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Preface	

General	Statement	

This body of work comprises of five studies that examine methods of symptom measurement in 

Parkinson’s Disease. These studies were conceived by Dr Andrew Evans, A/Professor David 

Williams and Professor Elsdon Storey. I began carrying out these studies as a full time clinical 

and research fellow at the beginning of 2011. I have been solely responsible for organizing the 

logistics of setting up the studies and coordinating assessments of the patients. I was also 

responsible for setting up assessment protocols, writing the Human Research Ethics Committee 

applications and gaining approval at Alfred Health and Melbourne Health, documentation, 

recruitment of all study subjects, assessment of study subjects and all the activities required for 

day to day running of these studies. Dr Andrew Evans, A/Professor David Williams, Dr Kelly 

Bertram, Ms Clodagh Norwood and Ms Sue Varley assisted with identification of appropriate 

patients with Parkinson’s Disease who were suitable for enrolment in the studies. I initially 

evaluated, consented and enrolled all the patients in these studies and completed their follow up 

visits where required.  

 

I performed data entry, data analysis and record keeping for these studies. I undertook all 

statistical analysis but would like to acknowledge Professor Dean McKenzie and Ms Catherine 

Smith, statisticians from the School of Epidemiology at Monash University, Alfred Health for 

their assistance and guidance. I also wrote, revised and submitted all manuscripts with input 

from Dr Andrew Evans, A/Professor David Williams and Professor Elsdon Storey.  

 

 

Contributions	to	each	chapter	comprised	of	publications	

Chapter	 2:	Measuring	Motor	 Function	 in	 Parkinson’s	 Disease	 Using	 a	 Smartphone	

Application	

Published in Journal of Parkinson’s Disease, April 2016 

I wrote the first draft of this publication and I also contributed significantly to the revision 

process for manuscript submission, as did Dr Andrew Evans and A/Professor David Williams. I 

revised the manuscript on multiple occasions during the submission process. Dr Andrew Evans 

and A/Professor David Williams conceived and designed the smartphone application that was 

used. An independent programming firm built the application. I liaised with the programmer 

and contributed feedback to revise the application. Regarding the research study, I contributed 
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significantly to the design of the study, as did Dr Andrew Evans and A/Professor David 

Williams. I was solely in charge of coordinating the study, which included obtaining ethics 

approval, study documentation, recruitment of all study participants, organizing and conducting 

clinical assessments, collation of study data, statistical analysis and interpretation of the results. 

Contributions from other authors are detailed above. Estimate of my proportion of contribution: 

75%. 

	

Chapters	 3:	 A	 Real-Life	 Example	 of	Objective	 Versus	 Subjective	Methods	 of	Motor	

Measurement	

Paper 1 published in Movement Disorders Clinical Practice, May 2017; and Paper 2 published 

in Parkinsonism and Related Disorders, September 2017 

I wrote the first draft of these two publications and I also contributed significantly to the 

revision process for manuscript submission, as did Dr Andrew Evans and A/Professor David 

Williams. I revised the manuscript on multiple occasions during the submission process. 

Regarding the research study, I contributed significantly to the design of the study, as did Dr 

Andrew Evans and A/Professor David Williams. I was solely in charge of coordinating the 

study, which included obtaining ethics approval, study documentation, recruitment of all the 

study participants, organizing and conducting the clinical assessments, collation of study data, 

statistical analysis and interpretation of the results. Contributions from other authors are detailed 

above. Estimate of my proportion of contribution: 80%. 

	

Chapter	4:	A	Pragmatic	Approach	to	Interpreting	Cognitive	Testing	for	the	Diagnosis	

of	Parkinsonian	Disorders	

Published in Movement Disorders, September 2012 

I wrote the first draft of this publication and I also contributed significantly to the revision 

process for manuscript submission, as did Professor Elsdon Storey and A/Professor David 

Williams. The statistical method utilized was conceptualized by Professor Elsdon Storey and I 

performed all literature search and statistical analysis. Contributions from other authors are 

detailed above. Estimate of my proportion of contribution: 70%. 

	

Chapter	 5:	 Measuring	 Cognition	 in	 Parkinson’s	 Disease	 Using	 a	 Smartphone	

Application	

Published in Neurodegenerative Diseases, June 2018 

I wrote the first draft of this publication and I also contributed significantly to the revision 

process for manuscript submission as did Dr Andrew Evans and A/Professor David Williams. I 
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revised the manuscript on multiple occasions during the submission process. Dr Andrew Evans 

and A/Professor David Williams conceived and designed the smartphone application that was 

used. I liaised with the programmer and contributed feedback to revise the application. 

Regarding the research study, I contributed significantly to the design of the study, as did Dr 

Andrew Evans and A/Professor David Williams. I was solely in charge of coordinating the 

study, which included obtaining ethics approval, study documentation, recruitment of all the 

study participants, organizing and conducting the clinical assessments, collation of study data, 

statistical analysis and interpretation of the results. Contributions from other authors are detailed 

above. Estimate of my proportion of contribution: 75%. 
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1.1	Introduction	

1.1.1	Compilation	Outline	

Parkinson’s Disease (PD) is a common neurodegenerative disorder characterized by 

bradykinesia, rigidity, gait impairment and rest tremor. Non-motor features including anosmia, 

Rapid eye movement (REM) sleep behavior disorder, autonomic dysfunction, neuropsychiatric 

manifestations and cognitive changes are increasing recognized. The disease course of PD is a 

progressive one and symptoms can fluctuate hour to hour. As such, symptom measurement 

plays a vital role by generating quantifiable targets to facilitate monitoring of disease 

progression and treatment response. In the absence of a reliable biomarker, symptom 

measurement is the cornerstone upon which diagnosis and clinical decisions are made and 

prognosis is gauged.  

 

Conventional methods of subjective symptom reporting and validated objective clinical rating 

scales, to more contemporary approaches of technology-based quantitative measurement 

methods all have their unique strengths and shortcomings. While motor symptoms have more 

measurable physical properties, the best targets and the optimal method and platform to use 

remain unclear. Measurement of non-motor symptoms proves to be more challenging and 

remains a glaring gap in this field. A more measurable non-motor problem is cognitive 

impairment, which can be present even in the early stages of PD. Cognitive assessment has both 

diagnostic and prognostic implications. However, it is uncertain which tests are most useful and 

more modern computerized approaches have not been extensively or rigorously studied.  

 

This compilation focuses on novel approaches and methods of measurement of motor and 

cognitive symptoms in PD. Short and simple screening tests were developed. Specifically, 

motor symptoms were assessed and measured using smartphone technology and a self-reporting 

questionnaire. Following a critical statistical appraisal of the literature on cognitive assessment 

in parkinsonian disorders, a smartphone based cognitive test was developed to assess executive 

dysfunction.  

 

1.1.2	Hypothesis 

1. Motor and cognitive symptoms of PD can be rapidly screened for and quantified by a 

matrix of simple tests.  

2. Cognitive assessment plays an important role in the diagnosis of PD and other parkinsonian 

disorders. 
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3. Mobile technology can provide a new and feasible platform for symptom measurement in 

PD.  

4. Smartphone based tests can provide valid measurement of motor and cognitive symptoms in 

PD despite motor impairment.  

 

1.1.3	Aims	and	Objectives	

1. To establish the feasibility of using smartphone technology to measure motor deficits and 

cognition in patients with PD by validation of a purpose built application. 

2. To examine the pros and cons of objective motor assessment versus subjective symptom 

reporting by comparing the validated smartphone application and a self-reporting 

questionnaire using the clinical example of a motor phenomenon known as “sleep benefit”. 

3. To interpret existing literature on the role of cognitive assessment in the diagnosis of PD 

and other parkinsonian disorders using an innovative statistical approach.  
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1.2	Background	

1.2.1	Epidemiology	of	Parkinson’s	Disease	

James Parkinson first described his observation of six individuals and coined the term “Shaking 

Palsy” in 1817.1 Two centuries on, PD is now recognized as one of the most common 

neurodegenerative disorder. In Australia, one in 300 people is estimated to suffer from PD with 

37 new cases diagnosed every day.2 The incidence of PD is 1.5 times higher in men compared 

to women across all age groups.3 While the mean age of onset is around 66 years3, up to 5% of 

patients are diagnosed under the age of 40 years.4  

 
 

1.2.2	Neuropathology	of	Parkinson’s	Disease 

PD is not restricted to the brain but is a disorder that involves the entire human nervous system.5 

Eosinophilic intracytoplasmic neuronal inclusions made up of alpha-synuclein (SNCA) known 

as Lewy bodies (LB), are the pathological hallmark of PD. LB pathology in PD begins in 

predisposed locations including the anterior olfactory structures, the dorsal motor nucleus of the 

vagal nerve and enteric nervous system (ENS) (Stage 1).6 These vulnerable regions are 

connected anatomically by projection neurons, which act as routes of propagation for the 

pathological process via retrograde axonal transport.5 Inhibition of gastrointestinal tract function 

is mediated via relay centers (preganglionic sympathetic relay neurons of the spinal cord and 

peripheral post-ganglionic neurons of the sympathetic celiac ganglion), which are not 

surprisingly also affected.7 Stage 2 disease sees the involvement of the lower raphe nuclei, 

reticular formation and locus coeruleus, which receive input from limbic structures and project 

to the spinal cord. In Stage 3, disease reaches the amygdala, substantia nigra, pedunculopontine 

nucleus and magnocellular nuclei of the basal forebrain, consistent with disease spread via pre-

existing anatomic pathways.5 Involvement of the anteromedial temporal mesocortex (Stage 4) 

follows by expansion into the claustrum, striatum and insular cortex (Stage 5) and subsequently 

into the sensory association areas, limbic loop centers and primary motor and sensory cortices 

(Stage 6). (Figure 1.1) 

 

Motor symptoms of PD are related to loss of dopaminergic neurons of the nigrostriatal system, 

originating from the substantia nigra pars compacta. Cell loss is most severe in the ventrolateral 

part of the substantia nigra pars compacta and progresses in a caudal-to-rostral, lateral-to-medial 

and ventral-to-dorsal manner.8 The loss of this ventral group of dopaminergic neurons, which 

project to the putamen, is thought to lead to the emergence of motor symptoms when depletion 

exceeds 60%.9  
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Figure	 1.1	 -	 Lewy	 bodies	 developing	 within	 different	 parts	 of	 the	 nervous	 system	 in	 an	

ascending	manner	

(A/E-Substantia nigra, B-Dorsal motor nucleus of the vagal nerve, C-Nucleus raphe magnus, D-

Locus coeruleus, F-Aggregation of black particles into LB, G-Auerbach plexus of gastric cardia) 

(H-K) (adapted from Braak and Tredici 2008)5	
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Early involvement of the ENS and vagal system raises the possibility of an environmental agent 

or pathogen causing protein misfolding, which is then transported in a retrograde manner into 

the lower brain stem.10 Intriguing evidence initially gathered from LB development in implanted 

embryonic dopamine neurons in PD patients and subsequent demonstration of transmission of 

alpha-synuclein in cultured neurons from affected donor to healthy acceptor cells, raise the 

possibility of prion-like behavior of alpha synuclein.11  

 
 

1.2.3	Aetiology	of	Parkinson’s	Disease 

The pathogenesis of PD is likely a complex interaction of both environmental and genetic 

factors. An increased risk of PD has consistently been linked to older age and positive family 

history while cigarette smoking is associated with reduced risk.12, 13 However, epidemiological 

data on other potential risk and protective factors are conflicting.  

 

1.2.3.1	Environmental	Factors	

Compared to never smokers, the risk of PD is lower for ever (relative risk 0.64) and current 

smokers (relative risk 0.44).13 The underlying reason for this is unclear but postulations include 

possible neuroprotective effect of nicotine and lower likelihood of smoking and higher 

likelihood of quitting amongst patients who develop Parkinson’s disease.14, 15 Others suggested 

possible protective factors include caffeine intake, moderate to vigorous physical activity, 

ibuprofen and statins.13, 16, 17 

 

Toxin exposure including copper, manganese, lead, hydrocarbon solvents particularly 

trichloroethylene and pesticides has been linked with increased risk of Parkinson’s Disease.13, 18, 

19 However, paradoxical data suggests that patients with higher socioeconomic occupations and 

lower likelihood of toxin exposure (e.g. legal, architecture, engineering, education, computer) 

having increased mortality from PD compared to patients with lower socioeconomic 

occupations (e.g. mining, transportation, construction, material moving) where toxin exposure is 

more likely.20 In addition, toxin exposure only applies to 10% of the population with PD21 and 

does not take into consideration gene-environment interactions.  

 

1.2.3.2	Genetic	Factors		

Genetic factors play a major role in the genesis of PD. About 25% of patients with sporadic PD 

have at least one affected first degree relative. In addition, compared to controls, first degree 

relatives of patients with PD were 2.3 times more likely to develop the disease.22 Twenty-eight 
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risk variants across 24 loci have been identified in a recent meta-analysis of genome-wide 

association studies.23 The most important genetic risk factors and monogenic forms of PD 

include: 

 

Glucocerebrosidase gene (GBA) – GBA gene is more common in Ashkenazi Jews and patients 

with PD regardless of ethnicity and is associated with young age of disease onset, less 

prominent asymmetric motor features but increased prevalence of cognitive dysfunction.24, 25 

 

SCNA (PARK1 and PARK4) – Missense mutation (PARK1) and multiplications (PARK4) of the 

SNCA gene cause autosomal dominant forms of parkinsonism, with the phenotype ranging 

from classic PD to that of dementia with LB and multiple system atrophy (MSA).26 The 

mechanism of neurodegeneration due to SCNA is unclear but impairment of SCNA processing 

leads to abnormal protein aggregation and misfolding, LB formation, cellular oxidative stress 

and energy depletion.5, 27-29 Indeed, common polymorphisms of the SCNA gene may play a role 

in sporadic PD.30  

 

Leucine-rich repeat kinase-2 (LRRK2 or PARK8) – LRRK2-associated disease is the most 

common monogenic form of PD and accounts for a high proportion of familial (10-40% in 

Northern African and Ashkenazi Jewish patients31) and sporadic cases (up to 6%32) of PD. The 

encoded protein (dardarin) probably acts to phosphorylate proteins including SCNA.33 The 

phenotype of LRRK2-associated PD is indistinguishable from classic PD but disease course 

seems to be more benign with slower motor decline and less cognitive impairment.34 

 

Parkin gene (PARK2) – Parkin mutation is the most common cause of autosomal recessive PD. 

Normal parkin enhances proteasome ubiquination and degradation of cellular aggregated 

proteins. Impaired proteasome mediated clearance of aggregated proteins leads to cell death in 

the absence of LB, resulting in Parkin-associated PD.35 Phenotypically, it is characterized by 

early onset, slowly progressive symmetric disease with early dystonia, dyskinesia, motor 

fluctuations and postural instability but low prevalence of cognitive impairment.36  

 

PTEN-induced putative kinase 1 gene (PINK1 or PARK6) – Mutation of the mitochondrial 

PINK1 gene results in an autosomal recessive form of PD with similar clinical features to 

Parkin- and DJ1 associated disease.  

 

DJ-1 gene (PARK7) – Mutation of this mitochondrial gene leads to increased oxidative stress 

and causes slowly progressive autosomal recessive PD with onset younger than 40 years of 

age.37 
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1.2.4	Clinical	Features	of	Parkinson’s	Disease	

1.2.4.1	Motor	Features		

The cardinal features of PD include tremor, bradykinesia and rigidity. Symptoms begin 

unilaterally in about 75% of patients.38 Asymmetric 4-6Hz resting “pill-rolling” tremor is highly 

typical of PD. It is the presenting symptom in 70-80% of patients39 and can also involve the 

legs, lips, jaw and tongue. It is often most noticeable with walking, distraction, strong emotions 

and stress; and reduces with purposeful actions. Bradykinesia is the universal feature of PD. It is 

often poorly perceived by the patient and is described as weakness, tiredness or incoordination. 

It typically affects fine rather than large movements and as such, tasks including buttoning, 

typing or texting are frequently affected. Testing by repetitive finger or toe tapping, hand 

opening and heel tapping reveal slowing and decrement of movement amplitude, sometimes 

with freezing or arrests of movement. Bradykinesia may also manifest as micrographia, 

hypomimia and hypophonia. Rigidity refers to increased tonic resistance to passive movement 

across a joint and can affect any body part, often leading to musculoskeletal symptoms and 

problems such as frozen shoulder. Characteristic features of PD including stooped posture, 

reduced arm swing and slowing of gait may also be attributable to rigidity. Disease progression 

leads to emergence of postural instability and bilateral involvement of symptoms although the 

side of onset typically remains more affected.  

 

1.2.4.1.1	Symptomatic	Treatment	of	Motor	Features		

There is currently no available treatment that alters the underlying neurodegenerative process in 

PD. All medication options provide symptomatic treatment only and these include L-dopa, 

dopamine agonists, anticholinergics, amantadine and selective monoamine oxidase B (MAO-B) 

inhibitors. Dopaminergic agents (L-dopa and dopamine agonists) are more potent than non-

dopaminergic agents. L-dopa is a precursor to dopamine and is the most effective treatment, 

improving motor symptoms and daily activities by up to 50%, compared to 30% improvement 

with dopamine agonists.40 No significant long-term difference was observed in a large 

community based study examining the choice of initial treatment of L-dopa, dopamine agonists 

or MAO-B inhibitor.41 However, all patients with PD will eventually require L-dopa after a few 

years due to disease progression.  

