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Abstract 
Dopamine has been identified as a key player in reward signalling and 

motivational processes and has been linked to apathy in Parkinson’s disease 
(PD), its hallmark being dopamine depletion. Direct characterisation of how 

dopamine modulates reward sensitivity especially in the presence of aversive 
stimuli is, however, still a matter of controversy. Saccadic eye movements 

have long been considered reward insensitive due to their high level of 
stereotypy, but in recent years have been recognised as a precise tool to 

study motor and cognitive control processes and measure reward sensitivity. 
 
This thesis investigates how oculomotor properties are influenced by different 

dopamine levels and motivation through both reward anticipation and penalty 
avoidance. Thereby I seek to shed light on the underlying pathomechanisms 

responsible for motor and non-motor symptoms in diseases characterized by 
dopamine depletion (e.g., PD). Data from the first experimental chapter 

suggest a common “net-value” for both incentive valences and confirms 
similar effects of both incentives on saccadic properties in healthy 

participants. The second part investigates the role of dopamine in signalling 
incentive values, which indicates a similar role of dopamine in both rewarding 

and aversive incentives. Both drugs (haloperidol and levodopa) decreased 
motor vigour, while having different effects on preparatory and inhibitory 

processes, which ultimately led to antagonistic effects on precision. Most 
intriguingly we also found increased reward sensitivity after a single dose of 

levodopa independent of incentive valence.  
 

As some of these effects might reflect motor effects of dopamine, I next 
examined the high-level cognitive effects using a visual working memory task. 

This was assessed in health as well as in a cohort of patients who had 
undergone VTA DBS surgery. No effect of Madopar or motivation was found 
on working memory in a tablet-based task, while haloperidol was detrimental 

to memory precision. DBS stimulation in the VTA improved performance 
potentially by increasing dopamine levels in the mesocorticolimbic pathway. 
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In conclusion, this thesis aims provide a comprehensive picture of the role of 
nigrostriatal as well as mesolimibic dopamine on motor and cognitive control 

potentially aiding early diagnosis and optimising treatment strategies in 
disease. 
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Impact statement 

Parkinson’s disease, a movement disorder which is amongst the most 

common neurodegenerative diseases, poses many challenges in terms of 
treatment strategies, not only with regards to its motor symptoms. Although 

often underdiagnosed, PD patients often suffer from non-motor symptoms 
including apathy, depression, anxiety, or executive dysfunction. They, 

however, represent a significant burden on patient’s quality of life and 
healthcare systems as they often proof difficult to treat. Dopamine, amongst 

others, has been identified as key neuromodulator involved in a variety of 
cognitive processes, yet, studying these in humans poses difficulties. In order 

to optimise tailored therapy, it is of utmost importance to understand the 
multitude of mechanisms dopamine is involved in, in both motor and cognitive 

control. Saccadic data collected in my experiments (1) show how motivation 

through incentives of both valence (reward anticipation, penalty avoidance) 

influences goal-directed behaviour and (2) assess the effect of changes in 

tonic dopamine on motor behaviour and cognitive control. (3) Pupillometry, a 

rather novel measure of reward sensitivity will allow to link motivational effects 
on motor vigour with those on attention. By recording data from healthy 

participants, with and without dopaminergic drug manipulations as well as 
from patients who have undergone VTA DBS surgery, this thesis aims to 

provide a comprehensive account of the roles of nigrostriatal and mesolimbic 
dopaminergic pathways in goal-directed behaviour. Bridging the gap 

between animal and human literature in this field may have important 
implications on patients’ quality of life by opening avenues for reliable 

diagnostic tools potentially aiding early diagnosis on the one hand and 
optimising treatment strategies on the other hand. 
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1.  General Introduction 
 
Choosing beneficial actions and learning from previous experiences is key for 
survival and improves reward outcome (Hikosaka et al., 2013). It guides every-

day human behaviour and involves two main processes, action selection 

“what” and action execution “how” (Chen, Holland and Galea, 2018). 
Optimising behaviour requires both cognitive and motor control mechanisms 

similarly. Indeed, choosing the “what” may again consist of two distinct but 
interacting processes, namely, decision-making and action selection. The 

former can be described as the slower process in which relevant information 
is gathered and alternative options are weighed and filtered to assess their 

value (Gold and Shadlen, 2007). They are made in order to maximise reward 
or minimise harm and are usually slower than action selection processes, 
which are fast and more intuitive, automatic responses to an unpredictable 

environment according to the “Two Minds Theory” (Kahneman, 2003). In the 
presence of an advantageous goal, we are motivated to reach reward as soon 

as possible, potentially prompting improvement in both motor and cognitive 
performance (Duka and Lupp, 1997; Chiew and Braver, 2013; Manohar et al., 

2015, 2018; Muhammed et al., 2018; Yee and Braver, 2018; Codol et al., 

2020). Salience is a property that drives perception, which in turn enables (an 

advantageous) stimulus to attract attention. When it drives behaviour (Knolle 
et al., 2018), it is referred to as motivation (Manohar, 2014). 

Dopamine has amongst others been identified in a number of human and 

animal studies to be a key player in reward signalling and motivational 
processes within the brain, by shifting attention towards seemingly 

“attractive” or beneficial stimuli (Assad, 2003; Small, Jones-Gotman and 
Dagher, 2003; Ernst et al., 2004; Maunsell, 2004; Bendiksby and Platt, 2006; 

Louie, Grattan and Glimcher, 2011; Malhotra et al., 2013). As such it is tightly 

linked to action selection, memory, and learning and has been considered as 
the “link between the memory of the past and future actions” (Wagner et al., 

1998; Fellows, 2018). The exact underlying mechanisms remain unclear, 
however, as studying neurotransmitters in humans poses significant 

challenges. Since disruptions in these processes have been associated with 
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a variety of movement disorders (e.g., Parkinson disease) and are believed, 
amongst others, to be responsible for a number of often underdiagnosed non-

motor symptoms like depression, apathy, and executive dysfunction in the 
context of degenerative disease (Chaudhuri and Schapira, 2009; Schaeffer 

and Berg, 2017), bridging the gap between animal and human literature 
remains a pressing issue. Understanding mechanisms underlying both motor 

and cognitive control and the link between them is of utmost importance as 
it could help identify new treatment avenues for these, often debilitating, 

symptoms and may be key to help improve patients’ quality of life. 
 

 

1.1. Theoretical framework of goal-directed 

behaviour and the basal ganglia 

Body movements are controlled by the basal ganglia and dysfunction of and 
lesions therein clinically present with movement disorders. The immense 

variety of movement disorders linked to basal ganglia dysfunction, ranging 
from hypokinetic to hyperkinetic movements, point towards the involvement 
of rather complex mechanisms, however. Indeed, it has long been 

established that focal lesions to the basal ganglia in humans can cause a 
number of symptoms beyond movement disorders such as abulia, a disorder 

of diminished motivation (Denny-Brown, 1968; Albin, Young and Penney, 
1989; Bhatia and Marsden, 1994). 

 
An extensive body of evidence found the basal ganglia also involved in 

cognitive and motivational processes (Graybiel, 1997; Casey, Durston and 
Fossella, 2001; van Schouwenburg, Aarts and Cools, 2010; Wylie et al., 2010; 

Shine et al., 2013; Tremblay et al., 2015; Misiura et al., 2017). In this context 

they play a key role in action selection and learning (Gurney, Prescott and 
Redgrave, 2001; Kravitz and Kreitzer, 2012). By inhibiting movements or 

removing inhibition on others based on inputs from cortical areas or other 
basal ganglia nuclei (Friend and Kravitz, 2014), they form the anatomical 

correlate for action selection and learning of optimal behaviours. 
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Among other examples, clinically this is underpinned by emerging knowledge 
about the frequent occurrence of non-motor symptoms in patients suffering 

from movement disorders such as Parkinson disease (PD), its hallmark being 
dopaminergic depletion. A great number of lesion studies on animals also 

support a role of dopamine and the basal ganglia in both motor and cognitive 
control processes (Mavridis et al., 1991; Carman and Schneider, 1992; Bhatia 

and Marsden, 1994; Gasbarri et al., 1996; Schwabe et al., 2004). Bridging the 

gap between animal work and patient studies by conducting drug studies on 
healthy participants is crucial because it allows to further complement the 

available knowledge on goal-directed behaviour in humans without having to 
account for potentially confounding effects of disease pathologies. 

 
 

1.2. Dopamine and its pathways 

1.2.1.  The multiple roles of dopamine 

The catecholamine dopamine influences how we behave towards incentives 
and is important in motivated behaviour (Schultz, 2002, 2016b). It also plays, 

amongst other neurotransmitters, a central role in motor control (Crocker, 
1997). Parkinson disease, e.g., its hallmark being a loss of dopaminergic 
neurons, is defined by a significant impairment of motor function. As 

mentioned above, patients suffering from PD can also present with a variety 
of non-motor symptoms including depression, abulia, executive dysfunction 

or difficulties with memory or sustaining attention. Both motor and non-motor 
symptoms could be the result of dopamine depletion leading to a shift in the 

cost/benefit ratio and, therefore, to slower movements and less reward 
sensitivity (Matsumoto and Hikosaka, 2007; Mazzoni, Hristova and Krakauer, 

2007; Manohar et al., 2015).  

Through phasic responses to rewards, the midbrain dopamine neurons 
encode prediction error signals (difference between expected reward and 

actually received reward). Positive prediction errors (reward bigger than 
anticipated) lead to a phasic activation, a negative prediction error (reward 
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smaller than anticipated) to a depression of these signals and reward as 

predicted to no response (Schultz, 2016c). A recent model of reinforcement 
learning suggests that in response to positive prediction errors dopamine 

release in the frontal cortex and the basal ganglia strengthens synapses that 
are currently active (Montague, Dayan and Sejnowski, 1996; Glimcher, 2011). 

The prediction error theory also held true for trials where penalty had to be 
avoided representing a “better than expected” outcome scenario (Bromberg-

Martin, Matsumoto and Hikosaka, 2010). In support of above, there is 
evidence in rats that intracranial electrical self-stimulation of the substantia 
nigra (SN) induces positive reinforcement learning through the potentiation of 

cortical inputs to the striatum (Reynolds, Hyland and Wickens, 2001). 
Behaviour-related activity would, hence, be activated favourably in the 

presence of a positive prediction error and would be supressed with negative 
prediction errors. Indeed, there is a growing body of evidence that patients 

with dopaminergic depletion are more likely to choose low effort/low reward 
options and take longer to exert effort (Le Bouc et al., 2016), in other words, 

show diminished reward sensitivity (Manohar et al., 2015). As a result, 

dopamine replacement therapy has been shown to improve several aspects 

of goal-directed behaviour while also impairing others (further details, see 

section 1.7). Some PD patients for that matter have been found to develop 

impulse control disorders as a result of the treatment with dopamine agonist 
(Voon et al., 2010; Weintraub et al., 2010), the reason of why this occurs in 

some and not others still remains to be fully understood. 

1.2.2.  Different dopaminergic pathways and their roles  

In the human brain the main sources of dopamine are to be found within the 

midbrain, more specifically, the substantia nigra pars compacta, the ventral 
tegmental area (VTA) and the retrorubral field (RRF) (Taber et al., 2012). It is 

then transmitted to other brain areas, among others via two major 
dopaminergic pathways: The basal ganglia, mainly the striatum, receive 

dopaminergic input from the substantia nigra pars compacta forming the 
nigrostriatal dopaminergic pathway. Dopamine neurons within the VTA and 
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the RRF of the midbrain reticular formation on the other hand build the 

mesocorticolimbic projections (Figure 1.1). 

 

Figure 1.1 Different dopamine pathways in the brain: The nigrostriatal pathway plays an 

important role in motor control. The mesocorticolimbic pathway, comprising of mesocortical 

and mesolimbic pathways, is crucial for cognitive functions (figure adapted from Tarland 

2018). 

Nigrostriatal projections play an essential role in voluntary movements by 
modulating the corticostriatal transmission in medium spiny neurons 

expressing dopamine D1 (direct pathway) and D2 receptors (indirect 
pathway), which leads to movement activation or suppression, respectively 
(Prensa et al., 2009). The second major dopaminergic pathway is the 

mesocorticolimbic circuit (comprising of the mesolimbic and the mesocortical 

pathway) (Hollerman, Tremblay and Schultz, 2000). Originating from the VTA 
(Yokochi, 2007) it is involved in reward and aversion signal processing 

(Gardner, 2011) as well as attention, inhibitory control (Floresco and Magyar, 
2006) and working memory (Ott and Nieder, 2016). The main projections 

originating in the VTA are directed towards the nucleus accumbens (NAcc) 
and the olfactory tubercle and innervate vast parts of the prefrontal motor and 

cingulate cortices (Woodward et al., 2009; Zald et al., 2010). Animal studies 
investigating the consequences of damage to the mesolimibic dopaminergic 
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pathway showed a bias towards low effort/low reward options (Walton, 
Bannerman and Rushworth, 2002) and resulted in attenuating effects on 

behaviour in rats (Koob, Stinus and Le Moal, 1981; Hand and Franklin, 1985; 
French, 1986; Shimura, Kamada and Yamamoto, 2002) or depressive 

symptoms, which were alleviated by bilateral deep brain stimulation of the 
medial forebundle (Furlanetti, Coenen and Döbrössy, 2016).  

Evidently, those types of lesion data on humans are lacking. Therefore, 
assessing the effect of deep brain stimulation in humans in general, and more 

specifically within the VTA, might offer a unique opportunity to aid further 
understanding of the exact function of the different dopaminergic pathways 

and the consequences of disruptions therein. PET studies have shown direct 
evidence of changes in dopamine activity within the NAcc and prefrontal 

cortex (PFC) as a result of drug -related or gambling-related rewarding stimuli 
(Koepp et al., 1998; Volkow et al., 2004). In fact, it is believed that the VTA 

serves as neural interface between the limbic and the motor system 

translating “motivation into action” (Mogenson, Jones and Yim, 1980). 
Assessing the effect of VTA-DBS on goal-directed behaviour and working 

memory will, hence, be of special interest in Chapters 4 & 5. 

Although this anatomical dissection between the two pathways has long been 
established, findings indicate that there is no distinct functional boundary 
between the two (Dahlstroem and Fuxe, 1964). Both SN and VTA dopamine 

neurons project to overlapping areas (Fallon and Loughlin, 1995) and even 
the PFC, initially thought to get projections from the VTA exclusively 

(mesocortical pathway), has been found to receive projections also from the 
medial SN (Loughlin and Fallon, 1984). Furthermore, the SN can be 

subdivided into two parts, the ventral projecting to the ventral striatum and 
the dorsal projecting to both striatal and limbic areas (Gerfen, Herkenham and 

Thibault, 1987; Fallon, 1988). These findings and others from more recent 
behavioural studies imply an involvement of both pathways in reward 

signalling, potentially making distinct functional subdivisions obsolete (Wise, 
2009). 
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1.3. Dopamine and cognitive control 

Cognitive control is defined as the ”allocation of mental resources” in the 

service of goal maintenance, attentional selection, and inhibition of 
automatic/inappropriate responses in order to facilitate optimal goal-directed 

behaviour (Chiew and Braver, 2013). It was recently proposed that dopamine 

has three distinct roles in these cognitive processes within the PFC: “(1) 

Gating sensory input, (2) maintaining and manipulating working memory 

contents, and (3) relaying motor commands” to the striatum (Ott and Nieder, 

2019). There is a close link between motivation and cognitive control as 
competing options require cognitive control to facilitate optimal choice 

outcome. In this context incentives of both positive and negative valence 
have been shown to improve specific cognitive functions (Engelmann and 

Pessoa, 2007; Fröber and Dreisbach, 2014; Umemoto et al., 2015; Libera and 

Chelazzi, 2016). 

Dopamine has been identified in a number of human and animal studies to be 
crucially involved in reward signalling by shifting attention towards seemingly 

“attractive” or beneficial stimuli (Assad, 2003; Ernst et al., 2004; Maunsell, 

2004; Sugrue, 2004; Small et al., 2005; Bendiksby and Platt, 2006; Peck et 
al., 2009; Louie, Grattan and Glimcher, 2011; Malhotra et al., 2013; Husain 

and Roiser, 2018). This makes dopamine a potent link between motivation 

and attention. The effects of dopamine on task performance may, however, 
depend on a multitude of factors and contradictory results have been 

reported. PD patients are, e.g., known to show an increase latency on 
antisaccades as well as decreased accuracy on memory-guided saccades, 

which does not improve on dopaminergic treatment suggesting additional, 
potentially non-dopaminergic, pathomechanisms (Vermersch et al., 1994). It, 

however, suggests deficits in preparatory/inhibitory processes in the former 
and impaired memory precision in the latter. The correlation between 

performance and dopamine levels are felt to be best described by an 
“inverted-U-shaped” function (Cools and D’Esposito, 2011; Meder et al., 

2019) (Figure 1.2).  
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This could lead to detrimental effects on performance in the presence of 
“higher or lower” (compared to baseline) dopamine levels, while it may enable 

optimal performance in between. This theory is supported when observing 
patients with PD where treatment with dopamine agonists is found to interfere 

with some aspects of cognitive performance, e.g., shown by a 2.5-3-fold 
likelihood of developing impulse control disorders (ICD) (Weintraub et al., 

2010). The exact mechanisms of why some develop ICDs and others don’t 

have not yet been fully understood. 
 
The effect of dopamine on cognitive control is controversial as it was also 

found to both impair and improve performance in different domains (Cools 
and D’Esposito, 2011; Schneider et al., 2013). While it is believed that 

dopamine enhances preparatory control processes and optimises signal-to-

noise ratio (Gruber et al., 2006; Yee and Braver, 2018), increased levels of 

dopamine were found to impair working memory (Cools and D’Esposito, 
2011). To explain both the beneficial and detrimental effect of motivation on 

cognitive control found in previous studies, Yee et al. introduced the idea of 
two separate dopaminergic pathways (DA-PFC loop and DA-striatal loop) 
(Yee and Braver, 2018). Hereby it is thought that tonic release of dopamine 

into the PFC may assist the precision and persistence of current task goal 
representations (i.e., cognitive stability), while phasic dopamine in the 

Figure 1.2 Adapted from Cools and 

Esposito 2011 this figure shows the 

relationship of dopamine levels and 

cognitive performance. If more/less 

dopamine is beneficial or detrimental to 

performance may depend not only on 

baseline dopamine levels but also on 

specific task requirements. 
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striatum enables cognitive flexibility through shifting and updating of task goal 
representations (Yee and Braver, 2018). Taking a closer look, dopamine 

excess has been associated with increased oculomotor distractibility 
(Crawford et al., 1995; Duka and Lupp, 1997; Hutton et al., 2002), while 

dopamine depletion has been found to improve performance by 

filtering/blocking irrelevant stimuli and reducing distractibility (Mehta et al., 
2004). However, a recent paper suggests that both excess and reduced 

dopamine activity in the PFC may lead to a variety of different effects in 
different cognitive domains (Floresco and Costa, 2013). Rodent studies have 

also reported increases in motor behaviour after dopamine agonists 
administration (Ross, Jackson and Edwards, 1989). There is, furthermore, 

evidence of cross-species differences, necessitating translation into human 
studies (Ralph and Caine, 2005; Broos et al., 2012). In contrast to this, D2 

agonists have also been linked to a reduction of impulsivity in a cohort of pre-

selected impulsive rats (Weintraub et al., 2006). The latter effect of dopamine 
replacement has also been clinically observed when patients with ADHD 

improve their symptoms under treatment with methylphenidate. 
Methylphenidate, better known as Ritalin, is believed to alleviate symptoms 

through blocking the dopamine re-uptake in patients with attention deficit 
hyperactivity disorder (ADHD) (Fernando et al., 2012), who have been found 

to have dopamine and noradrenalin dysfunction on functional brain imaging. 

 
The detrimental effects of dopamine therapy on certain cognitive functions 

were discovered a decade ago and have since sparked more research leading 

to the “overdose hypothesis” (Figure 1.3). The overdose hypothesis seeks to 

provide a framework to explain the complex relationship between dopamine 
levels and performance and suggests that increased levels of dopamine in 

the ventral striatum (nucleus accumbens) hampers top-down inhibitory 
control while increasing bottom-up appetitive drive areas leading to changes 

in behaviour (Cilia and van Eimeren, 2011). 
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Figure 1.3 Simplified illustration explaining the “overdose hypothesis”: Increased levels 

of tonic dopamine may lead to a decrease in top-down inhibitory influences on the NAcc 

while increasing bottom-up appetitive drive areas (adapted from Cilia and van Eimeren, 

2011). 

 
Why additional dopamine hampers performance in some but improves it in 
others, may be determined by a number of different factors in disease and in 
health. These include gene polymorphisms in connection to the specific type 

of pharmacotherapy (e.g., COMT), regional differences in (nigrostriatal) 
denervation due to the underlying disease pathology, or an individual’s 

genotype influencing the relative baseline position on the “inverted-U-curve” 
(Vaillancourt et al., 2013), which are just a few to be found in the literature. 

Another explanatory model for seemingly very different effects of dopamine 

treatment on cognitive performance of patients is the “Dopamine denervation 
model”. While treatment naïve patients seem to benefit from levodopa 

treatment, some effects seem to wear off over time. In a study following 
initially treatment naïve PD patients for 24 months after levodopa introduction, 

improvements in both motor and cognitive domains were observed directly 
after treatment introduction. Only motor benefits, however, persisted after 24 

months when patients were assessed again (Kulisevsky et al., 2000). 
Moreover, patients experiencing motor fluctuation usually show detrimental 

effects of a levodopa challenge on their cognitive abilities (Kulisevsky et al., 
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2000). It is thought that this stems from striatal neurons developing a super-
sensitivity to alterations of levodopa plasma concentrations after long-term 

therapy. Cognitive effects of levodopa may also vary in an individual patient 
over time with disease progression (Williams-Gray et al., 2009) and receptor 

changes due to prolonged drug therapy (Antonini et al., 1997). Further 

evidence gathered showed levodopa to improve working memory, but to 
have a detrimental effect on other domains such as motor sequence learning 

and probabilistic reversal learning (Cools et al., 2001; Ghilardi et al., 2006; 

Graef et al., 2010; Kwak et al., 2010; Beigi et al., 2016). Models on working 

memory and dopamine found D1 mediated modulation to improve 
robustness of memory via reduced distractibility and noise attenuation in the 

PFC (Durstewitz and Seamans, 2002). It is suggested that external dopamine 
replacement could lead to excessive amounts of dopamine in areas relatively 

spared from dopaminergic degeneration, e.g., the VTA output areas in 
disease models, although the latter being disputed (Phani, Gonye and 
Iacovitti, 2010). Understanding the mechanisms underlying this huge variety 

of effects of dopaminergic treatment on patients is of utmost importance in 
order to provide optimal therapy and improve patients’ quality of life. 

 
In summary these findings suggest an interaction of a multitude of factors 

predicting an individual’s reaction to dopaminergic manipulation, e.g., (1) 

performance may depend on the individual’s baseline dopamine level and 

may follow an “inverted-U-shaped” function. (2) It may not be a simple 

question of avoiding “too much” or “too little” dopamine, but the effect may 

also be task-specific and depend on the exact location of degeneration in the 

brain (Figure 1.2). Different tasks may require different dopamine levels to 

optimise outcome (Gotham, Brown and Marsden, 1988; Swainson et al., 

2000; Cools et al., 2001). (3) There may be additional factors like gender, age 

and DAT1 gene polymorphisms (Cools and D’Esposito, 2011) contributing to 

the great variety of findings. 
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1.4. The speed-accuracy trade-off and 

motivation 

Internal or external incentives can alter the behaviour of a biological system 

by creating a “motivated state” (Yee and Braver, 2018). Higher order 
decisions are made based on the expected value (reward probability x reward 
magnitude) and aim to maximise reward or minimise harm respectively (Yee 

and Braver, 2018). This behaviour was described as early as 1954 by Olds 
and Milner in their paper on self-stimulation and reward in rats (Olds and 

Milner, 1954). Motivation through reward, however, influences not only the 
decision to make a movement (“if/what”) but can also change movement 

properties (“how”) (e.g., response time, accuracy) (Leon and Shadlen, 1999). 
Similar to the speed-accuracy trade-off in motor control, models of decision-

making predict a speed-accuracy trade-off, showing that faster reactions 
imply less time to weigh up evidence and consequently lead to erroneous 

choices (Spieser et al., 2017). Ultimately, this should lead to fast but 

inaccurate movements/choices considering it is a limited capacity system – 
and does not explain the violation of the speed-accuracy in producing both 

faster and more accurate movements/decision when rewarded (Manohar et 
al., 2015). This holds true for both motor and cognitive performance: While 

motivation by reward can lead to faster and more precise movements, it also 

leads to shorter reaction times and reduces errors (Edwards, 1965). 
Individuals are driven to obtain reward sooner and will, accordingly, increase 

their movement speed or vigour in order to do so. If the task does not favour 
velocity or accuracy, decisions are made to maximise reward. This has been 

demonstrated by improved motor and cognitive performance resulting in both 
faster and more accurate movements/decisions simultaneously, depending 

on the expected value of the outcome (Juras, Slomka and Latash, 2009). 
 

Recent theories that try to explain why people exert effort and when they 
choose to do so often include the factor of “proximity of the reward” (Juras, 

Slomka and Latash, 2009). Then not only the timing of reward, but also more 
economical considerations, such as the balance between the value of the 
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outcome vs. cost of exerting cognitive control, are critical considering a 
potentially limited capacity of the latter (Westbrook and Frank, 2018). The ego 

depletion phenomenon delineating these limitations has, however, been 
recently challenged by the observation that these can be overcome by 

motivation (Muraven and Baumeister, 2000). There might, consequently, be a 
value assigned to the effort exerted itself, independently of the value of the 

outcome (Hagger et al., 2010; Inzlicht, Shenhav and Olivola, 2018). The 

quantification of “mental effort”, thus, is complex, and reaction times as well 
as pupillometry have been amongst the tools most commonly used for it (for 

pupillometry review, see Eckstein et al., 2017). A growing number of 

computational models seek to describe the relationship between cognitive 
control and motivation and the associated costs of allocating resources 

(Shenhav et al., 2017) although a number of question still remain unanswered. 
 

 

1.5. Saccades and motivation 

Raymond Dodge first described the function of saccades as “to move the 

eyes so that the point of interest will be seen with the visual centre of the 
retina” (Dodge, 1903). Saccades are voluntary, rapid, accurate and brief eye 

movements, made to foveate the object of interest without interfering with 
vision (Leigh and Zee, 1999). They were long believed to be highly 

stereotyped and follow the “main sequence” (Figure 1.4), which describes a 

rigid relationship between peak velocity and amplitude of a saccade (Bahill, 

Clark and Stark, 1975; Leigh and Zee, 1999). This was felt to be the case to 
optimise the trade-off between the duration of an eye movement (time during 

which vision is blurred) and its accuracy (Harris and Wolpert, 1998). 
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Figure 1.4 Saccadic parameter and the main sequence (figure 

adapted from www.liverpool.ac.uk/~pcknox/teaching). 

 
There is, however, growing evidence that saccadic parameters can, indeed, 

be modulated by reward, violating the speed-accuracy trade-off (Takikawa et 

al., 2002; Chen et al., 2013; Manohar et al., 2015). Saccades allow a fairly 
direct interpretation of behavioural findings due to relatively few degrees of 

freedom (Fuchs, Kaneko and Scudder, 1985; Scudder, Kaneko and Fuchs, 
2002), which make them the method of choice when recording behavioural 

data. In fact, the number of studies using eye movements and especially 
saccades to address question in the field of behavioural neuroscience has 

dramatically increased in the last decades, proving eye tracking to be a 
sophisticated tool to assess specific areas of brain function. But where is the 

link between reward and saccadic eye movements? For an amplitude of a 
given size, saccadic peak velocity can be increased through incentives (Chen 

et al., 2013). Moving the gaze towards an object of value/interest by eliciting 

saccades has been linked to the basal ganglia via heavy connection of the 
superior colliculus known to be involved in orienting responses and saccadic 

eye movement generation (Ingle, 1973; Carman and Schneider, 1992). The 
superior colliculus, however, is targeted by the substantia nigra pars reticulata 
not the globus pallidus internus, indicating a crucial role of the basal ganglia 
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in orienting processes (Takikawa et al., 2002; Chen et al., 2013; Manohar et 

al., 2015). The caudate nucleus, involved in cognitive functions, also controls 

saccadic eye movement and encodes reward values for visual targets via 
dopaminergic inputs (Kim and Hikosaka, 2015). Neurophysiologically, 
saccades follow a pause in tonic firing of a group of neurons in the substantia 

nigra pars reticulata (SNr), thus removing inhibition on the superior colliculus 
(Hikosaka, 1989). Saccades are faster towards objects of greater value and 

their directions highly influenced by the location of rewarding stimuli 
(Takikawa et al., 2002; Hayhoe and Ballard, 2005; Nakamura and Hikosaka, 

2006; Hikosaka, Nakamura and Nakahara, 2019). Evidence from animal 

studies suggest a role of the caudate nucleus- SNr- superior colliculus-
pathway in orienting the eyes towards reward (Lauwereyns et al., 2002; Sato 

and Hikosaka, 2002; Takikawa et al., 2002). In the presence of an 

advantageous/rewarded goal, we aim to reach reward as soon as possible, 
leading to an improvement in saccadic performance when incentives are 

offered (Duka and Lupp, 1997; Manohar et al., 2015, 2018; Muhammed et al., 

2018). While this is the case for healthy people, disorders that alter reward 
processing (e.g., PD, ADHD, schizophrenia) produce altered saccadic 

patterns and may show slower saccades and diminished reward sensitivity 
(Michell et al., 2006; Reilly et al., 2008; Fried et al., 2014; Manohar et al., 2015). 

These were fairly surprising findings, given saccades were thought to be 
following the “main sequence” describing a rigid relationship between peak 

velocity and amplitude (Bahill, Clark and Stark, 1975). A recent study looking 
into saccade trajectories has found that one of the reasons that the speed-

accuracy trade-off can be overcome might be an improved signal-to-noise 
ratio through strengthening negative feedback mechanisms, thus, increasing 

robustness of the neural signal through reward (Manohar et al., 2018). This 

effect is diminished in PD patients, who showed less reward sensitivity on the 
same task which may be linked to dopamine dysregulation (Manohar et al., 

2015). 

As a consequence, saccades can, indeed, provide an important insight into 

the mechanisms behind these observations and have been used to 
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investigate reward-related behaviour for decades (Leigh and Zee, 1999).. 

Human and animal research using saccades has demonstrated that 

oculomotor properties such as saccadic velocity, accuracy and reaction time 
can be modulated by incentives (Sato and Hikosaka, 2002; Takikawa et al., 

2002; Nakamura and Hikosaka, 2006; Hickey and van Zoest, 2012; Tachibana 
and Hikosaka, 2012; Chen et al., 2013, 2014) and allow to indirectly quantify 

processes of motor and cognitive control. Saccadic latency, e.g., does not 
only reflect visual processing but also decision-making processes and is, 

therefore, highly dependent on the task properties (e.g., prosaccades vs. 
antisaccades). 

Patients with certain diseases can show saccades that differ from the normal 
main-sequence plots in a specific way, making them a useful diagnostic tool 

(Jazbec et al., 2005). PD, e.g., has been repeatedly reported to show 

hypometric saccades, especially when made to remembered targets 
(Shaunak et al., 1999; Armstrong et al., 2002; Fried et al., 2014). The observed 

hypometria and reduction in peak velocity in PD patients was also shown to 

improve on dopaminergic therapy (Anderson and MacAskill, 2013) confirming 
a dopaminergic mechanism. Pharmacological studies using haloperidol in 
healthy controls showed a slowing of saccades (velocity) after haloperidol, 

they did not comment on amplitude size, though (Lynch et al., 1997). In 

unpublished data on the effect of cabergoline on saccadic amplitudes in 
healthy volunteers, there was no effect of drug on amplitude size. Cabergoline 

increased reward sensitivity while decreasing motor vigour (velocity) 
specifically in low/no-reward conditions (Manohar, 2014). 

 
In summary, eye tracking data including saccades, eye blink rates (EBR) and 

pupillometry have been used to assess brain function and cognition for many 
years (Montastruc et al., 1989). Recently the extent of pupil modulation has 

also been used to quantify reward sensitivity (Manohar and Husain, 2015; 
Muhammed, Manohar and Husain, 2015). This indicates that eye tracking in 

combination with EBR and pupillometry may aid to assess processes 
underlying motivation and cognitive control. 
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1.6. Reward and reward valence 

Goal-directed behaviour is guided by the possibility of obtaining reward or 
avoiding negative outcomes respectively. This means, we adapt our 

behaviour in order to receive reward or avoid punishment. Successful 

punishment avoidance can, depending on the context, similar to reward, 
acquire an absolute “positive value”, thus, reinforce a response (Palminteri et 

al., 2015). Significant research efforts have focused on the effect of incentives 

of positive valence on behaviour, less on penalty avoidance, and even fewer 
have examined both conditions together in the same task. As reviewed by 

Bissonnette et al., anatomical correlates for both appetitive and aversive 
stimuli have been identified in both human and animal literature (Bissonette 

et al., 2014). Here midbrain dopaminergic neurons projecting to the striatum 

and the orbitofrontal cortex have been implicated in signalling incentives of 
positive valence (Hollerman, Tremblay and Schultz, 2000; O’Doherty, 2004; 

Delgado, 2007; Haber and Knutson, 2010), while amygdala and anterior insula 
are activated during the processing of aversive stimuli (LeDoux, 2000; Craig, 

2002, 2009; Davis et al., 2010). Reflected by the big variety of results in 
behavioural data, both incentive types have, however, also been linked to 

activity in the regions implicated in processing of incentives of the opposite 
valence (Everitt et al., 2003; Jensen et al., 2003; Delgado et al., 2008; Liu et 

al., 2011). In addition to those areas, the VTA was also found to be involved 

in the signalling of incentives of both valences (Carter et al., 2009). 

 
Behavioural data have shown that motivation through reward was found to 

improve saccadic performance (accuracy and velocity) (Takikawa et al., 2002; 

Chen et al., 2014; Manohar et al., 2015; Reppert et al., 2015). This effect was 

also observed for both appetitive and aversive incentives (Jazbec et al., 2005, 
2006). Indeed, penalty and reward conditions were both shown to increase 

motor vigour when reward outcome was contingent (performance dependent) 
(Manohar et al., 2017). There is an extensive body of evidence for the role of 

dopamine in reward-related behaviour and positive motivation (Griffiths, 

Lieder and Goodman, 2015; Holroyd and McClure, 2015; Verguts, 2017). 
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However, less is still known about the role of dopamine in signalling aversive 
stimuli and the available findings are inconsistent (Kim and Hikosaka, 2015), 

sparking a discussion about the mechanisms behind motivation through 
incentives of different valence. In fact, investigating incentives of different 

valence using saccades has just recently received more attention. 
Clinical observations in this context go back to the loss aversion theory 

(Kahneman and Tversky, 1979) many years ago, suggesting stronger 
reactions to losses than gains. Even further back, the report of “kinesia 

paradoxa” by Souques (1921) showed that PD patients seemed to be able to 
improve motor performance dramatically when “motivated sufficiently”, a 

phenomenon that has been reported repeatedly since. Often these incentives 
were of aversive value and patients would exert effort in order to avoid harm 

or danger. A more recent observation was that PD patients “OFF” their 
medication were more likely to learn from negative reinforcement than from 
positive (Frank, Seeberger and O’Reilly, 2004) pointing towards a link 

between incentives and dopamine which seems to be stronger for appetitive 
stimuli. 

 
Task designs, where three conditions were used, e.g., ”loss”, “nil” and “win”, 

allowed to investigate whether activation signals in specific brain regions 
were likely to represent “value” (which would be biggest for win and smallest 

for loss trials) or, indeed, “salience”, for which both “loss” and “win” trials 
would elicit a greater activation than neutral trials (Bissonette et al., 2014). 

The value based cognitive control (VBCC) framework leads to the expectation 

that while appetitive incentives increase cognitive control, aversive incentives 
should decrease it (Galea et al., 2015). This theory contrasts with more recent 

findings showing either stronger effects of monetary reward when compared 

to loss on both reaction time and accuracy or reports of no difference 
between the two at all (Camerer and Hogarth, 1999; Richter et al., 2013; 

Carsten et al., 2019). This was also supported by evidence of increased effort 

for incentives of both valences, as measured by fMRI and EEG (Dambacher, 
Hübner and Schlösser, 2011; Potts, 2011), although even functional imaging 

did not show uniform results. Some fMRI studies found that reward and loss 
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anticipation have common neural substrates (striatum, thalamus, insula and 
amygdala) (Braem, Duthoo and Notebaert, 2013; Makwana, Cubillo and Hare, 

2019), while others point to different brain regions being involved in reward 
signalling for incentives of different valence (Hikida et al., 2010; Krawczyk and 

D’Esposito, 2013; Jiang, Kim and Bong, 2014; Kim et al., 2016). Effects might 

also be specific to task complexity, where reward seems to increase brain 
activity in task-relevant regions during highly demanding attention trials, while 

aversive stimuli did so across all trial types, shown by shorter reaction times 
on gain trials than on loss trials pointing towards increased allocation of 

resources for the duration of the entire block of trials rather than for a single 
trial in the presence of aversive stimuli (Oldham et al., 2018). Similar 

behavioural findings on incentives of both valences would be in favour of 

theories suggesting that both appetitive and aversive stimuli have a 
comparable motivational salience (Paschke et al., 2015), thus, enhancing 

performance independent of their value. This was also suggested by 
Bissonette et al. proposing that incentives of different valence are translated 

into a net motivational value influencing cognitive control (Bissonette et al., 

2014). In contrast, data have been published where reward improved motor 
and cognitive performance in a learning task, but punishment only showed 

an enhancement in motor performance (Yee et al., 2015), while others 

reported accelerated learning in order to avoid punishment (Galea et al., 
2015). Similarly, reward has been associated with increased activity in 

dopaminergic frontostriatal circuits (O’Doherty, 2004; Shiner et al., 2012), 

while punishment led to changes in activity in both the striatum and the insula 
(Jensen et al., 2003; Tom et al., 2007; Palminteri et al., 2012). 

