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ABSTRACT 

Eye movements are used as a biomarker of neuropsychiatric and neurological 

function because they are highly sensitive to cognitive state and impairment. For 

this reason, eye movements have been used to study Parkinson’s disease in 

order to bypass the distal limb motor deficits seen with disease progression. This 

study aimed to use eye movements to correlate disease severity with 

performance on a battery of cognitive tasks, and ultimately elucidate some of the 

mechanisms behind the disease. Our initial results were consistent with previous 

literature, and we found changes in reaction time for patients compared to 

controls, as well as the same patients on and off medication. Performance was 

increased on-medication state for the delayed-saccade (DST). Trends in an 

increase in performance for the memory-guided (MGS) and antisaccade tasks 

were also seen. A perceptual vortex was uncovered in the antisaccade task, 

supporting the idea that decrease in cognitive control can impair one’s ability to 

overcome the sensory pull of a salient stimulus.   
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CHAPTER 1: BACKGROUND AND SIGNIFICANCE 

  

The brain is responsible for many bodily functions, including all voluntary skeletal 

muscle movements. Therefore, when the brain is dysregulated in any way, it can 

cause a wide variety of ailments. Parkinson’s disease (PD) is one of the most 

prevalent neurodegenerative diseases, caused entirely by a progressive loss of 

dopaminergic neurons in the substantia nigra, a structure located in the basal 

ganglia (Davie 2008). According to statistics, PD effects up to 1 million people in 

the United States and about 10 million people world-wide, and every year, 

60,000 new cases of Parkinson’s disease are diagnosed (Van Den Eeden, 2003, 

pdf.org, 2016). 

There is no known cure for PD, only treatments that manage symptoms 

with the intent to improve quality of life. These symptoms manifest in multiple 

modalities; motor symptoms include bradykinesia, rigidity, resting tremors of the 

distal limbs, postural instability, and gait freezing, while non-motor symptoms 

include mood disorders, sleep disturbances, PD-associated dementia (Lewy 

Body Dementia), and other problems. Along with disease-specific symptoms the 

medications that patients are prescribed often cause significant side effects as 

well. However, outside of physical symptoms, the criteria for an accurate 

diagnosis of PD are very limited, consisting only of newly-discovered genetic 

mutations and pathological tests usually confirmed post-mortem.  
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Another problem is that many symptomatic reports are vulnerable to 

variability due to their design (Goetz 2008). Many measures are self-reported or 

clinician-awareness-dependent, allowing for wide margins of error. For this 

reason, it is important to find more reliable measures of grading disease severity. 

Unfortunately, for patients with motor symptoms, novel measurement protocols 

must be implemented that are sensitive to the needs of the patient while still 

allowing for accurate data collection. Fortunately, the ocular muscles are spared 

in PD, and for this reason, eye movements can be investigated as an accurate 

means of measurement of response to medication as well as disease 

progression.  

 

1.1 The Basal Ganglia 

The Anatomy of the Basal Ganglia 

The basal ganglia is comprised of multiple components: the putamen, 

caudate nucleus (CN), the globus pallidus internal (GPi) and external (GPe), the 

subthalamic nucleus (STN), substantia nigria pars reticulata (SNr), and 

substantia nigra part compacta (SNc). The GPi and GPe are the major targets of 

the striatum, and GPe has a large inhibitory projection to the STN. The striatum, 

consisting of the dorsal portion which includes the putamen and CN, as well as 

the ventral portion, the nucleus accumbens (NAc) is the prominent input structure 

of the basal ganglia.  Dorsal striatum receives bottom-up projections from the 

thalamus, while the STN receives top-down projections from motor and premotor 
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cortex.  Cortical information is integrated into the striatum primarily by spiny 

neurons, which both receive and output information from the basal ganglia 

(Graybiel 1990).   

Signal Processing in the Basal Ganglia 

Information in the basal ganglia is processed in a series of pathways and 

loops, where the function of each pathway depends on the cortical and 

subcortical areas involved. There are numerous models that suggest how 

information in the basal ganglia moves through the system and allows structures 

to communicate optimally with each other. The classic model outlines two major 

pathways, direct and indirect, for which motor movements are perpetuated and 

inhibited, respectively (Delong, 1990).  

The direct pathway causes excitation of the VA/VL nuclei of the thalamus 

and cortex by directly inhibiting GPi through GABA-ergic projections. Cortex 

receives an excitatory, mainly glutamatergic, input which stimulates an excitatory 

projection to the putamen. The putamen sends an inhibitory projection to the GPi, 

which subsequently decreases activity in the GPi. Because GPi has an inhibitory 

connection to VA/VL, a decrease in the inhibitory control, or disinhibition, causes 

an increase in firing in the thalamus and other target structures (Wilson 2004).   

In contrast, the indirect pathway leads to an inhibition of its target 

structures. This pathway’s beginning is similar to the direct pathway, originating 

from corticostriatal fibers projecting into the striatum that inhibit GPi and GPe. 

