background, 0.4 Hz with
structured background, 0.6 Hz without structured background.

2.5. Eye movement recording

To record eye movements, a desktop-mounted video-based com-
bined pupil and corneal reflection eye-tracker (EyeLink 1000, SR
Research, Ottawa, Ontario, Canada) was used. A centroid pupil-tracking
algorithm was employed to detect pupil and corneal reflection of the
right eye at a sampling rate of 1000 Hz. Prior to the task, a five-point
horizontal-vertical calibration was performed. Distance from eye to
monitor was approximately 70 cm.

2.6. Eye movement preprocessing

Eye movement data were preprocessed in Matlab R2019B. As we
were not interested in the initiation phase of pursuit, the first excursion
of the target from the centre to the peripheral turnaround point was
excluded from the analyses.

Velocity gain was calculated as the average ratio of mean eye ve-
locity and mean target velocity for the middle 50% of each half-cycle
(the excursion of the target from one peripheral turnaround point to
the other) for segments longer than 50 ms excluding blinks and saccades.
The critical interval for gain analysis is depicted in Fig. 1. Saccades were
identified using velocity (>22°/s) and acceleration (>3800°/s2) criteria.
Exclusion of blinks and saccades resulted in segments of different
lengths that were time-weighted in the averaging procedure according
to the duration of the segments.

To compare reliability between the short and long versions of the
task, all dependent variables were also calculated for a joint version of
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blocks A and B of each session. To do so, data of relevant segments (i. e.
after exclusion of blinks or saccades) of blocks A and B were again time-
weighted according to the duration of the segment and then averaged.

Background effects were calculated separately for each target ve-
locity condition by subtracting the gain values of the background con-
dition from the no background condition. Target velocity effects were
calculated separately for each background condition by subtracting the
gain values of the 0.6 Hz condition from the 0.2 Hz condition.

The present paper focuses on pursuit gain as the primary outcome
variable of pursuit. However, other outcomes are also important (Orban
de Xivry & Lefevre, 2007). Therefore, additional analyses of catch-up
saccade rate and root mean square error (RMSE) are provided in the
Supplementary Material.

2.7. Statistical analysis

Statistical analyses were carried out using R with the following
packages: ez V.4.4.0 for analyses of variance (ANOVAs) (Lawrence,
2016), rstatix V.0.5.0 for pairwise t-tests (Kassambra, 2020), irr V.0.84.1
for ICCs (Gamer et al., 2019), psych V.1.9.12.31 for Pearson correlations
(Revelle, 2019) and tidyverse V.1.3.0 for general data management
(Wickham et al., 2019).

The significance threshold for all analyses was o = 0.05. Outliers
were identified separately for each condition. Values were defined as
outliers if they exceeded the mean plus three times the interquartile
range (IQR) criterion or fell below the mean minus three times the IQR
criterion. If the IQR was 0, outliers were not defined. Participants were
excluded from analyses of variance if their scores were defined as out-
liers in more than half of the conditions. Participants were excluded
from reliability analyses of those condition pairs, where at least one of
two scores were defined as an outlier.

2.7.1. Test-retest reliability

To assess test-retest reliability, both Pearson and intraclass correla-
tions (ICC) between T1 and T2 were calculated separately for the short
(only block A) and long (blocks A and B combined) versions of the task.
Additionally, they were also calculated for the background and target
velocity effects. For ICCs, we used the two-way mixed-effect model for
single measurements as a measure of absolute agreement (McGraw &
Wong, 1996). ICCs have been widely used to assess test-retest re-
liabilities for a variety of outcomes (Bargary et al., 2017; Ettinger et al.,
2003; Hedge et al., 2018).

To facilitate comparison, 95% confidence intervals were calculated.
Reliability coefficients are interpreted according to the guidelines pro-
posed by Cicchetti (1994), indicating that values less than 0.40 are poor,
values between 0.40 and 0.59 are fair, values between 0.60 and 0.74 are
good and values between 0.75 and 1.00 are excellent.

2.7.2. Split-half reliability

To assess split-half reliability, we calculated Pearson correlations and
ICCs between block A and block B separately for T1 and T2. Addition-
ally, they were also calculated for the background and target velocity
effects.

2.7.3. Analyses of variance

To assess the effects of background, target velocity, block and time
on velocity gain, we carried out a four-way repeated-measures ANOVA
with the within-subjects factors background (present, absent), target
velocity (0.2 Hz, 0.4 Hz, 0.6 Hz), block (A, B) and time (T1, T2) for
pursuit gain as the dependent variable. Effect sizes were calculated as
partial eta squared. If the sphericity assumption was violated,
Greenhouse-Geisser correction was applied. Uncorrected degrees of
freedom and Greenhouse-Geisser ¢ were calculated. Bonferroni-
corrected t-tests were calculated as post hoc tests with d,, (Lakens,
2013) as effect size. Uncorrected p-values were obtained but significance
was inferred from corrected alpha-thresholds.
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Study data and the analysis code are available at https://osf.io/qbtcf.
3. Results
3.1. Participants

The final sample consisted of N = 45 participants (17 males, 28 fe-
males), aged M = 23.00 (SD = 3.02) years. Six additional participants
completed T1 but did not return for T2. Those participants are not
included in the analyses. Additionally, one participant (male) was
excluded from the ANOVA because his scores were outliers in more than
half of the conditions.

The mean absolute difference between T1 and T2 was 7.07 days (SD
= 0.33 days, minimum = 7 days, maximum = 9 days). The mean ab-
solute difference between the starting times of the two sessions was 7.78
min (SD = 18.43 min, minimum = 0 min, maximum = 110 min).

3.2. Descriptive results

Descriptive statistics of all dependent variables are shown in Table 1.
As can be seen descriptively, both the presence of a stationary back-
ground and an increase in target velocity substantially affected perfor-
mance, indicative of the expected background and target velocity effects
(see Table 2; for detailed statistical analyses of these effects, see 3.4).

3.3. Reliability analyses

Results of the reliability analyses are shown in Supplementary
Table 1 and Fig. 3 (ICCs only, Pearson correlations can be found in
Supplementary Fig. 1). The number of outliers in each condition that
were removed from the analyses can be found in Supplementary Table 4.

For the direct performance measures, Pearson correlations ranged
from 0.51 to 0.94. ICCs were very similar to Pearson correlations and
ranged from 0.50 to 0.92. Reliabilities were fair to good for the 0.2 Hz no
background condition and good to excellent for all other conditions.
Descriptively, in almost all conditions, reliability was higher in the
presence of a stationary background and at higher target velocities.

Reliability indicators of the background and target velocity effects of
velocity gain can be found in Supplementary Tables 2 and 3. For the
background effect, reliability was good to excellent, ranging from 0.60
to 0.86 (Pearson correlations) and 0.59 and 0.85 (ICCs). For the target

Table 1
Descriptive statistics of velocity gain.

Target velocity Time Block Background No background
M SD M SD

0.2 Hz T1 A 0.87 0.11 0.96 0.04
B 0.84 0.14 0.96 0.04

A+B 0.86 0.11 0.96 0.04

T2 A 0.86 0.14 0.95 0.05

B 0.87 0.13 0.96 0.05

A+B 0.86 0.13 0.96 0.05

0.4 Hz T1 A 0.75 0.17 0.90 0.08
B 0.76 0.18 0.90 0.08

A+B 0.75 0.17 0.90 0.07

T2 A 0.77 0.18 0.90 0.07

B 0.78 0.18 0.91 0.07

A+B 0.77 0.17 0.90 0.07

0.6 Hz T1 A 0.60 0.21 0.79 0.15
B 0.61 0.23 0.81 0.13

A+B 0.60 0.21 0.80 0.13

T2 A 0.66 0.21 0.82 0.13

B 0.68 0.21 0.83 0.12

A+B 0.67 0.20 0.83 0.12

Descriptive statistics (M mean and SD standard deviation) of velocity gain of the
background and no background conditions at three different target velocities of
two sessions (T1, T2) one week apart, separately for blocks A and B and a joint
version of the blocks (A + B) in a sample of N = 44 participants.
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velocity effect, reliability was fair to excellent, ranging from 0.52 to 0.85
(Pearson correlations) and 0.51 to 0.86 (ICCs). Fig. 4 shows the corre-
lations between T1 and T2 of the background effects of pursuit gain for
the long version. Fig. 5 shows the correlations between T1 and T2 of the
target velocity effects of pursuit gain for the long version.

For the direct performance measures, the longer task version always
achieved higher test-retest Pearson correlations and ICCs than the
shorter version except for the 0.4 Hz no background condition, where
the opposite pattern was found. On average, the longer version was
more reliable than the shorter version by 0.037 (Pearson correlation)
and 0.042 (ICCs). The same pattern of results was found for the differ-
ence scores (background effect, target velocity effect). For the back-
ground effect, the longer version outperformed the shorter version on
average by 0.08 (Pearson correlations) or 0.07 (ICCs). For the target
velocity effect, the average difference between the short and long
version was 0.07 (both for Pearson correlations and ICCs). For all con-
ditions, confidence intervals of the short and long version of the task
overlapped.

Split-half reliabilities reached results similar to test-retest re-
liabilities. In all conditions, split-half reliability was higher at T2 than at
T1. The average difference between split-half reliabilities at T1 and T2
was 0.130 (Pearson correlations) and 0.135 (ICCs) for the direct per-
formance measures. However, confidence intervals overlapped for all
conditions except for the 0.2 Hz background condition. This pattern of
results was similar for the difference scores. For the background effect,
T2 split-half reliability outperformed T1 split-half reliability on average
by 0.113 (Pearson) or 0.127 (ICCs). For the target velocity effect, T2
split-half reliability outperformed T1 split-half reliability on average by
0.195 (Pearson) or 0.210 (ICCs). All confidence intervals of T1 and T2
split-half reliability overlapped for the difference scores.

3.4. Task and time effects

Analyses of velocity gain revealed main effects of background (F(y,
43) = 69.87,p < .001, 7112) = 0.619), target velocity (F(2, gs) = 114.69,p <
.001, 73 = 0.727, ¢ = 0.62) and time (Fq, 43 = 7.16, p = .011, 3 =
0.143). Gain was higher without a stationary background, at lower
target velocities and at T2.

In addition, we found a significant two-way interaction between
background and target velocity (F(2, g6y = 20.77, p < .001, rlg = 0.326).
Bonferroni-corrected t-tests revealed significant differences between the
background conditions at all target velocities (0.2 Hz: background vs. no
background ty43) = —6.47, p < .001, day = —1.11; 0.4 Hz: background vs.
no background ty43) = —7.16, p < .001, day = —1.10; 0.6 Hz: background
vs. no background t(43) = —9.43, p < .001, day = —1.01). Qualitatively,
the interaction suggests that the effect of target velocity was stronger in
the presence of a structured background.

We also found a significant two-way interaction between back-
ground and time (F(1, 43) = 8.44, p = .006, rlg = 0.164). Bonferroni-
corrected t-tests showed that the improvement in gain from T1 to T2
was significant only in the background condition but not in the absence
of a background (background: T1 vs. T2 t43) = —3.49, p < .001, day =
—0.15; no background: T1 vs. T2 ty3 = —1.09, p = .28, n.s. at the
Bonferroni-corrected alpha-level, d,y = —0.08). The background effect
was smaller at T2 than at T1, but achieved significance in both sessions
(T1: background vs. no background t(43) = —9.09, p < .001, day = —0.92;
T2: background vs. no background ty43) = —7.25, p <.001, day = —0.86).

Moreover, there was a two-way interaction between target velocity
and time (F(2, gg) = 25.29, p < .001, '1% =0.370, ¢ = 0.82). Post hoc t-tests
results showed that gain scores significantly increased from T1 to T2
only in the 0.6 Hz condition, but not in the lower target velocity con-
ditions (0.2 Hz: T1 vs. T2 t43) = 0.27, p = .79, n.s. at the Bonferroni-
corrected alpha-level, d,y = 0.02; 0.4 Hz: T1 vs. T2 t43) = —1.37,p =
.18, n.s. at the Bonferroni-corrected alpha-level, d,y = —0.08; 0.6 Hz: T1
vs. T2 t43) = —5.21, p < .001, dyy = —0.24). Significant main effects of
target velocity were found in both sessions, when analyzing them
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Table 2
Descriptive statistics of the background and target velocity effects.
Time Block Background effect Target velocity effect
0.2 Hz 0.4 Hz 0.6 Hz Background No background
M SD M SD M SD M SD M SD
T1 A 0.09 0.10 0.15 0.15 0.18 0.13 0.27 0.15 0.18 0.13
T1 B 0.12 0.12 0.14 0.14 0.20 0.16 0.24 0.17 0.16 0.12
T1 A+B 0.11 0.10 0.14 0.14 0.19 0.13 0.26 0.15 0.17 0.12
T2 A 0.09 0.12 0.13 0.14 0.16 0.14 0.20 0.15 0.13 0.11
T2 B 0.09 0.11 0.13 0.15 0.14 0.14 0.19 0.14 0.13 0.10
T2 A+B 0.09 0.11 0.13 0.13 0.15 0.13 0.19 0.13 0.13 0.10

Descriptive statistics (M mean and SD standard deviation) of velocity gain background effect (no background condition minus background condition) at three different
target velocities and velocity gain target velocity effect (0.2 Hz condition minus 0.6 Hz condition) of the two background conditions of two sessions (T1, T2) one week
apart, separately for blocks A and B and a joint version of the blocks (A + B) in a sample of N = 44 participants.
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Fig. 3. Results of the reliability analyses (intraclass correlations).

Legend: Reliabilities for pursuit gain (Panel A) for the six background and target velocity conditions, pursuit gain background effect (Panel B; no background
condition minus background condition) and pursuit gain target velocity effect (Panel C; 0.2 Hz condition minus 0.6 Hz condition). ICC = intraclass correlation. Error
bars represent the upper and lower limit of the 95% confidence interval.

separately (T1: Fo, g6y = 124.75, p < .001, '71% =0.744, ¢ = 0.62; T2: F(o, There was no main effect of block and there were no further in-
86) = 87.03,p < .001, ;112) =0.669, ¢ = 0.67). However, the target velocity teractions (all p > .05). Supplementary Fig. 2 gives an overview of the
effect was smaller at T2. task and time effects. Fig. 6 depicts the significant interactions.
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Fig. 4. Scatter plot of the background effect of velocity gain (long version) at T1 and T2 for the three target velocity conditions.
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Fig. 5. Scatter plot of the target velocity effect of velocity gain (long version) at T1 and T2 for the two background conditions.

4. Discussion

The present study aimed to contribute to the controversial matter of
the reliability of task effects in experimental psychology, termed the
“reliability paradox” by Hedge et al. (2018). Specifically, we investi-
gated the replicability and reliability of two well-established experi-
mental effects in the domain of oculomotor control, viz. the detrimental
effects of a stationary structured background and target velocity on
smooth pursuit eye movement performance. To do so, healthy partici-
pants performed smooth pursuit tasks in a repeated-measures design in
two sessions one week apart. The main results are as follows.

The presence of background distractors and higher target velocity
impaired velocity gain, thereby replicating the background and target
velocity effects, respectively.

Analyses of reliability revealed heterogeneous findings, with good to
excellent reliabilities in the more challenging task conditions (higher
target velocity and/or stationary background) and lower reliabilities in
the absence of a stationary background or with lower target velocity.
Importantly, the background effect revealed good to excellent reliability
scores at all target velocities. Similarly, the target velocity effect reached
predominantly good and excellent reliability scores.

Descriptively, the longer task version reached higher reliability than
the shorter version, and split-half reliability was higher at T2 than at T1
for most task conditions and variables. However, differences were not
significant and reliability scores fell in the same categories of interpre-
tation (Cicchetti, 1994). Generally, Pearson correlations and ICCs
reached converging results.

Repeated task exposure led to increased velocity gain at T2
compared to T1. However, this effect was driven by an increase in
performance only in the presence of a structured background and at
higher target velocities.

4.1. Reliability

The reliability indices obtained in this study were predominantly
good or even excellent (Cicchetti, 1994).

For velocity gain, the primary measure of smooth pursuit perfor-
mance, the study revealed excellent reliability scores in the presence of a
stationary background and at higher target velocity. For slower targets
and in the absence of a stationary background, however, reliability
scores were lower, replicating earlier findings (Ettinger et al., 2003). The
poorest reliability outcomes occurred in the putatively easiest version of
the task, implying a correlation between task difficulty and reliability.
As performance in those easier conditions was excellent and standard
deviations were low, these results can be interpreted in terms of the
reliability paradox (Hedge et al., 2018) since the sample was very ho-
mogenous in their responses in these conditions.

An interesting observation was that the decrease in performance
(and increase in variance; Table 1) from the easier to the more difficult
task conditions was comparably large for the target velocity and back-
ground manipulations. Strikingly, however, the improvement in reli-
ability from the no background condition to the background condition
was larger than from lowest to highest target velocity. This suggests that
the higher reliability in the background condition was not merely due to
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Fig. 6. Interactive effects of target velocity, background and time on pursuit velocity gain.
Legend: Two-way interaction of target velocity and background (Panel A), two-way interaction of target velocity and time (Panel B), two-way interaction of
background and time (Panel C) on pursuit velocity gain. All interactions are significant at o = 0.05. Significant t-tests after Bonferroni-correction are marked with an

asterisk. Data are presented as mean + standard errors.

greater variance in that condition compared to the no background
condition. Instead, pursuing a target over a structured background ap-
pears to bring out inter-individual differences, possibly linked to
enhanced recruitment of inhibitory processes (Lindner et al., 2001), that
are highly reliable, and more so than in a high target velocity condition
that yields comparable overall performance levels and variance.

For both the background and the target velocity effects, excellent
reliability scores were obtained for the long version of the task for all
levels of the other factor. These results, combined with the large mag-
nitudes of the background and target velocity effect sizes at group level,
are at odds with major claims of the reliability paradox. Specifically, in
our study, between-subject variance was in fact so high (see Figs. 4 and
5) that excellent reliability scores could be ensured despite clear
experimental effects at group level.

Earlier studies have revealed heterogeneous results for the reliability
of difference measures depending on the specific task used (Hedge et al.,
2018; Paap & Sawi, 2016; Soveri et al., 2018). Our results match the
assumptions by Zimmerman and Williams (1998) concerning the cir-
cumstances under which difference scores can achieve good reliability.
Specifically, variance and reliability were larger in the background
condition than in the no background condition and at higher compared
to lower target velocities (see Figs. 4 and 5, Table 1 and Supplementary
Tables 1 to 3).

A potentially major conclusion from our findings is that oculomotor
data might be better suited for individual difference research than out-
comes from standard cognitive tasks focusing on manual-motor reaction
times or error rates (Hedge et al., 2018). For instance, pursuit gain is less
susceptible to common problems with reaction times or accuracy met-
rics such as speed-accuracy trade-offs or impurity of the measures
(Draheim et al., 2019; Miller & Ulrich, 2013). Pursuit gain might
therefore reflect the main function of smooth pursuit, the matching of
eye velocity to target velocity, more accurately than reaction time
measures reflect processes of inhibitory control, suggesting lower task
impurity and higher ecological validity (Burgess et al., 2006; Miyake

etal., 2000). In addition, smooth pursuit over a structured background is
a behaviour shown regularly when exploring the environment, e.g.,
when looking at naturalistic scenes (Agtzidis et al., 2020; Startsev et al.,
2019), indicative of a better match between the behaviour in the labo-
ratory and in free viewing circumstances, compared to other inhibitory
or visual tasks (Kristjansson & Draschkow, 2021). Indeed, laboratory
tasks of inhibitory control such as the Stroop task have been criticized
for their lack of ecological validity (Burgess et al., 2006).

Castelhano and Henderson (2008) demonstrated that saccadic and
fixational behaviour when viewing natural scenes is highly stable within
participants across different stimuli. This might suggest that trial-to-trial
variability in pursuit gain is smaller compared to classic inhibitory tasks,
which in turn would facilitate higher reliability values as high trial
variance has been identified as a major driver of low reliability in in-
hibition tasks (Rouder et al., 2019). Recently, de Haas and colleagues
provided evidence not only for substantial interindividual differences in
fixation pattern when viewing natural scenes but also for excellent test-
retest and split-half reliabilities of these patterns in two independent
samples (De Haas et al., 2019; Linka & de Haas, 2020), in line with the
findings of the current study. However, the nature of smooth pursuit
variability and its relation to reliability has to be explored in much more
detail in future investigations. Still, our results suggest that robust
experimental effects can indeed translate into reliable individual dif-
ference measures.

Interestingly, the reliability of the background effect declined at
higher target velocities (especially when looking at the difference be-
tween the lowest and the intermediate and the lowest and highest target
velocity, respectively). Conversely, reliability increased with higher
target velocities for the direct performance measures. Possibly, reli-
ability was poor for the lowest target velocity in the absence of a sta-
tionary background because of a ceiling effect of performance. At both
sessions, participants were so accurate at pursuing the slow target that
fluctuations between the sessions were random, resulting in low re-
liabilities. Higher target velocities decreased performance and
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simultaneously increased between-subject variance, thereby facilitating
higher reliabilities. Similarly, the presentation of a stationary back-
ground led to more between-subjects variance, enabling higher reli-
ability values. The decrease in reliability of the background effect at
higher target velocities might be due to the fact that the reliabilities
mainly depend on variance in the background condition. As perfor-
mance was quite homogeneous at 0.2 Hz in the absence of a stationary
background and consequently the baseline was very similar between
participants, the difference measures mainly reflect the background
condition. A similar rationale has been argued by Hedge et al. (2018) for
the explanation of the different reliabilities for reaction time and accu-
racy data.

The good reliabilities under the more difficult task conditions are
promising, considering that in everyday life smooth pursuit occurs to
more complex stimuli than in the present laboratory study. Future
studies could therefore turn to investigating reliability of natural
viewing behaviour (Agtzidis et al., 2020).

Descriptively, the longer version of the task reached higher reli-
ability scores than the shorter version for almost all conditions, in
accordance with previous investigations (Hedge et al., 2018; Wostmann
et al., 2013). However, for most variables, confidence intervals over-
lapped between the two versions, which consequently does not permit
the conclusion of significant superiority of the longer task. In the future,
therefore, the task length should be selected according to the specific
study objectives, with the longer version recommended when individual
differences are the main focus.

For most variables, split-half reliability scores for T2 were descrip-
tively higher than for T1. The observed pattern of results can be inter-
preted as evidence of a reduction in error variance at T2, possibly due to
better familiarity with the task. However, again, in most cases the
confidence intervals overlapped, allowing for no firm conclusions to be
drawn.

Pearson correlations and ICCs generally led to consistent or only
slightly diverging results. Future investigations might therefore choose
to report only one measure, preferably ICCs, as they not only rely on
relative consistency but also contain additional information on absolute
agreement (McGraw & Wong, 1996).

Our results extend previous studies on smooth pursuit reliability due
to differences in the methodological approach. Firstly, in contrast to
Bargary et al. (2017) and Ettinger et al. (2003), we did not use a
triangular, constant-velocity target but a target following a sinusoidal
velocity pattern, as is common in clinical smooth pursuit research
(Barnes, 2008; Levy et al., 2010; Meyhofer et al., 2015; Nkam et al.,
2010; Ohlendorf et al., 2007). Secondly, we reported reliability scores
separately for each of the target velocity and background conditions.
This approach proved to be very valuable as our results suggest that
reliability scores widely differed between different task configurations.
Lastly, the present study was the first to directly assess the reliability of
the background and target velocity effects, which had not yet been
investigated despite these effects being well replicated experimental
group-level findings in the pursuit literature.

The observed pattern of results speaks for the general stability and
likely trait nature of eye movement performance, which has previously
been shown for saccades using latent-state-trait modelling (Meyhofer
etal., 2016). Similar modelling approaches should also be adopted in the
future to delineate the contribution of stable person effects and situa-
tional influences on smooth pursuit performance.

4.2. Task and time effects

4.2.1. Background

For all levels of target velocity, we found strong background effects,
indicative of worse performance in the presence of background stimuli,
in line with earlier findings (Barnes & Crombie, 1985; Collewijn &
Tamminga, 1984; Hutton et al., 2000; Meyhofer et al., 2019). This
pattern of results can be explained by background induced optokinetic
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drive that slowed eye movements (Barnes, 2008; Lawden et al., 1995).
The highly structured background stimuli provided a strong signal to the
optokinetic reflex, interfering with the smooth pursuit tracking of the
target. As a consequence, participants had to actively engage cognitive
resources to selectively enhance processing of the target stimulus
(Barnes & Crombie, 1985) or inhibit background processing in order to
perform stable smooth pursuit. The latter might be achieved by atten-
uating sensitivity to global motion signals in the opposite direction of
the pursuit target, which also corresponds to the direction of self-
induced retinal motion (Lindner et al., 2001).

Lower pursuit performance in the presence of a structured back-
ground might depend on gradual attention shifts between target and
background stimuli (Kerzel et al., 2008). These shifts may be modulated
by feature similarity between target and background distractors
(Stormer et al., 2011). For example, it has been shown that increased
attention to the target due to a target-related secondary task may even
improve smooth pursuit performance despite a general increase in de-
mands due to the secondary task (Stubbs et al., 2018). Future studies
should further explore the role of attention on target and distractor or
background stimuli. In this context, partial processing of the background
may even be beneficial in some cases, as it can also provide valuable
information about future events such as target trajectory (Eggert et al.,
2009; Ladda et al., 2007).

Results from a lesion study suggest that inhibition of irrelevant
background distractors might depend on parietal cortex and frontopar-
ietal white-matter connections (Lawden et al., 1995). Interestingly, the
posterior parietal cortex has also been associated with divided attention
between a SPEM target stimulus and an additional auditory target
(Baumann & Greenlee, 2009) as well as the dissociation between the
focus of attention and gaze (Ohlendorf et al., 2007). The specific role of
this area in the context of smooth pursuit against a structured back-
ground might concern motion processing relative to a frame of reference
(Ohlendorf et al., 2010) or attentional control (Baumann & Greenlee,
2009). However, the studies discussed above reported different peak
locations in the parietal cortex, so further research is needed concerning
the exact functions of the parietal cortex and its subregions during this
complex sensorimotor process. In addition, it has been suggested that
intact pathways of the basal ganglia are necessary for successful sup-
pression of irrelevant stimuli during smooth pursuit (Henderson et al.,
2011).

We also detected significant background x target velocity in-
teractions, indicating that the adverse effects of a stationary background
were particularly pronounced at higher target velocities, in line with
previous findings (Howard & Marton, 1992; Hutton et al., 2000;
Meyhofer et al., 2019). Thus, if the pursuit system is challenged - by fast
targets, structured backgrounds or the combination of both — perfor-
mance deteriorates substantially. These effects might indicate that both
factors rely on the same underlying process, for example spatial atten-
tion, which is important for both the matching of eye to target velocity
and the inhibition of background processing. Interestingly, it has been
shown that the focus of attention is modulated by target velocity (Van
Donkelaar & Drew, 2002). The faster the target moves, the further ahead
of the target attention shifts. If the target is no longer at the center of
attention at high velocities, pursuit gain might be reduced as the
matching of eye to target velocity is impeded. However, the assumed
asymmetrical distribution of attention biased ahead of the target is not
supported by all lines of evidence (Souto & Kerzel, 2021). The pro-
cessing benefit at locations ahead of the target has been found in reac-
tion time paradigms and with frequency-tagged steady-state visual
evoked potentials (Chen et al., 2017; Van Donkelaar, 1999; Van Don-
kelaar & Drew, 2002) but not in perceptual discriminations tasks
(Lovejoy et al.,, 2009; Watamaniuk & Heinen, 2015). It is debated
whether these effects in fact represent spatial attention or rather visual
processes such as the suppression of visual signals opposite of target
direction (Souto & Kerzel, 2021). Therefore, more research is needed to
investigate the relationship between smooth pursuit and attention and
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how they relate to target velocity and the background the target is
presented on.

Another important aspect to consider in explaining the background
x target velocity interaction is velocity perception during pursuit, which
has been shown to depend on the background the target is presented on
(Raymond et al., 1984). However, this has been probed relative to a
reference stimulus presented before the target and should be investi-
gated in more detail.

4.2.2. Target velocity

Additionally, we aimed to replicate the effects of target velocity on
pursuit performance. In line with previous research and our hypotheses,
performance was affected by target velocity (Collewijn & Tamminga,
1984; Lisberger et al., 1981; Meyhofer et al., 2019), with pursuit gain
being lower at higher target velocity. Effect size measures indicated that
target velocity accounted for a substantial part of pursuit gain variance.
The manipulation of target velocity can therefore be regarded as a
valuable tool to control overall task demands. Our results add to the
literature by highlighting the importance of using more than a single
level of target velocity since some task manipulations only become
evident at a certain level of target velocity (e.g. background x target
velocity interactions). As a consequence, studies that employ only a
single level of target velocity might be limited in their explanatory
power.

Although the effects of manipulating target velocity have been
studied extensively, to our knowledge, target velocity effects as the
difference in performance between two levels of target velocity are not
typically reported. Therefore, here, we demonstrate the feasibility of this
approach. Individual target velocity effects may prove to be particularly
useful for later use in individual differences research to better under-
stand between-subjects variance.

4.2.3. Block

In order to examine the course of performance over time, data were
analyzed for within-session performance changes from the first to the
second half of the experiment. However, no differences between the two
blocks could be observed. This absence of effects suggests that perfor-
mance is relatively stable over a duration of several minutes. This could
be due to the fact that at the beginning of each session, participants had
the opportunity to familiarize themselves with the task through a
practice session. This way, understanding of instructions and familiarity
with the study setup was ensured and did not have to be acquired during
task performance, which may have led to differences between blocks.

4.2.4. Time

We found a significant main effect of time for pursuit gain, indicative
of improvement of performance from the first (T1) to the second (T2)
session day over a period of one week.

Interactions between time and background conditions as well as time
and target velocity revealed that these effects only occurred in the more
challenging conditions, namely in the presence of a stationary back-
ground and at higher target velocities. This pattern indicates that
repetition or practice effects might depend on baseline performance,
which is related to task difficulty. Performance in the easier task con-
ditions may already be near ceiling at T1, with gain scores close to 1.
Thus, the performance level could not improve any further. Performance
improvements in the more difficult task conditions might be due to
learning processes, which is consistent with previous results from
healthy and neurological samples (Eibenberger et al., 2012; Kerkhoff
et al., 2013). If the task is to be used in study designs with multiple
assessments, the issue of performance changes due to multiple exposure
to the task needs to be considered. Importantly, however, the back-
ground effect proved to be highly robust and could be observed in both
sessions with large effect sizes. The same pattern of results was observed
for the target velocity effect. Thus, time only influenced the size of the
background or target velocity effect but not the effect as such.
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Future investigations should further explore whether or at what
point performance stabilizes over time by employing multiple assess-
ments over several days.

We aimed to control the influence of previous exposure to the
experimental stimulus sets by introducing a brief practice block at the
beginning of each session. However, familiarity with the assessment
setting might still influence performance, which is problematic espe-
cially in repeated-measures designs, where participants undergo
experimental manipulations at different time points. In order to further
reduce this influence in the future, the practice block could be presented
for a longer time or participants could get familiarized with the task
during an initial baseline measurement. The latter may also help to
examine possible baseline effects on learning as stabilization might
occur earlier or later dependent on initial performance levels.