 

The great variety of findings might be explained in parts by the individual 
sensitivity to incentive values (Yee and Braver, 2018), personality traits (e.g., 
anxious, confident) as well as affect and gender on performance outcome 

under aversive stimuli (Galea et al., 2015). To account for these individual 

differences and their potential effects on overall performance in general and 
reward sensitivity more specifically, two questionnaires will be used later in 

this thesis. Firstly, the apathy motivation index (AMI), adapted from the Lille 
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Apathy Rating Scale (LARS), was found to be a reliable tool to assess apathy 
in PD (Ang et al., 2017) and has also been used to measure intrinsic motivation 

in otherwise healthy controls. Since some of the tasks in this thesis require 

inhibitory processes, the second questionnaire included was the UPPS-P 
rating scale, a measure for an individual’s impulsivity trait (full questionnaires 

see appendix). 
 

The idea that different subgroups of dopamine neurons signal motivational 
value, while another population encodes motivational salience, however, has 

recently been introduced and could also account for the inconsistent findings 
(Sakuragi and Sugiyama, 2009; Robinson et al., 2010; Chiew and Braver, 

2011). The exact mechanisms underlying reward and punishment anticipation 

and processing, ultimately, remain to be further investigated and might carry 
critical therapeutic implications for patients with dopamine dysregulation. 
 
 

1.7. Drug effects in disease and in health 

1.7.1.  Dopamine depletion and PD 
PD, probably the most thoroughly studied movement disorder, is 
characterised by nigrostriatal degeneration. It is associated with a variety of 

motor and non-motor symptoms that have mainly been associated with 
dopaminergic dysregulation, although other neurotransmitters, e.g., 
acetylcholine, noradrenaline and serotonin are also thought to be involved 

(Baloyannis, Vassiliki and Baloyannis, 2005; Remy et al., 2005; Bohnen et al., 

2006; Guttman et al., 2007; Delaville, De Deurwaerdère and Benazzouz, 

2011). Whilst it is long known that dopamine replacement therapy improves 
motor performance in PD (Cotzias, Van Woert and Schiffer, 1967; Cotzias, 

Papavasiliou and Gellene, 1969), psychiatric comorbidities such as anxiety 
and depression have also been linked to dopamine depletion in the limbic 

system (Remy et al., 2005). Dopaminergic treatment strategies are in fact 
suggested for the treatment of depression in PD (for review, see Chaudhuri 

and Schapira, 2009; Leentjens, 2011). This also led to the observation that 
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dopaminergic therapy could at least partially restore reduced reward 
sensitivity and apathy in a patient with bilateral globus pallidus lesions (Adam 

et al., 2013). In contrast, dopamine has also been found to have somewhat 

detrimental effects on cognitive control on some patients (for details, see 

section 1.3). Pharmacologically, drugs like levodopa and dopamine agonists 

have been found to increase receptor stimulation in the dorsal striatum 
(Connolly and Lang, 2014). 

 
Different effects of dopamine replacement therapy in the context of learning 

from reward and penalty have been reported. Patients “ON” dopamine 
agonists were better in choosing symbols associated with a high probability 

of reward but worse in avoiding those with low probability. “OFF” medication, 
however, they showed the opposite pattern. This led to the interpretation that 
learning by reward is enhanced “ON” medication, while learning by penalty is 

better “OFF” (Frank, Seeberger and O’Reilly, 2004). Similarly, dopamine 
agonists were found to enhance novelty seeking and reward processing, 

while it disrupted punishment processing in a cohort of young PD patients 
(Bódi et al., 2009). However, these findings were not reliably reproduced 

(Grogan et al., 2017; Manohar, 2020). Saccadic amplitudes known to be 

hypometric in PD, improved with a single dose of levodopa (Montastruc et al., 

1989), prosaccades were, however, slowed down by it, when compared to 
the same cohort “OFF” drugs (Michell et al., 2006a). Another cohort was 

found to improve accuracy of antisaccades when “ON” their usual levodopa 

treatment dose (Hood et al., 2007). Parkinsonism induced by neuroleptic 

treatment in some patients with no previous history of movement disorders 
have been reported, suggesting a potential role of genetic susceptibility (Erro, 

Bhatia and Tinazzi, 2015).  
 
But how could we predict an individual patient’s reaction to dopaminergic 

replacement therapy? In order to dissect the role of dopamine in different 
domains of motor and cognitive control without having to account for 

confounding effects driven by disease pathologies, healthy controls seem to 
be a promising avenue to investigate the effects of (anti-) dopaminergic drug 
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manipulation. These studies allow to further dissect the huge variety of 
findings in both motor and cognitive control processes. 
 

1.7.2.  Pharmacological manipulation in health- what is 

already known? 

Administration of (anti-)dopaminergic drugs to young, healthy participants 

allows to assess the effect of exogenous dopamine and how it 
improves/disrupts specific brain functions in a cohort, presumably dopamine 

replete. Results are, therefore, expected to be less confounded by ageing, 
comorbidities and previous dopaminergic therapy or regional pathological 

differences in dopamine relative to normal state (e.g., nigrostriatal vs. 
mesolimibic dopamine depletion in PD). There have been a number of studies 
using different dopaminergic and antidopaminergic drugs investigating their 

effect on behaviour in healthy controls, however, fewer are available 
comparing the effects of dopaminergic and antidopaminergic medication in a 

within-subject design. Since our study discussed in Chapter 3 will use 

levodopa and haloperidol the main focus here will be to summarise findings 

from these two drug manipulations (for review, see Reilly et al., 2008). 

Levodopa increased the speed of button press responses (reaction time) 
towards reward but not when avoiding punishment trials (Guitart-masip et al., 

2012). It also increased learning speed, retention (Knecht et al., 2004) and 

restored decision-making processes of older adults to the level of young 
adults (Chowdhury et al., 2013). A higher proportion of risky choices for 

potential gains but not losses in an economic risk-taking task, which they 

described as “increased Pavlovian approach” (Rutledge et al., 2015) were 

reported. Of special interest for this thesis, healthy participants on levodopa 
showed an increased frequency of high probability gain but not loss choices 

when compared to haloperidol in an instrumental learning task (Pessiglione 
et al., 2006). In terms of studies on saccades, levodopa was found to 

decrease the number of correct antisaccades (Duka and Lupp, 1997). The 
absence of an effect of haloperidol on saccadic peak velocity was reported 

by King et al. (King and Bell, 1990), while the presence thereof in form of a 
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dose-dependent slowing of prosaccades after higher doses of haloperidol 
(4mg and 6mg) was found by others (Lynch et al., 1997). Haloperidol was 

surprisingly not shown to increase saccadic latency in the same study. It was, 

however, found to increase go learning from positive reinforcement through 
postsynaptic action (Frank and O’Reilly, 2006) but decrease correct 

somatosensory judgements (Pleger et al., 2009). 
 

1.7.3.  Pupillometry 

“Attention is the process of optimising precision” (Friston, 2010). Eye tracking 
data including measuring saccades but also EBR and pupil size have been 

used to assess brain functions like attention and cognitive load in the past 
(van Reekum, Stuss and Ostrander, 2005; Fried et al., 2014; Eckstein et al., 

2017). Previous evidence also suggests that pupillometry may be a helpful 
tool to objectively measure reward-processing and the influence of reward-

related motivation on attention and cognitive control (Chiew and Braver, 
2013). Reward as well as reward expectation have been shown to modulate 

pupil size (Delaville, De Deurwaerdère and Benazzouz, 2011; Manohar and 
Husain, 2015; Manohar et al., 2017), showing that changes in pupil size are 

greater in response to incentives than in unrewarded conditions. Changes in 

pupil diameter following incentives might help to understand goal-directed 
behaviour and has recently been used to explore motivation and reward 

sensitivity in pathologies such as PD. Patients diagnosed with PD showed 
reduced pupil response to reward when “OFF” medication, while 
dopaminergic medication restored their reward sensitivity (Manohar and 

Husain, 2015). Pupil size also provides important insights into cognitive 
processes and arousal and how they may influence pupil diameter (Lehmann 

and Corneil, 2016). The exact mechanisms in which both dopamine and 
noradrenalin are involved in controlling pupillary and cognitive processes, 

however, remain elusive. The suggested anatomical correlate may be 
noradrenergic locus coeruleus projections originating in the pons (Aston-

Jones and Cohen, 2005).  
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The identified relationship between pupil size, attention and reward sensitivity 
opens a unique avenue for objectively measuring non-motor symptoms like 

apathy in patients suffering from dopamine depletion, e.g., and may allow to 
identify patients more vulnerable to developing ICDs on dopamine agonists 

by potentially using it as a proxy for “baseline” dopamine levels. Due to the 
lack of available biomarkers, clinicians currently need to rely on binary, 

subjective questionnaire scores for this that do not reflect the dynamic 
processes during reward anticipation and decision-making. 

 
 

1.8. Conclusion 

In summary, apart from the basal ganglia’s well-studied role in 
musculoskeletal movements, they are of key importance in cognitive 

processes and are involved in the suppression or initiation of saccadic eye 
movements (Hikosaka 1989). The planning and execution of purposeful 

movements are dependent on a number of behavioural inputs (e.g., working 
memory, learning, attention, and motivation and reward expectation) which 

influence basal ganglia signalling (Hikosaka, Takikawa and Kawagoe, 2000). 
This makes eye movements a powerful tool to investigate basal ganglia 

mechanisms involved in motor and cognitive control in the context of 
motivation. 

By exploring how oculomotor properties are influenced by dopamine and 

motivation, I seek to shed light on the underlying neural pathways responsible 
for motor and non-motor symptoms in diseases characterised by 

dopaminergic imbalance. To further investigate the role of dopamine in motor 
control and action selection/decision making, a number of novel and 
established tasks will be used in this thesis. This involves assessing the 

influence of incentives of different valence (reward, penalty) on motivation, 
saccadic eye movements and working memory, as well as the impact of 

sub/supra-normal dopamine levels on the two. In the third part of the thesis, 
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I will investigate the role of mesocorticolimibic dopamergic pathways in 
reward-related behaviour and working memory more specifically. 

 
 

1.9. Outline of study 

1.9.1.  Chapter 2 
In the first experimental chapter I investigated how saccadic properties of 
healthy volunteers are influenced by incentives in three different saccadic 

paradigms of which two are novel. For the first paradigm the expectation was 
to replicate Manohar’s findings of improved saccadic performance in a task 

requiring avoiding an early distractor in unrewarded trials as well as in the 
presence of two different levels of monetary reward. Pupil response to 

anticipated reward was also recorded as an additional measure of reward 
sensitivity. The second paradigm assessed the effect of a varying number of 

choice alternatives on internally triggered saccades and the effect of reward 
anticipation and penalty avoidance on performance therein. This allows to 

infer what effect increasing uncertainty has on the costs of cognitive control, 
potentially shifting the cost/benefit ratio. The third paradigm assessed 

different levels of memory load and recall delay on memory-guided saccades 
in the presence of reward and penalty. This paradigm was designed to assess 

the effect of a shift in signal-to-noise ratio (delay, memory load) on 
motivational control of motor vigour and memory precision. 

 

1.9.2.  Chapter 3 
As dopamine has been found to modulate the desirability of a goal and reduce 
the amount of effort perceived, in the following chapter I repeated all three 

saccadic paradigms described above and investigated the effect of different 
dopaminergic levels on task performance. This was done by adding external 

pharmacological manipulation (levodopa, haloperidol). The placebo-
controlled, within-subject study design allowed the interpretation of higher 

and lower than normal dopaminergic levels and their effects on saccadic 
performance. A special focus was given on the effects of different dopamine 
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levels on motivational processes driven by both appetitive and aversive 
incentives. This may possibly allow to dissect the mechanisms of dopamine 

and serotonin in different reward valences. At the end of this chapter, I also 
discussed additional measures of reward sensitivity recorded during this 

study, namely, pupillometry data and spontaneous eye blink rate and match 
saccadic results with self-reported measures of personality traits. 

 

1.9.3.  Chapter 4 
Eleven patients with ventral tegmental area deep brain stimulation (VTA) were 
recruited at the National Hospital for Neurology and Neurosurgery (NHNN) for 

this study and completed the saccadic double-step paradigm (previously 

introduced in section 2.1). This allowed for the modulation of 

mesocorticolimbic dopamine specifically and aimed to answer whether DBS 
stimulation (“ON” vs. ”OFF”) within the VTA has an effect on oculomotor 

properties, distractibility and reward sensitivity assuming it may potentially 
alter (increase?) dopamine activity therein. 
 

1.9.4.  Chapter 5 
In the final experimental chapter, the link between dopamine and working 
memory, being a key component of goal -behaviour, was further explored. 

Using a tablet-based working memory task, localisation and identification 
performance was examined in, firstly, the same group of healthy volunteers 

described in Chapter 3, on either placebo or a single dose of Madopar and 

haloperidol and, secondly, in the cohort of VTA-DBS patients described in 

Chapter 4 “ON” and “OFF” their stimulation. This paradigm was chosen to 

shed light on the effect of sub/supra-normal dopamine in the striatum and 

prefrontal cortex on working memory precision. 
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2. Influence of motivation on saccadic 
performance in healthy volunteers 

 

2.1. Task I: Effect of incentives on avoiding an 

early distractor 
 

2.1.1.  Background and hypothesis 
Distraction can be both beneficial and detrimental depending on the 

circumstances. Evolutionarily, reacting to prey or predators fast was of great 
importance for survival (Shelley-Tremblay and Rosén, 1996). More generally, 

orienting to a distractor is only beneficial if the danger of ignoring it is greater 
than the gains from continuing with the current goal. This is because 
distraction comes at the cost of neglecting an ongoing task in a limited 

capacity system. This limitation may be due to different ongoing tasks sharing 
the same pathways within the network, necessitating control mechanisms to 

operate (Shenhav et al., 2017). It is, however, discussed whether the limited 

capacity for control mechanisms may actually reflect the purpose of control 
itself rather than a disadvantageous limitation (Shenhav et al., 2017). 

Optimising this trade-off may, hence, be critical for survival depending on the 

circumstances. 
 
Cognitive control processes can be measured by involuntarily evoked 

saccades to a distractor termed “oculomotor capture errors” (Ding and 
Hikosaka, 2007; Milstein and Dorris, 2007; Anderson, Laurent and Yantis, 

2012; Theeuwes and Belopolsky, 2012). A recent paper by Manohar et al. 
(Manohar et al., 2015) revealed the effect of motivation on saccades and 

distractor avoidance using an incentivised variant of the double-step 
paradigm. Due to the paradigm’s setup it allows to assess saccadic curvature 

towards the distractor location as a measure of distractor pull and its reward 
sensitivity to low and high monetary reward incentives (Hickey and van Zoest, 

2012; Schütz, Trommershäuser and Gegenfurtner, 2012; Theeuwes et al., 

2016). Collecting data from healthy controls they found an increase in 
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saccadic peak velocity, a decrease in reaction time as well as reduced 
distractibility (distractor pull) when reward was on offer (Manohar et al., 2015). 

These findings were intriguing in a few ways. (1) It challenged the long-

established speed-accuracy trade-off, (2) underpinned the sensitivity of 

attention towards rewards and (3) found saccades, traditionally thought of as 

ballistic movements and, therefore, not susceptible to feedback signals, to 
be modulated by reward. To explain these findings, they introduced a “cost 
for controlling intrinsic neuronal noise” into the standard optimal control 

theory, which they hypothesised is reduced by reward and thereby leads to 
an improvement in performance across apparent limits (speed-accuracy 

trade-off) (Salamone, 2002). These effects, likely mediated by dopamine, had 
been shown to increase response vigour (Niv et al., 2006; Beierholm et al., 

2013) and were also looked at in PD, a condition well-known to involve 

dopaminergic deficits. In this cohort reduced reward sensitivity of motor 
vigour but maintained levels of accuracy were found (Manohar et al., 2015). 

These findings were in line with previous research which had shown 
diminished accuracy and increased errors for matched velocities in PD (Rand 

et al., 2000; Joti et al., 2007; Mazzoni, Hristova and Krakauer, 2007) 

supporting their theory. It is hypothesised that dopamine depletion spares the 
“liking” of rewards while reducing the willingness to exert effort in order to 

reach them (Salamone, 2002), potentially due to a higher “energetic cost” of 
the movement (Mazzoni, Hristova and Krakauer, 2007). More recently 

pupillometry has been suggested as an additional tool to, objectively, but 
more importantly dynamically, measure reward processing and the influence 

of reward-related motivation on attention and cognitive control (Chiew and 
Braver, 2013). Reward as well as reward expectation have been shown to 

modulate pupil size (Delaville, De Deurwaerdère and Benazzouz, 2011; 
Manohar and Husain, 2015; Manohar et al., 2017), showing that changes in 

pupil size are greater in response to or expectation of rewards when 
compared to unrewarded conditions. 
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In the first part of this experimental chapter, I will repeat the same experiment 
published by Manohar et al. with a cohort of young healthy volunteers 

collecting data on saccadic properties and subsequently matching them with 
their pupillometry data on reward sensitivity. These data will serve as baseline 

data for a later study (Chapter 3), which will explore the role of 

pharmacologically altered dopamine levels in healthy volunteers on the same 

task. 
 

2.1.2.  Demographics  
Sixteen healthy volunteers, of which 7 were female and 9 were male, were 

recruited through a departmental online recruitment pool (Demographics, see 

Table 2.1). All participants were right-handed. Pre-screening was conducted 

via telephone or email. Exclusion criteria for participation were as follows: (1) 

Age <18 years or >60, (2) significant cognitive impairment (MMST <22/30), 

(3) pre-existing psychiatric illnesses or (4) neurological conditions, (5) 

concurrent treatment with centrally acting drugs or use of recreational drugs 
in the last month (self-reported). 

The study was approved by the local Research Ethics Committee at 

University College London (project ID number: 9125/001) and conducted at 
the UCL Institute of Neurology. All participants gave written informed consent 

in accordance with the Declaration of Helsinki. Eligible subjects were asked 
to attend on one occasion to complete one eye tracking paradigm. 

 

 

 

 

 

Demographic data 
age 28.67 years 
SD ± 5.94 years 
female 7 
male 9 

Table 2.1 Demographics – Double-step paradigm 
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2.1.3.  Eye tracking setup 

Participants were seated in front of an LCD monitor (resolution 1280 x 800 

pixels, 75Hz), their heads positioned in a head and chin rest at a distance of 

60 cm from the screen (Figure 2.1). Stimuli appeared on the screen, 

controlled by MATLAB and Psychophysics Toolbox while eye movements 
and pupil size were recorded by the SR Eyelink 1000 Hz infrared eye tracker. 

Eye movements were parsed online by the Eyelink PC and these data sent to 
the presentation PC to provide trial-by-trial feedback to the participant. 

Randomised 9-point calibration was performed at the beginning of each 
experiment. Auditory cues were played over speakers attached to the 

monitor. This general setup remained unchanged and will apply to all other 
eye tracking paradigms discussed in this and the next chapters. 

 

 
2.1.4.  Eye tracking paradigm 

Three equidistant grey circles were displayed in front of a black background 
on the monitor and participants were asked to fixate on the disc lighting up 

white (= fixation point) (Figure 2.2). Once fixation on the initial disc was 

confirmed by the eye tracker, an auditory cue announced the maximum 

Figure 2.1 Eye tracker setup: The head and chin rest (on the left) was placed 60 cm away 

from the computer monitor (on the right) which was equipped with an infrared eye tracking 

camera (SR Eyelink 1000). Speakers were attached to the bottom of the monitor displaying 

auditory cues. 
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monetary reward on offer for each trial (“0p, 10p or 50p maximum”). 
Participants were instructed to look from the fixation point to a subsequently 

illuminated target disc (yellow) as fast and accurate as possible while ignoring 
the distractor disc which was illuminated shortly before the onset of the target 

disc. The distractor appeared following a random foreperiod of 1400, 1500 or 
1600 ms after fixation on starting point was confirmed. The distractor-target 

interval varied between 40 and 120 ms. After the gaze reached the target, 
participants received feedback on how much reward they earned (details on 

reward calculation, see section 2.1.6). The task consisted of 2 blocks with 

each 54 trials plus 10 practice trials at the beginning, the latter having been 

excluded from the analysis. 

 

 

 

Figure 2.2 Double-step paradigm- experimental setup: At the beginning of each trial 3 discs 

(two grey, one white) were displayed on a black screen, each 4° in diameter (visual angle). 

The white disc represented the initial fixation point. An auditory cue announcing the reward 

level (0p, 10p or 50p maximum) was followed by a variable foreperiod of 1400-1600ms. A 

distractor lightened up first and after 40-120ms was followed by the illumination of the final 

target. The distance between the discs was 11.4° (visual angle). The participants were 

asked to ignore the distractor and elicit a saccade from the fixation point to the final target 

as fast as they could. On reaching the target they received feedback on how much reward 

they earned. 

 

Confidential

1400-1600 ms

5p

40-120 ms

Incentive 
levels

Distractor Target RewardForeperiod
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Figure 2.3 Double-step paradigm: Example of eye movements of two subjects completing 

the task (left: ~10% of trials incorrect; right: ~50% of trials incorrect); On both illustrations 

the right bottom circle represents the target, the top circle the distractor. For the graphical 

illustration saccadic directions have been rotated resulting in the fixation point being at the 

left bottom circle for all trials on this figure. 

 
2.1.5.  Eye tracker data handling 

The data extracted were parsed into saccades using criteria on velocity of 

30°s-1, and acceleration > 8000°s-2  (Figure 2.3). Saccadic reaction times were 

calculated as the time from distractor onset until the threshold defined above 
was exceeded. Saccades were classified as correct if the saccadic endpoint 

of the first saccade complying with above criteria was closer to the target 
than the distractor. The proportion of oculomotor capture errors, saccades 

that landed closer to the distractor location than the target, was used as an 
index of distractibility. For correct trials (endpoint closer to target than 

distractor), the peak velocity was calculated using 4ms windows from 
saccade onset to termination, discarding any speeds greater than 900°/s and 

smaller than 100°/s and any saccades during which tracking was lost. To 
factor out the effect of amplitude size on saccadic peak velocity (main 

sequence), a linear regression between amplitude size and peak velocity was 
performed and statistical analysis was subsequently carried out on the 

calculated peak velocity residuals. Saccadic amplitudes were defined as the 
distance (visual angle in degrees) between fixation point and the endpoint of 
the first saccade registered fulfilling above criteria. Amplitudes smaller than 
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1° and bigger than 20° were discarded. Amplitude variability was calculated 
as the standard deviation of saccade amplitudes and used as a measure of 

endpoint variability. The departure angle of the saccade, defined as the 
direction the saccade is heading in at the start of its trajectory (when it leaves 

the 0.83° (= 30 px) radius of the starting point), was used to assess distractor 
pull, indicating the level of distractibility on this trial. Its unit is a number 

between 0 and π/3 where 0 represents the direction towards the target and 
π/3 is the direction pointing towards the distractor. A summary of the units 

and calculation of all variables used in this chapter can be found in Table 2.2. 

 

 

Table 2.2 Double-step paradigm: Overview of parameters used to assess saccadic 

properties in the next chapters and their units. 
 

Pupil size was recorded from all participants throughout this task by the SR 
Eyelink 1000 and was measured in arbitrary eye tracker units. Pupillary 

Measures Units/Description  
Peak Velocity Degrees/second (°/s); 4ms windows from 

saccade onset to termination 
Residual Peak Velocity Degrees/second (°/s); Velocity residuals 

after regressing out amplitude size 
Amplitude  Degrees (°); Distance (visual angle) from 

saccade onset to termination 
Amplitude Variability Degrees (°); Standard deviation of 

amplitude 
Reaction Time Milliseconds (ms); time between 

distractor onset and reaching saccadic 
threshold (velocity of 30°/s, acceleration 
> 8000°s-2 and amplitude >1°) 

Proportion of Oculomotor 
Capture 

Percentage (%) of trials where endpoint 
was closer to distractor than target 

Departure Angle  Angle measured in a frame where angle 
of zero is correct (towards target), and 
positive values are increasingly toward 
the distractor; a value of π/3 represents 
the direction of the distractor 
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change was calculated as the mean proportional change of pupil size 
between the time 1200-1400ms after auditory cue onset relative to pupil size 

before cue onset. Pupillary reward sensitivity was defined as the mean 
pupillary diameter change as a response to rewarded trials versus 

unrewarded conditions and which set pupil change at 0p to zero (0p-0p; 10p-
0p; 50-0p). Greater change in diameter indicated higher reward sensitivity. 
 

2.1.6.  Reward calculation and feedback 

Participants received feedback on how 
much money they earned at the end of 

each trial. The reward amount was 
displayed in p (pence) inside the target 

disc after the target was reached. This 
was accompanied by a bell sound if the 
reward earned was higher than 10p and a 

cash register sound if it was higher than 
30p. The reward was calculated as a 

proportion of the maximum amount 
announced at the beginning of the trial 

and was dependent on the participants’ 
performance. It was calculated according 

to the reaction times of the participants’ 20 previous trials using an 

exponential fall-off function (Figure 2.4). This ensured all participants 

experienced similar reward feedbacks and aimed to allow for potential 
fatigue effects during the task. Reward was calculated as below: 
 

 
Where R is reward for the current trial, t is the time taken to reach the target, 

Rmax is the maximum reward available on the specific trial, and τ1 and τ2 are 
adaptive reward criteria. These were adjusted using the last 20 trials of the 

participant keeping 10% of trials faster than τ1 and 30% of trials slower than 

Figure 2.4 Reward calculation- 
exponential fall-off (adapted 
from Manohar et al 2015) 
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τ2. This was done to ensure that each participant experienced the full range 
of reward feedback independent of their baseline performance. This reward 

calculation also remains valid for all further incentivised tasks in this thesis. 
 

2.1.7.  Statistical analysis 

A mixed linear model was used to analyse the effect of reward on the 

variables listed above (Table 2.2). This was done with R’s nlme package as 

well as SPSS using a restricted maximum likelihood ratio (general linear 

model, see Table 2.3). Comparing different models using the Chi-square test 

and taking our research questions into account, data analysis was eventually 

performed using a random intercept model to account for each participant’s 
individual baseline performance. Reward was used as a linear within-subject 

factor. Residual plots were plotted to check for normal distribution. The alpha 
level was set at 0.05. 

 

R lmer (var ~ reward + (1 | ID), data) 

SPSS MIXED var BY reward 
 /CRITERIA=DFMETHOD(SATTERTHWAITE) CIN (95) MXITER 
(100) MXSTEP (10) SCORING (1) 
   SINGULAR (0.000000000001) HCONVERGE (0, ABSOLUTE) 
LCONVERGE (0, ABSOLUTE) PCONVERGE (0.000001, 
ABSOLUTE) 
  /FIXED= reward | SSTYPE (3) 
  /METHOD=REML 
  /RANDOM=INTERCEPT | SUBJECT (ID) COVTYPE (VC). 

Table 2.3 Double-step paradigm: Model used for statistical analysis in R and SPSS 

respectively. The placeholder “var” represents the variable of interest in the analysis (i.e., 

peak velocity). 

Statistical analysis for pupil reward sensitivity was performed using the same 

mixed linear model (see Table 2.3). Reward was again defined as a linear 

factor (0p -10p -50p) and means of proportional pupil change per subject per 

reward condition were used. Results reported were retrieved from the R 
analysis. 
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2.1.8.  Results 

2.1.8.1. Reward improved accuracy and distractibility 
Participants showed a reduced proportion of oculomotor capture errors when 

they were incentivised (Figure 2.5 (A)). The proportion of trials where 

saccadic endpoints were closer to the distractor than the target was 

significantly smaller on rewarded trials (F (1, 31.00) = 7.45 p= .005, β= -8.6% 
(2.92)). Improved distractibility, reflected by the departure angle of saccades 

as a measure of distractor pull, was also noted. Significantly fewer saccades 
were initiated heading in the direction of the distractor on rewarded trials 

when compared to the “0p- conditions” (F (1, 1876.4) = 5.97 p= .015, β= -
0.08 (0.032). These findings may suggest improved cognitive control through 

motivation (Figure 2.5 (B)). 

 

 

 

2.1.8.2. Reward increased peak velocity  

Although, following the speed-accuracy trade-off, the assumption could have 

been to find slower saccades in the presence of greater accuracy, as 

Figure 2.5 Double-step paradigm: (A) Proportion of trials with saccadic endpoint closer 

to the distractor than the target (= oculomotor capture). (B) Departure angle: Saccadic 

trajectory at beginning of the saccade (target (= 0), distractor (= π/3)). There was a 

significant main effect of reward on both parameters improving overall performance. 



 

 57 

previously reported by Manohar et al. (Manohar et al., 2015), my findings also 

reflected that motivation increased saccadic peak velocity (F(1, 1352.2) = 

43.57, p< .001; β= 29.78°/s (4.52), Figure 2.6 (A)). This also held true after 

regressing out the effect of amplitude size according to the main sequence 

(Figure 2.6 (B)). Residual peak velocity remained reward sensitive resulting in 

faster saccades on rewarded trials (F (1, 1371.0) = 28.58, p< .001; β= 32.24°/s 
(6.04)). 

 

 

2.1.8.3. Amplitude size did not change with incentives 
There was no main effect of reward on amplitude size (F (1, 1356.0) = 0.37, 

p= .54) and despite amplitude variability being slightly reduced on rewarded 
trials, this did not reach significance (F (1, 31.16) = 2.89 p= .099). 

 

2.1.8.4. Reward decreased reaction time 

Participants had significantly reduced reaction times on rewarded trials when 
compared to unrewarded trials (F (1, 1351.5) = 7.34 p= .006; β= -13.24ms 

(4.88) (Figure 2.7 (A)). Conditional accuracy plots (Figure 2.7 (B-C)) showed 

that, while reaction time and distractor pull improved significantly, especially 

Figure 2.6 Double-step paradigm: (A) Saccadic peak velocity as well as (B) residual peak 

velocity were reward sensitive in this cohort. Participants were faster when rewarded (p< 

.001). 
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in high reward conditions, this did not lead to a speed-accuracy trade-off. 
Participants were more accurate when rewarded at comparable reaction 

times for both measures. 

 

Figure 2.7 Double-step paradigm: (A) Reward shortened reaction time. (B) Conditional 

accuracy plot showing the relationship between reaction times and distractor pull, (C) as 

well as between the proportion of correct trials and reaction times. The gradient shown in 

both figures (B+C) points towards a preserved speed-accuracy trade-off within each reward 

condition. Participants were more accurate on trials with longer reaction times and in high 

reward conditions. 

 

2.1.8.5. Pupil size changed significantly with motivation 
Pupil modulation in anticipation of reward has more recently been used as a 
measure of reward sensitivity. In this cohort, pupil size changed significantly 
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with reward (F (1, 31) = 12.36, p= .001, Figure 2.8) in keeping with the findings 

of improved saccadic properties by reward in the same cohort. 

 
Figure 2.8 Double-step paradigm-pupillometry: Pupil size increased significantly 

more in the anticipation of reward. Data in the graph reflect the relative pupil 

change compared to unrewarded conditions (0p conditions set to zero). 

 

2.1.9.  Discussion 

Above findings are in line with published data of improved saccadic 

performance in the presence of incentives in both human and animal studies 
(Takikawa et al., 2002; Tachibana and Hikosaka, 2012; Chen et al., 2013; 

Bissonette et al., 2014). More specifically, I was able to replicate Manohar’s 

findings on the same task including motivation to increase speed (peak 

velocity) and accuracy (decrease the number of oculomotor capture trials) 

despite a concurrent decrease of reaction times (Manohar et al., 2015). 
Diminished endpoint variability on incentives reported by them (p= .003) did 

not reach significance in this cohort (p= .099) although one could argue for a 
trend. As a measure of distractibility, the amount of distractor pull was 

assessed, which also showed improved cognitive control as a result of reward 
sensitivity. In summary this means that both motor and cognitive control were 

found to improve simultaneously in the presence of reward overcoming well- 
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established limits described in the speed-accuracy trade-off. Moreover, pupil 
modulation, as an additional measure of reward sensitivity, was found to be 

greater in the anticipation of reward. 

 

But how can the speed-accuracy trade-off be overcome by motivation? 
Manohar et al. (Manohar et al., 2015) here introduced a precision command 

in addition to the force command in order to explain the apparent violation of 

the speed-accuracy trade-off in human saccades. The precision command 
could, hence, account for the increased amount of noise created by the 
recruitment of larger forces in order to increase movement speed. These 

improvements are, however, costly and would only seem attractive if the 
additional cost is covered by a reward of some kind. Seemingly more 

“attractive” choices could, thus, allow greater exertion of the precision 
command and lead to an overall improvement of performance. While greater 

precision is needed to obtain reward, reward discounting might also make it 
more attractive to obtain reward sooner rather than later (Green and Myerson, 

2004; Kable and Glimcher, 2007), which may explain greater precision and 

speed in these trials. 
 

And what are the underlying physiological mechanisms of these findings? 

The PFC plays a central role in both action selection and the 

suppression/inhibition of unwanted movements, building the front end of the 
cortical-basal ganglia-thalamo-cortical loop (Seo, Lee and Averbeck, 2012). 
In this context cortical inputs represent a variety of different options, upon 

which the striatum needs to select one and inhibit the rest based on each 
option’s “value” (Mink, 1996; Humphries, Stewart and Gurney, 2006; Houk et 

al., 2007). The superior colliculus, situated on the surface of the midbrain, 

plays a principal role in orienting the eyes toward a target of interest and also 

receives inhibitory projections from the PFC. Similarly, it serves as a relay 
transforming sensory input into movement output or the paucity of the same. 

These signals subsequently lead to high-frequency bursts of spikes in 
medium-lead burst neurons and long-lead burst neurons in the paramedian 
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pontine reticular formation or the superior colliculus (Van Gisbergen, 
Robinson and Gielen, 1981; Opstal and Goossens, 2008; Walton and 

Freedman, 2014) eventually leading to saccades being elicited. These areas 
also receive inputs from the caudate nucleus via the substantia nigra pars 

reticulata, likely to be involved in reward signalling and also cognitive control 
(Kawagoe, Takikawa and Hikosaka, 1998). Consequently, the basal ganglia, 

indeed, are thought not to be responsible for the initiation of eye movements 
but rather for selecting or gating appropriate movements by suppressing 

unwanted saccades and removing suppression on others through 
dopaminergic projections (Chevalier et al., 1985; Deniau and Chevalier, 1985). 

A computational model suggests that the functional basal ganglia anatomy, 
in fact, can be split into “selection” and “control” pathways, with the former 

performing the selection as such and the latter controlling the selection 
process complemented by dopamine (Gurney, Prescott and Redgrave, 2001). 

 

And how do we choose the appropriate action? 

Reward-oriented behaviour is driven by a number of factors including 
attention, motivation and context uncertainty (Dayan and Balleine, 2002; 

Doya, 2008; Gottlieb, 2012; Kim and Hikosaka, 2015). Competing options are 
thought to be represented and signalled broadly throughout the neuronal 

networks (Gurney, Prescott and Redgrave, 2001). Information signals about 
these actions arise mainly in the cerebral cortex and are relayed to specific 

subregions of the striatum (Kim and Hikosaka, 2015), the exact location 
depending on their function (e.g., limbic more medial and sensorimotor 

information lateral) (Parent, 1990; Brown, Smith and Goldbloom, 1998; Haber, 
Fudge and McFarland, 2000). The level of activity in those regions depend on 

the potential action’s salience and the propensity of the action to be selected 
for execution (Koechlin and Burnod, 1996). More salient distractors will 
require the exertion of more extensive cognitive control processes in order to 

withstand the distraction which will in turn need to be accounted for by the 
“benefit” of the goal (Gurney, Prescott and Redgrave, 2001). 
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The novel paradigm used in the next section was devised to answer the 
question if and in which way greater distractor salience could be compared 

with increased entropy created by greater uncertainty in decision-making 
(higher number of choice alternatives) and if the latter influences saccadic 

performance and reward sensitivity through a shift in the cost/benefit ratio. 
To answer this question data were collected from healthy controls completing 

internally triggered saccades in different levels of decision uncertainty (Hick’s 
law). We hypothesise that the costs of the precision command may correlate 

positively with an increase in distraction/entropy and negatively with the 
enhancing effect of incentives. Additionally, we introduce incentives of 

different valence (reward anticipation vs. penalty avoidance) to probe if these 
may have differential effects on different saccadic outcome measures. 

 
 

2.2. Task II: The effect of incentives on multi-

alternative decision-making 

2.2.1. Background and hypothesis 
 
“Higher levels of environmental uncertainty (quantified as risk, or variance in 

outcome) should breed (…) higher levels of distractibility (Hick, 1952)”. 

 
This well-established law governing cognitive information capacity in the 

presence of different response alternatives states that increasing the number 
of options increases the decision time/reaction time logarithmically (Hick, 

1952). This is the case because decisions are not made one by one, but after 
grouping options into subcategories, eliminating one category (half of the 

options) at a time in order to speed the overall decision process (Proctor and 
Schneider, 2018). Similarly, higher uncertainty measured by entropy 

according to the information theory (Shannon, 1949), can prolong decision 
time. Cognitive control is crucial for optimal behaviour especially in conditions 
of higher uncertainty (Wu et al., 2017) and consists of two processes: 
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Uncertainty representation and response generation (Miller and Cohen, 2001; 
Fan, 2014). Functional imaging studies showed a positive relationship 

between activity in the cognitive control network including frontoparietal 
network and amongst others the basal ganglia and entropy (Lucetti et al., 

2010; Fan, 2014; Koziol, 2014), pointing to the fact that greater uncertainty 

requires a higher level of engagement in control networks, which in turns may 
be costly. 