However, inhibition of the GP then disinhibits the STN. This disinhibition of 
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excitatory STN causes an increase in firing, and because the STN’s connections 

to its target structures are inhibitory, there is an increase inhibition at the target 

nuclei.  The direct pathway consists primarily of D1 receptors, while the indirect 

pathway expresses D2-like receptors, aiding to their excitatory and inhibitory 

functions respectively. For this reason, treatments may act via different 

mechanisms depending on the pathway that is being affected. Dopamine agonist 

medications such as Carbidopa/Levodopa are given together in order to mitigate 

some of the side effects seen from binding multiple sites of DA receptors.  

There is also a hyperdirect pathway, consisting of a direct glutamatergic 

connection between the cortex and the STN (Rothwell 2015). In this case, the 

cortex projects directly to STN, bypassing the striatum, which then synapses to 

GPi, thalamus, and subsequently SC. This helps maintain cortical control over 

eye movements in spite of basal ganglia disruption seen in PD.  

 

1.2 The Saccadic System 

The Anatomy of the Saccadic System 

It is important to understand why the saccadic system is a reliable 

measure of behavior for patients with PD. Humans use vision as our principal 

guiding sense, and therefore it is adapted to function optimally in everyday life. 

Saccades are ballistic in nature, allowing us to direct the fovea of the eye from 

one object to another. Changes in saccade metrics have been a helpful 

diagnostic tool for examining patients with a variety of diseases, including 
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movement disorders (Termsarasab et. al, 2015). Saccadic eye movement has 

been studied as a biomarker for decades, but is increasingly popular for 

Parkinson’s disease because saccades are highly reproducible (Roy-Byrne et. al, 

1995) and are highly sensitive to perturbations caused by changes in cognitive 

state or disease. Saccades are viewed as voluntary in nature, yet are mediated 

by processes that are considered involuntary, such as circuits from the brainstem 

and basal ganglia.  

The muscles that control eye movements are innervated by the cranial 

nerves III, IV, and VI. The organization of the brain stem leads to the idea that it 

is the ‘saccade generator’, while the nuclei of these cranial nerves are separated 

from those that innervate the distal limb muscle. Saccades that are goal-oriented 

however, are modulated by top-down processes that are mediated by structures 

such as the superior colliculus (SC). The brainstem receives direct projections 

from the SC, which also receives inputs from cortical and subcortical areas such 

as the frontal eye fields (FEF) and the basal ganglia.  The SC is organized in a 

topographic map of directions and amplitudes in a rostral to caudal orientation, 

where rostral SC is responsible for smaller receptive fields and caudal SC is 

responsible for larger receptive fields. The SC also consists of three functionally-

defined layers. The superficial layer encodes strictly visual information, the 

intermediate layer encodes visual and motor information, and the deep layers 

encode visual, motor, auditory, and somatosensory information.  Deficits in eye 

movements are seen because the SC is involved in sensorimotor integration 

associated with feedback from the basal ganglia. This could be due to PD 
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causing a systematic loss of control for automatic, or habitual, functions, which 

share motor pathways with those that produce eye movements (Redgrave, 2011, 

Lawrence and Kuypers, 1968).  

 

Implications of the basal ganglia in saccades 

While the basal ganglia incorporate many reciprocal connections within 

itself in the form of loops, there are other subcortical loops feeding information 

into the system. Many of these loops are not well-understood. However, the 

closed-loop system connecting the basal ganglia and SC has been outlined by 

extensive conceptual framework and confirmed by anatomical studies 

(Middleton, 2000). The SC is a major output target structure of the basal ganglia, 

but also receives information that has undergone sensorimotor transformation 

from bottom-up processes that have reached the cortex and are being fed back 

through the system (Gilbert 2007, Stein and Meredith 1993).  Subcortical loops 

connecting the SC and basal ganglia are segregated by which layer of SC the 

projections originate in, subsequently arriving at different endpoints, allowing 

parallel processing systems unique to each layer. The SC also receives a D1-like 

projection from the SNc, alluding to the idea that impairment in the 

communication of the structures in a DA deficit could lead to a disruption in this 

connection, causing changes in saccadic behavior. 

 The superficial layer of the SC projects directly to the lateral posterior 

nucleus of the thalamus (LPN) and pulvinar also known as the extrageniculate 
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visual thalamus. Information traveling through this loop is directly integrated into 

the basal ganglia via the caudate and putamen (Harting 2001), and then further 

synapses directly into the SNr. The loop returns back to the superficial layers, 

providing processed information important in visual orienting (Hikosaka 1983).  In 

contrast, the deep layers of the SC project to the portions of the thalamus that 

ultimately send afferent projections to the input nuclei of the basal ganglia. This 

loop is characterized by termination of its projections in the caudal intralaminar 

complex and rostral intralaminar thalamic group.  These two closed loop systems 

combine multimodal, multisensory information with the basal ganglia in parallel, 

but equally important processes, however it’s still being postulated as to why they 

both exist. Redgrave et al 1999 argued that a system taking in multiple inputs 

from different sources would benefit from prioritizing these inputs, organizing 

them, determining a course of action, and eventually returning the input back to 

its source. This way, information from the auditory, somatosensory, visual, and 

higher-cognitive areas can be processed in parallel, transformed into compatible 

signals within the basal ganglia, and triaged as necessary to perform a desired 

motor output.  