4.3. Limitations

The study was limited in the number of sessions. In order to explore
the effects of repeated exposure to the same task in more detail, more
measurement sessions would have been informative. Also, latent state
trait modelling (Geiser et al., 2015) of smooth pursuit data is called for
to formally estimate trait and state components of variance as well as
measurement error.

4.4. Conclusion

In this study, we have presented reliability scores and task effects for
a smooth pursuit paradigm employing three target velocities and a
background vs. no background condition in two sessions one week apart
in a sample of 45 participants. Presenting background distractors and
increasing target velocity impaired smooth pursuit performance
consistent with previous investigations.

Background as well as target velocity effects were robustly replicated
in both sessions. However, practice effects between the two sessions
were observed in the more difficult task conditions and should be
considered in future investigations using longitudinal designs.

Reliability results were good, especially at higher target velocities
and/or in the presence of a stationary background. Reliability scores
were largely in line with previous literature but also revealed interesting
novel insights, especially concerning the role of task difficulty. Back-
ground as well as target velocity effects proved to be highly reliable.
These findings demonstrate, in contrast to some other cognitive tasks
(Hedge et al., 2018), that a task can produce both robust experimental
effects and reliable individual difference outcomes.
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Abstract

Rationale Nicotine has been widely studied for its pro-dopaminergic effects. However, at the behavioural level, past inves-
tigations have yielded heterogeneous results concerning effects on cognitive, affective, and motor outcomes, possibly linked
to individual differences at the level of genetics. A candidate polymorphism is the 40-base-pair variable number of tandem
repeats polymorphism (rs28363170) in the SLC6A3 gene coding for the dopamine transporter (DAT). The polymorphism
has been associated with striatal DAT availability (9R-carriers > 10R-homozygotes), and 9R-carriers have been shown to
react more strongly to dopamine agonistic pharmacological challenges than 10R-homozygotes.

Objectives In this preregistered study, we hypothesized that 9R-carriers would be more responsive to nicotine due to
genotype-related differences in DAT availability and resulting dopamine activity.

Methods N=194 non-smokers were grouped according to their genotype (9R-carriers, I0R-homozygotes) and received
either 2-mg nicotine or placebo gum in a between-subject design. Spontaneous blink rate (SBR) was obtained as an indirect
measure of striatal dopamine activity and smooth pursuit, stop signal, simple choice and affective processing tasks were
carried out in randomized order.

Results Reaction times were decreased under nicotine compared to placebo in the simple choice and stop signal tasks, but
nicotine and genotype had no effects on any of the other task outcomes. Conditional process analyses testing the mediating
effect of SBR on performance and how this is affected by genotype yielded no significant results.

Conclusions Overall, we could not confirm our main hypothesis. Individual differences in nicotine response could not be
explained by 1528363170 genotype.

Keywords Nicotine - SLC6A3 - DAT - Smooth pursuit - Inhibition - Spontaneous blink rate - Proactive inhibition - Stop
signal task - Individual differences

Introduction

Nicotine is a non-selective agonist of the nicotinic acetyl-
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and Levin 2001). However, nicotine effects on cogni-
tive performance in healthy individuals are heterogene-
ous, with some studies providing evidence for beneficial
effects, specifically in the domain of attention, yet others
suggest detrimental effects (Almeida et al. 2020; Ettinger
et al. 2017; Hahn 2015; Heishman et al. 2010; Niemegeers
et al. 2014; Wignall and de Wit 2011).

Generally, nicotine effects appear to depend on factors
such as baseline performance, dosage and smoking status
(Almeida et al. 2020; Niemegeers et al. 2014; Wignall and
de Wit 2011), suggesting substantial interindividual variance
in dopamine-related function.

There is also evidence that such interindividual variability
may be linked to differences at the level of genetics (Hariri
2009; Siebner et al. 2009). Here, to explain variability in
nicotine response, we focus on a 40-base pair variable num-
ber of tandem repeats (VNTR) polymorphism (rs28363170)
in the 3’ untranslated region of the gene (SLC6A3) cod-
ing for the dopamine transporter (DAT). The DAT plays a
major role in dopamine neurotransmission by controlling
re-uptake of dopamine into the presynaptic neuron, thereby
regulating synaptic dopamine availability (Piccini 2003;
Salatino-Oliveira et al. 2018). DAT density is particularly
high in striatum, a structure known to play a crucial role in
dopamine response to nicotine (Cachope et al. 2012; Piccini
2003; Threlfell et al. 2012).

In humans, the most common alleles of the VNTR are the
9 (9R) and 10 repeat (10R) forms (Kang et al. 1999). At the
behavioural level, there is no evidence of rs28363170 as a
significant predictor of cognitive function in healthy adults
(Gurvich and Rossell 2014; Rincon-Pérez et al. 2018). For
outcomes both at the level of brain function and subjective
experience, however, differences between genotypes
have been identified in response to dopamine agonistic
interventions (Brewer et al. 2015; Franklin et al. 2009, 2011;
Gelernter et al. 1994; Kambeitz et al. 2014; Lott et al. 2005;
Millar et al. 2011). These studies suggest that 9R-carriers
are more responsive to challenges or interventions known
to increase extracellular dopamine availability than
10R-homozygotes. However, the mechanisms of this effect
are unclear. Here, we argue that differences in response
between 9R carriers and 10R-homozygotes stem from
differences in baseline DAT availability. Specifically, there
is evidence for 9R carriers to have higher DAT availability
(for meta-analysis, see Faraone et al. 2014), although this
relationship was not significant in all studies (Kasparbauer
et al. 2015; Wagner et al. 2014). This may be expected to
result in lower baseline levels of extracellular dopamine in
striatum.

In this preregistered study, we challenged the dopamine
system by administering nicotine to rs28363170 9R carriers
and 10R homozyogtes. We recorded spontaneous blink rate
(SBR) as an indirect measure of striatal dopamine activity

@ Springer

(Depue et al. 1994; Jongkees and Colzato 2016) to better
understand possible genotype-related between-group differ-
ences in dopamine activity.

In order to characterise the interactive effects of nico-
tine and SLC6A3-genotype on cognitive, motor and affec-
tive functioning, we selected four paradigms that have been
shown to be sensitive to dopaminergic influences. Specifi-
cally, we assessed smooth pursuit eye movements (SPEM;
Meyhofer et al. 2019), reactive inhibition in the stop signal
task (Logemann et al. 2014a; Logan and Cowan 1984), pro-
active inhibition by comparing reaction times to go stimuli
in the stop signal task and in a simple choice task where no
stop signals are presented and effortful behaviour associated
with affective processing in the Anticipatory and Consum-
matory Pleasure task (ACP; Heerey and Gold 2007; Lui
etal. 2016).

In line with previous research, we expected 9R carrier to
respond more strongly to nicotine administration than 10R
homozygotes. We further hypothesized that drug effects on
task performance are mediated by effects on SBR and that
this relationship is moderated by genotype.

Materials and methods

The study was approved by the ethics committee of the
Faculty of Medicine at the University of Bonn (registration
number 215/18). The study was preregistered at https://osf.
i0o/6wux4. This preregistration entails that our research ques-
tions and analysis plans were defined and time-stamped prior
to data collection (Nosek et al. 2018).

Participants and screening procedure

We aimed for 200 participants to complete the study. This sam-
ple size yields at least 90% power to detect an effect of f=0.25
with an alpha-level of .05 (G*Power 3.1.9.2; Faul et al. 2007).
We included healthy female and male non-smokers (at
most 10 cigarettes in a lifetime, or equivalents such as e-vap-
ing, nicotine gums etc.), aged 18-40 years, with normal or
corrected to normal vision and carriers of 9R/9R, 9R/10R
or 10R/10R genotypes. For statistical analyses, 9R-carriers
(9R/9R, 9R/10R) were compared to 10R-homozygotes. A
full list of exclusion criteria is available in Table 1.
Participants were recruited via advertisements on the
campus of the University of Bonn, circular emails and
social media. They were invited to fill in a short online
questionnaire to confirm basic inclusion criteria. Suitable
participants were invited to an in-person screening at the
Department of Psychology at the University of Bonn. In
the screening, participants confirmed their willingness to
participate in the study and provided written, informed
consent. Then, a semi-structured interview was conducted
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Table 1: Inclusion and exclusion criteria

Inclusion criteria

Exclusion criteria

-Healthy

-Male or female

-18-40 years of age

-Non-smoker (less than 10 cigarettes in lifetime)
-Carrier of the 9R/9R, 9R/10R or 10R/10R genotype

-Known allergic reaction to nicotine

-Known heart disease

-Known brain circulatory disorder (e.g., stroke)

-Hypertension (systolic >140 and diastolic >90)
-Hypotension (systolic <100 and diastolic <60)

-Normal or corrected-to-normal vision
-Good German skills

-Bradycardia (resting pulse <60 per minute)
-Tachycardia (resting pulse >100 per minute)

-Known circulatory disorder

-Known diabetes mellitus

-Known hyperthyreosis

-Known tumour in the adrenal gland

-Known kidney or liver disease

-Known oesophagitis, infections in mouth or throat, gastritis or stomach ulcers
-Known fructose intolerance

-Body mass index (BMI) <18 or >29 for men or <19 or >30 for women

-For women: not using effective contraceptives for at least one cycle, pregnant or

breastfeeding

-Current drug abuse

-Current medical or CNS disease

-Current psychiatric or neurological diagnoses

-Current medication intake (except oral contraceptives or vitamin preparations)
-Current participation in a medication trial

to screen for psychiatric (Ackenheil et al. 1999), neuro-
logical or physical disorders and further exclusion criteria
(Table 1). Handedness (Oldfield 1971), verbal intelligence
(Lehrl 1999), blood pressure, heart rate, height and weight
were obtained and body mass index (BMI) was calculated.
Finally, participants provided a DNA sample (see below).

Suitable participants were then invited to the experimen-
tal assessment. They were asked to arrive well rested at the
laboratory and to abstain from alcohol and medication at
least 24 hours before the assessment and from citrus fruits
on the day of the assessment. In addition, they were asked to
maintain their usual caffeine intake and to have a light meal
before the assessment.

Study design and procedure

The study followed a double-blind, placebo-controlled rand-
omized between-subjects design, with separate randomization
for females and males. The study team carrying out the assess-
ments were involved neither in generating the randomisation
list nor in the preparation of the nicotine and placebo gums.
At the beginning of each assessment, inclusion and exclu-
sion criteria were reconfirmed. Then, participants were
asked to provide a urine sample for analyses of current use of
nicotine (qualitative cotinine tests with a 200 ng/ml cut-off,
nal von minden GmbH, Moers, Germany) and pregnancy
(Runbio Biotech Co., Guangdong, China; female partici-
pants only). Positive results led to study exclusion.
Participants were then given a chewing gum containing
either 2 mg nicotine (Nicotinell®, spearmint) or placebo

(Fertin Pharma, Vejle, Denmark). The placebo gums were
customized to match the taste, mouth feel and appearance
of the nicotine gums as accurately as possible. The gum
was chewed following a standardized protocol (Meyhofer
et al. 2019). Voice-recorded instructions presented via
headphones asked participants to alternate between chew-
ing and keeping the gum between upper front teeth and
lips for 30 minutes (12 short periods of each). Immedi-
ately after completion of the chewing protocol, partici-
pants filled in computerised visual analogue rating scales
(VAS; Bond and Lader 1974) to assess subjective feelings.
Blood pressure and heart rate were measured.

Then, SBR was assessed. Subsequently, the SPEM,
ACP, stop signal and simple choice tasks were carried out
in randomized order. However, the stop signal and simple
choice tasks were always presented as a block, starting
with the stop signal task for half of the participants and
the simple choice task for the other half. At the end of each
assessment, participants were asked to guess whether they
had received nicotine or placebo.

Participants received course credits or €30 for partici-
pating. The experimental session took approximately 2
hours 30 minutes. An overview of the study procedure is
depicted in Figure 1.

DNA extraction and genotyping

All participants provided buccal mucosa cell samples for
DAT genotyping. DNA was extracted using commercial

@ Springer
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if suitable

Questionnaire

Semi-structured interview

if suitable

Confirmation of inclusion and

« health status « M.LN.L exclusion criteria
* medication « detailed exclusion and
» smoking status n inclusion criteria Urine analysis
+ age 3 *+ cotinine
*  sex 5 Physical examination w + only women: pregnancy
« German knowledge * blood pressure and heart ©
+ only women: rate g Drug administration
« pregnancy * height and weight * 2mg nicotine/placebo
» breastfeeding «  DNAsample

Questionnaires
« EHI
« MWT-B

Fig. 1 Study procedure. M.LLN.I: Mini International Neuropsychiat-
ric Interview (Ackenheil et al., 1999), EHI: Edinburgh Handedness
Inventory (Oldfield, 1971), MWT-B: Mehrfachwahl-Wortschatz-

MagNA Pure extraction kits (MagNA Pure LC DNA isola-
tion kit; Roche Diagnostics; Mannheim, Germany).

Amplification of the DAT VNTR was conducted
by means of polymerase chain reaction (PCR). Primer
sequences for amplification were 5’-TGTGGTGTAGGG
AACGGCCTGAG-3’ and

5’-CTTCCTGGAGGTCACGGCTCAAGG-3’. The
PCR protocol started with 3 minutes of initial denatura-
tion at 94°C followed by 39 cycles of 45 seconds dena-
turation at 94°C, 30 seconds annealing at 62°C, and 30
seconds extension at 72°C. The final elongation at 72°C
lasted 5 minutes. PCR products were genotyped by elec-
trophoresis on a 2% agarose gel in a TBE solution and
subsequent visualization under UV light.

Genotype frequencies of the DAT VNTR (9R/9R: N
=14; 9R/10R: N = 80; 10R /10R: N = 100) were in Hardy
Weinberg equilibrium (X2 =0.14, p = .713).

Tasks
The fixation and SPEM tasks were built in Experiment-

Builder (SR Research Ltd., Ontario, Canada, version 1.10)
and presented on a 24-inch BenQ LCD monitor (resolution

@ Springer

Subjective experience
+ VAS

Physical examination
* blood pressure and heart
rate

ulw oSt

SBR measurement

Tasks

- smooth pursuit

- stop signal task

- simple choice task
- ACP

randomized
order

Guess

Compensation

Intelligenztest, version B (Lehrl, 1999), VAS: visual analogue scales
(Bond & Lader, 1974), SBR: spontaneous blink rate, ACP: Anticipa-
tory and Consummatory Pleasure Task.

1920x1080 px; 120 Hz refresh rate). To record eye move-
ments and blink rate, a desktop-mounted video-based com-
bined pupil and corneal reflection eye-tracker (EyeLink
1000, SR Research Ltd.) was used. A centroid pupil-track-
ing algorithm was employed to detect pupil and corneal
reflection of the right eye at 1000 Hz sampling rate. Prior
to each task, a five-point horizontal-vertical calibration
was performed. During the tasks, participants rested their
head on a chin-rest.

The ACP, stop signal and simple choice tasks were
presented on a 19-inch Hyundai LCD monitor (resolution
1440x900 px, 60 Hz refresh rate).

Distance from eye to monitor was approximately 70 cm
for all tasks and instructions and stimuli were presented on
a black (0, 0, 0) screen.

Fixation

The fixation target was a grey (128, 128, 128) circle (diam-
eter = 15px/0.27°, stroke width = 5px/0.09°) presented at
the centre (0°, 0°) of the screen for 180 seconds. Participants
were instructed to fixate on the target as accurately as pos-
sible with their eyes while keeping their head still.
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SBR (N/s) was obtained using DataViewer (SR Research
Ltd.).

Smooth pursuit

The smooth pursuit task (Supplementary Figure 1) was the
same as the one used by Meyhofer et al. (2019). The task
was presented on the inner 1680x1050 px of the monitor.
Surrounding pixels were black. The smooth pursuit target
was a grey (128, 128, 128) circle (diameter = 15px/0.27°,
stroke width = 5px/0.09°) moving horizontally between
+432px (7.89°) across the screen in a sinusoidal velocity
waveform at three target velocities (or frequencies: 0.2 Hz,
0.4 Hz, 0.6 Hz). The sinusoidal pattern indicates that target
velocity constantly changed over time, accelerating towards
the center of the screen, and decelerating towards the turning
points. Peak and average velocities were 9.91°/s and 6.31°/s
for the 0.2 Hz target, 19.83°/s and 12.62°/s for the 0.4 Hz
target and 29.74°/s and 18.94°/s for the 0.6 Hz target. Each
target velocity was presented twice, once with and once
without a stationary structured background, resulting in a
total of 6 blocks. The structured background consisted of a
symmetrical six-by-six grid of white (255, 255, 255) circles
(diameter = 15px/0.27°, stroke width = 5px/0.09°) with the
following corner coordinates in pixels: 408, 310; 408, 740;
1272, 310; 1272, 740 (in inner 1680x1050 px of the moni-
tor). Each block was presented for 30 seconds in randomized
order. Participants were instructed to follow the target as
accurately as possible with their eyes while keeping their
head still. A brief practice task was presented prior to the
task, consisting of four blocks (0.4 Hz without background,
0.2 Hz with background, 0.4 Hz with background, 0.6 Hz
without background), each lasting five seconds.

Eye movement data were preprocessed in Matlab R2016A
(Natick, Massachusetts: The MathWorks Inc.). First, the first
excursion of the target from the centre, blinks and saccades
were excluded. Then, segments of pursuit in the middle 50%
of each half-cycle lasting 50 ms or longer were identified.
Velocity gain was the primary outcome measure of pursuit
performance, calculated as the time-weighted average of the
ratio of mean eye velocity to mean target velocity for these
segments. Optimal performance corresponds to a gain value
of one.

For both eye-tracking tasks, data quality was first indi-
vidually assessed. Participants with poor eye-tracking data
quality were excluded from analyses.

Stop signal task

The stop signal task (Supplementary Figure 2) was written
using Presentation® software (Version 18.0, Neurobehav-
ioral Systems, Inc., Berkeley, CA). It was adapted from
the stop signal task provided in the Cognitive Experiment

III v3 pack provided by Neurobehavioral Systems (www.
neurobs.com). The task consisted of 150 go trials and 50
stop trials. In go trials, participants had to indicate the
direction of a centrally presented arrow (go stimulus, “<”
or “>") by pressing a key on a ‘qwertz’ keyboard (“x”” and
7, respectively). In stop trials, a stop stimulus (“/\”) was
presented immediately after the go stimulus. In these tri-
als, participants had to inhibit their responses.

Each trial started with a fixation cross presented cen-
trally for 500 ms. Then, the go-stimulus appeared at the
same position for 100 ms followed by a blank screen. In
stop trials, the stop stimulus appeared after the current
stop signal delay (SSD) for 500 ms. In go trials, a black
screen was presented until the next trial was initiated (cur-
rent SSD-100ms+500ms). The intertrial interval was 1000
ms (black screen). The initial SSD of 400 ms was adjusted
to the participant’s performance (maximum 500 ms, mini-
mum 50 ms) in 16 ms steps using a tracking procedure
(Verbruggen et al. 2019). Thus, SSD was increased by 16
ms after successful stop trials and decreased by 16 ms after
unsuccessful stop trials, converging on a 50% probability
of successful stop trials. If the SSD was shorter than 100
ms, the go stimulus was presented for the duration of the
SSD. Stop trials occurred equally often after right and left
arrows, respectively. Trial order was randomized.

All cues were presented in Helvetica font in white (255,
255, 255) on black (0, 0, 0) background. Font sizes were
7.5% of screen height for the fixation cross, 10% for go
stimuli and 12.5% for stop stimuli.

Participants were instructed to leave their index fingers
on the response keys throughout the entire task. They were
asked to respond as fast and accurately as possible and not
to wait for the stop signal.

Prior to the task a practice block (20 trials) was pre-
sented. If the accuracy in this block was less than 50%,
it was repeated until an accuracy of more than 50% was
achieved.

Stop signal reaction time (SSRT) was obtained as the
primary outcome measure. It was calculated using the
integration method with replacement of go-omissions
(Verbruggen et al. 2019).

Participants were excluded if go trial accuracy was less
than 80%, and/or if they had more than 75% or less than
25% successful stop-trials and/or in case of negative SSRT
(Congdon et al. 2012; Verbruggen et al. 2019).

Simple choice task

The simple choice task (Supplementary Figure 3) was identi-
cal to the stop signal task with the difference that no stop tri-
als were presented. Hence, participants had to respond to left

and right arrows with the “x” and “;” keys, respectively, in
150 trials (75 right, 75 left). After each go stimulus a black
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screen was presented for 900 ms followed by the intertrial
interval of 1000 ms. Instructions were to respond as fast
and accurately as possible and to leave the index fingers
on the response keys throughout. Again, 20 practice trials
were presented before the task and repeated until accuracy
exceeded 50%.

To assess proactive inhibition, reaction times of correct
go responses were obtained both for the stop signal task and
the simple choice task.

Participants were excluded if their go-accuracy in either
task was less than 80%.

ACP

The ACP task (Supplementary Figure 4) was written using
E-Prime Software (Version 2.0, Psychology Software Tools,
Sharpsburg, PA, USA). It was adapted from Lui et al. (2016)
and comprised an anticipatory phase followed by a consum-
matory phase.

In the anticipatory phase, participants saw 42 slides show-
ing three pictures each. The pictures were drawn from the
International Affective Pictures System (Lang et al. 1997).
Three types of slides were used (14 positive, 14 negative and
14 neutral). All pictures on one slide were from the same
category. The slides were presented consecutively. First,
participants were asked to rate valence and arousal evoked
by each slide on a nine-point Likert scale, ranging from very
unpleasant to very pleasant and very calm to very arousing,
respectively. Ratings were obtained by the number keys at
the top of the keyboard. Rating time was not limited, but
slides were removed from the screen after rating. Second,
participants were asked to indicate whether they wanted to
see a particular slide again later or not. They were told they
could alter the probability of the later reappearance of a slide
by rapidly and alternately pressing two keys on the keyboard.
Half of the participants were instructed to press “m’ and “n”
on the keyboard to increase the probability of seeing the cur-
rent slide again and “x” and “y” to decrease the probability.
For the other half of the participants, the key assignment
was reversed. The response window for the key presses was
two seconds. During this time, participants saw an instruc-
tion to press the keys and a reminder of the key allocation.
Each trial started with a 500 ms fixation dot and ended on
a 2000 ms rest period. Participants were instructed to use
the index and middle fingers of their left and right hands.
In addition, they were asked to only press the keys if they
in fact wanted (or not wanted) to see a particular slide again
and to not press the keys if they were indifferent to whether
they wanted to see the slide again or not.

In the consummatory phase, participants saw 30 slides
(10 positive, 10 negative, 10 neutral) from the anticipatory
phase. They could alter the presentation time of the slides
by rapidly and alternately pressing the same keys as in the
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anticipatory phase. Presentation times were prolonged if
they pressed the keys used in phase 1 to increase slide proba-
bility (e.g., “m” and “n”). Presentation times were shortened
if they pressed the keys used in phase 1 to decrease slide
probability (e.g., “x” and “y”). Presentation times ranged
from two to ten seconds depending on participants’ key press
response. If no keys were pressed, presentation time was five
seconds. Participants had no influence on total task duration
as intertrial intervals (black screen) were adjusted to slide
presentation durations so that total trial duration and inter-
trial interval were always the same.

A practice block was carried out prior to each phase.

The primary outcome measure was key pressing speed,
i.e., the number of key presses per second (N/s), to account
for differences in target presentation duration in the second
task phase. Importantly, the factor valence was determined
individually according to each participant’s valence ratings.
Ratings of 1-3 were considered negative, 4-6 neutral and
7-9 positive.

A trial was considered invalid if a participant’s Likert rat-
ing of a slide did not match their key press response, e.g., if
a participant gave a positive rating but pressed keys (> 4 key
presses) to decrease probability of later stimulus reappear-
ance or to shorten presentation duration, and vice versa for
negative ratings. However, slides with neutral ratings were
always valid. Trials with invalid responses were excluded
from analysis. To account for individual differences in key
pressing speed, results from a calibration block at the begin-
ning of the task were applied in the consummatory phase
in order to adjust presentation durations similarly between
participants.

Visual analogue scales

Subjective feelings after drug administration were assessed
with computerised visual analogue scales (VAS; Bond and
Lader 1974), yielding alertness (9 scales), calmness (2
scales) and contentedness (5 scales) factors. VAS scales
were 100 mm long and ratings are reported as average values
for each factor with higher values indicating higher expres-
sions on the factors.

Statistical analyses

For the primary outcome of each task, analysis of variance
(ANOVA) and conditional process analysis were carried
out. For subjective and cardiovascular outcomes, z-tests
were carried out. Significance threshold for all analyses was
o = .05. Departing from our preregistration, outliers were
not winsorized following recent recommendations (Leys
etal. 2019).
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Analyses of variance

For each dependent variable (SBR, SPEM velocity gain,
SSRT, go RT, key press speed), a between-subjects ANOVA
with the factors drug (nicotine, placebo) and genotype (9R,
10/10) was carried out. Some analyses had additional within-
subject factors, depending on the task analysed. For SPEM,
the additional within-subjects factors were target veloc-
ity (0.2 Hz, 0.4 Hz and 0.6 Hz) and background (present,
absent). For ACP, the additional within-subjects factors were
valence (determined individually according to ratings; posi-
tive, negative and neutral) and phase (anticipatory, consum-
matory). The proactive inhibition analysis had the additional
within-subjects factor task (stop signal, simple choice task).

Effect sizes were calculated as partial eta squared. If the
sphericity assumption was violated, Greenhouse-Geisser
correction was applied. Uncorrected degrees of freedom and
Greenhouse-Geisser € were obtained. Bonferroni-corrected
t-tests were calculated as post hoc tests with d,, (Lakens
2013) as effect size for repeated-measures factors. Uncor-
rected p-values were obtained but significance was inferred
from corrected alpha-thresholds.

Conditional process analyses

Based on our preregistered hypotheses, a conditional process
analysis was performed for the primary outcome measures of
each task (averaged across within-subject conditions for key
press speed and SPEM velocity gain; difference between go
and stop signal task for go reaction times) with the R process
package (Hayes 2015). Specifically, model 8 was tested with
four different outcome variables (Y; SPEM velocity gain,
SSRT, go RT, key press speed). Drug was the independ-
ent variable (X), SBR was the mediator (M) and genotype
was the moderator (W) on the paths between drug and SBR
and drug and outcome measures, respectively. Bootstrap
95%-confidence intervals were calculated with 5000 boot-
strap iterations. Participants were excluded according to
above criteria. Specifically, a participant was not included in
the conditional process analysis if fixation data quality was
poor. Unstandardized regression coefficients are reported.
Drug and genotype were coded as uncentered dichotomous
variables (placebo = 0, nicotine = 1; 10/10 =0, 9R = 1).

Conceptual and statistical diagrams of the conditional
process model are depicted in Figure 2.

Additional analyses

Two-sample #-tests were carried out in order to test drug
effects on heart rate, blood pressure and the three VAS
scales. Cohen’s d was calculated to determine effect sizes.
A y’-test of independence was calculated to assess whether

participants guessed correctly if they had received nicotine
or placebo.

Bayesian analyses

In addition to the preregistered analyses described
above, Bayesian ANOVAs were calculated using JASP
software (Version 0.14.1, JASP Team [2020]). Depend-
ent and independent variables were selected as described
in "Analyses of variance". JASP default priors were
used, i.e. Cauchy priors centered on zero with a fixed
effects scale factor of r = 0.5 and random effects scale
factor of r = 1.

Bayes factors (BF) are interpreted according to Wagen-
makers et al. (2018) with BF > 100 suggesting extreme
evidence, 30-100 very strong evidence, 10-30 strong evi-
dence, 3-10 moderate evidence, 1-3 anecdotal evidence
and 1 no evidence. Bayesian model averaging (across all
models) yielded BF quantifying the evidence for including
or excluding a specific main or interaction effect (van den
Bergh et al. 2020).

Data and code availability

Anonymized data and analysis code are available at https://
osf.io/bg3c6/.

Results
Participants

A total of 739 participants filled in the online questionnaire,
507 of whom met initial criteria and were invited to a face-
to-face screening. Of those, 271 followed the invitation and
227 of them were considered suitable for participation. After
genotyping, 18 participants had to be excluded because DNA
analyses were inconclusive or revealed rare genotypes (not
9R/9R, 9R/10R or 10R/10R). Of the remaining participants,
seven did not follow the invitation, four had positive cotinine
tests, two consumed alcohol or took medication prior to test-
ing and two had to discontinue participation due to adverse
nicotine side effects.

The final sample consisted of N = 194 participants
(153 females, 41 males), aged M = 22.82 years (SD =
3.33 years). Ninety-nine participants received nicotine
(44 9R-carriers and 55 10R-homozygotes) and ninety-
five participants received placebo (50 9R-carriers and 45
10R-homozygotes). Further demographic information is
in Table 2.

Data collection took place between December 2018
and February 2020. It was discontinued before the tar-
geted sample size of 200 was reached due to a nationwide
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Fig.2 Conceptual (panel A) and statistical (panel B) diagram of the
conditional process models. Spontaneous blink rate is considered
a mediator of the drug effects on the four performance outcomes
(smooth pursuit velocity gain, stop signal reaction time, go reaction

lockdown related to the Sars-CoV-2 pandemic. However,
we believe that the deviation is so minor that it does not
have a significant impact on the statistical power in this
study.

Due to poor eye-tracking data quality, two partici-
pants were excluded from SBR analyses and seven par-
ticipants from SPEM analyses. Thirty-three participants
were excluded from stop signal task and twelve partici-
pants from simple choice task analyses for fulfilling above

time and key press speed). For each performance outcome, a separate
analysis was carried out. Genotype acts as a moderator of the drug
effect on spontaneous blink rate and performance.

exclusion criteria. Three participants were excluded from
ACP analyses due to technical errors or failure to understand
instructions.

Fixation
ANOVA on SBR yielded no significant main effects for

drug or genotype and no interaction of the two factors
(all p > .05; Table 2; Figure 3).

Table 2: Demographic

information and blink rates of Nicotine Placebo

the experimental groups 9R 10/10 9R 10/10
N 44 55 50 45
Age
(mean, SD) 22.05(2.53) 22.89(3.30) 23.1(3.76) 23.18 (3.52)
Gender (N females/ males) 3717 40/15 40/10 36/9
Handedness (N right/left/ambidextrous) 351772 4716/2 44/6/0 35/7/3
Years spent in formal education (mean, SD)  15.39 (2.16) 1598 (2.45) 15.82(3.42) 1598 (3.49)
MWT-B sum score (mean, SD) 25.18 (4.13)  26.18 (4.33) 25.24(3.86) 25.13(4.2)
SBR (N/s; mean, SD) 0.22 (0.43) 0.18 (0.18) 0.16 (0.14) 0.17 (0.19)

Legend: Demographic information and blink rates of the four experimental groups. MWT-B: Mehr-
fachwahl-Wortschatz-Intelligenz Test (Version B). Handedness was assessed with the Edinburgh Handed-
ness Inventory. SBR: spontaneous blink rate.
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The Bayesian ANOVA suggested that the data were best rep-
resented by a null model (see Supplementary Table 1). There
was moderate evidence to exclude drug (BF_ = 8.34) and
genotype (BF,, = 7.62) and very strong evidence to exclude

€xcl

their interaction (BF,, ; = 52.98) (see Supplementary Table 2).
SPEM

Analyses of velocity gain revealed main effects of back-
ground (F( g3 = 286.44, p < .001, n p2 = .610) and

0.21

0.18 1

0.154

blink rate (N/s)

0.12 4

9R 10/10
genotype

— nicotine - - placebo

Fig.3 Effects of drug and genotype on spontaneous blink rate. Data
are presented as mean =+ standard errors. N = 192.