 

Hick’s law has since its discovery in 1952 been replicated in numerous 
behavioural studies, with many more examples having recently been 

published (Usher, Olami and McClelland, 2002; Fan et al., 2008; Hawkins et 

al., 2012). It has, however, long been unclear whether saccades also follow 

the same relationship. In the last two decades studies on saccades have 
found mixed results. Internally triggered saccades to remembered colour-

coded locations obeyed the law and showed longer reaction times when 
higher numbers of choice alternatives were presented (Keller and Heinen, 

2005; Hill and Keller, 2008). The absence of an effect in prosaccades was 
found, while antisaccades followed Hick’s law (Kveraga, Boucher and 

Hughes, 2002) and even reports of a negative relationship for externally 
triggered saccades were published, termed the “anti-Hick’s” effect (Lawrence 
et al., 2008; Lawrence and Gardella, 2009). The violation of Hick’s law in 

prosaccades/externally triggered saccades is thought to be due to visually 

guided saccades being an “overlearned” operation, that reaches a degree of 
automisation and, therefore, would be less sensitive to uncertainty and less 

burdening for cognitive control processes. It has been hypothesised that this 
is due to a greater level of movement planning involved in internally triggered 

rather than externally triggered saccades. This is supported by the finding 
that internally triggered saccades show a greater activation of the frontal eye 

field, involved in the preparation and triggering of saccades than internally 
triggered saccades do, indicating a higher complexity of preparational 

processes (Schall, 1995). In contrast, activation of short loops in the parietal 
lobe through the posterior part of the internal capsule may be sufficient to 
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elicit reflexive saccades (Pouget, 2015). Evidence from non-saccadic data 
supports this idea by showing a greater peak of the “bereitschaftspotential”, 

reflecting motor preparation in internally triggered movement (Obhi and 
Haggard, 2004) as well as greater activation in medial frontal areas for 

internally generated actions in neuroimaging studies (e.g., Jenkins et al., 

2000; Cunnington et al., 2002) when compared to externally driven actions. 
In other words, if behaviour follows Hick’s law or not may, indeed, depend on 

the degree of complexity of the task used (Bibi and Edelman, 2009). 
 

We know from the previous task that distractor effects are attenuated by 
reward-induced motivation (Manohar et al., 2015). Applying this idea to the 

current task, an open question may be if motivation also decreases response 

time in a multi-alternative response task and if reward and penalty may play 
different roles in controlling those cognitive control processes, potentially 

having different neural correlates all together (Hübner and Schlösser, 2010; 
Krebs et al., 2011; Manohar et al., 2015). Cognitive control can be improved 

by allocating internal resources to the task and improving the signal-to-noise 
ratio by shielding the system from irrelevant external stimuli (Lu, 2008; 

Manohar, 2014). Both desiring a positive outcome or avoiding an 
unfavourable outcome could, hence, improve performance through 

motivational processes. Reward-guided behaviour could in this context be 
the process of improving outcome via both loss avoidance and reward 

anticipation, irrespective of the valence (Dolan, Singer and Seymour, 2007).  
 

These findings led me to hypothesise that both reward and penalty could 
improve saccadic performance in this task similarly. However, differential 

effects on procedural learning and distinct neural correlates have been 
reported in a serial reaction time task for incentives of different valence 

(Wächter et al., 2009). Although penalty led to improved task performance 
measured by RT gain, it did not show an effect on sequence learning, which 

was improved in the rewarded block. In contrast to this, improved learning 
was also found in punishment when compared to reward in another study 

(Galea et al., 2015). 
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To answer these questions, a novel incentivised task was devised assessing 
Hick’s law using internally triggered saccades to a varying number of 

response alternatives/targets. Given internally triggered saccades may 
represent a higher degree of complexity than externally triggered saccades, I 

expected to find an increase in choice RTs with a higher amount of response 
alternatives in this task, where saccades were to be made to either two, four 

or eight placeholders (experimental paradigm, see section 2.2.3.). Based on 

above discussion, I hypothesise that reward enhances performance 

regardless of incentive valence but that the extent may be diminished by the 
higher cost of the control demand in conditions in higher entropy conditions. 

 

2.2.2.  Demographics  
A total of twenty participants completed the task of which eighteen datasets 
were included in the analysis below due to eye tracking/data quality issues of 

the remaining two datasets (Table 2.4). The study was approved by the local 

Research Ethics Committee at University College London (project ID number: 

9125/001) and conducted at the UCL Institute of Neurology. All participants 
gave written informed consent in accordance with the Declaration of Helsinki. 

Exclusion criteria remained unchanged from those listed in section 2.1.2. 

 

Demographic data 
age 30.83 years 
SD ± 5.01 years 
female 13 
male 5 

Table 2.4 Demographics -multi-alternative 

decision-making task 

 
2.2.3.  Eye tracking setup and paradigm 

The eye tracker setup was unchanged to the previous section (details, see 

section 2.1.3). 

Either two, four or eight circular placeholders (grey, 1.4° in diameter) were 

displayed on a black screen around a central fixation point (=white) (Figure 
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2.9). After fixation on the latter was confirmed, an auditory cue indicated the 

incentive levels (“lose”, “nil” or “win”). Nil trials were not incentivised, win trials 

had a potential maximum reward of 50p, lose trials a maximum loss of 50p 
depending on the participants’ performance. The auditory cue was followed 

by a random foreperiod between 0.5-1.7 s. Subsequently, the central fixation 
disc was replaced by an arrow pointing towards one of the placeholders on 

offer on the trial, and participants were instructed to look at the indicated 
placeholder as quickly and accurately as they could in order to get reward or 

avoid penalty. The location of the placeholders was randomised. Two 
possible targets could, hence, take any locations opposite of each other 

surrounding the central fixation point, while 4 possible targets could be 
arranged either square- or diamond-shaped (with constant distances 

between each other). Once the target was reached, participants received 
visual feedback as the target turned yellow and the amount of money 

earned/lost was printed in the centre of the target. Participants were then to 
return to the central fixation point to start the next trial. Reward/penalty 

feedback was accompanied by different bell/cash register sounds for wins 
and horn sounds for penalty of different magnitudes. Reward/penalty 
calculation was unchanged to the previous chapter and calculated as a 

function of the reaction time (detailed information, see section 2.1.6). 

“Reward” calculation for “lose” trials was mirrored from that for “win” trials 
where optimal performance meant not losing any money. 
 

The task consisted of 8 blocks of each 72 trials amounting to a total of 576 
trials per participant. Ten practice trials were made at the beginning of the 

first block, they were not included in the analysis. Figure 2.10 shows all 576 

eye movements made by one participant during this task. 
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Figure 2.9 Multi-alternative decision-making- Internally triggered saccades in conditions of 

varying uncertainty: Participants were presented with either two (top row), four (middle row) 

or 8 (bottom row) possible targets for each trial. After the central disc was fixated by the 

participant, it was replaced by an arrow (second column) pointing towards one of the 

placeholders. A saccade then had to be made from the fixation point (replaced by the 

arrow) to the target indicated as fast and accurate as possible. Incentive levels were 

announced at the beginning of each trial. The amount of reward (0p - 50p) or penalty (-50p 

- 0p) earned/lost was displayed in the centre of the target after the target was reached. The 

position of targets in row one and two of the graph are examples for possible locations and 

were randomly rotated around the fixation point during the task. 
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Figure 2.10 Multi-alternative decision-making: Example graphic of all saccades (= 576) 

made by one subject during the task before filters for analysis were applied. All trials started 

from the central fixation point and ended at one of the targets indicated by the arrow. 

 

2.2.4.  Statistical analysis  

Analysis was performed using a mixed linear model with “incentive” as a 3-
level factor (-50p, 0p, 50p) and uncertainty (number of possible targets 2, 4 

and 8) as a linear covariate (Table 2.5). Due to a slightly varying number of 

trials the z-score for the uncertainty-factor was calculated for each subject 

and analysis was performed using z-scored values. While in the previous 
chapter reward was also used as a linear factor, the presence of an incentive 

with negative valence and the hypothesis that penalty trials would show 
similar effects on saccadic properties as win trials warranted an analysis 

defining incentive as a 3-level factor with 0p being used as baseline reference. 
The analysis was again performed in R and SPSS using a compound symmetry 

covariance matrix and was fitted using the restricted maximum likelihood method 

(REML). Post-hoc comparisons for the different incentive levels were 
performed using Bonferroni correction. Results reported in the section below 
are from the SPSS analysis. 
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R lmer (var ~ incentive*number of targets + (1 | ID), data) 

SPSS MIXED var BY incentive WITH number of targets 

/CRITERIA=DFMETHOD (SATTERTHWAITE) CIN (95) MXITER 
(100) MXSTEP (10) SCORING (1)  

    SINGULAR (0.000000000001) HCONVERGE (0, ABSOLUTE) 
LCONVERGE (0, ABSOLUTE) PCONVERGE (0.000001, 
ABSOLUTE)  

  /FIXED= incentive number of targets incentive * number of 
targets | SSTYPE (3)  

  /METHOD=REML  

  /RANDOM=INTERCEPT | SUBJECT (ID) COVTYPE (VC)  

Table 2.5 Multi-alternative decision-making: Model used for statistical analysis in R and 

SPSS. The placeholder “var” represents the variable of interest in the analysis (i.e., peak 

velocity). “number of targets” represents the linear uncertainty factor (2, 4 and 8 possible 

targets computed as z-scored values), “incentive” represents the three different incentive 

conditions (“lose”, “nil”, “win”). 

 

2.2.5.  Results  
 

2.2.5.1. Both incentives decreased reaction times of 

internally triggered saccades 

Remarkably, in this task reaction times were not found to be significantly 
slower when more placeholders were on display. In fact, there was no main 

effect of uncertainty on saccadic latencies (F (1, 9404.03) = 0.017, p= .897. 

Given the non-linearity of the uncertainty factor (Figure 2.11), I repeated the 

analysis using uncertainty as a 3-level within-subject factor, which resulted in 
a smaller p, but eventually did not reach significance (F (2,9401.01) = 1.99, p= 

.137). Analysis showed, however, that the reaction time of internally triggered 
saccades decreased when participants were incentivised (F (2, 9404.01) = 

7.51, p<.001). More interestingly, there was no statistical difference (p= .81) 
between avoiding monetary loss (ß= - 4.3 ms (1.14), p< .001) and anticipating 

reward (ß= - 3.05 ms (1.14) p= .023). Furthermore, the incentive effect was 
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not modulated by uncertainty (interaction between incentive and uncertainty 
interaction F (2, 9404.02) = 1.41, p= .25). 

 
 

2.2.5.2. Greater uncertainty reduces motor vigour 

Saccades were faster when incentivised (F (2, 9411.0) = 12.68, p<.001) and 

slower with greater uncertainty (F (1, 9411.0) = 6.99, p= .008; Figure 2.12 (A)). 

The latter was due to smaller amplitude size caused by greater uncertainty (F 
(1, 9423.99) = 59.46, p<.001). Win trials led to an increase in speed (ß= 8.89°/s 

(1.77), p<.001), while avoiding penalty, although speeding participants up, did 
not significantly improve speed (ß= 4.15°/s (1.76), p= .057). This led to 

significantly faster saccades when rewarded compared to penalty trials 

(reward vs. penalty ß= 4.75°/s (1.76), p= .021). There was no interaction found 
indicating that incentives and uncertainty had parallel additive effects on 

vigour (F (2, 9411.01) = 0.267, p= .77). 

Figure 2.11 Multi-alternative decision-making: Reaction time did not change with 

increasing uncertainty. The lack of statistical significance may be due to quite large 

standard errors or the filter criteria used. Running the model with a 3-level factor of 

uncertainty resulted in a p= .15 (n.s.) for uncertainty. 
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Figure 2.12 Multi-alternative decision-making: (A) An initial effect of uncertainty on peak 

velocity disappeared after factoring out amplitude size. (B) Participants were faster on win 

trials but not on loss trials when looking at velocity residuals. (C) Greater uncertainty led to 

significantly smaller amplitudes. 

 

Saccadic residual velocity remained reward-sensitive even after factoring out 

amplitude size (F (2, 9428.0) = 12.36, p<.001; Figure 2.12 (B)). Here the 

difference between positive and negative valence was even more 
pronounced, showing no effect of penalty (win: ß= 202.22°/s (41.16), p< .001; 

loss: ß= 75.39°/s (41.15), p= .201). Indeed, there was a significant difference 
between loss and win trials (ß= 127°/s (41.09), p= .006). The main effect of 

uncertainty vanished in this variable (F (1, 9428.0) = 0.75, p= .386), indicating 
that the decrease in peak velocity when facing greater uncertainty is mainly 

driven by hypometric amplitudes, Figure 2.13 (A-B). Reward sensitivity of 
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residual peak velocity was again not influenced by uncertainty (F (2, 9428.0) 
= 0.42, p= .66). Amplitude size was not affected significantly by either 

incentive (F (2, 9424.0) = 0.98, p= .375) and no interaction between incentives 

and uncertainty was found (F (2, 9424.02) = 0.009, p= .99; Figure 2.12 (C)). 
 

Figure 2.13 Multi-alternative decision-making: (A) Greater uncertainty led to hypometric 

saccades shown by the distance between saccadic endpoint and target location, (B) 

conditional plot confirming the relationship between amplitude size and distance to target. 

 
2.2.5.3. Absent correlation between reward and penalty 

sensitivity and BIS/BAS sensitivity scores 

In light of the above findings especially with regards to reward sensitivity of 
residual peak velocity and the knowledge that movement vigour in this 

context may be closely linked to an individual’s personality and their 
willingness to exert effort (Reppert et al., 2015), participants were asked to 

complete the BIS/BAS questionnaire (behavioural inhibition/activation 

sensitivities). This is of interest because motivated behaviour was previously 
found to be influenced by two systems (behavioural inhibition/activation 

system), whose sensitivities may vary among individuals depending on their 
disposition (Carver and White, 1994). BIS/BAS scores were correlated to 

saccadic parameter and no interaction between reward sensitivity and 
questionnaire scores was found. Looking at residual peak velocity 

specifically, there was no main effect of BIS/BAS (F (1, 9422.0) = 0.00, p= .99) 
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and no interactions between BIS/BAS scores and incentives (F (1, 9422.0) = 
0.06, p= 95) or uncertainty (F (1, 9422.0) = 0.034, p= .85). 

 
2.2.6.  Discussion 

The recorded data from this paradigm did not reveal a significant effect of 

uncertainty on reaction times. This may be explained by the higher degree of 
“learned” behaviour in this paradigm due to its design showing a central 

arrow. Indeed, remembering a colour code and matching it to the target in 
question may require a higher degree of movement planning. This idea would 
also be supported by evidence that arrow cues elicit a type of automatic 

oculomotor response, which may require less motor planning than an 
internally triggered saccade in the absence of an arrow cue (Juras, Slomka 

and Latash, 2009), although this was not reported by Lawrence also using a 
central arrow cue (Lawrence, 2010). Another reason for this finding could be 

the failure to split saccades according to their direction, which is known to 
influence reaction time (Heywood and Churcher, 1980) with Lawrence, e.g., 

not having used vertical saccade directions in their paradigm (Lawrence, 
2010). Finally, it is also possible that the study was simply underpowered to 

answer this question, which I aim to clarify in the next chapter repeating the 
paradigm with larger sample size. 

 

2.2.6.1. Uncertainty reduced motor vigour 

Another interesting finding from the data was that saccadic amplitudes were 

significantly smaller when uncertainty was high, which correlated negatively 
with the Euclidian distance to target. Uncertainty, hence, led to hypometric 

saccades. This phenomenon was observed previously (Keller and Heinen, 
2005), where saccades to 4 and 8 possible targets were shown to be 

hypometric, followed by a second corrective saccade towards the target. It 
was hypothesised that correcting the direction of saccades within a sequence 

(corrective saccades back to the target after hypermetric saccade) may be 
costlier than opting for rather hypometric saccades and correcting into the 

same direction (Kuhn and Kingstone, 2009; Hermens and Walker, 2010) while 
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it also minimises the period of visual blur. Hypometric saccades could, 
consequently, occur with increasing uncertainty in the oculomotor system 

optimising cost/benefit ratio. In this context it may also be of interest that 
amplitude size was found to correlate positively with reaction times (smaller 

movements require shorter planning times) (Fuller, 1996), which may also be 
a possible explanation for the lack of effect of uncertainty on saccadic 

reaction times in this cohort. The prolongation of reaction times may well be 
masked by smaller amplitudes in higher uncertainty conditions. 
 

2.2.6.2. Incentives of both valences improved reaction 

times 
Looking at the effect of incentives and incentive valence I found that both 

incentives led to faster reaction times. This was previously predominantly 
found to be the case for incentives of positive valence (Guitart-masip et al., 

2011). Motivation-driven reaction time improvements for both incentive 

valences, thus, seem to be a novel finding. In the case of saccadic velocity, 
however, penalty avoidance just about missed significance (p= .057), while 

reward speeded participants up. It was, indeed, reported that in a task with 
contingent incentives the effect of penalty trials on saccadic velocity was 
weaker (but present) than that of reward, which again raises the possibility 

that this study could have simply been underpowered. Another aspect to be 
addressed when repeating this paradigm in the next chapter, is to control for 

participants’ intrinsic motivation levels. The above findings indicate a similar 
motivational net value for both penalty and reward trials for cognitive control 

(reaction time) and a weaker effect of penalty on motor control (velocity). 
These observations will be reviewed again in the next chapter when this task 

will be repeated by thirty healthy controls, revisiting the questions above and 
investigating the effects of dopaminergic drug effects on the underlying 

mechanisms. 
 

In summary, the cost of “uncertainty” led to a decrease in motor vigour, but 
reward sensitivity was not altered by increased entropy in either of the 

variables in this task. Another way of thinking about varying amounts of 
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entropy in goal-directed behaviour and cognitive control may be different 
amounts of memory load stored in short-term memory. For the third part of 

this chapter, a novel task was thus devised, requiring participants to store 
varying numbers of target locations and to, subsequently, elicit saccades 

towards them after short or long delay periods. With this paradigm we seek 

to answer the following questions: (1) Are higher memory load and longer 

delay periods detrimental to working memory precision? (2) Will movement 

preparation for higher memory load increase reaction times and, (3) could 

incentives of either valence pay for the higher costs of cognitive and motor 
control in those conditions? 

 
 

2.3. Task III: Effect of incentives, memory load, 

and delay on memory-guided saccades 

 

2.3.1. Background and hypothesis 

Memory-guided saccades are saccades that are made in response to 

previously memorised targets. The need to hold information for short periods 
of time (seconds to minutes) makes memory-guided saccades a precise tool 

to assess short-term memory capacities. Short-term memory capacities have 
been extensively studied in both humans and animals for many decades and 

have been found to correlate with an individual’s cognitive ability (Kyllonen 
and Christal, 1990). Visual working memory has hitherto been classified as a 

limited capacity system (Miller, 1956), with declining precision if more than 3 
to 4 items are to be remembered (Luck and Vogel, 1997; Vogel, Woodman 

and Luck, 2001). Attention can, yet, be shifted to objects of greater interest 
or higher reward, dynamically allocating resources within a scene or task 

(Bays and Husain, 2008). While many studies looked into mechanism 
underlying working memory, the nature of allocating attention resources in 
working memory is to date not well understood. Berg et al. argued that the 

limitations of working memory may stem from rational cost minimisation 
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rather than from capacity constraints (Berg and Ma, 2018). This again raises 
the question whether motivation through incentives could account for part of 

these costs and, consequently, improve performance across apparent limits. 
In this context a study using monetary reward found no improvements of 

working memory capacity (Berg, Zou and Ma, 2020) and others argue that 
improvements observed should be interpreted merely as resource trade-offs 

(Morey et al., 2011a; Atkinson et al., 2018). Nonetheless, there is evidence 

suggesting that reward can improve working memory capacity (Kawasaki and 
Yamaguchi, 2013; Gong and Li, 2014). 

While digit spans are a well-established tool to assess working memory in 

clinical practice, visual working memory has more recently come into focus. 
The physiological correlate of spatial working memory is thought to be 

persistent neural firing in the prefrontal cortex after stimulus presentation, 

which subsides once the remembered stimulus is no longer needed (Fuster, 
1973; Compte et al., 2000). Recurrent pattern of neural firing can form 

attractor networks with stable states called “bump attractors” (Compte et al., 

2000). If connections are strong, it can persist even if the stimulus is removed, 
therefore, storing information in working memory (Compte et al., 2000). Neural 

noise, which can even seem probabilistic, is defined as the variability of 

neuronal spikes. It can affect attractor networks to jump from a low energy 
“stable” state into a decision state (Webb et al., 2011). Fiete et al. devised a 

model to predict the interaction between build-up of neural noise, delay time 

of presented stimuli, and error in the saccade endpoint (Burak and Fiete, 
2012). 
 

If reward has the ability to improve endpoint accuracy in both arm movements 
(Codol et al., 2020) and saccades as shown in the first task of this chapter 

and other studies (Manohar and Husain, 2015), I may hypothesise that this 

could be the case for working memory precision similarly. While saccades to 
single remembered targets have been studied in detail (Pierrot-Deseilligny et 

al., 1991; Rivaud-Pechoux et al., 2000; Brown et al., 2004), the mechanisms 

underlying visual working memory in the control of saccadic sequences is not 
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well understood (Mcsorley, Gilchrist and Mccloy, 2019). A close relationship 
between set size, target order and clustering effects has, however, been 

reported (Müri et al., 2009). Based on the findings above, I devised a novel 

incentivised task in which participants were required to memorise either a 
single target location or a random sequence of 4 locations. The target location 

display was followed by two delay periods of different length before saccades 
were to be recalled, namely, either 1s or 4s. The aim was to investigate how 

incentives of both valences (reward and penalty), different memory load 
(single and sequence of saccades) and built-up noise during delay periods 
(1s or 4s) influence overall memory recall time and precision. This may enable 

direct calculation of maintenance and noise reduction costs (Westbrook and 
Frank, 2018; Yee and Braver, 2018). I hypothesise that greater memory load 

and longer delay periods lead to a decline in precision through a decay effect. 
Both of those measures may be sensitive to incentives and may improve in 

their presence differently depending on the cost of the control demand. 
 

2.3.2.  Demographics 
Twenty participants were recruited within the department and through the 

departmental subject pool (Table 2.6). The study was approved by the local 

Research Ethics Committee at University College London (project ID number: 
9125/001) and conducted at the UCL Institute of Neurology. All participants 

gave written informed consent in accordance with the Declaration of Helsinki. 

Exclusion criteria remained unchanged from those listed in section 2.1.2. 

  



 

 78 

Demographic data 
age 29.36 years 
SD ±14.05 years 
female 12 
male 8 

Table 2.6 Demographics- Memory-guided 

saccades. 

 
2.3.3.  Eye tracking paradigm 

The eye tracker setup was unchanged to the previous section (details, see 

section 2.1.3). Participants were presented with a central fixation point 

(white) and 8 placeholders (grey) on a black screen (Figure 2.14). Both, the 

central fixation point and the target placeholders were circular and 1.4° in 
diameter. The position of the placeholders varied across three different 

allocation templates. An auditory cue indicated the incentive level (“lose”, “nil” 
or “win”) at the beginning of each trial. Nil trials were not incentivised, win 

trials had a maximum reward of 50p, lose trials a maximum loss of 50p. The 
auditory cue was followed by a 1200ms foreperiod. After fixation on the 

central fixation point had been confirmed, either one or a sequence of four of 
the placeholders flashed for 200ms each. The go-signal (black screen after 

placeholders and central fixation point vanished) appeared after a delay 
period of either 1s or 4s. During the presentation of the targets and the delay 

period the participants were requested to hold their gaze on the central 
fixation point. With the go-signal, they were required to look towards the 

remembered target(s) as fast and accurately as possible. As soon as the 
participants reached the target in question (fixation tolerance 80px/ ~2.2°) 

they received visual feedback (disc illuminated again, Figure 2.15). The same 

applied to target two, three and four in a sequence. On reaching the last target 

the amount of money lost/won was displayed as a function of the reaction 
time of the first saccade (details about reward/penalty calculation, see 

section 2.1.6).  
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Each participant completed 9 blocks of each 36 trials amounting to a total of 
324 trials per participant. Ten practice trials completed at the beginning of 

the first block were excluded from the analysis. 

 

 

 

Figure 2.14 Memory-guided saccades-experimental setup: Either a single target (top row) 

or a sequence of 4 targets (bottom row) had to be remembered in this paradigm. After a 

variable delay of either 1s or 4s a black screen represented the go-signal for participants 

to look at the remembered target location(s). Incentive conditions included rewarded, 

penalised, and unrewarded trials. On arrival at the last target, feedback about the amount 

lost/won was displayed in the centre of the final target. 

 
2.3.4.  Data handling 

The data extracted were parsed into saccades as described in section 2.1.5. 

Three parameters were looked at in this paradigm, namely, saccadic velocity, 

response time and memory precision. Due to the markedly different distances 
between the randomly displayed targets (~5-20°), residual peak velocity was 

used instead of peak velocity, factoring out the effect of amplitude size on 
velocity first. Peak velocity was calculated using 4ms windows from saccade 

onset to termination, discarding any speeds greater than 900°/s and smaller 
than 100°/s and any saccades during which tracking was lost. For each target 
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location, the first saccade made by the participant of which the amplitude 
was greater than 2° (excluding microsaccades and small corrective saccades) 

landing closer to the target in question than 8° was considered the saccade 

of interest (Figure 2.16). 
 

  

Figure 2.15 Memory-guided saccades: Example of 8 trials of either a single or sequences 

of memory-guided saccade(s) completed by one participant during the paradigm. Each 

colour represents one separate trial. 

 

This threshold for the latter was chosen according to the histogram of 

endpoint errors of all saccades and participants in this task (Figure 2.17). 

Errors larger than 8° were considered errors, where the target position was 
forgotten, and the participant was guessing. Reaction time was only analysed 

for the initial saccades (single and first of sequence) to assess preparatory 
processes and was defined as the time between the go-signal (black screen) 
and when the criteria on velocity of 30°s-1 and acceleration > 8000°s-2 were 

fulfilled. Reaction times faster than 80ms were discarded (express saccades). 
In order to assess endpoint accuracy Euclidian distance between saccadic 

endpoint and the targets was calculated. 



 

 81 

 

Figure 2.16 Memory-guided saccade filter criteria: Schematic illustration of 

the x and y position of saccades made within a trial, where the first 

saccade landing close to the target (grey area: 8° around the centre of the 

target) was chosen for analysis, while others were discarded (T1 = first 

target, T2= second target). Saccades fulfilling these criteria in this example 

are marked with yellow arrows (above). 

 

Figure 2.17 Memory-guided saccades: Histogram of all endpoint errors 

(distance between saccadic endpoints and target locations in degrees) of all 

participants on all trials made during the task. Data within grey dashed box 

were used for endpoint accuracy calculation. 
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2.3.5.  Statistical analysis 

A mixed linear model with random intercept was used for the analysis of these 

data (Table 2.7). Given the research question a separate analysis was 

performed assessing the effect of memory load, which included only data 

from the single and the first remembered saccades made within the sequence 
of four. The model was run for all three variables (memory precision, reaction 

time and peak velocity). A separate analysis was performed looking at the 
data of all four saccades made when a sequence of targets had to be 

remembered, assessing the effect of “serial position” on the parameter of 
interest. Within-subject factors included in the model were “incentives” (3 

levels: -50, 0 and 50p, using 0p as a reference), “delay” (2 levels: 1s vs. 4s 
delay) and either “memory load” (2 levels: “high” vs. “low”) for the first 

analysis or serial position (4 levels: saccade 1-4) for the second. 

 

R lmer (var ~ incentives * saccade number *delay+ (1 | ID), data) 

SPSS MIXED var BY incentives saccade number delay 

  /CRITERIA=DFMETHOD(SATTERTHWAITE) CIN (95) MXITER 
(100) MXSTEP (10) SCORING (1)  

    SINGULAR (0.000000000001) HCONVERGE (0, ABSOLUTE) 
LCONVERGE (0, ABSOLUTE) PCONVERGE (0.000001, 
ABSOLUTE)  

   /FIXED=incentives delay saccade number incentives* delay 
incentives* saccade number delay * saccade number incentives* 
delay * saccade number | SSTYPE (3)  

  /METHOD=REML  

  /RANDOM=INTERCEPT | SUBJECT (ID) COVTYPE (VC)  

Table 2.7 Memory-guided saccades: Model used for statistical analysis in R and SPSS. 

Var = variable of interest (i.e., reaction time), “incentives” represents the three different 

incentive conditions (3-level within-subject factor: “lose”, “nil”, “win”), “saccade number” = 

either “memory load” (2-level factor: single vs. first saccade of sequence) in the first analysis 

or serial position (4 levels: saccade number 1-4 in sequence) in the second. 
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2.3.6.  Results 
2.3.6.1. Memory precision was not reward-sensitive and 

worsened by higher memory load 

Comparing data of a single saccade to that of the first remembered saccade 

of a sequence of four, endpoint accuracy deteriorated with higher memory 

load (F (1, 5855.14) = 159.81, ß= 0.53° (0.04), p< .001, Figure 2.18) and 

surprisingly improved with longer delays (F (1, 5855.73) = 7.44, p= .006, ß= -
0.11° (0.04)). There was no main effect of incentives of either valence on 

memory recall precision in these data (p= .913, F- statistics, see Table 2.8). 

No interaction between memory load and incentives (p= .116) or delay and 

incentives (p= .449) was present, in keeping with an absent effect of 
motivation on memory precision. No other interactions were found. 

Figure 2.18 Memory-guided saccades: Euclidean distance to target showed two main 

effects – shorter delays and higher memory load were, therefore, detrimental for endpoint 

accuracy (Figure includes data from the single and the first saccades of the sequence, 

p<.001; p= .006 ). 

In the second analysis (involving data from all saccades made within the 
remembered sequence) there was only one main effect on endpoint accuracy, 

that is serial position (p< .001, F-statistics, see Table 2.8) showing that the 

second saccade of a sequence was significantly more accurate than the 

others within a sequence (ß= -0.17° (0.004), p<.001). There was also a trend 
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towards an interaction between delay and serial position (p= .054). 
Interestingly this was driven by delay having a positive effect on accuracy in 

the first saccade only (Figure 2.18, ß= -0.15° (0.06), p= .014) and no effect on 

the other saccades within the sequence (2-4). An absence of an incentive 

effect on memory precision was also confirmed for the remaining saccades 
of a sequence (p= .110). No other interactions were present. 

 
 

  FA p 
Initial 
saccades 

      

  incentives (2, 5854.11) = 0.091 = .913 
  delay  (1, 5854.99) = 7.44 = .006 
  memory load (1/4) (1, 5855.14) = 159.81 < .001 
 memory load* incentives (2, 5854.09) = 2.15 = .116 
 delay* incentives (2, 5854.14) = .80 = .449 
 delay * memory load  (1, 5854.63) = 1.05 = .305 
 incentives*delay*memory 

load 
(2, 5854.08) = 0.92 = .400 

Sequence       
  incentives (2, 11954.22) = 2.21 = .110 
  delay (1, 11954.19) = 1.39 = .237 
  serial position (3, 11954.13) = 10.98 < .001 
 incentives * serial position (6, 11954.01) = 0.58 = .749 
 incentives *delay (2, 11954.26) = 1.65 = .193 
 delay*serial position (3, 11954.01) = 2.55 = .054 
 incentives*delay*memory 

load 
(6, 11954.01) = 0.37 = .902 

Table 2.8 Memory-guided saccades-F-statistics: Distance from saccadic endpoint to 

target.  

 
2.3.6.2. Saccadic peak velocity remains sensitive to 

incentives also in memorised saccades 

Due to variable distances between saccade starting point and target locations 

in this task (random target sequence), analysis of peak velocity was only 
performed after accounting for different saccadic amplitudes. The first 

analysis (first vs. single saccade) resulted in two significant main effects. 
Participants were faster when incentivised (F (2, 5873.00) = 6.43, p= .002) and 
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slower in higher memory load conditions (F (1, 5873.0) = 4.08, p= .042, Figure 

2.19), the latter reflected by a weak main effect of memory load (ß= -104.19°/s 

(51.56)) which was mainly driven by a slowing in unrewarded trials (interaction 
between memory load and incentives: p= 093 n.s.). Both incentive conditions 

increased peak velocity (win: ß= 208°/s (63.07), p= .003; win: ß= 180°/s 
(63.09), p= .013)) with no difference between them (p= 1.0). 

The analysis including all four saccades of the remembered sequence 
resulted in one main effect, despite a number of trends that did not reach 

significance (Table 2.9). The effect of incentives (F (2, 11973.00) = 8.77, p< 

.001) was consistently present in all saccades (win: ß= 141.11°/s (49.43), p= 

.013; loss: ß= 201.52°/s (49.43), p< .001, see Figure 2.20 for data from all 

saccades shown together) and was not altered by serial position (interaction 

between serial position and reward p= .725 n.s.). There was no significant 
difference between the two incentive conditions (p= 1.0). There was, however, 

a trend for an interaction between incentives and delay (p= .064) indicating 

higher reward sensitivity in longer delay conditions (Figure 2.20). No other 

significant main effects or delays were found. 
    FA p 
Initial saccades       
  incentives (2, 5873.00) = 6.43 = .002 
  delay  (1, 5873.00) = 0.44 = .509 
  memory load (1/4) (1, 5873.00) = 4.08 = .042 
 incentives *memory load (2, 5873.00) = 2.37 = .093 
 incentives *delay  (2, 5873.00) = 0.99 = .370 
 delay* memory load (1, 5873.00) = 0.67 = .412 
 incentives*delay*memory 

load 
(2, 5873.00) = 0.82 = .441 

Sequence       
  incentives (2, 11973.00) = 8.77 < .001 
  delay (1, 11973.00) = 3.69 = .055 
  serial position (3, 11973.00) = 0.37 = .779 
 incentives *delay  (2, 11973.00) = 2.75 = .064 
 incentives*serial position (6, 11973.00) = 0.61 = .725 
 delay* serial position (3, 11973.00) = 2.33 = .072 
 incentives*delay*memory 

load 
(6, 11973.00) = 0.36 = .903 

Table 2.9 Memory-guided saccades - F-statistics: Residual velocity. 
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Figure 2.19 Memory-guided saccades: Residual peak velocity. Participants 

were faster when incentivised (on both incentives) and when memory load 

was low. 

  

Figure 2.20 Memory-guided saccades: Differences in reward sensitivity of 

residual peak velocity of all saccades reflected on this figure, independent 

of serial position, in both incentive conditions vs. unrewarded trials: * p< 

.001, ** p= .013; no statistical difference was found between the two 

incentive conditions. This figure also illustrates the trend towards higher 

reward sensitivity in longer delay conditions (p= .064 n.s.). 
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2.3.6.3. Faster reaction times were observed when memory 

load was low, but only in long delay conditions 

For the analysis of reaction times in this paradigm I exclusively looked at the 
initial saccades made in both low and high memory conditions, meaning both 

the single remembered saccade and the first saccade in a sequence of four 
remembered saccades. Since sequences of saccades are believed to be 

prepared in parallel ahead of eliciting the first saccade (Mcsorley, Gilchrist 
and Mccloy, 2019), this measure allows us to quantify the time taken for 

memory recall and saccade generation in conditions with different memory 
load. 

While the expectation was to find longer reaction times when memory load 

was high, this only partly held true. Greater memory load led to longer 

reaction times in the long delay conditions only (interaction between memory 
load and delay: (F (1, 5810.44) = 20.35, p< .001). Pairwise comparison 

showed that reaction times were slower in high memory when delay was 4 s 
(ß= 44.87 ms (7.49), p< .001), while there was no difference in reaction times 

with memory load in the short delay condition (p= .63, Figure 2.21). 

A main effect of motivation was shown (F (2, 5810.08) = 3.27, p= .038). 
Speedier reaction times were the result of both incentive types (loss: ß= -

12.27 ms (4.79), p= .032; win: ß= -13.0 3 ms (4.77), p= .019). There was no 
difference between the two incentive valences and no other significant 

interactions (detailed statistics Table 2.10). 
    FA p  
Initial saccades       
  incentives (2, 5810.07) = 3.27 = .038 
  delay (1, 5810.51) = 101.93 <. 001 
  memory load (1/4) (1, 5811.33) = 14.55 <. 001 
  delay* memory load (1, 5810.44) = 20.35 < .001 
 memory load*incentives (2, 5810.06) = .426 = .653 
 delay*incentives (2, 5810.08) = .699 = .497 
 incentives*delay*memory 

load 
(2, 5810.04) = 0.85 = .427 

Table 2.10 Memory-guided saccades - F-statistics: Reaction time. 
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Figure 2.21 Memory-guided saccades: Difference of reaction time 

and reward effect between low and high memory load conditions (x 

= interaction between delay and memory load: p< .001). 

 
 

2.3.7.  Discussion 

2.3.7.1. Similar effects of appetitive and aversive incentives 

The most consistent finding in this data was the effect of incentives. Similar 

to the previous task, motivation through incentives improved reaction time 
and saccadic velocity. This effect was present in all saccades analysed. 

Especially noteworthy, there was no difference between the effect of 
appetitive versus aversive incentives on the two variables. This was 

specifically the case for saccadic peak velocity. 
 

2.3.7.2. Motivation did not affect working memory precision  

Endpoint accuracy as a measure of memory recall precision, on the other 

hand side, was not reward sensitive. This is in line with published data about 
an absent effect of monetary reward on working memory (Berg, Zou and Ma, 
2020). My results now additionally provide evidence that working memory 

precision in a saccadic task is similarly not modulated by monetary incentives 
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of either valence (e.g., not improved by penalty avoidance). These data 
adhere to the theory of an overall limited capacity system in which resources 

can be shifted, though its limits can ultimately not be overcome (Morey et al., 

2011b; Wallis et al., 2015; Allen, 2019). Indeed, this is underpinned by the 
finding that motor vigour and reaction time were found to be reward sensitive 

in the same cohort, reflecting a shift in resources by motivation. 