 

Motor complications occur with progressive neurodegeneration and accrue at a rate of 10% of 

patients with PD per year.42 Dyskinesia refers to choreoathetotic movements at peak-dose of L-

Dopa and dystonic posturing of a limb, especially of the lower limbs, during hypo-

dopaminergic state. Motor fluctuations consist of predictable “off” periods or “wearing off” (re-
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emergence of Parkinsonism when dopaminergic activity of medications diminishes at the end of 

dose), unpredictable “off” periods and delayed or failure of onset of dopaminergic medication 

effect. Recent evidence suggests that occurrence of motor complications is only associated with 

longer disease duration and higher daily dose of L-Dopa.42 Pre-clinical evidence supports motor 

complications arising from pulsatile stimulation of striatal dopamine receptors, leading to a 

range of presynaptic (impaired dopamine storage and clearance leading to aberrant release of 

dopamine and glutamate) and postsynaptic (predominantly involving glutaminergic, dopamine 

type 1 and N-methyl-D-aspartate receptors) changes.43  

 

In the setting of troublesome motor complications refractory to oral dopaminergic medications, 

patients are referred for device-assisted therapies including deep brain stimulation surgery, 

levodopa-carbidopa intestinal gel infusion and subcutaneous apomorphine infusion. These three 

treatment options have been consistently associated with a significant reduction of “Off” time 

and an increase of “On” time with either non-troublesome or no dyskinesia.44  

	

1.2.4.2	Non-Motor	Features	

A broad spectrum of non-motor features has been identified in patients with PD including 

neuropsychiatric manifestations and cognitive impairment; sleep disorders, autonomic 

dysfunction and sensory symptoms. Sleep disorder is the most frequent group of non-motor 

symptoms and affect up to two-thirds of patients. REM sleep behavior disorder is particularly 

important, as it is strongly predictive of subsequent development of alpha-synucleinopathies 

(PD, Dementia with Lewy Bodies and MSA).45, 46 The most common sensory symptom in PD is 

hyposmia, which frequently precedes disease onset and is present in more than 90% of 

patients.47 Autonomic dysfunction can affect numerous systems and causes problems including 

postural hypotension, impaired gastric emptying, urinary frequency, sialorrhoea, hyperhidrosis 

and erectile dysfunction.46  

 

Neuropsychiatric symptoms contribute significantly to patient’s disability and caregiver’s 

burden with depression, apathy and anxiety being particularly common, affecting over 40% of 

patients.48 Hallucinations are present in 20-40% of patients, especially in older patients with 

more severe and longer disease, who have underlying cognitive impairment, depression and 

sleep disorders.46 The prevalence of PD-dementia (PD-D) is estimated at around 30% of all PD 

patients, with older age, higher motor symptom severity, akinetic-rigid disease subtype and the 

presence of hallucinations and psychosis recognized as risk factors.46 However, cognitive 

dysfunction can be evident even in early PD, characterized by impaired planning, working 

memory, verbal fluency and attention (executive dysfunction).49  
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Not only do motor fluctuations develop with chronic L-dopa exposure, a similar phenomenon 

can be observed with non-motor symptoms, particularly involving neuropsychiatric, autonomic 

and sensory features. The underlying mechanism of non-motor fluctuation is unclear but 

probably involves interaction of dopamine mechanisms with other neurotransmitters including 

serotonin, acetylcholine and noradrenaline.50 About two-thirds of patients describe fluctuation 

of mood with emergence of withdrawal, anxiety, fatigue, irritability, sadness and panic 

accompanying “off” periods.51 On the contrary, euphoria, hypomania, aggression and 

hyperactivity can be associated with “on” state.52 Many patients may report fluctuating pain that 

can be diffuse and difficult to characterize, often coinciding with akinesia but sometimes 

associated with “on” dyskinesia.53 Diverse autonomic features can accompany “off” state 

including sweating, pallor, tachycardia, dyspnea, urinary hesitancy, abdominal discomfort and 

sialorrhoea.54 

 
  

1.2.5	Methods	of	Symptom	Measurement	in	Parkinson’s	Disease	

Clinical measurement in PD is challenging due to the diverse array of motor and non-motor 

symptoms. In addition, great variability exists due to both motor and non-motor fluctuations in 

response to L-dopa. Qualification of symptoms is no longer adequate as the field moves toward 

precise quantification of symptoms, particularly motor symptoms. This trend allows more 

accurate monitoring of disease progression and treatment response and plays an increasingly 

important role in both clinical practice and research.  

 
 

1.2.5.1	Measurement	of	Motor	Symptoms	

Motor symptoms are the cardinal features of PD and are considered principal markers of disease 

progression and targets of symptomatic treatment. As such, much effort has gone into 

developing and validating techniques to measure motor symptoms. Both subjective and 

objective methods have been used, ranging from patient symptom diary, objective clinical 

scales, functional testing to more modern technology-based approaches. 

	

1.2.5.1.1	Patient	Symptom	Diary			

“On” and “Off” time are important markers of symptom control both in the setting of day-to-

day practice and clinical trials. The layout of patient diaries is reliant on the identification of 

“On” and “Off” time. “On” time refers to when medication is effective with benefit to mobility, 

slowness and stiffness while “Off” time refers to when medication has worn off and is no longer 

reducing motor symptoms.55 Alternatively, the terms “good” and “bad” times have also been 
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used. “Good” time refers to “On” time without dyskinesia or with non-troublesome dyskinesia 

while “Bad” time refers to “Off” time or “On” time with troublesome dyskinesia.56  

 
Figure	1.2	-	Example	of	a	patient	symptom	diary 

 

 

For many years, patient diaries designed to capture “On” and “Off” time have been considered 

the “gold standard” of many clinical trials that ultimately contributed to approval of many anti-

parkinsonian medications.55 However, this form of data collection is heavily plagued by recall 

bias and patients’ misinterpretation e.g. differentiating dyskinesia from other motor symptoms 

such as tremor can be challenging. For patients to accurately complete symptom diaries, they 

will need to receive training, often by watching videos of patients in different stages of PD.57 

With appropriate education and training, patient symptom diaries generally yield good 

agreement when compared to the clinician’s assessment.58, 59 For the purpose of clinical trials, 

patients often have to intensively record their motor state half-hourly over several 24-hour 

periods. Common measurable end points include change in total “Off” time, total “On” time and 

“On” time according to dyskinesia categories.55 However, interpretation needs to be based on 

the cumulative outcome. For example, a decrease in “Off” time accompanied by an equal 

magnitude of increase in “On” time with troublesome dyskinesia does not mean that the patient 

is any better off.  

 

Traditional pen and paper diaries are often limited by poor compliance; recall bias due to 

delayed completion and diary fatigue. In recent years, electronic diaries have been introduced to 

improve compliance and reliability of data. Such a format also allows ease of data transfer and 

eliminates simple problems such as illegibility of handwriting. However, the use of electronic 

devices can be challenging in older populations and more intensive training and caregiver 

involvement may be required.55 While patient symptom diaries remain widely accepted in 
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measurement of motor end points in therapeutic trials in PD, their uptake in clinical practice has 

been less robust, with clinical rating scales being the more preferred option.  

 

1.2.5.1.2	Objective	Clinical	Rating	Scales	

Hoehn and Yahr published the first rating scale for PD in 1967 and to this day, it remains the 

most commonly used scale worldwide.60 It combines disability and objective signs to give an 

overall impression of clinical function in PD as a descriptive five-point staging scale (1-5). The 

severity of overall parkinsonism was rated on the basis of two indices: the presence of bilateral 

involvement and gait and balance impairment.61 In the 1990s, the modified Hoehn and Yahr 

(HY) scale was introduced in some clinical trials with 0.5-point increment to try to separate 

patients with a variety of impairment severity that would otherwise have been grouped together 

in a single category in the original scale.62 (Figure 1-2)  

 

Table	1.	3	-	The	original	and	modified	Hoehn	and	Yahr	scales	(adapted from Goetz et al 2004)63 

 
 

The HY scale is a simple scale that is quick to complete without the need for extensive training. 

Despite its simplicity, progression on the scale correlates strongly with worse quality of life 

(e.g. PD questionnaire-3964, 65), more severe motor dysfunction on clinical rating scales (e.g. 

Unified PD Rating Scale (UPDRS)66), decreased performance on cognitive testing67 and 

increased positron emission tomography evidence of dopaminergic activity decline68. Most 

patients (52-77%) fall into Stages 2 or 3 with fewest belonging to Stages 1 and 5.63 Progression 

through the different stages is non-linear and carries prognostic implications. Stage 3, which 

marks the emergence of balance problem, is a particularly important marker. Compared to Stage 

2, UPDRS motor score was observed to continue to worsen in Stage 3 despite medication 

escalation.69 Stage 3 is also associated with higher risk of dementia and reduced survival.70  

 

By combining impairment and disability into a single scale, several problems are introduced. 

Patients with unilateral disease, even if more disabled than subjects in Stage 2 or 3, could only 

be classified as Stage 1. Similarly, patients with any impairment of postural response even in 
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the absence of severe bradykinesia or tremor are automatically classified as Stage 3. In addition, 

patients do not necessarily begin at Stage 1 and progress sequentially through the stages. For 

example, a patient with unilateral disease who develops postural instability will progress 

straight from Stage 1 to Stage 3, bypassing Stage 2. Further more, the scale does not consider 

other non-motor symptoms and motor complications.  

 

Despite its shortcomings, the HY scale remains frequently used but it has largely been 

superseded by the UPDRS. Historically, numerous motor assessment scales including the 

Webster71, King’s College72 and Northwestern University Disability73 scales amongst others 

were used in clinical practice and research, making direct comparison difficult. The UPDRS 

was first developed in 1987 with an aim to provide a unified, comprehensive quantitative 

assessment of disease related disability and impairment by incorporating various elements from 

existing scales. It uses a five-point range for each item and includes four parts: Part 1 – 

Mentation, Behaviour and Mood; Part II – Activities of Daily Living; Part III – Motor and Part 

IV – Motor and Non-motor Complications. Despite its comprehensive nature, time required for 

administration is only between ten to twenty minutes with only Parts III and IV requiring a 

trained rater’s (not necessarily a physician) input.66 The ability to generate a global summary 

score to reflect severity of impairment and severity makes it an attractive tool.  

 

Extensive clinimetric analyses have already been performed and generally show that the 

UPDRS Motor Examination has moderate to excellent inter-rater reliability for most items 

except for speech and facial expression74, while intra-rater reliability is good [74]. Convergent 

validity has been demonstrated with other measurements of PD such as the HY scale while 

studies have shown that UPDRS is sensitive to clinical change.66, 75 As such, the UPDRS Motor 

Examination can be repeated longitudinally to assess disease progression and performed during 

“On” and “Off” time to gauge motor fluctuation and medication response. Hence, it has been 

widely adopted by the movement disorders community both in clinical practice (70%) and 

research (87%) and is considered the “gold standard” reference scale.75  

 

There are several issues that limit the utility of the UPDRS Motor Examination. Inter-rater 

reliability for some items is relatively poor and some ambiguities remain despite the use of 

teaching videos in an attempt to standardize assessment and enhance inter-rater reliability. One 

inadequately addressed example is postural instability testing, which is difficult to standardized 

without very specific instructions as the response is directly dependent on the force of the 

postural threat applied.75 Some studies raise concerns that the UPDRS may have a “floor” 

effect, hence limiting its utility in patients with very mild signs and symptoms.76 When 

interpreting the UPDRS Motor Examination, comorbidities such as stroke and arthritis need to 
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be taken into considerations as they may artificially inflate rating. Finally, there is insufficient 

data on how well the UPDRS Motor Examination can discriminate between disease severity 

categories and operational definition of “minimal”, “mild”, “moderate” and “severe” disease is 

unclear.75  

 

Based on a critique sponsored by the Movement Disorders Society in 2001, a revision of the 

UPDRS was commissioned. The new version, termed the MDS-sponsored UPDRS revision 

(MDS-UPDRS), together with its clinimetric testing results were presented in 2008.77 The basic 

four parts structure was retained but the focus of each part has been altered: Part I – Non-motor 

experiences of daily living; Part II – Motor experiences of daily living; Part III – Motor 

Examination and Part IV – Motor Complications.  

 

The MDS-UPDRS seeks to eliminate ambiguities and inconsistencies by providing more 

detailed and specific instructions and scoring definitions for each item at a seventh-grade level 

of vocabulary while removing all medical jargons.78 This intends to allow more uniform 

application of the scale hence collection of data. Item structure has also changed in the MDS-

UPDRS Motor Examination. Action/Postural Tremor item in the original scale has been divided 

into two individual questions focusing on each component separately. Rather than considering 

amplitude and constancy together for rest tremor, the MDS-UPDRS separates these two 

variables and further specifies tremor amplitude for each body part. Other new items included 

are “Toe Tapping” and “Freezing of Gait” to increase comprehensiveness of assessment.77  

 

A major aim of the MDS-UPDRS was to overcome floor effect of the original scale, particularly 

in light of the shift towards neuroprotection and early interventional studies hence the need to 

measure mild impairment and change from normal to slight and mild deficits. Specifically to the 

Motor Examination, rather than the rating categories of “mild/moderate/severe/marked” in the 

original scale, the MDS-UPDRS splits mild into “Slight” and “Mild” while collapsing 

“Severe/Marked” into one option. This is based on the rationale that at the high end of 

impairment, functional differences are less likely to be clinically relevant.77  

 

On clinimetric testing, the MDS-UPDRS demonstrated strong reliability and validity. Despite 

changes in scale structure, excellent correlation to the original scale and its corresponding parts 

was seen. Factor analysis for Part III revealed seven pertinent domains (midline function, rest 

tremor, rigidity, bradykinesia right upper limb/left upper limb, postural and kinetic tremors and 

lower limb bradykinesia), which explained 77% of variance. Ceiling and floor effects also 

seemed to have been overcome with low percentage of lowest (0.1%) and highest (0.2%) 
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scores.77 Backed by its strong clinimetric performance, the MDS-UPDRS is now seen as the 

new “gold standard” scale for Parkinson’s disease.  

 

1.2.5.1.3	Performance-based	Functional	Testing		

Various task-based tests have been used to evaluate balance, posture, gait and upper limb 

function in PD. Although these tests were generally not developed specifically for PD and are 

used for other conditions, they allow more “real-life” assessment of function and more precise 

quantification of motor impairment.  

 

For balance and posture, the most commonly used test is the Timed Up and Go Test (TUG)79. 

This test measures the time taken for the patient to stand up from a chair, walk 10 feet return 

then resuming a seated position.80 Using chairs with armrests and a seated height of 44-47cm 

was found to give the best reliability.79 The TUG had been shown to demonstrate a high degree 

of reliability while measurements reflected motor changes due to levodopa use.81 However, a 

recent meta-analysis found a TUG cutoff score of >13.5 seconds, generally accepted to indicate 

increased falls risk, was specific (74%) but not sensitive (31%) in predicting falls in community 

dwelling elderly.82 The Balance Evaluation Systems Test (BESTest) is a more recent clinical 

tool designed to give a comprehensive assessment of balance and allows the clinician to 

determine the type of balance problems in order to target therapy. It consists of six different 

systems: Biochemical constraints; Stability limits/verticality; Anticipatory postural adjustments; 

Postural responses; Sensory orientation and Stability in gait. The BESTest showed good 

reliability and moderate correlation to the Activities-specific Balance Confidence Scale.83 A 

cutoff of 82 points predicted falls with a sensitivity of 74% and specificity of 67%.84  

 

Timed walk tests over various distance (Timed 10-meter and Timed 20-meter Walk Tests) and 

time (Two-minute and Six-minute Walk Tests) have been used to assess walking in PD.85 These 

tests of gait velocity had been shown to be valid measures of independent mobility outside of 

the home and are commonly used by therapists as a measurement of function. In addition to 

fatigue, anxiety and fear of falling; other physical factors such as ambience, terrain, 

crowdedness and clutteredness of environment will also impact walking in patients with PD. 

Taking these factors into considerations will considerably improve prediction of independent 

mobility in the community.86  

  

Hand/arm area in the motor cortex receives strong projections from the basal ganglia 87, as 

reflected by the heavy weighting upper limb function receives on rating scales such as the 

UPDRS Motor Examination. Therefore, much effort has been devoted to measure arm and hand 
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function. Some of the best known timed performance tests include the Purdue Pegboard Test, 

the Nine-Hole Peg Test, Jebsen and Taylor Test, Pig Tail Test, Frenchay Arm Test, Action 

Research Arm Test, Finger Tapping Test and Wolf Motor Function Test.85 These tests all intend 

to assess manual dexterity of hands. In the setting of PD, the more complex tests could be 

limited by the need to process multipart instructions, sustain concentration and the inherent 

requirement of complex visuospatial input for coordinated movements.   