Redgrave and colleagues outlined a pathway for implication of the basal 

ganglia and its dysfunction in the mediation of behavior (Redgrave 2010). It is 

important to consider two distinct types of behavior: goal-directed and habitual. In 

the context of this study, goal-directed behavior can be seen as moving the eyes 

to the appropriate target when given two choices, whereas habitual control would 

be moving to just the left side every time. Habitual control of motor movements 
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relies on DA inputs from the posterior putamen, an area that suffers from 

degeneration due to PD. For this reason, habitual motor movements may be 

impaired, causing a reliance on goal-directed behavior, which commands 

significantly more resources to produce (Smith, 2011).  PD patients with 

depletions of DA stores may have a hard time stream-lining behaviors from goal-

directed to habitual. Difficulty performing these actions can cause slowing of 

movements (hypokinesis) and unwanted movements (dyskinesias), both of which 

are hallmark symptoms of PD.  

 

1.3 Parkinson’s Disease 

Pathology  

Although extensively studied and characterized, the ultimate mechanistic 

cause of PD is not well known. However, the pathology underlying some of the 

symptoms of the disease have been found. In patients suffering from PD, DA 

neurons accumulate intracytoplasmatic aggregates of misfolded asynuclein. 

These aggregates form Lewy bodies, the pathological hallmark of PD, separating 

PD from similar conditions that produce the same symptoms such as essential 

tremor (Martin, 1973). In drosophila PD models engineered to express genetic 

mutations PARK1 and PARKIN, new discoveries have recently uncovered that 

correcting a malfunction in the endoplasmic reticulum can significantly preserve 

some DA neurons that would have otherwise been destroyed by PD (Celardo et 

al, 2016).  There are other genetic mutations that have shown to play a role in 
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PD development, including other PARK variations, UCH-L1, and others (Warner 

2003). These genes affect both DA receptors and transporters, as well as protein 

aggregation deterrents and survival genes. Meanwhile, other research has 

implicated multiple environmental factors in the development of PD, including 

pesticide exposure, diet, and oxidative stress (Warner 2003).  

While the mechanism by which DA depletion occurs is the subject of ongoing 

research, there has been light shed on the downstream effects that manifest into 

clinical symptoms. DA depletion reduces inputs to the direct pathway and 

increases the activation of neurons involved in the indirect pathway, which leads 

to excitation of the STN, which, in turn, over-activates inhibitory output neurons in 

the GPi/SNr (Hammond, 2007).  

 

Treatments  

 Carbidopa/Levodopa, DA receptor agonists, have been shown to alleviate 

motor symptoms most effectively (Connolly, 2014). Levodopa is the most 

effective treatment, but usually requirescarbidopa to attenuate side-effects such 

as nausea.  Other medications include DA agonist medications like Pramipexole 

or Rotigotine, which bind to DA receptors and duplicate many of levodopa’s 

effects, or anticholinergics such as Benzotropine mesylate that alleviate motor 

symptoms by reducing the effects of acetylcholine, the neurotransmitter 

responsible for muscle movements.  
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Although spiny neurons found in the striatum are primarily GABA-ergic in 

nature, populations involved in the direct pathways express D1 dopamine 

receptors, while other subpopulations express both D1 and D2 receptors. A  

baseline increase in globally-available DA can cause interactions in both 

pathways, as well as other areas with DA receptors. Levodopa and DA agonists 

also display different receptor subtype avidities, leading to differences in efficacy 

and side effects. Increasing DA in both major pathways has conflicting results. In 

the direct pathway, increasing DA affects D1-like receptors, which promotes 

movement production. In contrast, increasing DA in the indirect pathway causes 

inhibition of movement, which causes obvious conflict in motor output (Mink, 

1996).  

Both the direct and indirect pathways have been targets of surgical 

intervention for patients with a variety of disease-related dyskinesia.   Deep-brain 

stimulation (DBS) is an effective treatment for many neurological and psychiatric 

conditions. It was developed for the treatment of Parkinson’s disease (PD) in 

1987 by Benabid and colleagues in France (Benabid et al,1987). Treatment 

reversibility and parameters such as lead location, frequency of stimulation, and 

amplitude of stimulation can all be adjusted post-operatively to maximize benefit 

to the subject (Perlmutter, 2006).  DBS electrodes are placed primarily in the 

subthalamic nucleus or globus pallidus, at the clinician’s discretion.  

While DBS is effective in reducing motor symptoms in subjects with PD, it 

can have complications. Research is currently ongoing to determine the 

relationship between DBS and the incidence of impulse control disorders (ICD) 
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(Broen, 2011). ICDs include pathological gambling, hyper-sexuality, compulsive 

shopping, and compulsive eating, and can be described as an inability to resist 

the impulse to perform an act with the potential for harm. It has been shown that 

PD subjects are at increased risk of developing a new ICD on medication. 

