
 

 

Millisecond Interval Time Perception in Patients with Parkinson’s Disease On and Off of 

Dopamine Replacement Therapies 

 

 

BY: 

 

Emily DiMarco  

A Thesis Submitted to the Graduate Faculty of  

WAKE FOREST GRADUATE SCHOOL OF ARTS AND SCIENCES 

In Partial Fulfillment of the Requirements  

For the Degree of  

MASTER OF SCIENCE 

Neuroscience 

May 2020 

Winston-Salem, North Carolina 

 

 

 

 

Approved by: 

Kenneth T. Kishida, Ph.D., Advisor 

Ihtsham Haq, M.D., Chair 

Devin Terhune, Ph.D. 



1 

 

DEDICATIONS AND ACKNOWLEDGEMENTS 

 I would like to extend my deepest gratitude to Dr. Ken Kishida for agreeing to let 

me join his lab with little research experience and for his support and guidance throughout 

my time as a Wake Forest Graduate Student.  The educational growth I experienced while 

in his lab is incomparable. I would also like to thank my committee for their advice 

throughout the thesis-writing process: Dr. Ihtsham Haq and Dr. Devin Terhune.  I would 

like to acknowledge and thank Dr. Ihtsham Haq and Dr. Mustafa S. Siddiqui for their 

assistance in Parkinson’s disease patient recruitment.  We would be unable to perform 

human-based research without the support of clinicians.  I would also like to thank my lab-

mates for their constant encouragement and understanding during long lab days: Rachel 

Jones, Angela Jiang, Dr. Christina Johnson (CJ), Paul L. Sands, and Brittany Liebenow.  

Special shout-out to CJ for reviewing all my chapters; it definitely benefitted from the 

additional editing process.  “It’s the journey that matters.” (Jiang 2020, in reference to 

Matlab).   

 

 

 

 

 

 

 

 

  



2 

 

TABLE OF CONTENTS 

LIST OF ABBREVIATIONS ............................................................................................. 3 

LIST OF ILLUSTRATIONS AND TABLES .................................................................... 5 

ABSTRACT ........................................................................................................................ 8 

CHAPTER 1: INTRODUCTION ....................................................................................... 9 

Subjectivity of Temporal Experience:............................................................................. 9 

What is Time Perception? ............................................................................................. 10 

What is Parkinson’s Disease? ....................................................................................... 12 

Dopamine Replacement Therapy (DRT): ..................................................................... 13 

Why Study Time Perception in PD Patients?................................................................ 17 

Specific Aim:................................................................................................................. 18 

CHAPTER 2: METHODS AND MATERIALS .............................................................. 20 

Ethics: ............................................................................................................................ 20 

Subjects: ........................................................................................................................ 20 

Experimental Design: .................................................................................................... 22 

Task: .............................................................................................................................. 23 

Data Analysis: ............................................................................................................... 29 

CHAPTER 3: RESULTS .................................................................................................. 33 

CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS ......................................... 53 

Summary of Results: ..................................................................................................... 53 

Time Perception in PD Patients: ................................................................................... 55 

Time Perception and Dopaminergic Medications: ........................................................ 57 

Psychometric Analysis: ................................................................................................. 59 

Caveats and Considerations: ......................................................................................... 61 

Future Directions and Ambitions: ................................................................................. 63 

CHAPTER 5: CONCLUSIONS ....................................................................................... 65 

REFERENCES ................................................................................................................. 66 

CURRICULUM VITAE ................................................................................................... 76 

 

 

 



3 

 

LIST OF ABBREVIATIONS 

NDE: Near Death Experience 

DA: Dopamine 

mPFC: Medial Pre-Frontal Cortex 

PD: Parkinson’s Disease 

NMSS: Non-motor Symptom Scale 

DRT: Dopamine Replacement Therapy 

BBB: Blood Brain Barrier 

L-DOPA: Levodopa 

DDC: Dopamine Decarboxylase 

MAO: Monoamine Oxidase  

COMT: Catechol-O-Methyltransferase 

TH: Tyrosine Hydroxylase 

NMDA: N-Methyl-D-Aspartate 

ICD: Impulse Control Disorder 

IRB: Institutional Review Board 

WFBMC: Wake Forest Baptist Medical Center 

MoCA: Montreal Cognitive Assessment 

PTCRC: Piedmont Triad Community Research Center 

LEDD: Levodopa Equivalency Daily Dose 

ISI: Inter-Stimulus Interval 

VF: Visual Field 

PF: Psychometric Function 



4 

 

BP: Bisection Point 

DL: Difference Limen 

WF: Weber Fraction 

PL: Proportion Long 

SEM: Standard Error of the Mean 

FSCV: Fast Scan Cyclic Voltammetry  

DBS: Deep Brain Stimulation  

2-AFC: Two-Alternative Forced Choice  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

LIST OF ILLUSTRATIONS AND TABLES 

Figure Page 

 

Figure 1.1: Classification of non-motor symptoms of Parkinson’s disease (PD).   

 

 

13 

 

Figure 1.2: Dopamine replacement therapies (DRTs) synthesize striatal 

dopamine through the conversion of Levodopa to dopamine via dopamine 

decarboxylase.   

 

 

 

14 

 

Figure 1.3: Dopaminergic regions and pathways in the human brain. 

 

 

18 

 

Figure 2.1: Logitech gaming controller used during the temporal bisection task.   

 

 

24 

 

Figure 2.2: The two phases of the temporal bisection task. 

 

 

25 

 

Figure 2.3: Schedule of a single trial during the temporal bisection task.   

 

 

27 

 

Figure 2.4: Two sessions of training phases of the temporal bisection task.  

 

 

28 

 

Figure 2.5: Example of a psychometric function (PF) showing the behavior 

from a healthy individual (Subject 8) on the temporal bisection task. 

 

31 

 

Figure 2.6: Example of individual psychometric functions (PFs) generated from 

a Parkinson’s disease (PD) patient (Subject 7) based on temporal bisection task 

performance. 

 

 

 

32 

 

Figure 3.1: Healthy controls and PD patients, both on and off medication, 

overestimate long interval durations during the time perception task.   

 

 

34 

 

 

Figure 3.2: Healthy and PD patients on and off medication responded with 

similar correctness during temporal bisection task. 

 

 

35 

 

Figure 3.3: PD patients on medication, but not off medication, have more 

difficulty perceiving the 1.1ms interval duration than 0.5ms interval duration. 

 

36 



6 

 

 

 

Figure 3.4: Temporal bisection task revealed similar temporal accuracy among 

Healthy and PD patients off and on medication, while Healthy subjects were 

better able to perceive the actual mid-interval than PD patients in both groups. 

 

 

 

38 

 

Figure 3.5: Temporal bisection task revealed similar temporal precision 

between Healthy and PD patients across medication states, with correlations 

between percent correct and difference limen for each group.   

 

 

 

39 

 

Figure 3.6: Temporal bisection task performance revealed similar temporal 

precision among Healthy and PD patients across medication states, and tight 

correlations were found between percent correct and weber fraction amongst 

groups. 

 

 

 

40 

 

Figure 3.7: PD medication type does not affect accuracy or precision during 

temporal bisection task in the ON medication state.   

 

 

42 

 

Figure 3.8: PD medication has an effect on temporal accuracy, but not temporal 

precision, during bisection task performed during the OFF medication state. 

 

 

43 

 

Figure 3.9: Levodopa Equivalent Daily Dose (LEDD) was not a significant 

predictor of temporal performance, as measured by temporal accuracy (BP) and 

temporal precision (DL and WF), across medication states in PD patients.   

 

 

 

45 

 

Figure 3.10: Disease duration (years) trended positively with temporal accuracy 

across medication states in PD patients, but temporal precision was not a good 

predictor of disease duration in PD patients in either medication state.   

 

 

 

46 

 

Figure 3.11: Visit order did not impact temporal perception abilities in PD 

patients. 

 

 

49 

 

Figure 3.12: Task familiarity did not impact PD patients’ temporal perception 

abilities across medication states.   

 

 

50 

 

Figure 3.13: Age did not impact temporal performance in healthy individuals. 

 

 

51 



7 

 

 

Figure 3.14: Healthy subjects, across all ages, tended to overestimate long 

interval durations on the temporal bisection task.   

 

 

52 

 

Table Page 

 

Table 1.1: Common classes of medications used to treat Parkinson’s disease. 

 

 

16 

 

Table 2.1: Summary of Participant Demographics and Clinical Details.  

 

 

22 

 

Table 2.2: Number of training phases completed by study participants.   

 

 

26 

 

Table 3.1: Variables outlining mean group performance on temporal bisection 

task. 

 

 

33 

 

Table 3.2: Parkinson’s disease (PD) duration and doses of dopaminergic 

therapies of all PD subjects. 

 

 

41 

 

 

 

 

 

 

 

 

 

 

 



8 

 

ABSTRACT 

Human time perception is mediated by dopamine in the striatum, which is one of the 

same regions impacted by Parkinson’s disease (PD).  PD patients experience motor and 

cognitive changes due to the loss of striatal dopamine neurons.  Dopamine replacement 

therapy is the first line of treatment to replace the dopamine lost in the striatum and to 

combat the motor symptoms of PD.  While much is known about how dopamine 

replacement helps alleviate the motor symptoms, less is known about its impact on 

cognitive changes associated with PD.  This study investigates the intermediating effects 

of dopamine replacement therapy on time perception in PD patients, and it serves as a 

pilot project for near-term work aimed at directly measuring dopamine’s role in human 

time perception.  Through the use of a temporal bisection task measuring millisecond 

time intervals, PD subjects showed deficits in temporal accuracy when compared to 

healthy controls.  There were no differences in temporal precision found in PD patients 

after withholding their normally prescribed dopamine replacement therapy.  Additionally, 

medication dosages and disease duration were not significant predictors of time 

perception abilities.  This is important to establish the effects of dopamine on the 

subjective experience of time across disease state and treatment types. 
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CHAPTER 1: INTRODUCTION 

Subjectivity of Temporal Experience: 

Compared to a clock, which is designed to reliably show the forward progression 

of time, the human brain perceives time in a non-uniform, dynamic manner.  During near 

death experiences (NDEs), individuals report feeling an altered sensation of time 

(Greyson 1993).  These individuals describe a sensation of timelessness or a feeling that 

time stops for the duration of the event (Berkovich-Ohana & Wittman 2017).  Why this 

occurs is still under debate, but researchers believe that the subjectivity of time is 

dependent on attention (Arstila 2012).  In the case of NDEs, attention is primarily 

focused on survival and all other distractions are eliminated (Arstilla 2012).  This honed 

attention results in the internal overestimation of time and the perception that time is 

standing still (Macar et al. 1994).   