 

Figure	1.4	-	Examples	of	performance-based	functional	tests	

(A) Nine–Hole Peg Test; (B) Action Research Arm Test; (C) Jebsen and Taylor Test and (D) 

Purdue Pegboard Test 
 

 

	

1.2.5.1.4	Technology-based	Quantitative	Measurement	Techniques	

Technology-based objective measurement techniques of motor impairment in PD is an 

emerging field, born from an explosion of different technologies in the last decade including 

sensors, advanced analytics, cloud computing and mobile devices. These new technologies 

challenge the way we approach a complex disease like PD by providing alternative means of 

measurement, facilitating precise quantification of motor signs and enabling monitoring of 

domains that was previously not possible. The aim of ambulatory assessment is to measure 

motor impairment outside of the clinic environment and in the community and patients’ homes, 
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thereby allowing personalization and enhancement of treatment delivery. However, the precise 

role of these new instruments and the best way to deploy these new technologies remain to be 

defined.  

 

Current technology-based motor measurement techniques largely utilize electromyography 

(EMG) signals, electroencephalogram (EEG) signals, three-dimensional (3D) motion analysis 

and motion signals from wearable sensors. EMG signals, which measure muscle activation 

through surface electrodes, had been used to assess freezing of gait88 and tremor89. However, 

this technique is limited by high noise to signal ratio due to hardware, physiological, 

environmental and motion artifacts. EEG had also been used for assessing freezing of gait90 but 

this technique also has similar limitations and is further compounded by long preparation time 

and need for multiple electrodes. While sophisticated 3D motion assessment of gait allows 

precise assessment of gait disorders, expensive specialized equipment is required. A more 

portable gait analysis system consisting of accelerometers and gyroscopes attachable to shoes 

had been shown to successfully record and categorize leg function and to differentiate patients 

with PD from controls.91  

 

Advancement of technology has allowed ambulatory objective motor assessment to move from 

specialized movement laboratories92 to the clinic and community. In particular, the emergence 

of wearable devices and the dropping costs of consumer wearable technologies such as mobile 

phones, tablets and smart watches have fast-tracked development. These new systems open up 

opportunities to facilitate remote continuous real-time monitoring and customization of 

treatment according to individual needs; develop closed-loop systems for device-assisted 

therapies (such as deep brain stimulation) and improve measurement sensitivity of subtle 

impairment to better phenotype disease.93 Appropriate use of wearable devices can potentially 

reduce need for clinic visits and improve outcome of telemedicine.  

 

Various wearable sensor-based devices have been developed to measure tremor, bradykinesia, 

gait, dyskinesia and motor fluctuations.94 These platforms utilize wearable 

accelerometers/gyroscopes applied to different body parts, watch-like accelerometers and built-

in accelerometers of smartphones. A number of general limitations exist for wearable devices. 

While biomechanical sensors are suited to detect tremor, bradykinesia, gait impairment and 

motor complications, they are often restricted to the anatomical area applied. Hence, broader 

motor disability and function could only be extrapolated from the collected data. Due to the 

variable nature of PD, a preferred multi-domain approach is required to fully capture changes 

across different motor and non-motor endpoints. Capturing longitudinal change requires 

periodic if not continuous recording, which generates enormous amount of data on an 
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individual. However, our ability to extract clinically relevant information by algorithmic 

analysis is lagging and remains limited. Furthermore, the current battery technology makes long 

term continuous monitoring from gyroscopes impossible due to their high-energy requirement. 

The lack of compatibility among devices made by different developers does not allow combined 

use of different modalities to facilitate a multi-domain approach. The majority of wearable 

devices focus on motor impairment and ambulatory measurement of non-motor symptoms 

remains an unmet need.93 Finally, compliance is generally unfavorable with high dropout rates. 

Currently only 50% of patients continue to use wearable devices after a year and 26% of 

applications are only used once.95 While a large proportion of patients are interested in wearable 

devices, systems are only deemed acceptable if they are small, discrete and unobtrusive like 

watches, although invasive placement was surprisingly acceptable to patients.96  

 

Figure	1.5	-	Examples	of	commercially	available	ambulatory	motor	measurement	devices	

(A) SOMNOwatch, SOMNOmedics GmbH; (B) PKG, Global Kinetics Corporation; (C) eGAIT, 

Astrum IT GmbH 

 
 
 
 

1.2.5.2	Measurement	of	Cognitive	Symptoms		

Cognitive impairment in PD is common and heterogeneous in terms of severity and progression. 

Mild cognitive impairment (PD-MCI) is distinguished from PD-D by a lack of “significant” 

interference to daily function. PD-MCI can be further divided into single versus multiple 

domains being affected. It is a risk factor of PD-D and affects about 90% of patients with 

disease duration of 20 years or longer.97 The typical cognitive profile in PD is characterized by 

visuospatial impairment and executive dysfunction with poor attention and slowed processing 

speed.98 The goals of measurement of cognitive symptoms should be to clarify the domains 

affected, enable longitudinal assessment of decline and identify whether day-to-day functions 

are affected.99  
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Formal neuropsychological assessment detailing the pattern of cognitive dysfunction via in-

depth testing with multiple assessments is the “gold standard” of quantifying cognitive 

impairment relative to normal level of function. The MDS Task Force recommended a number 

of neuropsychological tests for the diagnosis of PD-MCI and PD-D.100, 101 The recommended 

tests for both PD-MCI and PD-D are similar and target the same domains.  

 
Table	1.6	-	MDS	Task	Force	recommended	neuropsychological	tests	for	different	cognitive	domains	for	

PD-MCI. (adapted from Litvan et al. 2012)100 

 
 

In daily clinical practice, the physician or therapist may prefer shorter global cognitive tools. 

The global cognitive assessments recommended by the MDS Task Force for the purpose of PD-

MCI assessment include the Montreal Cognitive Assessment (MOCA), PD Cognitive Rating 

Scale (PD-CRS), Scales for Outcomes of Parkinson’s Disease-Cognition (SCOPA-Cog) and 

Mattis Dementia Rating Scale (MDRS).100 However the Mini-Mental State Examination is 

preferred as the recommended initial screening test for PD-D.101 One major limitation of many 

global cognitive scales is that they were initially developed in other disease states and not 

specifically for PD. Some PD specific scales are available including PDD-Short Screen, 

Parkinson Neuropsychometric Dementia Assessment (PANDA) and SCOPA-Cog. The main 
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advantage of these scales is that they focus more on domains typically affected in PD (i.e. 

executive function, working memory, fluency and visuospatial abilities) with less emphasis on 

memory impairment. However, many have not been subjected to extensive rigorous clinimetric 

examination in large populations of patients.99  

 

Advancement in telecommunication and information technology in the last decade has led to 

flourishing of various computerized assessments, taking advantage of the widespread use of the 

Internet and increasingly sophisticated mobile devices. These computerized assessments have a 

number of advantages over traditional pen and paper neuropsychological testing including 

reduced costs, automated reporting in some cases, easy access due to high pervasiveness of 

mobile devices, uniform and ease of test administration and the lack of requirement of a trained 

assessor.102 These properties are particularly desirable in developing countries where medical 

resources are scarce but access to the Internet and mobile devices is prevalent.103 An example of 

a commercially available computerized test used in PD is the Cambridge Neuropsychological 

Test Automated Battery (CANTAB). It consists of three batteries of tests measuring visual 

memory, attention and planning and had been shown to sensitively detect cognitive decline in 

PD, with some tests showing differential deficits that enabled discrimination of PD from 

Alzheimer’s disease.104 Despite the attractive features of computerized tests, there are unique 

concerns that need to be addressed. Theses include provision of adequate data privacy; 

safeguarding appropriateness of marketing and performance claims; managing risk of misuse; 

overcoming technical software and hardware issues; and ensuring rigorousness of psychometric 

testing and peer review.99  

 

Neuropsychological testing has a number of utilities in the management of PD. Firstly, the 

pattern of neuropsychological performance may help differentiate PD from other 

neurodegenerative diseases, particularly Alzheimer’s disease. Distinguishing PD from atypical 

parkinsonian disorders (Progressive supranuclear palsy (PSP), MSA and Corticobasal syndrome 

(CBS)) is less straightforward due to the extensive overlap of neuropsychological profile of 

these conditions.105 Secondly, documentation of cognitive change is useful in predicting 

progression risk to PD-D, whereby the annual incidence of conversion from PD-MCI to PD-D 

is between 9% and 15%.106 In the setting of deep brain stimulation surgery, baseline 

neuropsychological assessment gives an indication of potential risk of deterioration post-

operatively. Thirdly, neuropsychological testing is helpful in identifying cognitive deficits that 

may indicate functional impairment. In this context, executive dysfunction in particular, had 

been shown to directly impact independent community living107, decision-making108, ability to 

consent to treatment109 and safety of driving110. However, qualifying of function as 

“significantly” impaired to make a diagnosis of PD-D is more difficult as most instruments 
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assessing activities of daily living are not PD-specific, thus not accounting for motor 

impairment of PD.99  

 

Neuropsychological assessment must not be interpreted in isolation. Test performance can be 

affected by the patient’s motor state, motor and non-motor fluctuations, medication effect, 

concurrent delirium and the presence of psychiatric comorbidities especially depression, anxiety 

and apathy. Depression, anxiety and apathy are common in PD and have been be associated 

with reduced attention, learning, memory and processing speed.111-113  

 

Cognition in PD can be measured in many different ways. In addition to the availability of time 

and expertise, deciding on the most suitable method and format of measurement is largely 

dependent on whether the aim of assessment is for diagnosis, screening, monitoring of 

progression or research.  
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Chapter	2	

Measuring	Motor	Function	in	Parkinson’s	

Disease	Using	a	Smartphone	Application	
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2.1	Summary	

Technology-based motor measurement in PD allows more precise and objective quantification 

of motor signs. The ability to do this remotely gives the clinician insight into the patient’s motor 

function outside of the clinic setting without the need of a trained assessor. Remote monitoring 

of motor function in PD is not a new concept and predates the explosion of telecommunication 

and information technology.114 The last decade had witnessed phenomenal growth of Internet 

coverage and mobile phone usage as well as increasingly sophisticated mobile technology 

hardware. Smartphones and tablets have advance built-in sensors that are highly suitable for the 

purpose of motor measurement, allowing quantitative motor assessment to be moved from the 

laboratory to the community without resorting to expensive specialized hardware and 

equipment. These factors make mobile technology the ideal platform for current and future 

development of ambulatory motor measurement in PD.  

 

In this study, a custom-designed smartphone application consisting of four short tests was 

measured against traditional assessments including the MDS-UPDRS motor examination and 

the two-target tapping test.115 It is equipped with self-explanatory instructions, has a simple 

design focusing on hand dexterity and only takes about five minutes to complete. Despite its 

simplicity, this smartphone application could provide an estimate of the patient’s overall motor 

function and compared well to conventional methods of measurement. This study is a proof of 

concept that smartphone technology is a feasible method of motor assessment in PD.  
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Abstract.
Background: Measurement of motor function is critical to the assessment and management of Parkinson’s disease.
Ambulatory motor assessment has the potential to provide a glimpse of the patient’s clinical state beyond the consulta-
tion. We custom-designed a smartphone application that quantitatively measures hand dexterity and hypothesized that this
can give an indication of a patient’s overall motor function.
Objective: The aims of this study were to (i) validate this smartphone application against MDS-UPDRS motor assess-
ment (MDS-UPDRS-III) and the two-target tapping test; (ii) generate a prediction model for MDS-UPDRS-III; (iii) assess
repeatability of our smartphone application and (iv) examine compliance and user-satisfaction of this application.
Methods: 103 patients with Parkinson’s disease were recruited from two movement disorders clinics. After initial assessment,
a group of patients underwent repeat assessment within two weeks. Patients were invited to use the smartphone application
at home over three days, followed by a survey to assess their experience.
Results: Significant correlation between key smartphone application test parameters and MDS-UPDRS-III (r = 0.281–0.608,
p < 0.0001) was demonstrated. A prediction model based on these parameters accounted for 52.3% of variation in MDS-
UPDRS-III (R2 = 0.523, F(4,93) = 25.48, p < 0.0001). Forty-eight patients underwent repeat assessment under identical
clinical conditions. Repeatability of key smartphone application tests parameters and predicted MDS-UPDRS-III was mod-
erate to strong (intraclass correlation coefficient 0.584–0.763, p < 0.0001). The follow-up survey identified that our patients
were very comfortable with the smartphone application and mobile technology.
Conclusions: Our smartphone application demonstrated satisfactory repeatability and validity when measured against
MDS-UPDRS-III. Its performance is acceptable considering our smartphone application measures hand dexterity only.

Keywords: Parkinson’s disease, bradykinesia, measurement, motor, validation

INTRODUCTION

Measurement of motor function is integral to the
clinical assessment of Parkinson’s disease. It heavily
influences management and is an important end-point
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in clinical trials. Developed in 1987, the Unified
Parkinson’s Disease Rating Scale (UPDRS) is a stan-
dard instrument used for measuring a patient’s daily
and motor functions [1]. This was revised in 2007
to the Movement Disorders Society-sponsored revi-
sion of the UPDRS (MDS-UPDRS) [2]. While the
UPDRS motor examination (UPDRS-III) demon-
strated strong inter- and intra-rater reliability [1, 3,
4], it is limited by the need of a trained assessor [5].
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Limited medical resources and unprecedented
growth in the number of patients with Parkinson’s
disease especially in developing countries [6], is
paving the way for innovative methods to assess
and monitor patients. This resulted in the develop-
ment of telemedicine and novel remote monitoring
devices [7]. Even as far back as the early 1990 s,
remote assessment of motor function had already
been proven as a valid approach [8]. A tool that is
easy-to-use, quick to perform, economical and accu-
rately measures motor function without the need of a
trained assessor is valuable in both clinical practice
and research. Attempts at developing such devices
saw the creation of continuous electromyography [9],
various computer- and mobile device-based motor
assessments [10–12] and wearable automated devices
[7, 13, 14]. In the past decade, increased coverage of
broadband Internet and boom in mobile technology,
both in sophistication and number, provide the ideal
platforms to evolve the field of ambulatory motor
measurement. By 2017, there will be more than three
billion smartphones and mobile devices, covering
nearly half the world’s population [7]. In developing
countries where mobile phone ownership rate is high
and conventional health care infrastructure is poorly
developed, mobile devices will become increasingly
important in health care [7].

We have designed a user-friendly smartphone
application that quantitatively measures hand dexter-
ity. We postulate that measurement of hand dexterity
alone can give an indication of a patient’s overall
motor function. The aims of this study were:

a) To demonstrate construct and criterion validity
of the smartphone application against MDS-
UPDRS-III and the two-target tapping test
[15–17];

b) To generate and assess the performance of a
prediction model of MDS-UPDRS-III based on
key smartphone application test parameters;

c) To assess the repeatability of smartphone appli-
cation tests and

d) To examine the practicality, compliance and
user satisfaction of our smartphone application
and mobile technology in clinical practice.

MATERIALS AND METHODS

Overview

This study was approved by the Alfred and Royal
Melbourne Hospitals’ Human Research and Ethics

Committees. All eligible patients provided informed
consent.

Smartphone application

The smartphone application was custom-designed
for quantitative measurement of hand dexterity and
attempts to strike a balance between user-friendliness
and clinical usefulness. It consists of four tests
(Fig. 1A-D):

A. Timed Tapping Test (TTT): This is based on
the two-target tapping test [15–17]. The sub-
ject alternately touches the center of two targets
as many times as possible within ten seconds.
A cumulative score is calculated based on the
accuracy of each tap with reference to the center
of the target.

B. Rapid Alternating Movements (RAM): This is
based on item 3.6 (pronation-supination move-
ments of hands) of MDS-UPDRS-III [2]. The
subject holds and rotates the smartphone as
many times as possible within ten seconds and
the number of rotations per second (Hertz) is
calculated.

C. Tremor Tracker: The subject traces a finger as
fast and as accurately as possible between two
parallel lines. This is repeated five times, with
the distance between the two lines successively
reduced. The accuracy and time taken are mea-
sured. Tremor Tracker endeavors to capture the
presence of kinetic tremor as rest tremor is dif-
ficult to measure with the hardware used.

D. Cognitive Interference Test (CIT): This is based
on the Stroop test [18], useful in assessing
cognition in Parkinsonian disorders [19] and
suitable for the context of a smartphone appli-
cation. The subject is presented with a five by
four grid of randomly assigned words (“red”,
“blue” and “green” in equal proportions). Grids
are presented in grey then color (random pro-
portional mix of red, blue and green) in three
separate sets. The subject is asked to select the
word “red” in set 1, “blue” in set 2 and “green”
in set 3. The accuracy and time taken are mea-
sured. (Validation of CIT will be covered in
another article.)

Each hand is tested separately in all tests except
for CIT, for which the subjects use their preferred
hand. Auditory cue is incorporated in TTT and RAM
to indicate start and end of testing.



W. Lee et al. / Smartphone Application Measuring Motor Function 373

Fig. 1. (A) Timed Tapping Test; (B) Rapid Alternating Movements; (C) Tremor Tracker and (D) Cognitive Interference Test.