Another factor to be considered though, is that precision was calculated as 

Euclidean distance to target, which is heavily dependent on saccadic 
amplitude size. Indeed, while it is well known that amplitude variability 

decreases with incentives, mixed findings were reported about the effect of 
motivation on amplitudes sizes, indicating the possibility of a lack of reward 

sensitivity of this parameter (Takikawa et al., 2002). This was also the case in 

our own data in the previous section Figure 2.12(C). It may point towards 

amplitude size being a fairly rigid parameter for a given distance (e.g., 

potentially due to economical considerations) and, therefore, being reward 
insensitive.  

 
Higher memory load had a detrimental effect on endpoint accuracy, which is 

very well described in the literature and was in line with what had been 
expected, considering that a higher amount of memory load may lead to 

greater neuronal noise (Bays, 2014), which is in turn detrimental for precision. 
Memory precision was interestingly significantly reduced in the first saccade 
shown by a greater Euclidean distance between saccadic endpoint and target 

location. One interpretation of this finding could be the decay effect (Brown, 
1958), which states that memory fades with time if it is not updated. If 

sequences of saccades are planned ahead of the first saccade, time passed 
since presentation of target number one is longer than for the other targets, 

which may explain the inaccuracy. 
Previous studies looking at the execution of sequences of saccades found 

that the reaction time of the first saccade increases with sequence length 
(Carolina and Kowler, 1987). This held true for visible targets as well as 

remembered targets, which gave rise to the hypothesis that sequences of 
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saccades are planned before they are executed as “pre-established” motor 
programmes (Carolina and Kowler, 1987). As a result, I would have expected 

that higher memory load leads to longer reaction times. This was surprisingly 
only the case for long delay condition, while no difference was found within 

the short delay condition. This is surely surprising given a multitude of studies 
have found longer latencies, reflecting memory recall processes when more 

items were stored. One of the reasons for this observation could be the 
varying delay/foreperiod (1s vs. 4s) in this task. It has been found that 

uncertainty of the length of a foreperiod could lead to an overall increase in 
reaction times (Klemmer, 1956). This effect was even found to correlate not 

only with the foreperiod of the current trials but might also be influenced by 
the foreperiod of the last and second last trial (Klemmer, 1956), which could 

have potentially confounded the results. 
 
Working memory and sustained activity in PFC activity has been found to 

heavily depend on dopaminergic modulation (Brozoski et al., 1979). Deficits 
are recognised in PD, especially in the sub-domain of short-term memory. 

Although it is believed they stem from dopamine degeneration within the 
basal ganglia, increased levels of dopamine have also been found to impair 

working memory (Cools and D’Esposito, 2011), with conflicting results having 
been published. In the next chapter I, therefore, aim to investigate the 

influence different drug-induced dopamine levels have on working memory 
performance and reward sensitivity in the same task. In order to exclude the 

confounding factor of delay period uncertainty on reaction times, a fixed delay 
period (1s) will be used in in this task in the next chapter. 
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2.4. Brief summary of findings in Chapter 2 

The main findings in this chapter were:  
 

• Motivation improved velocity and reaction times of internally triggered, 

externally triggered, as well as remembered saccades of healthy 
controls. In the first task this was also accompanied by improved 
distractibility and in the latter two with an absence of a negative effect 

on endpoint precision (absent speed-accuracy trade-off). No effect of 
incentives on amplitude or Euclidean distance to target was found in 

any of the tasks. Findings regarding reward sensitivity of saccadic 
amplitudes are mixed in the literature being present in some (Manohar, 

2014) and absent in other (Muhammed, 2018) and our own data. This 
has led to the discussion whether for given distance between saccadic 

start point and target location amplitude size may be fixed and whether 
additional increases may potentially be uneconomical if extra costs are 

not covered by incentives. It raises the question whether again this 
depends on the task and the individual’s reward sensitivity. 

 

• Win trials showed a slightly stronger effect on saccadic velocity of 

internally triggered saccades than penalty trials did. This was, 
however, the only measure where a significant difference was found 

between the two incentive conditions. Furthermore, did the 
improvement of reaction time in both memory-guided and internally 

triggered saccades not significantly differ between the two incentive 
conditions, suggesting both incentives may represent the same net 

value in goal-directed behaviour. Indeed, this is in line with findings 
from an fMRI study, showing similar activation pattern in the nucleus 

accumbens for both appetitive and aversive stimuli if incentives were  
contingent, which was the case for all paradigms in this chapter 

(Kawasaki and Yamaguchi, 2013). The findings reported would 
certainly be in favour of a similar motivational salience or “net value” 

of both incentive types and would be in line with the expected value of 
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control (EVC) framework (Shenhav et al., 2017), suggesting the optimal 

control to depend on the value of the gain discounting the cost of 
control. It will be a question to answer in the next chapter, whether 

dopamine may be capable of shifting this cost-benefit ratio leading to 
stronger effect of incentives on supra-normal dopamine levels. 

 

• Increasing memory load slowed saccadic velocity, which was 

previously described (Di Stasi et al., 2010; Luigi et al., 2011), and 

increased distance to target as did higher uncertainty, most likely due 
to smaller amplitudes. The effect incentives had on saccadic 

properties was, however, not influenced or attenuated by a higher 
degree of entropy, uncertainty, or memory load in any of the tasks. This 

points to a fixed optimal balance between speed and accuracy for a 
certain entropy level in unrewarded trials. This balance may be shifted 
by incentives, with costs for these improvements remaining constant 

across the different entropy levels in keeping with the EVC framework. 
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3.  Investigating the influence of haloperidol and 
levodopa on saccadic performance in health 

 

3.1. Background and hypothesis 

Dopaminergic pathways are crucially involved in reward signalling, and 
disruptions have been associated with symptoms like impulsivity, addiction, 

depression, and apathy. PD, a disorder characterised by dopamine depletion, 
often presents not only as a movement disorder, but is accompanied by non-

motor symptoms including apathy. Apathy is defined as “reduced motivation” 
and a link between dopamine depletion and apathy has been proposed 

(Chong et al., 2015; Muhammed, Manohar and Husain, 2015). Impulsivity and 

addiction on the other hand have been linked to hyperdopaminergic states 
(Pine et al., 2010; Voon et al., 2010; Sinha, Manohar and Husain, 2013; du 

Hoffmann and Nicola, 2014). 
 

Oculomotor deficits have been characterised in a number of pathologies 
linked to dopaminergic imbalances including PD, schizophrenia, Huntington 

disease (HD) and ADHD, showing specific patterns depending on the type of 
dopaminergic imbalance, sometimes even aiding diagnosis. It is well known 

that PD, as a hypokinetic movement disorder, causes hypometric saccades, 
while HD belonging to the spectrum of hyperkinetic movement disorders can 

lead to slower reaction times and saccadic velocities (Rubin et al., 1993; 

Termsarasab et al., 2015). Recent work on PD has also found a tendency for 
slower saccades (reaction time and velocity) and furthermore decreased 

reward sensitivity (Manohar et al., 2015), which could be restored by 

dopamine replacement therapy (Manohar et al., 2015). Interestingly, saccadic 

performance was also found to correlate with clinical symptoms (e.g., freezing 
of gate) in PD (Nemanich and Earhart, 2016) again supporting its dependency 

on treatment status (Crevits et al., 2000). These observations suggest a 
common mechanism, likely to be at least in part dopaminergic and could 

make saccades an interesting tool for tracking disease progression and 
treatment monitoring. The fact that impaired oculomotor performance can be 
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observed in both, pathologies linked to dopamine excess and depletion, may 
instinctively be surprising, but may be in line with the previously mentioned 

hypothesis of the “inverted-U-shaped” relationship between dopamine levels 
and performance in goal-directed behaviour (Cools and D’Esposito, 2011). To 

further dissect symptoms and observations caused by dopamine imbalance 
directly and those related to additional non-dopaminergic disease 

pathologies, we need to look at data from pharmacological studies in disease 
but more importantly in health. 

 
Levodopa was found to increase prosaccadic latency but decrease 

oculomotor errors in PD patients (Hood et al., 2007; Lu et al., 2019) while also 
improving accuracy and amplitude (Gibson, Pimlott and Kennard, 1987; 

Montastruc et al., 1989). Others found no effect of dopaminergic replacement 

in PD (Gibson, Pimlott and Kennard, 1987; Nakamura et al., 1991). 

Antisaccadic errors were reduced in PD patients on levodopa treatment 
(Hood et al., 2007) and paradoxically increased in healthy controls after a 

single dose of levodopa (Duka and Lupp, 1997). Since antisaccades are 
saccades elicited away (opposite direction) from a target and, hence, require 

not only the inhibition of a reflexive saccade but the inversion of a visual 
signal, these results may indicate a detrimental effect of dopamine in some 

of these inhibitory processes. In terms of animal studies, MPTP-monkeys 
were found to have hypometric saccades, which improved when given 

levodopa (Brooks, Fuchs and Finocchio, 1986; Schultz et al., 1989). Non-

saccadic data showed that levodopa improved reinforcement learning in the 
presence of reward, while haloperidol impaired overall task performance 

(Pleger et al., 2009). Levodopa was also found to enhance reward 
expectation, e.g., (Sharot et al., 2009) and to restore reward prediction errors, 

which were found to decline with age (Chowdhury et al., 2013). Additionally, 

levodopa was found to increase temporal discounting, leading to the desire 

to reach reward sooner (Pine et al., 2010). 

These findings might point towards impaired motor and cognitive control in 

the presence of dopaminergic imbalances and increased reward seeking 
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behaviour after dopaminergic stimulation, which, however, may be 
detrimental to inhibitory processes clinically observed in patients developing 

impulse control disorders following treatment with dopamine agonists. But 
why are findings of pharmacological studies partially inconsistent? This could 

be due to studies differing in drug formulations and doses used, the 
population tested, age, gender and most importantly also in the individuals’ 

baseline dopamine levels (e.g., COMT polymorphism), which all may influence 
the effect dopamine shows on each individual. In clinical studies, patients in 

different stages of disease with different spectrums of cognitive and motor 
features may have a range of dopaminergic tone in different brain areas. This 

further complicates interpretation, suggesting preclinical work in healthy 
participants may be crucial. 

 
For this thesis, I, hence, conducted a placebo-controlled, cross-over study, 
involving healthy volunteers, who received a single dose of Madopar 

(containing the dopamine precursor levodopa) and the D2 receptor 
antagonist haloperidol. Very few studies have adopted this within-subject 

method (Frank and O’Reilly, 2006; Pleger et al., 2009), which is more powerful 

and allows for a better interpretation of the findings and changes in behaviour 
relative to participants’ “normal” dopamine baseline levels. By collecting 

saccadic data but also additional measures of reward sensitivity and baseline 
motivation (e.g., pupillometry, spontaneous EBR and self-reported 

assessments of intrinsic motivation), I aim to provide a clearer 
characterisation of the effects both drugs have on goal-directed behaviour. 

For one it will be interesting to see whether any of the non-saccadic measures 
recorded could potentially serve as a non-invasive dopamine proxy. 

Additionally, I aim to answer some of the questions arising about if and how 
different dopamine levels alter reward signalling in conditions of different 
incentive valence, and whether different dopamine levels alter reward 

sensitivity in conditions of different entropy (e.g., uncertainty, memory load), 
which may represent higher levels of cognitive load. 
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3.2. Methods  

3.2.1.  Demographics  
Thirty healthy participants were recruited through a departmental online 

recruitment pool (Table 3.1). Pre-screening was conducted via telephone and 

email. Exclusion criteria for participation were as follows: (1) Age <18 years 

or >80, (2) significant cognitive impairment (MMST <22/30), (3) severe clinical 

depression or other psychiatric illnesses, (4) other neurological conditions, (5) 

concurrent treatment with centrally acting drugs/use of recreational drugs in 

the last month, (6) a known allergy and/or a contraindication to one of the 

drugs used (e.g., hypotension), (7) a history of cardiovascular disease (esp. 

long QT-syndrome). All participants were right-handed. 
 

 
 

 
 

Table 3.1 Demographics – Drug study. 
 
 

3.2.2.  Consent 
This study was approved by the local Research Ethics Committee at 
University College London (project ID number: 9125/001) and conducted at 

the UCL Institute of Neurology. All participants gave written informed consent 
in accordance with the Declaration of Helsinki. 
 

3.2.3.  Study timeline 
Eligible subjects were invited to participate in 3 sessions, with a minimum 
interval of 7 days in between each session. After obtaining consent, a blood 

pressure measurement was taken (to exclude hypotension) and a fruit-
flavoured drink containing either Madopar® dispersible (100/25mg), 

haloperidol oral solution (2.5mg) or no additive drug (placebo) was dispensed. 
Participants were blinded for the order of the administration and the order 

Demographic data 
age 31.67 years 
SD ±12.34 years 
female 16 
male 14 
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was randomised across participants. To ensure appropriate plasma drug 
concentration the administration of the drink was followed by a variable 

waiting period of 1 hour in Madopar® and placebo sessions and 2 hours in 

haloperidol sessions (detailed schedule, see Figure 3.1). Participants 

completed a number of different tasks and attended on three occasions of 
which all three followed the same schedule. In order to account for 

physiological fluctuations in dopamine levels over the course of a day, all 
sessions started between 9 and 10am. Questionnaires to assess intrinsic 

motivation (Apathy Motivation Index) and impulsivity (short UPPS-P) were 
completed once at the beginning of the first session by every participant. 
 

 

Figure 3.1 Timeline drug study: After the participants gave written informed consent, they 

were randomly assigned to one of the three study arms and received a fruit juice containing 

either no additive drug (= placebo), Madopar or haloperidol following a within-subject 

design. After a waiting period of either 1h (placebo and Madopar) or 2h (haloperidol) 

participants completed the same tasks on all three testing days. A washout period of > 

7days was required in between each session. 
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3.2.4.  Drugs dose and rationale 

Madopar dispersible consisting of 100mg levodopa and 25mg Benserazide 

was used to increase participants’ dopamine levels in the study. Levodopa is 

an amino-acid and precursor to dopamine in the brain and as such can pass 
the blood brain barrier. It is clinically used for the treatment of motor 

symptoms in PD and has also been used in a multitude of behavioural studies 
involving healthy controls. While higher doses reportedly led to side effects 

such as sedation or nausea, a dose of 100/25mg was reported to generate 
behavioural changes without causing side effects in a large number of 
studies. 

 

Dopamine antagonist: Haloperidol is a dopamine antagonist mainly acting 

on dopamine D2 receptors (D2, D3 and D4), with a much smaller affinity to 
D1 and D5 receptors and was used in this study to decrease participants’ 

dopamine levels. It is clinically used for the treatment of schizophrenia, 

psychosis, and delirium. The dose of 2.5mg was used in previous human 
studies of cognitive control showing effects without causing side effects such 

as sedation (Norbury et al., 2015). The potential effect of increasing dopamine 

levels via presynaptic receptors, however, yields caution when interpreting 
results (Richfield, Penney and Young, 1989). 

 
In conclusion, levodopa and haloperidol have been previously used in 

research and have shown to alter goal-directed behaviour, also proven by 
altered activation pattern on functional imaging (Pleger et al., 2009) without 

causing side effects. Madopar (levodopa) is also the most commonly used 
drug in the treatment of motor symptoms in PD and its additional effects on 

other domains are, hence, of special interest. 
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3.3. Effect of drug manipulation on avoiding an 

early distractor  

 
3.3.1.  Background and hypothesis 

The same task described in section 2.1.4 was repeated in this drug study 

(study timeline, see section 3.2.3). While healthy controls completing this task 

were found to improve both saccadic velocity and accuracy when rewarded, 

a number of questions regarding the role of dopamine in these reward 

signalling processes have emerged: (1) How would pharmacological 

manipulation of dopamine levels influence saccadic parameters especially in 
light of the presumed “inverted-U-shaped” relationship between tonic 

dopamine and performance? (2) Will drugs have different effects on motor vs. 

cognitive control? (3) Will higher dopamine levels increase reward sensitivity, 

potentially also leading to greater distractibility? 

 
Published data from the same task revealed reduced reward sensitivity in 
dopamine deplete PD patients with slower saccadic velocities but preserved 

accuracy when compared to age-matched controls. In order to explain these 
findings a cost of noise control was introduced in their model and it was 

hypothesised that the cost of control may be higher in PD patients than in 
healthy controls due to the underlying dopaminergic deficit (Manohar et al., 

2015). On cabergoline, a D2 dopamine agonist, healthy controls completing 

this task were found to have slower saccadic velocity in low reward conditions 
only, but increased reward sensitivity shown by an interaction between drug 

and reward. Despite the prediction that activation of the D2-pathways could 
lead to slower RTs, cabergoline did not show an effect on reaction times or 

accuracy (Manohar, 2014). This indicates a generally lower motivational state 
only for smaller rewards on cabergoline. 

 
In order to further dissect the effects of dopamine on reward sensitivity and 
potential differences in dopamine receptor subtypes, the same paradigm was 

used in healthy volunteers pharmacologically altering their dopamine levels 
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by administering Madopar and haloperidol. Haloperidol, acting as a 
dopamine antagonist, mainly on D2 receptors, may show an opposite pattern 

of effects than seen after cabergoline. And with Madopar, acting on both the 
direct and the indirect pathways, different roles in the initiation of action and 

desisting from less valuable actions have been suggested (Manohar, 2014).  
 

I, therefore, hypothesise that haloperidol may reduce reward sensitivity and 
increase overall oculomotor capture while Madopar may increase reward 

sensitivity but also increase distractibility, which may lead to a greater 
proportion of erroneous trials. The within-subject design of the study allows 

to account for individual dopamine baseline levels by measuring the “more” 
and “less” than normal dopamine effect. Results will also be matched with 

questionnaire-based assessments of intrinsic motivation impulsivity trait. 
 

3.3.2.  Statistical analysis 

Data handling was identical to that described in section 2.1.5. Participants 

completed 7 blocks of each 54 trials (total of 378 saccades) with 5 minutes 
breaks in between the blocks and 10 practice trials at the beginning of the 

first block which were excluded from the subsequent analysis. From the total 
of 90 recorded datasets (30 participants each completing 3 sessions), 4 

datasets had to be excluded/are missing from the analysis, due to 
participants’ time constraints or technical issues. This concerned one dataset 

within the placebo cohort and 3 datasets in the haloperidol arm. 

In order to account for different baseline performance between subjects as 

well as for the four missing datasets, a mixed linear model with random 
intercept, using the restricted maximum likelihood method, was used to 

analyse the data using SPSS (mixed linear models) and R (nlme package) 

(Table 3.2). The model fit was assessed using the chi square test. 

 
 

R lmer (var ~ reward * drug + (1 | ID), data) 
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SPSS MIXED var BY drug WITH reward 
 /CRITERIA=DFMETHOD(SATTERTHWAITE) CIN (95) MXITER 
(100) MXSTEP (10) SCORING (1) 
   SINGULAR (0.000000000001) HCONVERGE (0, ABSOLUTE) 
LCONVERGE (0, ABSOLUTE) PCONVERGE (0.000001, 
ABSOLUTE) 
  /FIXED=drug reward drug*reward | SSTYPE (3) 
  /METHOD=REML 
  /RANDOM=INTERCEPT | SUBJECT (ID) COVTYPE (VC). 

Table 3.2 Double- step paradigm- Model used for statistical analysis in R and SPSS. The 

placeholder “var” represents the variable of interest in the analysis (i.e., peak velocity). 

Groups were split comparing the effect of dopamine vs. placebo and 

haloperidol vs. placebo separately, using drug as a one level within-subject 
factor each time (Figure 3.2). Reward was used as a linear covariate. 

Interaction terms were performed for within-subject factors. Results reported 
are from the R analysis. Where only p-values were reported in the text, F-
statistics of all results are to be found in the table at the bottom of each 

subsection. The alpha level was set at .05. 
 

 

Figure 3.2 Double-step paradigm- drug study: Hierarchical structure of statistical analyses: 

Two separate analyses were performed with data comparing Madopar (red) and haloperidol 

(yellow) to placebo data separately. In each analysis the following factors were included: (1) 

Incentives (linear factor 0-10-50p), (2) drug (2 levels) and their (3) interaction terms. 
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3.3.3. Results 
 

3.3.3.1. Fewer oculomotor capture errors on Madopar, 

more on haloperidol 
Looking at the proportion of oculomotor capture errors (proportion of 
saccades landing closer to the distractor than the target), participants on 

haloperidol performed worse than those on placebo (p<.001), while Madopar 

improved performance (p= .040, Table 3.3 & Figure 3.3(B)). There was no 

main effect of reward on this variable and no interaction between reward and 
drug. 

 

Table 3.3 Double-step paradigm - drug study, F-statistics: Proportion of erroneous trials. 

 
Using saccadic departure angle as a measure of distractor pull, I found a 

similar pattern as described above. Haloperidol increased distractor pull 

significantly (p< .001, Figure 3.3(A), F-statistics, see Table 3.4), while 

Madopar on the other hand improved inhibitory control and led to a decrease 

in the distractor pull (p= .049, Table 3.4). A noteworthy difference between 

the two parameters was that reward seemed to have a beneficial effect on 
distractor pull in the placebo vs. Madopar data (p= .005). The analysis 

haloperidol vs. placebo did not lead to a significant main effect of reward (p= 
.194). Although the effect of incentives was strongest in the Madopar data, 

the interaction between drug and reward for placebo vs. Madopar did not 

reach significance (p= .158, Figure 3.4). Taken together, this means that 

reward sensitivity of both these parameters were not significantly altered by 

  FA p ß (%) ± SE 
MADOPAR     
 reward (1, 143.93) = 0.989 = .321   
 drug (2, 144.26) = 4.287 = .040 -1.95 ± .94 
 reward*drug (1, 143.93) = 0.202 = .654  
HALOPERIDOL     
 reward (1, 135.91) = 0.382 = .537  
 drug (2, 136.89) = 14.299 < .001  4.06± 1.07 
 reward*drug (1, 135.12) = 0.016 = .898  



 

 103 

either of the two drugs. Overall distractibility was, however, improved by 
Madopar and worsened by haloperidol. 

 

 
 

 
Figure 3.4 Double -step paradigm- drug-study: Reward sensitivity measured 

by the difference of departure angle between rewarded (50p) and 

unrewarded trials; Madopar showed greatest reward sensitivity (placebo vs. 

Madopar p= .158, n.s.). 

Difference in Departure Angle "high reward" vs. "no reward"

Placebo Madopar Haloperidol
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Figure 3.3 Double-step paradigm- drug study: (A) Distractor pull: Direction of saccade, 

where π/3 is the distractor and 0 is direction target (B) Error Rate: Proportion of erroneous 

trials (%). Both measures show performance improved on Madopar and worsened on 

haloperidol.  
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  FA p ß (a.u.) ± SE  
MADOPAR     
 reward (1, 22308.03) = 7.87 = .005  -0.03 ± 0.01 
 drug (1, 22327.06) = 3.87 = .049  -0.02 ± 0.01 
 reward*drug (1, 22308.01) = 1.99 = .158  
HALOPERIDOL     
 reward (1, 20731.08) = 1.68 = .194  
 drug (1, 20746.50) = 45.35 < .001  -0.08± 0.01 
 reward*drug (1, 20731.01) = 0.011 = .916  

Table 3.4 Double-step paradigm- drug study, F-statistics: Departure angle. Saccadic 

trajectory where π/3 is towards distractor and 0 towards target [arbitrary units]) 

 

3.3.3.2. Both drugs reduced peak velocity 

Peak velocity was reduced by both drugs (p< .001, Table 3.5). This is in line 

with previous findings of the effect of a single dose of haloperidol on healthy 

volunteers (Lynch et al., 1997; Visser et al., 2001). Intriguingly cabergoline was 
found to selectively slow unrewarded (0p) trials (Manohar, 2014), while in the 

current data Madopar caused an overall slowing of all reward conditions. 
There was a main effect of reward in both drug arms showing participants to 

be faster on rewarded trials (p< .001, Table 3.5; Figure 3.5(A)). Neither of the 

drugs influenced reward sensitivity of saccadic velocity (interaction between 

reward and drug: Madopar p= .213 and haloperidol p= .501). 

 

Table 3.5 Double-step paradigm- drug study, F-statistics: Peak velocity. 

 

  FA p ß (°/s) ± SE 
MADOPAR     
 reward (1, 15187.27) = 205.47  < .001 25.08 ±1.74 
 drug (1, 15193.99) = 197.69  < .001 -20.33 ±1.45 
 reward*drug (1, 15190.27) = 1.55  = .213  
HALOPERIDOL     
 reward (1, 13129.21) = 149.63  < .001 24.56 ± 2.01  
 drug (1, 13142,23) = 134.73  < .001 -30.35 ±2.64 
 reward*drug (1, 13129.27) = .454  = .501  
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These findings confirmed previously published data as well as my own 

findings (see section 2.1.8) about the effect of reward on saccadic peak 

velocity (Lynch et al., 1997; Visser et al., 2001; Manohar et al., 2015). 

 

 

3.3.3.3. Both drugs reduced motor vigour 

In order to exclude the effect of saccade amplitude as a contributor to higher 

peak velocities, in the context of the well-known principle of the main 
sequence, a linear regression between amplitude size and peak velocity was 

performed. Velocity residuals were calculated for each subject and each drug 
arm separately and a main effect of reward on residual peak velocity was 

confirmed (p<.001, F-statistics, see Table 3.6) making saccades faster on 

rewarded trials in both comparisons Madopar vs. placebo and haloperidol vs. 

placebo (Figure 3.5 (B)). 

Table 3.6 Double-step paradigm- drug study, F-statistics: Residual Peak velocity. 

  FA p ß (°/s) ± SE  
MADOPAR     
 reward (1, 15275.0) = 113.73 < .001 20.44 ± 1.94  
 drug (1, 15275.0) = 0.00 = .996  
 reward*drug (1, 15275.0) = 1.41 = .236  
HALOPERIDOL     
 reward (1, 13209.0) = 102.27 < .001 22.32 ± 2.22  
 drug (1, 13209.0) = 0.00 = .966  
 reward*drug (1, 13209.0) = 3.49 = .061  

Figure 3.5 Double-step paradigm- drug study: (A) Peak velocity, (B) residual peak 
velocity 
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There was no statistically significant interaction between drug and reward in 
either of the analyses (Madopar p= .236, haloperidol p= .061), although there 

was a trend towards an interaction between drug and reward in the 
haloperidol vs. placebo cohort, intriguingly showing a steeper slope of reward 

effect on residual peak velocity on haloperidol (Figure 3.6 & Table 3.6). This 

trend was, however, not significant and no interaction was present for 

Madopar (p= .236). The previously found main effect of drug on residual peak 
velocity, however, vanished (Madopar p= .978, haloperidol p= .953), which 

can be explained by significantly smaller amplitudes in both drug groups 

when compared to placebo (p< .001, F-statistics, see Table 3.7 below). 

Smallest amplitudes were found in the haloperidol group, but amplitudes 
were also significantly smaller in the Madopar group when compared to 

placebo. 
 
  FA p ß (°) ± SE  
MADOPAR     
 reward (1, 15250.53) = 22.41 < .001 0.14 ± 0.03  
 drug (1, 15263.07) = 18.89 < .001 -0.11± 0.02 
 reward*drug (1, 15250.52) = 0.001 = .969  
HALOPERIDOL     
 reward (1, 13183.53) = 8.01 = .004 0.09 ± 0.03  
 drug (1, 13209.31) = 58.15 < .001 -0.22± 0.03 
 reward*drug (1, 13183.74) = 1.46 = .228  

Table 3.7 Double-step paradigm- drug study, F-statistics: Amplitude size. 

 

While PD patients are well known to have hypometric saccades, levodopa 
therapy has been shown to improve this (Montastruc et al., 1989). Little, 

however, is known about the effect of levodopa on saccades in healthy 
controls. Our findings may suggest that (too) high and (too) low levels of 

dopamine may decrease motor vigour of saccades following an “inverted-U-

shaped” relationship. Reward increased amplitude size in both the Madopar 
data (p<.001) and the haloperidol data (p= .005) showing that, indeed, 

amplitudes can be modulated even when saccadic distance is fixed (Figure 

3.7), which our data on a smaller cohort in the previous section did not reflect. 
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Figure 3.6 Double-step paradigm- drug study: Reward sensitivity. Difference in residual 

peak velocity per reward level. Velocity at 0p was subtracted from the other two reward 

levels. There was a trend towards greater reward sensitivity on haloperidol (p= .061 n.s.) 

but not on Madopar. 

 

 

 

 

Figure 3.7 Double-step paradigm- drug study: Amplitude size. 
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3.3.3.4. Haloperidol decreased inhibitory control 

Reaction times were significantly faster on rewarded trials (p<.001, F-

statistics, see Table 3.8). Saccadic latencies were, in fact, also shorter in the 

haloperidol group when compared to placebo (Figure 3.9 (A)).  

To understand why this might arise, I examined the correlation between 

amplitude size and reaction times across trials, analysed per condition and 
per participant. Amplitude size correlated positively with reaction times in 

both the placebo and the Madopar but not in the haloperidol data (Figure 

3.8), where amplitudes remained hypometric throughout.  

 

Shorter reaction times may, therefore, be explained by the known trade-off 

for planning time previously termed “amplitude latency relation” in the 
literature (Fuller, 1996). It states that smaller movements require shorter 

preparation time. Linear regression between amplitude and reaction time 
confirmed that there was no main effect of haloperidol on residual reaction 

times (p= .999, p= .971, F-statistics see, Table 3.9, Figure 3.9 (B)). 

 
  FA p ß (ms)± SE  
MADOPAR     
 reward (1, 15170.42) = 44.94 < .001 15.08± 2.26 
 drug (1, 15181.03) = 0.092 = .726  
 reward*drug (1, 15170.42) = 0.054 = .817  
HALOPERIDOL     
 reward (1, 13040.29) = 29.23 < .001 12.43± 2.28  
 drug (1, 13069.34) = 4.67 = .031 -6.44 ± 2.98 
 reward*drug (1, 13037.38) = 0.71 = .398  

Table 3.8 Double-step paradigm- drug study, F-statistics: Reaction time. 
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Figure 3.9 Double-step paradigm- drug study: (A) Saccadic reaction times seemed to be 

significantly faster in the haloperidol group. (B) This effect was absent after accounting for 

smaller amplitude sizes in the haloperidol group by performing a linear regression on data 

of all three groups. 

 

An alternative interpretation of these findings may, however, be that they 

reflect reduced inhibitory control caused by haloperidol, indicated by the 
observation that faster reaction times were also accompanied by a higher 

Figure 3.8 Double-step paradigm- drug study: Correlation plot between saccadic 

reaction times and amplitude sizes. Amplitudes of greater size correlated with longer 

reaction times in the placebo und Madopar group. This was not the case in the 

haloperidol group where amplitude size was reduced overall. 

 

Placebo
Madopar
Haloperidol



 

 110 

proportion of erroneous saccades (Figure 3.10), potentially reflecting a 

reduced ability to inhibit early saccades towards the distractor. Residual 

reaction time remained reward sensitive (p< .001) with no interaction between 

drug and reward (Table 3.9). 

 

Figure 3.10 Double-step paradigm- drug-study: Conditional plot 

showing that for comparable reaction times haloperidol increased and 

Madopar decreased the proportion of erroneous trials. 

  FA p ß (ms) ± SE 
MADOPAR     
 reward (1, 15199.18) = 64.64 < .001 -15.15 ± 1.87 
 drug (1, 15199.77) = 0.001 = .999  
 reward*drug (1, 15199.79) = 0.005 = .941  
HALOPERIDOL     
 reward (1, 13830.64) = 60.14 < .001 -15.22 ± 1.95 
 drug (1, 13830.12) = 0.001 = .982   
 reward*drug (1, 13830.04) = 0.001 = .977  

Table 3.9 Double-step paradigm- drug study, F-statistics: Residual reaction time. 

 

3.3.3.5. Haloperidol caused greater endpoint variability, 

Madopar did not 

Haloperidol led to greater endpoint variability measured by the standard 

deviation of saccadic amplitudes (p< .001, F- statistics, see Table 3.10). This 

was not the case for Madopar, where no significant drug effect was found (p= 
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.231, Table 3.10). While the placebo cohort itself showed a main effect of 

reward, improving endpoint variability when rewarded (F (1, 55) = 4.56, p= 

.037), this effect was attenuated in both drug arms (p= .294, p= .130), 
however, not ultimately leading to an interaction between drug and reward. 

In summary, haloperidol increased variability, while there was no conclusive 
evidence that this was related to reduced motivation. 

 
  FA p ß (°) ± SE 
MADOPAR     
 reward (1, 139.04) = 1.11 = .294  
 drug (1, 139.22) = 1.14 = .231  
 drug*reward (1, 139.04) = 2.02 = .158  
HALOPERIDOL     
 reward (1, 133.22) = 2.32 = .130  
 drug (1, 135.11) = 23.31 < .001 0.20 ± 0.05 
 reward*drug (1, 133.22) = 0.50 = .823  

Table 3.10 Double-step paradigm- drug study, F-statistics: Amplitude variability. 

 

3.3.3.6. People with low intrinsic motivation are more likely 

to improve inhibitory control on Madopar 

Could someone’s intrinsic motivation tell us something about their dopamine 
levels? To clarify in which situations dopamine could have beneficial and in 
which detrimental effects on cognitive control, intrinsic motivation was 

assessed as a potential proxy for dopamine baseline activity. I included the 
self-reported Apathy Motivation Index score (median split low vs. high) into 

the mixed linear model and repeated analysis on the mean values per subject. 
This questionnaire was previously found to be a sensitive tool to assess 

intrinsic motivation in otherwise healthy controls (Ang et al., 2017). 

Intriguingly, I found interactions between AMI scores and Madopar 
manipulation on two variables of accuracy/inhibitory control when comparing 

placebo data to data retrieved after a single dose of Madopar. Interactions 
were found in the variables of departure angle (F (1, 138.87) = 8.82, p= .004) 

and proportion of erroneous trials (F (1, 138.64) = 6.65, p= .011, Figure 3.11). 

The most consistent finding across these variables was that participants with 



 

 112 

low AMI scores showed an improvement of inhibitory control after a single 
dose of Madopar, while this effect was absent in high AMI score participants, 

where there was no drug effect to be found. A main effect of AMI scores 
interestingly also showed that low AMI scores led to better inhibitory control 

overall when compared to highly motivated participants (departure angle: F 
(1, 27.05) = 4.53, p= .042, proportion of errors: F (1, 27.01) = 6.22, p= .023). 

No main effect of AMI scores or interactions between drug and AMI scores 
were found in other variables including velocity, reaction time or amplitude 

size. In the analysis including haloperidol and placebo, there was no main 
effect of AMI scores on performance (departure angle: p= .19, proportion of 

errors: p= .07) and no interactions between AMI and drug (departure angle: 
p= .45, proportion of errors: p= .41) cohort. 

 

 
Figure 3.11 Double-step paradigm- drug study: Interaction between drug and AMI scores 

show (A) improved inhibitory control and (B) a decreased proportion of erroneous trials after 

a single dose of Madopar if intrinsic motivation was low to start with. No difference was 

found in the “high” motivation group (dashed lines= low AMI score, solid lines= high AMI 

score). 
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3.3.4.  Discussion 
 

3.3.4.1. Distractor inhibition and proportion of errors 

improved by Madopar and worsened by haloperidol  

Haloperidol was detrimental to performance in two ways. It led to greater 
distractibility and worsened endpoint accuracy. The proportion of saccadic 

endpoints being located closer to the distractor than the target was higher 
and distractor pull was increased, resulting in saccadic curvature pointing 
increasingly into the direction of the distractor. This is in line with a rise in 

antisaccadic errors through heightened distractibility reported in healthy 
volunteers after a dose of intravenous 1mg of haloperidol (McCartan et al., 

2001) pointing towards impaired cognitive control on haloperidol, which may 

also be reflected by the decrease of reaction time in my data leading to early 
more erroneous saccades. Madopar, on the other hand, improved the 

proportion of errors. Evidence from predictive coding models suggested that 
dopamine increases the confidence of actions by increasing the precision 

signal but promoting distractibility (Dreisbach et al., 2005; Galea et al., 2012; 
Rawji, 2019), which is supported by clinical studies (MacDonald et al., 2016) 

but not entirely in line with my findings. In this task I found higher 

dopaminergic levels to coincide with improved distractibility when compared 
to placebo. In order to explain this finding and to account for participants’ 

intrinsic motivation, I subsequently added AMI score results to the model 
(“high” vs. “low”). Performance improvements after Madopar, in this case, 

only held true in participants with low intrinsic baseline motivation, suggesting 
that Madopar improves performance in low dopamine baseline individuals 

only. These findings are very interesting especially in light of the hypothesis 
that “optimal” dopamine levels may be embedded in the centre between “too 

much” and “too little” dopamine. If low AMI scores, therefore, indicate low-
normal dopamine levels, adding Madopar could potentially improve 

performance without creating an “overdose”, whereas in high AMI scores 
could potentially worsen it (Floresco and Costa, 2013). It, however, remains 

unclear why no correlation was found between haloperidol and AMI scores. 
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It may be possible that self-reported motivation tracks D1-receptor 
occupancy and the selective D2-effects are not modulated by this. These 

findings are of special interest due to the neat within-subject design of this 
study, which allows for a better interpretation of results even without having 

invasive dopamine measures.  
 