Fig.4 Effects of drug, 0.2Hz

background

velocity (Fy 366, = 391.69, p < .001, 1 p2 =.682,e=.74)
and a two-way interaction of background and target velocity
(Fa, 366y = 56.85, p < .001, 5 p2 =.237, ¢ = .94; Figure 4).
Bonferroni-corrected #-tests revealed significant differences
between the background conditions at all target velocities
(0.2 Hz: background vs. no background 746, = -10.75,
p <.001, d,, =-.76; 0.4 Hz: background vs. no background
Lage) = -13.62, p < .001, d,, = -.78; 0.6 Hz: background vs.
no background 7,56 = -17.77, p < .001, d,, = -.89). How-
ever, background effects were larger at higher target veloci-
ties. Differences between all target velocity conditions were
significant at each background level (background: 0.2 Hz
vs. 0.4 Hz 1455, = 13.80, p < .001, d,, = .64; background:
0.2 Hz vs. 0.6 Hz 7155, = 21.58, p < .001, d,, = 1.31; back-
ground: 0.4 Hz vs. 0.6 Hz 7455, = 15.27, p < .001, d,,, = .63;
no background: 0.2 Hz vs. 0.4 Hz 746, = 12.86, p < .001,
d,, = .74; no background: 0.2 Hz vs. 0.6 Hz 7,55, = 17.97,
p < .001, d,, = 1.33; no background: 0.4 Hz vs. 0.6 Hz
Iase = 13.95, p < .001, d,, = .62). There were no main
effects of drug or genotype and no further interactions (all
p > .05).

Conditional process analysis yielded no significant paths
(Supplementary Tables 3 and 4). The index of moderated
mediation was 0.015 (SE = 0.472) [-1.296; 0.702]. The
bootstrap confidence interval included zero, suggesting a
nonsignificant effect.

The Bayesian ANOVA suggested that the data were best
represented by a model including the factor target veloc-
ity, background and their interaction (see Supplemen-
tary Table 5). There was extreme evidence to include the
main effects of target velocity (BF;,, = 7.460e+12) and

nc
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background (BF,,, = 7.460e+12) as well as their interac-

incl —
tion (BF;,,; = 5.359e+7) and strong evidence to exclude the
main effects of drug (BF,, = 18.51) and genotype (BF,,
=21.99) as well as strong to extreme evidence to exclude all
other interactions (all BF,,; >= 21.74; see Supplementary

Table 6).
Stop signal

In line with assumptions of the race model (Verbruggen
et al. 2019), reaction times in go trials were significantly
larger than in incorrect stop trials (7;49) = 19.20, p < .001,
d,, = .68).

ANOVA on SSRT did not result in any main or interac-
tion effects of drug and genotype (all p > .05; Figure 5).

250

225 1
©
E
— 200
o
o
w
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150 1

9R 10/10
genotype
— nicotine - - placebo

Fig.5 Effects of drug and genotype on stop signal reaction time. Data
are presented as mean =+ standard errors. SSRT: stop signal reaction
time. N = 161.

Fig.6 Effects of drug and

simple choice task

Conditional process analysis yielded no significant paths
(Supplementary Tables 7 and 8). The index of moderated
mediation was -0.012 (SE = 1.473) [-3.94; 2.234]. The
bootstrap confidence interval included zero, suggesting a
nonsignificant effect.

The Bayesian ANOVA suggested that the data were best
represented by a null model (see Supplementary Table 9).
There was moderate evidence to exclude drug (BF,,, =
8.21) and genotype (BF,,, = 5.15) and strong evidence to
exclude their interaction (BF,,; = 27.19) (see Supplemen-
tary Table 10).

€xc.

Proactive inhibition

ANOVA on go reaction times revealed significant main
effects of drug (F; 175, =3.90, p =.0499, n Pz =.021) and
task (F(; 175y = 270.45, p < .001, p2 = .603; Figure 6).
Reaction times were shorter under nicotine vs. placebo and
in the simple choice task compared to the stop signal task.
There were no interactions and no main effect of genotype
(all p > .05).

Conditional process analysis yielded no significant paths
(Supplementary Tables 11 and 12). The index of moder-
ated mediation was 0.451 (SE = 3.464) [-7.056; 8.097]. The
bootstrap confidence interval included zero, suggesting a
nonsignificant effect.

The Bayesian ANOVA suggested that the data were best
represented by a model including only the factor task (see
Supplementary Table 13). There was extreme evidence for
the inclusion of task (BF;; = 2.924e+14), anecdotal evi-
dence for the exclusion of drug (BF,,, = 2.30) and mod-
erate evidence to exclude genotype (BF,, . = 6.65). There
was moderate evidence for the exclusion of the task X drug
(BF,,. = 3.07) and task X genotype (BF,,., = 5.67) interac-
tions, strong evidence for the exclusion of drug X genotype
(BF,,; = 16.43) and extreme evidence for the exclusion of
the task X drug X genotype (BF,,, = 116.31) interactions
(see Supplementary Table 14).

exc
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ACP

ANOVA on key press speed revealed significant main effects
of valence (Fy 374y =564.36,p <.001, 7 p2 =.751,e=.96)
and phase (F; ;37)=78.53,p <.001,x p2 = .296; Figure 7).
Key press speed was higher for negative and positive com-
pared to neutral slides (negative vs. neutral 749, = 31.00,
p < .001, d,, = 2.35; negative vs. positive L190) = 11.60,
p < .001, d,, = .57; neutral vs. positive #(jqp) = -22.04,
p <.001, d,, = -1.63) and higher for the anticipatory com-
pared to the consummatory phase. In addition, there was a
significant interaction of valence and phase (F(, 374y = 15.06,
p <.001, 7 p2 = .075, e = .93) suggesting that differences
between the two phases were bigger for positive and nega-
tive slides than for neutral slides. However, all differences
were significant (negative: anticipatory vs. consumma-
tory f199) = 8.22, p < .001, d,, = .41; neutral: anticipatory
Vvs. consummartory fqg, = 5.00, p < .001, d,, = .32; posi-
tive: anticipatory vs. consummatory fqp = 7.52, p < .001,
d,, = .46). There were no further main effects or interactions
(all p > .05).

Conditional process analysis yielded no significant paths
(Supplementary Tables 15 and 16). The index of moder-
ated mediation was 0.092 (SE = 0.072) [-0.128; 0.179]. The
bootstrap confidence interval included zero, suggesting a
nonsignificant effect.

The Bayesian ANOVA suggested that the data were
best represented by a model including the factors phase
and valence as well as their interaction (see Supple-
mentary Table 17). There was extreme evidence for the
inclusion of valence (BF;,,, = 9.883e+12) and phase

mnc

(BFj,; = 9.883e+12) main effects and their interac-
tion (BF;,,; = 7.607e+13). There was very strong to
extreme evidence to exclude the main effects of drug
and genotype and all other interactions (all BF,, >=
35.27; see Supplementary Table 18).

Descriptive statistics of all task effects are summarized

in Supplementary Table 19.

€xc

Cardiovascular effects

Heart rate was higher under nicotine compared to placebo
(f192) = 2.53, p = .01, d = 0.36), but nicotine had no effect
on blood pressure (all p > .05; Table 3).

Visual analogue scales

T-tests of nicotine influence on subjective feelings revealed
significant effects on alertness (f(,95) = -2.60, p = .01,
d =-0.37) and calmness (f19, = -2.61, p = .01, d =-0.37),
but not on contentedness (7,9, = -1.08, p = .28, d =-0.16).
Participants receiving nicotine reported to be less alert and
less calm than participants receiving placebo. Table 3 shows
the descriptive statistics of heart rate, blood pressure and
VAS.

Individual substance identification

On average, participants guessed correctly which substance
they had received ()(12 =18.48, p <.001).

Fig.7 Effects of drug and geno- negative neutral positive
type on key press speed in the anticipatory consummatory anticipatory consummatory anticipatory consummatory
ACP task. Data are presented
as mean =+ standard errors. N
=191.
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Table 3: Descriptive statistics of cardiovascular parameters and sub-
jective experience in the nicotine and placebo groups

Nicotine Placebo
Heart rate 75.06 (11.58) 71.21 (9.49)
Systolic blood pressure 112.99 (12.33) 110.80 (11.91)
Diastolic blood pressure 74.42 (7.63) 72.34 (7.50)
VAS alertness 59.69 (16.81) 65.82 (16.06)
VAS contentedness 70.37 (14.76) 7247 (12.15)
VAS calmness 67.66 (20.10) 74.69 (17.32)

Legend: Numbers indicate mean and standard deviations (in brack-
ets). VAS: visual analogue scales. Heart rate is given in contractions
per minute, systolic and diastolic blood pressure are given in milli-
metres of mercury, VAS values are average scale values with higher
values indicating higher expression on the factors (range 0-100).
N=194.

Discussion

Nicotine is a widely used substance with pro-dopaminer-
gic effects. However, studies examining nicotine effects on
cognitive, motor and affective functioning in healthy non-
smokers yield heterogenous results suggesting substan-
tial between-subject variance, possibly related to genetic
variations.

This preregistered study focused on a candidate poly-
morphism in a gene related to dopaminergic functioning,
the SLC6A3 3° UTR VNTR. 194 participants were grouped
according to genotype and received either nicotine or pla-
cebo in a randomized 2Xx2-between-subjects design. In order
to test whether the assumed nicotine X genotype interactions
depend on striatal dopamine activity, SBR was obtained and
conditional process analyses testing the mediating effect of
SBR on task performance were conducted.

In the frequentist analysis approach, nicotine reduced go
reaction times in simple choice and stop signal tasks but had
no effect on smooth pursuit performance, reactive and proac-
tive inhibition and affective processing. Bayesian ANOVA,
however, revealed anecdotal evidence against nicotine effects
on reaction times, but confirmed the null effects on all other
tasks. In addition, in frequentist and Bayesian analyses, no
interactions with genotype were observed. Conditional pro-
cess analyses showed no significant results of substance or
genotype. Nicotine increased heart rate and decreased subjec-
tive ratings of alertness and calmness. Participants guessed
above chance-level, which substance they had received.

Nicotine effects
Fixation

Contrary to our hypothesis, no modulatory effect of nicotine
on SBR could be observed despite the well-established role

@ Springer

of the nicotinic acetylcholine receptor in striatal dopamine
functioning and prior evidence of nicotine effects on SBR
(Klein et al. 1993; de Kloet et al. 2015). Importantly, in the
past, pharmacological enhancement of dopamine functioning
has not consistently increased SBR (Jongkees and Colzato
2016). For example, Cavanagh et al. (2014) showed that
administration of the dopamine-D2-receptor agonist caber-
goline enhanced SBR only in participants with low placebo
SBR and decreased it in participants with high placebo SBR.
Unfortunately, baseline dependency effects cannot be investi-
gated in our between-subjects study but should be considered
in future work.

In a recent study, no relationship between SBR and stri-
atal D2 availability and, more importantly, no drug-related
SBR modulation following dopamine agonist bromocriptine
administration was observed in healthy participants (Dang
et al. 2017). This result along with our null finding suggests
that the relationship between SBR and pharmacologically
challenged dopamine activity in healthy humans is less
straight-forward than expected. Importantly, as suggested
by Dang et al. (2017) correlations between SBR and dopa-
mine functioning might only become apparent under more
extreme circumstances, such as dopamine-related clinical
diseases, but not in healthy participants.

An additional line of argument is that nicotine influences
dopamine neurotransmission indirectly via the choliner-
gic system (de Kloet et al. 2015), but also via activation of
y-aminobutyric acid (GABA) and glutamate (Wonnacott et al.
2005). Consequently, it can be argued that nicotine may not
be specific enough to induce the hypothesized effects on SBR.

SPEM

In contrast to our previous study (Meyhofer et al. 2019) we
could not find any nicotine effect on SPEM. This result is sur-
prising given the large effect size in Meyhofer et al. (2019),
who used the same paradigm, application protocol and dose.
The reason for this rather contradictory result is not entirely
clear, but the most striking difference between the studies is
the use of between- vs. within-subject drug administration.
We addressed this matter by using a much larger sample with
sufficient power to detect the effects observed by Meyhofer
et al. (2019), but still failed to replicate them in our study.

It is worth noting that other studies too have been unsuc-
cessful in showing improved SPEM performance in response
to nicotine in healthy non-smokers (Kasparbauer et al. 2016;
Olincy et al. 1998; Sibony et al. 1988). Crucially, however,
results are more consistent in groups with impaired dopa-
mine neurotransmission, such as patients with schizophrenia.
Here, mostly beneficial effects of nicotine have been reported
(Olincy et al. 1998; Sherr et al. 2002; Tregellas et al. 2005).
This suggests that nicotine may positively influence SPEM
only when performance is at a suboptimal level.
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Unfortunately, our between-subjects approach does not
allow analysis of baseline dependent drug effects that have
been revealed in the past for other oculomotor tasks (Babin
etal. 2011). Low-dose nicotine effects on SPEM might be so
subtle that they only emerge in participants with lower-than-
average performance or in study designs with better control
of interindividual variability.

Reactive inhibition

Beneficial effects of nicotine on SSRT have been found in
samples with lower-than-average inhibition performance
such as deprived smokers or highly impulsive individuals
(Potter and Newhouse 2004; Tsaur et al. 2015). In healthy
non-smokers, however, results are less consistent. While
one study found weak effects (Logemann et al. 2014b),
others have failed to do so (Ettinger et al. 2017; Loge-
mann et al. 2014a; Wignall and de Wit 2011). Our results
are in line with the latter, confirming that nicotine does
not show inhibition enhancing effects in the stop signal
task in healthy, non-smoking individuals.

Proactive inhibition

The only task-related measure where nicotine effects were
found in frequentist analyses, were go reaction times in the
stop signal and simple choice tasks. Reaction times were sig-
nificantly reduced by nicotine, indicative of enhanced motor
responses under nicotine, consistent with meta-analytic findings
of improved fine motor performance and decreased alerting
attention reaction times under nicotine (Heishman et al. 2010).
This finding may, at least in part, be attributed to nicotinic
action at peripheral, striatal and motor cortex sites (Dani and
Bertrand 2007; Heishman et al. 2010; Mansvelder et al. 2006).
Importantly, however, Bayesian analyses provided anecdotal
(or inconclusive) evidence against nicotine effects on reaction
times. This points to the need for more research to better under-
stand the exact effects of nicotine on reaction times.

Nicotine did not differentially affect reaction times in the
stop signal and simple choice tasks, suggesting no specific
drug effect on proactive inhibition.

ACP

Nicotine did not affect key press speed in the ACP task
implying that affective processing is not altered by drug
administration. This is in contrast to previous investiga-
tions describing nicotine-induced effects on incentive moti-
vation, reward processing and affective responses to film
clips (Barr et al. 2008a; Dawkins et al. 2006; Dawkins and
Powell 2011). Our data suggest that motivated behaviour to
alter probability or presentation times of emotional stimulus

displays is unaffected by nicotine administration. In contrast
to the simple choice and stop signal tasks, no general facili-
tation of motor responses could be observed. This may be
the results of differences in task instructions. While partici-
pants were instructed to react as fast and accurately as possi-
ble with a single key press to the stimuli in the simple choice
and stop signal tasks, instructions in the ACP required sus-
tained responses over a period of several seconds as a result
of in-depth processing of the stimulus and evaluation of
one’s own motivational state. Thus, simple reaction times
are the result of fast visuomotor transformations as a con-
sequence of simple stimulus-response associations while
ACP reactions reflect more complex, self-generated effort-
ful behaviour in anticipation of or in direct response to an
affective stimulus.

Genotype

Overall, our results show that nicotine might facilitate motor
responses, as indicated by the decrease in reaction times in
the simple choice and stop signal tasks which — of note — was
not confirmed in Bayesian analyses but has no effects on
other outcomes. Importantly, considering the level of genetics
(SLC6A3 3 UTR VNTR 9R-carriers vs. 10R-homozygotes)
with a view to tapping differences in DAT-related dopamine
neurotransmission did not help to explain interindividual dif-
ferences in nicotine response in healthy non-smokers and thus
cannot contribute to resolving inconsistencies in the literature.
While this is in contrast to the majority of previous investiga-
tions (Brewer et al. 2015; Franklin et al. 2009, 201 1; Gelernter
et al. 1994; Millar et al. 2011), it is not the first study that
failed to observe differences in response to pro-dopaminergic
pharmacological manipulations between the genotype groups
(Hart et al. 2013; Kambeitz et al. 2014). Accordingly, pre-
vious findings might reflect false positive results of poorly-
powered studies (Hart et al. 2013) or only apply to specific
substances or tasks.

Of note, DAT availability is not static and can change,
e.g. with smoking status or drug administration (Newberg
et al. 2007; Schmitt and Reith, 2010; Yang et al. 2008). Here,
we only included healthy, young non-smokers who did not
regularly consume other drugs, while smoking and drug
administration status might have been less well controlled
in previous investigations

Task effects
SPEM
SPEM velocity gain decreased with higher target velocities

and in the presence of a structured background. In addi-
tion, we showed a significant interaction between the target

@ Springer
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velocity and background factors, indicating that negative
background effects are larger at higher target velocities.
These results are in excellent agreement with our earlier
investigations employing the same paradigm, closely rep-
licating previously observed effect sizes (Meyhofer et al.
2019; Schroder et al. 2021). Increasing task demands due
to higher velocity targets or stationary background could
challenge processes inherent to pursuit performance, such as
spatial attention and motion perception (Kerzel et al. 2008;
Ohlendorf et al. 2010), leading to the observed decreases
in velocity gain. Along with the recent finding of high test-
retest and split-half reliability in this task (Schroder et al.
2021) the replication of these task effects at group level
underlines the robustness of this paradigm for both the cur-
rent and future investigations of SPEM.

Stop signal

The race model underlying stop signal task performance
is based on the assumption that go and stop responses are
triggered by the presentation of go and stop stimuli, respec-
tively. The first of these two processes to finish, determines
whether a response is executed or stopped (Logan and
Cowan 1984). The SSRT is a measure of the duration of
the stop process (Logan and Cowan 1984). In the present
study, the stop signal task was carried out in accordance with
recommendations of a recently published consensus guide
(Verbruggen et al. 2019). To make sure that race model
assumptions were met, we excluded participants according
to strict criteria (described in "Stop signal task"). Moreo-
ver, reaction times in go trials were higher than in incorrect
stop trials, confirming the independence of the stop and go
processes. The high number of excluded participants was
possibly due to the relatively small step size (16 ms) in the
tracking procedure combined with only 50 stop trials. How-
ever, after exclusion, the sample size was still so large, that
drug effects of medium size could have been detected. Taken
together, it may be concluded that stop signal reaction time
was validly assessed in this study although no evidence for
a modulation by nicotine could be uncovered.

Proactive inhibition

In agreement with the literature, reaction times to go stimuli
were significantly higher in the stop signal task than the
simple choice task (Chikazoe et al. 2009; Verbruggen and
Logan 2009; Vink et al. 2015). This pattern of results sug-
gests that participants proactively slowed their responses in
the stop signal task in anticipation of the requirement to
inhibit the motor response. This is probably achieved by
adjusting the individual response strategy by trading speed
in the simple choice task for success in the stop signal task
despite the explicit instruction not to wait for the stop signal

@ Springer

(Verbruggen and Logan 2009). Although the increase in
response time in the stop signal task can be the result of
two different processes, proactive adjustment and dual-task
requirements, the former is considered to play a larger role
(Verbruggen and Logan 2009). Overall, our results confirm
the validity of the approach to compare tasks with and with-
out stop trials in order to study proactive inhibition although
no nicotine effect could be observed.

ACP

So far, the ACP task has mainly been used to study clini-
cal groups, such as patients with schizophrenia, where
decreased coupling of subjective experience and behaviour
was observed (Heerey and Gold 2007; Lui et al. 2016). In
the present study, we replicated valence and phase effects
indicating increased key press speed to negative and posi-
tive compared to neutral slides and in the anticipatory com-
pared to the consummatory phase. The fact that participants
engaged in more effortful behaviour in anticipation than in
direct response to an emotional stimulus display is in line
with the notion that behavioural responses are more tightly
linked to wanting than to liking of stimuli (Berridge 2007;
Pool et al. 2016). Key press speed was higher to negative
than positive slides, indicative of negativity bias in affective
processing (Ito et al. 1998).

The replicability of these task effects indicates that the
ACP is an adequate method for quantifying motivational
behaviour.

Cardiovascular and subjective effects

The finding of increased heart rate with nicotine (Benowitz
et al. 1982, 1988; Logemann et al. 2014a) is likely due to
excitatory nicotinic effects on the sympathetic nervous sys-
tem (Adamopoulos et al. 2008). Significant effects on other
cardiovascular measures could not be observed, possibly due
to the low dose applied here.

At the level of subjective experience, we observed nega-
tive nicotine effects on alertness and calmness, but no effect
on contentedness. The calmness effect is consistent with a
meta-analysis suggesting decreased subjective relaxation
levels after nicotine administration in both smokers and non-
smokers (Kalman and Smith 2005). Similarly, the effect on
alertness matches the decreased vigour ratings found under
nicotine in the same meta-analysis (Kalman and Smith
2005). In light of the attention-enhancing effects of nico-
tine (Hahn 2015; Heishman et al. 2010), decreased alert-
ness ratings seem surprising at first sight. However, negative
subjective effects along with decreased reaction times have
also been reported in previous studies (Ettinger et al. 2017;
Heishman and Henningfield, 2000). Importantly, subjec-
tive ratings of alertness covered a broad range of feelings
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compared to the relatively specific measure of reaction times
in response to a stimulus following task instructions. This
may suggest that in non-smokers objective improvements
in performance are overshadowed by negative subjective
nicotine effects or that nicotine can improve some aspects
of cognition without the concomitant subjective experi-
ence of this improvement. This may lead to the conclusion
that subjective and behavioural outcomes are differentially
affected by nicotine. It should also be noted, however, that
some studies did not observe any subjective nicotine effects
(Meyhofer et al. 2019; Thiel and Fink 2007) or effects oppo-
site to ours (Griesar et al. 2002; Warburton and Mancuso
1998). The heterogeneity in subjective nicotine effects might
be attributed to different approaches in assessing subjective
experience, dosage, smoking status and baseline subjective
state (Griesar et al. 2002; Kalman and Smith 2005; Perkins
et al. 1992).

General limitations

Our results should be considered in the light of some
limitations.

First, we did not collect baseline data on SBR prior to
drug administration. Therefore, potential baseline depend-
ency effects could not be explored (Jongkees and Colzato
2016; Unsworth et al. 2019). This may be critical as there
is substantial variability in SBR (Unsworth et al. 2019)
and nicotine administration might exert non-linear effects
(Cavanagh et al. 2014; Cools and D’Esposito 2011) that
could not be captured with our approach. Similarly, baseline
data for other dependent variables such as task performance
and subjective feelings may also have helped to qualify the
observed results (Ettinger et al. 2017; Perkins et al. 1992).

Second, every participant received the same nicotine dose
and nicotine plasma levels were not monitored. However, we
tried to control nicotine intake as accurately as possible by
presenting a standardized chewing protocol and we restricted
the sample to participants with normal body weight accord-
ing to BMI criteria.

Third, a 2 mg nicotine dose might have been too low to
induce the expected effects. Notably, however, participants
were selected according to strict non-smoking criteria and
the same dose has yielded positive effects on a broad range
of outcomes in non-smokers in the past (Almeida et al. 2020;
Meinke et al. 2006; Meyhofer et al. 2019). Also, even with
this relatively low dose, two participants had to discontinue
their study participation because of adverse side effects.
Presumably, this number would have been even higher with
higher dosage (Nyberg et al. 1982).

Fourth, we did not directly measure dopamine turno-
ver via single photon emission computed tomography
(SPECT) or positron emission tomography (PET) due to
the invasiveness and costs of such methods. Instead, we

decided to rely on indirect measures of striatal dopamine
activity, i.e. SBR, that might have been too imprecise for
our purposes.

Conclusion

To conclude, across a number of a priori selected oculomo-
tor, cognitive and affective outcomes, beneficial effects of
nicotine were observed in a large sample of healthy non-
smokers only for reaction times to go stimuli in stop signal
and simple choice tasks. Of note, this effect was small and
not supported — but also not conclusively ruled out - by
Bayesian analyses. Against our preregistered hypothesis
- but confirmed by Bayesian analyses - SLC6A3 3> UTR
VNTR genotype (9R-carriers and 10R-homozygotes) did
not interact with nicotine administration. SBR as a meas-
ure of striatal dopamine activity was not affected by nico-
tine and unrelated to performance. Nicotine had negative
effects on subjective ratings on alertness and calmness and
increased heart rate, in accordance with previous investi-
gations. Taken together, our results highlight the need for
more well-powered research to characterize the association
between dopaminergic genes and response to pharmacologi-
cal challenges.
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Schroder R, Kasparbauer AM, Meyhofer I, Steffens M,
Trautner P, Ettinger U. Functional connectivity during smooth pur-
suit eye movements. J Neurophysiol 124: 1839-1856, 2020. First
published September 30, 2020; doi:10.1152/jn.00317.2020.—Smooth
pursuit eye movements (SPEM) hold the image of a slowly moving
stimulus on the fovea. The neural system underlying SPEM primarily
includes visual, parietal, and frontal areas. In the present study, we
investigated how these areas are functionally coupled and how these
couplings are influenced by target motion frequency. To this end,
healthy participants (2 = 57) were instructed to follow a sinusoidal
target stimulus moving horizontally at two different frequencies (0.2
Hz, 0.4 Hz). Eye movements and blood oxygen level-dependent
(BOLD) activity were recorded simultaneously. Functional connectiv-
ity of the key areas of the SPEM network was investigated with a psy-
chophysiological interaction (PPI) approach. How activity in five eye
movement-related seed regions (lateral geniculate nucleus, V1, V5,
posterior parietal cortex, frontal eye fields) relates to activity in other
parts of the brain during SPEM was analyzed. The behavioral results
showed clear deterioration of SPEM performance at higher target fre-
quency. BOLD activity during SPEM versus fixation occurred in a
geniculo-occipito-parieto-frontal network, replicating previous findings.
PPI analysis yielded widespread, partially overlapping networks. In
particular, frontal eye fields and posterior parietal cortex showed task-
dependent connectivity to large parts of the entire cortex, whereas
other seed regions demonstrated more regionally focused connectivity.
Higher target frequency was associated with stronger activations in
visual areas but had no effect on functional connectivity. In summary,
the results confirm and extend previous knowledge regarding the neu-
ral mechanisms underlying SPEM and provide a valuable basis for
further investigations such as in patients with SPEM impairments and
known alterations in brain connectivity.

NEW & NOTEWORTHY This study provides a comprehensive
investigation of blood oxygen level-dependent (BOLD) functional
connectivity during smooth pursuit eye movements. Results from a
large sample of healthy participants suggest that key oculomotor
regions interact closely with each other but also with regions not
primarily associated with eye movements. Understanding functional
connectivity during smooth pursuit is important, given its potential
role as an endophenotype of psychoses.

eye movements; fMRI; functional connectivity; psychophysiological
interactions; smooth pursuit
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INTRODUCTION

Smooth pursuit eye movements (SPEM) support vision by
holding the image of a small moving target on the fovea (Leigh
and Zee 2015). In general, SPEM help to achieve two goals,
reducing motion of an object’s image on the retina and main-
taining an object’s image close to the fovea, the area of highest
acuity on the retina (Barnes 2008), while entailing both open-
and closed-loop processes (Lisberger et al. 1987). Important pa-
rameters in SPEM research include global measures such as
root mean square error (RMSE) or pursuit gain (ratio of eye ve-
locity to target velocity) as well as more specific measures such
as the number of catch-up saccades (Barnes 2008; Lencer and
Trillenberg 2008; Smyrnis 2008). SPEM performance is impaired
in a number of psychiatric and neurological conditions (see, e.g.,
Ivleva et al. 2014; Lencer et al. 2015; O’Driscoll and Callahan
2008; Shakespeare et al. 2015) and has been intensely studied as
a biomarker and potential endophenotype of psychoses (Calkins
et al. 2008).

A considerable body of evidence concerning the neural system
underlying pursuit has already been accumulated in human and
nonhuman animals (Ilg and Thier 2008; Leigh and Zee 2015;
Lencer and Trillenberg 2008; Sharpe 2008). Visual information
is projected from the retina to primary visual cortex (V1) through
lateral geniculate nucleus (LGN; Lencer and Trillenberg 2008).
From there, projections lead to visual area V5, also known as
middle temporal area (Leigh and Zee 2015). This region encom-
passes the human analogs of areas MT and MST (Dukelow et
al. 2001) and includes neurons selective for stimulus direction,
speed, and orientation (Maunsell and Van Essen 1983a).
However, V5 neurons not only respond to motion signals but are
strongly connected to other cortical areas (Zeki 2015) and receive
extraretinal input (Newsome et al. 1988). From V35, signals are
propagated to other cortical areas including posterior parietal cor-
tex (PPC), frontal eye fields (FEF), and supplementary eye fields
(SEF), all of which interact closely (Leigh and Zee 2015; Lencer
and Trillenberg 2008). The PPC is considered to play an impor-
tant role in the allocation of attention during smooth pursuit
(Drew and van Donkelaar 2007b; Ohlendorf et al. 2007). The
FEF control the gain of the transformation of visual and predic-
tive signals into motor commands (Gagnon et al. 2006; Tanaka
and Lisberger 2001). Eye movement information and visual in-
formation are integrated in the pontine nuclei and projected from
there to the cerebellum. Finally, signals are sent to the motoneur-
ons of the extraocular muscles via the vestibular and oculomotor

1839

Downloaded from journals.physiology.org/journal/jn at ULB Bonn (131.220.201.088) on February 8, 2021.



[150]

Appendix C | Study Il

1840

nuclei in the midbrain (Ilg and Thier 2008; Leigh and Zee 2015;
Lencer and Trillenberg 2008). Elaborate models have been devel-
oped to map the complex cooperation of different systems during
the generation of SPEM incorporating intricate feedback loops
and the notion of active inference (Adams et al. 2012; Krauzlis
and Lisberger 1994; Robinson et al. 1986).

Despite the well-established blood oxygen level-dependent
(BOLD) correlates of smooth pursuit in humans (Berman et al.
1999; Dukelow et al. 2001; Lencer et al. 2004; Nagel et al.
2008; Petit and Haxby 1999; Tanabe et al. 2002), a number of
questions remain unanswered. These include /) fundamental
aspects of brain-behavior relationships such as the effects of tar-
get motion frequency not only on performance but also on
underlying neural activity, 2) the characterization of functional
connectivity among pursuit-related areas during task perform-
ance, and 3) brain-behavior relationships at the level of individ-
ual differences.

Regarding the first question, the deterioration of pursuit per-
formance with increasing target motion frequency (as an indica-
tor of peak target velocity) for sinusoidal movement patterns is
a well-established effect at the behavioral level (Collewijn and
Tamminga 1984; Lisberger et al. 1981; Meyhofer et al. 2019).
However, less is known about effects of target velocity on
BOLD signal (Lebranchu et al. 2010; Nagel et al. 2008, 2012).
Investigations of the parametric influence of target velocity on
brain activity can help to identify those regions of the pursuit
network that increase their activity in response to higher exter-
nal demands and those regions that do not show such sensitivity
to increasing demands. This can help to characterize the differ-
ent roles of the individual components of the pursuit network.