Subjects and data collection

Consecutive patients from two movement disor-
ders clinics were screened. All subjects fulfilled the
United Kingdom Parkinson’s Disease Society Brain
Bank diagnostic criteria [20]. Patients who were not
on pharmacotherapy were excluded. Patients with
severe Parkinson’s disease (Hoehn and Yahr stages 4
and 5) and physical or cognitive impairment deemed
by the clinician to affect their ability to use a smart-
phone were also excluded.

Procedure

Baseline characteristics were documented. Lev-
odopa equivalent daily dose was calculated [21].
Assessments included MDS-UPDRS-III, the two-
target tapping test [15–17], Montreal Cognitive
Assessment (MOCA) [22] and Victoria Stroop Test
(VST) [23]. All clinical assessments were admin-
istered (by Author WL) in the “on” motor state as
judged by the patients. A standard demonstration of
the smartphone application was presented to all par-
ticipants, who were instructed to complete each test as
quickly as they could. To avoid learning effect, sub-
jects were allowed to practice, completing all tests
twice. Data was collected on the third occasion. A

subgroup of patients underwent repeat assessment
one to two weeks after their initial visit. Time from
last levodopa dose at repeat assessment was mirrored
as close as practical to that of the initial assessment.
To assess compliance and user satisfaction, patients
were also invited to use the smartphone application
at home over three days, taking measurements three
times daily in both “on” and “off” motor states. At the
end of the test period, a survey about their experience
was completed.

Statistical analysis

All statistical analysis was performed using IBM
SPSS version 22 (IBM Corporation, Armonk, New
York, 2013).

Background characteristics of patients were anal-
ysed by descriptive statistics. To assess criterion
and construct validity of our smartphone application,
Pearson’s or Spearman’s correlation between test
parameters, MDS-UPDRS-III and other assessments
were calculated as appropriate. In addition, patients
were categorized according to MDS-UPDRS-III
severity (each category representing an increment of
5 points in MDS-UPDRS-III total score) and their
results of key smartphone application test parameters
were compared by Pearson Chi Square.



374 W. Lee et al. / Smartphone Application Measuring Motor Function

Repeatability of the smartphone application was
assessed by Bland-Altman plot (≤5% of differences
lying outside the repeatability coefficient is con-
sidered acceptable [24]) and intraclass correlation
coefficient (ICC).

To enhance the practicality of the smartphone
application, reliable change [25] of key test parame-
ters was calculated. The reliable change criterion was
set at 80%. This cutoff was calibrated on the basis of
published moderate clinically important difference of
UPDRS-III (5 points) [26]. (The clinically important
difference for MDS-UPDRS-III is not available in the
literature.) Moderate rather than minimal clinically
important difference was chosen in order to reduce
the likelihood of overestimating the significance of a
change in smartphone application test result. Based
on this cutoff, the likelihood of measurement unreli-
ability alone accounting for a change in result in the
same subject is less than 20%. For practical purposes,
a change in result greater than the calculated reliable
change will be considered clinically significant.

The prediction model for MDS-UPDRS-III total
score was generated through a two-step process.
Firstly for each of the four smartphone application
tests, the ten parameters bearing the strongest cor-
relation to MDS-UPDRS-III total score were put
through multiple linear regression. The least signif-
icant parameters were eliminated sequentially until
only statistically significant parameters remained.
Secondly, IBM SPSS implementation of bootstrap
multiple regression, known as automatic linear mod-
eling (ALM), was performed on all test parameters
[27]. One thousand regressions based on the Akaike
Information Criterion, corrected for smaller sample
(AICc), were performed. The AICc is a measure of
both model performance (e.g., amount of variation
in outcome variable accounted for by the model) and
model complexity (e.g. number of variables included
in the model). Automated regression methods may
capitalise heavily on chance relationships in the data,
therefore the resulting models may not generalise
beyond the dataset employed to create them [28].
To increase generality, bootstrapped regression is a
highly iterative procedure, in which random ‘boot-
strap’ samples of the same size as the original are
drawn, with replacement, from the original data.
Thus, the first bootstrap sample might consist of four
copies of the first observation, one copy of the sec-
ond observation, no copies of the third observation
and so on [28]. Bootstrap regression studies gener-
ally recommend choosing those variables that have
been selected (e.g. on the basis of the AICc described

above) in at least 50% of the bootstrap regressions
[29, 30]. This criterion was found to be too liberal in
the present study however, as most of the variables
would then be selected. It was therefore decided to
take the top 12 variables in terms of the number of
times they were selected across the 1000 iterations.
From the pool of variables identified through multi-
ple linear regression and automatic linear modeling,
one item from each test that was felt to best reflect
the patient’s motor state was included in the final
prediction model.

Information on compliance and user satisfaction of
the smartphone application generated from the final
survey was analysed by descriptive statistics.

RESULTS

One hundred and three patients were recruited
over an eighteen-month period. All patients were tak-
ing levodopa and demonstrated motor fluctuation.
Baseline characteristics as well as performance on
key smartphone application test parameters are sum-
marised in Table 1.

Validation of smartphone application

Over 150 test parameters are generated each time
the smartphone application is completed. All test
parameters were correlated against MDS-UPDRS-III
total and sub scores and the two-target tapping test.
Overall, the smartphone application demonstrated
convergent quality to MDS-UPDRS-III and the two-
target tapping test. Moderate (r = 0.3–0.49) to strong
(r = 0.5–1.0) [31] correlation was seen between key
smartphone application test parameters and the two-
target tapping test (r = 0.339–0.729, p < 0.007). The
magnitude of correlation was comparable and in
some cases, superior to the correlation seen between
MDS-UPDRS-III total score and the two-target tap-
ping test (r = 0.523, p < 0.0001). Correlation of key
smartphone application test parameters and MDS-
UPDRS-III total score were small (r = 0.1–0.29) [31]
to moderate (r = 0.281–0.608, p < 0.0001) (Fig. 2).
The smartphone application test parameters that bear
the strongest correlation to MDS-UPDRS-III and the
two-target tapping test are presented in Table 2. When
patients were separated according to MDS-UPDRS-
III severity, the results for Tremor tracker–Time, left
hand, Part 4 was significantly different across severity
categories (p < 0.0001), while TTT–Mean total score
approached statistical significance (p = 0.057).
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Table 1
Demographics, clinical characteristics and key assessment results of patients

Demographics, clinical and test parameters Subjects (n = 103)
(mean, range)

Age (years) 66.5 (38–91)
Education (years) 13 (7–18)
Male (%, n) 50% (52)
Right handed (%, n) 92% (95)
Dominant side worse (%, n) 34% (35)
Years of disease 8.75 (0.5–24)
Hoehn and Yahr Stage 2 (1–3)
Levodopa equivalent daily dose (mg) 934 (150–3046)
Time from last dose of levodopa (min) 112 (24–330)
Total MDS-UPDRS-III 22 (1–69)
Two target tapping test - mean total number of taps 187 (114–380)
Timed tapping test:

Mean total score 91.1 (52–126.5)
Mean total number of taps 35 (26–50)

Rapid alternating movements:
Mean frequency of rotation (Hz) 6.03 (2.73–9.53)

Tremor tracker:
Time – Left hand, Part 4 (sec) 0.89 (0.13–1.53)

Cognitive interference test:
Time, Set 1, color (sec) 10.4 (4.8–23.9)
Mean time, all grey grids (sec) 8.6 (4.9–18.7)
Mean time, all color grids (sec) 10.3 (5–21.9)
Mean correct selection per time, all grey grids 0.83 (0.32–1.43)
Mean correct selection per time, all color grids 0.72 (0.26–1.28)

Repeatability of smartphone application

To test repeatability of the smartphone applica-
tion, 48 patients underwent repeat assessment under
identical clinical conditions (mean time from last lev-
odopa dose–112 minutes on both occasions). The
mean time to repeat assessment was eight days (range
4–22 days). On Bland-Altman plot (Fig. 3) and ICC
(Table 3), TTT–Mean total score demonstrated com-
parably strong repeatability as the two-target tapping
test and MDS-UPDRS-III, with 98% of differences
lying within the repeatability coefficient and ICC of
0.763 (p < 0.0001). Tremor tracker–Time, left hand,
part 4; RAM–Mean frequency of rotation; CIT–Time,
set 1, color and predicted MDS-UPDRS-III demon-
strated moderate repeatability, with 92–96% of
differences lying within the repeatability coeffi-
cient and ICC of 0.584–0.710 (p < 0.0001). Reliable
changes in smartphone application key test parame-
ters are presented in Table 4.

Prediction model for MDS-UPDRS-III total score

Items generated from automated linear modeling
and multiple linear regressions were pooled (Sup-
plementary 1a and 1b). From TTT and RAM items,
Mean total score and frequency of rotation were log-
ically selected over other more specific parameters.

From tremor tracker items, Time, Left hand, Part 4
was selected. The other Tremor Tracker items mea-
sure relationship of the subject’s finger movement to
the two parallel lines on screen, e.g. distance from
margin and number of times margin crossed. Time,
Left hand, Part 4 was selected in preference as time
was felt to be a better reflection of hand dexterity.
From CIT, Time, Set 1, Color was selected. Of all
the CIT items identified, most were related to Color
sets. Again, time to task completion was felt to be a
better indicator of hand dexterity, hence Time, Set
1, Color was selected over items examining other
aspects e.g. variance of time and time between selec-
tion. In addition, both Tremor Tracker-Time, Left
hand, Part 4 and CIT-Time, Set 1, Color consistently
appeared in a number of other test models gener-
ated for MDS-UPDRS-III bradykinesia and tremor
sub-scores (not included in this article). A predic-
tion model including these four items accounted for
52.3% of variation in MDS-UPDRS-III total score
(R2 = 0.523, F(4,93) = 25.48, p < 0.0001).

Qualitative assessment of smartphone
application

(Table 5) To assess compliance and user satis-
faction of the smartphone application, 95 patients
participated in home testing. Ninety-one patients
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Fig. 2. Correlation of key smartphone application test parameters against MDS-UPDRS-III Total Score.

(96%) returned with complete data and undertook
the follow-up survey. Four patients dropped out due
to difficulties using the smartphone. Amongst the
patients who completed home testing, mobile device
and computer ownership rate was 54% (n = 49) and
89% (n = 81) respectively. Of the patients with Inter-
net access (92%, n = 84), 71% (n = 60) used the
Internet daily. Common purposes of Internet usage
were emails (82%), news and information (52%),
online shopping (43%) and finance management
(37%). Close to 40% access social media and 57%
have experience making video calls. The majority
of patients (83%) reported being at least fairly com-
fortable with mobile technology. Comfort level with
mobile devices increased in 36%, including 11/13
patients who reported feeling uncomfortable with the
technology at study initiation. However, 40% (n = 36)

of patients did experience difficulties with the smart-
phone application, with the most commonly cited
reasons being poor hand dexterity (50%, 18/36), fear
of new technology (33%, 12/36) and reduced clar-
ity of thoughts (31%, 11/36). Cost was perceived as
a potential limitation for future mobile device usage
in 8%. Over 90% found the smartphone application
useful and almost all participants (97%) were inter-
ested in taking part in similar future developments. Of
those who did not own mobile devices, 38% reported
that they would consider purchasing one after their
study experience.

DISCUSSION

MDS-UPDRS-III is the “gold standard” measure-
ment of motor function that is broadly adopted in
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Fig. 3. Bland-Altman plots of key smartphone application test parameters.

Table 3
Blandt-Altman plot and intraclass correlation coefficient of MDS-UPDRS-III Total score, Two target tapping test, key smartphone application

test parameters and predicted MDS-UPDRS-III Total score

Tests Mean difference Bland-Altman Plot Intraclass correlation
between T1 and T2 (% Outside repeatability coefficient

(95% Confidence Interval) coefficient) (95% Confidence Interval, p)

MDS-UPDRS-III Total score 0 (–1, 1) 2% 0.881 (0.797–0.931, <0.001)
Two-target tapping test:

Mean number of taps –3 (–11, 5) 2% 0.814 (0.692–0.891, <0.001)
Time tapping test:

Mean total score –3 (–7, 0) 2% 0.763 (0.615–0.860, <0.001)
Rapid alternating movements:

Mean frequency of rotation –0.4 Hz (–0.77, –0.05) 8% 0.584 (0.363–0.743, <0.001)
Tremor tracker:

Time – Left hand, Part 4 0.03 sec (–0.02, 0.09) 4% 0.685 (0.501–0.810, <0.001)
Cognitive interference test:

Time, Set 1, color –0.06 sec (–0.88, 0.75) 6% 0.674 (0.481–0.805, <0.001)
Predicted MDS-UPDRS-III Total score 1 (0, 3) 6% 0.710 (0.532–0.828,<0.001)

both clinical and research settings worldwide. We
demonstrated that through four simple smartphone-
based tests measuring hand dexterity, a patient’s
motor function could be gauged. Repeatability and

validity of key smartphone application test param-
eters against MDS-UPDRS-III total score and the
two-target tapping test were satisfactory. A predic-
tion model generated from these test parameters
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Table 4
Reliable change in smartphone application key test parameters

Tests Reliable change

MDS-UPDRS-III Total score 5
Time tapping test:

Mean total score 13
Rapid alternating movements:

Mean frequency of rotation (Hz) 1.5
Tremor tracker:

Time – Left hand, Part 4 (sec) 0.36
Cognitive interference test:

Time, Set 1, color (sec) 3.26

performed well and accounted for over 50% of
variation in MDS-UPDRS-III total score. Good con-
sistency of measurement was demonstrated across
time. In addition, reliable change for key test parame-
ters was calculated, thereby enabling our smartphone
application to be used for monitoring purposes. Our
patients were very familiar and comfortable with
mobile technology and routinely use the Internet,
reinforcing the feasibility of incorporating such tech-
nologies into clinical care and research.

In this study, we validated our smartphone applica-
tion against MDS-UPDRS-III. Although it may seem
logical to assess the performance of our smartphone

application against other ambulatory devices, which
may be more relevant “gold standards” for our tests,
this will not necessarily be as appropriate given their
limited usage in clinical practice. Our aim was to
gauge a patient’s motor state through the smartphone
application. Therefore in order to establish its unique-
ness as a simple tool that can be widely adopted,
assessing the performance of our smartphone appli-
cation against MDS-UPDRS-III, a commonly used
clinical tool, is more relevant. In addition, in light of
the novelty of our smartphone application, there is a
lack of well accepted “criterion measurement” that
it can be validated against. Of the key test parame-
ters, TTT-Mean total score performed best overall,
demonstrating the strongest correlation with MDS-
UPDRS-III and approached statistical significance
when compared across severity categories of MDS-
UPDRS-III. Furthermore, it has the best repeatability
out of the four tests. An interesting observation
was how CIT correlated with MDS-UPDRS-III total
and bradykinesia scores despite being designed pre-
dominantly as a cognitive test. The design of CIT
is heavily dependent on hand dexterity. We specu-
late that this is the main reason for its correlation
with motor function. Furthermore, this observation

Table 5
Qualitative assessment of patient’s comfort level and perception of smartphone application and mobile technology in medical care

Computer ownership (n/%) 81/91 (89%)

Mobile device ownership (n/%) 49/91 (54%)
Internet usage:

None (n/%) 7/91 (8%)
1-2 times per week (n/%) 24/91 (26%)
Daily (n/%) 60/91 (66%)

Purpose of internet usage:
Email (n/%) 75/84 (82%)
Video calls (n/%) 52/84 (57%)
Purchasing (n/%) 39/84 (43%)
Social network (n/%) 32/84 (35%)
News (n/%) 47/84 (52%)
Finances and Bills (n/%) 34/84 (37%)

Comfort level with mobile technology during course of study: At Enrollment At Conclusion

Very uncomfortable (n/%) 5/91 (6%) 1/91 (1%)
Fairly uncomfortable (n/%) 8/91 (9%) 1/91 (1%)
Neutral (n/%) 3/91 (3%) 7/91 (8%)
Fairly comfortable (n/%) 37/91 (41%) 22/91 (24%)
Very comfortable (n/%) 38/91 (42%) 60/91 (66%)

Patients experiencing difficulties with smartphone application (n/%) 36/91 (40%)
Main difficulties encountered:

Poor hand dexterity (n/%) 18/36 (50%)
Poor vision (n/%) 4/36 (11%)
Foggy thinking (n/%) 11/36 (31%)
Fear of new technology (n/%) 12/36 (33%)
Cost (n/%) 7/36 (19%)

Consideration of purchasing a mobile device after participation in study (n/%) 16/42 (38%)
Perception of mobile technology as useful in the clinical care of Parkinson’s disease (n/%) 85/91 (93%)
Interest in similar future programs in Parkinson’s disease care (n/%) 88/91 (97%)
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probably also reflects the natural course Parkinson’s
disease, whereby increasing disease severity is asso-
ciated with more cognitive problems [32]. CIT was
also observed to correlate stronger with motor param-
eters than other cognitive tests. This is also likely due
to the confounding factor of heavy reliance on hand
dexterity, which is not an element in MOCA and VST.