Overall, the prevalence for major ICDs in treated PD subjects is estimated to be 

as high as 10% (Weintraub, 2004).  Studies have shown a correlation between 

the prevalence of ICDs and dopamine agonist therapy (Weintraub, 2010). DBS 

may induce ICDs as well (Limousin, 1998), possibly as the result of dysfunction 

in the mesocortical-limbic pathway. 

  

1.4 Aims and Objectives 

The primary aim of this study is to examine how saccadic eye movement is 

impaired in patients with Parkinson’s disease compared to healthy controls. A 

specific aim of this study was to detect changes in reaction times in patients 

compared to controls for a variety of cognitive tasks, as well as comparing the 

same patients under the influence of their medications versus off-state. Another 

aim was to measure variability in performance of patients compared to controls, 

again also comparing subjects ON medication versus OFF. Although many 

studies have shown relationships between eye movements during saccadic 

testing and PD (Srivastava 2014, Chan et al, 2005, Gorges 2015, Antoinades 

2015), few studies have been able to compare patients in their on and off 

medicated state in the same testing session, as well as against healthy controls, 
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in a battery of task designs. The goal was to elucidate some of the mechanisms 

behind Parkinson’s disease by examining the effects of common treatments on 

these eye movements.  

There is conflict about the ability of saccades to correlate to disease severity. 

Rascol and colleagues, as well as others, claim that dopaminergic treatment had 

only minimal effects on oculomotor deficits (Rascol et al, 1989, Briand 1999). 

One group showed that latency of reflexive saccades can be correlated to 

UPDRS values (Przybyszewski et al, 2015)  after DBS of the STN, however 

another group found no correlation between oculomotor parameters and UPDRS 

after DBS (Pinkhardt et al, 2012). The current literature includes evidence from 

both sides, for both DBS and dopaminergic medication.   We attempted to 

elaborate on the weakness that not all patients were examined under the 

appropriate task design that would best uncover differences. Studies used a 

range of oculomotor tasks, including delayed-onset paradigms, smooth pursuit 

eye movements, fixation-only tasks, antisaccades, and reflexive saccades. For 

this reason, we collected a variety of tasks and compared them post-hoc.  

 

 

 

 

 



20 

 

Materials and Methods 

Subjects. This study was conducted at the Wake Forest University School of 

Medicine and was approved by the Institutional Review Board (IRB00033856). 

Written informed consent was obtained from all participants after the procedures 

were explained to them. Participants were either current patients of the Wake 

Forest Department of Neurology or healthy spouses of the patients. All patients 

had confirmed diagnosis of PD prior to testing.  

Eight PD patients and 8 age-matched healthy controls participated in the 

study (Table 1). Four patients were excluded prior to analysis due to inability to 

perform tasks when data was collected. All patient and control medications were 

recorded prior to testing. Tests done in the OFF state were performed first, where 

the patient was instructed to not take their medication 12 hours prior to testing. 

Patients were instructed to ingest their medications after the last block of OFF 

testing was complete. Tests done in the ON medication state were done 20-30 

minutes after ingestion. All patients were taking prescribed doses of when 

instructed to take medication. The healthy controls had no history of neurological 

disorders and were not taking any medications during testing that could 

potentially affect performance.  

For the antisaccade paradigm, this study also analyzed previously-

collected data from the lab of Chrystalina Antoniades. Those data were collected 

in the John Radcliffe Hospital (Oxford, UK) after obtaining written consent from 

patients and controls. Twelve PD patients and 10 age-matched healthy controls 
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were included in separate analysis. All PD patients were in the ON medication 

state.  

UPDRS: The United Parkinson’s Disease Rating Scale (UPDRS) is a rating scale 

composed of four parts: behavioral assessment, patient self-evaluation of 

activities of daily living, motor evaluation, and treatment complications. We are 

concerned with the motor symptoms, and therefore numbers reported as UPDRS 

values are for that of the motor examination (Part 3) only. Intra-examiner 

variance is +/- 2 to 3 points.   

Oculomotor tasks. Visually-guided saccadic eye movements were recorded 

using an infrared eye tracking camera, EYELINK 2000. Calibration was 

completed prior to each block to ensure precision. Participants were instructed 

on how to perform each task, repeated the directions back verbally to ensure 

understanding, and then allotted appropriate practice trials prior to the start of the 

testing session. The paradigms tested were the DST, MGS, and anti-saccade. 

Each block consisted of 125 trials. Participants completed 2 blocks per task per 

testing condition.  

Data and statistical analysis. For each subject, saccadic data were analyzed 

using MATLAB offline analysis programs written exclusively for this project.  

Correct trials were scored on a binary system (0 if incorrect, 1 if correct). 

Reaction times were calculated from the GO signal to the onset of the saccade.  
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Results 

To measure the level of impairment of saccade initiation, reaction times (RT) 

were measured in each trial. Studies have shown that treatment with DA agonist 

can cause involuntary eye movements when patients are in the ON state as 

opposed to OFF (Grötzsch, 2007). For this reason, trials that were aborted prior 

to GO cue due to inability to maintain fixation were included in order to factor in 

time-course to postulate why the movements were made.  

For all saccadic testing, there were 8 possible target locations (Fig 2A). In the 

DST (Fig 2B), a central fixation point was presented at the start of the trial. 