Using a whole brain approach, Nagel et al. (2008) observed
increases in BOLD in primary visual cortex, angular gyrus, cer-
ebellum, and basal ganglia with increasing target velocity.
Additionally, a less conservative small-volume corrected regres-
sion analysis yielded neural activity increases with increasing
velocity in large parts of the oculomotor network including pri-
mary visual cortex, V5, lateral intraparietal area, FEF, SEF, cer-
ebellum, putamen, and thalamus. Nagel et al. (2012) partly
replicated these findings and additionally showed that target ve-
locity was processed at the neural level differently in patients
with schizophrenia than in healthy control subjects. To better
understand these deficits in patient populations, it is crucial to
comprehensively investigate the underlying processes in healthy
subjects. However, the studies by Nagel et al. (2008, 2012) used
a step-ramp task in which pursuit occurs to individual ramps for
a duration of only a few seconds, which is best suited to study
the early phases of pursuit, including initiation. The effects of
target frequency on BOLD during sustained pursuit mainte-
nance, as required in the more frequently used block designs,
thus remain unclear.

With regard to the second question, in recent years, neuroi-
maging research has evolved from studying functionally segre-
gated areas to the assessment of their integration (Friston 2011).
In this context, functional connectivity refers to the statistical
dependence among remote neurophysiological events (Friston
2011). Although resting-state functional connectivity of visual
and oculomotor networks has already been studied in humans
and nonhuman animals (Geng et al. 2016; Heinzle et al. 2011;
Hutchison et al. 2013; Vincent et al. 2007), the functional inter-
actions among areas supporting smooth pursuit are still poorly
understood. Advanced approaches to functional MRI (fMRI)

FUNCTIONAL CONNECTIVITY DURING SMOOTH PURSUIT EYE MOVEMENTS

data analysis over the last years have yielded methods to delin-
eate the connectivity between task-related activation peaks
(Friston et al. 1997; McLaren et al. 2012). In an early study,
Acs and Greenlee (2008) investigated effective connectivity
during eye movements with a dynamic causal modeling (DCM)
approach. Their results showed that attention modulates the bot-
tom-up connection between V1 and V5. Although important,
that study was limited both in sample size (n = 8) and because
only a small number of pursuit-related areas were investigated,
i.e.,, V1, V5, and PPC. To further our understanding of func-
tional connectivity during smooth pursuit, the present study
employed comprehensive psychophysiological interaction (PPI)
analysis (Friston et al. 1997; McLaren et al. 2012) in a consider-
ably larger sample.

The third issue raised above concerns individual differences
in smooth pursuit performance and their underlying neural man-
ifestation. The study of interindividual differences marks a
unique opportunity for testing brain-behavior relationships as
well as for theory development and testing (Seghier and Price
2018; Underwood 1975; Vogel and Awh 2008). Treating neural
differences between individuals as a source of information
rather than noise may help to identify reasons for variance in
performance (Seghier and Price 2018). For example, people
might differ in how much they rely on retinal or extraretinal sig-
nals during pursuit, or it might be possible to identify regions
that are crucial for excellent performance, which could also
reveal candidate regions for clinical research in populations
with known SPEM deficits.

Furthermore, the convergence of behavioral and neural data
may help to elucidate the dynamics of the sensorimotor pursuit
system. Studying convergence between behavioral and neural
data can be useful to address questions such as how increasing
demands on the system are expressed in both behavior and neu-
ral activity. Specifically, how are differences in performance
related to the underlying neural system? Do they reflect changes
in processing efficiency or in allocation of neural resources?
Consequently, this study aims at better understanding the neural
foundations of SPEM and their correlations with behavioral
outcomes.

Therefore, the specific aims of the present study were to repli-
cate the pursuit network components in a large sample of healthy
participants, to investigate frequency effects on pursuit perform-
ance and BOLD, to investigate functional connectivity during
pursuit and its sensitivity to target motion frequency, and to
explore correlations between individual differences in task per-
formance and BOLD response. We hypothesized to find higher
BOLD-activations in key components of the pursuit network
(including V1, V5, FEF, SEF, PPC) during pursuit compared
with fixation. Additionally, we expected a decrease in pursuit per-
formance and higher activations in the pursuit network at higher
compared with lower target velocities. Because of the novelty of
the connectivity approach in eye movement research, the PPI
analyses were exploratory. Concerning individual differences, we
expected to find correlations between behavioral outcomes and
BOLD in visual and oculomotor brain regions.

MATERIALS AND METHODS
Participants

A total of 57 participants took part in the study. Participants were
recruited via ads placed around the University of Bonn and in local
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newspapers as well as online and via circular e-mails. Exclusion criteria
were determined before data analysis and included any prescription or
over-the-counter medication, any personal history of head injuries with
loss of consciousness, impairment of vision, and any current Axis I disor-
der diagnosis as assessed by the Mini International Neuropsychiatric
Interview (Ackenheil et al. 1999). All participants were suitable for MRI
and video-based combined pupil and corneal reflection eye tracking.
This is a secondary analysis of previously published data (Kasparbauer et
al. 2016: placebo group; Meyhofer et al. 2015: low-schizotypy group;
Steffens et al. 2016: placebo condition in participants receiving placebo
during first scan). Therefore, sample size was not determined for this
analysis but for the primary studies. The present reanalysis benefits from
pooling those previous samples together, and the overall sample size thus
clearly exceeds those of relevant previous studies (e.g., Acs and
Greenlee 2008; Berman et al. 1999; Nagel et al. 2008; Petit and Haxby
1999). Ethical permission was granted from the local ethics committee
and written informed consent obtained from all participants.

SPEM Task and Eye Movement Data Acquisition

The SPEM task was presented in a block design. The target stimulus
was a white circle (width and height 15 pixels, no filling, stroke width 5
pixels, 0.35° visual angle) moving horizontally in a sinusoidal waveform
on a black background at two different frequencies (low frequency: 0.2
Hz, 5 blocks; high frequency: 0.4 Hz, 5 blocks) starting in the central
position and subtending a visual angle of +5.8°. Additionally, there were
nine fixation blocks, where the target remained stationary in the center of
the screen. The order of blocks was randomized but identical for each
subject: 0.2 Hz/FIX/0.4 Hz/FIX/0.4 Hz/FIX/0.2 Hz/FIX/0.4 Hz/FIX/0.2
Hz/FIX/0.4 Hz/FIX/0.4 Hz/FIX/0.2 Hz/FIX/0.2 Hz. Each block lasted 30
s. Before scanning, participants received written and verbal instructions
to follow the target with their eyes as accurately as possible during the
SPEM blocks and fixate on the stationary target during fixation blocks,
while keeping their head still.

To record eye movements, an MRI-compatible video-based com-
bined pupil and corneal reflection EyeLink 1000 (SR Research Ltd.,
Ottawa, ON, Canada) eye tracker was used. A central pupil-tracking
algorithm was used to detect pupil and corneal reflection of the right
eye at a sampling rate of 1,000 Hz (for 38 participants) or 500 Hz (for
19 participants). Before the task, a five-point horizontal-vertical (38
participants) or three-point horizontal (19 participants) calibration was
performed. Distance from eye to camera was ~172 cm. The stimuli were
presented on a NordicNeuroLab LCD monitor (resolution 1,024 x 768
pixels, refresh rate 120 Hz).

SPEM Data Analysis

Eye movement data were analyzed with DataViewer software and
LabVIEW. The first and last half-ramp of each pursuit block were
excluded from further analysis. Time-weighted average maintenance
gain was calculated for sections of pursuit in the middle 50% of each
ramp by dividing mean eye frequency by mean target frequency for
sections without saccades and blinks. Saccade rate (N/s) was computed
using minimum amplitude (1°) and velocity (30°/s) criteria for detec-
tion of saccades. Mean RMSE scores (in pixels) as a measure of the
position error between eye and target were computed for all included
ramps, excluding blinks. All SPEM variables were calculated sepa-
rately for the two conditions. Legal privacy restrictions do not permit
us to publicly archive the study materials and preprocessing code.
Readers seeking access to this code are advised to contact the corre-
sponding author (U. Ettinger). Access to named individuals will be
granted in consultation with the copyright holder.

Image Acquisition

Scanning was conducted with a 3-T Siemens (Erlangen, Germany)
Trio Scanner at the Life&Brain Center Bonn. Participants wore ear-
plugs or headphones to reduce the impact of scanner noise, and foam
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paddings were used to minimize head motion. During the smooth pur-
suit task, a total of 239 functional images of the brain were acquired
with a T2-weighted gradient-echo planar image (EPI) sequence. Slices
were oriented parallel to the intercommissural plane (AC-PC line).
Scanning parameters were as follows: repetition time (TR)=2,500 ms,
echo time (TE)=30 ms, flip angle=90°, field of view (FOV)=192
mm, 37 slices, slice thickness =3 mm; sequential slice order with inter-
slice gap of 0.3 mm. For 19 participants a standard 8-channel head coil
was used for radio frequency transmission and reception, the matrix
size was 64 x 64, and the voxel size was 3 x 3 x 3.3; for the remaining
38 participants a 12-channel head coil was used, the matrix size was
96 x 96, and the voxel size was 2 x 2 x 3.3.

Additionally, for each participant a T1-weighted high-resolution
structural scan was acquired for image coregistration. Scanning param-
eters were as follows: TR=1,660 ms, TE=2.54 ms, flip angle=9°,
matrix =320 x 320, FOV =256 x 256 mm?, slice thickness=0.8 mm
for 27 participants; TR=1,570 ms, TE=3.42 ms, flip angle=15°,
matrix =256 x 256, FOV =256 x 256 mmz, slice thickness =1 mm for
19 participants; and TR=1,660 ms, TE=2.75 ms, flip angle=9°,
matrix =320 x 320, FOV =256 x 256 mmz, slice thickness=0.8 mm
for 11 participants.

Analyses

Behavioral data. Statistical analyses of eye movement data were
run with R and the stats (v3.6.2) package (R Core Team 2020). To ana-
lyze frequency effects on smooth pursuit gain, saccade rate, and
RMSE, pairwise ¢ tests with target frequency as within-subject factor
were conducted for each of the three dependent variables. Effect sizes
are given as Cohen’s d,, (Lakens 2013).

fMRI data. fMRI data were analyzed with SPM12 implemented in
MATLAB (R2016a) except for the functional connectivity analyses,
which ran in SPM8. Anatomical labels were defined with the bspmview
toolbox and the SPM Anatomy toolbox atlas (Eickhoff et al. 2005;
Spunt 2016). Functional localizations were identified from previous lit-
erature (Amunts et al. 2000; Berman et al. 1999; Lencer et al. 2004;
Tanabe et al. 2002; Wilms et al. 2005). Coordinates are reported in
Montreal Neurological Institute (MNI) space.

First, origins were set manually to anterior commissure to facili-
tate coregistration. Then, functional images were realigned to the first
image, coregistered to the individual structural image, normalized,
and smoothed with an 8-mm full-width at half-maximum (FWHM)
Gaussian filter.

Task effects. At the single-subject level (first level), data were mod-
eled with a hemodynamic response function (HRF)-convolved 30-s
boxcar function, using the general linear model in SPM12. To account
for low-frequency fluctuations in the BOLD signal, a 128-s high-pass
filter was applied. The two frequency conditions were modeled inde-
pendently, while the fixation blocks served as an implicit baseline that
was not entered as a separate regressor. Individual motion regressors
from the realignment preprocessing step were entered as regressors of
no interest to decrease error variance.

At the second level, one-sample ¢ tests (random effects) were per-
formed for the low frequency versus fixation, high frequency versus fix-
ation, and high versus low frequency contrasts, respectively. Results
are reported whole brain family-wise error rate (FWE) corrected (P <
0.001, peak level) for clusters of at least 25 voxels.

PPI. To assess task-dependent connectivity changes, we performed
psychophysiological interaction (PPI) analyses. PPI investigate how the
contribution of one brain region to another changes with experimental
manipulation (Friston et al. 1997). Thus, they provide information on
regions that change their activity depending on the interaction between
a psychological (e.g., the task condition) and a physiological factor (e.
2., the time course in a chosen seed region) (O’Reilly et al. 2012). PPI
analysis is based on a general linear model (GLM) approach in which
an interaction term is formed as the element-by-element product of the
psychological and physiological variables. This interaction vector is
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entered in a GLM along with the psychological and physiological varia-
bles as covariates of no interest to assess what the interaction can
explain in addition to what is explained by the psychological and physi-
ological variables alone. Thus, PPI analysis is a powerful tool to
explore context-dependent functional connectivity without a priori
defining possible models (O’Reilly et al. 2012). With the task and
design used in the present study, PPI analyses are employed to reveal
which regions show significant coactivations with the chosen seed
regions during pursuit of a given frequency versus fixation and during
higher- versus lower-frequency pursuit.

We used the generalized form of PPI (gPPI) with the help of the auto-
mated gPPI SPM toolbox (McLaren et al. 2012) running in SPM8. The
gPPI approach offers more flexibility and better model fit than the standard
PPI approach implemented in SPM, especially for tasks with multiple con-
ditions (McLaren et al. 2012). It also proved to be a particularly powerful
tool for analyzing fMRI data in block designs (Cisler et al. 2014).

Seed regions were selected based on previous literature describing
the SPEM network (e.g., Berman et al. 1999; Tanabe et al. 2002). In
total, 30 gPPI analyses were carried out for the following regions: LGN,
V1, V5, PPC, and FEF, for each region separately for left and right
hemisphere and the low frequency versus fixation, high frequency ver-
sus fixation, and high versus low frequency contrasts.

Coordinates of regions of interest (ROIs) were selected based on pre-
vious literature if available and, if necessary, converted to MNI space.
LGN coordinates (—24, —26, —4; 22, —26, 0) were taken from an inde-
pendent sample of healthy participants performing the same task in the
same scanner (control group data from Faiola E, Urquijo MF, Bey K,
Meyhofer 1, Steffens M, Kasparbauer AM, Ruef A, Hogenauer H,
Hurlemann R, Kambeitz J, Philipsen A, Wagner M, Koutsouleris N,
Ettinger U, unpublished observations). V1 (—11, —80, —1; 20, —75, —3;
Amunts et al. 2000) and V5 (—44, —76, 2; 43, —73, 5; Wilms et al.
2005) coordinates were selected from relevant publications. For FEF
(=30, —6, 55; 30, —9, 50) and PPC (—25, —60, 56; 24, —56, 47), coordi-
nates of all available papers presenting fMRI data of healthy participants
performing a SPEM task were reviewed, coordinates were converted to
MNI space (if necessary), and the weighted mean coordinates were cal-
culated (see Supplemental Table S1; all Supplemental Material is avail-
able at https://osf.io/jc8su).

To account for interindividual anatomical variability, individual
seed voxels were identified for each participant for the V1, V5, PPC,
and FEF regions. Based on the coordinates described above, the nearest
local maximum was selected in the omnibus F test first-level contrast
image (uncorrected, thresholded at P < 0.001) for each of the regions
in both hemispheres and contrasts. If the distance between the individ-
ual seed voxel and the anatomically expected voxel exceeded the mean
plus two standard deviations, the participant was excluded from the
analyses for this seed voxel because it could no longer be assumed that
the individual seed voxel was within the targeted region. This exclusion
criterion was determined after initial data inspection. For LGN, distan-
ces between the anatomically expected LGN coordinates and the near-
est local maximum were generally large (mean=9.55 mm, SD =7.32
mm left hemisphere; mean=9.91 mm, SD =5.98 mm right hemi-
sphere). Therefore, and as the LGN is a small structure (Andrews et al.
1997), we decided not to select individual coordinates as seed voxels
but instead used identical coordinates for each participant.

A 4-mm sphere was drawn around the seed voxels for each partici-
pant, and the first eigenvariate of the time series from all voxels within
the ROI was extracted. The PPI regressors were calculated as the inter-
action terms between the deconvolved physiological variable and task
regressors. These interaction terms were then convolved with the HRF
and entered into a generalized PPI (gPPI) first-level GLM along with
the task vectors, the seed region time series, and motion regressors as
covariates of no interest as well as a constant. Three contrasts (PPI low
frequency versus fixation, PPI high frequency versus fixation, PPI high
frequency versus PPI low frequency) on these models were then calcu-
lated and entered into random-effects one-sample ¢ tests for second-
level analyses for each of the regions and hemispheres. Results are
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reported whole brain FWE corrected (P < 0.001, peak level) for clus-
ters of at least 25 voxels.

Correlations. To identify correlations between BOLD response and
behavioral outcomes, multiple-regression analyses were run in SPM12.
The first-level task contrasts (low frequency versus fixation, high fre-
quency versus fixation) were entered into separate random-effects mul-
tiple-regression models for second-level analysis along with the
behavioral outcome variable (pursuit gain, RMSE, saccade rate) of the
corresponding task condition (low or high frequency), resulting in a
total of six regression models. Additionally, multiple-regression models
were run for the 10 PPI maps and the behavioral outcome variables to
identify correlations between functional connectivity and performance,
resulting in a total of 60 regression models. To this end, the first-level
PPI contrasts were entered into separate random-effects multiple-
regression models for second-level analysis along with the behavioral
outcome variable (pursuit gain, RMSE, saccade rate) of the correspond-
ing task condition (low or high frequency).

To more specifically explore the relationships between ROIs and be-
havioral outcomes, Pearson correlations between behavioral outcomes
and mean extracted beta values in the corresponding seed voxel spheres
were run in R with the Hmisc (v4.4-0) package (Harrell 2020). Mean
activity was extracted with the help of the MarsBar MATLAB toolbox
(Brett et al. 2002).

RESULTS
Participants

The sample consisted of 57 participants (49 men, 8§ women)
aged 19-34 yr (mean=24.70, SD =3.77). Because of poor eye
tracking data quality, pursuit gain, RMSE, and saccade rate
could not be calculated for 13 participants (11 men, 2 women).
fMRI analyses are based on a sample of 54 participants, as 3
participants (all male) had to be excluded because of failed pre-
processing. Additionally, for the PPI analyses the following
number of participants had to be excluded because the distance
between their individual seed voxel and the anatomically
expected voxel exceeded the mean plus two standard deviations:
V1 left: 1 (female); V1 right: none; V5 left: 1 (female); V5 right:
2 (both male); PPC left: 2 (1 male, 1 female); PPC right: 2 (both
male); FEF left: 3 (2 male, 1 female); FEF right: 2 (both male).
Behavioral data and the corresponding analysis code can be
found online (https://osf.io/jc8su). The conditions of our ethics
approval do not permit public archiving of anonymized fMRI
data. Readers seeking access to the data should contact the corre-
sponding author (U. Ettinger) at the Department of Psychology,
University of Bonn. Access will be granted to named individuals
in accordance with ethical procedures governing the reuse of
sensitive data. Specifically, requestors must complete a formal
data sharing agreement to obtain the data.

Behavioral Results

There were significant effects of target frequency on pursuit
gain [#(43)=8.09, P < 0.001, d=0.82], RMSE [#(43)=—12.51,
P < 0.001, d=—1.19], and saccade rate [#(43)=—12.26, P <
0.001, d=—1.54], with lower gain, higher RMSE, and higher
saccade rate for higher target frequency. Descriptive results are
summarized in Table 1.

Task and Frequency Effects

Table 2 and Fig. 1 display areas with significant BOLD
response during low-frequency pursuit, high-frequency pursuit,
and high- versus low-frequency pursuit.
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Table 1. Descriptive statistics of SPEM variables

RMSE

48.91 (21.15)
75.89 (24.35)

Pursuit Gain

0.93 (0.07)
0.86 (0.11)

Saccade Rate, N/s

0.51 (0.37)
1.29 (0.64)

Low frequency
High frequency

Values are means (standard deviation). RMSE, root mean square error;
SPEM, smooth pursuit eye movements.

At both frequencies, SPEM elicited higher BOLD activation
than fixation in large occipito-temporal clusters (including calcar-
ine gyrus, lingual gyrus, inferior, middle, and superior occipital
gyrus, cuneus, middle temporal gyrus, fusiform gyrus, extending
into cerebellum), precentral and superior frontal gyrus including
FEF, posterior-medial frontal cortex including SEF, middle cin-
gulate cortex, inferior and superior parietal lobule, and thalamus
including LGN. There were no significant clusters showing
higher activation in the fixation > SPEM contrasts.

For the frequency contrast (high > low frequency), a signifi-
cant cluster in visual cortex (including lingual gyrus, calcarine
gyrus, cuneus, and superior occipital gyrus) was found. No sig-
nificant clusters were found for the opposite contrast.

PPI Results

The 10 seed regions (right and left LGN, V1, V5, PPC, and
FEF) showed significant increases in coupling to widespread,
partially overlapping regions during SPEM at both target fre-
quencies compared with fixation (see Figs. 2, 3, 4, and 5 and
Supplemental Tables S3-S22).

All four LGN contrasts showed significant task-dependent
connectivity to occipital cortex (lingual gyrus, calcarine gyrus),
cingulate gyrus, thalamus, caudate, putamen, and inferior frontal
gyrus. All except for the right high frequency versus fixation
contrast also included fusiform gyrus. The two low frequency
versus fixation contrasts also showed connectivity to precentral
gyrus and cerebellum, whereas clusters from both high fre-
quency contrasts also included insula lobe and superior temporal
gyrus. In both right contrasts, additional connectivity to cuneus
and middle temporal gyrus was found. In both left contrasts,
connectivity also extended into precuneus. Descriptively, the
left contrasts showed more and larger connectivity clusters than
the right contrasts.

All four V1 contrasts showed significant task-dependent con-
nectivity to large occipital clusters (lingual gyrus, calcarine
gyrus, inferior occipital gyrus, cuneus), cerebellum, and stria-
tum (all of which included caudate; all except for the right high
frequency versus fixation contrast included putamen). All
except for the left low frequency versus fixation contrast also
included superior occipital gyrus and precuneus. All except for
the left high frequency versus fixation contrast also included
fusiform gyrus. In both right contrasts, additional thalamic con-
nectivity could be observed.

All four V5 contrasts showed significant task-dependent con-
nectivity to two large occipital-temporal clusters encompassing
lingual gyrus, inferior, middle, and superior occipital gyrus, cal-
carine gyrus, fusiform gyrus, as well as middle and inferior tem-
poral gyrus. Moreover, there was connectivity to thalamus,
superior parietal lobule, and cerebellum. All contrasts except for
the right high frequency versus fixation contrast also showed
connectivity to precentral and/or middle frontal gyrus (FEF) and
caudate and/or putamen. All except for the right low frequency
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versus fixation contrast also showed connectivity to precuneus.
In both low frequency contrasts connectivity to inferior frontal
gyrus was observed. Both high frequency contrasts also showed
connectivity to supramarginal gyrus.

All four PPC contrasts showed significant task-dependent
connectivity to superior and inferior parietal lobule, precuneus,
inferior and middle temporal gyrus, middle and superior occipi-
tal gyrus, calcarine, fusiform and supramarginal gyrus, postcen-
tral gyrus, middle and inferior frontal gyrus, precentral gyrus
(FEF), and cerebellum. All contrasts except for the right low fre-
quency versus fixation contrast also showed connectivity to thal-
amus and lingual gyrus. In all contrasts except for the right high
frequency versus fixation contrast, additional connectivity to
paracentral lobule and putamen and/or caudate could be
detected. All but the left high frequency versus fixation contrast
showed connectivity to angular gyrus. In all contrasts except for
the right low frequency versus fixation contrast connectivity
also extended into Rolandic operculum and inferior occipital
gyrus. In both low frequency versus fixation contrasts, the sig-
nificant clusters also encompassed posterior-medial frontal cor-
tex (SEF). Only for the left hemispheric seeds was connectivity
to cuneus and superior-medial gyrus observed.

All four FEF contrasts showed large-spread connectivity with
regions including frontal [precentral gyrus, inferior, middle and
superior frontal gyrus, posterior-medial frontal (SEF)], parietal
(postcentral gyrus, inferior and superior parietal lobule, precu-
neus, supramarginal gyrus), occipital (inferior, middle and supe-
rior occipital, lingual gyrus), temporal (inferior and middle
temporal, fusiform gyrus), insular and cingulate areas, Rolandic
operculum, and subcortical structures (putamen and thalamus).
In all contrasts except for the right low frequency versus fixation
contrast, connectivity also extended into superior-medial gyrus,
superior temporal gyrus, and temporal pole. All contrasts but
the left high frequency versus fixation contrast showed connec-
tivity to cerebellum. The two right contrasts and the left high
frequency versus fixation contrast showed additional connectiv-
ity to paracentral lobule. Both low frequency contrasts shared
connectivity to the calcarine gyrus. Only for the two high fre-
quency versus fixation contrasts did significant clusters also
encompass Heschl’s gyrus.

There were no significant connectivity results for the compar-
isons between the two frequencies or for any of the fixation ver-
sus pursuit contrasts (all P > 0.001, FWE corrected). These
results did not change with a less conservative correction thresh-
old (all P > 0.05, FWE corrected).

A synthesis of the connections of the five seed regions to
each other can be found in Supplemental Fig. S1.

Brain-Behavior Relationships: Individual Differences

None of the six behavioral regressors showed any significant
correlations with task-related BOLD response or PPI maps (all
P > 0.001, FWE corrected). The same nonsignificant results
were obtained at a more liberal correction threshold (all P >
0.05, FWE corrected). There were also no significant correla-
tions between activity in the ROIs and the behavioral outcome
variables (all P > 0.05; see Supplemental Table S2).

DISCUSSION

This study provides a comprehensive investigation of func-
tional connectivity during smooth pursuit eye movements.
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Table 2. BOLD response during low-frequency pursuit vs. fixation, high-frequency pursuit vs. fixation, and high-frequency pur-

suit vs. low-frequency pursuit

MNI Coordinates

Anatomical Label [functional label] Cluster Size t Value X y z
Low frequency vs. fixation
R calcarine gyrus [including V1] 12,893 18.41 10 —80 6
L calcarine gyrus [including V1] 18.11 -8 —86 0
L lingual gyrus 17.32 —10 —84 —6
L superior occipital gyrus 15.00 —14 -90 12
L cuneus 14.40 0 —84 16
R superior occipital gyrus 11.80 24 —80 30
R lingual gyrus 11.78 12 —68 —6
L middle occipital gyrus 11.20 —40 —80 2
R middle temporal gyrus [including V5] 9.36 44 —66 4
Cerebellar vermis (7) 8.94 -2 —72 —26
R precuneus 8.04 6 —80 46
L inferior occipital gyrus [including V5] 7.58 —40 —74 —12
L fusiform gyrus 7.23 —36 —80 —16
L thalamus [including LGN] 161 11.28 —-20 —28 -2
R thalamus [including LGN] 111 11.25 22 —26 -2
LMCC 87 11.19 —14 —22 44
R superior frontal gyrus [including FEF] 603 10.47 26 -8 52
R precentral gyrus 9.97 42 —6 50
L precentral gyrus [including FEF] 611 10.16 —34 -8 50
L superior parietal lobule 442 9.52 —26 —54 56
L inferior parietal lobule 9.26 —30 —48 58
R superior parietal lobule 306 9.48 24 —56 52
L posterior-medial frontal cortex [including SEF] 179 8.56 -6 -6 62
R posterior-medial frontal cortex [including SEF] 7.58 6 -4 66
High frequency vs. fixation
R calcarine gyrus [including V1] 17,893 22.43 10 —78 6
L lingual gyrus [including V1] 20.26 —10 —82 —4
L calcarine gyrus 19.63 —6 —84 6
L cuneus 19.27 0 —84 18
R cuneus 14.70 14 -72 22
L middle occipital gyrus [including V5] 13.06 —40 —80 4
Cerebellar vermis (7) 12.79 -2 -72 —26
R superior occipital gyrus 12.59 18 —78 28
R middle temporal gyrus [including V5] 12.27 44 —64 8
L inferior occipital gyrus 10.03 —-36 —80 —10
L fusiform gyrus 9.44 —36 —62 —18
R middle occipital gyrus 8.55 38 —80 4
R cerebellum (VI) 7.27 38 —62 22
L MCC 125 13.10 —12 —22 44
L precentral gyrus [including FEF] 2,070 13.06 —48 —6 46
L posterior-medial frontal cortex [including SEF] 10.66 -2 -6 62
R posterior-medial frontal cortex [including SEF] 10.60 2 —4 64
L superior frontal gyrus 6.98 —12 -2 72
R thalamus [including LGN] 160 11.69 24 —26 —4
L thalamus [including LGN] 211 11.63 -22 —28 -4
R precentral gyrus [including FEF] 1,291 11.51 42 —6 50
R superior frontal gyrus 10.03 26 -8 52
L inferior parietal lobule 763 10.25 —24 —54 54
L superior parietal lobule 10.24 —24 —60 64
L postcentral gyrus 7.63 —26 —38 54
Location not in atlas® 409 9.32 22 —56 52
R superior parietal lobule 8.95 18 —64 58
R MCC 93 8.70 14 -22 44
R superior frontal gyrus 28 7.33 20 —4 72
High frequency vs. low frequency
L cuneus 4,344 11.93 -2 —78 20
R cuneus 10.64 6 —88 16
R calcarine gyrus 10.27 8 —82 10
R lingual gyrus [including V1] 9.99 8 =72 -2
L calcarine gyrus 8.81 —14 —64 6
L lingual gyrus [including V1] 8.52 -10 —80 0

BOLD, blood oxygen level dependent; FEF, frontal eye fields; L, left; LGN, lateral geniculate nucleus; MCC, middle cingulate cortex; MNI, Montreal
Neurological Institute; R, right; SEF, supplementary eye fields; V1, primary visual cortex. *Extending into R superior parietal lobule.
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High

We first replicated findings concerning the neural systems
underlying smooth pursuit in a large sample of healthy partici-
pants. At both target frequencies we observed significant activa-
tions in occipito-temporal areas, FEF, and SEF as well as
middle cingulate gyrus, parietal cortex, and LGN.

We further observed that increasing target frequency led to
behavioral performance decreases in all behavioral outcome
variables (pursuit gain, saccade rate, and RMSE). At the neural
level, higher compared with lower target frequency showed sig-
nificantly stronger activations in occipital cortex but not in
higher cortical areas.

Regarding connectivity, significant task-dependent changes
in functional coupling were found for all 10 seed regions. Maps
for right and left seed regions and for the low frequency versus
fixation and high frequency versus fixation contrasts of the same
seed region showed substantial overlap. All seed regions dem-
onstrated significant self-connectivity as well as coupling to
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High vs. low

Fig. 1. Blood oxygen level-dependent (BOLD) response during
smooth pursuit. Results of 1-sample 7 tests (random effects) of
the low frequency vs. fixation, high frequency vs. fixation, and
high vs. low frequency contrasts, respectively (n = 54; 46 male, 8
female). Results are reported whole-brain family-wise error rate
(few) corrected (P < 0.001, peak level) for clusters of at least 25
voxels. Labels on left refer to the z coordinate [Montreal
Neurological Institute (MNI) space].

close and distant regions. LGN coupling encompassed mainly
occipital, cingulate, and subcortical regions but also prefrontal
cortex. V1 connectivity showed a strong regional focus in occi-
pital cortex, which was also present in V5 connectivity maps.
However, V5 maps incorporated additional clusters in frontal
and parietal regions. Analyses starting in PPC and FEF showed
widely distributed networks across the entire cortex.