Interestingly, evidence suggests that the perceptual overestimation and 

underestimation of time can be corrected through practice.  For instance, taxi drivers, 

who have years of experience driving under time constraints, are less likely to 

overestimate the amount of time needed to reach an arbitrary destination when compared 

to non-professional drivers (Peer & Solomon 2012; Eriksson et al. 2013).  Similarly, 

expert drummers, who have years of experience musically keeping track of time, are 

more temporally precise and can better discriminate between time intervals than other 

musicians and non-musicians (Cicchini et al. 2012).   While the complexity of time 

subjectivity is fascinating, it can also provide insight into behavior and cognitive 

processes. 
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What is Time Perception? 

It is well known that deficits in perceptual abilities can be a predictor of 

neuropsychiatric disorders, brain injuries, and aging (Piras et al. 2014; Cavazzana et al. 

2018).  Particularly, degradation of these perceptual mechanisms has been associated 

with cognitive impairment and onset of dementia (Roberts 2016).  One perceptual ability 

that can reveal a lot about brain functionality is the ability to perceive time.  Time 

perception is an important cognitive process that has implications in memory, speech, 

decision-making, and motor timing (Parker et al. 2013; Teixeira et al. 2013; Yin et al. 

2016).  Time perception can be defined as the internal and subjective estimation of 

intervals of time, the scales of which can range from milliseconds to hours or longer 

(Parker et al. 2013).  This ability to perceive intervals of time is thought of as a “basic 

unit of ability” because it is the foundation for which other cognitive and behavioral 

processes are established (Piras et al. 2014).   Therefore, when distorted, time perception 

can have major downstream implications.   

Time perception engages different brain regions based on the duration of the 

interval.  Research shows that for subsecond intervals that fall below 300ms-500ms, the 

cerebellum is engaged (Nichelli et al. 1996; Rammsayer & Lima 1991).  For time 

intervals between 300ms/500ms and about one second, dopamine firing in the basal 

ganglia is thought to responsible for motor timing and cognitive functioning is thought to 

intervene (Michon 1985; Spencer et al. 2009).   Intervals that fall within or are greater 

than 1000-1400ms are thought to be mediated by dopaminergic projections to the medial 

pre-frontal cortex (mPFC) and the right cortex because suprasecond intervals require 

temporal memory processing (Harrington et al. 1998; Gooch et al. 2011).  The 
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breakpoints between subsecond and suprasecond intervals are not set in stone, in fact 

there might be some overlap for those intervals on the cusp (Rammsayer & Verner 2015).  

Researchers have shown a breakpoint anywhere between 1000ms and 1400ms for 

subsecond and suprasecond intervals (Karmarker & Buonomano 2007; Gibbon et al. 

1997) and most agree on a transition zone, where the two systems mediating time 

perception overlap (Rammsayer & Verner 2015).   

This study focuses on the perception of millisecond intervals between 500ms and 

1100ms, which likely fall before that transition zone.  Therefore, the tested millisecond 

intervals would be modulated by the quick firing of dopamine (DA) neurons in the dorsal 

striatum (Parker et al. 2013).  This is supported by evidence which shows that the 

manipulation of striatal dopamine causes deficits in temporal performance (Spencer et al. 

2009).  For example, administration of D2 receptor antagonists to healthy participants has 

been shown to disrupt accuracy of millisecond interval time perception (Drew et al. 

2003), and neuroimaging studies demonstrate that the dorsal striatum is highly activated 

when performing interval time perception tasks (Coull et al. 2012; Jones & Jahanshah 

2014; Terhune et al. 2016).  Additionally, time perception deficits can be seen in patients 

with PD, schizophrenia, and attention deficit disorder, all of which result from 

dopaminergic dysfunction (Coull et al. 2012).   Therefore, it is necessary to determine the 

exact role of DA in human time perception, and how time perception abilities can be 

affected by neurologic disorders mediated by DA. 
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What is Parkinson’s Disease? 

Parkinson’s disease (PD) is a progressive neurodegenerative disease that results 

from the irreversible loss of substantia nigra dopamine (DA) neurons (Dauer & 

Przedborski 2003).  Diagnosis of PD relies on a characterization of motor symptoms that 

result from this loss of dopamine, including resting tremor, rigidity, bradykinesia, and 

postural instability (Dauer & Przedborski 2003; Todorova et al. 2014).  In addition to 

motor deficits, patients with PD experience nonmotor symptoms in the form of 

neuropsychiatric, autonomic, sleep, and sensory changes (Figure 1.1) (Todorova et al. 

2014; Schrag et al. 2015).  Of the cognitive deficits, patients with PD exhibit impairments 

in their executive functioning, which includes difficulty with planning, inhibition, 

attention, sustaining working memory, and a decreased speed of cognitive processing 

(Gotham et al. 1988; Uc et al. 2005; Cools et al. 2002; Cools & D’Esposito 2011; Parker 

et al. 2013).  In addition to the major impacts on quality of life, the nonmotor symptoms 

of PD can actually develop in the premotor phase of the disease, meaning they often 

precede the onset of motor symptoms and disease diagnosis (Schenck et al. 2012).  

Current PD medications are focused on attenuating the motor symptoms of PD and have 

little clinical benefit on the non-motor symptoms (Zahoor et al. 2018).  Thus, it is 

important to consider new diagnostic and treatment measures directed towards the non-

motor symptoms of PD. 
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Figure 1.1: Classification of non-motor symptoms of Parkinson’s disease (PD).  Non-

motor symptom classification is based on the Non-Motor Symptom Scale (NMSS). 

The NMSS is the first validated health-professional completed measure of the non-motor 

symptoms of PD.  Non-motor symptoms can be classified in four different categories, 

including neuropsychiatric problems, sleep disorders, autonomic dysfunction, and 

sensory changes. While non-motor symptoms can predate the onset of motor symptoms, 

PD is often diagnosed based solely on motor symptom criteria.  Also, treatments for PD 

often focus on the motor symptoms, and can actually exacerbate non-motor symptoms, 

like somnolence, hallucinations, and impulse control disorder.  Retrieved from: (Qamar et 

al. 2017). 

 

 

Dopamine Replacement Therapy (DRT): 

 DA replacement therapy (DRT) is generally the first line of treatment for patients 

with PD (Schrag et al. 2015).  DRT is used to replace the DA lost in the striatum.  

Because DA itself cannot pass through the blood-brain-barrier (BBB), other methods of 

DA replacement are used.  The most prescribed DRT is a Carbidopa/Levodopa 

combination pill.   Levodopa is a DA precursor that can pass through the BBB and be 

decarboxylated into DA via the enzyme dopamine decarboxylase (Zahoor et al. 2018) 

(Figure 1.2).  This DA can then travel to the synapse to act as endogenous DA would.  

Carbidopa is used to inhibit the synthesis of DA outside the BBB, as elevated intestinal 
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DA can cause nausea (Daidone et al. 2012) (Figure 1.2).  For PD patients, 150 – 1000mg 

of Levodopa is prescribed daily, divided into multiple doses taken throughout the day 

(Zahoor et al. 2018).  With disease progression, higher doses of Carbidopa/Levodopa are 

necessary to attenuate the symptoms of PD.  

 

 

 
 

Figure 1.2: Dopamine replacement therapies (DRTs) synthesize striatal dopamine 

through the conversion of Levodopa to dopamine via dopamine decarboxylase.  

Dopamine is synthesized from tyrosine, which is catalyzed into L-DOPA via tyrosine 

hydroxylase.  L-DOPA is then decarboxylated into dopamine via dopa decarboxylase. As 

depicted, dopamine is released via presynaptic terminals of the substantia nigra, where it 

is synthesized, to the post-synaptic terminals in the striatum.  Dopamine is metabolized 

by the enzymes MAO-B and COMT that are present in glial cells.  These enzymes work 

to take up excess DA in the synapse.  L-DOPA is the first line of treatment for PD 

because it able to cross the blood-brain barrier and replace the endogenous dopamine lost 

in the substantia nigra and travel to the striatum.   L-DOPA = Levodopa; DDC = 

Dopamine Decarboxylase; MAO-A/B = Monoamine Oxidase A/B; COMT = Catechol-O-

methyltransferase; TH = Tyrosine Hydroxylase. Retrieved from: (Youdim et al. 2006). 
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Other dopaminergic medications are usually prescribed based on age of onset, 

disease severity, and side effects of DRT.  These therapies include direct DA agonists, 

MAO-B inhibitors, COMT inhibitors, and NMDA Receptor Antagonists (Table 1.1).  

Unlike Levodopa, which needs to be converted to DA, direct dopamine agonists act by 

binding directly to the DA receptor and simulate the activity of DA (Zahoor et al. 2018), 

causing the post-synaptic cell respond as it would with endogenous DA.  Agonists are 

usually prescribed in young-onset PD to delay the need for DRT treatment and the side 

effects associated with DRT (Reichmann et al. 2006; Zahoor et al. 2018).  MAO-B and 

COMT inhibitors block the degradation of endogenous DA by inhibiting the MAO-B 

enzyme and the COMT enzyme, respectively (Dezsi & Vecsei 2017; Zahoor et al. 2018).  

Both MAO-B and COMT inhibitors can be prescribed in addition to DRT, in order to 

decrease the dose necessary for symptom management (Zahoor et al. 2018).  NMDA 

receptor antagonists, like amantadine, were originally developed as antiviral medications 

to treat the flu, but have found success in treating rigidity, resting tremor, and fatigue 

associated with PD (Cersosimo & Micheli 2007).  It is not well understood how 

amantadine produces these effects, but it is thought that it acts as a weak NMDA 

glutamate receptor antagonist, increasing dopamine release and decreasing dopamine 

reuptake (Kornhuber et al. 1991; Blanpied et al 2005).  While its mechanism of action is 

unclear, amantadine can reduce the dose of DRT necessary for PD treatment.   
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Table 1.1: Common classes of medications used to treat Parkinson’s disease.  MAO 

= Monoamine Oxidase, COMT = Catechol O-methyl Transferase, NMDA = N-Methyl-d-

aspartate (Adapted from: Finberg 2010). 