Fixation was maintained for 250 milliseconds (ms) , followed by a peripheral 

target appearing at one of 8 locations. Participants were instructed to stay fixated 

on the central target for a randomized delay of 300 or 500 ms to discourage 

anticipating, until it disappeared, marking the GO signal. This indicated the 

subject should make a saccade to the peripheral target. A correct saccade was 

denoted by a tone, while an incorrect target received no auditory feedback.  

 For the memory-guided saccade task (Fig 2C), progression of the epochs 

is similar to that of the DST. However, once the peripheral target appeared and 

the delay period had been validated, the peripheral target would extinguish. 

Participants were instructed to continue fixating for ‘memory delay’ of 1000 or 

1250ms until the GO signal. Participants were to saccade to the remembered 

target location even though no target was present. Saccades were considered 

correct if the participant ended inside the response window for the invisible 
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target. This response window was equal to those used for the DST task. A 

correct saccade was denoted by a tone, while an incorrect target received no 

auditory feedback. 

In the anti-saccade task (Fig 2D), subjects first fixated on the fixation 

point. After the fixation period had been validated, a peripheral target would 

appear simultaneously with the disappearance of the fixation point, indicating the 

GO. Subjects were instructed to make a saccade in the direction opposite the 

peripheral target, which was to empty space and not a place-holder. A correct 

saccade was denoted by a tone, while an incorrect target received no auditory 

feedback. 

Initiation of a saccade was calculated by analyzing each trial’s velocity 

trace and setting a threshold for initiation and termination. RT was determined by 

first setting an upper boundary limit that effectively excludes abnormally high-

velocity trials, which for this analysis, eliminated anything above 1500 degrees 

per second. The analysis also excluded eye movements that did not have the 

second half of the Gaussian curve, indicating an abnormal reading. A saccade 

initiation threshold was set that allows for maximum number of viable trials, 

without including noise associated with natural eye movements, at 50 

degrees/sec. This was determined by taking the middle point of the upward slope 

and working backwards to determine the best value. The RT was calculated by 

determining the first point at which the velocity exceeds the 50 degree/sec 

velocity after the GO cue.  
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Delay Saccade Reaction Times 

 In order to visualize the reaction time distributions, histograms of RTs for 

correct and incorrect trials were plotted. Three conditions were collected: PD 

OFF, PD ON, and control. In Figure 3, RT distributions for three individual 

subjects (A-C, E-G, I-K)  as shown as well as the population data (D, H, L). Total 

number of subjects included in each population is 4. The fraction correct is 

greater for the same patients ON medication rather than OFF (Figure 4A). 

However, mean RTs for correct trials are also slightly larger. This could be due to 

a speed-accuracy trade-off that has been implicated in reward-modulated tasks 

(Manohar et al, 2015).  

 When comparing RTs of DST trials, there was a significant difference 

between the ON and OFF states for correct trials, (p<0.0001, Wilcoxon Rank 

Sum). There is a significant difference in PD OFF correct compared to control 

correct (p<.0001, Wilcoxon Rank Sum).  There is no significant difference 

between PD ON correct and control correct (p=0.67, Wilcoxon Rank Sum).  

It is apparent that there is inherent variability between patients. However, 

when looking at population RT distributions (Fig3D), it is evident that a majority of 

errors (dark blue) were due to movements before the GO cue. Therefore there 

are two types of error trials that must be separated and treated as such. In Figure 

4B, the three bars plotted are correct trials in lighter pink and error trials in the 

darker shades of purple. These error trials are one of two possibilities: an 

anticipatory error, which is an error made by initiating a saccade before the GO 
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cue, or a spatial error, which is an error made by saccading to an incorrect place 

in space. A spatial error was calculated by taking the terminal eye position and 

comparing it to the actual target location. Any saccade made within 0.5 degrees 

of the target was considered correct.  

 These results are consistent with previous research, showing mild 

impairment in RTs for patients with PD compared to healthy controls. As 

expected, there are differences in correct and incorrect, as well as ON and OFF 

states. 

 

Memory-Guided Saccade Reaction Times 

 For the MGS task, distributions were not as wide as those for the DST 

(Figure 5). Again, fraction correct was visualized for each population (Figure 6A). 

Errors were split into anticipatory and spatial categories identical to the DST 

analysis. There was statistical significance among both PD ON and OFF when 

compared to control for both error types (P<.001 Wilcoxon Rank Sum for 

anticipatory errors, P<.01, Wilcoxon Rank Sum for spatial errors). There was no 

statistical significance among groups for fraction correct or correct reaction times. 

This means that patients with PD were more likely to abort trials due to inability to 

wait, but also saccaded to the incorrect target position more often.  

For the incorrect condition, the number of trials included in the analysis for 

PD OFF, PD ON, and control groups were 458, 328, and, and 300 respectively.  
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Antisaccade Reaction Times 

 Unlike the DST and MGS, the nature of the antisaccades task adds a new 

degree of difficulty to a single-target task, calling for the appraisal of sensory 

information and the formation of a motor plan in the opposite direction. Therefore, 

this introduces a greater possibility for errors, and subsequently allows for a 

greater distribution of RTs. This allows us to construct a psychometric curve, 

comparing percent correct as a rate of RTs.  