While our smartphone application may lack the
complexity of measurement methodology compared
to other devices, the prediction model generated still
accounted for over 50% of variation in the MDS-
UPDRS-III total score. It must be emphasized that
our smartphone application was not designed to be a
diagnostic tool nor was it intended to provide precise
measurement of a patient’s motor function. Hence
if the intention is to replace MDS-UPDRS-III, then
this prediction model is perhaps not robust enough.
However, this is hardly surprising given that upper
limb bradykinesia and tremor items only account for
about one third of the MDS-UPDRS-III [2]. Alter-
natively, if the intention were to generate a surrogate
marker of motor function, then we would argue that
the moderate strength of R2 supports our hypoth-
esis. Despite the limited representation of upper
limb bradykinesia in the MDS-UPDRS-III, correla-
tion of key smartphone application test parameters
with MDS-UPDRS-III total score was slightly better
than correlation with MDS-UPDRS-III bradykine-
sia sub-scores. Moreover, correlation of key test
parameters with MDS-UPDRS-III upper limb or total
bradykinesia sub-scores did not differ greatly. These
observations, together with the moderate correla-
tion results of our smartphone application and R2

of 0.523 achieved by the prediction model, support
our hypothesis. Hand dexterity measurement does
give an indication of a patient’s overall motor func-
tion beyond its weighting in the MDS-UPDRS-III
or measurement of upper limb bradykinesia alone. A
recent pilot study comparing office versus web-based
MDS-UPDRS-III yielded a mean ICC and correla-
tion coefficient of 0.63 [33], similar to our results.
Considering web-based motor assessment is common
practice nowadays, the comparable performance of
our smartphone application justifies its place in clini-
cal practice. The value of our smartphone application
lies in its ability to frequently and longitudinally cap-
ture data on a patient’s motor state to provide insights
that cannot be acquired in the clinic.

A high level of compliance and user satisfaction
wasfoundwithoursmartphoneapplication.Whileour
study has an inherent selection bias towards patients
with less advanced disease and cognitive impair-

ment, the mean age of our patients is comparable
to other Parkinson’s disease studies. Our patients
demonstratedahigh levelof familiaritywithcomputer
technologies and this is likely translatable to other
patients with similar demographics. The traditional
model of face-to-face consultation will need to change
to cope with increasing demand. Integrating mobile
technology into clinical care and research will only
enhance efficiency, accessibility and overall quality
of care [34]. The feasibility of this approach is sup-
portedbytherelativelyhighproportionofpatientswho
ownmobiledevices(54%),haveexperience inmaking
video calls (60%) and access social media (40%).

Quantitative assessment of Parkinson’s disease
motor symptoms was historically performed under
laboratory conditions, utilising optoelectronic, mag-
netic or ultrasound techniques [35]. The development
of motion sensors enabled ambulatory measurement
of motor symptoms. Previous approaches adopted
complex algorithms to generate continuous and pre-
cise recordings of the patient’s motor states [7,
13, 35]. However, the requirement for specialized
and expensive equipment meant widespread use is
not feasible. Mobile technology provides the ideal
platform to overcome such shortcomings with sophis-
ticated built-in motion sensors that are well suited to
motor measurement in Parkinson’s disease [35]. They
provide ready-made hardware with Internet connec-
tivity and once software is developed, the purchasing
cost to the patient is generally small. In addition, the
worldwide smartphone ownership rate is growing,
with good penetrance even in developing coun-
tries [7]. The only prerequisite for our smartphone
application is smartphone ownership. The overrid-
ing advantages that follow are the minimal training
required for its use and the likely insignificant cost to
the patient. Extensive and detailed information of the
patient’s motor state such as the degree of bradyki-
nesia and dyskinesia, tremor frequency, falls and gait
freezing can now be measured using various devices
[7, 13, 35]. Ambulatory measurement can generate
an enormous amount of data and it is not known
whether this actually improves patient outcome. With
education and simple training, patients can reliably
recognize and report their motor symptoms with
good agreement to the clinician’s assessment [36].
Therefore, restraint must be in place to only selec-
tively collect information that compliments rather
than duplicates what can be achieved through good
history taking and patient education.

There are several limitations to this study. A rela-
tively selected group of patients were recruited. Those
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with severe disease (Stages 4 and 5) were excluded as
it was felt that the associated physical and cognitive
impairment would confound the patients’ ability to
use a smartphone adequately. As such, extensibility
of our results to the wider population of Parkinson’s
disease patients may need additional investigation.
This can be addressed by further validation in a larger,
unselected cohort of patients and against other ambu-
latory measurement devices. Although the design of
our smartphone application tests was intended to be
simple, accuracy of measurement nonetheless still
depends on the patient’s understanding, motivation
and active participation. In addition, our application
assesses hand dexterity and not other aspects of motor
function such as gait. One of the main difficulties
reported by patients was that of hand clumsiness in
the setting of a small screen, particularly with CIT.
This problem will likely be resolved by future gener-
ations of improved hardware.

Ambulatory quantitative measurement of motor
function obviates the need of a trained assessor,
avoids subjectivity of clinical rating scales and facil-
itates out-of-office assessment. Mobile technology
provides the ideal platform to further develop this
field due to its sophistication, user-friendliness and
pervasiveness. Harnessing this technology, our smart-
phone application demonstrates repeatability and
validity that are at least comparable to web-based
assessment of motor function. Bearing in mind that
our smartphone application measures hand dexter-
ity predominantly, its performance is acceptable and
provides a reasonable indication of a patient’s motor
function. It has the potential to evolve into a useful
tool in both clinical and research settings.
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3.1	Summary	

Subjective measurement of motor symptoms has been widely used for setting treatment targets 

and monitoring treatment response in both clinical practice and research. With some training, 

the patient’s reporting of their motor symptoms generally aligns with the clinician’s 

assessment.58 However, this is only applicable to categorical documentation e.g. “On”, “Off” 

and “On with troublesome dyskinesia”. A subjective approach to motor measurement is heavily 

affected by recall bias and patient’s misinterpretation of symptoms, particularly when delving 

into the subtlety of symptom quantification. This series of two studies highlights the benefits 

and challenges of real life application of both objective and subjective methods of motor 

measurement by examining the clinical phenomenon of “sleep benefit”, which refers to the 

observation of improved motor symptoms upon waking despite an entire night without 

medication.  

 

In the first study, the validated smartphone application designed for motor measurement 

outlined in Chapter 2 was used for objective motor measurement. Testing was performed in the 

“On” state, at end of dose and immediately upon waking with sleep benefit defined as 

measurable improvement in parkinsonism on waking compared to end of dose. Sleep benefit 

was successfully demonstrated and quantified using this method, thereby establishing the 

feasibility and usefulness of smartphone-based motor measurement in real-life settings. The use 

of mobile technology in this situation helped to increase flexibility of study design, enhanced 

recruitment numbers and reduced costs compared to if the same study was done using trained 

assessors or in the hospital setting.   

 

In the second study, a questionnaire was developed specifically for the detection and 

measurement of sleep benefit by assessing the patients’ perception of their motor function 

during “On” and “Off” states, and immediately upon waking. A large disparity between 

objective and subjective sleep benefit was observed. This study underlines the difficulty in 

developing questionnaires for subjective measurement of motor symptoms in PD due to 

symptom fluctuation, the complex interplay between motor and non-motor symptoms and 

varied perception and interpretation of symptoms by the patient. While patients may be able to 

generally qualify “On” and “Off” states, trying to quantify the degree of symptoms proves much 

more difficult and objective motor measurement techniques can serve to fill this gap.  

	
	 	



Objective Measurement and
Characterization of Sleep Benefit in
Parkinson’s Disease
Will Lee, MBBS, FRACP,1,2 Andrew H. Evans, MD, FRACP,3 David R. Williams, PhD, FRACP1,2,*

Abstract: Background: Sleep benefit (SB) in Parkinson’s disease refers to improved motor symptoms upon
waking despite an entire night without medications. Although it was first proposed 30 years ago, this
phenomenon proved difficult to investigate, and its true prevalence and underlying mechanisms remain unclear.
Objective: This study aimed to identify and quantify SB through measurement of motor function using a
validated smartphone application and to identify disease characteristics that predicted SB.
Methods: Ninety-two patients recruited from 2 Movement Disorder Services were clinically assessed at home
using a validated smartphone application. Each patient was tested in the on-state, at the end of dose, and on
waking (before medications) 3 times. Differences between the 3 states were used to determine the impact of
sleep and levodopa on motor function. SB was considered to be a “measurable improvement in parkinsonism
from the end of dose.”
Results: The morning waking motor function of 20 patients (22%) improved compared with the end-of-dose
function, with 9 patients demonstrating superior function compared with their on-state. No clinical features
predicted SB. Although all participants subjectively reported motor fluctuations, only 35 patients (38%)
demonstrated an objective improvement with levodopa. Patients who had SB more often demonstrated
objective motor fluctuations compared with those who did not (65% vs. 31%; P = 0.008).
Conclusions: SB is a genuine motor phenomenon: 1 in 5 patients have a measurable improvement in motor
function on waking. It remains questionable whether this improvement is a direct effect of sleep. Until its
underlying mechanism is better understood, it is more appropriate to refer to this phenomenon as simply
morning improvement or diurnal fluctuation of motor symptoms.

Despite an entire night without medications, some patients with

Parkinson’s disease (PD) report waking with improved motor

function, equivalent to or better than the on-medication state.

It has been over 30 years since Marsden first described the phe-

nomenon of “sleep benefit”1 (SB), but its characteristics and

physiology remain poorly understood. SB reportedly occurs in

up to 55% of patients, with improvement lasting up to several

hours and also emerging after daytime naps.2,3 Several

physiological explanations have been hypothesized, with the

concept of replenishment of dopaminergic storage in the nigral

neuronal terminals during sleep being favored.1,2,4,5

Efforts to confirm SB have used self-reporting and structured

questionnaires, but few studies have also included objective

measures to quantify motor improvement.2,4–11 The number of

studies examining SB is small, and the results are variable.2,4–11

No single clinical feature has been consistently identified as a
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predictor of this phenomenon.5,9,10,12 Three small studies

attempted to quantify SB,5,9,10 but the results were conflicting,

and the correlations between subjective reporting and objective

motor measurement of SB were inconsistent. These contradic-

tions bring the very existence of motor improvement due to

sleep into question.

We adopted a pragmatic model of home-based testing using a

validated, custom-designed smartphone application that quantita-

tively measures motor function.13 In a large cohort of patients

with PD, our objective was to: (1) identify and measure SB

through quantitative motor assessment, and (2) determine whether

any clinical characteristics could predict the occurrence of SB.

Patients and Methods
Overview
This study was approved by the Alfred and Royal Melbourne

Hospitals’ Human Research and Ethics Committees. All eligible

patients provided informed consent.

Patients and Data Collection
Consecutive patients who were subjectively experiencing medi-

cation-related fluctuations were screened and recruited from 2

Movement Disorder Services. Patients fulfilled the UK Parkin-

son’s Disease Society Brain Bank diagnostic criteria.14 Patients

who were on monotherapy other than levodopa (L-dopa) (i.e.,

dopamine agonists, amantadine, or monoamine oxidase inhibi-

tors) or were receiving no pharmacotherapy were excluded.

Other exclusion criteria were severe PD (Hoehn and Yahr

Stages 4 and 5), device-assisted therapies (apomorphine infusion,

L-dopa–carbidopa intestinal gel infusion, and deep brain stimula-

tion), moderate cognitive impairment (a score <22 on the

Montreal Cognitive Assessment15), and physical or visual dis-

ability deemed by the clinician to affect the patient’s ability to

use a smartphone.

Smartphone Application
Home-based motor assessment was carried out using a smart-

phone application that comprised 4 short tests: Timed Tapping

Test (TTT), Rapid Alternating Movements (RAM), Tremor

Tracker, and Cognitive Interference Test (CIT). This application

measures hand dexterity and gives a reasonable indication of a

patient’s overall motor function comparable to that provided by

Web-based motor assessments.13,16 It has been validated against

the Movement Disorders Society-sponsored revision of the Uni-

fied Parkinson’s Disease Rating Scale motor examination (MDS-

UPDRS-III)17 (r = 0.281–0.608; P < 0.0001) and the 2-target

tapping test12 (r = 0.339–0.72; P < 0.007). The repeatability of

key test parameters was moderate to strong, with an intraclass

correlation coefficient of 0.584 to 0.763 (P < 0.0001). MDS-

UPDRS-III total score was best predicted by 4 key test parame-

ters (TTT mean total score; RAM mean frequency of rotation;

Tremor Tracker time [left hand, Part 4]; and CIT time [Set 1,

color]; R2 = 0.523; F[4,93] = 25.48; P < 0.0001). Predicted

MDS-UPDRS-III scores calculated from this model correlated

strongly with actual MDS-UPDRS-III scores (r = 0.686;

P < 0.0001). Of the 4 key test parameters, the TTT mean total

score performed best in terms of its correlation to the MDS-

UPDRS-III total score (r = !0.608; P < 0.0001) and repeata-

bility (intraclass correlation coefficient = 0.763; P < 0.001).13

Procedure
Clinical characteristics and demographics of the patients were

documented. The L-dopa equivalent daily dose was calculated

according to published methods.18 Baseline assessments included

on-state MDS-UPDRS-III, the Montreal Cognitive Assessment,

the Pittsburg Sleep Quality Scale (PSQI),19 and the Epworth

Sleepiness Scale.19 Standardized demonstration of the smartphone

application was provided to participants, including supervised

completion of testing 3 times to confirm adequate application

use. Patients completed testing at home in the on-state, end-

of-dose, and immediately upon waking in the morning before

L-dopa. On-state was defined as 1 hour after receiving L-dopa,

and end-of-dose was defined as immediately before receiving

L-dopa (other than the first dose of the day). Testing was repeated

3 times in each state and was completed over a period of 3 to

5 days.

Statistical Analysis
All statistical analyses were performed using IBM SPSS version

22 (IBM Corporation, Armonk, NY). For each patient, the

mean of 3 sets of test results from 4 key smartphone application

test parameters (TTT mean total score; RAM mean frequency

of rotation; Tremor Tracker time [left hand, Part 4]; and CIT

time [Set 1, color]) from each state was calculated and used for

analysis. Reliable changes in each of the 4 key test parameters

were calculated with the reliable change criterion set at 80%.20

This cutoff was calibrated on the basis of the known “moder-

ate” clinically important change on the UPDRS-III (5 points).21

Based on this cutoff, the likelihood that measurement unrelia-

bility alone would account for a change in the result on

repeated measurements in the same patient was less than 20%.

For each test parameter, a change in performance greater than

the reliable change was considered significant.13 Using a multi-

ple regression model based on these 4 parameters, the predicted

MDS-UPDRS-III score was calculated for each patient in the 3

different motor states.

Sleep effect was calculated as the difference in performance

between “waking” state and end-of-dose function. The L-dopa

effect was determined as the difference in performance between

on-state and end-of-dose function. Significant improvement in

motor function was defined as follows:

(1) Reduction in predicted MDS-UPDRS-III score by 5 points

or more; OR

(2) Improvement on key test parameters meeting reliable

change as follows:
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(a) TTT-Mean total score; OR

(b) Tremor Tacker time (left hand, Part 4) AND RAM

mean frequency of rotation or CIT time (Set 1, color);

OR

(c) RAM mean frequency of rotation AND CIT time (Set

1, color).

According to how waking motor function compared with

on-state and end-of-dose function, patients were categorized as

follows:

(1) Group A-overnight motor deterioration;

(2) Group B-waking state function improved compared with

end-of-dose function but was not as good as on-state func-

tion;

(3) Group C-waking state function was as good as on-state

function; or

(4) Group D-waking state function was better than on-state

function.

Using Student t tests, Mann-Whitney tests, and v2 statistics,

demographics and clinical characteristics were analyzed. One-

way analyses of variance and Kruskal-Wallis tests were per-

formed to compare patient groups categorized by conditions of

SB and L-dopa responsiveness.

Results
Ninety-two patients with PD were recruited with mean age of

65 years (range, 38–87 years) and a mean disease duration of

8.7 years (range, 2–24 years). The mean on-state MDS-

UPDRS-III total score was 20 (range, 1–47), and the mean

Hoehn and Yahr stage was 2 (range, stages 1–3). The mean

L-dopa equivalent daily dose (LEDD) was 930 mg daily (range,

150–3046 mg daily), and the mean treatment duration was

6.3 years (range, 0–21 years). No patients took any dopaminer-

gic medications overnight. The mean time between daytime

L-dopa doses was 4.3 hours (range, 3–7 hours), whereas the

mean time from last evening dose to the first morning dose of

L-dopa dose was significantly longer at 11 hours (range,

6–17 hours; P < 0.0001).

Although all participants subjectively reported medication-

related motor fluctuations (MFs), only 35 patients (38%)

demonstrated objective improvement on L-dopa according to

our definitions. This group was considered to have objective

MFs. All 35 patients had improved predicted MDS-UPDRS-III

or TTT mean total scores, and 16 of those 35 patients (48%)

demonstrated improvements on both measures. The mean

reduction in the predicted MDS-UPDRS-III score was 9

(range, 5–23), representing a 38% reduction from the mean

end-of-dose score of 24. The mean improvement in the TTT

mean total score was 18 (range, 13–31), representing a 22%

improvement from the mean end-of-dose score of 82.