3.3.4.2. Both drugs caused a significant decrease in motor 

vigour 
Significantly smaller amplitudes were found in both drug groups compared to 
placebo. This in consequence led to slower peak velocities in both cohorts 

reflecting decreased motor vigour on both drugs. The drug effects on velocity 
and reaction time did, however, not survive regression with amplitude sizes. 
Neither of the residual variables was, therefore, significantly altered by either 

drug. There might be two possible explanations for the reduced reaction 
times on haloperidol: They could either be the result of smaller amplitude 

sizes in the haloperidol group (smaller movements require shorter planning 
times) or reflect reduced cognitive (inhibitory) control as a higher proportion 

of erroneous trials was observed concurrently. Due to the task’s setup, 
reaction times represent two different processes: The speed of inhibition of 

the first saccade (towards the distractor) and the reaction time taken to elicit 
the saccade to the (correct) target. Haloperidol was overall rather detrimental 

to participants’ performance, which makes it more likely that the reduced 
reaction time in this paradigm reflects reduced inhibitory control or the 

relationship between amplitude size and preparatory processes rather than 
an improvement of the motor preparation processes itself. 

Data suggest that tonic dopamine controls motor vigour and is tightly 
connected to an individual’s motivational state (Niv, 2007). This would 

promote the idea that increased dopamine levels (Madopar) increase motor 
vigour, while haloperidol decreased it, which was not the case in these data. 

Hypometric saccades are well documented in patients with PD and have 
been reported in MTPT induced parkinsonism (Poletti and Bonuccelli, 2013). 

They have, thus, also been reported in Huntington disease and schizophrenia, 
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indicating hypometric saccades might not only be a hypo-dopaminergic 

phenomenon (Hotson, Langston and Langston, 1986; Kato et al., 1995; 

Winograd-Gurvich et al., 2003). This is supported by data from DAT scans, 
showing a correlation between DAT binding activity and the severity of 

hypometric saccades (Railo, Olkoniemi and Eeronheimo, 2018). Although 
there are studies investigating the effect of dopaminergic drug manipulation 

on saccades of healthy controls, most of these studies assessed saccadic 
velocity and reaction time, while data on the drug effect on amplitudes remain 

scarce. 

The available data may point towards a “too high”- “too low” hypothesis for 
saccadic amplitude as well. Nevertheless, it is important to mention that the 

interaction found between drug and AMI scores was present only in variables 
of accuracy in this paradigm, which suggests an interdependence between 
baseline dopamine levels and the impact of additional dopaminergic 

manipulation. This effect was absent when measuring motor vigour 
(amplitude, velocity) as the drug effect was not dependent on intrinsic 

motivation scores (no interaction between AMI and drug). 

It is believed that the main sequence, being the relationship between 
amplitude size and velocity, optimises the trade-off between the accuracy of 

an eye movement and its movement duration (Harris and Wolpert, 2006). 
Faster movements result in increased noise in the motor command and, 

hence, in less accurate movements. While it was shown that this observation 
can be violated by motivation through reward, both drugs also seemed to 

shift this relationship, causing participants to elicit slower saccades also in 
unrewarded trials. Whereas this led to greater level of accuracy on Madopar, 
haloperidol caused accuracy to deteriorate, potentially due to a disruption of 

inhibitory processes also reflected by shorter reaction times. 
 

Since saccade circuits are well-studied, the exact patterns of oculomotor 
parameters allow us to infer the locus of the effect these two drugs may have 

on them. Saccadic velocity and amplitude have, e.g., been reported to be 
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diminished in monkeys with local dopamine depletion within the caudate 
nucleus (Kato et al., 1995). This is thought to be the case because the local 

dopamine depletion in the caudate causes increased inhibitory activity in the 

SNr towards the superior colliculus and, consequently, to reduced saccadic 
vigour. Primate studies have also shown that electrical stimulation of the SNr, 

too, inhibits the superior colliculus leading to a similar saccadic pattern 
(Basso and Liu, 2007). 

 

3.3.4.3. Reward sensitivity was not significantly altered by 

either of the drugs 

Due to previous findings of cabergoline increasing reward sensitivity in the 
same task, we assumed higher levels of dopamine could coincide with 

greater willingness to exert effort. Motivation, here, was found to improve 
saccadic performance when reward was on offer, namely, leading to greater 

saccadic peak velocity and shorter reaction times as well as amplitude size 
and amplitude variability in the placebo group. Neither of the drugs, however, 

significantly altered reward sensitivity in this paradigm, with only one trend to 
be reported. In fact, haloperidol surprisingly led to the numerically biggest 

increase in residual peak velocity on rewarded trials (drug x reward p= .061, 
n.s.). There has been controversy around the effect of a (small) single dose of 

haloperidol, where pharmacological studies yielded contradicting results. 
While haloperidol is believed to act mainly on post-synaptical D2 receptors 

and, hence, should lead to a decrease in dopamine, animal studies suggested 
that, indeed, haloperidol administered in small doses (as 2.5mg is considered 

to be) could act on pre-synaptical receptors and eventually lead to an 
increase in dopamine release (Richfield, Penney and Young, 1989), which 
could explain my results. Another interesting finding in this context was that 

in monkeys D2 blockade increased reward sensitivity of saccadic RT, as 
measured in a simple saccadic paradigm, suggesting a more complex 

underlying mechanism (Nakamura and Hikosaka, 2006). 

Figure 3.12 illustrates the simplified drug effects I found in this task assuming 

participants had an “optimal baseline dopamine” to start with and haloperidol 
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would, in fact, decrease dopamine levels. Saccadic amplitude (grey) was 
diminished by both drug manipulations, while reward sensitivity (dashed blue) 

was not significantly altered by either drug in this task. Inhibitory control 
interestingly was overall improved by Madopar (green), although considering 

intrinsic motivation scores it remains to be clarified whether this green line 
may flatten for higher-than-normal dopamine levels. 

 

 

 

 

Figure 3.12 Double-step paradigm- drug study: Illustration of the relationship between 

dopamine levels (x-axis), saccadic amplitude sizes (grey), reward sensitivity (blue) and 

inhibitory processes (green). While amplitude size diminished on both drug manipulations, 

inhibitory processes seemed improved on Madopar and worsened on haloperidol, reflected 

by accuracy measures. Reward sensitivity did not, as expected, increase with higher 

dopamine levels significantly.  



 

 118 

3.4. Effect of dopamine on reward sensitivity in 

multi-alternative decision-making 

 
3.4.1.  Background and hypothesis 

In order to make a saccade to a target we first need to choose “the right” 

target from a number of alternatives. Dopamine is thought to be closely 
involved in this process via the basal ganglia, specifically in the filtering of 

irrelevant stimuli, which in turn is a key skill in reinforcement learning (Frank 
and O’Reilly, 2006). A disruption in these mechanisms could, hence, lead to 

delayed, on the one hand, or premature and erroneous decisions on the other 
hand side. Apathy and impulsivity could be considered clinical syndromes 

reflecting those two types of choices, both linked to decreased and increased 
levels of dopamine respectively. If those conditions, indeed, represented two 

syndromes on a dopamine-dependent spectrum of goal-directed behaviour 
(Sinha, Manohar and Husain, 2013), one could expect to find a specific 
pattern of saccadic changes in this multi-alternative choice paradigm after 

drug administration.  

 

It, however, remains a matter of controversy if pharmacologically altered 
dopamine levels impair the timing of (Soares, Atallah and Paton, 2016; 

Mitchell et al., 2018) or disrupt the action selection process as such. Brown 

et al. found an impairment of choice reaction time rather than simple reaction 
time in dopamine deplete rats and interpreted these findings as “impaired 

motor readiness but preserved response preparation” (Brown and Robbins, 
1991), which was in line with findings from other studies involving PD patients 

(Rafal et al., 1984; Pullman et al., 1988). Animal work on dopamine-depleted 
rats confirmed these findings and showed motor impairments probably as a 

result of disrupted response initiation rather than selection (Carli, Evenden 
and Robbins, 1985).  

These findings have led to the first question to be addressed by this paradigm 
as to if/how altered levels of dopamine will influence choice reaction time and 
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accuracy. Based on previous findings, the expectation may be to observe 
longer reaction times but preserved accuracy, although the former was not 

reflected by our data in the previous chapter. 

 

The second crucial question is the role of dopamine in signalling incentives 
of different valence. While dopamine’s role in reward signalling is well 

established, also the degeneration of serotonergic pathways within the 
caudate nucleus has been found to correlate with the severity of apathy in a 

PET-study involving PD patients (Maillet et al., 2016). These pathways have 
previously been found to encode aversive stimuli and punishment avoidance 

rather than rewards (Daw, Kakade and Dayan, 2002; Denk et al., 2004; 

Guitart-Masip et al., 2014; Hu, 2016). More recent evidence, however, points 

towards the involvement of serotonin and its 5-HT neuronal receptors in 
reward encoding in mice studies (Miyazaki et al., 2014; Li et al., 2016). The 

question to be answered here is whether pharmacologically altered dopamine 
levels induce different motivation-related changes in saccadic performance 

depending on the incentive valence. 
 

A rather unexpected finding from the previous chapter was the absence of an 
increase in choice RTs with a higher amount of response alternatives. The 

level of uncertainty in the task did not significantly alter choice reaction times 
of healthy participants. It is unclear whether this was due to the experimental 

setup of my task (central arrow, number of choice alternatives, position of 
targets including vertical saccades) or if there might have been additional 

factors contributing to the results (e.g., cohort tested, sample size). 
 

I, therefore, repeat the same task with a larger sample size and aim to answer 

the following questions: (1) Do internally triggered saccades follow Hick’s law, 

(2) does dopaminergic manipulation have a detrimental effect on cognitive 

control as described by the “inverted-U-shaped” relationship, potentially 

leading to longer reaction times, (3) how do incentives of different valence 

affect motor control of internally triggered saccades and (4) could there be an 
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interaction between reward sensitivity and drug manipulation in internally 
triggered saccades? 

 

3.4.2.  Eye tracking paradigm 

The eye tracker setup described in section 2.1.3 remained unchanged, and 

more detailed task instructions can be found in section 2.2.3. Thirty 

participants completed 5 blocks of each 72 saccades (total 360 saccades) in 

each of the three drug conditions. Breaks were taken in between each block 
and 10 practice trials at the beginning of the first block were not included in 

the analysis. From the total of 90 recorded datasets (30 participants each 
completing 3 sessions), 5 datasets had to be excluded/are missing from the 

analysis, due to participants’ time constraints or technical issues. This 
concerned one dataset within the placebo cohort and 4 datasets in the 
haloperidol arm. 

 

3.4.3.  Statistical analysis 

A random intercept model was used to perform statistical analysis using 

incentives, number of possible targets and drug as within-subject factors 

(Table 3.11). Incentives were defined as a factor with 3 levels (-50, 0 and 50p) 

with the reference level being 0p. To investigate the effect both drugs have in 
comparison to placebo performance, two separate analyses were conducted 

using placebo as the reference level (Figure 3.13). The number of response 

alternatives/targets was defined as linear factor and the z-scored values of it 

were used in the model due to slightly varying number of trials for each 
participant.  
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The analysis was performed in R and SPSS. Post-hoc comparisons were 
conducted using Bonferroni correction. The following codes were used, and 

SPSS results were reported in the results section below: 
 
 
 
R lmer (var ~ incentives * number of targets * drug + (1 | ID), data) 

SPSS MIXED var BY drug incentives WITH number of targets 

  /CRITERIA=DFMETHOD(SATTERTHWAITE) CIN (95) MXITER 
(100) MXSTEP (10) SCORING (1)  

    SINGULAR (0.000000000001) HCONVERGE (0, ABSOLUTE) 
LCONVERGE (0, ABSOLUTE) PCONVERGE (0.000001, 
ABSOLUTE)  

   /FIXED= incentives drug number of targets incentives * drug 
incentives * number of targets      drug * number of targets  
incentives * drug * number of targets |  

    SSTYPE (3)  

  /METHOD=REML  

  /RANDOM=INTERCEPT | SUBJECT (ID) COVTYPE (VC)  

 

Table 3.11 Multi-alternative decision-making- drug study: Model used for statistical analysis 

in R and SPSS: “Var” represents the variable of interest in the analysis (i.e., peak velocity). 

“Number of targets” represents the linear factor of uncertainty (1-level factor: 2, 4 and 8 

possible targets computed as z-scores), “incentives” represent the three different incentive 

conditions (3-level within-subject factor: “lose”, “nil”, “win”).  

  



 

 122 

 

Figure 3.13 Multi-alternative decision-making- drug study; hierarchical structure of statistical 

analysis: Two separate analyses were performed with data comparing Madopar and 

haloperidol to placebo data separately. In each analysis the following factors were included: 

(1) Uncertainty/number of alternatives (z-scored linear factor), (2) incentives (3 levels with 0p 

as reference), (3) drug (2 levels) and their (4) interaction terms. 

 

3.4.4. Results 
 

3.4.4.1. Hick’s law was obeyed in both placebo and 

Madopar but not haloperidol data 

Greater uncertainty led to longer reaction times in both Madopar and placebo 

groups (p< .001, Table 3.12) and, hence, confirmed Hick’s law for internally 

triggered saccades in this cohort (Figure 3.14). This effect was, however, 

diminished on haloperidol, which led to a weak but significant interaction 

between drug and uncertainty in the placebo vs. haloperidol analysis (p= 
.047). Although none of the post-hocs within the placebo vs. haloperidol 

group nor the separate analysis of the effect of uncertainty in the haloperidol 
data reached significance, it seems that haloperidol blocked the slowing of 

reaction times driven by uncertainty. This was accompanied by overall 
prolonged reaction times in the haloperidol arm (ß= 17.07 ms (1.29), p< 001) 
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when compared to placebo. Madopar did not have a main effect on reaction 
times (p= .129). 

 
Figure 3.14 Multi-alternative decision-making- drug study, reaction time: RA= response 

alternative/number of targets. (A) Placebo data confirmed Hick’s effect on reaction times. 

(B) Statistics including Madopar data show a main effect of uncertainty as well as a main 

effect of incentives. (C) Haloperidol, however, attenuated the effect of uncertainty shown 

by an interaction between drug and uncertainty and showed overall slower performance 

independent of the uncertainty level. 

Participants’ reaction times showed a main effect of incentives in both 
comparisons (haloperidol vs. placebo and Madopar vs. placebo, F-statistics, 

see Table 3.12). They were faster when incentivised. Comparing Madopar 

with placebo, both loss and win trials resulted in faster reaction time (win: ß= 

-5.54 ms (1.30), p<.001; loss: ß= -4.84 ms (1.30), p= .001) with no difference 
between them (p= 1.0). The main effect of incentives was also present in the 
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haloperidol-placebo comparison (p= .031). In this analysis only win trials 
sparked improved performance (ß= 3.82 ms (1.54), p= .039), while there was 

no significant difference for loss trials compared to unrewarded trials (p= .14). 
Although this might be an interesting observation leading to the interpretation 

that haloperidol attenuates the motivating effect of aversive stimuli, there was 
no significant difference between win and loss trials (p= 1.0) leading to the 

conclusion that overall reward sensitivity in haloperidol was low. 
    FA p 
MADOPAR       
  incentives (2, 22244.01) = 10.74 < .001 
  drug (1, 22257.66) = 2.41 = .129 
  number of targets (1, 22244.00) = 8.33 < .001 
  incentives *drug (2, 22244.01) = 0.728 = .485 
 incentives* number of 

targets 
(2, 22244.06) = 1.38 = .252 

 drug*number of targets (1, 22243.02) = 0.553 = .575 
 incentives*drug*number of 

targets 
(2, 22244.04) = 0.47 = .627 

HALOPERIDOL       
  incentives (2, 20223.18) = 3.47 = .031 
  drug (1, 20249.70) = 175.49 < .001 
  number of targets (1, 20223.18) = 0.40 = .525 
  incentives *drug (2, 20223.18) = 1.03 = .365 
 incentives* number of 

targets 
(2, 20223.16) = 0.03 = .970 

 drug*number of targets (1, 20223.12) = 3.96 = .047 
 incentives*drug*number of 

targets 
(2, 20223.15) = 1.61 = .186 

Table 3.12 Multi-alternative decision-making- drug study, F- statistics: Reaction time. 

 

3.4.4.2. Madopar increased reward sensitivity of peak 

velocity 

There were three main effects found in both drug comparisons when looking 
at saccadic velocity: Participants were faster when they were incentivised, 

slower with greater uncertainty and slower when on drugs vs. placebo (F-

statistics, see Table 3.13). Most interestingly, I found an interaction between 

drug and incentives (p= .020, see Figure 3.15), whereby Madopar increased 
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reward sensitivity in both incentive conditions compared to placebo. This was 
not the case for haloperidol. 

 

 

Figure 3.15 Multi-alternative decision-making- drug study: Peak saccadic velocity. Reward 

had an effect on both drug arms, and Madopar increased overall reward sensitivity. Greater 

uncertainty led to slower saccades in all three study arms. 

 

Pairwise comparisons in the placebo vs. Madopar analysis showed that 
participants, when on placebo, increased their velocity in both win (ß= 7.79°/s 

(2.19), p= .001) and loss conditions (ß= 6.1°/s (2.19), p= .016) equally. As 
reflected by the interaction between drug and reward in the same analysis, 

this effect was also present but stronger in the Madopar group than for 
placebo for both incentives (win: ß= 16.34°/s (2.18), p< .001, loss: (ß= 
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11.42°/s (2.18), p< .001, Figure 3.16), again with no difference between the 

two (p= 1.0). Similarly, within the haloperidol vs. placebo data, participants 

were significantly faster when motivated (p= .002; win: ß= 6.33°/s (1.90), p= 
.002; loss: ß= 4.93°/s (1.90) p= .029) when compared to unrewarded trials. 

There was no difference between the effect of both incentive conditions in 
either of the two drugs nor placebo (p= 1.0). 

 

There was a main effect of drug in the Madopar data (F (1, 22247.53) = 59.86, 
p< .001). As previously shown to be the case for saccades in the double-step 
paradigm, internally triggered saccades were also slowed by Madopar when 

compared to placebo (ß= -9.85°/s (1.27), p< .001) as they were on haloperidol 
(ß= -41.06°/s (1.59), p<.001), with a much bigger difference for the latter. A 

higher number of choice alternatives led to slower peak velocities in both drug 

comparisons (p< .001, see Table 3.13), probably driven by smaller 

amplitudes (see next section). For a full list of main effects and interaction 

terms please refer to Table 3.13. 

 
Figure 3.16 Multi-alternative decision-making- drug study: Reward sensitivity of peak 

velocity on haloperidol, placebo and Madopar. Participants were more willing to increase 

peak velocity when on Madopar compared to placebo (* interaction between reward and 

drug p= .020); haloperidol caused an overall slowing of peak velocity with no effect on 

reward sensitivity. 
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    FA p 
MADOPAR       
  incentives (2, 22244.01) = 32.60 < .001 
  drug (1, 22247.53) = 59.86 < .001 
  number of targets (1, 22244.02) = 17.18 < .001 
  incentives *drug (2, 22244.01) = 3.89 = .020 
 incentives* number of 

targets 
(2, 22244.00) = 0.63 = .531 

 drug*number of targets (1, 22243.99) = 1.18 = .278 
 incentives*drug*number 

of targets 
(2, 22243.99) = 0.16 = .852 

HALOPERIDOL       
  incentives (2, 20223.00) = 6.09 = .002 
  drug (1, 20241.89) = 662.38 < .001 
  number of targets (1, 20222.99) = 12.42 < .001 
  incentives *drug (2, 20223.00) = 0.24 = .783 

 incentives* number of 
targets 

(2, 20223.00) = 0.122 = .885 

 drug*number of targets (1, 20223.01) = 1.03 = .311 

 incentives*drug*number 
of targets 

(2, 20223.01) = 0.35 = .705 

Table 3.13 Multi-alternative decision-making- drug study; F- statistics: Peak velocity 

 

After factoring out amplitude size, the only remaining main effect on residual 
peak velocity was the one of incentives (Madopar: p< .001, haloperidol p= 

.008, see further Table 3.14). Participants on Madopar were significantly 

faster in both incentive conditions (win: ß= 207.82°/s (33.69), p<.001, lose: ß= 

119.31°/s (33.71), p= .001). There was a stronger effect of reward than 
penalty, however, (win vs. lose: ß= 88.52°/s (33.67), p= .026) which resulted 

in greater velocities when reward was on offer when compared to trials of loss 
avoidance.  

 

This confirms the findings from the same paradigm discussed in section 2.2. 

The latter was even more exaggerated after haloperidol, where participants 
were still faster for win trials (ß= 112.21°/s (36.9), p= .007) but there was no 

effect of loss (p= .11). In fact, dissecting whether this could be the effect of 
one of the drugs alone, I looked at the effect of incentives on the haloperidol 
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data separately, where no main effect of incentives was present at all (F (2, 
9171.0) = 1.34, p= .263). This was the case with no significant interactions 

between drug and reward being present. 
 
    FA p 
MADOPAR       
  incentives (2, 22273.00) = 19.15 < .001 
  drug (1, 22273.00) = 0.00 = .998 
  number of targets (1, 22273.00) = 1.98 = .160 
  incentives *drug (2, 22273.00) = 2.14 = .117 
 incentives* number of 

targets 
(2, 22273.00) = 0.25 = .777 

 drug*number of targets (1, 22273.00) = 0.68 = .409 
 incentives*drug*number 

of targets 
(2, 22273.00) = 1.62 = .198 

HALOPERIDOL       
  incentives (2, 20251.00) = 4.84 = .008 
  drug (1, 20251.00) = 0.00 = .993 
  number of targets (1, 20251.00) = 2.73 = .099 
  incentives *drug (2, 20251.00) = 0.27 = .763 
 incentives* number of 

targets 
(2, 20251.00) = 0.46 = .629 

 drug*number of targets (1, 20251.00) = 0.15 = .698 

 
incentives*drug*number 
of targets 

(2, 20251.00) = 0.83 = .438 

 
3.4.4.3. Both drugs caused smaller amplitudes 

Amplitude sizes changed significantly with uncertainty (as observed before) 

and drugs in both drug comparisons (for F-statistics, see Table 3.15). Greater 

uncertainty led to smaller amplitudes as did both drugs (Madopar (ß= -0.149° 

(0.023), p<.001); haloperidol (ß= -0.388° (0.027), p< .001, Figure 3.17)). 

Amplitudes were greater for both incentives in placebo vs. Madopar with no 
significant difference in between both incentive conditions (win: ß= 0.12° 

(0.028), p= .001; loss: ß= 0.11° (0.032), p= .001), which was not the case for 
the haloperidol comparison (main effect of incentives p= .090). Assessing 
whether this is the effect of haloperidol alone, I conducted an analysis for the 

Table 3.14 Multi-alternative decision-making- drug study, F-statistics: Residual peak 

velocity. 
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effect of incentive on the placebo data separately, which confirmed the 
absence of reward sensitivity (F (2; 11052.01) =2.39, p= .091). There was, 

however, no significant interaction between incentives and drug in the 
Madopar vs. placebo analysis (p= .243). This is in line with data from this 

paradigm in the previous chapter where saccadic amplitudes were not 
modulated by motivation. 
 
    FA p 
MADOPAR       
  incentives (2, 22243.95) = 11.31 < .001 
  drug (1, 22256.84) = 41.74 < .001 
  number of targets (1, 22243.95) = 101.62 < .001 
  incentives *drug (2, 22243.95) = 1.49 = .243 
 incentives* number of 

targets 
(2, 22243.96) = 1.55 = .212 

 drug*number of targets (1, 22243.96) = 0.19 = .660 
 incentives*drug*number 

of targets 
(2, 22243.96) = 0.69 = .498 

HALOPERIDOL       
  incentives (2, 20222.81) = 2.41 = .090 
  drug (1, 20250.94) = 214.66 < .001 
  number of targets (1, 20222.79) = 84.92 < .001 
  incentives *drug (2, 20222.81) = 0.27 = .764 
 incentives* number of 

targets 
(2, 20222.82) = 0.01  = .987 

 drug*number of targets (1, 20222.82) = 0.43 = .513 
 incentives*drug*number 

of targets 
(2, 20222.82) = 0.57 = .567 

Table 3.15 Multi-alternative decision-making- drug study, F- statistics: Amplitude. 
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Figure 3.17 Multi-alternative decision-making- drug study: (A) Amplitudes decreased 

with uncertainty and both drug manipulations. (B) Despite this, saccades landed closest 

to target on Madopar followed by placebo. Haloperidol led to greater inaccuracy most 

likely due to hypometric saccades. 

 
3.4.4.4. Madopar prompted participants to act faster and 

more accurately 

Madopar caused participants’ saccades to become more accurate (p< .001). 

The endpoint of saccades was significantly closer to the target on Madopar 
(ß= -0.56° (0.03), p<.001) than placebo. The opposite was the case for 

haloperidol which had a detrimental effect on accuracy (p< .001). Greater 
uncertainty also led to greater Euclidean distance to target, as reflected 

previously in my data (Madopar: p< .001, haloperidol p= .024). Endpoint 

accuracy was not influenced by motivation (F-statistics, see Table 3.16). 
    FA p 
MADOPAR       
  incentives (2, 22243.99) = 0.49 = .612 
  drug (1, 22252.37) = 385.19 < .001 
  number of targets (1, 22243.99) = 14.21 < .001 
  incentives *drug (2, 22243.99) = 0.006 = .994 
 incentives* number of 

targets 
(2, 22244.00) = 2.51  = .081 

 drug*number of targets (1, 22243.99) = 1.61 = .204 
 incentives*drug*number 

of targets 
(2, 22244.00) = 0.77 = .462 
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HALOPERIDOL       
  incentives (2, 20223.07) = 1.69 = .844 
  drug (1, 20223.96) = 47.46 < .001 
  number of targets (1, 20223.06) = 5.08 = .024 
  incentives *drug (2, 20223.07) = 0.06 = .939 
 incentives* number of 

targets 
(2, 20223.07) = 1.77 = .171 

 drug*number of targets (1, 20223.07) = 0.19 = .661 
 incentives*drug*number 

of targets 
(2, 20223.07) = 0.01 = .994 

Table 3.16 Multi-alternative decision-making- drug study, F- statistics: Euclidean distance 

to target. 

 
3.4.5.  Discussion 

3.4.5.1. Internally triggered saccades obey Hick’s law 

Internally triggered saccades were found to obey Hick’s law in both the 
placebo and the Madopar data. Participants showed longer reaction times in 

the presence of a higher number of choice alternatives. This was, however, 
not the case for haloperidol, which blocked the slowing of reaction times by 

uncertainty and showed overall prolonged reaction times. Hick’s law was not 
obeyed in the cohort of healthy controls completing the same paradigm in the 

previous chapter (see section 2.2).  

One explanation for this could be the increased level of practice in the second 

study (3 sessions vs. 1 session), potentially improving reaction times 
predominantly in the low uncertainty conditions. This hypothesis would, 

however, warrant further data analyses looking at the effects of practice over 
time during the task. Although no significant increase in reaction times with 

uncertainty has been found in the previous data (p= .14), one could still argue 
for the tendency towards longer reaction times, especially in unrewarded 

conditions. This could also give rise to the possibility that the first study was 
simply not sufficiently powered to detect the effect of uncertainty in all three 

incentive conditions. The overall slowing of reaction times on haloperidol was 
also a new finding, compared to the speeding effect of it in the previous task. 

Given the different nature of the tasks (inhibitory control vs. choice reaction 
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time), this may be in line with the finding of impaired choice reaction time but 
normal simple reaction time in both dopamine-depleted animals and human 

studies on PD (Rafal et al., 1984; Pullman et al., 1988; Brown and Robbins, 

1991). 

 

3.4.5.2. Both drugs reduced motor vigour 
While the role of dopamine in action selection and initiation is well 

established, its function in movement timing and velocity also provides 
interesting research avenues (Beradelli et al., 2001; Buhusi and Meck, 2005; 

Turner and Desmurget, 2010). Lesions within the basal ganglia, e.g., have 

been shown to cause isolated slowing of saccades (Horak and Anderson, 
1984; Desmurget and Turner, 2010). In PD reduced motor vigour has been a 

widely studied phenomenon, not exclusively observed in saccades, and was 
shown to be a primary deficit rather than being the result of a dopamine 
induced shift in speed-accuracy trade-off (Mazzoni, Hristova and Krakauer, 

2007; Baraduc et al., 2013). Animal studies suggest a role of the dorsal 

striatum in the invigoration of movements (Niv, 2007; Turner and Desmurget, 
2010; Wang, Miura and Uchida, 2013). In humans this is supported by the 

clinical observation of bradykinesia in dopamine-depleted PD patients, which 
improves with pharmacological replacement therapy (levodopa). A less 

investigated phenomenon is motor vigour in hyperdopaminergic states, 
although also schizophrenia, e.g., has been linked to a reduced likelihood to 

exert greater effort (Barch, Treadway and Schoen, 2014). While an “inverted-
U-shaped” relationship between dopamine levels and working memory 

performance has been suggested (Cools and D’Esposito, 2011), this may also 
be the case for motor vigour. Healthy controls showed slower peak velocities 

and smaller amplitudes on both administered drugs when compared to 
placebo not only in this paradigm but also in the double-step paradigm 
discussed in the previous section. With reduced amplitude and speed, motor 

control laws such as Fitts’s law predict smaller motor variability, due to motor 
noise which scales with the size of the motor command (Harris and Wolpert, 

1998, 2006). This was the case for saccades after a single dose of Madopar. 
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However, precisely the opposite was observed with haloperidol (Figure 3.3). 

Slower and smaller movements were accompanied by paradoxically larger 

errors when compared to placebo, as observed in the last paradigm. As 

dopamine is thought to increase the precision signal that determines 
movement vigour, haloperidol might lead to slower and less accurate 

saccades potentially through a decreased signal-to-noise ratio. The control 
command required to improve precision might, however, be costly and could 

explain poorer performance in dopamine deplete states. 
Motivation through both incentives improved performance across both 

velocity and reaction time in all three groups. There was no significant 
difference between the performance on win and loss trials apart from the 

stronger effect of positive incentives on peak velocity.  
 

3.4.5.3. Madopar increased reward sensitivity of velocity 

Most interestingly, Madopar increased reward sensitivity of peak velocity, 
which was not the case for haloperidol. It can, therefore, be concluded, that 

higher dopamine levels increased reward sensitivity of velocity in internally 
triggered saccades but not in the double-step paradigm. A possible 

explanation for these results could be that the double-step task involves 
interfering inhibitory processes in order to suppress the saccade to the 

distractor and/or subsequently redirect the “second” saccadic direction 
(Becker and Jürgens, 1979), which could alter reward processing. This could 

be supported by the observation that haloperidol, which disrupted inhibition 
leading to a greater proportion of erroneous trials in the double-step 
paradigm, indeed, also resulted in greater reward sensitivity via the same 

mechanisms. Overall, this supports findings from previous human and animal 
studies, which have suggested that dopamine increases the willingness to 

exert effort towards rewarded stimuli (Salamone, 2002) by relatively 
decreasing movement costs, without showing a detrimental effect on 

accuracy (Winkel et al., 2012). 
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In summary, in this section I replicated the finding of reduced motor vigour 
on both drugs as well as increased accuracy on Madopar as shown in the 

double-step paradigm. Novel findings include impaired choice reaction times 
on haloperidol in this paradigm and most importantly increased reward 

sensitivity on Madopar measured by peak velocity. 
 

 

3.5. Task III: Effect of incentives, memory load, 

and dopamine on memory-guided saccades 

3.5.1. Background and hypothesis 

The precision of visual working memory, defined as “ the active maintenance 
of visual information to serve the needs of an ongoing task” (Luck and Vogel, 

2013), has been found to be modulated by dopamine. The neurophysiology 
of working memory, often investigated using memory-guided saccades, is 

consistently linked to prefrontal cortex neuronal activity, and was found to be 
heavily dopamine-dependent (Fuster, 1973; Haven and Goldman-Rakic, 
1995; Seamans and Yang, 2004). However, there have been surprisingly few 

human studies looking into the interaction between working memory and 
dopamine using saccadic eye movements. In this introduction I will first 

discuss published data exploring dopaminergic drug effects on memory 
guided saccades, then touch on proposed underlying mechanisms linking 

dopamine to working memory performance more generally and finally review 
data on reward sensitivity and dopamine. 

 
Data from human studies often involve patients diagnosed with diseases 

known to be accompanied by dopamine imbalances. For example, 
dopamine-naïve PD patients showed impaired VWM performance, which 

improved on dopaminergic treatment. Deficits well documented in this cohort 
include premature saccades during delay periods and decreased accuracy of 

memory recall (Crawford, Henderson and Kennard, 1989; Hodgson et al., 
1999). Indeed, PD patients were found to show superior performance in 
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memory recall when “OFF” medication when compared to “ON” (Fallon et al., 

2019). Knowing that these patients often suffer from various comorbidities 
and that disease pathology may affect large parts of different dopaminergic 

pathways (Billino, Hennig and Gegenfurtner, 2017), results might be difficult 
to interpret and may not answer specific questions about the underlying 

processes. Pharmacological studies involving dopaminergic medication also 
yielded mixed results. In healthy controls, mnemonic ability in the absence of 

distractors improved after a single dose of cabergoline but showed overall 
greater distractibility (Fallon et al., 2017), while in another cohort it either 

worsened or improved performance on the same drug depending on the 
participants’ baseline performance (Cools and D’Esposito, 2011). Work on 

haloperidol in contrast showed clearer results, impairing working memory 
recall and increasing the level of guessing (Frank and O’Reilly, 2006). An 

animal study mimicking chronic antipsychotic exposure leading to D1 
receptor downregulation in the prefrontal cortex also found that a single add-

on dose of a D1 receptor agonist reversed the observed severe working 
memory impairments (Castner, 2000). 

Specific studies investigating the effect of drug manipulations on memory-
guided saccades have found that dopamine antagonists had a detrimental 

effect on performance in monkeys (Sawaguchi and Goldman-Rakic, 1991, 
1994; Sawaguchi, 2000, 2001). More recently a cohort of participants carrying 

the COMT polymorphism, thought to putatively have higher prefrontal 
dopamine levels, were found to perform worse in memory-guided saccades 
than in visually guided saccades indicating a detrimental effect of dopamine 

on spatial memory representation (Billino, Hennig and Gegenfurtner, 2017). 
Dopamine depletion can also attenuate activity in the supplementary motor 

area, which has been shown to lead to impairments specifically in sequences 
of memory-guided saccades while relatively sparing single remembered 

saccades (Gaymard, Pierrot‐Deseilligny and Rivaud, 1990). More recent 
evidence suggests a much more complex relationship between dopamine 

levels and cognitive performance, however. Whether dopamine improves or 
impairs working memory may depend heavily on a number of factors, 
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including the individual’s baseline performance as well as baseline dopamine 
level. This idea is further developed by the suggestion performance may 

follow an “inverted-U-shaped” relationship (Cools and D’Esposito, 2011). 
Both more (Sahakian et al., 1985; Murphy et al., 1996; Zahrt et al., 1997; Fallon 

et al., 2017) and less (Sawaguchi, Matsumura and Kubota, 1990; Seamans, 

Floresco and Phillips, 1998) dopamine was found to alter working memory 
performance in a number of human and animal studies.  

 

But what are the underlying mechanisms linking dopamine to WM 

performance? Dopamine has been implicated in WM maintenance (Haven 
and Goldman-Rakic, 1995; Floresco and Magyar, 2006; Vijayraghavan et al., 

2007; Fischer et al., 2010; Eckart et al., 2014; Rypma et al., 2015). While 

striatal dopamine modulates WM through activity in the prefrontal cortex 

(Chatham and Badre, 2015), additional evidence has shown that the BG 
modulate sensory cortex activity by increasing the activation of task-relevant 
areas and decreasing it in task irrelevant ones (Schouwenburg, Ouden and 

Cools, 2015). Indeed, dopamine also seems to have a crucial role in feedback 
signalling from previous movements when making sequential movements 

(Friston et al., 2012). 

 
An additional question remains whether different dopaminergic levels 

influence reward sensitivity of memory-guided saccades and if so, in which 
way. Findings from the same task in the previous chapter showed saccadic 

velocity and reaction time to improve with motivation. Reward sensitivity of 
peak velocity, however, showed a trend toward weaker effects with higher 

memory loads, possibly indicating an increase in maintenance costs in the 
presence of multiple targets. Of interest, no difference was found between 

the effect of reward anticipation and penalty avoidance on saccadic 
properties in this task. In monkeys it has been shown that the ventrolateral 
PFC may be modulating information in working memory on the basis of 

reward expectation in an incentivised paradigm (Kennerley and Wallis, 2009). 
In a large online study no effect of monetary reward was found in humans 
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(Berg, Zou and Ma, 2020). Although the task was arguably not ideal for 
studying motivation due to its between-subject design, the negative result 

has been confirmed by a few other studies, showing attention can be shifted 
within the limited capacity system by reward but its limitations not overcome 

(Morey et al., 2011b; Wallis et al., 2015; Allen, 2019). If capacity limits are, 

indeed, strictly obeyed, even when we are motivated as indicated in the data 
of the previous chapter, then a saccadic task should show a dissociation, 

with strong effects of motivation on vigour but not on memory precision. This 
would confirm that the negative results are not simply due to insufficient or 
ineffective motivation but constitute a true performance limit. 

Memory-guided saccades have been extensively studied in the past 
(Ohtsuka, Sawa and Takeda, 1989; Pierrot-Deseilligny et al., 1991; Ditterich, 

Eggert and Straube, 1998; Sawaguchi, 2000; Brown et al., 2004; Le Heron, 

MacAskill and Anderson, 2005; Müri et al., 2009), but sequences of 

remembered saccades have received less attention (Gaymard, Pierrot‐
Deseilligny and Rivaud, 1990; Vermersch et al., 1994; Mcsorley, Gilchrist and 

Mccloy, 2019). In addition to studying saccadic generation, initiation, memory 

maintenance and recall, using sequences of remembered saccades, may add 
further knowledge towards the influence of different memory loads and the 

role of serial position in recall processes and oculomotor properties. 
 

In light of the discussed above I here aim to answer the following open 

question: (1) What impact do artificially altered dopamine levels have on 

saccadic performance and memory recall, with a special interest in precision? 