Finally, concerning the question of brain-behavior relation-
ships at the level of individual differences, surprisingly we could
not delineate any significant correlations between behavioral
outcome variables and task-related BOLD activity or functional
connectivity.

Pursuit Network

In line with our hypothesis, both task effects (low frequency
versus fixation and high frequency versus fixation) elicited
BOLD activity in the known smooth pursuit network including
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Low frequency vs. fixation contrasts with seed region in left hemisphere
LGN

Fig. 2. Results of the 1-sample ¢ tests (random effects) of the psychophysiological interaction (PPI) low frequency vs. fixation contrasts with seed region in left hemi-
sphere. Each column represents 1 seed region: lateral geniculate nucleus (LGN): n = 54 (46 male, 8 female), V1: n = 53 (46 male, 7 female), V5: n = 53 (46 male, 7
female), posterior parietal cortex (PPC): n = 52 (45 male, 7 female), frontal eye fields (FEF): n = 51 (44 male, 7 female). Results are reported whole brain family-wise
error rate (FWE) corrected (P < 0.001, peak level) for clusters of at least 25 voxels. Labels on /eft refer to the z coordinate [Montreal Neurological Institute (MNI) space].

occipito-temporal cortex, bilateral LGN, FEF, SEF, and parietal Lencer et al. 2004; Nagel et al. 2008; Petit and Haxby 1999;
cortex as well as left midcingulate cortex. Our results thus Tanabe et al. 2002), highlighting the validity of our experimen-
closely replicate earlier findings on smooth pursuit-related tal paradigm and data analytic approach. Interestingly, despite
BOLD activity (Berman et al. 1999; Dieterich et al. 2009; the well-powered design, we could not find task-related activity
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High frequency vs. fixation contrasts with seed region in left hemisphere

Fig. 3. Results of the 1-sample 7 tests (random effects) of the psychophysiological interaction (PPI) high frequency vs. fixation contrasts with seed region in left hemi-
sphere. Each column represents 1 seed region: lateral geniculate nucleus (LGN): n = 54 (46 male, 8 female), V1: n = 53 (46 male, 7 female), V5: n = 53 (46 male, 7
female), posterior parietal cortex (PPC): n = 52 (45 male, 7 female), frontal eye fields (FEF): n = 51 (44 male, 7 female). Results are reported whole brain family-wise
error rate (FWE) corrected (P < 0.001, peak level) for clusters of at least 25 voxels. Labels on left refer to the z coordinate [Montreal Neurological Institute (MNI) space].

in higher cortical areas such as prefrontal cortex. Those areas  Target Frequency Effects on Behavior and BOLD
have, however, been shown to be involved in more demanding

smooth pursuit tasks, for example, when the target is briefly As hypothesized, smooth pursuit performance decreased with
blanked and pursuit has to be generated on the basis of predic- higher target frequency (Collewijn and Tamminga 1984;
tive processes (Lencer et al. 2004; Nagel et al. 2006). Lisberger et al. 1981; Meyhofer et al. 2019). This effect was
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Low frequency vs. fixation contrasts with seed region in right hemisphere

PPC

Fig. 4. Results of the 1-sample ¢ tests (random effects) of the psychophysiological interaction (PPI) low frequency vs. fixation contrasts with seed region in right hemi-
sphere. Each column represents 1 seed region: lateral geniculate nucleus (LGN): n = 54 (46 male, 8 female), V1: n = 54 (46 male, 8 female), V5: n = 52 (44 male, 8
female), posterior parietal cortex (PPC): n = 52 (44 male, 8 female), frontal eye fields (FEF): n = 52 (44 male, 8 female). Results are reported whole brain family-
wise error rate (FWE) corrected (P < 0.001, peak level) for clusters of at least 25 voxels. Labels on left refer to the z coordinate [Montreal Neurological Institute
(MNI) space].

observed across all performance measures studied here, suggest- The behavioral data thus unambiguously demonstrate that the
ing that the increase in (mostly compensatory) saccades was not manipulation of target frequency increased the demands on the
sufficient to prevent the reduction in gain with increasing target smooth pursuit system and that these demands were not fully
frequency. met in terms of the desired motor response. Interestingly,
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High frequency vs. fixation contrasts with seed region in right hemisphere

Fig. 5. Results of the 1-sample ¢ tests (random effects) of the psychophysiological interaction (PPI) high frequency vs. fixation contrasts with seed region in right
hemisphere. Each column represents 1 seed region: lateral geniculate nucleus (LGN): n = 54 (46 male, 8 female), V1: n = 54 (46 male, 8 female), V5: n = 52 (44
male, 8 female), posterior parietal cortex (PPC): n = 52 (44 male, 8 female), frontal eye fields (FEF): n = 52 (44 male, 8 female). Results are reported whole brain
family-wise error rate (FWE) corrected (P < 0.001, peak level) for clusters of at least 25 voxels. Labels on /eft refer to the z coordinate [Montreal Neurological

Institute (MNI) space].

however, this increased demand did not lead to a general
increase in activity in the neural network underlying smooth
pursuit. Instead, target frequency-induced changes in BOLD
were relatively subtle and highly specific to occipital cortex

including area V1 and surrounding visual areas. Most notably,
there were no significant differences in V5, FEF, or SEF at the
chosen level of statistical correction. Although these areas are
clearly involved in the generation and maintenance of the
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pursuit response, neither the overall velocity of pursuit nor its
quality at a given target frequency appears to correlate with the
overall BOLD signal in a block.

The lack of effects in V5 may be due to the fact that motion
information in V5 is coded in terms of a place code, implying
that different neurons are most sensitive to different target
speeds (Lisberger 2010). Consequently, an increase in target fre-
quency does not lead to an overall increase in firing rates but to
activation of different groups of neurons, which cannot be disso-
ciated in the BOLD response.

Unlike us, Nagel et al. (2008) detected additional velocity-de-
pendent activations not only in visual cortex but also in subcorti-
cal and higher cortical areas. However, their results were
obtained with a different experimental design, namely, with
short target ramps as opposed to continuous target presentation
and with a more liberal analysis approach. Thus, the contrasting
results of Nagel et al. (2008) might be attributed to particular-
ities of their study design in line with findings of varying smooth
pursuit performance with different target motion patterns
(Buizza and Schmid 1986). The presentation of ramp stimuli
challenges the initiation of pursuit, whereas continuous target
presentation is best used to study pursuit maintenance (Lencer
and Trillenberg 2008). Gottlieb et al. (1994) showed that FEF
neurons increase firing rates when target velocity is increased.
However, like Nagel et al. (2008) they employed short target
ramps (up to 2 s) so that it cannot be determined whether these
effects would have remained stable with longer target presenta-
tion. Moreover, FEF neurons show robust sensitivity to eye
acceleration (Mustari et al. 2009; Ono and Mustari 2009), cor-
roborating their vital role in pursuit initiation (Drew and van
Donkelaar 2007a).

In a motion tracking task, activation of FEF was independent
of parametric attentional load manipulation similar to the results
in our study (Culham et al. 2001). Although task demands were
manipulated differently, the concordant results speak for the
fundamental role of FEF in attentional motion tracking inde-
pendent of task difficulty.

Summing up, these results suggest that frequency-related ac-
tivity increases in higher cortical areas cannot be observed with
highly predictable sinusoidal stimuli as used in this study.
Scaling the pursuit response to target frequency might depend
on adjusted levels of FEF activity during the early phases of pur-
suit (Drew and van Donkelaar 2007a), but no such relationship
appears to occur during sustained pursuit maintenance.

Connectivity Results

LGN. Connectivity of LGN occurred mainly with occipital
cortex as well as cingulate gyrus, striatum, and inferior frontal
gyrus. Our finding of strong connections between LGN and vis-
ual cortex is consistent with evidence from resting-state and
structural connectivity analyses (Geng et al. 2016; Nassi and
Callaway 2009). Specifically, for some of the contrasts signifi-
cant couplings to V5 were found, which is in line with previous
literature (Gaglianese et al. 2015; Schmid et al. 2010; Sincich et
al. 2004).

Connections between LGN and cingulate gyrus represent an
interesting novel finding but should be interpreted with caution.
Although the existence of a cingulate eye field has been pro-
posed before (Amiez and Petrides 2009; Gaymard et al. 1998),
findings in this field are heterogeneous and there are still many
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open questions (Coiner et al. 2019). Specifically, the possibly
different location and function of the cingulate eye fields in
human and nonhuman primates is an ongoing debate (Amiez
and Petrides 2009; Gaymard et al. 1998; Paus et al. 1993; Schall
and Boucher 2007; Wang et al. 2004). For example, in humans,
posterior cingulate activity has been linked to attentional modu-
lation during motion processing (Antal et al. 2008), whereas an-
terior cingulate activity occurs in tasks requiring inhibition
(Jamadar et al. 2013). Proposed functions of cingulate oculomo-
tor involvement lie in motor planning and monitoring (Berman
et al. 1999). How this relates to LGN activity remains to be
clarified.

Functional connectivity from LGN to inferior frontal gyrus
might reflect orientation to salient stimulus features (Hampshire
et al. 2010). Task-dependent connectivity changes in middle
and superior frontal gyrus extending into FEF found in some of
the contrasts underline the special importance of these regions
in oculomotor function (Brandt et al. 2001). The fact that we
found coupling between LGN with its assumed early role in per-
ception and higher cortical areas like the FEF speaks for a strong
interplay between perception and ocular motion during SPEM.

Additionally, we observed significant task-dependent connec-
tions from LGN to putamen and caudate. Because of the rela-
tively low spatial resolution of fMRI data, these might not
reflect specific LGN connectivity but general thalamo-striatal
connections known to subserve oculomotor planning (Herrero
et al. 2002; Leigh and Zee 2015).

In general, the functional LGN connections revealed in this
study suggest that LGN may not only act as a simple relay
between retina and primary visual cortex but may also be
involved in more distributed processes such as dynamic signal
integration and gain control (Ghodrati et al. 2017; Weyand
2016).

VI. The significant connectivity clusters from V1 seed
regions entailed large parts of occipital cortex and striatum. V1
connectivity to other visual areas has previously been reported
in resting state and structural connectivity analyses, corroborat-
ing our findings (Geng et al. 2016; Griffis et al. 2015, 2017,
Nassi and Callaway 2009; Raemaekers et al. 2014; Rockland
and Van Hoesen 1994). However, unlike Griffis et al. (2015),
we could not find task-dependent coupling changes between V1
and higher cortical areas such as frontal lobe, perhaps because
of higher attentional demands in the study by Griffis and
colleagues.

Our results do not confirm findings of higher cortical task-de-
pendent correlations with V1 (Griffis et al. 2015). Additionally,
as PPI analyses are unable to provide information about the
direction of effects (O’Reilly et al. 2012), it cannot be discerned
whether the observed coupling changes in visual areas reflect
nonretinal input to V1 (Muckli and Petro 2013) or signal propa-
gation along the visual hierarchy.

Interestingly, we found functional connections between V1
and striatum, which to our knowledge have not previously been
observed. Although an involvement of the basal ganglia in ocu-
lomotor control is well known (Jamadar et al. 2013; Neggers et
al. 2012; O’Driscoll et al. 2000), previous literature has focused
on fronto-striatal connections (Neggers et al. 2012). More spe-
cifically, a meta-analysis of functional connectivity between
cortex and striatal nuclei could not identify any significant coac-
tivations in primary visual cortex (Postuma and Dagher 2006).
Thus, connectivity between primary visual cortex and striatum
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is an intriguing new finding that is likely task dependent and
needs further exploration.

All in all, our results of V1 connectivity substantiate the role
of V1 during smooth pursuit as an area where retinal signals are
recombined and sent to higher visual areas while incorporating
complex feedback signals (Leigh and Zee 2015; Muckli and
Petro 2013; Nassi and Callaway 2009).

V5. Clusters of significant connectivity with V5 seeds com-
prised visual areas in occipital and temporal lobe as well as
superior parietal cortex, thalamus, cerebellum, and FEF.

In a motion-perception task by Taylor et al. (2018), V5
showed similar patterns of strong occipital connectivity maps
extending into parietal and frontal lobe. In a very small sample,
local connections from V5 to middle occipital gyrus during
motion processing were found by Hampson et al. (2004), who
also demonstrated more widespread connectivity from the same
seed region in resting state. Moreover, our results are in line
with structural investigations in nonhuman primates (Abe et al.
2018; Maunsell and van Essen 1983b) that provide evidence for
reciprocal connections between V5 and visual areas V1 to V4 as
well as to parietal and frontal cortex, striatum, and thalamus. A
recent study suggests that V5 sends recurrent information back
to V1 and provides evidence for driving inputs of parietal areas
on V5 and other visual areas (Plomp et al. 2016), which was
also reported elsewhere (Saalmann et al. 2007). However, parie-
tal coordinates in that study were located more laterally than in
our study (Plomp et al. 2016). As PPI cannot provide informa-
tion about the directionality of effects, we cannot unequivocally
conclude whether the observed correlations reflect backward or
forward connections.

Clusters in precentral and middle frontal gyrus in this study
were small and not significant in all contrasts but nevertheless
support the hypothesis of coupling between V5 and FEF, in
keeping with earlier findings (Leichnetz 1989; Ninomiya et al.
2012). V5 might provide the motion signal necessary for senso-
rimotor transformation in FEF.

Connectivity to thalamus might represent direct LGN inputs
to V5 (Gaglianese et al. 2015), although the peak coordinates
significant in the V5 PPIs models were more medial than LGN.
However, involvement of thalamic nuclei in the processing of
motion stimuli and the control of smooth pursuit has been pro-
posed previously (Merabet et al. 1998; Tanaka 2005).

Our results offer compelling evidence in line with previous
interpretation of V5 function as a key center of motion process-
ing that is essential for successful smooth pursuit tracking
(Leigh and Zee 2015; Zeki 2015). In contrast to V1, V5 showed
connectivity to higher cortical areas such as FEF and parietal
cortex, corroborating its major role in smooth pursuit eye move-
ment control.

PPC. PPI analysis starting from PPC revealed significant
clusters in large parts of parietal, occipital, temporal, and frontal
cortex, including V5 and FEF, in line with the strong cortical
interconnectivity of parietal lobe (Caspers and Zilles 2018). The
connectivity maps obtained in this study showed remarkable
similarities with an analysis of the same region at rest
(Bueichekad et al. 2015). However, frontal connections were less
strongly pronounced in our task-dependent data. This pattern of
results corroborates earlier findings of similarities and dissimi-
larities between functional connectivity in resting state and dur-
ing task performance (Rehme et al. 2013; Smith et al. 2009),
suggesting that both approaches are valuable tools for different
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sets of research questions. Ramot et al. (2011) showed correla-
tions between spontaneous eye movements and BOLD at rest,
substantiating the neural significance of spontaneous BOLD ac-
tivity in terms of coordinated motor programs. Similarities
between task-dependent coupling changes and resting state data
thus point to the validity of the observed connectivity patterns.

There are dense white matter connections between parietal
and frontal cortex (Leichnetz 2001; Stanton et al. 2005;
Thiebaut de Schotten et al. 2011a, 2011b), possibly mediating
our result of functional connectivity between frontal and parietal
pursuit areas. In fact, frontoparietal networks have been associ-
ated not only with oculomotor function but also with attention
(Corbetta and Shulman 2002; Ohlendorf et al. 2007). Concerning
the specific role of PPC in oculomotion and attention, Drew and
van Donkelaar (2007b) suggested that it contributes to the atten-
tional modulation of processes underlying smooth pursuit,
whereas Raffi et al. (2007) proposed PPC involvement in spatial
orientation.

In general, the observed connectivity patterns in this study
are in agreement with the putative function of PPC as an inter-
face between perceptive and motor systems (Grefkes and Fink
2005). PPC is involved in both pure visual and oculomotor sig-
nals, suggesting a role in sensorimotor transformation (Herweg
et al. 2014; Kimmig et al. 2008), which is supported by our data
showing connectivity to areas primarily involved in motion
processing (V5) and motor transformation (FEF).

FEF. Of all seed regions investigated in this study, FEF
showed the most widespread connectivity patterns based on the
number of voxels in the PPI maps. Significant clusters entailed
frontal, parietal, occipital, and temporal regions as well as sub-
cortical structures.

There was substantial overlap between the connectivity maps
of our study and the investigation of resting-state connectivity
in human and nonhuman primates (Hutchison et al. 2012,
2013). Specifically, previous studies have provided evidence of
resting-state FEF connectivity to superior and inferior parietal
lobule, dorsolateral prefrontal cortex (DLPFC), anterior cingu-
late cortex (ACC), and SEF (Hutchison et al. 2012, 2013).
Compatible results were also obtained in diffusion-tensor imag-
ing and tracing studies in humans and nonhuman primates,
yielding evidence for strong structural connections between
FEF and parietal cortex but also SEF, cingulate gyrus, and pre-
frontal and inferior frontal gyrus (Anderson et al. 2012;
Schaeffer et al. 2018; Tomassini et al. 2007; Umarova et al.
2010). Whereas Anderson et al. (2012) found structural path-
ways to be more dominant in the right hemisphere, we could not
observe strongly lateralized functional connectivity.

Interestingly, FEF also showed connectivity with regions that
were not significant in the simple task versus fixation contrasts,
such as DLPFC. According to O’Reilly et al. (2012) such a pat-
tern can be attributed to unmodeled task-related variance. It is
assumed that the PPI term models variance over and above what
is explained by the blocked model of task-driven activity
(O’Reilly et al. 2012). However, modeling task as a boxcar
function is a simplification of the complex demands on the
smooth pursuit system while tracking a constantly moving target
(O’Reilly et al. 2012), as processes of pursuit initiation and
maintenance as well as monitoring, anticipation, and prediction
do not have exactly the same time course (Barnes 2008).
Consequently, significant PPI results outside of the task effect
masks might reflect task-related but unmodeled shared variance,
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e.g., when seed region and the significant clusters are both
involved in the same pursuit-related cognitive process.

One region showing task-dependent FEF coupling in the ab-
sence of a main task effect was DLPFC. Previously, DLPFC
involvement in smooth pursuit has been linked to attentive moni-
toring and working memory-related processes as well as anticipa-
tion, especially during more challenging smooth pursuit tasks
involving target blanking or unpredictable target motion (Lencer
et al. 2004; Nagel et al. 2006; Pierrot-Deseilligny et al. 2003,
2005; Schmid et al. 2001). As we used predictable and continu-
ously presented targets, we hypothesize that DLPFC involvement
was not essential during the entire task block. Correlations with
FEF, however, suggest that this region might have contributed to
specific cognitive SPEM subprocesses with a more elaborate time
course, in which both regions are engaged.

Similarly, there was functional connectivity between FEF
and inferior frontal gyrus, although this region was not evident
in the simple task versus fixation contrasts. Both regions have
been associated with corrective saccades (Haller et al. 2008) as
well as the inhibition of (oculo-)motor reactions (Chikazoe et al.
2007).

Similar to Neggers et al. (2012, 2015), we also found cou-
pling between FEF and putamen, substantiating the role of
fronto-striatal connections in cognition, motor, and eye move-
ment control (Leigh and Zee 2015).

FEF was the only region investigated in this study consis-
tently connected to SEF. Similar connections were found in rest-
ing-state and diffusion-tensor imaging data (Anderson et al.
2012; Hutchison et al. 2012), implying a strong interplay of
these areas in the control of smooth pursuit (Drew and van
Donkelaar 2007a; Gagnon et al. 2006) as well as other cognitive
and oculomotor functions.

Although connectivity maps generally covered large parts of
the cortex, functional connectivity to primary visual cortex was
less pronounced than from the other seed regions, corroborating
the role of FEF as an area of higher cortical processing not pri-
marily involved in perception (Leigh and Zee 2015).

The extensive functional connectivity of FEF found in this
study adds to the literature by substantiating the fundamental
role of FEF in the control of smooth pursuit. FEF receive and
send information to and from cortical and subcortical areas across
almost the entire brain, confirming their involvement in pursuit
initiation, maintenance, and prediction in terms of visuo-motor
transformation (Leigh and Zee 2015; Lencer and Trillenberg
2008; Lisberger 2010).

Effects of target frequency on functional connectivity. The
present study did not delineate any significant differences
between the two frequency conditions concerning functional
connectivity for any of the five seed regions. It is possible that
in relation to the range of target frequencies to which humans
can perform pursuit eye movements (>1 Hz; Barnes 2008), the
difference between the two conditions examined here was rela-
tively small, making it difficult to detect effects at the neural
level. This may particularly apply to functional connectivity
data, since PPI analyses are even more prone to power-related
issues than standard GLM analyses (O’Reilly et al. 2012).

Brain-Behavior Relationships: Individual Differences

Unexpectedly, we did not find any significant correlations
between the behavioral outcome variables we focused on in this

FUNCTIONAL CONNECTIVITY DURING SMOOTH PURSUIT EYE MOVEMENTS

study (pursuit gain, saccadic frequency, and RMSE) and BOLD
activity at the level of individual differences. These findings
contrast with previous results reported in the literature, in which
individuals with poorer pursuit performance such as schizophre-
nia patients or schizotypal individuals showed reduced BOLD
in task-related areas and negative correlations between BOLD
in task-related areas and behavioral outcome variables (Lencer
et al. 2005; Meyhofer et al. 2015; Nagel et al. 2006). Given that
those correlations have primarily, although not exclusively,
been reported in groups with presumed impaired smooth pursuit
performance (Lencer et al. 2005; Meyhofer et al. 2015), it may
be concluded that such associations only become apparent when
the pursuit system does not work optimally. Instead, the sample
in our study was relatively homogeneous, as participants were
carefully screened and selected according to strict criteria, possi-
bly making it more difficult to detect significant associations.

Another possibility for the failure to detect significant correla-
tions could be that those may become apparent with other, more
specific measures of pursuit performance or with pursuit tasks
that tap specific underlying processes, such as extraretinal
mechanisms in blanking tasks (Nagel et al. 2006).

Our study used a sample larger than all previous fMRI studies
of smooth pursuit (see Supplemental Table S1). However, we
did not achieve the minimum sample size recommended for
individual difference research with fMRI data (n > 100; Dubois
and Adolphs 2016). Thus, although the present study had suffi-
cient power to detect task effects at the group level, more partic-
ipants may have been needed to reveal correlations at the level
of individual differences.

Moreover, it has been criticized that BOLD has relatively low
within-subject reliability while producing robust effects at the
group level (Plichta et al. 2012; Raemaekers et al. 2007). This
factor may impede the discovery of significant correlations with
individual differences measures (Hedge et al. 2018).

It has also been argued that between-subject variance might
arise from different strategies employed to perform a certain
task (Seghier and Price 2018). For example, participants might
differ in how much they rely on retinal versus nonretinal infor-
mation during pursuit and consequently show different activa-
tion patterns in the oculomotor network. Thus, no uniform
change in network activations at higher performance levels
could be observed across all subjects. It may therefore be of in-
terest in future studies to identify subgroups with different strat-
egies with complex classification approaches (Kherif et al.
2009).

Curiously, as described above, we found worse performance
at higher target frequency, whereas accompanying BOLD
changes occurred only in visual but not higher cortical regions
and no differences in functional connectivity were observed.
This raises the question of how these behavioral effects are gen-
erated at the neural level. It is possible that effects can only be
revealed with more demanding tasks or with more elaborate
study designs, for example, when behavioral outcome variables
and BOLD are reported for single target ramps as different cog-
nitive components become relevant at different time points. For
example, it has been shown that FEF neurons control pursuit in
different brief time epochs during the movement, suggesting
that each neuron makes a unique contribution to smooth pursuit
in a specific narrow time window (Lisberger 2010). Another ex-
planation for the performance differences between the two fre-
quency conditions without apparent BOLD correlates might be
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that they originate from brain structures not easily accessible to
fMRI, such as pontine nuclei and cerebellum (Beh et al. 2017;
Mustari et al. 2009; Ono and Mustari 2007).

Limitations

A limitation of our study is that we employed only two target
frequencies, with relatively low peak velocities (7.3°/s for 0.2
Hz and 14.8°/s for 0.4 Hz) compared with other studies (Lencer
et al. 2008; Nagel et al. 2008). As humans are able to perform
smooth pursuit to targets at velocities of up to 1 Hz (Barnes
2008), our study did not cover the full range of this oculomotor
behavior. For future investigations of velocity effects on smooth
pursuit performance and BOLD, a higher range of velocities
would be desirable.

Another limitation concerns the identification of the individ-
ual seed regions. To do this, it might have been preferable to use
a localizer task rather than extracting them from previous litera-
ture and the individual task contrasts.

A further limitation concerns the design of the task, in
which fixation was used as a control condition for pursuit.
Therefore, differences between these two conditions in BOLD
are contaminated by retinal motion of the stimulus. As gain
scores were generally high, the target stimulus on the retina
was relatively stable. However, gain scores did not reach 1,
suggesting that there was still some degree of retinal motion.
Therefore, we cannot exclude that the differences revealed by
contrasting the two frequencies might be a result of motion
instead of pursuit. In future studies we recommend disentan-
gling motion and pursuit by using more elegant designs (e.g.,
Kimmig et al. 2008).

A general limitation is that PPI analyses are restricted with
regard to the research questions they can answer, as they can
only determine task-dependent functional connectivity of a des-
ignated seed region with the rest of the brain. To better assess
connectivity of the entire network, more advanced methods
such as dynamic causal modeling approaches may be needed
(Friston 2011). Still, PPI analysis is a valuable research tool for
exploratory analysis of functional connectivity, which was the
main objective of the present study.

Conclusions

Overall, our data provide evidence of a strongly intercon-
nected network underlying the maintenance of smooth pursuit
eye movements. PPI connectivity maps of different seed regions
point to widespread, partially overlapping networks of different
extent. Whereas FEF and PPC showed connectivity to large
parts of the entire cortex, LGN, V1, and V5 had more regionally
focused connections. Higher target frequency was associated
with reduced performance and increased BOLD in occipital cor-
tex but no change in functional connectivity. Interindividual
associations between performance and BOLD could not be dis-
cerned. In summary, our study provides a comprehensive char-
acterization of functional connectivity in SPEM and represents
an important basis for further study of this fundamental sensori-
motor system in healthy humans as well as patient populations
known to have SPEM deficits.
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1 | INTRODUCTION

Smooth pursuit eye movements (SPEM) enable the tracking of a small
slowly moving object with our eyes. As such they are an essential ele-
ment of our oculomotor system (Leigh & Zee, 2015). Functional

Smooth pursuit eye movements (SPEM) are essential to guide behaviour in complex
visual environments. SPEM accuracy is known to be degraded by the presence of a
structured visual background and at higher target velocities. The aim of this preregis-
tered study was to investigate the neural mechanisms of these robust behavioural
effects. N = 33 participants performed a SPEM task with two background conditions
(present and absent) at two target velocities (0.4 and 0.6 Hz). Eye movement and
BOLD data were collected simultaneously. Both the presence of a structured back-
ground and faster target velocity decreased pursuit gain and increased catch-up sac-
cade rate. Faster targets additionally increased position error. Higher BOLD response
with background was found in extensive clusters in visual, parietal, and frontal areas
(including the medial frontal eye fields; FEF) partially overlapping with the known
SPEM network. Faster targets were associated with higher BOLD response in visual
cortex and left lateral FEF. Task-based functional connectivity analyses (psychophysi-
ological interactions; PPI) largely replicated previous results in the basic SPEM net-
work but did not yield additional information regarding the neural underpinnings of
the background and velocity effects. The results show that the presentation of visual
background stimuli during SPEM induces activity in a widespread visuo-parieto-
frontal network including areas contributing to cognitive aspects of oculomotor con-
trol such as medial FEF, whereas the response to higher target velocity involves
visual and motor areas such as lateral FEF. Therefore, we were able to propose for
the first time different functions of the medial and lateral FEF during SPEM.

KEYWORDS
background, distractor, fMRI, frontal eye fields, functional connectivity, smooth pursuit

magnetic resonance imaging (fMRI) studies have shown that smooth
pursuit performance is accompanied by activation in visual areas such
as V5, lateral geniculate nucleus (LGN), posterior parietal cortex (PPC),
supplementary eye fields (SEF), and medial as well as lateral frontal
eye fields (FEF; Lencer & Trillenberg, 2008). Two common findings in

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Human Brain Mapping published by Wiley Periodicals LLC.
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the literature are that pursuit performance deteriorates (1) in the pres-
ence of visual background stimuli and (2) with higher target velocity
(Barnes & Crombie, 1985; Buizza & Schmid, 1986; Collewijn &
Tamminga, 1984; Hutton et al, 2000; Kaufman & Abel, 1986;
Kreyenmeier et al., 2017; Lisberger et al., 1981; Masson et al., 1995;
Meyhofer et al., 2019). Both effects are very robust and show high
reliability over time but also substantial interindividual differences
(Schroder et al., 2021). The background effect is thought to be due to
mechanisms counteracting the optokinetic drive induced by the back-
ground (Barnes, 2008). The velocity effect is related to eye velocity
and/or acceleration saturation (Buizza & Schmid, 1986). Critically, lit-
tle research has been done concerning the neural underpinnings of
these effects.

Evidence concerning the neural mechanisms of the background
effect comes from fMRI and transcranial magnetic stimulation (TMS)
literature. An fMRI study by Ohlendorf et al. (2010) identified the mid-
dle temporal area (MT+) and the visual area V7 as important visuomo-
tor transformation sites as they were active during visual, oculomotor,
and visuo-oculomotor task conditions and thus receive all necessary
information to successfully transform visual information into a motor
command. In addition, PPC was found to specifically respond to dif-
ferential motion between the structured background and the target
highlighting the pivotal role of the PPC in integrating the movement
of a frame of reference relative to the target. Another line of evidence
concerning the neural mechanisms underlying smooth pursuit over a
structured background comes from a TMS study (Haarmeier &
Kammer, 2010) pointing to the crucial role of the temporoparietal
junction (TPJ) in the suppression of the optokinetic nystagmus during
SPEM over a structured background. This finding is also supported by
Lawden et al. (1995) who demonstrated that lesions in the inferior
parietal cortex (BA 40) are associated with greater background-
induced impairments in SPEM performance and additionally stressed
the importance of intact cortical white matter connections.

For the velocity effect, contributions of visual cortex, angular
gyrus, cerebellum, and basal ganglia could be established, as indicated
by increased activation at higher velocities (Nagel et al., 2008; Nagel
et al., 2012; Schroder et al., 2020). These increases in BOLD response
are likely due to greater retinal slip when tracking faster stimuli
(Lencer & Trillenberg, 2008).

Hence, while there is already some evidence for the neural mech-
anisms underlying background and velocity effects, they have not yet
been systematically studied jointly. It is, therefore, important to close
this significant gap in the literature as smooth pursuit in natural
environments occurs almost exclusively under more complex
conditions than with uniform backgrounds used in most studies
(Agtzidis et al., 2020; Goettker et al., 2020). This is particularly impor-
tant since known pursuit-related deficits in patient populations
(e.g., schizophrenia; Levy et al., 2010) have recently been shown to be
present when viewing more complex, natural stimuli (Silberg
et al., 2019).