Thirty-five patients (38%) had overnight motor deterioration

(Group A). The waking function of 5 patients (5%) improved

from end-of-dose function but was not as good as on-state

function (Group B). Forty-three patients (47%) demonstrated

motor function on waking similar to on-state function (Group

C). Of this group, 11 had objective MFs, and their end-of-dose

function improved to the same degree as with L-dopa. The

other 32 patients did not have objective MFs, and their waking

motor function was no different from their end-of-dose/on-

state function. The waking function of 9 patients (10%) was

superior to their on-state function (Group D). Of these, 2

patients had objective MFs. The other 7 patients without objec-

tive MFs improved from their invariable on-state/end-of-dose

function. Therefore, in total, 57 of 92 patients (62%) had either

improved or stable motor function on waking. Of these, 20 of

92 patients (22%; 11 from Group C and 9 from Group D) had

improved function on waking compared with end-of-dose

function, and their waking motor function was similar or supe-

rior to their on-state function. This group was considered to

have objective SB (Fig. 1). All but 2 of 20 patients (10%)

improved on both predicted mean MDS-UPDRS-III and TTT

total scores. The mean reduction in the predicted MDS-

UPDRS-III score was 7 (range, 5–12), representing a 30%

reduction from the mean end-of-dose score of 23. The mean

improvement in the TTT mean total score was 17 (range, 13–
27), representing a 20% improvement from the mean end-of-

dose score of 86. Patients with SB had objective MFs more

often than those without SB (65% vs. 31%; P = 0.008).

No clinical characteristics differentiated patients with and

without objective SB. Although more patients with objective

SB snored (33% vs. 5%; P = 0.011), this was not reflected on

other measures of sleep quality (PSQI and Epworth sleepiness

scale). The LEDD, the receipt of long-acting dopaminergic

medications, and the mean time from last evening to first morn-

ing L-dopa dose also did not differ between patients with and

without objective SB (Table 1).

Clinical characteristics were further analyzed with patients

categorized into 4 groups based on their status of objective MFs

Figure 1 The proportion of patients with different degrees of
objective sleep benefit and motor fluctuations is illustrated.
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and SB (MF!/SB!, MF!/SB+, MF+/SB+, MF+/SB!). A 1-

way between-groups analysis of variance was performed, and

there was a significant difference in the PSQI total score (F

[3,91] = 2.8; P = 0.045) and the PSQI time to fall asleep (F

[3,91] = 3.8; P = 0.012). Despite reaching statistical signifi-

cance, post-hoc comparisons using the Tukey honest significant

difference test indicated no difference in PSQI total scores

between the groups. Whereas, for PSQI time to fall sleep, the

mean score for MF!/SB! (17 " 12 minutes) was significantly

shorter compared with that for MF+/SB! (30 " 22 minutes;

P = 0.01), but the effect size (0.12) was only medium.22 On

the Kruskal-Wallis test, the presence of sensory symptoms

(P = 0.041) differed significantly across the 4 patient groups.

However, further pairwise comparison of groups using Mann-

Whitney test failed to demonstrate any statistical difference.

Discussion
In a large study using a validated, objective measurement of

motor performance immediately upon waking, we demon-

strated that SB is a real and quantifiable phenomenon. Almost

two-thirds of patients with PD did not show the expected dete-

rioration in motor function upon waking in the morning. One

in 5 patients experienced a significant improvement in motor

TABLE 1 Demographics and clinical characteristics of patients with and without objective sleep benefit

Variable Objective Sleep Benefit: No./Total No. (%) P value

No Yes

No. of patients 72/92 (78) 20/92 (22) –
Men 36/72 (50) 11/20 (55) 0.802
Right handed 67/72 (93) 18/20 (90) 0.643
Dominant side worst 25/72 (35) 10/20 (50) 0.298
Age: Mean " SD, y 64.7 " 9.8 65.6 " 7.9 0.693
Age at symptom onset: Mean " SD, y 56.2 " 10.1 56.3 " 8.3 0.952
Time of disease from diagnosis: Mean " SD, y 8.5 " 5 9.3 " 3.7 0.487
Time on treatment: Mean " SD, y 6.2 " 4.6 6.9 " 3.9 0.526
LEDD: Mean " SD, mg 908 " 553 1008 " 480 0.432
Time from waking to first dose medication: Mean " SD, min 66 " 81 41 " 44 0.065
Medications other than standard L-dopa

Controlled-release L-dopa after 9 PM 28/72 (39) 8/20 (40) 1.000
Antidepressants 27/72 (38) 7/20 (35) 1.000
Antipsychotics 3/72 (4) 3/20 (15) 0.114
Dopamine agonists 41/72 (57) 11/20 (55) 1.000
Long-acting dopamine agonists 31/72 (43) 7/20 (35) 0.621
Monoamine oxidase inhibitors 7/72 (10) 1/20 (5) 0.681
Entacapone 23/72 (32) 10/20 (50) 0.188
Amantadine 6/72 (8) 3/20 (15) 0.402
Anticholinergic 2/72 (3) 0/20 (0) 1.000
PSQI total score: Mean " SD 7 " 4 7 " 3 0.997
Time to fall asleep: Mean " SD, min 21 " 17 19 " 12 0.505
Sleep per night: Mean " SD h 6.6 " 1.4 6.3 " 1.5 0.568
ESS total score: Mean " SD 9.2 " 5.2 10.2 " 3.5 0.311
MOCA total score: Mean " SD 27 " 2 28 " 1 0.123
On-state MDS-UPDRS-III total score: Mean " SD 19 " 9 21 " 11 0.492
Total “midline” signs: Mean " SD 3 " 3 3 " 2 0.691

Nocturnal symptoms
Bed immobility 19/72 (26) 5/20 (25) 1.000
Symptoms of REM sleep behavior disorder 24/72 (33) 8/20 (40) 0.603
Restless legs syndrome 25/72 (35) 7/20 (35) 1.000
Obstructive sleep apnea 4/72 (6) 2/20 (10) 0.608
Snoring most nights 24/72 (33) 1/20 (5) 0.011
Vivid nightmares 7/72 (10) 4/20 (20) 0.246
Nocturia 47/72 (65) 17/20 (85) 0.106

Motor complications
Dyskinesia 31/72 (43) 6/20 (30) 0.318
Unpredictable off periods 4/72 (6) 1/20 (5) 1.000
Dystonia 29/72 (40) 5/20 (25) 0.296

Autonomic symptoms
Constipation 40/72 (56) 16/20 (80) 0.069
Bladder disturbances 43/72 (60) 12/20 (60) 1.000
Postural dizziness 30/72 (42) 7/20 (35) 0.797

Others
Impulse-control behaviors 14/72 (20) 3/20 (15) 0.756
Visual hallucinations 26/72 (36) 8/20 (40) 0.797
Sensory symptoms 14/72 (20) 0/20 (0) 0.035

SD, standard deviation; LEDD, L-dopa equivalent daily dose; PSQI, Pittsburg Sleep Quality Scale; ESS, Epworth Sleepiness Scale; MOCA, Mon-
treal Cognitive Assessment; MDS-UPDRS-III, Movement Disorders Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale
motor examination; REM, rapid eye movement.
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performance upon waking compared with end-of-dose func-

tion, and some had superior motor function compared with

their best on-state function. Apart from measurable medication-

related MFs, no single clinical factor was identified that could

predict SB.

In contrast to previous studies in which motor function was

compared before and after sleep,9,10 we chose end-of-dose

function and on-state function as references. Logically, the

morning waking state should be similar to or worse than end-

of-dose given an entire night without L-dopa. Therefore, any

improvement compared with end-of-dose function should be

considered significant and due to changes brought about from

sleep. SB has traditionally been defined as motor improvement

from sleep equivalent to or better than that in a medication-

induced on-state.3 This provides a clear reference point for

patients, particularly when SB was ascertained through self-

reporting. However, advances in ambulatory motor assessment

allow the identification of a significant but milder degree of

objective SB, which otherwise would have been excluded by

this strict definition.

We were able to broadly identify 3 categories of patients.

The first demonstrated clear overnight motor deterioration

compared with end-of-dose function. The second had minimal

objective MFs throughout the day, with stable motor function

even upon waking (nonfluctuators). Although this may have

resulted from limited test capability (e.g., sensitivity, reliability,

and repeatability), the margin of error in our smartphone appli-

cation is probably small enough that any MFs not identified are

likely to be minor. Therefore, what this observation highlights

is that a degree of discrepancy does exist between subjective

experience and objective measurement of motor function,

because all participants reported medication-related, subjective

change. Despite a lack of deterioration on waking, this category

of patients was not considered to have SB. The third category

either improved their waking morning motor function from an

invariable baseline or had objective MFs, and their waking state

improved by varying degrees compared with their end-of-dose

state. We propose that patients within this third category who

improved their waking morning motor function by the same

extent as or superior to their on-state function constitute the

population with true SB.

The mechanism of SB remains a mystery. It could be consid-

ered a spontaneous rather than drug-induced form of MFs.7 In

contrast to normal individuals, whose finger tapping speed is

greatest in the afternoon and early evening,23 treatment-na€ıve

patients with de novo PD performed better in the morning.24

Therefore, it appears that SB is naturally occurring and is related

to the intrinsic disease state of dopamine deficiency. If SB is

indeed a form of spontaneous MF, then reviewing the metabo-

lism of nigrostriatal dopamine and the possible pathophysiology

of MFs may provide clues about its underlying mechanisms.

The overall L-dopa response is determined by long-duration

response (LDR) and short-duration response (SDR). An SDR

establishes and decays quickly; its duration shortens with disease

progression and may subsequently cause rebound worsen-

ing.25,26 LDR builds up and decays over many days, and its

magnitude is inversely proportional to disease severity. LDR

account for up to one-half of overall L-dopa responses.27 Short-

ening of SDR decline in endogenous dopamine synthesis, and

reduction of LDR lead to MFs.26 Alterations of L-dopa pharma-

cokinetics28 cannot adequately explain MFs, because L-dopa

clearance remains unchanged even with disease progression.29

The underlying mechanism of MFs may be in the presynaptic

regulation of vesicular dopamine release through the loss of

(e.g., desensitization or downregulation) presynaptic D2 autore-

ceptor function, leading to excessive synaptic dopamine and

resultant increased turnover.28,30

The mechanism of LDR is unknown, and, analogous to SB,

a theory of capacity to replenish dopamine storage had been put

forward.26 It is conceivable that the 2 phenomena may be paral-

lel or indeed may exist on the same spectrum. In the absence of

long-acting dopaminergic medications, waking motor function

is determined by endogenously derived dopamine and LDR.

Because LDR does not change over the short term, SB must be

caused by enhanced, endogenously derived dopamine through

an unknown mechanism. Consider dopamine-responsive dysto-

nia, a pure biochemical model of dopamine deficiency without

nigrostriatal neurodegeneration. Its characteristic diurnal fluctua-

tion indicates that patients are indeed able to somehow endoge-

nously “replenish” their nigrostriatal system during sleep.31

Thus, the mechanism of SB in PD probably also has a presy-

naptic location.

Presynaptic dopamine is packed in vesicles by Type 2 vesicu-

lar monoamine transporter (VMAT2). In response to action

potential, vesicles release their contents into the synaptic cleft.

Some dopamine is metabolized, while some is retrieved through

plasma membrane dopamine transporters (DATs).28 Dopaminer-

gic neurotransmission has an underlying diurnal variation. The

extracellular dopamine level rises in the morning, peaks in the

early afternoon, and drops in the latter one-half of the day to

reach a trough in the early hours of the morning.32 Motor

symptoms and L-dopa responsiveness mirror this pattern.33 A

recent study using DAT knockout mice suggested that this nat-

ural diurnal variation in extracellular dopaminergic tone is gov-

erned by DAT and is unrelated to fluctuation in dopaminergic

neuron firing rates.32 Although there is a loss of DAT in PD,

how a-synuclein affects the kinetics of remaining DAT is

unclear. Therefore, “stored dopaminergic capacity” in SB and

LDR may lie in alterations of dopamine reuptake, packaging,

and storage in the disease state.

If LDR and SB are parallel phenomena, then they should

be universally present in all patients with PD. If so, then

why is SB only clinically evident in some? The presence of

objective MFs facilitates the detection of any improvement in

waking motor function with reference to end-of-dose func-

tion. In patients without objective MFs, SB can only be

detected when there is an improvement beyond steady base-

line motor function. Therefore, we propose that SB may be

a dynamic phenomenon evident only during certain narrow

windows in the disease course. In treatment-na€ıve patients

whose motor function purely reflects endogenous dopamine

production, SB logically should be evident, and this had
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indeed been observed.24 In early disease where LDR is robust

and motor control is stable, any SB may be easily concealed.

With the onset of MFs and decay in LDR, SB may then be

unmasked. With disease progression, further neurodegenera-

tion may lead to a decline in SB paralleling the decline in

LDR. Thus, the overall L-dopa level on waking may be

insufficient to trigger an antiparkinsonian effect, leading to

loss of SB.

Coining the term “sleep benefit” to describe this diurnal

fluctuation of motor function implies a direct relationship to

sleep, which may not necessarily be the case. Previous stud-

ies suggested that SB in PD may be associated with shorter

sleep time,8 more sleep disruption, and more frequent night-

time awakenings.2,9 Consistent with these findings, our data

suggest that both sleep quality and sleep duration have little

bearing on the occurrence of SB. Although several studies

have suggested that motor benefit might occur after daytime

naps, this conclusion is based solely on subjective report-

ing.2,34,35 Until its underlying mechanism is understood bet-

ter, it is more appropriate to refer to this phenomenon as

simply morning improvement or diurnal fluctuation of motor

symptoms.

Although this study benefits from a validated and mobile

method of motor function assessment, several limitations

should be highlighted. The study population is relatively

selected, with patients typically in the early to middle disease

stages (Hoehn and Yahr stages 2 and 3), hence results may

not be generalizable. We adopted an unsupervised, home-

based test approach using mobile technology, which enabled

testing a large number of patients without consuming substan-

tial resources. This is at the expense of test reliability and

repeatability, which not surprisingly, are inferior compared

with traditional labor-intensive, face-to-face assessment36 and

other resource-demanding forms of continuous motor moni-

toring.37 Because our smartphone application has performance

comparable to that of Web-based motor assessment16 and rea-

sonable reliability thresholds, we believe the margin of error is

acceptable for such a simple, portable test. Although more

extensive direct clinical testing would have been ideal, the

amount of time and resources required would render the same

study infeasible. The incorporation of polysomnography will

be valuable as a measurement of sleep quality based on self-

reporting and may compromise the detection of any sleep-

related factors.

SB in PD is a genuine, measurable phenomenon, with one

in five patients improving by varying degree compared to end-

of-dose, and some even waking up better than their on-state.

SB should be thought of as a form of intrinsic MF. Given its

frequency of occurrence and magnitude, it is a clinically mean-

ingful phenomenon and should be considered when implement-

ing dopaminergic treatment and when motor function is

measured in clinical studies.
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a b s t r a c t

Introduction: The phenomenon of sleep benefit (SB) in Parkinson's disease (PD), whereby waking motor
function is improved despite no dopaminergic treatment overnight, is controversial. Previous studies
suggested a significant discrepancy between subjective functional and objective motor improvement.
The aim of this study was to determine how well subjective reporting of SB correlates with objective
measures and if true motor improvement can be predicted by a standardized questionnaire.
Methods: Ninety-two patients with PD participated. A structured questionnaire was developed to assess
subjective SB. Quantitative motor assessment was performed using a validated smartphone application.
Objective motor SB was considered to be present when the waking motor function was similar or su-
perior to the daytime on-state.
Results: Twenty (22%) patients showed objective motor improvement on waking compared to end-of-
dose. Most patients (77%) reported subjective SB without corresponding objective motor benefit. Our
structured questionnaire could not predict Motor SB. The ability to delay morning medications and a
perception of indifference or paradoxical worsening following the morning levodopa dose may suggest
Motor SB.
Conclusions: Most patients experience subjective SB with no measureable motor improvement. This
perceived benefit could be related to non-motor improvement that is distinctly different to objective
motor benefit.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Sleep benefit (SB) refers to the poorly understood phenomenon
in Parkinson's disease (PD) where patients wake up in the morning
with improved motor function [1e6]. Previous studies in SB relied
heavily on subjective reporting [1e4,7] and attempts to incorporate
objective motor measurement have yielded conflicting results
[2,5,6]. There seems to be an unexplained discrepancy between
self-perceived functional and objective motor improvement in
patients with PD on waking in the morning [1e6]. To clarify these
issues, we carried out the Effect on Motor symptoms in Parkinson's
disease Resulting from Sleep (EMPIRES) study. The first part of this
study aimed to characterize and quantitatively measure SB. We

confirmed that SB is a genuine phenomenon with the morning
waking motor function of 20/92 (22%) patients improving from
end-of-dose at least by the same extent as their on-state (Motor SB)
[8]. Here we sought to determine how well subjective reporting
correlates with objective measurement of Motor SB and whether
Motor SB can be predicted using a standardized structured
questionnaire.