(2) Will higher dopamine increase reward sensitivity as in internally triggered 

saccades and may this effect be influenced by memory load? (3) Might there 

be differences in the effects of reward valence in different dopaminergic 

states? 
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3.5.2. Statistical analysis 

Data handling was identical to that described in section 2.3.4. The mixed 

model used for the previous paradigms was also applied to this task. Filter 
criteria for data analysis were the same as for the memory-guided saccade 

task reported in the previous chapter (section 2.3.4).  

From the total of 90 recorded datasets (30 participants each completing 3 

sessions), 1 dataset had to be excluded due to technical issues. This 
concerned one dataset within the haloperidol arm. Each participant 

completed 9 blocks of each 36 trials amounting to a total of 324 trials per 
participant. Ten practice trials completed at the beginning of the first block 

were excluded from the analysis. 
 

A random intercept model was chosen with the within-subject factors of 
reward (3 levels: -50, 0 and 50p with 0p as a reference), drug (2 levels: 

Madopar vs. placebo and haloperidol vs. placebo) and memory load (2 levels: 
high vs. low) as well as serial position (4 levels: saccade 1-4 within the 

sequence, Table 3.17). Since saccades later in a sequence may be strongly 

influenced by previous errors within the sequence, a separate analysis was 

performed using only the initial saccades. This allowed assessment of the 
effect of memory load on the first saccade, which was either to the single 

remembered location or was the first saccade made within the sequence of 
four. A subsequent analysis then examined all 4 saccades made when a 

sequence had to be remembered, assessing the effect of “serial position” on 
the parameter of interest for just the high-load condition. Initially an omnibus 

analysis was performed with all three drug groups together. Subsequently the 
analysis was repeated, and two sub-analyses were run (placebo vs. 

haloperidol and placebo vs. Madopar) for both the “memory load” and “serial 

position” analyses (Figure 3.18). 
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Figure 3.18 Memory-guided saccades- drug study, hierarchical structure of mixed model 

used for statistical analyses: A total of 4 analyses were performed per variable of interest 

including the following within-subject factors: (1) Memory load (2 levels), (2) incentives (3 

levels. 0p as reference), (3) drug (2 levels: placebo vs. Madopar & placebo vs. haloperidol), 

(4) serial order and (5) interaction terms between them. 

 

 

For simplicity reasons, F-statistics will only be reported from the former 

analysis of memory load in this chapter. F- statistics from the “serial position” 
analysis were reported within the text where additional information was 

retrieved from them. Tables with full F- statistics for the sequence of 

saccades are attached in the appendix (Chapter 8). Reaction times were only 

analysed for the former and was defined as the time between the go-signal 
(black screen) and when the criteria on velocity of 30°s-1, and acceleration > 

8000°s-2 were fulfilled. Saccadic velocities were extracted for all saccades per 
subject separately. In order to assess endpoint accuracy in a task with 
variable saccadic sizes (variable distances between targets), Euclidian 

distance between saccadic endpoints and target locations was calculated. 
The saccade was considered correct and used for further analysis if its 

amplitude was larger than 2° and its landing point within an 8° radius around 
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the actual target location. This landing position threshold was chosen 
according to distribution of data on the histogram of all endpoints made by 

all participants during the trial (Figure 3.19). Distances greater than 8° were 

considered trials where the target was forgotten. 

 

 

Figure 3.19 Memory-guided saccades- drug study: Histogram of all endpoint errors of all 

trials and participants (Euclidian distance between saccadic endpoint and target location). 

Saccades within the grey box were classified as “correct” and included in further analyses. 

 
The analysis was performed in R and SPSS and the following codes were 

used. Post-hoc comparisons were conducted using Bonferroni correction. 
 

R lmer (var ~ incentives * saccade number * drug + (1 | ID), data) 

SPSS MIXED var BY drug incentives saccade number 

  /CRITERIA=DFMETHOD(SATTERTHWAITE) CIN (95) MXITER 
(100) MXSTEP (10) SCORING (1)  

    SINGULAR (0.000000000001) HCONVERGE (0, ABSOLUTE) 
LCONVERGE (0, ABSOLUTE) PCONVERGE (0.000001, 
ABSOLUTE)  
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   /FIXED=incentives drug saccade number incentives*drug 
incentives* saccade number drug* saccade number 
incentives*drug* saccade number |    SSTYPE (3)  

  /METHOD=REML  

  /RANDOM=INTERCEPT | SUBJECT (ID) COVTYPE (VC)  

Table 3.17 Memory-guided saccades- drug study: Model used for statistical analysis in R 

and SPSS. “var“ = variable of interest, “drug” (2-level within-subject factor for each drug vs. 

placebo), “incentives” represent the different incentive conditions (3-level within-subject 

factor: “lose”, “nil”, “win”), “saccade number” = either assessing effect of “memory load” (2-

level factor: single vs. first saccade of sequence) in the first analysis or serial position (4 

levels: saccade number 1-4 in sequence) in the second. 

 
3.5.3. Results 

3.5.3.1. Madopar improved memory precision 

Euclidean distance between saccadic endpoint and target location was 
calculated as a measure of the quality of memory recall. Omnibus analysis 

showed that high memory load caused participants to be less accurate 
(omnibus: p<.001). This effect was also present in both separate drug 

analyses (Madopar vs. placebo ß= 0.92° (0.03); haloperidol vs. placebo: ß= 

0.86° (0.03), p< .001, Table 3.18, Figure 3.20). The overall drug effect found 

in omnibus analysis (p< .001) was driven by the haloperidol vs. placebo 
contrast only and showed haloperidol to be detrimental for accuracy. The 

interaction between reward and memory load in the haloperidol vs. placebo 

analysis describes what is reflected in Figure 3.20, which is a stronger reward 

sensitivity in low memory load conditions. There was no main effect of 
Madopar on endpoint accuracy of the initial saccades (p= .751) and no main 

effect of reward on accuracy in either drug arms (omnibus: p= .40). Neither of 
the drugs altered reward sensitivity of endpoint accuracy (omnibus: p= .34, 

see Table 3.18 for all interaction terms and main effects).  
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Figure 3.20 Memory-guided saccades- drug study: Participants were 

significantly more accurate when memory load was small. Haloperidol had a 

detrimental effect on accuracy in low memory load only. 

 

Within the sequence there were two main effects found. The first saccade 

was interestingly significantly less accurate than the following three (p< .001, 

1st saccade vs. 2nd saccade: ß= 0.29° (0.03), p< .001, Figure 3.21), which 

coincides with the first saccade being the fastest when looking at velocity 
(see next section). No difference was found between the following saccades 

within the sequence. A main drug effect found in omnibus analysis (p= .001) 
showed that Madopar caused participants to be significantly more accurate 

(ß= -0.08° (0.02), p= .002), while there was no significant difference between 
haloperidol and placebo (p= 1.0). Memory precision within the sequence was 

not altered by reward in either of the drug arms, nor were there any significant 

interaction terms present (full F-statistics, see appendix 8.1). 
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Figure 3.21 Memory-guided saccades- drug study: Saccades were 

more accurate on Madopar, especially those of higher serial position. 

The first saccade of the sequence was least accurate in all three study 

arms.  

    FA p 
MADOPAR    
  reward (2, 14336.42) = 1.08 = .388 
  drug  (1, 14354.77) = 0.10 = .751 
  memory load (1/4) (1, 14342.21) = 1061.66 < .001 
 drug* memory load  (2, 14335.32) = 0.632 = .532 
 drug*reward  (1, 14335.98) = 1.63 = .196 
 reward*memory load (1, 14334.35) = 0.94 = .333 
 reward*drug*memory 

load 
(2, 14335.04) = 2.03 = .132 

HALOPERIDOL       
  reward (2, 13755.72) = 1.32 = .266 
  drug  (1, 13781.91) = 33.03 < .001 
  memory load (1/4) (1, 13760.42) = 860.47 < .001 
 drug* memory load  (2, 13755.44) = 1.87 = .154 
 drug*reward  (1, 13755.20) = 0.64 = .528 
 reward*memory load (1, 13757.09) = 5.92 = .015 
 reward*drug*memory 

load 
(2, 13755.28) = 0.12 = .888 

Table 3.18 Memory-guided saccades- drug study, F-statistics for initial saccades including 

data from the single saccade and the first saccade within the sequence of four: Euclidean 

distance to target. 
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3.5.3.2. Madopar increased reward sensitivity of peak 

velocity in low memory load conditions 

In a next step, I examined the vigour of the initial saccades. An omnibus 
analysis including all three groups (placebo, Madopar and haloperidol) 

showed two main effects: Memory load and Incentives (Figure 3.22). These 

were complemented by subsequent sub-analyses for each drug arm vs. 

placebo. These effects were present for both sub-analyses, results of which 

are reported below (F-statistics, see Table 3.19). 

 
In the sub-analysis Madopar vs. placebo it was found that participants were 

faster when incentivised (win: ß= 396.89°/s (48.39), p< .001, lose: ß= 
406.41°/s (48.20), p< .001) with no difference between the two incentive 

valences (p= 1.0). There was an additional interaction between reward and 
drug, where Madopar increased reward sensitivity when compared to 

placebo (F (2, 14264.0) = 4.23, p= .015) and an interaction between reward 
and memory load (F (2, 14364.00) = 3.66, p= .021), indicating that this was 

only the case when memory load was low. There was no main effect of drug 
(F1, 14364.9) = 0.00, p= .99) and apart from a main effect of memory load (F 
(1, 14364.0) = 90.20, p< .001) no other significant interactions. Running the 

model on data from the single saccade with just the unrewarded trials, there 
was a drug effect reflected by reduced motor vigour on Madopar (F (1, 

2362.37) = 6.93; ß= -239.31°/s (90.89), p= .009). 
 

In the analysis haloperidol vs. placebo there were just two main effects, as 
seen in omnibus analysis, namely, that of reward (2, 13784.0) = 46.36, p< 

.001) and of memory load (F1, 13784.0) = 83.12, p< .001). Participants were 
faster when incentivised (win: ß= 396.89°/s (48.39), p< .001, lose: ß= 

406.41°/s (48.20, p< .001) with no difference between the two incentive 
valences (p= 1.0). Memory load again slowed them down. Haloperidol did, 

however, not affect velocity (main effect of drug p= .96) nor interact with 
reward sensitivity (interaction between reward and drug p= .11) or memory 
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load (interaction between memory load and drug p= .44), the former having 
been the case for Madopar vs. placebo. 

 

 

Figure 3.22 Memory-guided saccades- drug study, residual peak velocity: Comparing 

single saccade to the first saccade of a sequence of four. (A) Reward speeded up all 

three study arms, more so when memory load was low (x interaction between reward 

and memory load) (B) Difference between unrewarded and rewarded (both incentive 

conditions) for both single and first saccade of sequence. Madopar caused participants 

to be more reward sensitive (x interaction between reward drug). 

 
Looking at the saccades completed within a remembered sequence, 
analyses of the drugs did not differ, so omnibus statistics are reported (full 

statistics, see appendix 0). The main effect of reward was present in both 
drug arms and not influenced by the saccade’s serial position (reward*serial 
position: p= .101). Reward of both valences led to increased peak velocities 

(win: ß= 455.06°/s (30.82), lose: ß= 357.46°/s (30.75), p< .001). The first 
saccade was, however, faster than subsequent ones (1st vs. 2nd: ß= 165.30°/s 

(34.69), p< .001) with no difference between the latter ones (p= 1.0).  
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FA p 

MADOPAR    
  reward (2, 14364.00) = 57.79 < .001 
  drug  (1, 14364.00) = 0.00 = .999 
  memory load (1/4) (1, 14364.00) = 90.20 < .001 
  reward*drug (2, 14364.00) = 4.23 = .015 
 reward* memory load (2, 14364.00) = 3.88 = .021 
 drug*memory load (1, 14364.00) = 1.01 = .315 
 reward*drug*memory load (2, 14364.00) = 1.15 = .316 
HALOPERIDOL       
  reward (2, 13784.00) = 46.36 < .001 
  drug  (1, 13784.00) = 0.00 = .966 
  memory load (1/4) (1, 13784.00) = 83.12 < .001 
 reward*drug (2, 13784.00) = 2.19 = .111 
 reward* memory load (2, 13784.00) = 0.36 = .697 
 drug*memory load (1, 13784.00) = 0.59 = .444 
 reward*drug*memory load (2, 13784.00) = 0.16 = .851 

Table 3.19 Memory-guided saccades- drug study, F-statistics for initial saccades including 

data from the single saccade and the first saccade within the sequence of four: Residual 

peak velocity. 

 

3.5.3.3. Reaction times were shortened by Madopar and 

prolonged by haloperidol  

Three main effects on reaction times were found in omnibus analysis, namely, 

reward, drug, and memory load (Figure 3.23). Participants were faster when 

incentivised (omnibus-win: ß= -8.59 ms (3.35), p= .031, lose: ß= -12.49 ms 
(3.34), p= .001). Here neither of the drugs influenced reward sensitivity 

(Madopar p= .470, haloperidol: p= .602). High memory load resulted in slower 
reaction times in both drug comparisons with no difference in between them 

(omnibus: ß= 22.82 ms (2.77), p<.001). While Madopar showed a weak 
significant effect of shortening response times (ß= -6.53 ms (3.21), p= .042), 

haloperidol showed a stronger effect into the opposite direction (ß= 15.96 ms 
(3.46), p< .001). This is a novel observation as Madopar was not found to 

influence reaction times in either of the previous paradigms. There was also 
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no interaction between drug and memory load (omnibus: p= .63, full F-

statistics for sub-analyses, see Table 3.20). 
 
  

 
FA p 

MADOPAR    
  reward (2, 16945.44) = 4.39 = .012 
  drug  (1, 16947.52) = 4.24 = .042 
  memory load (1/4) (1, 16963.02) = 60.96 < .001 
  reward*drug (2, 16945.19) = 0.76 = .470 
 reward* memory load (2, 16945.41) = 0.31 = .733 
 drug*memory load (1, 16947.28) = 0.91 = .763 
 reward*drug*memory load (2, 16945.18) = 0.04 = .964 
HALOPERIDOL       
  reward (2, 16597.31) = 4.67 = .009 
  drug  (1, 16613.64) = 21.28 < .001 
  memory load (1/4) (1, 16611.53) = 41.03 < .001 
 reward*drug (2, 16597.23) = 0.51 = .602 
 reward* memory load (2, 16597.31) = 0.12 = .891 
 drug*memory load (1, 16599.72) = 1.16 = .282 
 reward*drug*memory load (2, 16597.24) = 0.46 = .632 

Table 3.20 Memory-guided saccades- drug study, F-statistics-for initial saccades including 

data from the single saccade and the first saccade within the sequence of four: Reaction 

time. 

 

Figure 3.23 Memory-guided 

saccades- drug study: 

Reaction time of the initial 

saccades made in high and 

low memory load conditions. 

Low memory load led to faster 

reaction times, as did Madopar 

with a weak effect of drug (** 

p= .042). Haloperidol slowed 

participants down significantly 

(* p< .001). 
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3.5.4. Discussion 

3.5.4.1.  Madopar increased reward sensitivity of motor 

vigour, while memory load reduced it 

Firstly, the results replicated the expected increase in velocity of the initial 

saccades with both types of incentive. This index of reward sensitivity was 
greater on Madopar, suggesting a shift in cost-benefit ratio through increased 

dopamine (Manohar et al., 2015). The interaction with memory load could also 

support the conclusion that the costs of higher memory load would be 
subtracted from the overall benefit and, therefore, decrease movement vigour 

for the elicited saccade in light of a limited capacity system. Haloperidol did 
not affect velocity nor reward sensitivity. 

 

3.5.4.2.  Madopar improved memory recall processes, while 

haloperidol prolonged them 

As hypothesised, I confirmed a detrimental effect of memory load on saccadic 

reaction time. Recalling a sequence required longer periods of time for 
saccadic planning than remembering a single saccade. In terms of drug 

effects, Madopar, indeed, shortened reaction times, while haloperidol caused 
participants to be slower. This was the first time we found Madopar to 

influence reaction times. On the previously described tasks Madopar showed 
no effect on simple reaction time nor on choice reaction time. This may lead 

to the interpretation that Madopar specifically improved parts of the memory 
recall process rather than the movement initiation itself. It, however, is 

important to point out that there was no interaction between the drug effect 
and memory load, which indicates a dopamine dependent alteration in a 
process independent of the memory load. The previously described 

improvement of reaction times on incentives was again replicated. 
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3.5.4.3. Madopar, but not incentives, improved memory 

precision within a saccade sequence 

It was shown that higher memory load worsened memory precision in this 
task. This was expected and has been observed in a high number of working 

memory tasks. Additionally, the first saccade within a sequence was 
significantly less accurate than the following saccades. This coincided with 

the first saccade also showing the greatest motor vigour (velocity), which may 
result in greater noise within the motor command of this particular saccade. 

The “decay effect” also provides an explanatory model, describing a positive 
relationship between memory decay and time passed since target display, 
which is longest for the first target at the time of the sequence planning 

(Brown, 1958). Haloperidol had a detrimental effect on accuracy on the single 
remembered saccade, relatively sparing precision of the sequence, which is 

the opposite effect that was reported by Gaymard et al. (Gaymard, Pierrot‐
Deseilligny and Rivaud, 1990). The reason for an absent drug effect of 

haloperidol in the higher memory load conditions could be the longer 
preparation time for those conditions caused by the duration of the sequence 

display. This and prolonged reaction times may balance out the slower 
preparational processes for the first saccade in this drug arm. Under this 

interpretation, haloperidol does not affect memory per se, but rather action 
control and initiation. In contrast, Madopar increased memory precision, but 

mainly in later serial positions, pointing to an advantage of higher dopamine 

levels in memory retrieval after longer time periods. It has more generally been 
discussed that supranormal dopamine activity in the PFC is unlikely to have 

any detrimental effects (Westbrook and Braver, 2016), which my data 
supports. As reported in the previous chapter, it was again confirmed that 
memory precision was not influenced by motivation, reflecting evidence of a 

limited capacity system. 
 

An intriguing feature of these results is the contrast between motivational 
effects and dopaminergic effects. The prospect of reward and loss could not 

improve memory accuracy as shown in previous studies (Morey et al., 2011a; 
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Atkinson et al., 2018). Dopaminergic drugs, however, did improve memory in 

studies involving PD patients (Lange et al., 1992; Fallon et al., 2019). This 

dissociation suggests that incentivisation may not operate via increasing 
dopamine. 

 

On the other hand, incentives did improve movement vigour, both velocity 
and RT. These same motor parameters were also speeded up by Madopar 

and slowed with haloperidol, in keeping with invigoration by reward being 
mediated by dopamine (Niv et al., 2006; Niv, 2007). Surprisingly, 

incentivisation by reward and penalty yielded comparable benefits, which 

might be expected to differ if they were directly governed by dopamine. In 
this experiment, the expectation of penalty was interleaved with reward trials 

and would be expected to be accompanied by negative reward prediction 
errors, associated with phasic dips in dopamine (Schultz, 2016b, 2016d, 

2016a). Instead, reward and penalty contingencies in a task might be 
appraised by a common, high-level cognitive system that activates 

motivational drive via alternative routes (Manohar et al., 2017; Grogan et al., 
2020). But in line with motivational vigour (including penalty avoidance) having 

a dopaminergic basis, as proposed by (Panigrahi et al., 2015; Devesse and 

Olivier, 2016; Manohar et al., 2017), we observed increased reward sensitivity 

with Madopar for both types of incentives. 
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3.6. Additional measures of reward sensitivity 

 
3.6.1.  Background 

“Attention is the process of optimising precision” (Friston, 2010). Eye tracking 

allows to measure not only saccadic properties but also record EBR and 
pupillometry data. These two measures have been used to assess brain 

functions like attention in the recent years (van Reekum, Stuss and Ostrander, 
2005; Fried et al., 2014; Eckstein et al., 2017). Previous evidence also 

suggests that pupillometry may be a helpful tool to objectively measure 
reward processing and the influence of reward-related motivation on 

attention and cognitive control (Chiew and Braver, 2013). Reward as well as 
reward expectation have been shown to modulate pupil size (Delaville, De 

Deurwaerdère and Benazzouz, 2011; Manohar and Husain, 2015; Manohar et 

al., 2017), showing that changes in pupil size are greater in response to 
incentives than in unrewarded conditions. Changes in pupil diameter 

following incentives might help to understand goal-directed behaviour and 
have recently been used to explore motivation and reward sensitivity in 

pathologies such as PD. Patients diagnosed with PD showed reduced pupil 
response to reward when “OFF” medication , while dopaminergic medication 

restored their pupillary reward sensitivity (Manohar and Husain, 2015). Pupil 
size also provides important insights into cognitive processes and arousal 

and how they may influence pupil diameter (Lehmann and Corneil, 2016). The 
exact mechanisms in which both dopamine and noradrenaline are involved in 

controlling pupillary and cognitive processes, however, remain elusive. One 
suggested anatomical correlate may be noradrenergic locus coeruleus 

projections originating in the pons (Aston-Jones and Cohen, 2005). 
 

The identified relationship between pupil size, attention and reward sensitivity 

(Bijleveld, Custers and Aarts, 2009) opens a unique avenue to objectively 
measure non-motor symptoms like apathy in patients suffering from 

dopamine depletion and may allow to identify patients more vulnerable to 
developing impulse control disorders on dopamine agonists by potentially 
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using it as a proxy for “baseline” dopamine activity. Due to the lack of 
available biomarkers, clinicians currently need to rely on binary and subjective 

questionnaire scores that do not reflect the dynamic processes during reward 
anticipation and decision-making. 
 

3.6.2.  Is pupillometry a reliable measure of reward 

sensitivity? 

Previously published data showed that pupil responses were not only 

modulated by reward, but that the extent of reward sensitivity was predicted 
by a self-reported motivation questionnaire (the LARS-e subscale assessing 

motivation) in healthy controls (Muhammed, 2018). The same group also 
investigated the effect of haloperidol on pupil size in reward and loss 

conditions. A correlation between the AMI-ES (emotional sensitivity) scores 
and pupil reward sensitivity was found. For many decades research has been 

looking into the neurochemistry of personality traits (Gray, 1973) with a more 
recent hypothesis being that questionnaires assessing personality traits may 

indirectly index a person’s baseline dopamine level and may, hence, be used 
to predict the effect of drug manipulation on (pupillary) reward sensitivity 

(Muhammed, 2018). 
 

Pupillometry data recorded during the double-step paradigm (further details 

about the task and demographics section 2.1) will be discussed in the 

following section in order to shed light on the underlying physiological 
processes of goal-directed behaviour. Comparing results of both drug 

manipulations to participants’ normal baseline behaviour may help to 
understand how these measures could be used as a non-invasive way of 
estimating an individual’s baseline dopamine level in the future. AMI scores 

were furthermore matched as an analogue dopamine proxy to the 
pupillometry data to look for a relationship between baseline motivation and 

drug effects in each group. 
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3.6.2.1. Pupillometry data handling  

Pupil size was recorded from all participants throughout the double-step 
paradigm by the SR Eyelink 1000 and was measured in arbitrary eye tracker 

units. They are units of visual angle calculated by the number of pixels that 
form the recorded image of the pupil. Pupillary change used in this section 

was calculated as the difference between the mean proportional pupil size in 
the time between 1200-1400ms after auditory cue onset and the pupil size 

before cue onset. This time window was chosen to allow for the sluggishness 
of the pupillary response after the reward cue and was determined as a 

window of interest in previous studies (Manohar and Husain, 2015) and 
unpublished data (Muhammed, 2018). Pupillary reward sensitivity was 

defined as the mean pupillary diameter change on rewarded trials vs. 0p 
conditions (10p-0p; 50-0p). Greater change in diameter indicates higher 
reward sensitivity. Baseline pupil size was calculated as the mean pupil size 

at the beginning of each trial before reward cue. 
 

3.6.2.2. Statistical analysis 

Statistical analysis was performed using a mixed linear model with reward 

and drug as within-subject factors. Reward was used as a linear factor (0p -
10p -50p) and drug analysis was performed, as previously, in two separate 

analyses, Madopar vs. placebo and haloperidol vs. placebo. Post-hoc 
comparisons were done using Bonferroni correction. For correlations with the 

AMI questionnaire a median split into “low” and “high” scores was performed 
and included as a within-subject factor in the linear mixed model. Statistics 
were completed using SPSS. 

 

3.6.2.3. Results 

There was a significant difference in baseline pupil size between drug states 

(main effect of drug: F (2, 54.12) = 6.11, p= .004, Figure 3.24 (A)). Pairwise 

comparison showed that Madopar did not significantly alter baseline pupil 
size (p= .10), while participants on haloperidol showed a significantly smaller 
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pupil baseline size (ß= -494.95 a.u. (177.11), p= .022). Including AMI score 
(“high” vs. “low”) into the model there were no main effect or interaction 

present (Table 3.21). 

 

 
Being the primary pupillary measure, I looked at the proportional pupil change 

between cue onset and 1200-1400ms thereafter. A main effect of reward was 

present across both drug comparisons (p< .001, Table 3.21, Figure 3.24 (B)). 

Pupil change was, thus, greater when reward was on offer and confirmed 
what was reflected by other saccadic measures discussed in this thesis. 

Madopar also showed a trend towards an increase in reward sensitivity 
(interaction between drug and reward: F (1, 142.00) = 3.21, p= .076). This is 

in line with previous findings of Madopar increasing pupillary reward 
sensitivity in PD (Manohar and Husain, 2015) and was also reflected by the 

increased reward sensitivity of saccadic peak velocity in my data. This 
interaction between drug and reward was absent in the comparison between 

haloperidol and placebo (p= .685). Including the AMI score (high vs. low) as a 
within-subject factor into the mixed linear model did not notably change the 

results summarised below (Table 3.21) and did also not show a main effect 

Figure 3.24 Pupillometry-reward sensitivity: (A) Baseline pupil size was reduced on 

haloperidol. (B) Pupil change at 1200ms after cue onset in different reward levels relative 

to 0p conditions; here a trend towards an interaction between pupillary reward sensitivity 

and Madopar was found (p= .076). 
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of AMI scores (Madopar vs. placebo p= .87, haloperidol vs. placebo p= .78) 
nor interaction between them and other factors listed below. 

 
    FA p 
MADOPAR       
  reward (1, 139.00) = 36.15 < .001 
  drug (1, 139.00) = 5.77 = .018 
 AMI (1, 27.00) = 0.03 = .869 
 drug* AMI (1, 139.00) = 0.24 = .626 
  drug*reward (1, 139.00) = 3.16 = .078 
 AMI*reward (1,139.00) = 0.36 = .551 
 drug*AMI*reward (1, 139.00) = 0.01 = .912 
HALOPERIDOL       
  reward (1, 130.93) = 23.03 < .001 
  drug (1, 134.87) = 0.04 = .834 
  AMI (1, 24.76) = 0.07 = .788 
 drug* AMI (1, 134.88) = 1.57 = .213 
 drug*reward (1, 130.93) = 0.15 = .698 
 AMI*reward (1, 130.93) = 0.21 = .646 
 drug*AMI*reward (1, 130.93) = 1.44 = .233 

Table 3.21 Pupillometry: F-statistics. 

 
3.6.2.4. Discussion 

The main findings in this section were an effect of haloperidol on pupil 
diameter at baseline and a trend towards an interaction between pupillary 
reward sensitivity and Madopar. Haloperidol reduced baseline pupil size 

significantly, which has been reported previously and was described as a 
mixed peripheral and alpha adrenergic side effect of the drug (Sharpe, 

Pickworth and Martin, 1977; Pretorius et al., 2001). Pupil reward sensitivity 

was present in all three drug states. Of special interest, the trend towards 
greater reward sensitivity after a single dose of Madopar (p= .076) was in line 

with the finding that Madopar also increased reward sensitivity measured by 
saccadic peak velocity in two other paradigms. The time interval used for this 

analysis was chosen accounting for the pupil’s sluggish response (Lehmann 
and Corneil, 2016), and due to pupillary changes observed in other studies 

using the same paradigm (Manohar and Husain, 2015), it may ,however, well 
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be the case that extending the analysis time frame may add further 
information on the dynamics of reward processing, which is a limitation of this 

analysis. The absence of an effect of haloperidol on pupil reward sensitivity 
is, however, also supported by unpublished data, using a longer (1700-

2500ms) time frame after incentive cue onset (Muhammed, 2018). These 
results taken together complement findings from our saccadic paradigms in 

earlier sections, where haloperidol did not alter reward effects, while Madopar 
showed a task- and variable-dependent increase in reward sensitivity 

measured by saccadic peak velocity. Our findings also support additional 
available evidence that pupillometry provides a reliable tool of measuring 

reward sensitivity in disease and health. 
 

3.6.3.  Can spontaneous blink rate be used as a proxy of 

dopamine activity?  
 

3.6.3.1. Background and hypothesis 

Spontaneous blinking is one the most frequent movements in everyday life. 

Humans blink about 15-20 times per minute (Doughty, 2001), which amounts 
to a total of 20.000-30.000 blinks a day, although inter-subject variability is 

high (Al-Abdulmunem and Briggs, 1999). Because blinking is necessary to 
keep the eyes’ corneal tear film intact (Evinger, 2010), spontaneous EBR is 

controlled by corneal afferent inputs. This, however, would only require about 
3-4 blinks per minute. Blinks can also not be fully eliminated through 
anaesthesia of the cornea and conjunctiva (Naase et al., 2005), which points 

to processes involved in addition to the corneal afferents. There is evidence 

suggesting that the spinal trigeminal complex acts as a blink generator 
(Kaminer, Powers and Evinger, 2011). This is of special interest because of 

the role of the basal ganglia as a gateway to the trigeminal complex via the 
superior colliculus and the nucleus raphe (Basso and Evinger, 1996; Gnadt et 

al., 1997). This way, the BG are involved in controlling and modulating input 

to the trigeminal complex and could, hence, influence EBR. Higher levels of 
dopamine, e.g., have been shown to increase EBR, while dopamine depletion 
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led to a decrease (Karson, 1983; Elsworth and Nichols, 1991; Kleven and 
Koek, 1996). This has also been observed in diseases like PD, shown to 

reduce EBR (Shukla, 1985; Agostino et al., 1987), whilst patients diagnosed 

with schizophrenia often show an increase in EBR (Helms and Godwin, 1985; 
Karson, Dykman and Paige, 1990; Mackert et al., 1990; Sandyk, 1990), 

reduced under treatment with dopamine blocking agents (Karson et al., 1981). 

Another animal study reported increased EBR after a single dose of 
apomorphine and decreased EBR after haloperidol administration (Kaminer, 

Powers and Evinger, 2011). A number of studies have looked into the 
relationship of dopamine and EBR suggesting higher EBR to correlate with 

higher dopamine function, but also with greater distractibility. It has also been 
shown that reward anticipation and reward feedback modulate EBR (Dang et 

al., 2017). In stark contrast to this, more recent evidence, however, points to 

an absent or even negative relationship between dopamine levels and EBR 
(Kleven and Koek, 1996; van der Post et al., 2004; Mohr et al., 2005; Fried et 

al., 2014; Dang et al., 2017; Ligneul et al., 2018). My study design offers a 

unique opportunity to compare the two drug manipulations to the 

participant’s baseline EBR and match the findings with evidence from 
saccadic data, pupillometry and measures of intrinsic motivation (AMI 
questionnaire). Endogenous dopamine and exogenous drugs may affect EBR 

by distinct but overlapping mechanisms. To further dissect this, I matched 
EBR data from thirty healthy volunteers on Madopar, haloperidol and placebo 

with their AMI and UPPS-P questionnaire scores. 

Based on previous reports we expect to find dopaminergic drugs to modulate 

spontaneous EBR and aim to clarify whether the degree thereof and the 
direction (increase/decrease) may depend on a participant’s intrinsic baseline 

motivation (AMI score). If Madopar leads to an inhibition of the trigeminal 
complex, via effects on the nucleus raphe magnus, it may result in increased 

spontaneous blinking while we would expect haloperidol to decrease it 
depending on its pre/post-synaptic effects and furthermore depending on 

each participant’s dopamine baseline level.  
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3.6.3.2. Demographics  

Data included in this section were recorded from the same cohort as 

described in section 2.1.2 as the recording was part of the same study. 

 

3.6.3.3.  Methods and statistical analysis 

At the beginning of each testing day, before participants completed the first 
saccadic paradigm, a three-minute recording was obtained during which 

participants were seated in front of a computer screen, their heads positioned 
on the head and chin rest. They were then asked to look at a grey fixation 
cross on a black screen for three minutes while the number of blinks was 

recorded by the SR Eyelink 1000. They were not instructed in any way how 
often to blink and were not told that the recording was made to assess EBR, 

but that they were free to blink as often as they felt was comfortable for them, 
to make sure participants were not deliberately avoiding to blink. The number 

of blinks per minute was then calculated per subject for each drug and 
subsequently correlated with AMI scores. Data analysis was performed with 

SPSS and R and a mixed linear model was fitted using drug and AMI (median 
split: low vs. high) as within-subject factors. 
 

3.6.3.4.  Results  
 

3.6.3.4.1. Madopar increased blink rate- but diminished 

the correlation with self-reported motivation traits 

The mean EBR per minute recorded in our cohort was 16.84 blinks/min 
(±14.31) for placebo, 21.93 blinks/min (±14.95) for Madopar and 20.57 

blinks/min (±14.98) for haloperidol. Adults on average blink about 14x/minute. 
This rate can be influenced by different pathologies, recording methods, 
gender, smoking habits, and the individual’s dopamine levels. Participants on 

Madopar showed a significantly higher baseline EBR when compared to 

placebo (F (1, 28.64) = 4.65, p= .040, Figure 3.25). In contrast to a number of 

reports, there was no significant difference of EBR when comparing placebo 
to haloperidol (F (1, 29) = 2.99, p= .094), although there was a weak trend 
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towards an increase in numbers of blink per minute when compared to 
placebo. 

 

 
Figure 3.25 Spontaneous EBR per minute: There was a significant increase in 

blink rate on Madopar. A weak trend pointed towards an increase in EBR on 

haloperidol too, which did not reach significance (bold green line represents the 

mean EBR across all subjects).  

 
In the next step, AMI scores (Apathy Motivation Index) were included into the 

model (median split “high” vs. “low”) indicating participants’ individual levels 
of intrinsic motivation. Participants with higher AMI score, indicating greater 

intrinsic motivation, showed a higher EBR on baseline recording on both 
placebo and haloperidol (F (1, 28) = 4.23, p= .049; ß= 9.58 blinks/min (4.66), 

Figure 3.26). Madopar in contrast attenuated the effect of AMI scores due to 

the overall increase in EBR (Figure 3.25), which was independent of the AMI 

score (p= .131). Interestingly, after adding AMI in as a factor, the increase in 
EBR on haloperidol showed a slightly stronger trend when compared to 

placebo (F (1, 28) = 3.46, p= .073). 
 

In summary, while highly motivated participants showed a higher EBR on both 
placebo and haloperidol when compared to their less motivated peers, this 

effect was masked by a single dose of Madopar leading to an overall increase 
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in spontaneous EBR independent of the motivational state. There was no 
difference between Madopar and haloperidol in EBR (drug: p= .915) and no 

other interactions were found. As dopamine polymorphisms have been 
shown to correlate with impulsive behaviour (Blaine et al., 1996) and this in 

turn with spontaneous blink rate (Korponay et al., 2018), I also included the 

participants’ UPPS-P subscale scores (premeditation, urgency, sensation- 
seeking and perseverance) into the analysis. In linear regression, however, no 

correlation was found between either of the UPPS-P subscales and EBR 
(omnibus for total UPPS-P score: F (1, 28.00) = 1.25, p= .247)). Thus, the 

personality traits we measured did not explain the increase in EBR on 
Madopar.  
 

 

Figure 3.26 EBR and apathy motivation index score: Placebo and haloperidol 

showed higher EBR in participants that considered themselves "motivated" 

when compared to low AMI score ratings. Madopar showed an overall increase 

in EBR and no effect of self-rated motivation levels. 
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3.6.3.5. Discussion 

Results from a number of pharmacological studies on animals and humans 
have previously been in favour of a positive relationship between central 

dopaminergic activity and EBR (Karson et al., 1982; Elsworth and Nichols, 

1991; Chen et al., 1996; Kaminer, Powers and Evinger, 2011; Jongkees and 
Colzato, 2016; Mathar et al., 2018). More recent evidence, however, points to 

an absent or negative relationship between the two (Kleven and Koek, 1996; 

van der Post et al., 2004; Mohr et al., 2005; Fried et al., 2014; Dang et al., 

2017; Ligneul et al., 2018). In these data I found a single dose of Madopar to 
increase the overall EBR significantly when compared to placebo EBR (p= 

.040), haloperidol, if anything, also showed a weak trend towards an increase 
in EBR (p= .094/= .073 n.s.). Indeed, a correlation between EBR and reward 

seeking behaviour has been found recently (Barkley-levenson and Galv, 2017) 
in adolescent but not adult volunteer and EBR has also shown to be 

modulated by reward anticipation and response (Peckham and Johnson, 
2016). A link between EBR and self-reported reward sensitivity showed that 

high motivation in participants coincided with higher EBR both after exposure 
to haloperidol and on placebo. This was, however, not the case for the 

Madopar group, where Madopar increased EBR relatively more in the low AMI 
group, pointing towards a stronger effect of Madopar on participants with 

lower motivation/dopamine baseline activity. This is in line with findings from 
saccadic parameter where measures of accuracy (departure angle and error 

rate) were improved by Madopar only in the cohort where AMI scores were 
low. It has, however, also been reported that increased EBR correlates with 

disinhibition and higher error rate (Chan and Chen, 2004) which again would 
not accommodate my hypothesis. In summary, while a role of dopamine in 

EBR modulation might be supported by a huge number of papers, other 
neurotransmitters may also play an important role and may account for the 
great variety of findings (Naicker et al., 2016). 
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3.7. Brief summary of findings in Chapter 3 

 
The main findings in this chapter were:  
 

• Both drugs decreased saccadic velocity and amplitudes, potentially 

following an “inverted-U-shaped” relationship, reflecting the effect of 
dopamine alterations on motor vigour. 