Therefore, the aim of the present study was to investigate the
neural mechanisms underlying the velocity and background effects in
SPEM with traditional and functional connectivity approaches in a

sample of healthy participants. Specifically, we preregistered the fol-
lowing hypotheses: at the behavioural level, we expected lower pur-
suit velocity gain, higher root mean square error (RMSE), and higher
catch-up saccade rate at higher compared to lower target velocity
(Meyhofer et al., 2019; Schroder et al., 2021) as well as lower gain
and higher RMSE with a structured compared to a uniform back-
ground (Meyhofer et al., 2019; Schroder et al., 2021). In addition, we
expected an interaction effect of the velocity and background condi-
tions with a larger background effect at higher compared to lower
velocity for all three dependent variables (Meyhéfer et al., 2019;
Schroder et al., 2021). At the neural level, we expected higher activa-
tions in the pursuit network (FEF, SEF, PPC, visual areas V1 and V5,
and LGN) during pursuit versus fixation as well as higher activations in
visual areas (Schroder et al., 2020) with higher compared to lower tar-
get velocity. In the background condition (vs. no background), we
hypothesised higher activations in a fronto-parietal network. In addi-
tion, preregistered exploratory analyses were carried out to investi-
gate functional connectivity differences between task conditions
using psychophysiological interaction analyses (PPI; Friston
et al., 1997; O'Reilly et al, 2012) and to examine associations
between behavioural and BOLD effects.

2 | MATERIALS AND METHODS

This study was preregistered at https://osf.io/j8w26 and approved by
the ethics committee of the Department of Psychology at the Univer-
sity of Bonn (#21-06-30).

21 | Participants

We aimed for 32 participants to take part in the study. This sample
size is large enough to detect the behavioural effects observed previ-
ously, for example, r/pz = .62 (Meyhofer et al., 2019; Schréder
et al., 2021) for the background effects on gain. With this effect size,
a minimum sample size of 11 participants is required with 95% power
and a 5% a-threshold (calculated in G*Power, 3.1.9.7; Faul
et al., 2007). Our target sample size of 32 is also substantially larger
than sample sizes in studies analysing BOLD effects similar to those
we investigated here (e.g., Nagel et al., 2008; Ohlendorf et al., 2010).

Inclusion criteria were current enrolment at a university as a stu-
dent, age between 18 and 35 years, male or female gender (not
diverse), right-handedness, physically, neurologically and psychiatri-
cally healthy, normal or corrected-to-normal eye-sight (contact
lenses), and good command of German language.

In this study, only healthy subjects were to be examined. There-
fore, exclusion criteria were current psychiatric disorder, current or
history of neurological disorders, current or history of psychotic disor-
ders, learning disabilities, loss of consciousness for more than five
minutes, and serious physical illness. To ensure safe performance of
the MRI measurements, additional exclusion criteria were claustro-
phobia, metalliferous implants, large tattoos on the upper half of the
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body, history of welding work, injury or disease of the inner ear with
loss of hearing, visual impairments other than corrective contact
lenses, pregnancy, currently breastfeeding a baby, and history of any
heart or head surgery. To minimize effects of drugs or substances that
might affect the central nervous system, we excluded subjects with a
history of alcohol or drug abuse within the last twelve months and
consumption of any prescription or over-the-counter medication
three days previous to the examination (apart from contraceptives,
thyroid medications, or vitamin supplements).

Participants were compensated with money or course credits

according to their time spent in the study (€30 for full participation).

2.2 | Study procedure

Participants were recruited via advertisements on the campus of the
University of Bonn, emails, and social media. The procedure was as
follows.

First, participants who responded to study advertisements were
invited to fill in a short online questionnaire in order to obtain basic
inclusion and exclusion criteria. Suitable participants were invited to
an in-person screening at the University of Bonn. In the screening,
participants provided written and informed consent. Inclusion and
exclusion criteria were assessed with a semi-structured interview
including detailed screening for psychiatric disorders (Ackenheil
et al., 1999). Then, participants filled in a short questionnaire to obtain
demographic information. Finally, they practiced the tasks they later
performed in the scanner (see Section 2.3). Specifically, participants
were asked to follow a moving grey pursuit target with their eyes and
fixate a stationary target displayed on a computer monitor at a dis-
tance of approximately 60 cm. A total of eight blocks were presented
(one 10 s-block of each pursuit condition, see Section 2.3., and four
5 s-fixation blocks). During these practice trials, eye movements were
not recorded, as the main purpose was to familiarize participants with
the task. The in-person screening visit took about 45 min.

Participants who met all inclusion criteria and no exclusion criteria
were invited to the University Core Facility Human 3 T MRI at the
University Hospital Bonn for the experimental assessment.

At the beginning of each fMRI assessment, inclusion criteria were
re-confirmed verbally, and female participants were asked to provide
a urine sample to test for pregnancy (OneStep®, 10 miu/ml). Then,
two tasks (first a decision task not relevant to the present article and
then the smooth pursuit task) were performed in the scanner and a
structural scan was obtained. The experimental session took about
1 h 30 min in total.

23 | Task

The smooth pursuit task was designed in Experiment Builder
(SR Research Ltd., Ontario, Canada, version 2.3.38) and presented on
a 32-inch LCD monitor (NordicNeuroLab, 1920 x 1080 px, refresh
rate: 120 Hz). The monitor was positioned at the head end of the

scanner. Subjects lay on their backs—head first—in the scanner and

WILEY_ L 2

viewed the monitor image via a first-surface reflection mirror. Dis-
tance from eye to monitor via the mirror was approximately 190 cm.

The smooth pursuit target was a grey (RGB: 192, 192, 192) circle
(0.33° diameter) moving horizontally with a sinusoidal velocity pattern
at two different target velocities (0.4 and 0.6 Hz) between +6.99°.
The target reached peak velocities of 17.56°/s and 26.35°/s and the
duration of a full sinus cycle was 2.5 s and 1.67 s, respectively. For
half of the pursuit blocks, the target was presented on a structured
background (symmetrical 6-by-6-grid of white circles [0.33° diameter]
on black background). For the other half of the blocks, it was pre-
sented on a blank, black background. A total of 28 pursuit blocks were
presented in randomized order (sampling without replacement;
7 blocks of each task condition: 0.4 Hz no background, 0.4 Hz back-
ground, 0.6 Hz no background, 0.6 Hz background). Each pursuit block
(20 s) was followed by a fixation block (10 s) where a stationary target
(RGB: 192, 192, 192; 0.33° diameter) was presented at the centre of
the screen. Participants were instructed to follow the target as accu-
rately as possible with their eyes while keeping their head still in the
pursuit blocks and to fixate the target in the fixation blocks. A sche-
matic depiction of the task procedure is in Figure 1.

24 | Eye-movement assessment and
preprocessing

Eye movements were assessed with an MR-compatible video-based
combined pupil and corneal reflection long-range eye-tracker (EyeLink
1000, SR Research Ltd., Ottawa, ON, Canada). Pupil and corneal
reflection of the right eye were detected with a centroid pupil-
tracking algorithm at a sampling rate of 1000 Hz. Prior to the task, a
five-point horizontal-vertical calibration was performed (calibration
coordinates: [960,540], [960,92], [960,988], [115,540], [1805,540]).

Smooth pursuit gain was calculated as the average of the ratio of
eye velocity to target velocity for the middle 50% of each half-cycle
(i.e., an excursion of the target from right to left or vice versa) after
blinks and saccades were excluded. Only pursuit segments longer than
50 ms were included and gain scores were time-weighted according
to the duration of the segments. RMSE was obtained as a global mea-
sure of eye position error. To do so, blinks were first excluded. Then,
the mean of the squared angular distance between eye and target
location across time points was determined. The final RMSE measure
was the square root of this mean. Saccades were detected using
velocity (2 22°/s), amplitude (>1°), and acceleration (= 3800°/s2) cri-
teria. Saccades were defined as catch-up saccades if they improved
eye position error, started behind the target, and landed behind the
target or if they reduced position error by at least 50% and started
behind the target and landed ahead of the target. Saccadic frequency
(N/s) was obtained for catch-up saccades.

2.5 | BOLD image acquisition

Imaging was conducted using a 3 T MRI scanner (Magnetom Tim Trio,
Siemens, Erlangen, Germany) in the Core Facility Human 3 T MRI of
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Fixation 10s

SPEM 20s

FIGURE 1

Fixation 10s

SPEM 20s

Schematic depiction of the task. Smooth pursuit eye movement (SPEM) blocks (20 s) alternated with fixation blocks (10 s). The

target moved at one of two different velocities in a sinusoidal velocity pattern (0.4 vs. 0.6 Hz) and was presented on a blank screen or with
background stimuli. Order of the conditions in the SPEM blocks was randomized

the University of Bonn at the University Hospital of Bonn. During the
pursuit task, BOLD fMRI data were acquired with a T2*-weighted
echo-planar imaging sequence (TR = 2500 ms; TE = 30 ms, matrix
size = 96 x 96, number of slices = 37, slice thickness = 3 mm, inter-
slice gap = 0.3 mm, FoV = 192 mm, flip angle = 90°, voxel
size = 2 x 2 x 3.3 mm). The standard 32-channel head coil from Sie-
mens was used for radio frequency reception. Additionally, for each
participant, a three-dimensional T1-weighted high-resolution struc-
tural scan was acquired using Magnetization Prepared Rapid Acquisi-
tion with Gradient Echoes (MPRAGE) with the following parameters:
TR = 1660 ms, TE = 2.54 ms, matrix size = 320 x 320, number of
slices = 208, slice thickness = 0.8 mm, no interslice gap,
FoV = 256 mm, flip angle = 9°, and voxel size = 0.8 x 0.8 x 0.8 mm.

26 |
analyses

BOLD preprocessing and preregistered

BOLD data were preprocessed and analysed in SPM12 running in
Matlab 2018A. All fMRI results are reported whole-brain family-wise
error rate (FWE) corrected (p < .05, peak level) voxelwise with an
additional minimum cluster size threshold of 10 voxels. However, fol-
lowing a reviewer comment, we also report uncorrected results in the
supplementary materials. Anatomical labels were obtained with the
SPM Anatomy Toolbox (Eickhoff et al., 2005).

Preprocessing included realignment to the first image of the time
series using a least squares approach and a six parameter (rigid body)
spatial transformation, coregistration of the anatomical and functional
images using the individual T1-scans, and normalization into standard
space (MNI template). As a final step, the normalized images were
smoothed with an 8 mm full width at half maximum (FWHM) Gauss-
ian kernel.

At the first level, data were analysed with a general linear model
(GLM) approach. The time course of each task condition (i.e., 0.4 Hz
no background, 0.6 Hz no background, 0.4 Hz background, 0.6 Hz
background) was modelled as a separate regressor with 20 s boxcar
functions. A 128-s high-pass filter was applied to remove slow signal
drifts. The six individual realignment parameters were added as addi-
tional regressors of no interest. The fixation blocks were not modelled
and served as implicit baseline. First-level contrasts were calculated
for the following three main effects using t-tests: pursuit (all condi-
tions) versus fixation, the background effect (0.4 Hz background,
0.6 Hz background > 0.4 Hz no background, 0.6 Hz no background),
and the velocity effect (0.6 Hz no background, 0.6 Hz background >
0.4 Hz no background 0.4 Hz background). In addition, the interaction
contrast of the background and velocity factors was modelled ((0.6 Hz
background > 0.6 Hz no background) > (0.4 Hz background > 0.4 Hz
no background)). These first-level contrasts were then taken to the
second level to calculate one-sample t-tests (random effects) for each

type of first-level contrast.
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2.7 | Preregistered exploratory analyses of
BOLD data
2.7.1 | Functional connectivity
In addition, task-dependent functional connectivity analyses were per-
formed with generalized psychophysiological interaction analyses
(gPPI; Friston et al., 1997; McLaren et al., 2012). Ten seed regions (left
and right LGN, V1, V5, PPC, FEF) were selected because of their
known roles in SPEM. Seed coordinates were taken from previous lit-
erature (Schrdder et al., 2020: LGN [-24, —26, —4; 22, —26, 0], V1
[-11, —80, —1; 20, —75, —3], V5 [-44, —76, 2; 43, —73, 5], FEF
[-30, -6, 55; 30, —9, 50], PPC [—25, —60, 56; 24, —56, 47]). For V1,
V5, PPC, and FEF, individual seed regions were identified by first posi-
tioning a 12 mm-sphere around these coordinates and then identify-
ing the largest individual SPEM-related peak in those larger spheres
(omnibus-F-map, corrected at p < .001) to account for inter-individual
anatomical variability. In a second step, a 4 mm-sphere was placed
around these individual coordinates; these smaller spheres were then
used for BOLD activity extraction (see below). If no individual peak
could be determined in the larger sphere, the smaller sphere was posi-
tioned around the literature coordinates. This procedure resulted in a
4 mm-sphere for every participant and seed region which was either
at the coordinates of the individual BOLD peak or at the abovemen-
tioned coordinates if no significant peak was detected nearby. How-
ever, this procedure was not suitable for identifying the LGN seed
regions as the 12-mm sphere is too large for LGN which is a small
structure (Li et al., 2012) risking that the identified peak is not in the
targeted brain area. Therefore, for LGN analyses, the same coordi-
nates identified from the literature were used for all participants
(i.e., [-24, —26, —4; 22, —26, Q)).

The first eigenvariate of the timeseries of all voxels within these
4 mm-spheres was extracted. After deconvolution, it was multiplied
with the task regressors and the resulting products (i.e., the psycho-
physiological interaction terms) were then reconvolved with the HRF.
Next, for each seed region, a GLM was modelled with all task vectors
(the four SPEM conditions) and the corresponding gPPI terms as well
as the seed region time course. The six motion parameters (from
realignment) were entered as regressors of no interest. Then, first-
level contrasts were set up: a SPEM (all four gPPI terms) versus fixa-
tion contrast, a background versus no background contrast, and a high
versus low target velocity contrast. For group-level analyses, these
three contrasts were taken to the second level to calculate one-
sample t-tests.

2.7.2 | Multiple regressions

To explore brain-behaviour relationships, separate regression analyses
were calculated at the second level using two different approaches.
First, to identify correlations between BOLD response and beha-
vioural outcomes, the first-level task contrasts for each task condition

WILEY_L ®

(e.g., 0.4 Hz no background, 0.6 Hz no background, 0.4 Hz back-
ground, 0.6 Hz background) were entered into separate multiple-
regression models along with the three behavioural outcome mea-
sures (gain, RMSE and catch-up saccade frequency) of the corre-
sponding condition (12 models). Second, to identify correlations
between task effects (difference measures), the first-level contrasts of
these task effects (e.g., background effect, velocity effect) were
entered into separate multiple-regression models along with the beha-
vioural task effect (6 models).

2.7.3 | Correlations

In order to further explore correlations between behavioural out-
comes and BOLD response, regions of interest (ROIs) were defined as
significant clusters in each of the contrasts of the task effects (back-
ground vs. no background and high vs. low target velocity contrasts)
and each task condition versus fixation (0.4 Hz no background versus
fixation, 0.4 Hz background vs. fixation, 0.6 Hz no background
vs. fixation and 0.6 Hz background vs. fixation). Mean beta weights
from these ROIs were then extracted for each participant with the
MarsBaR toolbox (Brett et al., 2002) yielding summary time courses
for each cluster and participant. These values were then correlated
with the behavioural outcome measures of the corresponding task
effect (difference measure) or condition (direct performance outcome)
using R and the Hmisc package (V.4.4.0; Harrell, 2020). Statistical out-
liers (see Section 2.8) were excluded. Results were corrected for mul-
tiple correlations using Bonferroni correction.

2.8 | Preregistered statistical analyses of the eye-
tracking data

Behavioural data were analysed in R using the ez package (V.4.4.0;
Lawrence, 2016) with two-factorial repeated measures ANOVA with
the factors background (present and absent) and target velocity
(0.4 Hz or 0.6 Hz) for each of the dependent variables smooth pursuit
gain, RMSE, and catch-up saccade frequency. The alpha-level to
determine significance was set to .05. Outliers were identified with
boxplot criteria, that is, participants with values 1.5 times the inter-
quartile range above the upper quartile and below the lower quartile
were excluded. Analyses without the removal of outliers are reported

in the supplementary material (Table S1).

3 | RESULTS

The eye-tracking data that support the findings of this study are
openly available at the Open Science Framework (OSF) at https://osf.
io/uez5f/. The MRI data that support the findings of this study are
available on request from the corresponding author. The MRI data are
not publicly available due to privacy and ethical restrictions.
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3.1 | Participants

A total of 33 (16 female, 17 male) participants took part in the study.
On average, participants were 23.30 years old (SD = 3.14). For one
participant (male), BOLD data were not saved due to technical failure.
This participant is only included in the analyses of eye movement
data. Data screening for movement showed that, overall, participants
moved very little. However, BOLD data from one participant had to
be excluded due to excessive movement (z > 4 and y > 4 mm). After
exclusion of this participant, mean displacement for the six realign-
ment parameters across participants was x: M = —0.35mm,
SD = 0.34 mm, y: M = —0.22 mm, SD = 0.25 mm, zz M = 0.51 mm,
SD = 0.42 mm, pitch: M = 0.35°, SD = 0.37°, roll: M = 0.09°,
SD = 0.36°, yaw: M = 0.04°, SD = 0.26°.

3.2 | Eye movements

Due to poor eye-tracking quality, data from three participants could be
analysed for only a subset of the blocks (35, 22 and 30 blocks respec-
tively, out of the total of 56 blocks) and data from one participant had
to be excluded altogether. Descriptive statistics are in Table 1 and
Figure 2 (visualised using raincloud plots; Allen et al., 2018, 2019).

There were three statistical outliers for pursuit gain, four for RMSE
and three for catch-up saccade rate. These participants were excluded
from all analyses of the respective outcome measure. Importantly,
results did not change when these outliers were included (see Table S1).

Analyses of pursuit gain revealed main effects of the background
(Fi, 28y = 70.55, p<.001, :7,,2 = .716) and velocity factors
(Fr1, 281 = 542.04, p<.001, npz = .951), indicating lower gain in the
background condition and at higher target velocity, respectively.
There was no interaction of the two factors (p >.05). Both effects
were numerically evident in every single participant but also showed
substantial variability between participants (Figure 2, panel a).

For RMSE, there was a significant main effect of velocity
(Ff1, 271 = 210.11, p < .001, ;7,,2 = .886), but no main effect of back-
ground and no interaction of the two factors (all p >.05; Figure 2,
panel b).

Analyses of catch-up saccade rate revealed main effects of the
background (F4, 281 = 12.57, p < .001, npz =.311) and velocity factors
(Fr1, 281 = 134.72, p<.001, npz = .828). Catch-up saccade rate was
higher in the background condition and at higher target velocity.
There was no interaction of the two factors (p >.05, Figure 2, panel c).

33 | BOLD

3.3.1 | SPEM versus fixation

The SPEM task elicited higher BOLD response than fixation in a wide-
spread network (Figure 3, Table 2). Higher activation during SPEM
versus fixation was found in visual and motion processing areas (left
and right calcarine, right lingual gyrus, left cuneus, and middle occipital
gyrus) extending into cerebellum. SPEM also led to increased activity
in left LGN, bilateral precentral gyrus (including left medial and lateral
FEF and right lateral FEF), right superior parietal cortex, left midcingu-
late cortex (MCC) as well as posterior-medial frontal cortex (includ-
ing SEF).

For the reverse contrast (Fixation > SPEM, Figure S1), significant
BOLD response differences were observed in bilateral middle occipital
gyrus (extending into right angular gyrus), left and right fusiform gyrus
(extending into cerebellum), bilateral insulae (extending into right

Heschl's Gyrus) as well as left Rolandic Operculum.

3.3.2 | Background versus no background

The background condition elicited greater BOLD response than the
no background condition in nine clusters (Figure 3, Table 3). The larg-
est cluster encompassed visual cortex (lingual, calcarine and middle
occipital gyri) and extended into left superior parietal cortex and pre-
cuneus. There were separate clusters containing right superior parietal
cortex and middle occipital gyrus and left middle temporal gyrus. In
addition, increased BOLD response was found in left LGN, bilateral
superior frontal gyrus (containing medial FEF and extending into pre-
central gyrus), left lateral FEF and right posterior-medial frontal cortex
(including SEF). The opposite contrast (no background > background,
Figure S1) yielded greater BOLD response in one cluster in right
cuneus. Results without correction for multiple comparisons yielded

even more widespread activity (Figure S2 and Table S2).

3.3.3 | High versus low target velocity

Faster targets yielded greater BOLD response than slower targets in
two clusters (Figure 3, Table 4). The first large cluster was located in
the visual cortex (bilateral calcarine gyri and left cuneus) and encom-

passed V1 and surrounding areas. The second (smaller) cluster

TABLE 1 Descriptive statistics of

Gain RMSE Catch-up saccade rate smooth pursuit performance outcomes
Velocity Background M SD M SD M SD
0.4 Hz absent 77.44 7.51 2.50 0.38 1.01 0.35
present 67.40 14.86 245 0.38 1.22 0.36
0.6 Hz absent 56.95 10.39 3.46 0.58 1.60 0.38
present 46.82 13.26 343 0.53 1.74 0.41

Note: Means (M) and standard deviations (SD) of the behavioural outcome measures gain (in %), root
mean square error (RMSE; in °), and catch-up saccade rate (N/s) in the four task conditions.
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FIGURE 2 Effects of background and target velocity on smooth
pursuit gain (in %; panel a), root mean square error (RMSE; in °; panel
b), and catch-up saccade rate (N/s; panel c)

comprised left precentral gyrus (including lateral FEF). For the reverse
contrast (Figure S1), higher BOLD response with slower versus faster
targets was observed in left temporal pole. Positive results without
correction for multiple comparisons were also found outside primary
visual cortex (e.g., in FEF, SEF and V5; Figure S3 and Table S3).

WILEY_l 7

3.34 | Background velocity interaction

There were no activation differences for the background effect at
higher versus lower target velocity and the reverse contrast. Results
without correction for multiple comparisons yielded two small clusters
for the positive and three small clusters for the negative contrast
(Figure S4 and Table S4).

34 | Functional connectivity

PPI analyses did not yield any significant differences in functional con-
nectivity between the background and no background conditions,
between the high and low target velocity conditions or in the reverse
contrasts for any of the seed regions. A detailed description of the
connectivity maps underlying the SPEM versus fixation contrasts is in
the supplementary material (Figures S5 and Sé and Tables S5-514).
These are broadly similar to those reported in our previous study

using the same seed voxels (Schroder et al., 2020).

3.5 | Brain-behaviour relationships

3.5.1 | Multiple regressions
The multiple regression analyses did not yield any significant associa-

tions between BOLD and the behavioural outcome variables.

3.5.2 | Correlations

There were no significant correlations between BOLD response and
the behavioural variables for the task effects. For the direct perfor-
mance outcomes, we found three significant correlations before cor-
rection for multiple analyses. Note, that these correlations did not
survive Bonferroni correction. There was a negative correlation
between the BOLD response in left V5 and pursuit gain in the 0.6 Hz
no background condition (R = —.47, puncorr = -01) indicating that
higher BOLD response in this area was associated with poorer pursuit
performance. Catch-up saccade rate was positively correlated with
activity in right FEF (lateral extending into medial) in the 0.6 Hz no
background condition (R = .50, puncorr = -009). In the 0.4 Hz back-
ground condition, pursuit gain positively correlated with activity in left
medial FEF (R = .38, puncorr = -048). There were no further significant
correlations for any of the clusters and direct performance measures.
Detailed correlation results are in Tables S15-520.

4 | DISCUSSION

In this preregistered study, eye movement and BOLD data from
33 healthy participants were collected as they performed SPEM in the
presence and absence of a structured background at two different tar-

get velocities.
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FIGURE 3 Blood oxygen level-dependent (BOLD) response during smooth pursuit. Results of one-sample t-tests (random effects) of the
SPEM versus fixation (green), background versus no background (blue) and high versus low target velocity (red) conditions, respectively. Results
are reported whole-brain family-wise error rate (FWE) corrected voxelwise (p < .05, peak level) with an additional minimum cluster size threshold
of 10 voxels. The left hemisphere is depicted on the left. Upper labels refer to the z coordinate of the slices (Montreal Neurological Institute

[MNI] space). Significant clusters are binarized.

At the behavioural level, the presence of a structured background
decreased pursuit gain and increased the number of catch-up sac-
cades but had no effect on RMSE. Faster targets led to decreased pur-
suit gain, increased RMSE, and increased rates of catch-up saccades.
No interaction of the velocity and background factors could be
observed for any of the dependent variables.

In terms of BOLD activity, the smooth pursuit task activated areas
in the known oculomotor network including LGN, visual cortex, PPC,
medial and lateral FEF, SEF, and cingulate gyrus. Differences in BOLD
response between the background conditions were found in extensive
clusters in visual, parietal, and frontal areas. In contrast, the velocity
effects yielded BOLD response only in visual areas and a small left-
hemispheric lateral FEF cluster. Functional connectivity analyses
revealed widespread connectivity maps for the SPEM contrasts but
did not provide any additional information concerning the neural
underpinnings of the background and velocity effects. Correlations of
behaviour and BOLD response could only be identified for pursuit
gain and saccade frequency at 0.6 Hz in the no background condition,
where higher BOLD response was associated with poorer perfor-
mance, and for the 0.4 Hz background condition, where higher gain
was associated with higher BOLD response in left medial FEF. How-
ever, none of these survived correction.

41 | Behavioural effects

In line with our hypotheses and previous studies, pursuit gain was

reduced and saccade rate increased in the presence of a structured

background and with faster targets (Meyhéfer et al., 2019; Schréder
et al., 2021). Strikingly, effects on gain were highly robust as they
were identified in every single participant. Likely, pursuit performance
was affected because the structured background induced optokinetic
drive (Barnes, 2008) which had to be cancelled. This cancellation
might be based on the processing of extraretinal signals and accom-
plished by reducing sensitivity to global motion in the direction oppo-
site of the pursuit eye movement (Lindner et al., 2001; Lindner &
llg, 2006).

Contrary to our hypotheses, we did not observe interactions of
background and target velocity for any of the dependent variables
although we had purposely selected stimuli conditions that had
yielded a strong interactive effect in a prior behavioural study
(Schréder et al., 2021). A reason for this discrepancy could be that
pursuit performance was generally worse compared to previous labo-
ratory investigations using similar tasks (Meyhofer et al, 2019;
Schroder et al., 2021; Schréder et al., 2022) presumably because of
the unusual and uncomfortable environment in the scanner and dis-
tracting external stimuli such as scanner noise in this study (see also
Koch et al., 2003). Therefore, it can be assumed that participants did
not reach optimal performance levels and thus more subtle effects
such as the interaction reported previously could not emerge. Impor-
tantly, there was also no evidence for interactive effects at the level
of neural activity. However, it should be noted that even small
changes in task design could have prevented the emergence of such
effects as has been shown for other cognitive tasks (Ruge
et al., 2013). For example, SPEM blocks in this study were shorter in
the fMRI design compared to our earlier study (Schréder et al., 2021),
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TABLE 2 BOLD response during

SPEM versus fixation and fixation

MNI coordinates

versus SPEM Anatomical label (functional label) Cluster size t-value X y z

SPEM > Fixation

L Cerebellum 9744 13.16 -10 —78 -14
R Calcarine Gyrus (V1) 12.88 12 -80 10
R Lingual Gyrus 12.68 14 -90 -6
R Calcarine Gyrus 12.24 ) —-88 6
L Calcarine Gyrus 11.89 -6 —-82 12
L Calcarine Gyrus 11.17 -6 —88 4
R Lingual Gyrus 10.73 10 -78 -2
L Cuneus 10.66 -6 —86 26
L Middle Occipital Gyrus 10.32 -18 -94 6
L Calcarine Gyrus 10.22 -14 -78 16
L Thalamus (including LGN) 98 8.88 -20 —28 2
R Precentral Gyrus (lateral FEF) 178 8.09 50 -2 40
R Precentral Gyrus 6.12 42 -8 48
L Precentral Gyrus (lateral FEF) 285 7.77 —26 -8 48
L Precentral Gyrus (extending into medial FEF) 7.45 —36 -8 52
R Middle Temporal Gyrus 237 7.74 44 —64 6
N/A 6.87 34 —64 8
L Precentral Gyrus (lateral FEF) 76 7.27 -56 2 38
L Precentral Gyrus 6.34 —60 ) 30
R Superior Parietal Lobule 86 7.07 20 -58 54
R Superior Parietal Lobule 7.05 22 —60 62
L Posterior-Medial Frontal Cortex (SEF) 25 6.89 -8 -2 60
N/AP 13 6.65 -12 —18 38
Fixation > SPEM

L Middle Occipital Gyrus 39 7.69 —42 —-80 30
L Rolandic Operculum 72 7.25 —42 -18 12
R Insula Lobe 152 6.96 42 -10 4
R Insula Lobe 6.13 38 —18 14
R Middle Occipital Gyrus 19 6.90 44 -78 28
R Angular Gyrus 6.27 48 -70 38
R ACC 15 6.58 10 34 6
L Fusiform Gyrus 84 6.51 —26 —42 -20
R Fusiform Gyrus 14 6.28 26 —48 -16
L Insula Lobe 13 6.23 —40 4 -12

?Nearest grey matter: R Calcarine Gyrus.

PNearest grey matter. L MCC.

and SPEM blocks were interleaved with fixation blocks. Therefore,
the sensitivity of the background x target velocity interaction effect
to changes in task configurations should be systematically investi-
gated in the future.

While the velocity effect was also found for RMSE, there was no
background effect on this variable which is not consistent with our
hypotheses and our own previous result (Schréder et al., 2021). This
failure to obtain the RMSE background effect was surprising espe-
cially given the large effect on pursuit gain. A first explanation may be

that RMSE is primarily a measure of eye position while gain reflects
velocity. RMSE is thus a much more global measure of pursuit quality
that is dependent on multiple influences (Smyrnis, 2008). Second,
RMSE is calculated for the entire duration of the pursuit segments
(excluding blinks) while gain is calculated only for the middle 50% of
each half-cycle after exclusion of blinks and saccades. Crucially, how-
ever, limiting the calculation of RMSE to the same time window as
pursuit did not change the pattern of results (data not shown). Third,
it is conceivable that the highly structured background distractor
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Anatomical label (functional label) Cluster size t-value

Background present > absent

R Calcarine Gyrus (V1) 5419 15.03
L Calcarine Gyrus (V1) 13.43
L Middle Occipital Gyrus 13.40
L Superior Parietal Lobule 13.38
R Middle Occipital Gyrus 12.96
L Lingual Gyrus 11.18
L Superior Parietal Lobule 10.63
L Middle Occipital Gyrus 10.41
L Lingual Gyrus 9.84
L Precuneus 8.99
L Middle Occipital Gyrus 7.92
L Superior Frontal Gyrus (medial FEF) 453 9.78
L Precentral Gyrus (medial FEF) 7.84
L Superior Frontal Gyrus 6.22
R Superior Parietal Lobule 1205 9.21
R Superior Parietal Lobule 7.90
R Superior Frontal Gyrus (medial FEF) 86 7.87
R Precentral Gyrus (medial FEF) 5.93
L Middle Temporal Gyrus 187 7.86
N/A? 20 6.86
R Middle Occipital Gyrus 38 6.68
R Posterior-Medial Frontal Cortex (SEF) 14 6.57
L Precentral Gyrus 25 6.54

Background absent > present
R Cuneus 19 6.58

?Nearest grey matter: L Thalamus (including LGN).