 

 

 

 

These medications have been shown to attenuate the motor deficits experienced 

by PD patients, but more research is necessary to determine their exact role in the 

nonmotor symptoms of PD (Todorova et al. 2014; Schrag et al. 2015).  Adverse side 

effects of DRT and direct dopamine agonists are common and they can contribute to the 

nonmotor deficits of PD (Parker et al. 2013).   One drastic example of neuropsychiatric 

change is the onset of addiction-spectrum disorders and, in particular, impulse control 

disorder (ICD) (Dagher et al. 2002; Clark & Dagher 2004).  ICD is included in the 

spectrum of non-motor symptoms of PD (Gatto & Aldinio 2019) and it is classified in the 

DSM-5 as a Substance-Related and Addictive Disorder (American Psychiatric 

Association 2013).  ICD is described as the need to perform pleasurable behaviors 

compulsively and repetitively, which can be intensified as a side effect of certain PD 

medications.  These pleasurable behaviors can include gambling, hypersexuality, 

compulsive buying/shopping and binge eating (Weintraub 2008).  Due to these drastic 

Drug Classification: Common Drug Names: 

Dopamine-Replacement Therapy Carbidopa/Levodopa (Sinemet) 

Direct Dopamine Agonists 
Pramipexole (Mirapex) 

Ropinirole (Requip) 

MAO-B Inhibitors 
Rasagiline (Azilect) 

Selegiline (Eldepryl) 

COMT Inhibitors 
Entacapone (Comtan) 

Tolcapone (Tasmar) 

NMDA Receptor Antagonists 
Amantadine (Symmetrel) 

Memantine (Namenda) 
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changes in behavior, critical thought must be put into the types of dopaminergic therapies 

prescribed and new treatments for the non-motor symptoms of PD must be discovered.  

Evaluating patients’ behavior in both on and off DRT medicated states is important to 

better understand the effects of DRT on the nonmotor symptoms of PD.    

 

Why Study Time Perception in PD Patients? 

        The depletion of dopamine occurs in PD due to the death of DA neurons in the 

substantia nigra, which sends dopaminergic projections to the striatum (Zhang et al. 

2016).  In patients with early or mild PD, the dorsal striatum is more affected by 

neurodegeneration than the ventral striatum (Cools 2006) (Figure 1.3).  Analogous to PD, 

research implicates the nigrostriatal dopamine pathway, rather than the mesolimbic 

dopamine pathway, in millisecond interval timing (Rammsayer 1997).  Specifically, 

dopamine in the dorsal striatum is thought to mediate millisecond time perception (Parker 

et al 2013).   Additionally, the DA receptor targets of DRTs — D1 and D2 receptors — 

are mainly located within the dorsal striatum (Gerlach et al. 2003).  Activation of dorsal 

striatal DA receptors by DRTs is associated with a reduction in the motor symptoms of 

PD (Gerlach et al. 2003), but more research is necessary to determine their effects on 

non-motor symptoms.  Time perception abilities can give insight into how dopamine 

affects behavior and cognition in PD patients.  Previous work shows that PD patients off 

of dopaminergic medication exhibit slowed perception of time intervals (Artieda et al. 

1992).  Accordingly, accurate time perception can be restored with DRTs (Malapani et al. 

1998).  Additional work on the effects of medication state on time perception has shown 

differences in millisecond interval timing versus suprasecond intervals of time.  PD 
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patients have demonstrated impairments in second interval timing when off of DRT; but, 

medication state has not been shown to impact millisecond interval time perception in PD 

patients (Koch et al. 2008).   

 

 

 
 

Figure 1.3: Dopaminergic regions and pathways in the human brain.  Parkinson’s 

disease (PD) results from the death of dopaminergic neurons in the substantia nigra 

(Yellow).  These neurons extend dopaminergic projections into the dorsal striatum 

(Circled in Red), which mediates millisecond time perception.  These dopaminergic 

regions have large implications in the rest of the dopaminergic pathways of the brain. 

Adapted from: (Telzer 2016). 

 

 

Specific Aim:  

This study investigates the intermediating effects of dopamine replacement 

therapies on time perception in Parkinson’s disease patients in an attempt to fill in current 

knowledge gaps.  Given what we know about the role of dopamine in time perception of 

PD patients, we expect participants with PD to perform worse on a millisecond interval 
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temporal bisection task than healthy participants.  We also expect participants with PD on 

dopamine replacement therapy to perform similarly to participants off dopamine 

replacement therapy on a millisecond interval time perception task.  This study serves as 

a pilot project for near term work aimed at directly measuring dopamine’s role in human 

time perception.   
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CHAPTER 2: METHODS AND MATERIALS 

Ethics:  

This study was approved by the Institutional Review Board (IRB) at Wake Forest 

University School of Medicine (IRB00051643).  Governmental and institutional 

regulations relating to the use of human volunteers in research were followed during this 

study (World Medical Association 2013).  Consent forms with study protocol details 

were provided to subjects prior to their first research visit.  At the time of consent, all 

subjects were informed of the voluntary nature of the study and were allowed to 

discontinue at any time during the course of study.  All subjects were compensated for 

their participation, with a base pay of $5.00 per 15-minute interval, capping at $50 per 

visit.  Subjects received additional compensation based on their performance on the task, 

with a maximum of $30 in additional earnings.    

 

Subjects:  

A PD patient population (n = 8) was recruited from Wake Forest Baptist Medical 

Health Center (WFBMC) and surrounding communities.  The recruited individuals 

consisted of seven males and one female, with an average age of 66.4 ± 6.5 years (Table 

2.1).  Of those recruited, one PD patient had a diagnosis of a psychiatric condition, 

unrelated to the PD diagnosis.  All PD subjects were phone-screened by a researcher to 

determine eligibility prior to any scheduled research visits.  The subject was eligible to 

participate if they met all inclusion criteria, outlined below. 

Inclusion criteria: 

 Between the ages of 21-85 years 
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 A confirmed diagnosis of PD from a trained movement disorder specialist 

 Currently prescribed and taking dopaminergic replacement medication 

 Ability to withhold dopaminergic replacement medication for up to 11-15 

hours (8-12 hours prior to experiment and 2-3 hours for the duration of 

testing) 

Subjects were determined ineligible if they failed to meet the inclusion criteria and/or if 

any of the following exclusion criteria were present. 

Exclusion criteria: 

 Moderate or severe dementia (Subjects had a Montreal Cognitive 

Assessment (MoCA) Score > 26 (Gill 2008)) 

 Inability to use a computer or type  

 

As a control, a healthy population of individuals without PD was utilized.  The 

healthy population was recruited from the Winston-Salem region and were over the age 

of 50 years (n = 8) to age-match the PD population recruited (Table 2).  Of those 

recruited, seven were male and one was female, with the average age of 58.0 ± 4.9 years.  

One subject had a self-reported diagnosis of psychiatric illness, similar to the PD patient 

population.  All subjects gave their informed consent during the first study visit.   
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Table 2.1: Summary of Participant Demographics and Clinical Details 

 PD Subjects  

(n = 8) 

Healthy Controls  

(n = 8) 

Mean Age (Years) 66.4 ± 6.5 58.0 ± 4.9 

Sex   

Male 7 (87.5%) 7 (87.5%) 

Female 1 (12.5%) 1 (12.5%) 

Race   

Asian 0 (0.0%) 1 (12.5%) 

Black or African American 0 (0.0%) 1 (12.5%) 

White 8 (100.0%) 4 (50.0%) 

2 or More Races 0 (0.0%) 2 (25.0%) 

Handedness   

Right 7 (87.5%) 7 (87.5%) 

Left 1 (12.5%) 0 (0.0%) 

Ambidextrous 0 (0.0%) 1 (12.5%) 

Diagnosed with Psychiatric Condition 

(Depression) 
1 (12.5%) 1 (12.5%) 

Taking Medications Other than 

Psychiatric or Neurologic 
8 (100.0%) 4 (50.0%) 

Current Smoker 0 (0.0%) 1 (12.5%) 

 

 

Experimental Design:  

 This prospective trial took place at Wake Forest Baptist Medical Center 

(WFBMC) and the Piedmont Triad Community Research Center (PTCRC), both located 

in Winston-Salem, North Carolina.  The study began in February 2019 and continued 

through February 2020. 
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 The healthy population was recruited for one visit at the PTCRC where they 

played the entire task, described below, within a two-hour window.  PD subjects were 

recruited with the assistance of movement disorder specialists at the Movement Disorder 

Clinic at WFBMC.  Subjects participated in two visits.  During one visit, the subjects 

arrived in the OFF state of medication, where they were asked to withhold dopamine 

replacement therapy for up to 12 hours prior to the visit.  During the other visit, the 

subjects arrived in the ON state of medication, where they were asked to take dopamine 

replacement medication as normally prescribed.  The ON/OFF state of medication was 

randomized for each visit via a coin toss.  Half of the subjects began with their first visit 

in the ON state (n = 4) and half of the subjects started with their first visit in the OFF 

state (n = 4). 

Clinical data, including types of dopaminergic medication, dosages, and PD 

disease duration, were retrieved from patient records via EPIC Systems Software utilized 

by WFBMC.  From this data, Levodopa Equivalent Daily Doses (LEDDs) were 

calculated for each PD patient on more than one type of dopaminergic medication (Smith 

2010).  

 

Task:  

Subjects were seated about two feet across from a computer screen connected to a 

Logitech gaming controller (Logitech Gaming Software 2013) (Figure 2.1).  The task was 

performed in Matlab, using Psychophysics Toolbox extensions (Brainard 1997; Pelli 

1997; Kleiner et al. 2007). 
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Figure 2.1: Logitech gaming controller used during the temporal bisection task.  The 

shoulder keys (below white arrows) were used to select “L” or “S” during each trial, 

corresponding with “long” or “short”.  The red circular button was used to move forward 

in the task, past the training phase, testing phase, and block screens.  Original image 

modified from: (Logitech Gaming Manual 2013). 