Single subject examples are shown (Fig 7, A-F) as well as population 

curves (G-H). It is important to note that subjects A-C were tested at Wake 

Forest University and subjects D-F were tested at Oxford University. Both used a 

standardized antisaccade design (Antoniades, 2013), and yielded the similar 

results from two separate patient populations, that there is a difference in 

psychometric curves between PD patients and controls. These results were not 

significant, but there are clear trends for which inferences can be made.  

 This data presented a new phenomenon showing that for shorter RTs, a 

person is performing roughly at chance, but right around 100ms RT, their 

performance rapidly declines and regains itself about 50ms later. This produces 

the curve that is comparable to two-sigmoid curves, one starting at 50% with a 

negative slope that reaches asymptote below 50%, superimposed with a second 

curve that begins where the second ends, but has an increasing slope that 

reaches asymptote above 75% . It is seen across patients and across institutions 
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with two separately-coded acquisition systems, and therefore isn’t an effect of 

system or researcher.  

All subjects recovered from the initial dip in performance and were able to 

perform above chance and saturate above 75% correct (A-F). For some subjects 

(A and C), the plateaued drop-off of performance lasted only 50ms before 

continuing upward.  In others, it lasted for almost 100ms. For the subjects 

collected ON and OFF medication, a change in the curve can be seen in a single 

patient (A and B) as well as the population aggregate (G).  

When looked at the population curves for WFU patients (G), there are two 

main differences to note. One, that the PD OFF patients’ curves hug tightly to 

that of the control until the split at about 210 ms. This means that the control 

group recovers more quickly from the vortex due to their ability to control the 

saliency pull with top-down processing. The PD patients have impaired cognitive 

control and therefore do not recover as quickly. The second thing to note is that 

although the PD ON condition starts shifted away from the OFF curve, the curves 

eventually join back together and proceed at slightly better performance than the 

OFF. The center point of the hole for the control patients is 163ms, PD OFF is 

164ms, and PD ON is about 155ms.  

Furthermore, the Oxford patients have an increasingly more pronounced 

shift in the curve when comparing PD against controls. The decline begins at the 

same time-point; however the impairment extends past that of the controls, again 

due to higher cognitive control as explained previously. Overall, PD patients in 
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their ON-medicated state have a shift in the hole in the curve, for both groups of 

data (G and H). However, both ON and OFF PD patients have a slower rise to 

saturation than controls in both groups. This suggests that medication can allow 

for a recovery of basal ganglia influence on ignoring bottom-up processes, but 

cannot overcome. 

 For the curves, the visual contrast of the shifts was quantified using 

transition point analysis. A linear fit was calculated using two piece-wise-linear 

curves, each of which approximates a sigmoid. This was necessary due to the 

downward initial slope and subsequent upward ramp, which have a minimum in 

the middle of the x-range and different asymptotic levels for the left and right 

sides. The transition points for subfigure G were 225ms for controls, 239.5 for PD 

OFF, and 251.5 for PD ON, which were not significant (p>0.1)  The transition 

points in subfigure H were 243.5ms  for PD and 203ms for control subjects, and 

was not significant (p>0.1, Wilcoxon Rank Sum). More subjects and more trials 

would probably further separate the distributions in all cases, and would more 

than likely be significant. However, there is still a visual difference between 

controls and PD patients, on and off meds, and therefore a non-significant result 

does not mean that it would fail as a diagnostic tool if used as such.  
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Endpoint Scatter 

 Using an analysis technique similar to that of the RT calculations, saccade 

endpoint was determined by finding the last point that crossed the velocity 

threshold. In order to validate it was a correct choice, analyses compared the 

programmed stimulus location to the trial’s calculated endpoint and confirmed 

that the saccade was to the correct target. Figure 8A shows all possible target 

locations with an example trial block to visualize endpoints around a single 

target. Based on task design, there was assumed to be more scatter for MGS 

and antisaccade tasks compared to DST due to the visibility of the target. 

 There was a significant difference between the endpoint scatter of correct 

targets for all three conditions for the PD OFF group (p<.01 Wilcoxon Sign Rank) 

(Figure 8B). There was no significant difference between the groups for correct 

trials the ON state. There was also no significant difference between control DST 

and MGS (p>.05 Wilcoxon Sign Rank). For the incorrect trials (C), significance 

was calculated for the two error conditions separately as well as all errors 

together. For the separate conditions, there was significant difference for 

anticipatory scatter for MGS OFF and OFF antisaccade trials (p<.01 Wilcoxon 

Sign Rank). For the PD ON group, there was also significant difference for 

anticipatory error for MGS and antisaccade (p<.01, Wilcoxon Sign Rank). There 

was no significant difference for controls. There was significant difference 

between MGS anticipatory errors among PD OFF and Control (p<.01 Wilcoxon 

Rank Sum), as well as antisaccade PD OFF versus control and well as PD ON 

versus control.   
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For the spatial errors, there was a significant difference in PD OFF for 

DST and MGS (p<.01 Wilcoxon Sign Rank). There was also a significant 

difference in PD ON for the MGS and antisaccade (p<.001, Wilcoxon Sign Rank), 

as well as control MGS and antisaccade (p<.01 Wilcoxon Sign Rank). There was 

significant difference in DST for PD OFF versus PD ON, as well as PD OFF 

versus control (p<.05, Wilcoxon Rank Sum). There was also significant difference 

between MGS PD OFF and PD ON (p<.01 ,Wilcoxon Rank Sum). 