Anatomical label (functional label) Cluster size t-value
0.6 Hz > 0.4 Hz

L Cuneus (V1) 2214 10.13
L Calcarine Gyrus (V1) 9.51
L Calcarine Gyrus 8.73
L Precentral Gyrus (lateral FEF) 14 7.02
0.4 Hz > 0.6 Hz

L Temporal Pole 32 7.91

stimuli are not only disruptive but also help to guide eye movements,
for example, by limiting the vertical displacement of the target to a
confined space (Eggert et al., 2009; Goettker et al., 2020; Ladda
et al., 2007). This is especially important since RMSE (in contrast to
gain) comprises horizontal and vertical deviations. At a descriptive
level, vertical deviation of the eye from the target was indeed lower
in the background condition in our data (data not shown). Thus, the

TABLE 3 BOLD response in the

MNI coordinates background versus no background and

X y z no background versus background
contrasts
16 -92 -4
-10 -98 -4
—18 —100 2
—22 —56 60
26 —94 8
-14 -92 -12
-30 —54 66
—26 -90 0
—26 —88 -16
-12 —64 58
—24 -72 30
—26 -6 58
-36 -6 50
-14 -6 72
24 —64 62
22 —68 48
24 —4 52
32 -2 48
—44 —64 2
—22 -30 2
30 —74 24
12 —4 70
-56 0 38
14 -84 26

TABLE 4 BOLD response in the 0.6

MNI coordinates versus 0.4 Hz and 0.4 versus 0.6 Hz

X y z contrasts
2 -86 20
-8 -76 10
~16 —66 8
—46 -6 54
—40 14 —26

background distractors may have simultaneously reduced vertical eye
displacements and increased horizontal displacements (as evidenced
by reduced gain) but these two processes may have cancelled each
other out when measured in terms of RMSE. However, these specula-
tions cannot fully explain the divergence from previous studies and
should, therefore, be addressed systematically in future

investigations.
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4.2 | Pursuit network The only region deactivated during background processing was

The task-related activations in visual cortex, medial and lateral FEF,
SEF, PPC, cingulate gyrus, and LGN for the SPEM versus fixation con-
trasts were in line with our hypotheses and corresponded well with
the results from previous investigations (Berman et al, 1999;
Dieterich et al., 2009; Haller et al., 2008; Kimmig et al., 2008; Konen
et al., 2005; Konen & Kastner, 2008; Lencer et al., 2004; Nagel
et al, 2006; Nagel et al, 2008; Petit & Haxby, 1999; Schroder
et al., 2020; Tanabe et al., 2002). This underlines the validity of our
task design, the accurate recording and analysis of the BOLD signal
and the overall robustness of SPEM BOLD correlates for sinusoidal
target stimuli in the medium velocity range.

Higher BOLD response during fixation (vs. SPEM) might reflect
deactivations during SPEM or increased BOLD during fixation. The
results found in bilateral insulae have also been observed in past ocu-
lomotor studies, albeit with less consistency compared to the results
for the reverse contrast (Dieterich et al., 2003; Dieterich et al., 2009;
Konen et al., 2005). Clusters in angular gyrus might reflect default
mode network activity (Seghier, 2013) during fixation or deactivation
during SPEM, respectively.

4.3 | Background effect

The BOLD response in the background versus no background con-
trasts spread across almost the entire SPEM network and also
included regions that were not significant in the simple SPEM con-
trast. Specifically, we observed increased BOLD in visual cortex, supe-
rior and inferior parietal cortex, FEF and LGN. Decreased BOLD in the
background condition was found in one cluster in right cuneus.

431 | LGN and visual cortex

The widespread cluster located in LGN and visual cortex during pur-
suit with (vs. without) a structured background is not surprising, given
the higher visual complexity of the structured background pattern
compared to the simple black background (Kastner et al., 2006;
Ohlendorf et al., 2010). In addition, there was evidence of increased
BOLD response in the laterally located left visual area V5, an area
which is essential for motion processing, but not in its right counter-
part (Zeki, 2015). Similarly, no target-velocity-related BOLD modula-
tion was found for V5 in the current and a previous investigation
(Schroder et al., 2020). It has been shown that V5 is more strongly
activated by pursuit of a single dot compared to motion tracking of a
large pattern of stimuli (Schraa-Tam et al., 2009). This pattern of
results along with evidence that TMS induced perturbations on area
V5 affect pursuit performance independent of background
(Haarmeier & Kammer, 2010) suggests that area V5—albeit essential
for successful pursuit performance—does not contribute significantly
to the inhibition of interfering, stationary background stimuli. Instead,
it might preferably process the local movement of the pursuit target.

cuneus which could be associated with the execution of eye move-

ments without sustained attention (Corbetta et al., 1998).

432 | Parietal cortex

In line with our hypotheses, we observed increased BOLD response in
areas of the parietal cortex, especially superior and PPC. While peaks
were in a similar location to the SPEM versus fixation contrast peaks,
the background-related clusters had a much wider extent. Consistent
with previous investigations, results were stronger in the right hemi-
sphere (Corbetta et al., 1993; Nobre et al, 1997; Thiebaut de
Schotten et al., 2011).

The PPC has been associated with a number of different func-
tions during pursuit. First of all, it is worth stating its pivotal role in
guiding attention (Corbetta et al., 1995; Culham et al., 1998; Thie-
baut de Schotten et al., 2011). Crucially, pursuit of a visual stimulus
with an auditory stimulus moving in antiphase (vs. phase) led to
increased posterior parietal BOLD response while not impacting per-
formance (Baumann & Greenlee, 2009). Similarly, Ohlendorf et al.
(2007) identified PPC as the only region differentially activated in
conditions with divided versus focused attention during pursuit. This
pattern of results was further elaborated by Ohlendorf et al. (2010)
who found PPC to react to differential motion of target and back-
ground. In addition, BOLD response in PPC increased with higher
numbers of background stimuli. This suggests that PPC might inte-
grate movement of the target relative to a frame of reference. This
line of argument is also supported by Trenner et al. (2008) who found
increased BOLD response in PPC in response to a critical SPEM stim-
ulus that was preceded by a faster versus slower background stimu-
lus suggesting that PPC contributes to perceptual stability during
SPEM by comparing internal reference signals with retinal signals. In
summary, PPC appears to serve smooth pursuit by guiding attention
and processing movements relative to an internal and/or external
frame of reference (Ohlendorf et al., 2010; Tikhonov et al., 2004;
Trenner et al., 2008).

While effects in PPC were very strong, we could not find evidence
for differential BOLD response in TPJ and/or inferior parietal cortex
during background versus no background processing as we had
hypothesised based on previous literature (Haarmeier &
Kammer, 2010; Lawden et al., 1995). TPJ might become relevant only
when the pursuit system has to operate against even more salient
background patterns (Lawden et al., 1995) or with brief (vs. continuous)
background perturbations (Haarmeier & Kammer, 2010).

4.3.3 | Frontal eye fields

In agreement with our findings, smooth pursuit and saccade task per-
formance typically involves both medial and lateral subregions of FEF
(both located in Brodmann area 6 and also referred to as superior and
inferior FEF; Cieslik et al, 2016; Dieterich et al., 2009; Ettinger
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et al, 2008; Lencer et al, 2004; McDowell et al., 2008; Vernet
et al.,, 2014). Interestingly, the peak coordinates of FEF activations in
the background conditions were located more medially than in the
conditions without background and in the overall SPEM contrast,
although there was also substantial overlap of the clusters. While the
literature is scarce concerning the roles of FEF subregions in pursuit
(Coiner et al., 2019), more evidence regarding their function in sac-
cades has been accumulated (McDowell et al., 2008). Specifically,
McDowell et al. (2008) proposed that medial FEF is more involved in
volitional saccades whereas lateral FEF is more closely associated with
reflex-like, automatic saccadic eye movements. More recent meta-
analytical evidence showed that FEF activation peaks during prosac-
cades lie more laterally than FEF activation peaks in antisaccades
(Cieslik et al., 2016). Strikingly, the activation peaks in that study cor-
respond remarkably well with the lateral and medial peaks in our data.
The authors proposed that lateral FEF is involved in the motor output,
whereas medial FEF plays a more important role in higher cognitive
processes (Cieslik et al., 2016). A similar pattern of results was also
observed by Ettinger et al. (2008) who temporally differentiated the
saccadic inhibition and response generation phases of antisaccades to
provide evidence suggesting that medial FEF is more strongly related
to saccadic inhibition whereas lateral FEF is more closely linked to
generation of the motor command. Lee et al. (2006) demonstrated
that the number of alternatives in a cued saccade task correlates posi-
tively with activation in medial but not in lateral FEF suggesting that
the former can be regarded as an interface between stimulus inputs
and responses whereas the latter is associated with processes such as
response execution. Similarly, there is evidence for stronger involve-
ment of medial FEF in the execution of new sequences of saccades
compared to familiar sequences, possibly due to higher demands on
sensorimotor transformation processes (Grosbras et al., 2001; Simé
et al., 2005).

In addition to these findings from saccade research, the literature
on decision-making presents evidence that more lateral regions in
PFC and PPC are involved with action planning based on rules and
external cues while more medial regions in these areas are involved in
voluntary, self-determined action plans (Bode et al., 2014).

But how do these results from research on saccades and action
planning relate to smooth pursuit? To our knowledge, the question of
functional specialization of FEF subregions during pursuit has not yet
been systematically investigated. Here, we argue that a similar pattern
of functional specialization of FEF subregions can be found in pursuit
as in saccades: lateral FEF take on a more motor-related role involved
in the execution of the movement—which is supported by findings of
stronger connectivity of lateral FEF and motor areas (Cieslik
et al., 2016)—while medial FEF come into play mainly when more
complex demands are placed on the system and higher cognitive pro-
cesses are of greater importance (Jin et al., 2021), for example, by
inhibiting the processing of distracting background stimuli. How
medial and lateral FEF subregions correspond to the dynamic gain
control of retinal and extraretinal signals during ongoing pursuit has to
be investigated in the future (Drew & van Donkelaar, 2007; Gagnon
et al., 2006; Nuding et al., 2009). Nevertheless, it is important to

emphasise that both regions are necessary for successful pursuit. For
example, Lencer et al. (2004) showed that both lateral and medial FEF
are active in a standard pursuit task. However, increased BOLD
response related to predictive pursuit during target blanking was
robustly observed in bilateral medial FEF and left lateral but not in
right lateral FEF, confirming that medial FEF are particularly important

under circumstances of higher cognitive demands (Jin et al., 2021).

434 | Otherareas

Lindner et al. (2006) identified the Crus | in the lateral cerebellum as
the functional correlate of an internal reference signal that is engaged
in predicting sensory experiences during smooth pursuit over struc-
tured backgrounds. While some of the clusters related to increased
BOLD response in the background (vs. no background) conditions
extended into the cerebellum in our study, we are unable to directly
compare our results as the cerebellum was not entirely inside the
mask of our second level analysis. We, therefore, strongly recommend
that future analyses include cerebellar regions to further investigate
their role in smooth pursuit with structured background stimuli.

In contrast to our hypotheses, we did not obtain increased activa-
tion in prefrontal cortex in the background versus no background con-
ditions as could have been expected based on previous literature
(Bucher et al., 1997; Schmid et al., 2001; Wager et al., 2005). Thus,
while pursuit over structured backgrounds draws on networks gener-
ally associated with oculomotor function and the control of attention,
it does not appear to particularly rely on areas of higher cognitive con-
trol. However, it is possible that these higher cognitive areas are not
consistently involved throughout the entire pursuit block, but only at
certain points in time, for example, at pursuit initiation or when pre-
dictive or memory-related processes are more important (Ding
et al, 2009; Kawawaki et al., 2006; Nagel et al., 2006; Schmid
et al., 2001).

44 | Velocity effect

Interestingly, while the velocity effect was large at the behavioural
level and could be observed in every single participant, neural effects
were limited to the visual cortex and a small cluster in the left lateral
FEF. The increased BOLD response in visual cortex is not only consis-
tent with our hypothesis but also a very close replication of our own
previous study with slower targets (0.2 and 0.4 Hz) in an even larger
sample, in which, however, we did not observe increased FEF activity
with faster targets (Schréder et al, 2020). In contrast to Nagel
et al. (2008, 2012), we could not identify increased BOLD response
with higher target velocities in other areas. However, there were sig-
nificant differences in task design that might have led to the observed
differences. Crucially, Nagel et al. (2008, 2012) presented short target
ramps and a higher number of velocity conditions better fit to study
the initiation of pursuit whereas our design was optimized to capture
the neural mechanisms of continuous pursuit suggesting that the
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contribution of different brain areas to pursuit of different velocities
is time-dependent.

Higher BOLD response in visual areas might reflect differences in
retinal input between the two conditions as higher target frequency
was associated with lower gain and thus higher retinal image slip. The
BOLD response in the lateral FEF cluster (also observed by Nagel
et al., 2008; Nagel et al., 2012) could reflect higher demands on the
motor output system in the higher velocity condition (Cieslik
etal., 2016).

The only area with higher BOLD response during lower
(vs. higher) target velocity was left temporal pole, an area that has
been associated with mind wandering (Christoff et al., 2009).

4.5 | Task-based functional connectivity

Connectivity maps from the five seed regions (bilateral) showed wide-
spread connectivity patterns, similar to those observed in a previous
investigation from our group (Schréder et al., 2020). Strikingly, how-
ever, we could not delineate any differences in connectivity between
the task conditions, that is, in the background versus no background
or high versus low target velocity contrasts. While the latter matches
our previous observation at target velocities of 0.2 and 0.4 Hz
(Schroder et al., 2020), the former was surprising at first sight, given
the large background effect in the traditional BOLD analyses and our
a priori expectation that the increased demands in the background
condition may be accompanied by enhanced connectivity. However, it
should be noted that PPI analyses tend to have higher numbers of
false negative results due to the high correlation of the PPl and task
vectors (O'Reilly et al., 2012) which could have hindered the detection
of significant differences.

4.6 | Brain-behaviour relationships

Correlations between BOLD response and the behavioural perfor-
mance outcomes became nonsignificant after appropriately correct-
ing for multiple testing. Due to their exploratory nature, the three
correlations that were significant without correction are briefly dis-
cussed here. In the ROI-based analysis, there was a negative correla-
tion between activity in left V5 and pursuit gain in the no background
condition at 0.6 Hz indicating that poorer performance was associ-
ated with higher response in that area. This pattern of results is sur-
prising and not in line with a prior study that found positive
correlations between V5 activity and pursuit velocity (Nagel
et al., 2006). A possible explanation of this finding is that participants
with poorer performance rely more heavily on visual (vs. extraretinal)
information. There was a positive correlation between BOLD
response in left medial FEF and pursuit gain, which is also not in line
with Nagel et al. (2006) who reported negative correlations between
pursuit velocity and BOLD response in FEF. Our results highlight the
importance of medial FEF for SPEM performance in the presence of
structured backgrounds.

WILEY-_L_®=

Furthermore, a positive correlation between catch-up saccade
rate and BOLD response in right FEF (lateral FEF extending into
medial FEF) was obtained at 0.6 Hz in the no background condition
which means that higher BOLD response in that area was associated
with more frequent catch-up saccades consistent with the involve-
ment of lateral and medial FEF in the generation of both pursuit and
saccades (Haller et al., 2008; Petit et al., 1997). Interestingly, however,
Haller et al. (2008) did not obtain event-related BOLD response dur-
ing SPEM related to corrective saccades. The discrepancy between
our and their result may lie in the different target velocities applied
and the different statistical design as we did not use an event-related
design but focused on correlations between BOLD and overall rate of
catch-up saccades. In addition, the positive association was only
found in one of four conditions in our study in only one of multiple
clusters, strongly calling for replication. In general, these results should
be interpreted with caution, as they did not survive correction for
multiple analyses. This is further supported by the fact that in another
study with an even larger sample we did not find such correlations
(Schréder et al., 2020). However, we strongly recommend to investi-
gate how activity in the components of the oculomotor network
relates to individual differences in SPEM performance in future stud-

ies appropriately powered for interindividual differences research.

4.7 | Limitations

The results presented in this study have to be interpreted in the light
of some limitations. First, while we had sufficient statistical power to
detect the expected background and velocity effects at the beha-
vioural and neural levels, statistical power might have been too low to
observe significant correlations between these two levels of measure-
ment and to determine BOLD differences in terms of task-dependent
functional connectivity (Dubois & Adolphs, 2016; O'Reilly
et al., 2012). This criticism is supported by the fact that coactivations
in the regression analyses were indeed evident at a more liberal
threshold but did not survive FWE-correction. Second, while our
study—along with others (Agtzidis et al., 2020)—can be seen as a first
step towards studying smooth pursuit BOLD correlates of more com-
plex visual scenes, the background stimuli we employed here were still
artificial. Therefore, future studies should focus on more natural and
dynamic scenes in order to broaden our understanding of how the
smooth pursuit system works in more complex contexts with higher
ecological validity (Goettker et al., 2020).

Third, we did not include a fixation control condition with struc-
tured background but without pursuit eye movements. Therefore, part
of the activation differences between the background conditions can
simply be attributed to different visual content. However, it should be
noted that this cannot be the only source of differences in BOLD
response, as other studies have shown activations unique to pursuit
(Dieterich et al., 2009; Kimmig et al., 2008; Ohlendorf et al., 2010;
Schraa-Tam et al., 2009). Fourth, we employed two relatively high tar-
get velocities, for example, as compared to Kimmig et al. (2008). Add-
ing further and slower velocities might have been useful to explore the
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BOLD correlates of SPEM velocity effects in even more detail. How-
ever, we carefully selected the 0.4 Hz and 0.6 Hz velocities employed
here based on the magnitudes of effects and good to excellent reliabil-
ities in our own previous investigation (Schroder et al., 2021).

Fifth, we did not account for individual differences in anatomical
location of the LGN in every participant. Therefore, analyses with
seed regions in this area should be interpreted with caution as we
cannot ultimately dismiss the possibility that we did not hit the tar-
geted brain area. Future studies could use a localizer task to inform
decisions on seed region centre coordinates.

Lastly, we cannot ultimately rule out that part of the BOLD
response during the pursuit task was accounted for by saccades. Cru-
cially, however, saccadic frequency only correlated with BOLD
response in one ROI (right lateral FEF extending into medial FEF) in
one of four conditions. In addition, saccadic frequency did not predict
BOLD response in our regression analyses, and in an elaborate study
that independently modelled pursuit blocks and corrective saccades,

no saccade-specific activation could be obtained (Haller et al., 2008).

5 | CONCLUSION

In this preregistered study, we identified distinct BOLD correlates of
behaviourally robust background and velocity effects in SPEMs.
Despite greater performance deterioration with increased target
velocity, BOLD response for this contrast was limited to visual cortex
and lateral FEF. Conversely, pursuit over a structured background was
associated with a distributed visuo-fronto-parietal network of percep-
tual, oculomotor, and attentional brain regions. To our knowledge, this
is the first study to propose distinct functions of medial and lateral
FEF in smooth pursuit and we strongly recommend further investiga-
tion of functional specialisation of these regions in the future.
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Schizotypy refers to a set of personality traits that bear
resemblance, at subclinical level, to psychosis. Despite ev-
idence of similarity at multiple levels of analysis, direct
comparisons of schizotypy and clinical psychotic disorders
are rare. Therefore, we used functional magnetic reso-
nance imaging (fMRI) to examine the neural correlates
and task-based functional connectivity (psychophysiolog-
ical interactions; PPI) of smooth pursuit eye movements
(SPEM) in patients with recent onset psychosis (ROP;
n = 34), participants with high levels of negative (HNS;
n = 46) or positive (HPS; n = 41) schizotypal traits, and
low-schizotypy control participants (LS; » = 61) using
machine-learning. Despite strong previous evidence that
SPEM is a highly reliable marker of psychosis, patients
and controls could not be significantly distinguished based
on SPEM performance or blood oxygen level dependent
(BOLD) signal during SPEM. Classification was, however,
significant for the right frontal eye field (FEF) seed region
in the PPI analyses but not for seed regions in other key
areas of the SPEM network. Applying the right FEF clas-
sifier to the schizotypal samples yielded decision scores be-
tween the LS and ROP groups, suggesting similarities and
dissimilarities of the HNS and HPS samples with the LS
and ROP groups. The very small difference between groups
is inconsistent with previous studies that showed significant
differences between patients with ROP and controls in both
SPEM performance and underlying neural mechanisms
with large effect sizes. As the current study had sufficient
power to detect such differences, other reasons are discussed.

Key words: machine-learning, schizophrenia spectrum,
eye movements, functional magnetic resonance imaging

Introduction

Schizotypy refers to a set of personality traits that re-
semble the symptoms of psychosis in an attenuated,
subclinical form.! Similarities of schizotypy with psy-
chosis include cognitive deficits, morphological and func-
tional neural correlates and environmental risk factors.'
Despite these similarities, '"'* transition rates from schiz-
otypy to psychosis are low."*!® This may suggest that
although persons with high schizotypy carry risk for psy-
chosis, protective mechanisms operate which lower the
risk of transition.'””" Alternatively, high schizotypy may
result from insufficiency of risk factors for psychosis (de-
spite higher risk than in low-schizotypy).'®** These theo-
retical issues aside, there should not only be similarities,
but also dissimilarities between schizotypy and psychotic
disorders. Several such differences have been reported.
Contradictory to findings of volume reductions in schiz-
ophrenia,'**'> schizotypy is associated with increased
cortical thickness in frontal lobe'? and volume in cingu-
late cortex.?*?” Additionally, positive schizotypy is also as-
sociated with beneficial characteristics, such as enhanced
creativity.®?

However, studies directly comparing people with
high levels of schizotypy and patients with psychotic
disorders are scant,*® although this is essential to detect
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both similarities and differences.*'” The present study,

therefore, compared positive and negative schizotypal
individuals to patients with recent onset psychosis
and low-schizotypy controls in one of the most robust
biomarkers of psychosis, smooth pursuit eye movements
(SPEM).*""33 Whilst persons with high schizotypy have
been reported to show impaired SPEM,*** differences
to psychotic patients have also been detected in indi-
rect comparisons. For example, the neural correlates of
SPEM in schizotypy and schizophrenia show only par-
tial overlap. Whilst both persons with high schizotypy
and patients exhibit reduced activity in visual areas (e.g.,
occipital cortex),’*** reductions in frontal areas (e.g.,
frontal eye fields) found in schizophrenia*-**#* have not
been observed in schizotypy.** However, no direct com-
parison between schizotypal individuals and schizo-
phrenia patients is available.

Importantly, previous studies have found not
only altered brain structure and function in schizo-
phrenia, %2344 byt also aberrant brain connectivity,*> 8
a finding that has also been demonstrated in persons
with high schizotypy.* 5> However, it has not previously
been investigated whether functional connectivity during
SPEM is altered in schizophrenia or schizotypy.

A final issue addressed here is that previous fMRI
studies of SPEM have relied on univariate analyses.*®##
However, classical fMRI analyses involve between-group
overlap (i.e., despite brain activation differences between
two groups, they show substantial overlap at certain voxels,
reducing the likelihood of detecting the differences **7),
a problem addressed by multivariate machine-learning
analyses °7%%: instead of focusing on between-group
differences regarding certain voxels, machine-learning
allows to predict whether a participant belongs to group
A (e.g., controls) or group B (e.g., patients) based on ac-
tivity or connectivity patterns.’’ Moreover, the likeli-
hood of a third group (e.g., persons with high schizotypy)
being identified as controls or patients can be examined.
Machine-learning has been shown to separate patients
with a psychotic disorder and controls with high accu-
racy”®8-¢* and is sensitive to effects of schizotypy.®*

We hypothesized that patients and controls would
be differentiated with significant accuracy.’**% % The
strongest contribution to this differentiation was expected
from brain regions known to underlie SPEM® or its dys-
function in schizophrenia.**¢” Additionally, we explored
whether persons with high schizotypy would be classified
more as controls or as patients. We distinguished between
persons with high schizotypy with primarily positive or
negative schizotypal traits to explore potential differences
regarding the classification. As SPEM deficits in schizo-
typy are less pronounced than in schizophrenia,**** and
activity reductions during SPEM in schizotypy show only
partial overlap with those in schizophrenia,* persons with
high schizotypy might be classified between patients and
controls. Certain brain regions (e.g., occipital cortex’)
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might contribute to proximity of persons with high schiz-
otypy and patients with ROP, while other areas (e.g.,
frontal eye fields*) might lead to higher classification of
persons scoring high on schizotypy to the control group.

Methods

Recruitment and Selection of Participants

Participants for both schizotypy groups and the low-
schizotypy control group were recruited from the general
population through an online version of the Oxford-
Liverpool Inventory of Feelings and Experiences short
(O-LIFE, German version®), advertised via flyers and
social media. Cut-offs for group assignment were based
on an O-LIFE database of n = 5006'. Assignment to the
positive schizotypy group (HPS) required a score > 1.25
SD above the same sex mean on the unusual experiences
(UE) and < 0.5 SD below the same sex mean on the
Introvertive Anhedonia (IA) scale, and vice versa for the
negative schizotypy group (HNS), as described previ-
ously.* Participants were assigned to the low-schizotypy
control group (LS) if they scored < 0.5 SD below the same
sex mean on both UE and IA scales. Participants who
met these criteria were invited to a telephone screening in
order to discuss exclusion criteria (see below for details).

Patients with recent onset psychosis (ROP) were
recruited from in-patient and out-patient services. They
were included in the study if they had 1) a diagnosis of
a psychotic disorder according to DSM-IV or ICD-10
criteria (F20, F22, F23, F25, F29) for a maximum of
three years, with no more than one psychotic episode in
the past, as determined by a medical doctor, and ii) a score
of 6 on at least one of the P1-P5 items of the Structural
Interview of Prodromal Symptoms (SIPS®). Moreover,
patients were screened for exclusion criteria listed below.

The study was approved by the ethics committees of the
Faculty of Medicine, University of Bonn, and the Faculty
of Medicine, University of Munich. Participants provided
written informed consent and were financially rewarded.

Exclusion criteria for all participants were age < 18
and > 40, insufficient knowledge of German, any neu-
rological disorder, visual impairments (except for glasses/
lenses) or eye surgery, MRI exclusion criteria such as
pregnancy, claustrophobia and the presence of metal
in the body, traumatic brain injury with loss of con-
sciousness for more than five minutes, systemic disease
involving the central nervous system, and a positive result
in an alcohol (ACE ALS5500) or drug screening (Drug-
Screen Multi 5T, nal von minden GmbH) during the time
of the assessment.

Additional exclusion criteria for the schizotypy and
control groups were having a first-degree relative with
a psychotic disorder, regular medication intake ex-
cept for contraceptives or thyroid medication, and any

Thttps://osf.io/bfxmt/
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present Axis I disorder or past or present psychotic dis-
order (MINI International Neuropsychiatric Interview
German Version 5.0.0”°). In addition, participants with
clinical high-risk for psychosis criteria according to the
SIPS® were excluded. Additional exclusion criteria for
patients were acute or chronic organic brain syndromes
such as dementia or delirium, bipolar disorder, and uni-
polar depression with psychotic symptoms.

Study Procedure

Schizotypal and control participants first completed the
O-LIFE and were then contacted via telephone for an in-
formal briefing on the study, and then screened via tele-
phone or in a personal meeting. For all groups, this initial
screening was followed by two study sessions at intervals
of no more than 1 month.

Participants were instructed not to drink alcohol
starting one day before the study session, not to con-
sume any caffeine 2 h before the session, and to get
normal sleep the night before the session. The first
study session included i) a screening for current alcohol
and drug consumption, ii) SIPS and the Schizophrenia
Proneness Instrument, Adult Version (SPI-A), iii) a
neuropsychological test battery, and iv) the vocabulary
and matrices subtests of the WAIS-III as a measure of
intelligence.”” The second study session included i) a
screening for current alcohol and drug consumption,
and ii) an MRI measurement including a structural
scan and two fMRI scans with concurrent oculographic
measurement of SPEM and antisaccades. In addition,
participants filled out several questionnaires as an on-
line version from home.

SPEM Task. The SPEM task was programmed in
ExperimentBuilder (SR Research Ltd., Ontario,
Canada). Participants viewed a 32-inch MRI-compatible
TFT LCD monitor (NordicNeuroLab, Bergen, Norway;
resolution: 1024 x 768 pixels, refresh rate: 120 Hz) via a
first-surface reflection mirror mounted on the head coil.
They were instructed to follow a target with their eyes
(SPEM blocks) and to fixate the target (fixation blocks)
as accurately as possible whilst keeping the head still. The
distance from participants’ eyes to screen was 1600 mm.
The target was a gray (RGB = 128,128,128) circle (diam-
eter = 0.36°, stroke width = 0.11°) moving horizontally
across the screen in front of a black (RGB = 0,0,0) back-
ground (figure 1). It moved horizontally in a sinusoidal
pattern at low (0.2 Hz) and high velocity (0.4 Hz), and an
excursion of = 5.7° from the center. SPEM blocks (du-
ration: 30 s each) alternated with fixation blocks (dura-
tion: 20 s each). During fixation blocks, the target was
stationary in the center of the screen. In total, ten SPEM
blocks (five each with low and high target frequencies)
and ten fixation blocks were presented. A horizontal
three-point calibration was carried out before the task.
Movements of the right eye were recorded with an

Smooth Pursuit in Schizotypy and Psychosis

FIXATION

FIXATION

30 sec
0.2Hz

Fig. 1. Graphic representation of the fMRI SPEM task. 10
blocks of fixation (duration: 20 s each) alternate with 10 blocks
of sinusoidal SPEM (5 blocks with a target velocity of 0.4 Hz,
5 blocks with a target velocity of 0.2 Hz; duration: 30 s each).
During SPEM blocks, the target moves with an excursion of *
5.7° from the center.

MRI-compatible video-based eye-tracker (EyeLink
1000, SR Research Ltd., Ontario, Canada; sampling rate
1000 Hz).

fMRI Data Acquisition. A Siemens 3 T Trio Scanner
(Bonn) and a Philips Ingenia 3 T Scanner (Munich) were
used. To reduce noise from the scanner, participants
wore earplugs, and foam pads helped to minimize head
movements. For radio frequency transmission and re-
ception, both sites used a 32-channel head coil. First, a
localizer scan was acquired to place the volume of in-
terest. Then, a high-resolution structural scan for image
co-registration and normalization was acquired, using
the following parameters in Bonn (and in Munich):
TR = 1600 ms, TE = 2.54 ms (5.53 ms), inversion
time = 850 ms, flip angle = 9° (8°), FoV = 256 mm, ma-
trix size = 320 %X 320 (256 x 256), 160 slices (190 slices),
slice thickness = 0.8 mm (1.0 mm), sequential slice-order
with no inter-slice gap, and voxel size = 0.8 X 0.8 x 0.8
(0.9 x 0.9 x 0.9). During the SPEM task, at both sites,
T2*-weighted MRI scans were collected with gradient-
echo planar imaging sequences (TR = 2500 ms,
TE = 30 ms, flip angle = 90°) that displayed the blood ox-
ygenation level dependent (BOLD) response. Additional
scan parameters were as follows: FoV = 192 mm; ma-
trix size = 96 X 96; 37 slices; slice thickness = 3 mm; se-
quential slice-order with inter-slice gap of 0.3 mm; voxel
size = 3 X 3 X 3. Slices were oriented parallel to the
intercommissural plane (AC-PC line). 208 whole brain
images were collected for each participant.