 

 

All subjects performed a two-alternate forced choice (2-AFC) temporal bisection 

task, which measured millisecond (ms) interval timing through estimation of “short” and 

“long” intervals.  During the task, a stimulus image of a white circle was shown on a 

computer screen for varying intervals of time.  After being shown this image, participants 

were asked to report, using the shoulder keys on the gaming controller (Figure 2.1), 

whether the image was shown on the screen for a “long” or “short” amount of time.  This 

task was broken up into two phases, a training and a testing phase.  During the training 

phase, the participant played a succession of twenty trails to learn two anchor time 

intervals, a “short” interval of 0.5 seconds and a “long” interval of 1.1 seconds 

(Gescheider 2013).  The testing phase included additional target intervals of 0.65, 0.75, 

0.85, and 0.95 seconds, as well as the 0.5 and 1.1 second anchor intervals.  The 

participant judged whether these intervals were closer to the “short” or “long” anchor 

intervals they learned during the training phase (Figure 2.2).  The three shortest intervals 
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— 0.5, 0.65, and 0.75 seconds — were counted as correct if the subject responded with 

short, while the three longest intervals — 0.85, 0.95, and 1.1 seconds — were counted as 

correct if the subject responded with long.  If the participant did not score greater than 

eighty percent correct during the training phase, he/she was asked to repeat the phase 

before continuing onto the testing phase.  If after ten minutes of training the participant 

had yet to reach greater than eighty percent correct, then the task would automatically 

move onto the testing phase.  Two out of eight PD subjects had to repeat the training 

phase, and none of the control subjects repeated the training phase (Table 2.2). 

 

 

Figure 2.2: The two phases of the temporal bisection task. The training phase (left) 

taught participants to become familiar with the two anchor intervals, one “short” at 0.5 

seconds, and one “long” at 1.1 seconds.  Following the training phase, participants utilized 

their knowledge of the anchor intervals in the testing phase (right) to judge whether the 

target intervals were “short” or “long”.  
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Table 2.2: Number of training phases completed by study participants.   

*Participant repeated training phase until reaching a score  80% correct or until 10-

minute time limit had passed. 

 

 

During each trial, the participant would witness a pre-stimulus jitter, referred to as 

inter-stimulus interval one (ISI 1), represented as a black screen for 0.4 – 0.6 seconds.  

This was immediately followed by the visual stimulus of a white circle in the center of a 

black screen.  The visual stimulus was located 2-4VF (Visual Field) on the screen.  

Depending on the phase of the task, the circle could appear as either of the two anchor 

intervals of time, or as any of the target intervals.  A total of ten “short” anchor intervals 

and ten “long” anchor intervals appeared randomly during the training phase; thirty 

repetitions of each anchor interval and sixty repetitions of each target interval appeared 

randomly during the testing phase.  Following the stimulus, there was a fixed 0.9 seconds 

of black screen, referred to as inter-stimulus interval two (ISI 2).  Then, the response 

message screen appeared, with the order of “S” and “L” (representing “short” and “long”) 

counterbalanced for each trial to control for random guessing and laterality preference.  

When the response message screen appeared, the participant was asked to submit his/her 

response to the visual stimulus.  If the participant answered prior to the response message 

Patient ID # of Training Phases Control ID # of Training Phases 

1 1 1 1 

2 1 2 1 

3 2* 3 1 

4 1 4 1 

5 1 5 1 

6 3* 6 1 

7 1 7 1 

8 1 8 1 
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screen, this qualified as premature responding, which most likely occurred during ISI 2 

(Figure 2.3).  

 

 

 

Figure 2.3: Schedule of a single trial during the temporal bisection task.  The task 

consisted of a pre-stimulus jitter, stimulus screen, inter-stimulus interval, and response 

message screen, after which the participant reported whether the stimulus appeared for a 

short or long time period.  Premature responding, or responding before the response 

message screen, was most likely to occur during inter-stimulus interval two (ISI 2), prior 

to the appearance of the response screen. 

 

 

The task was separated into two sessions.  During session one, there was a 

training phase followed by a testing phase, broken up into four blocks.  Each block 

consisted of fifty trials, with the first four trials repeating the anchor intervals as short, 

long, short, long.  This served as a reminder to the participant of the previously learned 

intervals for comparison.  After the four anchor interval trials, the remaining forty-six 

trials consisted of randomized target intervals and six more anchor intervals (three 
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“short”, three “long”).  During session two, there was also a training phase; however, it 

was followed by six blocks during the testing phase, rather than four.  At the completion 

of each block, a “block screen” would appear to signify the start of a new block (Figure 

2.4).  Session one of the task, including both training and testing phases, usually took 

participants between 14-16 minutes to complete, while session two of the task usually 

took between 18-22 minutes.  Only session two data were utilized in this analysis because 

of the larger number of overall trials.  

 

 
 

Figure 2.4: Two sessions of training phases of the temporal bisection task. At the 

beginning of each new block, a “block screen” would appear.  It would tell the participant 

how many blocks were remaining, and it would serve as a reminder that the next block 

starts with the anchor intervals short, long, short, long.  The intention of splitting the task 

into blocks was to give the participant a chance to relax and rest his/her eyes before 

continuing. Session one was separated into four blocks, while session two was separated 

into six blocks, with fifty trials in each block.  
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Data Analysis:  

Utilizing Palamedes toolbox in Matlab (Prins & Kingdom 2018), psychometric 

functions (PFs) were created to represent participant behavior during the task.  The 

psychometric parameters Bisection Point (BP), Difference Limen (DL), and Weber 

Fraction (WF) were also calculated for each participant (Figure 2.5).  The BP (T (1/2)) was 

defined as the duration where “short” responses and “long” responses occurred with 

equal frequency; thus, it was the duration that produced 50% “long” (PL) responses 

(Gibbon 1991; Kopec & Brody 2010).  Overestimation of time intervals resulted in a low 

BP; likewise, underestimation of time intervals resulted in a high BP (Terhune et al. 

2016).  In this task, the optimal BP would have occurred at 0.8 ms (Actual Mid-Interval), 

as it was the value half-way between the “long” and the “short” interval durations.  DL 

and WF served as two measurements of temporal precision.  The DL was defined as the 

smallest change in the stimulus that resulted in a substantial behavioral change, otherwise 

known as the “just noticeable difference” (Kopec & Brody 2010).  The DL was inversely 

proportional to the slope of the PF; thus, the steeper the slope, the smaller the DL.  In the 

case of DL, the lower the value, the more precise the performance (Terhune et al. 2016).  

The DL was calculated using the equation:  

 DL = 
(𝑇(𝑃𝐿(75))−𝑇(𝑃𝐿(25)))

2
 

Where 𝑇(𝑃𝐿(75)) was the time at which the respondent answered 75% “long” responses, 

and 𝑇(𝑃𝐿(25)) was the time at which the respondent answered 25% “long” responses.  

The WF stems from Weber’s Law, which seeks to establish a linear relationship 

between perceptual accuracy and stimulus magnitude (Bernardinis et al. 2019).  Thus, 

WF was calculated by dividing the DL by the BP, as shown in the equation: 



30 

 

WF =  
𝐷𝐿

(T (1/2)) 
 

A low WF was indicative of high discrimination between changes in stimulus; 

likewise, a high WF indicated low discrimination between changes in stimulus.  A lower 

WF produced a PF that appeared step-like, while a high WF produced a PF that appeared 

gradual (Terhune et al. 2016) (Figure 2.6).  Goodness of fit, or deviation (pDev), was 

determined via the Palamedes toolbox in Matlab, using simulation fits of data, with 

bootstrapping of 1,000 simulations (Table 3.1.  The pDev always had a value between 0 

and 1.  The higher the pDev (the closer to one), the better the fit of the PF (Terhune et al. 

2016).  By arbitrary convention, if the pDev is less than 0.05, then the fit was considered 

to be poor (Kingdom & Prins 2016).  

 Based on BP, DL, and WF, matched pairs t-tests were used to determine if there 

were any differences between and across the groupings, dubbed “Healthy” for the 

control, “PD ON” for PD patients performing the task while taking medication, and “PD 

OFF” for PD patients performing the task while withholding their medication.  To correct 

for the error encountered when utilizing multiple t-tests, the Hedge’s G statistic was 

calculated.  Hedge’s G measures the effect size as the difference of the means in units of 

the pooled standard deviation (Hedges 1981).   
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Figure 2.5: Example of a psychometric function (PF) showing the behavior from a 

healthy individual (Subject 8) on the temporal bisection task.  The comparison of the 

proportion of “long” responses (PL) to the duration of the stimulus (T) yields the Bisection 

Point (T (1/2)) and the Difference Limen (DL), or the “just noticeable difference”.  From 

those variables, the Weber Fraction (WF) is calculated.  A “step-wise” function, such as 

this, indicates a high degree of discriminability between each stimulus interval.  In other 

words, the steeper the slope, the more precise the performance on the task, and the lower 

the DL.  
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Figure 2.6: Example of individual psychometric functions (PFs) generated from a 

Parkinson’s disease (PD) patient (Subject 7) based on temporal bisection task 

performance.  A) In the ON state of medication, PD Subject 7 responded 50% “long” at 

the 0.7703ms interval, as exhibited by the BP.  Subject 7 produced PFs that were fairly 

step-like, as demonstrated by the low DL (0.0749) and WF (0.0970).  This shows that the 

subject had high discriminability between the interval durations. B) In the OFF state of 

medication, PD Subject 7 had similar task performance to the ON state, as revealed by the 

similar psychometric curve and the minimal change between BP, DL, and WF in each state.  
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CHAPTER 3: RESULTS 

To represent the effects of PD and PD dopamine replacement therapies (DRTs) on 

temporal perception abilities, group PFs were generated for the healthy (n = 8), ON 

medication (n = 8), and OFF medication (n = 8) groups (Figure 3.1).  Regardless of 

disease diagnosis or medication state, the PFs demonstrated that all groups tended to 

overestimate long interval durations, as seen by the left shift in BP from the Actual-Mid 

Interval.  All groups had similar steepness of slope, indicating a lower DL and good 

discriminability between each interval.  From these PFs, the psychometric parameters of 

BP, DL, and WF were calculated and the means for each group were reported in Table 

3.1.  The mean pDev for each group was also calculated to determine goodness of fit of 

each PF (Table 3.1).  All model PFs were good fits of the data as determined by the 

arbitrary convention where pDev was greater than 0.05. 

 

 

Table 3.1: Variables outlining mean group performance on temporal bisection task.  

Data are expressed as mean  SD. 