• Madopar improved accuracy, specifically when AMI scores were low, 
indicating beneficial effects of additional dopamine only when baseline 

dopamine is low. This AMI-score dependent effect was absent in 
haloperidol potentially indicating that AMI questionnaires may track 

D1-receptor occupancy only. 

• Madopar increased reward sensitivity of peak velocity of internally 

triggered and memory-guided saccades. The absence of this effect in 
the double-step paradigm may be related to inhibitory processes 

needed for the suppression of the initial saccades that may alter 
reward processing, potentially underpinned by the effect of haloperidol 

showing a trend towards higher reward sensitivity. 

• Haloperidol increased reaction times of internally triggered as well as 

memory-guided saccades, potentially due to slowed preparational 

processes caused by lower dopamine levels. The reduction of 
latencies in the double-step paradigm may be explained by reduced 
inhibitory control. 

• Reward anticipation and penalty avoidance again had comparable 

effects on most saccadic parameters, with the exception being peak 
velocity of internally triggered saccades, where incentives of positive 

valence exerted a stronger effect than penalty. 
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4. Influence on ventral tegmental area DBS on 
saccades and reward sensitivity 

 

4.1. Methods  

4.1.1. Background and hypothesis 
Anatomically the ventral tegmental area (VTA) lies on the floor of the midbrain, 

adjacent to the substantia nigra and with the latter builds one of the two most 
important dopaminergic areas of the brain. While it contains a multitude of 

cell populations, the majority are dopaminergic projections from different 
parts of the brain. The VTA is part of the mesolimbic and mesocortical 

dopaminergic pathways, projecting to the prefrontal cortex and nucleus 
accumbens among other regions. Dopaminergic neurons in the VTA and the 

nucleus accumbens are involved in processes of reward signalling, 
motivation, exertion of effort, learning and cognition. Not surprisingly, 

dysfunctions in these areas have been linked to depression, addiction and 
other psychiatric disorders (Salamone and Correa, 2012). Moreover, the VTA 

is known to be closely involved in pain processing and DBS of the VTA has 
more recently been used to treat a relatively small number of patients 
suffering from severe refractory headaches (Akram et al., 2016). Deep brain 

stimulation of other brain regions like the subthalamic nucleus and the globus 

pallidus, e.g., has also become an established treatment for movement 
disorders such as PD, dystonia, or essential tremor. DBS has been 

successfully used for a variety of patients in the last decades, although its 
exact mechanisms remain elusive. Patients treated with DBS, however, 

provide a unique opportunity for clinicians and basic scientists to study the 
physiological mechanisms in these brain areas and the effect of electrical 

stimulation of specific brain regions on motor and cognitive control in vivo. A 
cohort of 18 patients, who underwent VTA DBS surgery at the NHNN, was 

followed-up in a study assessing patients’ cognitive performance pre- and 
post-surgery. No differences were found in the assessments of IQ, verbal and 

non-verbal memory, executive function and attention (Cappon et al., 2019). 
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Patients included in this publication were tested pre-surgery and again 10-18 
months post-operatively with their stimulation “ON”. 

 
The aim of this study was to further investigate the effects of stimulation of 

the VTA and its potential consequences on goal-directed behaviour and 
decision-making comparing stimulation settings “ON” and “OFF”. I 

hypothesised that depending on the stimulation’s effect on central 
dopaminergic activity, differences in behaviour when patients are “ON” and 

“OFF” stimulation could be observed. Quite obviously, data from human 
studies on the effect of VTA stimulation are scarce and, to my knowledge, 

this is the first time data on saccadic properties have been recorded in this 
cohort. To shed light on possible effects of VTA DBS, patients completed a 

shortened version of the double-step paradigm to assess if/what effect DBS 
stimulation has on saccadic properties including distractibility and reward 
sensitivity. Additionally, pupillometry data were recorded during this task. A 

visual working memory task was furthermore included in the study schedule, 
results of which will be discussed in later sections. 

 

4.1.2.  Consent 

This study was approved by the UCLH Research Ethics Committee (IRAS 

Number: 203446) and written informed consent was obtained in accordance 
with the Declaration of Helsinki. Participants were recruited at the National 

Hospital for Neurology and Neurosurgery and the study was conducted at the 
UCL Institute of Neurology. Travel costs and/or accommodation were 
reimbursed. 
 

4.1.3.  Demographics and recruitment 

Eleven patients were recruited through the Outpatient Department at the 
National Hospital for Neurology and Neurosurgery. They all had a past 

medical history of either therapy refractory cluster headache, SUNCT (Short-
lasting unilateral neuralgiform headache with conjunctival injection and 

tearing) or SUNA (Short-lasting unilateral neuralgiform headache with 
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autonomic symptoms) and had received either unilateral (n= 6) or bilateral (n= 
5) ventral tegmental area deep brain stimulation for pain management. 

Exclusion criteria included (1) significant cognitive impairment (MMST 

<22/30), (2) severe visual impairment that made completion of the task 

impossible, (3) nystagmus if it interfered with eye tracker recording, (4) 

treatment with centrally acting drugs only if changed in between the two 

sessions and (5) patients who were sensitive to or would not tolerate changes 

to their DBS settings at all. Eleven patients agreed to participate in this study 
(49.45 ± 14.22 years). Detailed demographics as well as information about 

each patient’s clinical diagnosis and DBS location are summarised in Table 

4.1). 

 
ID GENDER AGE DIAGNOSIS LOCATION OF DBS 
    RIGHT VTA LEFT 

VTA 
BILATERAL 

1 Female 31 Chronic cluster headache x   
2 Female 57 Chronic cluster headache x   
3 Male 47 Chronic cluster headache   x 
4 Female  39 Chronic cluster headache   x 
5 Male 47 Chronic cluster headache  x  
6 Male 57 Chronic cluster headache   x 
7 Female 79 SUNCT x   
8 Male 67 Chronic cluster headache   x 
9 Female 30 SUNCT x   
10 Male 50 SUNA x   
11 Female 40 SUNCT   x 

Table 4.1 VTA-DBS: Demographics of patients with ventral tegmental area deep brain 

stimulation. 

 

4.1.4. Study schedule 
The study followed a cross-over design where all participants attended 2 
sessions. After informed consent had been given participants started with 

their DBS switched “ON”, followed by it being switched “OFF” or vice versa 
(AB-BA design) for each of the two sessions. The order of the latter was 

randomised across all participants. Since patients were well aware of their 
stimulation settings, blinding for DBS settings would not have been 
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appropriate. Switching DBS stimulation “OFF/ON” was followed by a waiting 
period of > 30 minutes before testing started to allow for the effects of the 

DBS change to settle and for potential visual symptoms to fade (Figure 4.1). 

This time frame was chosen following protocols of previous DBS studies. 

 

 
Figure 4.1 VTA-DBS- Study schedule: After participants were recruited at the Outpatient 

Department of the National Hospital for Neurology and Neurosurgery (NHNN) and written 

informed consent was obtained, patients were randomly assigned to either the “ON-OFF” 

or “OFF-ON” arm of the study. After each manipulation to the DBS settings (switching “ON” 

or “OFF") there was a waiting period of >30 minutes. Following the waiting periods identical 

testing sessions were completed. This meant that participants completed the same tasks 

four times in total (2x “ON” and 2x “OFF”). This included the eye tracking task described in 

section 2.1.4, pupillometry recordings and the working memory task described in section 

5.2.3. The completion of the tasks itself took between 45-60 minutes (excl. waiting 

periods).  
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4.2. Revisiting Task I: Effect of reward and DBS 

stimulation on avoiding an early distractor 

4.2.1. Eye tracking paradigm 

A shortened version of the same saccadic paradigm as described in section 

2.1.4 was used to assess the effect of DBS on reward-related saccadic 

behaviour and distractibility. Every participant completed two blocks of each 
54 trials per session per DBS setting and 10 practice trials at the beginning 

of the first block, the latter being excluded from data analysis. Thus, 216 
datapoints (saccades) were recorded per participant and included in the 
analysis. 

 

4.2.2. Statistical analysis and data handling 

The task as well as the reward calculation was identical to the task described 

in detail in section 2.1.6. The same mixed linear model with random intercept 

was used to analyse the data (section 2.1.7). Data from both “ON” and both 

“OFF” sessions were combined before analysis. Due to the high variance 
observed on the level of subjects, I further included DBS location (= bilateral 

vs. unilateral) into the model and found a significant main effect of DBS 
location and/or an interaction between DBS stimulation effect and DBS 

location on a number of variables. I checked the models for best fit and 
continued with the random intercept model including DBS location as a 

factor. 

 

Analysis was performed in SPSS and R. Results reported below are from the 

R analysis. Within-subject factors included the following: (1) Reward (linear 

factor 0-10-50p), (2) DBS status (2 levels: “ON” and “OFF”), (3) DBS location 

(2 levels: bilateral and unilateral) and (4) interaction terms between the three. 

Post-hoc comparisons were done using Bonferroni correction (Table 4.2).  
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R lmer (var ~ reward * DBS status* DBS location + (1 | ID), data) 

SPSS MIXED var BY DBS status DBS location WITH reward 
 /CRITERIA=DFMETHOD(SATTERTHWAITE) CIN (95) MXITER 
(100) MXSTEP (10) SCORING (1) 
   SINGULAR (0.000000000001) HCONVERGE (0, ABSOLUTE) 
LCONVERGE (0, ABSOLUTE) PCONVERGE (0.000001, 
ABSOLUTE) 
  /FIXED= reward DBS-status DBS location reward*DBS status 
DBS location*reward DBS location*DBS status| SSTYPE (3) 
  /METHOD=REML 
  /RANDOM=INTERCEPT | SUBJECT (ID) COVTYPE (VC). 

Table 4.2 Double-step paradigm- VTA-DBS: Model used for statistical analysis in R and 

SPSS (DBS status: 2 levels “ON” and “OFF”, DBS location: 2 levels “unilateral” and 

“bilateral”, reward: linear factor 0p-10p-50p). 

 

4.2.3.  Results 
 

4.2.3.1. VTA DBS reduced saccadic vigour 

Saccadic velocity changed significantly with DBS stimulation status (Figure 

4.2(A)) and was greater when electrodes were “OFF” (p<.001, F-statistics, 

see Table 4.3). There was no significant difference found comparing unilateral 

to bilateral stimulation (p= .84). Most interestingly, reward sensitivity of 

saccadic velocity, repeatedly reported in the previous chapters, was absent 
in both “ON” and “OFF” conditions (p= .18) and no interaction between 

reward and DBS stimulation was found. 
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Figure 4.2 Double-step paradigm- VTA-DBS: (A) DBS stimulation slowed saccadic peak 

velocity. (B) Residual peak velocity, after performing linear regression with size of saccadic 

amplitude, showed no effect of DBS stimulation. There was no main effect of DBS location 

on either of the variables.  

 

 FA p ß (°/s) ± SE 
reward (1, 2046.2) = 1.79 = .18  
DBS (1, 2046.2) = 22.013 <.001 10.12± 2.16 
DBS location (1, 9.0) = 0.05 = .84  
reward* DBS (1, 2046.1) = 0.49 = .49  
reward* DBS location (1, 2046.2) = 0.06 = .80  
DBS * DBS location (1, 2046.2) = 0.17 = .68  
reward* DBS * DBS location (1, 2046.1) = 0.08 = .78  

This effect of DBS stimulation on peak velocity, however, vanished after 

regressing out the effect of amplitude size on peak velocity (Table 4.4). Of 

note, residual peak velocity did also not show an effect of motivation and no 

other interactions were found (Figure 4.2 (B)). 

  

Table 4.3 Double-step paradigm VTA-DBS, F statistics: Saccadic peak velocity. 
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 FA p ß (°/s) ± SE 
reward (1, 2048.0) = 0.35 = .87  
DBS (1, 2048.0) = 0.02 = .88  
DBS location (1, 9.0) = 0.01 = .92  
reward* DBS (1, 2048.0) = 0.48 = .49  
reward* DBS location (1, 2048.0) = 0.10 = .75  
DBS * DBS location (1, 2048.0) = 0.01 = .93  
reward* DBS * DBS location (1, 2048.0) = 0.77 = .38  

 
  

4.2.3.2. DBS caused a decrease in motor vigour, even more 

so in the presence of bilateral stimulation 

Saccadic amplitudes were overall hypometric considering a distance 
between fixation point and target location of 11.4°, although they were 

significantly larger when DBS was “OFF” (p<.001). Amplitude size was also 
not modulated by motivation through reward (p= .45) and no interaction 

between the two was found (p= .64, Table 4.5). There was a trend towards 

an effect of DBS location (p= .075) reflected on Figure 4.3, by overall smaller 

amplitudes in the bilateral DBS group when compared to unilateral 
stimulation. In both cases amplitudes were smaller when stimulation was 

“ON”. 
 

Table 4.5 Double-step paradigm VTA-DBS, F statistics: Amplitude. 

 

Table 4.4 Double-step paradigm VTA-DBS, F statistics: Residual peak velocity. 

 FA P ß (°) ± SE 
reward (1, 2074.2) = 0.40 = .53  
DBS  (1, 2074.2) = 33.07 <.001  0.49± 0.10 
DBS location (1, 10.4)     = 3.92 = .075  
reward* DBS (1, 2073.7) = 0.52 = .47  
reward* DBS location (1, 2074.2) = 1.10 = .29  
DBS * DBS location (1, 2074.2) = 1.57 = .21  
reward* DBS * DBS location (1, 2073.7) = 2.05 = .15  
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Figure 4.3 Double-step paradigm VTA-DBS: Amplitude size. Stimulation 

caused hypometric saccades (* p< .001). This was more so the case for 

bilateral stimulation when compared to unilateral data (** p= .075 n.s.). 

 

4.2.3.3.  Speedier reaction times when bilateral stimulation 

is “ON”  

An interaction between DBS location and DBS status was present (p< .001). 
Participants were significantly faster in the bilateral stimulation “ON” status 

than in any of the other three conditions. This is reflected in Figure 4.4 by a 

visibly diminished difference of reaction times “ON” vs. “OFF” in the unilateral 

DBS group, while there is a significant difference when looking at the bilateral 
DBS cohort (pairwise comparison bilateral “OFF” vs. “ON”: ß= -34.59 ms 

(9.24), p< .001). There were no other main effects or interaction found (Table 

4.6). Again, there was an absent effect of motivation (p= .58). 
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Table 4.6 Double-step paradigm VTA-DBS, F statistics: Reaction time. 

 

Figure 4.4 Double-step paradigm VTA-DBS: Reaction time. No difference 

between DBS settings “ON” and “OFF” when unilateral electrodes were in 

place, but speedier responses if bilateral stimulation is switched “ON”. 

 
4.2.3.4. Motivation through reward had no effect on 

measures of accuracy or distractibility 

There was no main effect of reward on neither the proportion of oculomotor 
capture (p= .69) nor on distractor pull (p= .157). Nor were there any main 

effects of DBS or DBS location on the two. When looking at the distractor pull 
there was, however, a trend towards an interaction between reward and DBS 

location (p= .095, n.s.), which did not reach significance (Figure 4.5). This 

 FA P ß (ms) ± SE 
reward (1, 1990.77) = 0.30 = .58  
DBS  (1, 1990.45) = 5.54 = .019  -13.81± 5.87 
DBS location (1, 9.01) = 0.10 = .76  
reward* DBS  (1, 1990.18) = 0.16 = .69  
reward* DBS location (1, 1990.77) = 0.001 = .98  
DBS * DBS location (1, 1990.45) = 12.50 < .001  
reward*DBS*DBS location (1, 1990.18) = 0.08 = .78  
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interaction would indicate a higher level of reward sensitivity in the unilateral 
DBS cohort. No other interactions or main effects were found on departure 

angle (Table 4.7). 

 
Figure 4.5 Double-step paradigm VTA-DBS: Departure Angle. No 

significant main effects or interactions were observed. 

 FA p 
reward (1, 4371.45) = 1.28 = .26 
DBS  (1, 4371.32) = 2.01 = .16 
DBS location (1, 10.36)     = 1.05 = .33 
reward* DBS  (1, 4371.45) = 0.56 = .45 
reward* DBS location (1, 4371.45) = 2.78 = .09 
DBS * DBS location (1, 4371.32) = 0.21 = .65 
reward*DBS*DBS location (1, 4371.45) = 2.19 = .14 

Table 4.7 Double-step paradigm VTA-DBS - F statistics: Departure Angle 

 

There were no other significant main effects/interactions found on proportion 

of erroneous trials (Figure 4.6, Table 4.8).  
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Figure 4.6 Double-step paradigm VTA-DBS: Proportion of erroneous trials. 

 FA p 
reward (1, 49) = 0.15 = .69 
DBS  (1, 49) = 0.37 = .55 
DBS location (1, 9) = 0.21 = .89 
reward* DBS  (1, 49) = 0.00 = .99 
reward* DBS location (1, 49) = 0.18 = .68 
DBS * DBS location (1, 49) = 1.97 = .17 

Table 4.8 Double-step paradigm VTA-DBS, F statistics: Proportion of erroneous trials. 
 
 

4.2.4. Pupillary reward sensitivity in patients with VTA DBS  
 

4.2.4.1. Demographics  

Pupillometry data were recorded during the double-step paradigm as 

described in detail in section 3.6.2.1 from the cohort of VTA DBS patients 

(demographical data, see Table 4.1). 
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4.2.4.2. Eye tracker data handling and statistical analysis 

Average pupil change used in this section was measured by the proportional 
change of pupil size between cue onset and the mean pupil size 1200-1400 

ms after auditory cue onset and was measured in arbitrary Eyelink units. 
Pupillary reward sensitivity was calculated as the mean pupillary diameter 

change on rewarded vs. unrewarded conditions (10p-0p; 50-0p). Statistical 

analysis was performed using a mixed model as described in section 3.6.2.2. 

Instead of the factor “drug”, analysis here was run with factors DBS status (2 
levels: “ON” vs. “OFF”) and DBS location (2 levels: unilateral vs. bilateral). 

Reward was used as a two-level within-subject factor comparing unrewarded 
trials with high reward trials (0p vs. 50p). For the analysis of baseline pupil 

size, reward was dropped from the analysis and the model repeated including 
DBS stimulation and location. Statistics and post-hoc comparisons were 

carried out in SPSS using Bonferroni correction (Table 4.9): 

 
 

SPSS MIXED pupillary change BY reward DBS stimulation DBS location 

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN (95) MXITER (100) 
MXSTEP (10) SCORING (1) 

   SINGULAR (0.000000000001) HCONVERGE (0, ABSOLUTE) 
LCONVERGE (0, ABSOLUTE) PCONVERGE (0.000001, 
ABSOLUTE) 

  /FIXED= reward DBS-stimulation DBS-stimulation*reward 
DBS location*reward DBS location*DBS stimulation DBS 
location*DBS stimulation*reward | SSTYPE (3) 

  /METHOD=REML 

  /RANDOM=INTERCEPT | SUBJECT (ID) COVTYPE (VC). 

Table 4.9 Pupillometry VTA-DBS: Model used for statistical analysis in SPSS (DBS status: 

2 levels “ON” and “OFF”, DBS location: 2 levels “unilateral” and “bilateral”, reward: 2-levels: 

0p vs. 50p). 
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4.2.4.3. Results  
There was one main effect found in this analysis. Reward significantly 
increased pupillary reward sensitivity (F (1, 36) = 5.63, p= .023) leading to a 

larger pupil size on rewarded trials when compared to unrewarded trials (ß= 

12.79 a.u. (5.39), Figure 4.7). Neither DBS stimulation (F (1, 36) = 0.025, p= 

.875) nor DBS location (F (1, 36) = 1.93, p= .173) led to a significant effect on 
pupillary reward sensitivity and none of the interaction terms were significant. 

Pupil size at baseline did not differ either with DBS status (“ON” vs. “OFF”, F 
(1, 9) = 0.02, p= .90) nor with DBS location (bilateral vs. unilateral, F (1, 9) = 

0.83, p= .39). No interaction terms were present. 
 

 

Figure 4.7 Pupillometry VTA-DBS: (A) Reward sensitivity in DBS “ON” and “OFF” rewarded 

trials vs. 0p condition. Pupil size was significantly larger after reward cues. (B) Pupil size at 

baseline showed no effect of DBS stimulation. 
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4.2.5.  Discussion 

The first intriguing finding in this cohort was the consistent lack of reward 

sensitivity on all of the saccadic parameters within the double-step paradigm. 
This is in stark contrast to the findings I reported in the study on healthy 

controls on the same task. The observation of a lack of reward sensitivity in 
this cohort points towards a disruption within the reward processing 

mechanisms. There are a number of publications pointing towards potential 
dopamine depletion and, hence, reduced reward sensitivity in patients 

suffering from chronic pain, e.g., providing a neat explanation for these 
findings: Firstly, there is evidence that chronic pain alters mesolimibic 
dopaminergic signalling (Zhang, Kiyatkin and Stein, 1994; Altier and Stewart, 

1999). This is underpinned on the one hand by the fact that increases in 

mesolimbic dopamine were shown to mediate tonic pain (Altier and Stewart, 
1999), on the other hand, that acute pain leads to an increase in dopamine 

release and chronic pain can ultimately lead to a hypodopaminergic state 
through reduced D2 receptor binding and presynaptic dopamine activity 

(Jääskeläinen et al., 2001; Hagelberg, Forssell, Aalto, et al., 2003; Hagelberg, 
Forssell, Rinne, et al., 2003; Wood et al., 2007; Martikainen et al., 2015). This 

was also reported from animal studies, showing decreased c-Fos expression 

in the VTA in the presence of chronic pain (Narita et al., 2003). As the patients 

participating in this study have had a history of years of severe cluster 
headaches or other forms of severe therapy refractory headaches before 
receiving VTA DBS surgery, these explanatory models would have fitted 

nicely making the second, very intriguing and surely novel finding, even more 
surprising. The DBS patients tested, showed preserved reward sensitivity 

measured by pupillary modulation. Now this, points towards preserved 
supratentorial reward processing mechanisms, but lost motor consequences 

in our VTA DBS cohort. Mechanisms of pupillary reward sensitivity have also 
not shown an effect of neither DBS stimulation nor location pointing to a 

problem linking motivation into action in this group. This fits neatly into the 
assumption that the VTA has a role of an interface between limbic and motor 

system. 
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A less expected finding, but also potentially in line with the VTA’s role in 
relaying motor commands, was that stimulation caused a decrease in motor 

vigour. This effect was overall stronger for bilateral DBS. Unilateral stimulation 
also caused hypometric saccades but to a lesser extent and in either location 

effects were stronger when electrodes were switched “ON”. Reaction times 
were faster when bilateral DBS was switched on in comparison to any of the 

other conditions (bilateral “OFF” and unilateral “ON” and “OFF”). This, indeed, 
partially mimics the pattern we found in healthy participants on haloperidol, 

where decreased motor vigour and shorter reaction times were observed, 
although the observed detrimental effect on accuracy is lacking in the DBS 

cohort. 
 

Thirdly and worth discussing, are the different observations in unilateral and 
bilateral stimulation. The close link between dopaminergic activity of both 
cerebral hemispheres has been shown by a number of neurochemical 

studies. Both pharmacological and electrolytic studies leading to unilateral 
disruption of the nigrostriatal system have been shown to increase the 

contralateral dopaminergic activity (Chéramy et al., 1981; Robinson and 

Whishaw, 1988), while others have not found a difference (Santiago, Cano 
and Westerink, 1993). Another group found evidence for a functional 

interdependence of both sides of the mesocorticolimbic system observing a 
facilitatory effect of a unilateral lesion of the VTA in rats when stimulating the 

contralateral VTA (Jurkowlaniec, Tokarski and Trojniar, 2003). This could 
mean that while unilateral stimulation may change dopaminergic signalling on 

one side, the contralateral side might be compensating for the change in 
overall dopamine activity, leading to weaker effects on the parameter 

measured. If, however, both sides are stimulated, these compensatory 
mechanisms are disabled, and stimulation may lead to a more significant 
change in behaviour. 
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5. Dopamine and VTA-DBS in spatial working 
memory 

 

5.1. Background and hypothesis  

In order to optimise our performance, we require a balance between “on-line 
stabilisation of task-relevant information and flexible updating of irrelevant 

information” when facing new/additional information (Cools and D’Esposito, 
2011). This is thought to be ensured by two interacting dopaminergic 

pathways (DA-PFC loop and DA-striatal loop). According to this view, tonic 
release of dopamine into the prefrontal cortex (PFC) may assist the precision 

and persistence of current task goal representations (i.e., cognitive stability), 
while phasic dopamine in the striatum may enable cognitive flexibility through 

shifting and updating of task goal representations (Yee and Braver, 2018). 
This balance has been found to be essential for abilities like planning, 

learning, reasoning, and spatial processing. The prefrontal cortex receives a 
large number of dopaminergic projections from a variety of brain structures 

including the ventral tegmental area and the brainstem and has been 
identified as the brain area with the highest concentration of dopamine 

(anterior-posterior gradient) (Brown, Crane and Goldman, 1979; Haven and 
Goldman-Rakic, 1995). It has, therefore, been suggested that dopamine is 

heavily involved in working memory processes, which we previously explored 

in section 3.5.1 using memory-guided saccades. In this paradigm we found 

Madopar to improve not only endpoint precision but also reaction times to 
some extent, whereas both those variables were worsened by haloperidol. 

While saccades offer a precise dynamic measurement, most day-to-day uses 
of spatial working memory involve non-ocular responses. We here, hence, 
also collected data from a tablet-based short-term memory task, assessing 

recall of both object identity and location. The task was completed by two 

separate cohorts: (1) Thirty healthy controls as part of the drug study (see 

section 3.2.1) who received placebo, Madopar and haloperidol and (2) eleven 

VTA-DBS patients (see section 4.1.3) tested “ON” and “OFF” their DBS 

stimulation. 
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Variations of this task have previously been used to study different 
pathologies including limbic encephalitis, temporal lobe lobectomy and 

Alzheimer disease (Pertzov et al., 2012; Zokaei et al., 2016, 2019, 2020; Board 

et al., 2019), the novelty being a new analogue reporting method, including 
measurements of spatial precision that allow separation of component 

processes in memory, such as capacity (measured by the effect of increasing 
the number of memory items stored at once) and binding of items (indexed 

by the presence of “swap” errors where participants report the wrong item’s 
location). These different component processes may be differently affected 

by drug manipulation and/or DBS stimulation, making this task a helpful tool 
to explore this further. 

 
But what is already known from disease models and drug studies? There is 

body of evidence that PD patients have distinct deficits in working memory 
with reduced memory precision and an increased proportion of overall “swap 

errors”, the latter being unmodulated by dopaminergic treatment, pointing 
towards the involvement of non-dopaminergic mechanisms (Zokaei et al., 

2014; Rolinski et al., 2015; Zokaei and Husain, 2019). Working memory 

studies involving PD patients reported mixed effects of dopaminergic 
replacement therapy, some stating no effect (Torta et al., 2009) others 

impaired cognitive processing speed and increased distractibility (Poewe et 

al., 1991; Cools et al., 2010; Uitvlugt et al., 2016) and others improved 

misbinding performance, latency and accuracy (Lange et al., 1992; Fallon et 

al., 2019). Another study showed that PD patients improved their memory 

recall when “OFF” medication not only when compared to “ON” medication, 
but even showed superior performance “OFF” medication when compared to 

age-matched controls (Fallon et al., 2017), pointing towards a beneficial 
aspect of dopamine depletion for working memory performance. In healthy 

volunteers the dopamine agonist bromocriptine was found to improve short-
term spatial memory (Mehta et al., 2001). Haloperidol was found to increase 

errors on a spatial working memory test (McCartan et al., 2001). Sulpiride, a 

D2 receptor antagonist, was shown to mimic deficits usually observed in PD 

(Mehta et al., 2004). The D2 agonist cabergoline was found to improve the 
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precision of working memory without inducing higher levels of distractibility 
(Fallon et al., 2017). 

 

Several hypotheses were raised to explain these findings, which were partially 

discussed earlier (see section 1.3). These include firstly, that optimal 

dopamine levels could be task dependent. Secondly, that dopaminergic 
treatment in disease could lead to dopamine excess in brain areas relatively 

spared from dopamine depletion (the dopamine overdose hypothesis). And 
thirdly, the “inverted-U-shaped” relationship of dopamine and cognitive 

processes, which states that the effect of drugs may also depend on the 
individual’s baseline dopamine level. In terms of the VTA cohort hypotheses 

are much less clear and to my knowledge no comparable data have been 
published previously. The main findings of the memory-guided saccades data 

discussed in section 3.5 showed that higher memory load significantly 

slowed participants down (reaction time). In terms of drug effect, we found 

Madopar to improve the accuracy of saccadic eye movements and 
haloperidol to prolong reaction times without causing a deterioration in 
precision. 

 
I, here, aim to investigate whether similar effects of both Madopar and 

haloperidol on working memory precision and speed of recall could be 
observed using a tablet-based spatial memory task (Oxford memory test). 

Both drugs may have a detrimental effect on different subdomains of 
cognitive control and working memory. Based on previous findings on healthy 

controls I hypothesise that haloperidol may decrease memory precision and 
increase the number of swap errors, while Madopar may increase 

distractibility and processing speed (identification time). Since bilateral DBS 

stimulation improved reaction times in the double-step paradigm (section 

4.2.3), it may cautiously be speculated that identification times may be 

improved with stimulation in the VTA DBS cohort. Based on the 

interdependence of both cerebral hemispheres, unilateral lesions can cause 
a contralateral upregulation of dopaminergic activity termed “contralateral 

facilitation effect” (as discussed in section 4.2.5). As this may affect the data 
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collected in this cohort, DBS location (bilateral vs. unilateral) will also be 
added into the model as it was done in the previous section.  

 

5.2. Dopaminergic drug effects on visual 

working memory 

5.2.1.  Demographics 
The same participants previously described in section 3.2.1 completed this 

task (30 participants, 31.76 +/- 12.34 years, 16 females, 14 males). They 
received either placebo, Madopar dispersible 100/25mg or 2.5mg of 

haloperidol. Of the 30 participants recruited, the following number have 
completed this task per drug due to technical difficulties or participants’ time 

constraints: Placebo: 28; Madopar: 29; haloperidol 29. 
 

5.2.2.  Experimental setup  

The Oxford memory test (OMT) app, version v1.5.1, was downloaded onto a 

touch screen tablet (IPS LCD capacitive touchscreen, 9.7 inches, 291cm2, 
1536 x 2048 pixels, 4:3 ratio (~264 ppi density). Participants were seated at a 

desk in front of the tablet. 
 

5.2.3.  Short-term memory task (Oxford memory test) 

In each trial, participants were presented with either 1 or 3 (simultaneous) 

randomly located fractal object(s) on the screen. Participants were instructed 
to remember the objects and their locations while a blank screen was 

displayed for 4 seconds. Subsequently two fractals were presented along the 
meridian of the screen, one of which was one of the previously presented 

ones (target fractal) and the other one was a distractor. The distractor was 
part of the general pool of fractal images presented across the experiment. 

Participants were then required to touch the item they recalled (identification 

performance) and drag it to its remembered location (localisation 

performance). For illustration, see Figure 5.1 below. 
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The task consisted of 4 practice trials followed by two blocks with a total of 

40 trials. The 40 trials were split equally between two conditions: encoding of 
1 item and encoding of 3 items. The locations of the fractals were determined 

in a pseudorandom manner with the following restrictions: They were 
displayed with a minimum of 3.9° from the edges of the screen and 6.5° from 

the centre of screen and 9° of distance from each other in order to avoid 
spatial uncertainty as a result of overcrowding. 

I looked at the following measures to further investigate the role of dopamine 
on working memory:  

 

• Memory for object identity was measured as the proportion of trials 

where the correct object was chosen in the test array. 

• Identification time was calculated as the time taken to correctly 

identify the target. 

• Localisation error was computed as the Euclidean distance between 

the centre of the target object after it had been dragged to its 
remembered location and its true (original) location in the memory 

array. It was only measured on trials where an object was correctly 
identified. 

• Number of swap errors, where the location of the target fractal was 

swapped with that of another fractal in the original memory array. The 

Time

Remember both identity & 
location of item(s) displayed 
(1 or 3 items)

Delay (4 seconds) Identify item(s) previously 
displayed 

Drag item(s) to remembered 
location

1 2 3 4

Figure 5.1 Oxford memory test: task instructions. Details see section 5.2.3. 
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number of swap errors was indexed by the percentage of correctly 
identified objects placed within 4.5° eccentricity of other fractals in the 

original array. As in previous studies, a threshold of 4.5° was used 
because objects were never presented less than 9° from each other in 

the memory array. Using a cut-off of 4.5° means that the reported 
location of an object could never be attributed to more than one object. 

• Random guessing, or errors due to chance, quantifies the proportion 

of times an item’s location is completely forgotten. This corresponds 

to the proportion of responding randomly to the target location, which 
is defined as a location which is not within the 4.5° eccentricity from 

neither the correct target location nor the location of other objects 
displayed during the trial. 

 

5.2.4. Statistical analysis 

The data output from the OMT app contained one value per subject and set 
size for each variable of interest. Accounting for the missing datasets a mixed 

linear analysis was performed using set size (number of fractals) and drug 
(placebo vs. Madopar and placebo vs. haloperidol) as within-subject factors 

in SPSS and R. Fitting my hypothesis a random intercept model with 
restricted maximum likelihood method was used. (R model: model <- lmer 

(var ~ items * drug + (1 | ID), data). “Var” was replaced by the variable of 
interest as described above. The model looked for both main effects of drug 

(within subject factor with 2 levels) and memory load (within subject factor 
with 2 levels: 1 or 3 items) as well as interactions between the two. For the 

analysis of the proportion of misbinding, which could only occur in high 
memory load conditions, the mixed linear analysis with the factor drug only 

(within subject factor with 2 levels) was performed. 
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5.2.5.  Results  
5.2.5.1.  Object identity: Memory load decreased the 

proportion of correctly identified fractals 

There was a significant main effect of memory load on the proportion of 

correctly identified objects in both drug comparisons (p< .001, F-statistics, 

see Table 5.1). Participants performed significantly better in the conditions 

with less memory load independent of the drug (Figure 5.2). No main effect 

of drug in either of the drug manipulation groups was found (Madopar vs. 

placebo p= .880, haloperidol vs. placebo p= .141). There was no interaction 
found between the number of items and the drug groups.  

 

 
Figure 5.2 Oxford memory test, drug study: Proportion of correct identified fractals. 

 

Table 5.1 Oxford memory test- drug study, F-statistics: Object identity. 

  FA p ß (%) ± SE 
MADOPAR     
 items (1, 81.90) = 58.36 < .001 -8.5± 1.1 
 drug (1, 85.11) = 0.505 = .479  
 items*drug (1, 81.89) = 0.278 = .599  
HALOPERIDOL     
 items (1, 81.77) = 39.84 < .001 -7.7± 1.2 
 drug (1, 84.68) = 2.12 = .148  
 items*drug (1, 81.77) = 1.43 = .235  
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5.2.5.2. Localisation error: Haloperidol and high memory 

load decreased endpoint accuracy 

There was a strong main effect of memory load for both drug groups vs. 

placebo (p< .001, F-statistics see, Table 5.2). Participants’ endpoints were 

significantly further away from the target when three items were presented at 

the beginning of the trial than compared to one item conditions (Figure 5.3). 

Participants on haloperidol were also significantly less accurate (p= .013) 
when compared to placebo. Madopar did not have an effect on endpoint 

accuracy (p= .882). Neither of the set size effects was found to be influenced 
by the respective drugs. 

 

 

 

 

  FA p ß (px) ± SE 
MADOPAR     
 item (1, 81.43) = 122.08 < .001 86.33± 7.8 
 drug (1, 84.13) = 0.022 = .882  
 item*drug (1, 81.43) = 0.972 = .327  
HALOPERIDOL     
 items (1, 80.87) = 153.68 < .001 94.27±.7.6 
 drug (1, 83.39) = 6.14 = .015 19.18±.7.7 
 items*drug (1, 80.87) = 0.001 = .975  

Table 5.2 Oxford memory test- drug study, F-statistics: Localisation error. 

Figure 5.3 Oxford memory test, drug study: Localisation error. Distance between 

endpoint where fractal was positioned by participants and actual target location. 
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5.2.5.3. Neither of the drugs influenced the proportion of 

swap errors 

There was no effect of drug found on the proportion of trials where 
participants placed the target in closer proximity to the location of a distractor 

fractal than the correct target location (Madopar (F (1, 26.84) = .281, p=.60) 
and haloperidol (F (1, 26.59) =1.07, p= .31). 

 

5.2.5.4. Haloperidol and high memory load increased the 

proportion of guessing  

Haloperidol increased the number of trials where the item location was 

completely forgotten (p= .023, F-statistics, see Table 5.3), which was not the 

case for Madopar (p= .17; Figure 5.4). While higher memory load led to a 

greater proportion of guessing in the Madopar vs. placebo analysis (p= .04), 
the set size effect in the haloperidol comparison was attenuated by an overall 

worsened performance (main effect of set size haloperidol vs. placebo p= 
.078). This was supported by pairwise comparison: On haloperidol there was 
no effect of set size (F (1, 28) = 0.13, p= .72), which was also the case for 

Madopar (F (1, 28) = 0.56, p= .47), while the set size effect was strongest in 
the placebo cohort (F (1, 27) = 14.44, p= .001). 
 

Figure 5.4 Oxford memory test, drug study: Proportion of trials where items 

were forgotten. 
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 Table 5.3 Oxford memory test- drug study, F-statistics: Proportion of random guessing. 
 