2. Methods

The Alfred and Royal Melbourne Hospitals' Human Research and
Ethics Committees approved this study. All patients provided
informed consent.

2.1. Subjects and data collection

The EMPIRES cohort was recruited from two movement disor-
der clinics. Patients fulfilled the United Kingdom Parkinson's
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Disease Society Brain Bank diagnostic criteria [9] and reported
subjective motor fluctuations. Exclusion criteria included severe PD
(Hoehn and Yahr stages 4 and 5), no pharmacotherapy, mono-
therapy other than levodopa (dopamine agonists, amantadine or
monoamine oxidase inhibitors), device-assisted therapies
(apomorphine infusion, levodopa-carbidopa intestinal gel and deep
brain stimulation), cognitive impairment (<22 on the Montreal
Cognitive Assessment (MOCA)) and any other impairment deemed
by the clinician to affect usage of a smartphone.

2.2. Subjective reporting of SB

As there is currently no established validated instrument to
assess SB, we developed the Sleep Benefit Index (SBI), a novel two-
part questionnaire to measure patients' perception of SB. The SBI is
scored out of a total of 110 points. In Part A (Fig. 1A), patients are
asked to identify whether they suffer from ten different motor and
non-motor symptoms on waking and during the day. Where a
symptom is present during daytime off-state, but not on waking,
the patient is considered to have subjective SB and one point is
scored. Part B (Fig. 1B) consists of twenty questions. Each question
is measured using a five-level, bipolar Likert scale. The first few
questions assess the timing, perceived necessity and effectiveness
of the firstmorning levodopa dose. The patient then determines the
severity of bradykinesia, tremor and walking difficulties upon
waking and during on- and off-states. Finally, the patient estimates
the duration and degree of any SB and whether SB occurs after
daytime naps. Each question is weighted identically except for SB
duration, whereby each escalating response is multiplied by an
increasing factor. We felt that perceived SB duration would more
likely reflect the occurrence of true SB more so than any other
factors. A higher SBI score should therefore indicate greater
improvement of waking morning function, and hence subjective
SB.

2.3. Objective measurement of SB

Motor function was quantitative assessed using a smartphone
application [8]. The construct, validity and repeatability analysis of
this smartphone application have been published elsewhere [10].

2.4. Procedure

Clinical characteristics and demographics were documented
and levodopa equivalent daily dose (LEDD) was calculated. Prior to
completing the SBI, patients were given standardized definitions of
on-state and off-state. Other baseline assessments included on-
state MDS-UPDRS-III, MOCA, Pittsburg sleep quality scale and
Epworth sleepiness scale.

For quantitative motor assessment, patients were initially given
a standardized demonstration of the smartphone application. They
were then allowed to practice until they could independently
complete the smartphone application. Patients then completed
home ambulatory testing, done over three to five days, three times
during on-state, end-of-dose, and immediately upon waking. On-
state was defined as 1 h after levodopa and end-of-dose as
immediately before levodopa ingestion (other than the first dose of
the day).

For each subject, the means of test results from each state were
used for analysis. Motor SB was considered present when the
waking motor function had improved from end-of-dose by at least
the same extent as or superior to the on-state. The first part of the
EMPIRES study outlined the method and calculation of Motor SB in
this cohort [8].

2.5. Statistical analysis

Statistical analysis was performed using SPSS version 22 (IBM,
Armonk, New York, 2013). Patients were dichotomized as either
with or without Motor SB and their demographics, clinical char-
acteristics and SBI responses were compared. Student t-test, Mann-
Whitney test and chi-square were used accordingly. Pearson's or
Spearman's correlation was calculated for clinical characteristics
and SBI items that were potentially useful in predicting Motor SB.

3. Results

Ninety-two patients with PD participated. Mean age was 65
years (range 38e87) and disease duration was 8.7 years (range
2e24). Mean LEDDwas 930 mg/d (range 150e3046) and treatment
durationwas 6.3 years (range 0e21). Mean on-stateMDS-UPDRS-III
total score was 20 (range 1e47) and Hoehn and Yahr stage was 2
(range 1e3). The waking motor function of 57/92 patients (62%)
either remained stable or improved while 35/92 patients (38%)
deteriorated. Of the 57 patients with stable or enhanced waking
motor function, 20 improved from end-of-dose by at least the same
extent as their on-state, with nine demonstrating superior waking
motor function compared to their on-state. This group was
considered to have Motor SB. Clinical characteristics of patients
with and without Motor SB are summarised in Table 1.

3.1. SBI Part A

(Table 1) Most patients without Motor SB (67%, 48/72) reported
improvement of more than one motor or non-motor symptom. As
such, Part A could not differentiate patients with and without
Motor SB (p ¼ 0.592).

3.2. SBI Part B

(Table 1) Most patients (71/92, 77%) reported subjective
improved motor function upon waking. Comparable number of
patients reported either motor (85% vs 75%, p ¼ 0.268) or overall
functional (60% vs 52%, p ¼ 0.335) improvement upon waking
regardless of whether Motor SB was present. Most of these patients
would experience at least an hour of improved function onwaking.
The number of patients reporting subjective sleep benefit after
daytime naps was also similar irrespective of the presence of Motor
SB (53% vs 35%, p ¼ 0.335). Questions comparing bradykinesia,
tremor and gait between different motor states could not differ-
entiate those with or without Motor SB, nor could SBI Total score.

Of the questions concerning the first levodopa dose of the day,
non-significantly higher number of patients with Motor SB felt the
first morning levodopa dose as unnecessary (Question 4) (20% vs
10%, p¼ 0.11) and reported being indifferent or worse after taking it
(Question 7) (29% vs 16%, p ¼ 0.059). The finding on Question 7
reached statistical significance (27% vs 6% p ¼ 0.007) when
considering all 57 patients who had stable or improved motor
function upon waking. This group was also more likely to report
being able to delay their first morning levodopa dose (Question 1)
(77% vs 55%, p ¼ 0.005).

(Table 2) Correlation was calculated for key clinical parameters
and responses to Questions 1, 4 and 7 of SBI Part B. Significant
negative correlation was demonstrated between perceived lack of
usefulness of the first morning levodopa dose and disease duration
(r¼"0.203, p¼ 0.05), Hoehn and Yahr Stage (r¼"0.202, p¼ 0.05)
and LEDD (r ¼ "0.206, p ¼ 0.05). Similarly, a perception of indif-
ference or paradoxical worsening after the first morning levodopa
dose also yielded significant negative correlation with treatment
duration (r ¼ "0.203, p ¼ 0.05) and LEDD (r ¼ "0.276, p ¼ 0.01).
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Fig. 1. 1A. Part A of the Sleep Benefit Index. 1B. Part B of the Sleep Benefit Index. Each question is measured using a five-level bipolar Likert scale.
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There was significant correlation between the responses to these
three questions (r ¼ 0.229e0.434, p # 0.03).

4. Discussion

To date, characterization of SB has been largely based on sub-
jective reporting with few studies also incorporating objective
measures. We combined the use of a structured questionnaire and
ambulatory quantitative motor assessment in a large population of
patients with PD. We found most (77%) perceived subjective SB, in
contrast to substantially fewer (22%) that actually showed objective
motor improvement upon waking. As such, trying to identify in-
dividuals with true Motor SB through direct questioning alone
appears to be almost impossible. The ability to delay morning
medications and a perception of indifference or paradoxical wors-
ening after the first levodopa dose may provide clues to the pres-
ence of true Motor SB.

At present, there is no validated instrument that measures SB.

We therefore, developed the SBI, a structured questionnaire that
approached SB using a broad array of questions. It focuses on the
patients' need and response to the first morning levodopa dose and
their overall waking motor and functional status and how these
measures compared to on-state and off-state. We attempted to
“validate” the SBI against the gold standard of quantitative motor
assessment but found that the wide discrepancy between subjec-
tive and Motor SB could not be bridged. Indeed, most patients re-
ported subjective improved motor function on waking regardless if
this was reflected on quantitative motor assessment. Similar
observation had been made previously in a small number of pa-
tients [5] although the underlying reason is unclear. One possibility
is sleep related non-motor benefit, particularly mood enhance-
ment, giving an impression of improved motor function. Many
antidepressants suppress REM sleep and this is thought to be the
possible mechanism underlying the antidepressant effect of sleep
deprivation in depressed individuals [11]. Given the high preva-
lence of sleep fragmentation in PD [4], the possibility of enhanced

Table 1
Demographics, clinical characteristics and Sleep Benefit Index results of patients with and without objective sleep benefit.

Motor sleep benefit p

No Yes

No. of subjects (n, %) 72/92 (78%) 20/92 (22%) e

Male (n, %) 36/72 (50%) 11/20 (55%) 0.802
Right handed (n, %) 67/72 (93%) 18/20 (90%) 0.643
Dominant side worst (n, %) 25/72 (35%) 10/20 (50%) 0.298
Age (years) (Mean, SD) 64.7 (9.8) 65.6 (7.9) 0.693
Age at symptom onset (years) (Mean, SD) 56.2 (10.1) 56.3 (8.3) 0.952
Years of disease from diagnosis (Mean, SD) 8.5 (5) 9.3 (3.7) 0.487
Years of treatment (Mean, SD) 6.2 (4.6) 6.9 (3.9) 0.526
LEDD (mg) (Mean, SD) 908 (553) 1008 (480) 0.432
Sleep Benefit Index:
Part A
Improvement of more than 1 symptom (n, %) 48/72 (67%) 15/20 (75%) 0.592

Part B
Any subjective SB (n, %) 54/72 (75%) 17/20 (85%) 0.268
Any functional improvement on waking (n, %) 37/72 (52%) 12/20 (60%) 0.335

$1 h of functional improvement on waking (n, %) 45/72 (63%) 16/20 (80%) 0.186
Any subjective SB after daytime naps (n, %) 38/72 (53%) 7/20 (35%) 0.208
Ability to delay first levodopa dose (n, %) 50/72 (69%) 13/20 (65%) 0.475
Delay of first levodopa dose by $ 30 min (n, %) 48/72 (67%) 12/20 (60%) 0.425
Feels first levodopa dose as unnecessary (n, %) 7/72 (10%) 4 (20%) 0.11
Paradoxical worsening after first levodopa dose (n, %) 11/72 (15%) 6/20 (30%) 0.059

Total SBI Score (Mean, SD) 44 (16) 48 (16) 0.335

Table 2
Correlation of key clinical parameters to SBI Part B Questions 1, 4 and 7.

Question 1eAbility to delay first
levodopa dose (correlation, p)

Question 4eFeels first levodopa dose as
unnecessary (correlation, p)

Question 7eParadoxical worsening after first
levodopa dose (correlation, p)

Years of disease "0.203 (0.05) "0.032 (0.76) "0.155 (0.14)
Years of treatment "0.192 (0.07) "0.052 (0.62) "0.203 (0.05)
MDS-UPDRS-III "0.51 (0.63) "0.05 (0.63) 0.046 (0.66)
Hoehn and Yahr Stage "0.164 (0.12) "0.202 (0.05) "0.049 (0.64)
Time from getting out of bed to

morning levodopa dose
0.24 (0.02) "0.150 (0.15) "0.091 (0.39)

Levodopa Equivalent Daily Dose
(LEDD)

"0.139 (0.19) "0.206 (0.05) "0.276 (0.01)

Dyskinesia "0.164 (0.12) "0.065 (0.54) "0.214 (0.04)
Pittsburg sleep quality scale "0.126 (0.23) "0.015 (0.89) "0.163 (0.12)
Epworth sleepiness scale 0.001 (0.99) "0.029 (0.79) "0.188 (0.07)
REM sleep behavior disorder 0.194 (0.06) "0.02 (0.85) "0.235 (0.02)
Question 1eAbility to delay first

levodopa dose
e 0.348 (0.001) 0.229 (0.03)

Question 4eFeels first levodopa
dose as unnecessary

e e 0.434 (<0.0001)

Bolded figures indicate statistic significance.
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mood from loss of REM sleep may account for previous observa-
tions of patients reporting SB tending to have more sleep disrup-
tion, shorter sleep time and longer sleep latencies [1,5,7].

As most patients reported subjective motor improvement on
waking, it would seem logical that those who could delay their
morning levodopa doseweremore likely to haveMotor SB. Another
interesting observation was that patients with Motor SB more
frequently reported either feeling indifferent or even worse after
the morning levodopa dose. Previous studies had shown that
levodopa could have differential effect on presynaptic dopami-
nergic function and turnover [12]. In advanced PD, levodopa has a
net excitatory effect on presynaptic dopaminergic turnover due to a
loss of inhibitory feedback. Whereas in mild PD, autoreceptor
activation leads to a net inhibitory effect of levodopa on presynaptic
dopamine turnover [12], which could explain why some patients
with Motor SB experience paradoxical worsening after their
morning levodopa dose. Spontaneous motor improvement implies
an increase in endogenous dopamine release of sufficient magni-
tude to trigger a positive motor response. Activation of inhibitory
autoreceptor function by levodopa may suppress this endogenous
dopamine release, leading to termination of Motor SB. Significant
negative correlation of Questions 1, 4 and 7 of the SBI and disease
duration, treatment duration, LEDD and disease severity is in line
with this hypothesis. This also aligns well with our proposed theory
of Motor SB being a dynamic phenomenon that becomes clinically
evident around the onset of motor fluctuations [8].

There are several limitations to this study. Although larger than
previous studies, the overall study size is still small. Variable ac-
curacy of the patient's self-assessment of their motor and func-
tional states is inherent to any study relying on subjective
reporting. In this case, some patients had difficulties comparing
their motor and overall function uponwaking to on- and off-states.
Sleep quality was measured by subjective reporting rather than
polysomnography, which would have been a valuable addition.
While more extensive direct clinical testing would have been ideal,
the amount of time and resources required would make the same
study not feasible.

5. Conclusion

Sleep benefit traditionally refers to improved motor symptoms
upon waking. This seems to be a genuine and measurable phe-
nomenon. However, subjective reporting does not predict Motor
SB. Most patients described general improved function upon
waking and this subjective experience may represent a completely

different phenomenon. The enhancement of non-motor symptoms
such as mood, apathy and fatigue could account for this subjective
improvement. Further studies examining the non-motor benefit of
sleep will help to shedmore light on this. In the meantime, it is best
to separate objective morning or diurnal improvement of motor
symptoms from self-reported SB.

Financial disclosures

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors. David
Williams and Andrew Evans declare intellectual property rights to
Parkinson's Disease Assessment App.

Acknowledgement

Nil.

References

[1] M. Merello, A. Hughes, C. Colosimo, M. Hoffman, S. Starkstein, R. Leiguarda,
Sleep benefit in Parkinson's disease, Mov. Disord. 12 (1997) 506e508.

[2] D.E. Bateman, K. Levett, C.D. Marsden, Sleep benefit in Parkinson's disease,
J. Neurol. Neurosurg. Psychiatry 67 (1999) 384e385.

[3] L.J. Currie, J.P. Bennett Jr., M.B. Harrison, J.M. Trugman, G.F. Wooten, Clinical
correlates of sleep benefit in Parkinson's disease, Neurology 48 (1997)
1115e1117.

[4] S.A. Factor, T. McAlarney, J.R. Sanchez-Ramos, W.J. Weiner, Sleep disorders
and sleep effect in Parkinson's disease, Mov. Disord. 5 (1990) 280e285.

[5] B.E. Hogl, G. Gomez-Arevalo, S. Garcia, O. Scipioni, M. Rubio, M. Blanco, et al.,
A clinical, pharmacologic, and polysomnographic study of sleep benefit in
Parkinson's disease, Neurology 50 (1998) 1332e1339.

[6] M.M. van van Gilst, P. van Mierlo, B.R. Bloem, S. Overeem, Quantitative motor
performance and sleep benefit in Parkinson disease, Sleep 38 (2015)
1567e1573.

[7] E. Sherif, P.O. Valko, S. Overeem, C.R. Baumann, Sleep benefit in Parkinson's
disease is associated with short sleep times, Park. Relat. Disord. 20 (2014)
116e118.

[8] W. Lee, A. Evans, D.R. Williams, Objective measurement and characterization
of sleep benefit in Parkinson disease, Mov. Disord. Clin. Pract. (2017), http://
dx.doi.org/10.1002/mdc3.12489.

[9] W.R. Gibb, A.J. Lees, The relevance of the Lewy body to the pathogenesis of
idiopathic Parkinson's disease, J. Neurol. Neurosurg. Psychiatry 51 (1988)
745e752.

[10] W. Lee, A. Evans, D. Williams, Validation of a smartphone application
measuring motor function in Parkinson's disease, J. Park. Dis. 6 (2016)
371e382.

[11] M. Berger, D. Riemann, Symposium: normal and abnormal REM sleep regu-
lation: REM sleep in depression-an overview, J. Sleep. Res. 2 (1993) 211e223.