 

Group pDev T(PL25) T(PL75) BP DL WF % 

Correct 
Healthy 0.5147 

± 
0.3802 

0.6797  

± 
0.0643 

0.8752  

±  

0.0748 

0.7762 

± 

0.0324 

0.0977 

± 
0.0617 

0.1256 

± 

0.0780 

78.92  

±  

7.303 
PD ON 0.2888 

± 

0.1785 

0.7013  

±  

0.1182 

0.8749  

±  

0.1287 

0.7798 

± 

0.0751 

0.1080 

± 

0.0656 

0.1341 

± 

0.0684 

75.38  

± 
5.907 

PD OFF 0.3036 

± 
0.2361 

0.6650  

± 
0.0610 

0.8603  

± 
0.0755 

0.7614 

± 
0.0593 

0.0977 

± 
0.0343 

0.1281 

± 
0.0447 

75.71  

±  

4.396 
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Figure 3.1: Healthy controls and PD patients, both on and off medication, 

overestimate long interval durations during the time perception task.  A) 
Psychometric functions of all healthy participants showing the proportion of “long” 

responses for each stimulus duration.  Mean bisection point is shifted left of the actual 

mid-interval (BP = 0.7762, DL = 0.0977, WF = 0.1256; n = 8).  B) Same as in A, but for 

PD patients ON dopamine replacement therapies (DRT), (BP = 0.7798, DL = 0.1080, WF 

= 0.1341; n = 8).  C) Same as in A and B, but for PD patients OFF DRT, (BP = 0.7614, 

DL = 0.0977, WF = 0.1281; n = 8).  Data are expressed as mean  SEM.  Each colored 

PF curve represents an individual PD subject, consistent between B and C.  Dashed line 

indicates the actual mid-interval (0.8 ms) in each PF. 
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Matched-pairs t-tests were utilized to determine temporal perception differences 

across Healthy, PD OFF medication and PD ON medication groups.  The mean percent 

correct was calculated within each group and compared to examine general performance 

on the task; that is, measurement of performance according to how well subjects 

characterized each interval as “short” or “long”.  A response of “short” was considered 

correct if the interval fell between 0.5 – 0.75 seconds, while “long” was considered 

correct if the interval fell between 0.85 – 1.1 seconds.  There were no differences in 

percent correct found across groups, indicating similar overall temporal performance 

(Figure 3.2).  

 

Figure 3.2: Healthy and PD patients on and off medication responded with similar 

correctness during temporal bisection task.  Percent trials correct according to the 

categorization of each time interval as “long” or “short” for Healthy (78.92 ± 7.303; n = 

8), PD OFF medication (75.71 ± 4.396; n = 8), and PD ON medication (75.38 ± 

5.907; n = 8).  Data are expressed as mean  SEM; t(7) = 1.098, p = 0.3085 g = 0.5033 

(medium); t(7) = -1.137, p = 0.2929, g = -0.5041 (medium); t(7) = -0.2857, p = 0.7834, g 

= -0.0604 (negligible); analyzed by matched-pairs t-tests. 
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To determine if medication had an effect on perception of individual interval 

durations, proportion correct of each interval were compared between the ON medication 

and OFF medication groups.  Proportion correct was calculated by taking the proportion 

short for the 0.5ms interval and the proportion long for the 1.1ms interval.  Based on a 

matched-pairs t-test, PD patients OFF medication showed no differences in perception of 

each interval (Figure 3.3A).  A trend was found for PD patients ON medication, in which 

they had more difficulty perceiving the 1.1ms interval duration, when compared to the 

0.5ms interval duration (Figure 3.3B).  This indicates that there were no perceptual 

differences for shorter interval durations, but longer interval durations were more difficult 

to perceive ON dopaminergic medications.    

 

 

 

Figure 3.3: PD patients on medication, but not off medication, have more difficulty 

perceiving the 1.1ms interval duration than 0.5ms interval duration.  Proportion 

correct calculated by the proportion short of the 0.5ms interval duration compared to 

proportion long of the 1.1ms interval for A) PD patients OFF medication (t(7) = -1.178, p 

= 0.2771, -0.5526 (medium)) and B) PD patients ON medication (t(7) = -1.916, p = 

0.0969, g = -0.8184 (large)). Data are expressed as mean ± SEM; by matched-pairs t-

tests. 
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To determine if there were differences in accuracy or precision between groups on 

the temporal bisection task, the parametric parameters of mean accuracy, measured by BP 

(Figure 3.4A), and mean precision, measured by DL (Figure 3.5A) and WF (Figure 

3.6A), were compared for the healthy, ON medication, and OFF medication groups 

(Figures 3.4A, 3.5A, and 3.6A, respectively).  Based on matched-pairs t-tests, no 

differences in mean accuracy or precision were found between groupings.  To determine 

if the subjects’ perception of the mid-interval aligned or differed from the predetermined 

actual mid-interval of 0.8ms, the absolute value of the actual mid-interval minus the 

perceived mid-interval was calculated for each subject, and the average value for each 

group was compared (Figure 3.4B).  Based a matched-pairs t-test, there were no 

differences found between the ON and OFF medication groups in perception of actual 

BP.  However, healthy participants had a significantly lower absolute difference between 

the actual and perceived BP than PD subjects ON medication.  Similarly, this trend 

continued when comparing healthy and PD OFF medication groups.  These results show 

that PD subjects’ perception of the mid-interval, as calculated by their BP, was further 

away from the actual mid-interval than healthy subjects.  Thus, PD subjects had more 

difficulty learning the actual mid-interval value of 0.8ms than healthy controls, 

suggesting that PD subjects’ differently perceived the intersection of short and long 

intervals. 

To determine whether subjects were able to correctly discriminate between each 

interval duration, percent trials correct were compared to DL for each subject.  Linear 

regressions revealed significant correlations between mean precision and mean percent 

correct in each group.  When indicated by DL, temporal precision was very tightly 
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correlated (**p < 0.01) to percent trials correct in both the healthy group (Figure 3.5B) 

and PD ON medication group (Figure 3.5D), while the PD OFF medication group only 

experienced a trend (p > 0.05) in their association between DL and percent trials correct 

(Figure 3.5C).   

 

 

Figure 3.4: Temporal bisection task revealed similar temporal accuracy among 

Healthy and PD patients off and on medication, while Healthy subjects were better 

able to perceive the actual mid-interval than PD patients in both groups.  A) 
Temporal accuracy, indicated by bisection point (BP), during time perception task for 

Healthy (0.7762  0.0115; n = 8), PD patients OFF medication (0.7614  0.0210; n = 8), 

and PD patients ON medication (0.7798  0.0265; n = 8). Data are expressed as mean  

SEM; t(7) = 0.5508, p = 0.5989; g = 0.2923 (small); t(7) = 0.5508, p = 0.5989, g = 0.2923 

(small); t(7) = 0.8672, p = 0.4146, g =  0.2561 (small); analyzed by matched pairs t-tests.  

B) Perception of actual mid-interval, calculated by |Actual Mid-Interval – Perceived BP|, 

for the Healthy (0.0354  0.0058), PD patients OFF medication (0.0592  0.0123), and 

PD patients ON medication (0.0639  0.0134) groups. Healthy subjects’ perception 

compared to PD patients ON medication (t(7) = 2.413, *p = 0.0466, g = 0.9248 (large)); 

Healthy compared to PD patients OFF medication (t(7) = 1.913, p = 0.0974, g = 0.8270 

(large)); between PD medication state (t(7) = -0.4542, p = 0.6634, g = -0.1227 (small)). 

Data expressed as mean  SEM; analyzed by matched-pairs t-tests. 

 

 

When measured by WF, temporal precision was correlated (*p < 0.05) in all three 

groups, but even more tightly between the PD ON medication and healthy control groups 

(*p < 0.01) (Figure 3.6B-D).  Interestingly, with both measures of temporal precision, 
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healthy subjects experienced a very tight correlation (***p < 0.001) between precision 

and percent correct, PD ON subjects experienced a tight correlation (**p < 0.01) between 

precision and percent correct, and PD OFF subjects experienced a less tight correlation 

(*p < 0.05).  These results suggest that all groups can correctly distinguish between each 

interval duration as predetermined by the task, but healthy individuals have better 

discriminability than the PD groups.  

 

 

 
Figure 3.5: Temporal bisection task revealed similar temporal precision between 

Healthy and PD patients across medication states, with correlations between percent 

correct and difference limen for each group.  A) Temporal precision, as measured by 

DL, for Healthy (0.0977  0.0218, n = 8), PD OFF medication (0.0977  0.0121, n = 8), 

and PD ON medication (0.1080  0.0232, n = 8).  Data expressed as mean  SEM; t(7) = 

-0.0019, p = 0.9985, g =  -0.0009 (negligible); t(7) = 0.3464, p = 0.7392, g = 0.1523 

(negligible); t(7) = -0.6783, p = 0.5194, g = 0.1862 (negligible); by matched-pairs t-tests.  

Linear regressions comparing percent correct to DL for B) Healthy controls (R = -0.8607, 

R2
adj = 0.6976; t(7) = -4.141, **p = 0.0061), C) PD OFF medication (R = -0.9529, R2

adj = 

0.8926; t(7) = -7.694, ***p =  <0.001), and D) PD ON medication (R = -0.7052, R2
adj = 

0.4135; t(7) = -2.436, p = 0.0507).  
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Figure 3.6: Temporal bisection task performance revealed similar temporal 

precision among Healthy and PD patients across medication states, and tight 

correlations were found between percent correct and weber fraction amongst 

groups. A) Temporal precision, indicated by weber fraction (WF), calculated for Healthy 

(0.1255  0.0276, n = 8), PD OFF medication (0.1281  0.0158, n = 8), and PF ON 

medication (0.1340  0.0241, n = 8) groups.  Data expressed as mean  SEM; t(7) = -

0.0781, p = 0.9399, g = -0.0378 (negligible); t(7) = -0.2513, p = 0.8088, g = -0.1102 

(negligible); t(7) = 0.4306, p = 0.6797, g = 0.0983 (negligible); by matched-pairs t-test.  

Linear regressions comparing percent correct to WF for B) Healthy subjects (R = -

0.8776, R2
adj = 0.7319; t(7) = -4.484, **p = 0.0042), C) PD OFF medication (R = -

0.9579, R2
adj = 0.9037; t(7) = -8.169, ***p = <0.001), and D) PD ON medication (R = -

0.7509, R2
adj= 0.4912; t(7) = -2.785, *p = 0.0318) groups.  