5.2.5.5. Haloperidol prolonged identification time  

It took participants significantly longer to identify the target in the three items 

conditions than in the one item conditions (p< .001, F-statistics, see Table 

5.4). Haloperidol led to slightly longer identification times when compared to 

placebo (main effect of drug p= .021), but no effect of drug was found in the 

Madopar vs. placebo data (p= .74). No interaction was found between item 

and drug in either drug analysis (Figure 5.5). 

 
 

 
Figure 5.5 Oxford memory test, drug study: Identification time. It took participants 

significantly longer to identify a target when memory load was high (3 items). Haloperidol 

led to longer reaction times in both memory load conditions. 

 

  FA p ß (%) ± SE 
MADOPAR     
 item (1, 81.35) = 4.34 = .040 2.4± 1.2 
 drug (1, 82.88) = 1.89 = .173  
  item*drug (1, 81.35) = 1.37 = .245  
HALOPERIDOL     
 item (1, 80.99) = 3.19 = .078  
 drug (1, 82.87) = 5.39 = .023 2.9± 1.2 
 item*drug (1, 80.99) = 1.71 = .193  



 

 189 

  FA p ß (s) ± SE  
MADOPAR     
 item (1, 80.09) = 138.44 < .001 0.715± 0.06 
 drug (1, 83.09) = 0.114 = .737  
 item*drug (1, 80.09) = 0.120 = .729  
HALOPERIDOL     
 item (1, 82.44) = 44.56 < .001 0.648± 0.09 
 drug (1, 86.66) = 5.52 = .021 0.229± 0.09 
 item*drug (1, 82.44) = 0.235 = .637  

Table 5.4 Oxford memory test- drug study, F-statistics: Identification time. 

 

5.2.6.  Discussion 

As expected, higher memory load caused participants to show a deterioration 

in both object identity and location performance and prolonged identification 
time compared to when only one item had to be stored in working memory. 

No effect of Madopar was found on any of the parameters, including swap 
errors and proportion of trials where items were forgotten. Despite not 

producing a significant interaction, it may be of interest that both drugs at 
least weakened the effect of memory load when compared to placebo. This 
was due to a higher proportion of forgotten trials especially in the low memory 

conditions (n.s.). Despite other expectations, there was no improvement of 
identification time on Madopar. An explanation for this observation, may be 

that identification time does not reflect classic motor reaction time, which 
would be much faster, but the time taken to identify the correct fractal. Taken 

together with the improvements seen in saccadic memory, this suggests that 
the cognitive process of matching stimuli in memory might be less sensitive 

to dopaminergic stimulation than motor speed. 
Haloperidol, however, followed a similar pattern as observed in the saccadic 

task. It led to greater inaccuracy (absolute error), increased identification time 
and showed a higher proportion of trials where fractals were forgotten 

completely. These findings, however, are especially interesting in light of the 
absence of an effect of haloperidol on the overall proportion of correct trials. 

This makes the findings less likely to be solely attributed to drowsiness/drug 
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side effects. However, no interactions between memory load on either of the 
drugs were found, suggesting they did not affect memory capacity itself. 
 
 

5.3. The role of VTA in spatial working memory 

5.3.1.  Demographics and task 

The task used and the experimental setup was identical to the one described 

in the previous section (further details sections 5.2.2 and 5.2.3). Eleven 

patients with ventral tegmental area DBS completed the task. Their 

demographics are to be found in Table 4.1. Participants completed the task 

twice per session (each 1x “ON” and 1x “OFF), in counterbalanced order. 
Each participant, therefore, completed 40 trials “ON” and 40 “OFF” in each 

of the two sessions. 
 

5.3.2.  Statistical analysis  

Data variables of interest were calculated as above, for each subject and DBS 

state (“ON” and “OFF”). A random intercept model was used to analyse the 
data with R and SPSS, the data reported in the following chapter are from the 

R analysis: 

model <- lmer (var ~ items * DBS status* DBS location + (1 | ID), data) 

With var being replaced by data from the five variables of interest (proportion 

of correctly identified items, absolute error, proportion of guessing, 
proportion of swap errors and identification time), I looked for main effects of 

memory load (number of items/set size) and stimulation effects from the DBS 
(“ON” vs. “OFF”) as well as the influence of DBS location (unilateral vs. 

bilateral) on the participants’ performance and the interactions between them 

(further details about variables and how they were calculated, see section 

5.2.3). 
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5.3.3. Results  
5.3.3.1. Object identity: Bilateral DBS stimulation impaired 

performance for high memory load selectively 

I found two interactions (between DBS location and DBS stimulation & DBS 

location and memory load) in the analysis of the proportion of correctly 

identified fractals (Figure 5.6). DBS stimulation only had a significant effect 

on the proportion of correctly identified trials when bilateral DBS was in place. 
Here stimulation “ON” improved performance in the bilateral DBS cohort 

when compared to “OFF” (interaction between DBS location and DBS 
stimulation ß= 5.6% (2.0), p= .006), while no difference of stimulation (“ON” 

vs. “OFF”) was found in the unilateral DBS cohort (p= .61). The second 
interaction showed that patients with bilateral DBS had a larger set size effect 
(ß= -15.0% (2.0), p< .001) than patients with unilateral DBS (ß= 5% (1.8), p= 

.007). A trend towards an overall worsening of performance on bilateral vs. 
unilateral DBS was found (p= .051). There were no other interactions found 

(F-statistics for main effects, see Table 5.5). 

 

 

Figure 5.6 Oxford memory test- VTA-DBS: Proportion of correctly identified fractals 

(dashed lines= unilateral DBS, solid lines= bilateral DBS); * interaction between 

set size and DBS location p< .001, ** interaction between DBS location and 

stimulation-effect p= .018. 
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 FA p ß (%) ± SE 
items (1, 63.38) = 56.83 < .001 -10.0 ± 1.3 
DBS (1, 63.38) = 3.06 = .085  
DBS location  (1, 9.35) = 4.98 = .051  -7.4± 3.3 
items* DBS (1, 63.38) = 0.001 = .970  
DBS * DBS location  (1, 63.38) = 5.94 = .018  
DBS location*items (1, 63.38) = 14.21 < .001  
DBS * DBS location*items (1, 63.38) = 0.15 = .705  

Table 5.5 Oxford memory test- VTA-DBS, F statistics: Proportion of correctly identified 

fractals. 

 
5.3.3.2. Localisation error: Bilateral DBS showed worst 

memory precision when it was “OFF” 

A significant interaction between DBS stimulation and DBS location was 

found in the analysis of data on memory precision measured by the Euclidean 
distance between the location where the fractal was positioned and the true 

target location (Figure 5.7). Bilateral electrodes caused patients to become 

less accurate when stimulation was switched “OFF” compared to “ON” (ß= 

35.64 px (10.18), p= .001, Table 5.6). There was no significant difference of 

DBS stimulation on unilateral DBS patients (p= .83) nor was there a difference 

of DBS stimulation (“ON” vs. “OFF”) in the unilateral DBS cohort (p= .69). 
Higher memory worsened accuracy overall (ß= 131.97 px (6.87), p< .001). 
 
 FA p ß (px) ± SE 
items (1, 63.27) = 369.48 < .001 131.97 ± 6.86 
DBS (1, 63.27) = 5.42 = .023 -15.98 ± 6.87 
DBS location (1, 9.21) = 0.97 = .35  
items* DBS (1, 63.27) = 2.72 = .104  
items* DBS location (1, 63.27) = 2.81 = .099  
DBS * DBS location  (1, 63.27) = 8.19 = .006  
items* DBS * DBS location  (1, 63.27) = 1.68 = .199  

Table 5.6 Oxford memory test- VTA-DBS, F statistics: Localisation error 
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Figure 5.7 Oxford memory task- VTA-DBS: Localisation error (dashed lines= 

unilateral DBS, solid lines= bilateral DBS, x interaction between DBS stimulation 

and DBS location). 

 

5.3.3.3. Swap errors increased by bilateral stimulation 

There was no main effect of DBS stimulation (p= .25, Figure 5.8) on the 

proportion of swap errors (Table 5.7). A significant interaction between DBS 

stimulation and DBS location showed, though, that participants improved 

their performance when “ON” bilateral stimulation (ß= -6.6% (2.5), p= .014) 
as compared to “OFF” bilateral stimulation, while there was no difference of 
stimulation when looking at the unilateral cohort “ON” and “OFF” (p= .25). 

Bilateral DBS also had a detrimental effect on performance when compared 
to unilateral DBS only when stimulation was “OFF” (ß= 11.8% (3.8), p= .008). 

There was no effect of DBS location when electrodes were “ON” (p= .51). 
Patients with bilateral DBS performed slightly worse overall, showing a non-

significant trend for a main effect of DBS location (ß= 7.2% (3.4), p= .062, 
n.s.). 
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Figure 5.8 Oxford memory test- VTA-DBS: Swap errors. Patients showed 

significantly more swap errors when stimulation was ”OFF” in the bilateral 

DBS cohort (interaction between DBS stimulation and DBS location x p= 

.011). 

 
 FA p 
DBS  (1, 27.25) = 1.37 = .25 
DBS location (1, 9.14) = 4.50 = .062 
DBS*DBS location  (1, 27.25) = 7.48 = .011 

Table 5.7 Oxford memory test- VTA-DBS, F-statistics Swap errors. 

 

5.3.3.4. Random guessing increased by bilateral stimulation 
“OFF” 

The proportion of trials where fractals were completely forgotten was 

significantly higher in high memory load conditions when compared to 

conditions where only one item had to be recalled (Figure 5.9; p= .008, F- 

statistics Table 5.8). There was no significant main effect of DBS stimulation 

(p= .33) or DBS location (p= .14), although, similarly to accuracy measured by 

endpoint error and the proportion of swap errors, the proportion of trials 
where fractals were completely forgotten was significantly worsened by 

bilateral DBS stimulation only when electrodes were “OFF” (ß= -5.2% (2.2), 
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p= .023), shown by an interaction between DBS and DBS location (p= .016). 
No stimulation effect was found in the unilateral DBS group (p= .27) and no 

difference between the unilateral and bilateral “ON” cohort was found (p= 
.812). No other main effects or interactions were found. 

 

 
Figure 5.9 Oxford memory test- VTA-DBS: Proportion of trials where 

item(s) was/were completely forgotten (dashed lines= unilateral DBS, solid 

lines= bilateral DBS). 

 

 FA p ß (%) ± SE 
items (1, 63.53) = 7.63 = .008 4.2 ± 1.5 
DBS  (1, 9.39) = 0.97 = .33  
DBS location (1, 63.53) = 2.62 = .14  
items* DBS (1, 63.53) = 0.17 = .68  
items* DBS location (1, 63.53) = 0.17 = .68  
DBS * DBS location  (1, 63.53) = 6.17 = .016  
items* DBS * DBS location  (1, 63.53) = 0.001 = .922  

Table 5.8 Oxford memory test- VTA-DBS, F-statistics: Proportion of guessing. 
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5.3.3.5. Identification time was unaffected by stimulation 

Identification time varied significantly with memory load (Figure 5.10). It took 

participants longer to identify the correct fractal if memory load was high (p< 

.001). There were no other main effects or interactions found for this variable 

(for F-statistics, see Table 5.9). 

 

  
Figure 5.10 Oxford memory test- VTA-DBS: Identification time (dashed lines= 

unilateral DBS, solid lines= bilateral DBS). 

 
 
 
 FA p ß (s) ± SE 
items (1, 63.24) = 7.63 < .001 0.88 ± 0.097 
DBS (1, 9.22) = 0.97 = .29  
DBS location (1, 63.24) = 2.62 = .20  
items*DBS (1, 63.24) = 0.17 = .41  
items*DBS location (1, 63.24) = 0.17 = .27  
DBS*DBS location  (1, 63.24= 6.17 = .39  
Items*DBS*DBS 
location  

(1, 63.24) = 0.001 = .83  

Table 5.9 Oxford memory test- VTA-DBS, F-statistics: Identification time. 
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5.3.4.  Discussion 

While the detrimental effects of memory load I reported above are well 

documented in the literature, the more intriguing question that had to be 
answered here was whether there is an effect of DBS stimulation within the 

ventral tegmental area on spatial working memory performance, and whether 
set size effects could be altered by it, which both was the case. In fact, 

bilateral DBS when electrodes were switched “OFF” showed the worst 
performance overall and showed a pronounced set size effect in memory 

precision when compared to bilateral “ON” and the data from unilateral DBS. 
None of the variables showed an effect of DBS stimulation within the unilateral 
DBS group, as similarly reported and discussed in previous sections. 

Interestingly the enhancing effect of bilateral DBS stimulation was not found 
in the analysis of deliberation time, where no difference among the four 

groups was identified. The only effect found on deliberation time was that of 
memory load.  

 

Limitations for interpreting these results may, firstly, be the small number of 

participants, which is explained by the overall small number of patients who 
underwent this surgery. Secondly, the lack of a cohort of age-matched 

control subjects with long standing cluster headache, that would enable to 
establish whether bilateral DBS stimulation actually relatively improves or 

whether unilateral DBS and bilateral DBS switched “ON” relatively worsens 

performance. The data suggest that DBS causes a change within VTA 
neuronal signalling, which is stronger in bilateral stimulation, potentially due 

to the contralateral facilitation effect which may be compensating for 
stimulation effects in unilateral stimulation. It may be possible that lesions 
caused by the DBS electrodes lead to a decrease in dopamine activity within 

the VTA that is compensated for when electrodes are switched “ON” and in 
the case of unilateral DBS by the contralateral (intact) VTA. In other words, 

this may reflect a degree of left-right redundancy built into dopaminergic 
midbrain signals. Since data on human studies in this context are lacking, I 
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here can only use animal data to further look into this theory. Bilateral 
baclofen infusions to the VTA of rats have, for example, been found to disrupt 

short-term working memory in a spatial navigation task (Martig et al., 2010). 

Intrahippocampal dopamine agonists have improved spatial memory 
(Packard and White, 1991), 6-OHDA lesions impair performance on spatial 

tasks (Gasbarri et al., 1996), and D2 antagonism in the ventral hippocampus 
disrupts spatial working memory performance (Wilkerson and Levin, 1999). 

These findings point towards a critical role of dopamine in spatial memory 
tasks and would be in favour of the idea that DBS stimulation leads to 

improved performance through increases in dopamine activity in the ventral 
tegmental area if it is in situ bilateral. This theoretical view is corroborated by 

the worsened performance observed on haloperidol.  
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6. General Discussion 
 

6.1. Overview, limitations, and future work 

The basal ganglia have been found to play an important role in reward 

expectation and reward processing - the foundation of goal-directed 
behaviour (Rock et al., 2013). Recently it has been suggested that impulse 

control disorders and apathy, both commonly observed symptoms in PD, 

could be “opposite extremes of a dopamine-dependent spectrum of 
motivated decision-making” (Suri and Schultz, 1999). Indeed, fatigue in 

multiple sclerosis or post-stroke patients, described as an “aversion to 
effort”, has also been reported to improve with dopaminergic treatment, 

suggesting a common pathophysiological substrate (Sinha, Manohar and 
Husain, 2013). This work aimed to further explore the dopaminergic 
mechanisms underlying these observations with the following questions in 

mind: Is there a non-invasive dopamine proxy which could help identify 
prodromal PD? Could we optimise treatment strategies for these patients 

predicting their reaction to dopaminergic treatment? And how could we 
identify those at risk of developing ICDs on dopamine agonist treatment? I 

will summarize my findings below, add possible interpretations and discuss 
limitations as well as remaining questions that require further exploration. 
 

6.1.1. Motivation and baseline dopamine 

In Chapter 2, three incentivised saccadic paradigms were run on healthy 

young volunteers. Previous findings of motivation through reward improving 

both saccadic velocity and accuracy simultaneously, violating the long-

established speed-accuracy trade-off, were confirmed (Figure 2.7). This was 

in line with our predictions and with frameworks suggesting improved 

performance through noise reduction in motor and cognitive control (Manohar 
et al., 2015). The cost of these control mechanisms may be accounted for by 

the reward on offer, although the subjective “value” of a reward/cost may vary 

depending on the individual’s dopaminergic state reflected by the choice for 
low effort/low reward options in dopamine depleted states (Muhammed, 
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Manohar and Husain, 2015). Additionally, a variety of other factors have been 
identified including personality traits, gene polymorphism, gender and age 

(Cools and D’Esposito, 2011) explaining the great variety of findings in the 
field. This underlines the need for biomarkers such as non-invasive dopamine 

proxies to enable recruitment of more homogeneous study populations for 
future research. 

 
6.1.2. Reward valence 

The effects of incentives of difference valence on human behaviour are a 

matter of ongoing controversy. Relatively few studies assessed the effect of 
monetary reward anticipation and penalty avoidance concurrently in the same 

task, especially using saccades. Evidence collected in the latter two saccadic 

tasks in Chapter 2 show that effects of both incentive conditions were not 

dissociable, as both incentives improved performance such as decreasing 

reaction time and increasing velocity to a similar degree (Figure 3.14, Figure 

3.22). A statistical difference between them was absent. This finding was 

surprising as there is evidence going back as far as the Aversion Theory 
(Kahneman and Tversky, 1979) predicting otherwise. These results support 
the idea that both loss avoidance and reward anticipation may be assigned 

the same “net-value” potentially by different neuron subgroups, leading to 
improved performance and the allocation of resources. Indeed, this is in line 

with findings from an fMRI study, showing similar activation pattern in the 
nucleus accumbens for both appetitive and aversive stimuli if incentives were  

contingent, which was the case for all paradigms in this chapter (Kawasaki 
and Yamaguchi, 2013). This said, a clear differentiation of neural substrates 

involved in these processes cannot be made on the basis of my data. Recent 
literature, however, suggested a central role of the dorsal anterior cingulate 

cortex (dACC) in allocating effort, based on the subjective motivational value 
of a goal and the subjective experience of effort (Shenhav et al., 2017). My 

findings could, therefore, be integrated into the “expected value of control 

framework” (Shenhav et al., 2017) which suggests that the allocation of 
resources (cognitive control) may depend on the expected gains (reward and 



 

 201 

penalty avoidance) discounting the perceived costs of the control command. 
The perception of the latter two may, however, be highly dopamine 

dependent. 

 
6.1.3. Entropy and motivation 

As decision value and confidence influence goal-directed behaviour and were 

found to reflect the perceived “desirability” of a goal, it is of special interest 
that the effect of motivation through both types of incentives was not altered 

by neither greater decision uncertainty nor higher memory load in my data. 
Greater memory load as well as a higher number of choice alternatives led to 

slower and less accurate saccades (Figure 2.18, Figure 3.14), although there 

was no evidence to indicate that incentives to compensate for the increased 

costs of higher entropy levels in the tasks. This suggests a fixed optimal 
balance between speed and accuracy for a certain level of entropy. An 

intriguing finding in this context was, that reward sensitivity of velocity in 
memory-guided saccades was higher for low memory load conditions when 

compared to high memory load, which does suggest a shift in cost-benefit 
ratio in the presence of higher dopamine levels. This was not the case for 

reward sensitivity of velocity in different uncertainty conditions (Task II). 
Madopar increased reward sensitivity independent of uncertainty, which may 

suggest higher costs for memory recall than for decision uncertainty.  

 
6.1.4. Pharmacological manipulation- future directions? 

Following on from these findings, Chapter 3 revisited the above paradigms 

adding a pharmacological manipulation of dopamine levels to further assess 
the neurochemical mechanisms and more specifically the role of dopamine in 

goal-directed behaviour, motivation and effort. While the role of dopamine in 
the signalling of positive incentives has been investigated intensively, the 

modulation of saccadic properties to loss is yet to be fully understood. While 
previous evidence suggested that dopamine has a stronger role in positive 

reinforcement learning than in negative (Frank, Seeberger and O’Reilly, 2004; 
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Bódi et al., 2009; Nagy et al., 2012), this was not the case for motivation in 

my data. Higher dopamine levels (Madopar) increased reward sensitivity, 
which was most interestingly the case for both incentive valences, similarly 

suggesting different underlying mechanisms for learning and motivation. A 
possible explanation for this may be the different roles of phasic dopamine 

vs. tonic dopamine which may imply a more prominent role of the former in 
learning and the latter in motivational processes. A logic next step would 

certainly be to test this hypothesis in a cohort of PD patients especially with 
the question of the effect of penalty vs. reward on above parameters. It may, 
however, also be suggested that motivational processes involve other 

than/additional neurotransmitter systems to dopamine such as serotonin, 
which has more recently been suggested to also be implicated in negative 

reinforcement learning (Daw, Kakade and Dayan, 2002; Bayer and Glimcher, 
2005; Bang et al., 2020). As my experiments do not allow to judge upon non-

dopaminergic mechanisms, future work is needed to further investigate these 
complex mechanisms. 

Decreased motor vigour, in both dopaminergic drug manipulations, was 

another rather surprising finding in my data (Figure 3.5), as dopamine has 

previously been found to invigorate saccadic responses (Grogan et al., 2020). 

While tonic dopamine in the striatum is associated with controlling movement 

vigour, my findings suggest a more complex interaction, potentially following 
an “inverted-U-shaped” relationship between dopamine levels and motor 
vigour in healthy participants. Another explanation may be the different 

dopamine receptor subgroups involved in the two drug manipulations. While 
it is less surprising that haloperidol (D2 receptor antagonist) decreased motor 

vigour, the effect observed after a single dose of Madopar may represent a 
more mixed picture, most likely by action on both the direct and the indirect 

pathway simultaneously. Reduced motor vigour was accompanied by 

improved accuracy in the Madopar data (Figure 3.3) and worsened accuracy 

as well as increased reaction times in the haloperidol data (Figure 3.14). 

These observations suggest a linear relationship between dopamine levels 

and precision signals potentially explained by dopamine improving the signal-
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to-noise ratio (Figure 3.12) or worsening it in dopamine deplete states. It is, 

however, assumed that a number of additional neurotransmitters such as 

noradrenalin, acetylcholine and serotonin are involved in these mechanisms 
and a specific role for noradrenalin energising behaviour when facing 

challenges has been suggested (Varazzani et al., 2015).  

6.1.5. Ventral tegmental area and action invigoration 

While these drug manipulations shed more light on the role of dopamine in 
motor and cognitive control measured by saccades, no statement could be 

made about the distinct roles of different dopaminergic pathways. In Chapter 

4, I specifically modulated the mesolimbic pathway. A fascinating result 

emerged, suggesting that the patients with VTA DBS recruited for this study 

did not show reward sensitivity on saccadic parameters. Crucially, electrical 
stimulation did not restore reward sensitivity when compared to DBS “OFF” 
and the overall effect was more pronounced in the bilateral VTA DBS cohort 

when compared to unilateral DBS. An important caveat for interpreting results 
here is, however, the very low sample size, due to the relatively low number 

of surgically treated cluster headaches. Saccadic data on reward sensitivity 
and VTA DBS have to my knowledge so far only been reported in animal 

studies (Trojniar and Staszewska, 1994; Trojniar and Klejbor, 1999). The 
absence of a reward effect on either of the saccadic parameters is particularly 

interesting given that pupillary reward sensitivity was preserved in this cohort 

(Figure 4.7), pointing towards a specific role of VTA in mediating the motoric 

aspects of motivation, but not the reward sensitivity per se. This is neatly in 
line with the VTA’s described role in translating motivation into action 

(Mogenson, Jones and Yim, 1980), which I argue could be disrupted by VTA 
DBS or the underlying chronic pain syndrome. This is, however, contrasted 

by recent evidence from monkeys which points towards a role of the SNc in 
the computation of effort-reward trade-off in choice decision (Varazzani et al., 

2015). In any case these findings support the idea of different neural systems 

being involved in autonomic reward responses vs. action invigoration. In this 
context another group also suggested different anatomical correlates for 
action vs. emotion signalling (Grabenhorst, Rolls and Parris, 2008). As it 
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remains unclear whether these results stem from the DBS electrodes, 
stimulation effects, underlying disease pathology or potentially are 

consequences of the chronic pain syndrome accompanying this diagnosis, it 
may be an exciting opportunity to match these data with data from patients 

with therapy refractory headaches/chronic pain syndromes without or before 
their DBS surgery and age-matched healthy controls to further dissect the 

origin of our findings. A bigger sample size, of course, would also be desired, 
which, may be difficult considering the unique cohort. This would, however, 

be necessary to compare results with age-matched controls, to further 
comment on the probable effects of disease pathology, chronic pain 

syndrome and DBS electrodes as well as stimulation on performance. 

6.1.6. Dopamine and working memory  

Cognitive impairments are common in PD and can in some cases even 

precede the onset of motor symptoms. These may include problems in 
executive functions and attention, one of the most prominent deficits, 

however, being visual working memory impairments. These deficits have 
been linked to dopamine depletion as some aspects were shown to improve 

with dopamine therapy although some did not (Cools, 2006). The 
pharmacological manipulation with both Madopar and haloperidol as well as 

the electrical modulation of the mesocorticolimbic system by VTA DBS, 
therefore, provided a great opportunity to investigate the role of different 

dopamine pathways in cognitive control, more specifically in working memory 

(Chapter 5). As expected, higher memory load caused participants to show 

a deterioration in both identification and localisation performance. This was 
reflected by a smaller proportion of trials where fractals were correctly 

identified and accurately positioned. 

An unexpected finding was the lack of an effect of Madopar and motivation 

on working memory performance, potentially reflecting the already “optimal” 
performance in a cohort of young healthy controls. The effect of dopamine 

stimulation in the PFC has, however, been shown to depend on a variety of 
factors, e.g., one being a bidirectional modulation via D1 and D2 receptor 
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activation by Madopar, which may also explain our findings (Seamans and 
Yang, 2004). It ultimately remains an interesting question, worth further 

investigating why Madopar improved memory precision in the saccadic task 
but did not on the tablet-based task. Haloperidol on the other hand, showed 

the expected worsening of memory precision most likely through 
mechanisms of dopamine depletion. VTA deep brain stimulation improved 

memory precision in the bilateral cohort, especially when memory load was 
high, which in light of animal studies may be suggestive of VTA stimulation 

leading to increased dopaminergic stimulation of the PFC (Lewis and Donnell, 
2000). Patients with bilateral DBS did worse in the identification performance 

when compared to unilateral DBS, especially when electrodes were “OFF” 
and improved to the level of unilateral DBS when stimulation was “ON”. This 

may suggest a disruption of mesocorticolimbic signals by the DBS electrodes 
per se that is ameliorated by stimulation. While it is yet unclear what 
implications this may have on the application of DBS in this and other areas 

of the brain, the data collected surely underpin the need for further studies 
into the role of VTA DBS in humans. 

6.2. Conclusion  

In conclusion, this thesis examined dopaminergic mechanisms underlying 

optimal goal-directed behaviours. Novel oculomotor tasks were devised 
using different types of saccades to investigate the interaction between 

reward anticipation, punishment avoidance and dopamine and their roles in 
shifting the cost-benefit ratio of actions/decisions. Data was collected in 

healthy controls using not only eye movements but also pupillary responses 
in a pharmacological study and in a cohort of patients who had undergone 

VTA DBS surgery. These cohorts were chosen to assess the effects of 
dopaminergic modulation in both the nigrostriatal as well as the mesolimbic 

pathways. Incentives of both valences influenced motivated behaviour 
improving saccadic vigour and distractibility in the cohort of healthy 

participants, while Madopar additionally increased reward sensitivity of 
velocity seemingly shifting the cost-benefit ratio. The opposite was however 
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not observed after haloperidol administration, which did not affect reward 
sensitivity, potentially explained by a mixed effect of haloperidol on pre- and 

post-synaptic receptors. Both drugs decreased motor vigour, which may be 
due to the effect Madopar has on both the direct and the indirect pathway.  

A role of the VTA in goal-directed behaviour, likely translating motivation into 
motor action, is suggested. This hypothesis is based on the observation that 

saccadic reward sensitivity in this cohort was absent, while pupillary 
response to reward remained intact. 

 
There are however a number of limitations to this body of work discussed in 

more detail in earlier chapters, of which I here want to recapture a few. While 
one could surely argue that the sample size of 30 participants for the drug 

study is rather small, given the risk of potential drug side effects, the intent 
was to keep the number as small as possible without compromising on 
statistical power. Secondly, the effect of a small dose of Haloperidol on each 

participant was observed to be highly variable, potentially because its plasma 
concentration also depends on body fat and habitus. A milligram per kg 

bodyweight approach may, hence, offer an alternative for future studies. 
Arguing for an “inverted-U-shaped” relationship between dopamine levels 

and performance, we used questionnaires as dopamine baseline proxies. 
Although this was a helpful tool for this body of work, including a more 

accurate measure would surely be desirable and help interpret results in 
future experiments. In this context pharmacological functional imaging, e.g., 

may help to further dissect dopaminergic from non-dopaminergic 
mechanisms influencing saccadic performance and to interpret results 

reliably, also accounting for individual baseline differences. Finally, it will also 
need to be clarified, whether a single dose of an (anti-) dopaminergic drug is 

actually useful for mimicking diseases such as Parkinson’s disease as it 
induces a phasic dopamine decrease rather than a tonic hypodopaminergic 

state. 
 

Saccades and pupillometry may, however, represent an inexpensive and easy 
tool to help identifying more uniform study cohorts for future research and 
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may in future be used for treatment monitoring in patients. Eventually, I want 
to emphasise the importance of such research as it may have implications on 

patients’ lives by aiding early diagnosis and facilitating tailored treatment 
strategies for neurodegenerative diseases such as PD. 
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8. Appendix 
 

8.1.  Memory-guided saccades: Omnibus 

analyses 

8.1.1. Precision measured by Euclidean distance to target 

    FA p 
Initial saccades    
  reward (2, 21014.43) = 0.917 = .400 
  drug  (2, 21028.64) = 16.72 < .001 
  memory load (1/4) (1, 21018.39) = 1386.87 < .001 
 drug* memory load  (2, 21014.91) = 3.56 = .028 
 drug*reward  (4, 21013.38) = 1.22 = .344 
 reward*memory load (2, 21013.23) = 0.65 = .528 
 reward*drug*memory 

load 
(4, 21013.27) = 1.72 = .142 

Sequence        
  reward (2, 36982.42) = 0.13 = .324 
  drug (2, 37004.53) = 7.18 = .001 
  serial position (3, 36981.58) = 80.19 < .001 
 drug*reward (4, 36980.29) = 1.02 = .398 
 serial position*reward (6, 36979.05) = 1.30 = .252 
 drug*serial position (6, 36979.62) = 0.91 = .482 
 reward*drug*memory 

load 
(12, 36979.04) = 0.81 = .645 

 

8.1.2. Saccadic peak velocity  

    FA p 
Initial 
saccades 

   

  reward (2, 21042.00) = 87.43 < .001 
  drug  (2, 21042.00) = 0.002 = .999 
  memory load (1/4) (1, 21042.00) = 117.94 < .001 
  reward*drug (4, 21042.00) = 2.27 = .059 
 reward* memory load (2, 21042.00) = 2.77 = .063 
 drug*memory load (2, 21042.00) = 0.53 = .590 
 reward*drug*memory load (4, 21042.00) = 1.00 = .406 
Sequence        
  reward (2, 36932.41) = 121.67 < .001 
  drug (2, 15246.33) = 0.101 = .904 
  serial position (3, 36950.60) = 12.11 < .001 
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 serial position *reward (6, 36984.16) = 0.04 = .101 
 drug*reward (4, 36988.47) = 1.06 = .377 
 drug*memory load (6, 36991.91) = 0.04 = 1.00 
 reward*drug*memory load (12, 36984.55) = 1.25 = .243 

 
 
8.1.3. Saccadic reaction time  

    FA p 
Initial saccade    
  incentive (2, 25118.35) = 7.31 = .001 
  drug  (2, 25124.27) = 21.32 < .001 
  memory load (1/4) (1, 25132.67) = 67.99 < .001 
 memory 

load*incentive 
(2, 25118.34) = 0.01  = .990 

 drug*incentive  (4, 25118.18) = 0.42 = .795 
 drug*memory load (2, 25118.34) = 1.59 = .202 
 reward*drug*memory 

load 
(4, 25118.17) = 0.41 = .802 
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AMI questionnaire 
 

 
  

Below are a number of statements. Each statement asks you to think about your life over the 
last 2 weeks.  
For each statement, select how appropriately it describes your life right now. Select 
“Completely true” if the statement describes you perfectly, “Completely untrue” if the 
statement does not describe you at all over the last 2 weeks, and use the answers in between 
accordingly.  

Completely 
UNTRUE 

Mostly 
untrue 

Neither 
true nor 
untrue 

Quite 
true 

Completely 
TRUE 

1 I feel sad or upset when I hear bad news. 
     

2 I start conversations with random people.  
     

3 I enjoy doing things with people I have 
just met.      

4 I suggest activities for me and my friends 
to do.      

5 I make decisions firmly and without 
hesitation.      

6 After making a decision, I will wonder if 
I have made the wrong choice.      

7 Based on the last two weeks, I will say I 
care deeply about how my loved ones 
think of me. 

     

8 I go out with friends on a weekly basis. 
     

9 When I decide to do something, I am able 
to make an effort easily.      

10 I don't like to laze around. 
     

11 I get things done when they need to be 
done, without requiring reminders from 
others. 

     

12 When I decide to do something, I am 
motivated to see it through to the end.      
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UPPSP-P  

 

 

  

SHORT UPPS-P (Cyders et al., Addictive Behaviors, 2014) 

Table 1. Final Items Included in the SUPPS-P (Lynam, 2013)  
             
Negative Urgency (M = 1.35, SD = 0.70; Range: 0.00 – 3.00; α = 0.78)  

6. (17.) When I feel bad, I will often do things I later regret in order to make myself feel 
better now. (R)  

8. (22.) Sometimes when I feel bad, I can’t seem to stop what I am doing even though it is 
making me feel worse. (R)  

13. (29.) When I am upset I often act without thinking.* (R) 
15. (34.) When I feel rejected, I will often say things that I later regret.* (R)   

 
Lack of Perseverance (M = 0.64, SD = 0.54; Range: 0.00 – 2.67; α = 0.79) 
1. (4.)  I generally like to see things through to the end.*  
4. (14.)  Unfinished tasks really bother me.  
7. (19.)  Once I get going on something I hate to stop.  
11. (27.) I finish what I start.  

 
Lack of Premeditation (M = 0.80, SD = 0.56; Range: 0.00 – 2.50; α = 0.85) 
2. (6.)  My thinking is usually careful and purposeful.*  
5. (16.)  I like to stop and think things over before I do them.  
12. (28.) I tend to value and follow a rational, "sensible" approach to things.  
19. (48.) I usually think carefully before doing anything.*  

 
Sensation Seeking (M = 1.78, SD = 0.73; Range: 0.00 – 3.00; α = 0.74) 
9. (23.)  I quite enjoy taking risks.* (R) 
14. (31.) I welcome new and exciting experiences and sensations, even if they are a little 

frightening and unconventional.* (R) 
16. (36.) I would like to learn to fly an airplane. (R) 
18. (46.) I would enjoy the sensation of skiing very fast down a high mountain slope. (R) 

 
Positive Urgency (M = 0.90, SD = 0.74; Range: 0.00 – 3.00; α = 0.85) 
3. (10.)  When I am in great mood, I tend to get into situations that could cause me 

problems. (R) 
10. (20.) I tend to lose control when I am in a great mood. (R)   
17. (35.)  Others are shocked or worried about the things I do when I am feeling very 

excited. (R) 
20. (52.) I tend to act without thinking when I am really excited.* (R) 
________________________________________________________________________ 
Note. Item numbers indicate the item order on the Short UPPS-P, whereas numbers in 
parentheses indicate the original item numbers on the UPPS-P. All items are rated on a four point 
scale from 1 (strongly agree) to 4 (strongly disagree). Items with an (R) are reverse coded, so 
that higher values indicate more impulsive behavior. Total subscale or Mean subscale scores can 
be calculated.  * indicates that the item is also present in the French Short UPPS-P Scale. † 
indicates that the item is also present in the Spanish Short UPPS-P Scale.  
 
(R) indicates the item needs to be reverse scored such 1=4, 2=3, 3=2, and 4=1  
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BIS/BAS 
Each item of this questionnaire is a statement that a person may either agree with or disagree with.  For 

each item, indicate how much you agree or disagree with what the item says.  Please respond to all the 

items; do not leave any blank.  Choose only one response to each statement.  Please be as accurate and 

honest as you can be.  Respond to each item as if it were the only item.  That is, don't worry about being 

"consistent" in your responses.   

Choose from the following four response options: 

  1 = very true for me  

  2 = somewhat true for me  

  3 = somewhat false for me  

  4 = very false for me 

1.  A person's family is the most important thing in life.  

2.  Even if something bad is about to happen to me, I rarely experience fear or nervousness.  

3.  I go out of my way to get things I want.  

4.  When I'm doing well at something, I love to keep at it.  

5.  I'm always willing to try something new if I think it will be fun.  

6.  How I dress is important to me.  

7.  When I get something I want, I feel excited and energized.  

8.  Criticism or scolding hurts me quite a bit.  

9.  When I want something, I usually go all-out to get it.  

10.  I will often do things for no other reason than that they might be fun.  

11.  It's hard for me to find the time to do things such as get a haircut.  

12.  If I see a chance to get something, I want I move on it right away.  

13.  I feel pretty worried or upset when I think or know somebody is angry at me.  

14.  When I see an opportunity for something, I like I get excited right away.  

15.  I often act on the spur of the moment.  

16.  If I think something unpleasant is going to happen, I usually get pretty "worked up."  

17.  I often wonder why people act the way they do.  

18.  When good things happen to me, it affects me strongly.  

19.  I feel worried when I think I have done poorly at something important.  

20.  I crave excitement and new sensations.  

21.  When I go after something, I use a "no holds barred" approach.  

22.  I have very few fears compared to my friends.  

23.  It would excite me to win a contest.  

24.  I worry about making mistakes.  

 
 