 Overall, the error bars were large for the scatter, but could be condensed 

with the addition of more subjects and more trials per subject. The trends we 

expected to see for an increase in scatter with MGS and antisaccade tasks were 

present.  
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PD  ID # OFF ON medications 

 1 916 31 24 Sinemet, Mirapex 

 2 921 38 28 Sinemet 

 3 928 33 25 Sinemet 

 4 116 35 21 Sinemet, Mirapex 

      

CO      

 1 916 2   

 2 921 1   

 3 928 7   

 4 116 6   

 
 

Table 1: Patient demographic information. This includes UPDRS motor scores 
for both ON and OFF conditions where applicable, as well as medications being 

taken by PD patients for symptoms. 
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Figure 1.  Illustration of basal ganglia connections to the SC. Red connections 
indicate glutamatergic projections, light blue indicates D1-like, dark blue indicates 
D2-like, and black indicates GABA-ergic.  (Adaptations from Redgrave 2010 and 
Hikosaka, 2011).  
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Figure 2.  Target possibilities and task designs. A) This schematic shows all 
possible target locations in green. The gray dot represents the fixation point. B) 
The three tasks that were analyzed in this study were the delayed-saccade task 
(DST), the memory-guided saccade task (MGS), and the anti-saccade task. For 
DST, delay periods between peripheral target on and fixation off were either 300 
or 500 ms. For MGS, memory delay period was either 1000 or 1250ms. For the 
antisaccade, delay between fixation and GO was 250 or 300 ms.  
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Figure 3. Reaction time distributions for DST task. A-C) Single-patient examples 
of RT distributions in the OFF state. Red lines are error trials and gray lines are 
correct trials. D) Population RT distributions for patients OFF medication (N=4). 
The dark blue line indicates error trials and the light blue indicates correct trials.  
E-G) Single patient examples of RT distributions in the ON state. F) Population 
RT distributions for patients ON (N=4). I-K) Single, age-matched control RT 
distributions. L) Population control RT distributions (N=4). The same patients 
were used for both on and off state, denoted by patient number. Histogram bin 
width was 30 for all calculations.   
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Figure 4. Fraction correct and mean RT distributions. A) Overall fraction correct 
for each population. B) Mean reaction times for each population. Pink denotes 
correct trials. Purple denotes trials aborted before go, or anticipatory error trials. 
Darkest purple denotes errors made after the go signal, or spatial errors.   
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Figure 5. Reaction time distributions for MGS task. A-D) Single patient examples 
of RT distributions for both delay periods. A and B are OFF-medication state and 
C and D are ON. E-H) Second patient example. I-J) Single control examples for 
each delay period. Gray lines denote correct choices while red lines denote error 
trials. Histogram bin width was 30 for all calculations.  
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Figure 6. Metrics for the MGS task. A) Fraction correct for MGS separated by 
population. B) Mean reaction times for each population. Pink denotes correct 
trials. Purple denotes trials aborted before go, or anticipatory error trials. Darkest 
purple denotes errors made after the go signal, or spatial errors.   
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Figure 7. Antisaccade psychometric curves with fraction correct plotted as a 
function of reaction time. A-C) Subjects collected at Wake Forest. D-F) Subjects 
collected at Oxford University. G) Population aggregate for Wake Forest 
subjects. H) Population aggregate for Oxford subjects.  
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Figure 8. Scatter analysis of saccadic endpoints for all trial types under all 
experimental conditions. A) Example of terminal eye points. Different target 
positions are denoted by different colors. B) Average  
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Discussion 

 Previous studies have shown measurable impairments in the ability of a 

patient with PD to perform saccadic testing. These results were consistent with 

the previous, showing significant changes in saccade latency as well as changes 

in terminal endpoints of the saccades (Chan et al, 2005). An increase of reaction 

times for patients ON medications could be due to a speed-accuracy trade-off, 

further supported by the data showing the PD ON population has longer RT for 

both correct and incorrect trials, while still maintaining an increase of 

performance. The speed-accuracy trade-off has been recently shown to be 

implicated in similar task such as finger-tapping (Mak et. al, 2016).  

 The changes in saccade endpoint based on task were also consistent with 

the idea that precision suffers when you remove the target to which the saccade 

is aimed towards. There was no significant difference between endpoints of the 

two memory periods (analysis not shown), but that could change if delay periods 

were increased.  