 

 

All PD patients taking part in the study were prescribed and taking DRT for 

disease management, however, dosages (mg) and additional dopaminergic medications 

varied between subjects (Table 3.2).  To determine the effect of DRT in combination with 

other dopaminergic medications on temporal perception, accuracy (BP) and precision 

(DL, WF) on the temporal bisection task were compared between PD patients on DRT 
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only and PD patients on DRT in combination with other dopaminergic medications.  No 

effect of medication type was found on temporal accuracy or precision between patients 

in the ON state of medication (Figure 3.7).  Comparisons made during the OFF state of 

medication revealed a significant difference in temporal accuracy, indicated by BP, 

between the two medication groups, with those that would normally take DRT in 

combination with other medications performing with significantly higher accuracy than 

those on DRT alone (Figure 3.8).  However, there was no significant difference in either 

measure of temporal precision, DL or WF, between the two PD patient groups in the OFF 

medication state.   

 

 

Table 3.2: Parkinson’s disease (PD) duration and doses of dopaminergic therapies 

of all PD subjects.  For dosage frequency, QD = Once a day; TID = Three times a day; 

BID = Twice a day; QID = Four times a day. 

 

ID 
PD 

Duration 

(Years) 

Carbidopa/ 

Levodopa 

Dose  

(25/100mg) 

Other 

Dopaminergic 

Therapies 

Levodopa 

Equivalent 

Dose (LED) 

Levodopa 

Equivalent 

Daily Dose 

(LEDD) 
1 3 1 tablet TID 3mg Pramiprexole 300mg QD 600mg 
2 7 1.5 tablets TID 1mg Ropinirole 20mg TID 470mg 
3 5 1 tablet 6x/day 100mg Amantadine 100mg BID 700mg 
4 6 2 tablets TID 200mg Entacapone 133mg TID 733mg 
5 1 1 tablet TID n/a n/a 300mg 
6 2 2 tablets TID n/a n/a 600mg 
7 5 1 tablet QID 0.25mg Ropinirole 5 mg TID 415mg 
8 2 1 tablet TID n/a n/a 300mg 

 

 



42 

 

 
 

Figure 3.7: PD medication type does not affect accuracy or precision during 

temporal bisection task in the ON medication state.  Comparisons were made between 

PD patients on a combination of DRT and other medications (“DRT + other”; n = 5) and 

those taking DRT alone (“DRT only”; n =3) for A) BP, indicating temporal accuracy, 

(0.8090  0.0296) and (0.7310  0.0419), respectively; (t(6) = 1.522, p = 0.2027, g = 

0.9925 (large)),  B) DL, indicating precision, (0.1209  0.0350) and (0.0864  0.0238), 

respectively; (t(6) = 0.8167, p = 0.4453, g = 0.4409 (small)), and C) WF, indicating 

precision, (0.1453  0.0371) and (0.1154  0.0247), respectively; (t(6) = 0.6717, p = 

0.5268, g = 0.3611 (small)). Data are expressed as means  SEM, analyzed by two-

sample t-test.  
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Figure 3.8: PD medication has an effect on temporal accuracy, but not temporal 

precision, during bisection task performed during the OFF medication state. 

Performance on the temporal bisection task was compared between two PD medication 

groups “DRT + Other” (n = 5) and “DRT Only” (n = 3) in the OFF state of medication by 

A) temporal accuracy, measured by BP, between groups (0.7906  0.0220) and (0.7128  

0.0161), respectively; (t(6) = 2.677, p = 0.0369*, g = 1.439 (large)),  B) temporal 

precision, as measured by DL, (0.1026  0.01639) and (0.0894  0.0206), respectively; 

(t(6) = 0.5038, p = 0.6384, g = 0.3176 (small)), and C) temporal precision, as measured 

by WF, (0.1304  0.1241) and (0.1242  0.0265), respectively; (t(6) = 0.1815, p = 

0.8637, g = 0.1129 (small)). Data are expressed as means  SEM, analyzed by two-

sample t-test.   
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Levodopa Equivalency Daily Dose (LEDD) is an indirect index of disease 

severity and is used as a physician’s assessment of dopaminergic need.  LEDDs were 

calculated for each PD subject based on his/her doses (mg) of DRT and other 

dopaminergic therapies (Table 3.2).  Utilizing linear regression, in both the ON 

medication states, PD patients saw a positive association between LEDD and temporal 

accuracy (BP), but no significant correlation (Figure 3.9A); whereas in PD patients OFF 

medication, there was a trend between LEDD and BP (Figure 9.9D).  In PD patients ON 

medication, there was a negative association between both measurements of temporal 

precision, DL and WF, and LEDD (Figure 3.9B and C).  In PD patients OFF medication, 

however, there a was a positive association between temporal precision and LEDD 

(Figure 3.8 E and F). Overall, LEDD was not a significant predictor of temporal 

precision, but when OFF medication, demonstrated that as dosage increased, so did BP. 

To determine if disease duration, or number of years since initial PD diagnosis 

(Table 3.2) was a significant predictor of temporal performance, disease duration was 

compared to temporal accuracy (BP) and temporal precision (DL and WF) using linear 

regressions (Figure 3.10).  Temporal accuracy was positively associated to disease 

duration and trends were found between disease duration and BP in both the ON and OFF 

medication states (Figure 3.10A and D).  While also positively associated, neither 

measurement of temporal precision was tightly correlated to disease duration in the ON 

or OFF states (Figure 3.10B, C, E, and F).  These results indicate that disease duration, at 

least for that of 7 years or less, is not a suitable predictor of time perception task 

performance.  
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Figure 3.9: Levodopa Equivalent Daily Dose (LEDD) was not a significant predictor of temporal performance, as 

measured by temporal accuracy (BP) and temporal precision (DL and WF), across medication states in PD patients.  

Linear regressions comparing LEDD (mg) and temporal performance parameters of A) bisection point (BP) (R = 0.1384, R2
adj 

= -0.1443; t(7) = 0.3420, p = 0.7437), B) difference limen (DL) (R = 0.1740, R2
adj = -0.1313; t(7) = 0.4330, p = 0.6802), and 

C) weber fraction (WF) (R = -0.1101, R2
adj = -0.1525; t(7) = -0.2710, p = 0.7953) in PD patients ON medication.  Linear 

regressions comparing LEDD (mg) and temporal performance parameters of D) bisection point (R = 0.7008, R2
adj  = 

0.4062;t(7) = 2.406, p = 0.0529), E) difference limen DL (R = -0.0853, R2
adj = -0.1582; t(7) = -0.2100, p = 0.8407), and F) 

weber fraction (WF (R = 0.0439, R2
adj  = -0.1644; t(7) = 0.1080, p = 0.9178) in the PD patients OFF medication. 
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Figure 3.10: Disease duration (years) trended positively with temporal accuracy across medication states in PD 

patients, but temporal precision was not a good predictor of disease duration in PD patients in either medication state.  
Linear regressions comparing disease duration to measurements of A) temporal accuracy, measured by bisection point (BP) (R 

= 0.6882, R2
adj = 0.3860; t(7) = 2.324, p = 0.0591), B) temporal precision measured by difference limen (DL) (R = 0.5733, 

R2
adj = 0.2168; t(7) = 1.714, p = 0.1374), and C) temporal precision measured by weber fraction (WF) (R = 0.5352, R2

adj = 

0.1675; t(7) = 1.552, p = 0.1716) for PD patients in the ON medication state.  Linear regressions comparing disease duration to 

the psychometric parameters D) bisection point (R = 0.6316, R2
adj  = 0.2987; t(7) = 1.995, p = 0.0930), E) difference limen (R 

= 0.4338, R2
adj  = 0.0528; t(7) = 1.714, p = 0.1374), and F) weber fraction (R = 0.3198, R2

adj  =  -0.0473; t(7) = 0.8270, p = 

0.4399) of PD patients OFF medication.



 

 

PD subjects performed the temporal bisection task twice, in both their ON and 

OFF medication states.  Therefore, to determine if there were any effects of visit order, a 

matched-pairs t-test was used to compare BP and WF for participants who had a first visit 

in the OFF state versus participants who had a first visit in the ON state (Figure 3.11A 

and B).  The effect of having a second visit in an OFF or an ON-medication state was 

also analyzed (Figure 3.11C and D).  In both cases, there were no significant differences 

for BP or WF between groups, indicating that the visit order had no effect on task 

performance.  Because subjects had repeated exposure to the task, it was necessary to 

determine if there was any impact of task familiarity between ON and OFF medication 

visits.  PD patients were separated into two groups based on the order of their medication 

state.  Group A participated in an OFF visit first, followed by an ON visit (3.12A and B).  

Group B participated in an ON visit first, followed by an OFF visit (3.12C and D).  Task 

familiarity was determined by comparing mean temporal accuracy (BP) and mean 

temporal precision (WF) within each group.  There were no effects of task familiarity 

transferring through medication states, indicating that repeated exposure to the task did 

not alter performance. 

To determine whether aging impacts temporal perception abilities, performance 

on the temporal bisection task was compared for two groups of differently-aged healthy 

individuals.  Paired (two-sample) t-tests were used to compare the mean accuracy, 

measured by BP, and mean precision, measured by both DL and WF, between the two 

age groups of Older (>50 years) and Younger (<50 years) healthy subjects (Figure 3.13).  

The mean age of the Older (>50 years) group was 58 ± 4.9 years, while the mean age of 

the Younger (<50 years) group was 35.5 ± 9.2 years (±SD).   No age-related temporal 
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perception differences were found, as displayed by the psychometric curves of each age 

group (Figure 3.13).  The psychometric curves of each individual subject were overlaid to 

create PFs for each age group (Figure 3.14).  The PFs demonstrated that both older and 

younger subjects tended to overestimate long interval durations, shown by the left shift in 

bisection point (BP) from the actual mid-interval of 0.8ms.  While there appeared to be 

more variability amongst younger subjects, both PFs showed rather steep slopes and step-

wise functions.  This signified lower difference limens and weber fractions, and 

therefore, good temporal precision for healthy subjects in both age groups.  Overall, these 

results reveal that there were no age-related effects on temporal perception abilities.  
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Figure 3.11: Visit order did not impact temporal perception abilities in PD patients.   
PD subjects who participated in a first visit OFF medication (n = 4) did not show 

differences in A) temporal accuracy (BP) (t(3) = 2.052, p = 0.1325, g = 0.7589 

(medium)) or B) temporal precision (WF) (t(3) = 1.107, p = 0.3491, g = 0.7376 

(medium)) when compared to the C) bisection point (BP) (t(3) = -0.9679, p = 0.4045, g = 

-0.3998 (small)) and D) weber fraction (WF) (t(3) = -1.622, p = 0.2032, g = -0.9926 

(large)) of PD subjects who participated in a first visit ON medication (n = 4). Data are 

expressed as means  SEM, analyzed by matched-pairs t-test.  
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Figure 3.12: Task familiarity did not impact PD patients’ temporal perception 

abilities across medication states.  PD patients who first performed the task in an OFF 

medication state (Group A) did not show any effect of task repetition based on A) 

temporal accuracy (BP) (t(3) = 1.047, p = 0.3722, g = 0.4025 (small); n = 4) or B) 

temporal precision (WF) (t(3) = 0.3886, p = 0.7235, g = 0.0402 (small); n = 4), when 

compared to PD patients who first performed the task in an ON medication state (Group 

B) based on C) bisection point (BP) (t(3) = -0.4013, p = 0.7151, g = -0.1684 (small); n = 

4) and D) weber fraction (WF) (t(3) = -0.3431, p = 0.7541, g = -0.1329 (small); n = 4). 