Data Processing

Behavioral Data. Data quality was first examined with
DataViewer (SR Research Ltd., Ontario, Canada), before
Page 3 of 13
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being processed using scripts (See footnote 1) in Matlab
(The Mathworks, Natick, MA), calculating SPEM
parameters from eye position coordinates and time stamps
in the raw data. Dependent variables were velocity gain
(mean eye velocity relative to mean target velocity in %),
root mean square error (RMSE, in degrees) and saccade
frequency (N/s). SPEM variables were calculated for each
of the frequencies (0.2 and 0.4 Hz) separately, excluding
the first half-cycle of each block. Velocity gain was calcu-
lated for segments of pursuit in the middle 50% of each
half-cycle, excluding blinks and saccades.*® Saccadic fre-
quency was calculated using amplitude (> 1°), acceleration
(> 3800°/s?) and velocity (> 30°/s) criteria. RMSE scores
were calculated excluding blinks. A blink was identified
automatically when the eye-tracker did not detect any eye
position. Saccades occurring immediately before or after a
blink were excluded for all SPEM parameter calculations.

JMRI Data. Data preprocessing and first-level analysis
were performed using Statistical Parametric Mapping
12 (SPM12; https://www.fil.ion.ucl.ac.uk/spm/soft-
ware/) running in MATLAB R2017a (The MathWorks,
Natick, MA).

Data preprocessing included realignment of the images
of each participant along the mean image in the time
series to correct for head motion, using a least squares
approach and a six-parameter rigid-body transforma-
tion. Additionally, images were unwarped to correct for
image distortions due to magnetic field in homogeneities.
Second, functional scans were co-registered to the
T1-weighted anatomical image. Then, structural images
were segmented in order to separate grey matter, white
matter and cerebro-spinal fluid. The segmented images
were used for normalization, in order to transform all
images into standard space (Montreal Neurological
Institute, MNI template) using 12-parameter affine linear
transformation. Smoothing was applied using a Gaussian
full-width-at-half-maximum filter of 8 mm.

First-level analyses were conducted to create, for each
participant, a contrast for i) SPEM vs. Fixation blocks
and ii) High Velocity vs. Low Velocity blocks (not
thresholded). These contrasts were then used for pat-
tern classification (see below). For first-level analysis, a
general linear model was used, including a SPEM vector
(all SPEM blocks) and a Velocity vector (0.2 Hz, 0.4
Hz). These vectors were contrasted against fixation. Six
motion parameters entered the analysis as additional
regressors. BOLD response was modelled as a canonical
hemodynamic response-function. At the second level,
each contrast was compared between-groups using one-
way ANCOVA with site (Bonn, Munich) and sex (male,
female) as covariates.

In addition, generalized psychophysiological interac-
tion analyses”’* (gPPI) were performed to explore group
differences in task-based functional connectivity of the
pursuit network. Key areas of the pursuit network (LGN,
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V1, V5, posterior parietal cortex [PPC], frontal eye fields
[FEF]) were selected as seed regions and seed coordinates
were taken from a previous publication” (Supplementary
table 1). To accommodate individual differences in the
location of task activations and thus define individual
seed spheres, first, for each region a 12 mm sphere was
positioned around the coordinates derived from previous
literature. Second, the largest individual task activation
peak (omnibus-F-map, corrected at P < .001) within
this sphere was identified and a smaller (4 mm sphere)
was centered around these peak coordinates. For those
participants, for whom no peak could be identified in the
larger sphere, the 4 mm-sphere was centered around the
literature-derived coordinates.

To determine the gPPI regressors, the first eigenvariate
of the timeseries of all voxels within each individual
sphere was extracted, deconvolved, multiplied with the
task regressors and reconvolved with the HRE. Then,
for each seed region, a GLM model was set up which
included the psychophysiological interaction terms and
the task and seed region timeseries vectors as regressors
as well as the six motion vectors from the realignment
preprocessing step as covariates of no interest. Two first-
level contrasts were determined (PPI SPEM vs. fixation,
PPI high velocity vs. low velocity SPEM) for each par-
ticipant and each seed region, resulting in a total of 20
models per participant. These contrasts were taken to the
second level for one-way ANCOVAs to analyze between-
group differences with site and sex defined as covariates.

All fMRI results were family-wise error corrected
(FWE, P < .05). Anatomical labels were obtained using
the Anatomy Toolbox.”

Pattern Classification

Behavioral Data. To generate a classification model dis-
tinguishing between LS and ROP based on behavioral
SPEM data, we established a machine-learning pipe-
line using NeuroMiner (http://www.proniapredictors.eu/
neurominer/index.html). As behavioral data we used gain,
saccade frequency and RMSE at each target velocity.

To first train the classification models and then eval-
uate their accuracy, we conducted a repeated nested
cross-validation (CV7”7®), with an inner CV cycle (CV1)
to train and select optimally discriminative models, and
an outer CV cycle (CV2) to validate the best models from
CVI. Preprocessing of CV1 data included correction for
effects of site and sex. To ensure that we corrected only
for effects that were not attributable to disease-related
factors, we added the variables as covariates and calcu-
lated beta coefficients only for the LS group, using partial
correlation analysis. Then, we residualized the patient and
healthy control data using the calculated coefficients.’”®”
Finally, data were scaled to [0, 1].

For both inner (CV1) and outer (CV2) cycles, we chose
a 10 (folds/partitions) X 10 (permutations) CV, with each
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permutation performing a reshuffling of participants
within their groups. While in CV2, one partition at
a time was held back as validation data, the nine re-
maining partitions entered CV1 as training data. In CV1,
to create the classification models, 10 partitions with 10
repetitions were used. This means that for each valida-
tion fold at CV2, 100 different training data partitions
were generated at CV1. In each training partition, linear
support vector machines (LIBSVM 3.12; http://www.csie.
ntu.edu.tw/~cjlin/libsvm) were used to find the hyperplane
that separates best between the groups. This is done by
maximizing the margin between the nearest data points
of opposite classes.” Penalty strength was optimized as
a hyperparameter with a range from 0.015624 to 16 in 11
steps. In addition, we weighted the hyperplane due to un-
equal sample sizes in the LS and ROP groups. This pro-
cedure yielded decision scores measuring the likeliness
of a given participant being in the control or the patient
group. The most discriminative sets of features were de-
termined in each of these 100 training partitions. Each
of the trained classification models was used to predict
the group membership of the validation fold in CV2.
Support vector machine-learning has been intensively
applied in the study of psychosis during the last years
and has, therefore, become one of the most established
methods in this field. 0003788081 Therefore, and to facili-
tate comparability with previous studies, we applied this
method in the present study.

To measure the classifier’s performance, we used sen-
sitivity, specificity, and balanced accuracy [(sensitivity +
specificity)/2]. To calculate the significance of the clas-
sification, we conducted a permutation analysis with
1000 random class label permutations. The null hy-
pothesis, stating that the classifier cannot predict group
memberships correctly, was rejected at a =.05.

JMRI Data. To distinguish LS from ROP based on
neural correlates of SPEM, we used first-level contrast
images (SPEM vs. Fixation; high vs. low target velocity;
10 gPPI SPEM vs. Fixation contrasts and 10 gPPI high
vs. low target velocity for each seed region in the left and
right hemisphere) for the machine-learning pipeline.

The preprocessing of the BOLD data was identical to
the behavioral data analysis, except for three additional
steps: First, we pruned the data, in order to prevent
overfitting of the algorithm. More precisely, we removed
features with no variance within a fold as well as features
with infinity values. Second, to correct for effects of site,
we applied ComBat batch effect correction. Next, we ap-
plied principal component analysis (PCA) by mapping
correlated voxels to a number of uncorrelated principal
components. PCA was used as a statistical smoothing
technique to reduce the dimensionality of discrimina-
tive patterns and eliminate noise. **’®* The number of
PCA components was optimized within the nested cross-
validation approach described above. Specifically, the
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number of components was determined by the optimal
PCA energy for class separation ranging from 0.5 to 0.9.
Finally, data were scaled voxel-wise to [0, 1] following
again a strict separation of CV1 training, CV1 test and
CV2 validation data, where the scaling parameters were
derived from the CV1 training sample and then applied
to other data partitions.

The training pipeline for the BOLD data was identical
to the pipeline for the behavioral data.

For reasons of computational efficiency, the permu-
tation analyses for calculating the significance of the
classification algorithms for the connectivity maps were
first applied only to the first CV2 fold. If a classification
algorithm was significant at trend-level (P < .10) in this
fold, the permutation analyses were repeated for all 10
CV2 folds to ensure robustness of the results. Resulting
P-values were corrected for multiple testing separately for
each contrast (SPEM and Velocity) using the false dis-
covery rate procedure.®

Sign-based consistency mapping was applied to de-
termine brain areas contributing to classification of LS
and ROP* Images were thresholded at -logl0(0.05),
FDR-corrected.

In addition, stacking analyses were performed sepa-
rately for the SPEM and Velocity contrasts in order to
combine the predictions of the lower order classifica-
tion algorithms. To do so, the decision scores from all
modalities of each contrast (i.e., the standard fMRI con-
trast and all 10 gPPI contrasts) were entered into a single
analysis, yielding two stacked analyses (SPEM contrast,
Velocity contrast). The training pipeline of these stacked
data sets was identical to the pipeline of the lower order
fMRI trainings. The stacking pipeline was wrapped
into the same repeated nested cross-validation setup as
described above to exclude the possibility of informa-
tion leakage, i.e., the first-level decision scores of a given
CV1 partition were forwarded to the second-level SVM,
which was then applied to the second-level CV2 data
alongside the other trained SVM models of the given
CV2 partition.

Model Application to Schizotypal Samples. In case of a
significant classification, the trained models used to pre-
dict group membership for LS and ROP were applied
to persons with high schizotypy. This allows to examine
whether a schizotypal participant is more likely to be
classified as LS or ROP, and thus, whether BOLD data
during SPEM in schizotypy are more similar to those of
LS or ROP. It produces decision scores indicating whether
a participant is more likely to belong to the LS (positive
decision scores) or the ROP group (negative scores). One-
way ANOVA was employed to indicate whether the deci-
sion scores differed between groups.

In addition, a regression analysis was conducted where
the HPS and HNS decision scores were used as a regressor
to predict BOLD activity in the HPS and HNS groups.
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Univariate Group Comparisons for Behavioral
SPEM Data

In addition to the classification analysis, we conducted
mixed ANCOVA based on the behavioral SPEM data,
with Group as a between- and Velocity as a within-
subjects factor. Three separate analyses were conducted,
with gain, saccade frequency or RMSE as dependent
variables, and site (Bonn, Munich) and sex (male, female)
as covariates.

Results

Descriptive Statistics, Sociodemographic and Clinical
Variables

No significant group differences were found with respect
to age and years of formal education. However, there were
differences in distributions of participants across sites, as
well as in sex distributions and intelligence (table 1). For
additional characteristics of the ROP sample see table 2.
Descriptive statistics of SPEM parameters are in table 3.

Behavioral Results

A total of 174 participants were included for the behav-
ioral analyses (see table 3 for the number of participants
in each group). Nine participants had to be excluded due
to poor eye-tracking quality.

Classification Analysis. Based on behavioral data, LS
and ROP participants were classified with a balanced ac-
curacy of 52.1% (sensitivity = 71.9%; specificity = 32.4%),
which was not significant (P = .438, AUC = 0.56).

Univariate Group Comparisons.. Mixed ANCOVA
with all four groups revealed main effects of Velocity
for all three parameters (gain F g = 54.02, P < .001,

n, = .24; RMSE: F, = 61.46, P < .001, n? = .27;
saccade frequency: F, = 40.89, P < .001, r]pz .20).
Additionally, there was a main effect of Group on RMSE
(F3165 = 2.92, P = .036, 1 2 = .05). Post-hoc pair-wise
comparisons showed s1gn1ﬁcant differences between
the LS and ROP group that did not, however, survive
Bonferroni-correction (table 4). For saccade frequency
and gain, there were no significant effects of Group, al-
though there was a trend towards a main effect of Group
on gain (P = .079). There were no Group by Velocity
interactions (all P > .126). Statistical parameters and
effect sizes of all pairwise group comparisons are in
table 4.

FMRI Results

A total of 180 participants were included for the fMRI
analyses. Three participants (2 LS, 1 ROP) had to be
excluded due to poor fMRI data quality.

BOLD Task and Group Effects. There were no significant
group differences for the SPEM or Velocity contrasts.
However, the smooth pursuit task (SPEM contrast)
activated areas of the pursuit network (figure 2 and
Supplementary tables 2 and 3 for results in the LS group).
The Velocity contrast revealed significant activations
in visual cortex (figure 2 and Supplementary table 4
for results in the LS group). There were no significant
differences for the reverse Velocity contrast.

Table 1. Sociodemographic and clinical variables of the four study groups

LS HPS HNS ROP
Variable (n=062) (n=41) (n =46) (n=134) Statistics
Site (n Bonn/Munich) 31/31 28/13 29/17 12/22 X =10.07, P=.02
Sex (n female/male) 29/33 26/15 25/21 10/24 xzm =9.28, P=.03
Age (in years; M, SD) 25.94 (4.73) 26.24 (6.33) 26.67 (4.61) 25.09 (4.98) Fs 10y = 0.65, P = .58, 1, 2=0.01
O-LIFE scores (M, SD)
UE 1.21(1.19) 9.46 (1.80) 1.48 (1.19) N/A Fy 14 = 513.89, P <.001, 1 * = 0.88
1A 1.03 (0.75) 1.27 (0.81) 6.33(1.01) N/A Fy 4 = 592.55, P<.001, ?=0.89
CD 3.17(2.52) 5.97 (2.98) 6.00 (2.93) N/A Foa = 17.27, P <001, 5, n=021
Total 5.34 (3.46) 16.62 (4.45) 13.67 (3.62) N/A F, 4 = 114.49, P < 001, 11 2=0.63
Years of formal 16.83 (3.26) 16.32 (3.15) 16.72 (3.45) 15.20 (3.50) Fiom =191, P =13, 2= =0.03
education (M, SD)
Verbal intelligence test 12.02 (2.98) 10.98 (2.62) 11.59 (2.61) 9.47 (3.33) Fy1p, = 5.87, P =001, 1]p2 =0.09
score® (M, SD)
Nonverbal intelligence 11.21 (1.91) 11.24 (1.95) 11.22 (1.82) 9.42 (3.56) F, 05 = 5.57, P =.001, 1] =0.09

test score® (M, SD)

Notes: LS, low-schizotypy; HPS, high positive schizotypy; HNS, high negative schizotypy; ROP, recent onset psychosis; O-LIFE, Oxford-
Liverpool Inventory of Feelings and Experiences; UE, unusual experiences; IA, introvertive anhedonia; CD, cognitive disorganization;

N/A, not available.
“Wechsler Adult Intelligence Scale (WAIS) vocabulary subtest.
"WAIS matrices subtest.
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Connectivity Analysis. gPPI analyses yielded no signifi-
cant differences between the four groups for any of the
seed regions or contrasts. However, wide-spread connec-
tivity maps for the SPEM contrast for all seed regions
could be observed (Supplementary figures 1 and 2 and
tables 5-14 for results in the LS group). There were no
significant connectivity maps for the Velocity contrasts.

Classification Analysis. Based on the SPEM contrast, LS
and ROP participants were separated with a balanced ac-
curacy of 55.6% (sensitivity = 56.7%, specificity = 54.5%)
which was not significant (P = .297, AUC = 0.63). Based
on the Velocity contrast, classification reached a bal-
anced accuracy of 44.5% (sensitivity = 61.7%; speci-
ficity = 27.3%), which was also not significant (P = .392,
AUC = 0.47).

Classification results of the gPPI analyses were signif-
icant for the SPEM contrast in right FEF (table 5). For
this seed region, LS and ROP participants were separated

Table 2. Clinical characteristics of the ROP group

Variable ROP (1 = 34)

Time since illness onset (in days; M, SD)
Diagnosis (1)

Schizophrenia 2

Delusional disorder

Brief psychotic disorder

Schizoaffective disorder

Unspecified nonorganic psychosis
PANSS scores (M, SD)

Positive

Negative

General psychopathology
Medication (n)

Typical

Atypical

Both

No medication

Unknown

281.40 (302.45)

it SRVl Sl 5]

20.64 (5.52)
16.84 (8.37)
36.96 (16.29)

—

(= N NV N

Notes: ROP, recent onset psychosis; PANSS, Positive and Nega-
tive Symptom Scale.

Table 3. Descriptive statistics for SPEM parameters
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with a balanced accuracy of 62.4% (sensitivity = 73.3%;
specificity = 51.5%) which was significant (P = .009;
AUC = 0.63) before but not after correcting for multiple
testing (FDR; P = .090).

Visualization of the machine-learning results revealed
that classification was based on connectivity from right
FEF to parahippocampal gyrus and hippocampus, stri-
atum, thalamus, cerebellum, anterior and posterior cin-
gulate gyrus, postcentral gyrus, superior parietal cortex,
lateral occipital cortex and fusiform gyrus, supramarginal
and angular gyrus, precuneus, temporal pole, inferior
temporal gyrus, frontal pole and frontal-medial cortex
(Supplementary figure 3).

Stacking Analyses. In the stacking analyses of the
SPEM contrast, LS and ROP participants were separated
with a balanced accuracy of 55.4% (sensitivity = 68.3%,
specificity = 42.4%) which was not significant (P = .748,
AUC = 0.56). Based on the Velocity contrast, classi-
fication reached a balanced accuracy of 43.3% (sen-
sitivity = 53.3%; specificity = 33.3%), which was not
significant (P = .941, AUC = 0.35).

Model Application to Schizotypal Samples. The classi-
fication model of the right FEF SPEM gPPI contrast
was significant before correction for multiple testing.
Therefore, in an explorative analysis, we applied the clas-
sification algorithm to the schizotypal samples to deter-
mine whether persons with high schizotypy would be
classified as LS or ROP. Sixteen HPS and 18 HNS were
classified as ROP, and 25 HPS and 28 HNS were classified
as LS. Descriptively, decision scores of persons with high
schizotypy were in between LS and ROP (Supplementary
table 15). However, one-way ANOVA for comparison
of decision scores between groups was not significant
(Fig 10 = 1.51, P = 214, > = 0.025).

n an additional regression analysis in both schiz-
otypal samples, lower decision scores were associated
with increased gPPI connectivity from right FEF to
clusters in angular gyrus, precuneus, hippocampus and
parahippocampus, postcentral and precentral gyrus as

LS HPS HNS ROP
Target velocity Variable (n=157) (n=41) (n=42) (n=134)
0.2 Hz Gain (%) 91.19 (9.59) 90.73 (11.70) 90.36 (11.49) 86.89 (14.50)
RMSE (°) 1.45 (0.75) 1.45(0.54) 1.46 (0.64) 1.93 (1.09)
Frequency of saccades (N/s) 0.67 (0.38) 0.66 (0.38) 0.75 (0.45) 0.82 (0.45)
0.4 Hz Gain (%) 75.95 (11.99) 71.77 (15.28) 71.89 (17.00) 68.53 (18.27)
RMSE (°) 1.99 (0.76) 2.15(0.67) 2.09 (0.81) 2.23(0.93)
Frequency of saccades (N/s) 1.47 (0.44) 1.50 (0.46) 1.56 (0.51) 1.60 (0.49)

Notes: Data represent means (standard deviations). LS, low-schizotypy; HPS, high positive schizotypy; HNS, high negative schizotypy;

ROP, recent onset psychosis; RMSE, root mean square error.
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Table 4. Between-group comparison of SPEM performance

Groups Variables 0.2 Hz 0.4 Hz
LS vs. ROP Gain (%) Loy = 2.01, P =.047,d=0.44 lgoy = 2.34, P=.021,d =0.51
RMSE (°) lgey= 2,51, P=.014,d=-0.54 lgoy = ~1.32, P=.189,d=-0.29
Frequency of saccades (N/s) Loy = -1 68, P =.096, d = -0.36 Lo =-1.28, P=.203,d=-0.28
LS vs. HNS Gain (%) ly; = 0.39, P =695, d = 0.08 lyy = 1.39, P =.166,d = 0.28
RMSE (°) Ly = -0.10, P =921, d = -0.02 L4y, = -0.60, P =550, d = -0.12
Frequency of saccades (N/s) ly; = -0.97, P =334, d=-0.20 lyy = -0.90, P =368, d = -0.18
LS vs. HPS Gain (%) lye =021, P =.832,d=0.04 tog = 1.52, P=.132,d =031
RMSE (°) L6 = 0. 003 P =.997,d=0.00 logy = ~1.06, P =293, d=-0.22
Frequency of saccades (N/s) log = 0.20, P = .845,d=0.04 Loy =-0.27, P =784, d = -0.06
HNS vs. ROP Gain (%) loy =142, P=159,d=0.33 loy = 0.83, P=.410,d=0.19
RMSE (°) Loy = -2.34, P=.022,d=-0.54 Loy =-0.71, P=481,d=-0.16
Frequency of saccades (N/s) lgy = -0.65, P=518,d=-0.15 Loy =-0.36, P=0.723, d = -0.08
HPS vs. HNS Gain (%) lg, = 0.15, P =.883,d=0.03 ls, = -0.03, P=.973,d=-0.01
RMSE (°) tg, = -0.11, P =910, d =-0.02 lg, = 0.37, P=710,d=0.08
Frequency of saccades (N/s) le, = -1.05, P =.299,d=-0.23 L, = -0.58, P=.565,d=-0.13
HPS vs. ROP Gain (%) l4y = 1.53, P=131,d=0.35 Loy = 0 84, P =.406,d =0.19
RMSE (°) Ly = -2.50, P =014, d = -0.58 Loy =-0.43, P =.665,d=-0.10
Frequency of saccades (N/s) t..=-1.69, P=.095, d=-0.39 t..=-0.94, P=.352,d=-0.22

Notes: LS, low-schizotypy; HPS, high positive schizotypy; HNS, high negative schizotypy; ROP, recent onset psychosis; RMSE, root

mean square error.

well as superior medial gyrus and ACC (Supplementary
figure 4 and table 16). This indicates that higher proba-
bility of being categorized as ROP was associated with
increased task-based functional connectivity from right
FEF to these clusters. There was no significant effect in
the reverse (i.e., positive) contrast.

Discussion

The aim of the present study was to directly compare
individuals with high levels of schizotypy and patients
with psychotic disorders regarding SPEM performance
as well as brain function and connectivity. Using tra-
ditional BOLD and connectivity analyses, no group
differences could be observed. However, using machine-
learning, a model to distinguish patients from controls
was delineated for the right FEF seed region.

Differences Between Controls and Patients

Based on behavioral SPEM data, LS and ROP
participants could not be classified as distinct groups.
However, univariate results revealed higher RMSE in
ROP compared to LS, in agreement with previous evi-
dence of reduced SPEM performance in psychosis.’"* In
contrast to previous investigations, univariate analyses
of gain and saccadic frequency were not significant. The
small difference in RMSE and the absence of differences
in the two other performance measures are surprising
considering that the SPEM deficit is a highly reliable
marker of psychosis.’’* Importantly, at the descriptive
level, effects were in the expected direction with small to
medium effect sizes, but not significant after Bonferroni-
correction (see table 4).
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In line with the behavioral results but in contrast to
previous investigations®*** no significant differences
between ROP, HPS, HNS and LS groups could be de-
termined at the neural level for the SPEM or Velocity
contrasts. The same pattern emerged for the connec-
tivity maps of all seed regions and contrasts. Of note, the
task networks associated with the SPEM and Velocity
contrasts showed substantial overlap with previous
investigations, tightly replicating the neural network
underlying SPEM?*738+%0 and its modulation by target
velocity**7>%". This highlights the validity of our task de-
sign and data analytic approach. Similarly, task-related
connectivity maps showed substantial overlap with a re-
cent investigation” studying pursuit-related functional
connectivity in a healthy sample performing the same
task employed in this study. However, in the current in-
vestigation, SPEM-related connectivity maps were even
more widespread, especially from LGN, V1 and V5 seed
regions, potentially related to greater statistical power
stemming from a larger sample size.

Classification of functional connectivity maps was sig-
nificant only before correction for multiple comparisons
(achieving trend-level significance after correction) for
the right FEF seed region. As the analyses did not sur-
vive correction for multiple comparison, results should
be interpretated with great caution. The PPI seed region
was located in right medial FEF. Classification was based
on connectivity from there to subcortical (e.g., striatum
and thalamus) and cortical structures encompassing
early visual areas, cingulate gyrus, parietal cortex (e.g.,
precuneus, superior parietal cortex), frontal cortex (e.g.,
superior frontal gyrus and frontal-medial cortex), hip-
pocampus and cerebellum. These areas partially overlap
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54

66

Fig. 2. Results of one-sample ¢-tests of the SPEM vs. fixation
contrast (left, higher activation during SPEM is depicted in red,
higher activation during fixation is depicted in blue) and high
vs. low velocity contrasts (right, higher activation during high
velocity SPEM is depicted in green, there was no higher activation
during low velocity vs. high velocity SPEM), respectively (n =
60). Results are reported whole-brain family-wise error rate
(FWE) corrected (P < .001, peak level) for clusters of at least
25 voxels. Labels on the left refer to the z-coordinate [Montreal
Neurological Institute (MNI) space]. Slices were generated in
MRIcroGL.

with the known SPEM network but also include addi-
tional areas. For example, classification was based in part
on connectivity from right FEF to hippocampus, which

Smooth Pursuit in Schizotypy and Psychosis

is in line with previous reports that hyperactivity of that
area during SPEM may be related to inhibitory dysfunc-
tion in schizophrenia.*’!

Three explanations of the absence of group effects
using traditional analyses and the rather subtle results
combining functional connectivity and machine-learning
approaches may be offered. First, the results could be
explained by the diagnostic heterogeneity of the ROP
group, given that the SPEM deficit is more pronounced in
schizophrenia patients compared to patients with other
disorders in the psychosis spectrum.* The inclusion of a
variety of such spectrum disorders into our ROP group
might have led to the rather subtle effects. However, the
PANSS scores obtained here were similar to those of pre-
vious investigations that did find significant differences
between patients and controls.””! All patients had ROP
with average disorder duration of less than a year which
could imply that SPEM deficits may not yet be fully
developed. On the other hand, however, it has been
demonstrated in a meta-analysis that duration of illness
does not significantly influence SPEM dysfunction?'.

A second possibility is insufficient power, which is why
we conducted a post-hoc power analysis. According to
this analysis, we had sufficient power to detect SPEM
differences between controls and patients: Meta-analytical
results from studies comparing SPEM performance of
schizophrenia patients and controls show large effect
sizes (d=.70 for RMSE, d =.78 for saccade frequency, and
d = .87 for gain).’! With our sample size of n = 62 in the
LS and n = 34 in the ROP group and an alpha-level of
.05 we had a power of 0.94-0.99 to detect effect sizes in
this range (z-tests, difference between two independent
means). In addition, we used substantially larger samples
than all previous BOLD fMRI investigations of SPEM
in psychosis spectrum disorders®**'# suggesting that also
at the neural level lack of power is not the main driver of
the absence of group effects.

Third, it should be noted that behavioral performance
in the LS group was lower than in other healthy control
groups performing the same task in previous studies.’*>
It is therefore possible that the detection of significant
group differences was impeded by the unusually poor
performance in the control group. However, it has to be
emphasized that control group participants were thor-
oughly screened and selected based on strict criteria to
ensure suitability.

Schizotypy

Descriptively, at the behavioral level, both schizotypal
samples showed intermediate SPEM performance levels
between patients and control. This pattern of results
was not significant, but reflects the expected direction of
effects.>¥3% At the neural level, in contrast to a previous
study®* traditional BOLD or functional connectivity
analyses did not yield any evidence for group differences.

Page 9 of 13
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Table 5. Results of the machine-learning analyses for the gPPI contrasts

Con-

Seed region Hemisphere trast Sensitivity Specificity BAC AUC P onr
LGN 1 SPEM 63.6 36.4 49.8 0.51 .834 834
LGN r 533 394 46.4 0.54 .633 707

Vi 1 65.0 48.5 56.7 0.63 184 368
Vi r 63.3 30.3 46.8 0.49 .636 707
V5* 1 78.3 27.3 52.8 0.58 .350 .583
V5 r 85.0 27.3 56.1 0.52 135 338
PPC* 1 81.7 36.4 59.0 0.61 .096 338
PPC r 76.7 333 55.0 0.61 135 338
FEF 1 63.3 48.5 55.9 0.56 .534 707
FEF* r 73.3 51.5 62.4 0.63 .009 .090
LGN 1 Velocity 51.7 48.5 50.1 0.47 948 .949
LGN r 46.7 45.5 46.1 0.46 .880 .949
Vi 1 71.7 30.3 51.0 0.50 .897 949
Vit r 83.3 30.3 56.8 0.56 117 .949
V5 1 81.7 21.2 51.4 0.50 517 949
V5 r 78.3 24.2 51.3 0.44 .685 .949
PPC 1 0 100.0 50.0 0.26 .653 .949
PPC r 50.0 48.5 49.2 0.45 .949 .949
FEF 1 70.0 394 54.7 0.53 462 .949
FEF r 11.7 69.7 40.7 0.43 495 .949

Notes: gPPI, generalized psychophysiological interaction analyses; LGN, lateral geniculate nucleus; PPC, posterior parietal cortex; FEF,

frontal eye fields; BAC, balanced accuracy; AUC, area under the curve; P

*Permutation analyses with all 10 CV2 folds.

However, we also explored similarities and dissimilarities
between psychosis and schizotypy by applying a machine-
learning algorithm for SPEM seed regions trained on the
LS and ROP groups to the schizotypal samples, thereby
obtaining evidence of an involvement of right FEF. As
the HPS and HNS groups did not differ from each other
regarding SPEM performance, and the percentage of
participants classified as ROP was virtually the same in
both groups (HPS 39.0% vs HNS 39.1%), we treated them
as one schizotypy group for subsequent analysis. Machine-
learning decision scores for schizotypy groups were in be-
tween the LS and ROP groups and thus suggested that
persons with high schizotypy could not be reliably clas-
sified as either LS or ROP. To identify brain areas that
contributed to the assignment of HPS and HNS to ROP or
LS, we explored how decision scores in the HPS and HNS
samples were related to BOLD activity in those groups.
Lower decision scores were associated with increased con-
nectivity from right FEF to clusters in precuneus and an-
gular gyrus, bilateral hippocampi, as well as postcentral
and precentral gyrus. This pattern of results suggests
that persons with high schizotypy may share some of the
features underlying the pursuit deficits in ROP. Specifically,
persons with high schizotypy may also show some degree
of inhibitory dysfunction in hippocampus.**!

Conclusions

Overall, the present study constitutes a significant
first step toward closing a crucial gap in the psychosis
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corrected P-value (false discovery rate correction®?).

corr?

literature, which is the lack of direct comparisons be-
tween individuals with high schizotypy and patients
with psychosis. Critically, however, our data suggest
that abnormalities of the pursuit response along the
psychosis spectrum may be more subtle than previ-
ously reported. The data are partly in line with our
initial suggestion that schizotypy is characterized by
both similarities and dissimilarities with schizophrenia,
which might explain why the SPEM deficit in schizotypy
does not seem to be as consistent as may be expected
from previous publications. Specifically, our results
highlight that more emphasis should be placed on brain
connectivity approaches which proved to be the most
promising analyses for distinguishing groups along the
psychosis spectrum. In summary, we strongly call for
more large-scale, well-powered multi-center studies in
order to gain a deeper understanding of SPEM-related
deficits along the psychosis spectrum at both the behav-
ioral and neural level.

Supplementary Material

Supplementary data are available at Schizophrenia
Bulletin Open online.
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