 Of all results, the most surprising was the change in psychometric curves 

for the antisaccade. Not only is this finding novel, but extremely consistent for all 

subjects from both data sets. Importantly, the initial dip in performance reflects 

the perceptual draw of the salient target, while its persistence and timing reflect 

the pervasiveness of the bottom-up control. Additionally, restoration  of 

performance reflects the strength of top-down control necessary to combat this 

perceptual draw, create and program a motor plan in the opposite direction of the 
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salient stimuli, and ultimately execute an “anti-saccade”. We postulate that the 

hole can be attributed to an inability to overcome bottom-up processing of the 

salient stimuli. For this reason, we have coined the term “perceptual vortex” as a 

way to describe this time-locked, rapid decrease and subsequent increase in 

performance.  

 One possible explanation for the difference in antisaccade curves for PD 

patients and controls is that the dysregulation of DA stores has a direct effect on 

behavior due to SNr connections to the SC (Hikosaka, 2005). When the SNr is 

inhibited, it allows the SC to fire, which permits a saccade. With DA depletion, 

this structure and this restraint of the SC is damaged, allowing for lower level 

sensory pathways to have more control over the system. In order to override 

lower level control, the cortex has to increase its top-down control. Higher 

cognitive functions can be impaired in people with PD (Kawamura, 2006), limiting 

their ability to recover performance, therefore expanding the vortex over a longer 

time period. This impairment is proportional to the Lewy body burden affecting 

these upper-level cognitive areas. Although their cognitive assessments were 

normal, small changes are evident in the antisaccade paradigm.  The differences 

in ON vs OFF for antisaccade tasks has been shown for patients treated with 

STN DBS, showing and increase in error rates for patients ON stimulation 

compared to OFF stimulation (Chan, 2005), which could implicate the hyperdirect 

pathway as well. It is also possible that there are other neurotransmitters playing 

roles in movement control. This interpretation is made from the data showing an 
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inability of DA medications to recover full motor function, and therefore impaired 

reaction times even in treated patients.  

Concerning the effect of medication on behavior, increasing the availability 

of DA to the striatum further inhibits the GPi, decreasing inhibition in the 

thalamus, which excites the cortex more, allowing more resources to be at hand 

for decision-making. It is evident though that these DA replacements cannot fully 

overcome the repercussions of degeneration. This could contribute to why MGS 

trials have quicker RT for the ON state, because the trials last longer and 

therefore are subject to more cognitive control. The increase in RT for DST trials 

could be attributed to the speed-accuracy trade off, where an increase in DA 

affects reward pathways, causing a slight change in time to increase 

performance.  The ability of medication to increase performance on the DST task 

as well as increase response inhibition of the subject to move before the GO cue 

suggests that excitation of both direct and indirect pathways through medication 

can cause a slowing of choice behavior; in one case, the thalamus is becoming 

more active and wanting to increase movement, but in the second case, the 

thalamus is being inhibited. This can add increased noise to the system, making 

it more difficult for choices to be made. It is also important to mention the 

possibility of influences in impulsivity in the results of the study. ICDs can be due 

in part to failure of the system to inhibit actions automatically (Jahanshani, 2015). 

Therefore, the mediation of inhibitory control by top-down cognitive mechanisms 

could be influenced also by reward-modulated loops in the basal ganglia. This 

means that medication-induced impulsivity can be influencing the results as well.  
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One pitfall of the analysis is that sample size is small, with all groups 

containing 4 subjects. Further data collection would be required to solidify the 

results found here and determine the usefulness of these tools as biomarkers of  

disease severity or progression. Another variable that would have been ideal to 

control is to have a greater range of ages. Data collected from older patients was 

could not be included  due to their inability to perform the tasks as necessary. 

This could correlate with disease severity, but that would need to be measured 

with another paradigm.  

As a future direction we would like to explore the possibility of using the 

antisaccade task as a diagnostic biomarker for PD. While the DST and MGS 

tasks, as well as many others, have provided significant contribution in 

understanding the causes and symptoms of PD, the dynamic interactions of the 

sensory and motor systems during the antisaccade task has proven to expose 

unique characteristics of the disease. For this reason, incorporating a previously-

published task paradigm called the Compelled Saccade (Stanford, 2011) with the 

antisaccade motor-reversing demands could yield interesting results due to the 

urgent-decision nature of the Compelled Saccade task.  

 It would also be interesting to combine neuroimaging techniques such as 

fMRI or magnetoencephalography during these tasks to see if any network 

changes are being captured, such as an increase in the reward network 

communicating to the frontal areas during ON states. There have been recorded 

differences in networks for patients with PD doing different tasks (Ford et. al, 

2005). A patient could perform the tasks OFF and ON medication and if no 



44 

 

changes are seen in their ability to perform the tasks, coupled with no significant 

chance in fMRI, a doctor may choose increase their medication dosage. Also, 

resting state networks can be compared to task-induced network states, possibly 

allowing a comparative measure of cognitive demand. For example, it would be 

expected to see an increase in task-related area activity for both controls and 

patients, but if the PD patients are truly requiring more resources to perform at 

comparable levels as controls, there may be a difference in activity picked up by 

neuroimaging. Coupling diagnostic technology with imaging is a way to further 

validate new techniques, as well as provide new information to the field by 

combining basic science principle with clinically-applicable testing measures 
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