Data are expressed as means  SEM, analyzed by matched-pairs t-test.   
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Figure 3.13: Age did not impact temporal performance in healthy individuals. 
Healthy subjects who were Older (> 50 years) did not exhibit differences in A) perceptual 

accuracy (BP) (t(7) = 0.7535, p = 0.4757, g = 0.3344; n = 8), B) perceptual precision, as 

measured by DL (t(7)= -0.1056, p = 0.9189, g = -0.0571; n = 8), or C) perceptual 

precision, as measured by WF (t(7) = -0.2390, p = 0.8180, g = -0.1271; n = 8) when 

compared to Younger (<50 years) healthy subjects.  Data are expressed as means  SEM, 

analyzed by matched-pairs t-test.   
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Figure 3.14: Healthy subjects, across all ages, tended to overestimate long interval 

durations on the temporal bisection task.  Psychometric functions of healthy 

participants in Older (>50 years) and Younger (<50 years) age groups showing the 

proportion of “long” responses for each stimulus duration.  Mean bisection point is 

shifted left of the actual midpoint for both A) Older (BP = 0.7762, DL = 0.0977, WF = 

0.1256; n = 8) and B) Younger (BP = 0.7557, DL = 0.1013, WF = 0.1360; n = 8) age 

groups.  Data expressed as mean ± SEM.  
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS 

Summary of Results:  

  The work presented in this thesis demonstrates that Parkinson’s disease patients 

off of their medication do not display altered overall performance in millisecond interval 

time perception during a temporal bisection task when compared to Parkinson’s disease 

patients on their medication.  The results support my hypothesis that medication state 

does not affect millisecond interval time perception within the PD population, as patients 

in the on and off state of medication performed similarly (Figures 3.4A, 3.5A, and 3.6A).   

This is consistent with prior work, in which PD patients off of dopamine replacement 

therapy (DRT) have demonstrated time perception deficits within longer time intervals 

(suprasecond intervals), but not within millisecond time intervals (Koch et al. 2008; 

Bernardinis et al. 2019).  I have shown that both healthy participants and PD patients tend 

to overestimate time interval durations (Figure 3.2), which is supported by a previous 

study in which, given shorter intervals of time, subjects tended to overestimate the 

duration of the interval (Grondin 2001).  The process of overestimating shorter intervals 

of time has been deemed the “migration effect”, and it is most commonly seen in PD 

patients off of dopaminergic medications (Malapani et al 1998).  This effect continues in 

PD patients perceiving suprasecond intervals, which they tend to underestimate 

(Malapani et al. 1998).  This study shows that the migration effect is experienced in PD 

patients in the off, as well as, the on state of medication for millisecond time intervals.   

 While overall time perception did not differ between medication state, I show that 

perception of the longer interval duration of 1.1ms was more difficult than the shorter 

interval duration of 0.5ms in PD patients on-medication (Figure 3.4).  This could indicate 
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that dopaminergic medications are rescuing time perception abilities at the short interval 

durations, but not at the long interval durations.  

Furthermore, I show no differences in temporal precision between PD patients 

and healthy controls (Figures 3.4A, 3.5A, and 3.6A). While overall precision was similar, 

my results show that PD patients across medication states had more difficulty 

determining the actual mid-interval than the healthy controls (Figure 3.4B).  In addition 

to the lack of difference in performance seen between the on and off state of medication, 

I also show that medication type, either DRT alone or in combination with other 

medications, had no effect on temporal accuracy or precision in the on-medication state 

(Figure 3.7).  Interestingly, in the off state of medication, temporal accuracy is 

significantly lower when patients in the DRT only group withheld medication compared 

to those prescribed DRT with other medications (Figure 3.8), indicating possible 

pharmacological or mechanistic effects.  Finally, I show that neither disease duration, 

given by the number of years since official diagnosis, nor disease severity, given by the 

levodopa equivalency daily dose index, were significant predictors of performance in the 

time perception task, although an association was observed between disease duration and 

temporal performance (Figures 3.10).  

Collectively, the results of this work demonstrate that PD patients perform 

similarly to healthy participants when comparing precision on a temporal bisection task 

and that the disease does not affect overall discriminability in millisecond interval time 

perception.  However, PD does appear to hinder mid-interval determination, as individual 

patients have more variance in over- and underestimation of time intervals, with this 

effect transferring across medication state.  This shows that temporal accuracy is 
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impaired in PD patients, even when treated with DRT, suggesting that in addition to 

dopaminergic deficits, there may be non-dopaminergic neurotransmission affecting PD 

cognitive performance. 

 

Time Perception in PD Patients: 

Parkinson’s Disease presents an interesting opportunity to study various 

pathological effects on cognition.  Because PD is associated with a loss of dopaminergic 

neurons and, thus, a decrease in dopamine levels within the brain, we also have the 

opportunity to study the link between dopamine and perception. With respect to time 

perception, previous work has proposed that millisecond timing may be controlled by the 

immediate release of dopamine in the dorsal striatum (Artieda et al., 1992).  

Alternatively, research demonstrates that for longer intervals, or suprasecond intervals, of 

time, temporal memory, attention, and decision-making play a role (Parker et al. 2013).  

Engaging suprasecond timing mechanisms is thought to implicate dopaminergic 

projections into the medial prefrontal cortex (mPFC), where dopamine levels are altered 

in PD (Parker et al. 2013; Texeira et al. 2013; Yin et al. 2013).  The differential activation 

of dopamine circuits and their degeneration could help to explain why PD patients 

maintain their ability to distinguish subsecond time intervals while having deficits in time 

perception within longer, suprasecond intervals.  A study suggested that the impact of 

medication state on suprasecond timing could be the result of the loss of mPFC 

projections in the off-medication state, rather than due to the influence of dorsal striatal 

dopamine that is involved in millisecond interval timing (Koch et al. 2008).   We show 

that there may be more to this explanation due to the lack of perceptual differences at 
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shorter interval durations, but deficits at longer interval durations while on dopaminergic 

medications (Figure 3.3).  This could be the result of dopaminergic medications rescuing 

time perception abilities at the short interval durations, which are thought to be mediated 

by dopamine the basal ganglia.  It is possible that the breakpoint between interval 

durations is actually between 1000ms and 1200ms as previously reported (Karmarker & 

Buonomano 2007), which would implicate the 1100ms interval duration tested.  This 

would suggest that the perception of the longer interval duration would be controlled by 

projections into cortex and not by the basal ganglia, pointing to the action of the 

dopaminergic medication extending into the cortex region, impacting 1100ms interval 

timing.  Studies have shown that dopaminergic medications can actually hinder cognitive 

performance in PD patients on decision-making and learning tasks (Frank et al. 2007; 

Poletti & Bonuccelli 2013; Gupta 2014), which would be supported by this result.  

A previous study has demonstrated that PD patients can recognize and memorize 

different time intervals, but that they have difficulty delineating temporal order and 

determining temporal relations between stimuli (Vriezen & Moscovitch 1990).  This may 

help to explain why PD patients across medication states had more difficulty determining 

the actual mid-interval than healthy subjects (Figure 3.4B), as this could be caused by a 

difference in temporal learning or by differential memory consolidation in PD patients 

when compared to healthy individuals.  It makes sense that learning and memory deficits 

could lead to the variance seen in this study within individual PD patient performance 

with over- and underestimation of the actual mid-interval.  Determining the temporal 

learning rates of PD patients and the impact of dopaminergic medications on temporal 
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abilities would provide further insights into time perception and other abilities affected by 

the dopamine and will be the subject of future research projects.  

Contrary to the results of this study, which show no differences in temporal 

precision during millisecond time interval perception between PD patients and healthy 

controls, a previous study reports that PD patients have deficits in both temporal 

precision and temporal accuracy at both subsecond and suprasecond interval durations 

when compared to healthy individuals (Artieda et al. 1992).   This inconsistency was 

most likely due to my small population sizes; for future work, I intend to increase the 

group sizes to increase the power of my analyses.  

  

Time Perception and Dopaminergic Medications: 

The tight correlations between temporal precision and percent correct in healthy 

individuals shows that subjects were able to correctly discriminate between the 

millisecond time intervals presented during the temporal bisection task (Figure 3.5 B).  

Meanwhile, percent correct and temporal precision were also correlated in PD subjects, 

but less tightly than healthy subjects, revealing that PD patients were less likely to 

correctly discriminate between the time intervals (Figure 3.6 C and D).  Previous research 

comparing only discriminability between millisecond intervals, measured by DL, 

demonstrated that PD subjects have more difficulty discriminating between millisecond 

intervals, with this result transferring through medication states (Bernardinis et al. 2019).   

In our task, when comparing across medication states, all PD patients had deficits with 

interval discrimination, but the off-medication group had more difficulty correctly 
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discriminating between the intervals.  Thus, with untreated dopamine depletion in the 

striatum, temporal discrimination appears to be diminished. 

 There are various pharmacological interventions commonly prescribed to manage 

symptoms of PD.  In this study, PD patients were not controlled for dopaminergic 

medication types, disease duration, or DRT doses prior to the experiment.  This provided 

the opportunity to measure the effects of disease management on temporal perception 

abilities.  While medication type did not affect temporal performance when subjects were 

on medication (Figure 3.7), patients who were off of DRT only displayed worse temporal 

accuracy than patients who were off of DRT in combination with other medications 

(Figure 3.8A).  This could be an indicator of the effects of the different pharmacology of 

dopaminergic medications, including DRT, direct dopamine agonists, NMDA receptor 

agonists, and COMT inhibitors.  Some of the dopaminergic medications taken in 

combination with DRT had extended release mechanisms and/or longer elimination half-

lives.  For instance, Amantadine, an NMDAR agonist prescribed to one of the patients in 

this study, has an elimination half-life of 17  4 hours, which is greater than the 12-hour 

window that we had subjects withhold medication (Wilson & Rajput 1983).   Therefore, 

it is possible that although DRT was eliminated from the system, other dopaminergic 

medications were still interacting with the striatum and rescuing temporal perception 

abilities.  

Levodopa equivalency daily dose, or LEDD, can be used as an index of disease 

severity as a higher dose of dopaminergic medication is necessary to treat more severe 

PD symptoms (Ayala et al. 2017).  In this context, disease severity was not found to be a 

significant predictor of temporal performance (Figure 3.9). When comparing disease 
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duration and temporal performance, however, we did find a positive association between 

the two variables (Figure 3.10).  Disease duration has not been clinically used as a 

measure of disease severity because many patients progress at varying rates (Maetzler et 

al. 2009).  Therefore, a longer disease duration would not necessarily be indicative of a 

more severe condition.  It was interesting, then, that we saw this association of disease 

duration and temporal performance.  Due to the lack of evidence to suggest that temporal 

perception declines with age, this is most likely not an age-related result (Figure 3.13).  It 

is known that with increasing disease duration and prolonged time on dopaminergic 

medication, adverse side effects of the medication could arise and have implications on 

temporal perception abilities.  This is based on the knowledge that with increased time on 

dopaminergic therapies, comes greater risk of medication wearing “off” states, ICDs, and 

dopamine agonist withdrawal syndrome (Zahoor et al. 2018).  With a greater population 

size, it would be interesting to see if this association between disease duration and 

temporal performance became correlative, and what insight this could give us into the 

effects of the prolonged use of DRT.   

 

Psychometric Analysis: 

 Psychometric functions and the psychometric parameters of temporal precision 

(DL and WF) and temporal accuracy (BP) are currently the most widely accepted 

calculations used to model and analyze psychophysical data produced by temporal 

bisection tasks (Killeen & Weiss 1987; Allan 1991).  In the field, there has been some 

dispute whether DL or WF is the best method to measure temporal precision due to the 

lack of consistency of the WF with certain sensory modalities (Grondin 2001).   The WF 
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stems from the concept of Weber’s Law, which calculates the minimum amount of 

change in stimulus intensity that is required to produce a noticeable variation in 

perception of said intensity (Norwich 1987).  This means that it calculates the just 

noticeable difference in intensity for just one interval of time.  Therefore, if WF is being 

used to measure an intensity with a maximum sensitivity, like found in many 

physiological studies using Weber’s Law, then the WF will be skewed (Grondin 2001).   

In time perception tasks, the WF begins to steadily increase with longer durations, 

starting at about two seconds, making it difficult to utilize the WF to compare temporal 

precision with two different interval ranges (Getty 1975).  In this study, the WF was 

calculated because its supporters would argue that at the subsecond interval range, the 

WF remains consistent and can be used to compare temporal precision across groups 

(Grondin 2001).  WF supporters believe that by partailing out the bisection point, it gives 

a more exact reading of the differences in perception of the stimulus for each individual 

(Norwich 1987).  Alternatively, the DL is a measure of temporal precision derived from 

the psychometric function model, which has been argued to provide a more precise 

analysis of small durations (Killeen et al. 1997).  The DL is the minimum change in 

magnitude needed to differentiate a stimulus from a standard stimulus (Bernardinis et al. 

2019), and its value was used to calculate the WF in this study.  Both techniques resulted 

in similar comparative outcomes when analyzing perception of the millisecond intervals 

tested in this experiment.  Thus, the values of both parameters were provided and 

compared to satisfy supporters of both the DL and WF in psychophysical analysis.   

Manipulation of these parameters could be useful when answering questions 

about temporal performance, outside of temporal accuracy and temporal precision.  In 
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this study, we introduced a computation utilizing the BP to model differences in 

perception of the actual mid-interval.  The BP measures the point at which the subject 

responds 50% to both the long and short interval durations, otherwise known as the point 

of subjective equality (Killeen & Weiss 1987).  This does not consider the actual mid-

interval pre-determined by task design.  Thus, in order to determine how a subject 

perceived the difference between the actual and perceived BP, we took the absolute value 

of this difference and compared it for each group (Figure 3.4B).  As this value increased, 

it meant that the perception of the mid-interval was increasingly different than the task-

designed value and the subject had more difficulty learning the actual mid-interval. In our 

study, this calculation showed that the PD population perceived the mid-interval 

differently and at a greater distance away from the actual mid-interval than healthy 

subjects (Figure 3.4B), which coincides with previous findings that PD patients have 

deficits in temporal accuracy compared to healthy individuals (Artieda et al. 1992).  It 

was interesting that this temporal learning was able to occur in healthy individuals 

without any feedback throughout the game on whether a response was correct or 

incorrect.  Further manipulation of this calculation can be used to introduce the concept 

of learning rates, and can establish how well the subjects are able to learn the true BP and 

interval durations throughout task-play; this is the goal of future research.  

 

Caveats and Considerations: 

 This was a pilot study to better understand PD patient behavior and the temporal 

bisection task played.  While not all of the results of this thesis align with previous 

research, analyses were conducted on small population sizes, with only eight subjects in 
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each group.  For future studies, I would increase the population sizes to increase the 

statistical power of our analyses.   

While all participants were eager and happy to participate, some PD subjects 

expressed frustration due to limitations of the task.  The task required motor movement to 

submit a response to the stimulus.  While, the task was not timed, and therefore, not 

reaction based, some participants anticipated the response and attempted to submit an 

answer as quickly as possible (even though instructed against doing so).  Verbal feedback 

from a PD patient revealed that it was difficult to answer because it felt like there was a 

disconnect between the answer the patient wanted to submit and the ability for the 

patient’s fingers to respond appropriately.  Other researchers have sought to eliminate the 

need for a motor response by utilizing temporal perception tasks with a vocal response of 

“short” or “long”, which would then be recorded (Bernardinis et al. 2019).  While speech 

is still a motor reflex, it does not require using the distal extremities to submit a response 

like the controller, which are the regions most associated with rigidity and tremor in PD 

(Zach et al. 2015).  Therefore, it can eliminate the confound of motor movement and 

reaction abilities in PD patients. 

The task had some changes recently introduced, including the time-stamp 

calculation of all button presses in hopes to record premature responses of subjects.  

Premature responding has occurred most frequently during ISI2, during which most 

subjects try to record their answer prior to the response screen.  A future study could 

determine if PD patients were more likely to prematurely respond, contributing to 

evidence of possible ICD (Zhang et al. 2016).  Another change that was introduced was a 

reduction in percentage of trials correct for the training phase to be completed, lowering 
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the score from eighty percent correct to sixty percent correct.  This reduction in difficulty 

has made it easier for participants to move on from the training phase, in order for there 

to be adequate time spent on the testing phase.  It is also apparent that this reduction in 

difficulty has helped participants stay engaged and excited about the testing phase of the 

task.  Additionally, counterbalancing of the “S” and the “L” seen on the response screen 

was included to randomly position each possible response on either the right or left side 

of the screen.  This was important to remove any bias of laterality when responding.  

For the PD patients, the time perception task was played following a succession of 

other cognitive tasks.  Consequently, it was played at the end of a one-to-two-hour time 

period, where it is likely that the patients were already fatigued by the start of the task.  

This was particularly true for patients who were in the off state of medication, as both the 

return of PD symptoms and fatigue were at their peak for the study visit.  Therefore, it is 

possible that the overall performance on the task was impacted by the task order.  In the 

future, this can be alleviated by randomizing task order or scheduling separate research 

visits, solely for the time perception task.  

 

Future Directions and Ambitions: 

With these changes in tow, the task will continue to be utilized in future studies.  

This temporal bisection task is suitable for investigating the role millisecond dopamine 

signals play in millisecond interval time perception in PD patients.  Based on this study, 

we hypothesize that even millisecond time perception may be degraded in more severely 

affected PD patients. We hypothesize that the extent to which this is true should scale 

with the loss of dopaminergic signaling in the striatum.  We will test the hypothesis that 
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more progressed PD patients will experience more impaired time interval perception at 

both order-millisecond and order-second time intervals. We will also test the hypothesis 

that less severe PD patients (like those studied presently) will exhibit deficits in 

suprasecond interval time perception by extending the interval durations utilized during 

this study.   

The current temporal bisection task is being used during fast-scan cyclic 

voltammetry (FSCV) measurements of dopamine during deep brain stimulation (DBS) 

surgeries. Utilizing this method will help determine the effects of subsecond dopamine 

fluctuations on PD patient’s ability to perceive time (Kishida et al. 2016).  Specifically, 

this technique will be useful to determine the role of millisecond interval timing in areas 

affected by Parkinson’s disease and to help validate the brain regions that modulate 

millisecond time perception.   

Another future direction will be to explore the rates of temporal learning that take 

place during the duration of the task and over the course of the two study visits.  Based 

on the results of this study, we hypothesize that PD patients will exhibit deficits in 

temporal memory compared to healthy controls, with this deficit being more prominent 

within PD patients off of medication.  We believe that behavior on the task could then be 

simulated using computational models of two-alternative forced choice (2-AFC) behavior 

to predict how an individual would optimally play the temporal bisection task (Hass & 

Durstewitz 2014).  This model would serve as a comparison for temporal performance of 

patients with neurologic or psychiatric disorders, in order to determine how temporal 

memory would differ from optimal task play in those affected.   
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CHAPTER 5: CONCLUSIONS 

 More research is necessary to determine how PD patients perceive and encode 

time.  This study shows that PD patients can perceive time, they just may perceive it 

differently than healthy individuals. This is most likely due to the death of midbrain 

dopamine neurons in PD patients; however, other neurotransmitters that help mediate 

memory, attention, and decision-making also might be affecting temporal abilities.   

Therefore, more research is needed to determine the exact role that dopamine plays in 

time perception.  Future studies utilizing this temporal bisection task are designed to help 

fill in these gaps in knowledge about how and where time is neurally encoded, and what 

neurotransmitters are affecting time perception.  
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