[12] R. Torstenson, P. Hartvig, B. Langstrom, G. Westerberg, J. Tedroff, Differential
effects of levodopa on dopaminergic function in early and advanced Parkin-
son's disease, Ann. Neurol. 41 (1997) 334e340.

W. Lee et al. / Parkinsonism and Related Disorders 42 (2017) 90e9494

Downloaded for Anonymous User (n/a) at The University of Melbourne from ClinicalKey.com.au by Elsevier on May 11, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S1353-8020(17)30233-X/sref1
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref1
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref1
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref2
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref2
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref2
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref3
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref3
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref3
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref3
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref4
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref4
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref4
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref5
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref5
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref5
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref5
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref6
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref6
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref6
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref6
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref7
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref7
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref7
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref7
http://dx.doi.org/10.1002/mdc3.12489
http://dx.doi.org/10.1002/mdc3.12489
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref9
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref9
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref9
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref9
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref10
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref10
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref10
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref10
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref11
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref11
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref11
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref12
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref12
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref12
http://refhub.elsevier.com/S1353-8020(17)30233-X/sref12


	

	 50	

	

	

	

Chapter	4	

A	Pragmatic	Approach	to	Interpreting	

Cognitive	Testing	for	the	Diagnosis	of	

Parkinsonian	Disorders	
 

	 	



	

	 51	

4.1	Summary	

The lack of biomarkers makes differentiation of PD and so-called “atypical” parkinsonian 

disorders (PSP, MSA and CBS) challenging. Cognitive assessment forms part of the diagnostic 

process of these disorders and can give clues about underlying disease pathophysiology and 

topography of pathology. Existing studies that attempt to differentiate parkinsonian disorders 

based on cognitive measurement alone are plagued by limitations, particularly their cross-

sectional design and the use of clinical rather than pathological definition of diagnosis. 

Numerous neuropsychological tests have been proposed as being useful in separating these 

disease entities based on demonstration of significant statistical difference. Trying to navigate 

through this perplexing array of tests in order to identify the genuinely useful ones is almost 

impossible.  

 

In this study, a critical appraisal of the existing literature was carried out. A novel pragmatic 

approach was employed whereby the effect size and positive likelihood ratio of cognitive tests 

deemed by published studies as being useful in differentiating parkinsonian disorders were 

calculated. Only a small number of tests were found to have sufficient effect size to be 

practically useful in separating parkinsonian disorders. This reflects the pathological 

heterogeneity of CBS and the phenotypic heterogeneity of PSP-tau. This study shows that 

selected tests can be particularly useful in the diagnostic process when considered along with 

the rest of the patient’s clinical features. However, measurement of cognition only has an 

adjunctive role in the differentiation of parkinsonian disorders and is insufficient to be utilized 

in isolation.  
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ABSTRACT: A number of cognitive abnormalities
have been identified as putative diagnostic markers in
neurodegenerative parkinsonism based on statistically
significant differences between diseases. The effect
sizes of these differences frequently have not been
reported, making practical interpretation of the results
difficult. The objective of this study was to assess the
potential contribution of cognitive testing to the diagno-
sis of parkinsonian disorders by quantifying effect size of
previously identified significant differentiating cognitive
features. A Medline search identified 1038 articles. Nine-
teen studies directly comparing at least 2 of Parkinson’s
disease, progressive supranuclear palsy, multiple system
atrophy, and corticobasal syndrome/degeneration were
selected. Cohen’s d and positive likelihood ratio were
calculated as appropriate for cognitive tests showing
statistically significant differences between diseases.
Clinically useful differences were considered present
when Cohen’s d > 1 or the positive likelihood ratio > 2
and were considered high when Cohen’s d > 1.94 or the
positive likelihood ratio > 10. Only 16 of 141 cognitive

tests were found to be highly useful. Cognitive testing
was only moderately helpful in separating Parkinson’s dis-
ease and multiple system atrophy. Inferior performance
on phonemic (d 5 1.56–2.13) and semantic (d 5
1.43–2.13) verbal fluency, the Trail-Making Test (d 5 1.63–
1.95) and the Wisconsin Card Sorting Test (d 5 1.63–2.22)
were moderately to very useful in separating progressive
supranuclear palsy from Parkinson’s disease and multiple
system atrophy. Cognitive testing could not differentiate
corticobasal syndrome from other parkinsonian disorders,
although sequential orobuccal apraxia was very useful
(d 5 2.01–2.23). Few of the cognitive tests separating
parkinsonian disorders identified from previous studies
have sufficient effect size to be practically useful. Even
these features must be interpreted in conjunction with
other clinical characteristics to be helpful diagnostically.
VC 2012 Movement Disorder Society

Key Words: parkinsonism; cognitive; neuropsychol-
ogy; diagnosis

Despite advances in our understanding of degenerative
parkinsonian disorders, currently there are no reliable
biomarkers to separate them, and a definitive diagnosis
can only be made on neuropathological examination.
Distinguishing these disorders clinically, particularly in
the early stages, poses immense challenges, even to
movement disorder specialists.1,2 This is highlighted by

the multitude of disciplines (neurology, ENT, orthope-
dics, urology, rheumatology, psychiatry, and ophthal-
mology) that patients with parkinsonism may initially
consult because of their diverse early symptoms, espe-
cially in parkinsonian disorders other than idiopathic
Parkinson’s disease (PD).3 Indeed, more than 60% of
patients with ‘‘atypical parkinsonism’’ will have their
clinical diagnosis revised during their disease course.1

Given these difficulties, supportive clinical features
including cognitive assessment have been investigated
in an attempt to improve diagnostic accuracy. Cogni-
tive impairment has not traditionally been emphasized
early in the course of PD and multiple system atrophy
(MSA); on the other hand, progressive supranuclear
palsy (PSP) is considered the prototypic form of sub-
cortical dementia, and specific cortical deficits includ-
ing aphasia and apraxia are associated with
corticobasal degeneration (CBD).4
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Previous studies examining the role of cognitive test-
ing in the differential diagnosis of these diseases have
largely drawn conclusions based on tests of statistical
significance without consideration of effect size. A use-
ful discriminator may not be significant if the sample
size is very small. Conversely (and more frequently
encountered), a small difference between large groups
may be significant but be of little utility in an individ-
ual patient because of extensive group overlap.5 In
this review, we aimed to identify which of these previ-
ously studied cognitive tests are useful in the diagnosis
of parkinsonian disorders by quantifying their effect
size.

Materials and Methods

We performed a Medline search using combinations
of terms outlined in Table 1, restricted to human stud-
ies performed between 1992 and the present (April
2012). This time frame was chosen because prior to
the proposal of the United Kingdom Parkinson’s Dis-
ease Brain Bank (UKPDBB) diagnostic criteria in
1992,6 the clinical definition of PD, particularly in the
research setting, was likely to be less uniform. A total
of 1038 articles (English and non-English) were identi-
fied. The abstracts of these articles were screened by 1
of the authors (W.L. or E.S.), and those relevant to
this analysis were reviewed in detail to determine suit-
ability for inclusion. Only studies directly comparing 2
or more parkinsonian disorders were included. Studies
comparing 1 parkinsonian disorder with controls were
excluded, given that control groups may not necessar-
ily be comparable across studies. Cognitive features
from selected studies that separated parkinsonian dis-
orders with statistical significance were extracted for
further statistical analysis. For studies that expressed
results in means and standard deviations, Cohen’s d
was used. Cohen’s d measures effect size by describing
the number of pooled standard deviations by which 2
distributions are separated, hence estimating the
degree of overlap between 2 groups. It has the advant-
age of being independent of sample size. A greater
Cohen’s d denotes less overlap, hence a larger effect
size. (Fig. 1) The effect is generally considered large
when Cohen’s d > 0.85 however, clinical decisions
must be made on individual patients rather than

groups. Therefore, for practical purposes, in this report,
the utility of each cognitive feature was categorized
according to Cohen’s d value as follows: no clinical use,
<1 (>45% overlap); minimally useful, 1–1.14 (!40%–
45% overlap); modestly useful, 1.15–1.47 (!30%–39%
overlap); moderately useful, 1.48–1.93 (!20%–29%
overlap); and very useful, >1.94 (<20% overlap).
For comparative studies expressing results as sensi-

tivity and specificity, we calculated the positive likeli-
hood ratio (LR), which is the ratio of posttest
probability to pretest probability of a disease, given a
positive test result. It is calculated from the formula
(sensitivity/[1 " specificity]). Given that LRs can be
calculated for each level of a positive diagnostic test
result, the link with receiver operating characteristic
(ROC) curves, which plot sensitivity against 1 " speci-
ficity at different cutoffs, is evident. LRs have the
advantage of being less dependent on disease preva-
lence than sensitivities or specificities, and of maxi-
mum impact with moderate (rather than very high or
very low) pretest probabilities. Provided that the prior
probability of a condition is intermediate (between
10% and 90%), LRs of 2, 5, and 10 increase percent-
age probability of disease by approximately 15%,
30%, and 45%, respectively.7 The diagnostic impact
of each cognitive feature is classified according to pos-
itive LR: minimal effect, <2; modest but possibly im-
portant effect, 2–5; moderate effect, 6–10; and large
effect, >10.
Unless pathologically confirmed, clinically desig-

nated CBD is referred to as corticobasal syndrome
(CBS) because of the broad pathological spectrum
associated with CBS presentation.8

Results

Of 1038 articles identified, 19 studies met inclusion
criteria.9–27 (Table 2) Most were cross-sectional in
design, with the ‘‘gold standard’’ of diagnosis being
clinical, made contemporaneously based on consensus
criteria. The most commonly used clinical criteria by
disease were the UKPDBB criteria for PD (7 of 11),
the National Institute of Neurological Disorders and

TABLE 1. Medline search criteria

Search criteria

Parkinson OR Parkinson’s OR parkinsonism
OR progressive supranuclear OR Steele-Richardson

OR Richardson’s OR PSP
OR multiple system atrophy OR MSA
OR corticobasal OR cortico-basal OR CBD OR CBS
AND diagnosis OR sensitivity OR specificity
AND cognitive OR neuropsychology OR neuropsychological

FIG. 1. An example of Cohen’s d.
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TABLE 2. Details of publications included for analysis

Studies

Patient

groups (n)

At time of assessment

‘‘Gold standard’’

of diagnosis Study design Assessments

Age (y),

mean (SD)

Disease

duration (y),

mean (SD)

Patients on

dopaminergic

drugs (daily

L-dopa

dose; mg/d)

Education

(y), mean

(SD)

Disease

severity

(UPDRS III,

Hoehn &

Yahr stage),

mean (SD)

Pillon
et al
(1995)9

CBS (51) 67.8 (8) 3.4 (2.2) N/A 9.2 (2.1) N/A Clinical criteria
(Vidailhet, 1994)

Cross-
sectional

Global—Mattis dementia
rating scale,
Wechsler memory
scale

PSP (15) 70.3 (4.5) 4.9 (3.5) N/A 8.6 (0.6) N/A; 3.9
(0.8)

Clinical criteria
(Dubois, 1988)

Executive—simplified
Wisconsin Card
Sorting Test,
Raven colored
progressive matrices,
verbal fluency tests
(Semantic and
phonemic), graded
behavioral
abnormalities
assessment, Lurian
graphic series.

Memory—California
verbal learning test,
Grober and Buschke
Tests

Visuospatial—Corsi
block span, Wechsler
adult intelligence scale
block design subtest,
Head’s test

Praxis and motor
organization—motor and
gestural organization,
upper limb and
oral apraxia

Meco
et al
(1996)10

MSA-P (11) 66.1 (6.9) 4.6 (1.5) 11/11 (460) 7.4 (3.5) N/A Clinical criteria
(Quinn, 1989)

Cross-
sectional

Executive—Trail-Making
Tests, Stroop test,
verbal fluency tests
(semantic and
phonemic), Wisconsin
Card Sorting Test,
Raven colored
progressive matrices
Memory—auditory
verbal learning
test
Motor function—
barrage test

PD (11) 65.8 (5.4) 7.8 (2.6) 11/11 (545) 7 (2.4) N/A Clinical criteria
(UKPDBB,
Hughes,
1992)

Monza
et al
(1998)11

MSA-P (19) 59.2 (7.9) 4.2 (1.2) 16/19 (755) 7.3 (3.6) N/A; 3.6 Clinical criteria
(Quinn, 1989)

Cross-
sectional

Executive—
raven-colored
progressive matrices,
verbal fluency tests
(phonemic), Nelson
test

PSP (19) 65.9 (6.4) 4 (3.6) 12/19 (609) 8.3 (5) N/A; 3.5 Clinical criteria
(NINDS-SPSP,
Litvan, 1996)

Visuospatial—visual
search test, Benton’s
visual orientation line
test

Memory—short tale
test

PD (14) 58.9 (7.9) 13.4 (6.8) 14/14 (1005) 8.2 (3.6) N/A; 3.2 Clinical criteria
(UKPDBB)

Praxis—De Renzi
ideomotor apraxia
test

(Continued)
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TABLE 2. (Continued)

Studies

Patient

groups (n)

At time of assessment

‘‘Gold standard’’

of diagnosis Study design Assessments

Age (y),

mean (SD)

Disease

duration (y),

mean (SD)

Patients on

dopaminergic

drugs (daily

L-dopa

dose; mg/d)

Education

(y), mean

(SD)

Disease

severity

(UPDRS III,

Hoehn &

Yahr stage),

mean (SD)

Litvan
et al
(1999)12

PSP (24) 62.8 (1.4)a 6.6 (0.6)a N/A N/A N/A Pathological
(NINDS criteria;
Collins, 1995)

Retrospective Determining whether
cognitive disturbances
were present at
disease onsetCBD (27) 63.5 (1.4)a 7 (0.6)a N/A N/A N/A Pathological

Soliveri
et al
(1999)13

PSP (28) 64.5 (7.1) 3.9 (3.5) N/A 7.1 (4.5) N/A Clinical criteria
(NINDS-SPSP)

Cross-
sectional

Executive—raven-
colored progressive
matrices, Nelson
test, verbal fluency
test (phonemic)

CBS (16) 67.1 (6.6) 2.9 (1.6) N/A 9.4 (5.2) N/A Clinical criteria
(Litvan, 1997)

Memory—short
tale test

Visuospatial—
Benton’s visual
orientation line test,
visual search test

Praxis—De Renzi
ideomotor
apraxia test

Wenning
et al
(2000)14

PD (100) 62.4 (9.3)a 13.2a N/A N/A N/A; 2.4 Pathological Retrospective Determining presence
of dementia and
whether onset was
early (<5 years from
disease onset) or late
(>5 years from
disease onset)

MSA-P (38) 55.9 (10.6)a 6.8a N/A N/A N/A; 1.9 Pathological
(Gray, 1988;
Quinn, 1994)

Soliveri
et al
(2000)15

MSA-P (23) 58.7 (7.6) 4 (2.1) 23/23 (N/A) 7.3 (3.3) N/A; 3.4 Clinical criteria
(Quinn, 1989)\

Longitudinal
(follow-up
18–21
months)

Executive—raven-
colored progressive
matrices, Nelson
test

PSP (21) 63.2 (6.5) 3.1 (2.6) 10/21 (N/A)\ 8.2 (4.6) N/A; 3.6 Clinical criteria
(NINDS-SPSP)

Memory—short
tale test

Visuospatial—
visual search
test, Benton’s
visual
orientation
line test

PD (18) 57.8 (6.1) 10.7 (4.7) 18/18 (N/A) 8.4 (2.8) N/A; 3.6 Clinical criteria
(UKPDBB)

Lange
et al
(2003)16

PD (42) 63.7 (9.4) 8 (4.8) 41/42 (N/A) 9.5 (1.9) N/A; 2.5
(0.4)

Clinical criteria
(UKPDBB)

Cross-
sectional

Executive—verbal
fluency tests (simple
and alternate
semantic and
phonemic), Tower of
London task

MSA-P (14) 60.9 (5.2) 4.5 (2.3) 12/14 (N/A) 9.6 (1.7) N/A; 2.6
(0.5)

Clinical criteria
(Gilman, 1999)

Memory—digit span
forward and
backward, visual
working memory
test, verbal
recency task

PSP (16) 65.5 (7.7) 3.5 (1.9) 12/16 (N/A) 9.6 (2.2) N/A; 2.7 (0.4) Clinical criteria
(NINDS-SPSP)

Dujardin
et al
(2003)17

MSA-P (11) 65.1 (9) 3.2 (2.2) 7/11 (775) 10.8 (4.1) 35 (17.3);
N/A

Clinical criteria
(Gilman 1999)

Cross-
sectional

Executive—verbal
fluency tests
(phonemic and
semantic), spatial
sequences generation
task, Wisconsin
Card-Sorting Test,
Stroop test

PD (24) 66.5 (8.5) 7.8 (3.9) 19/24 (783) 10.2 (3.6) 31.2 (14.5);
N/A

Clinical criteria
(UKPDBB)

(Continued)
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TABLE 2. (Continued)

Studies

Patient

groups (n)

At time of assessment

‘‘Gold standard’’

of diagnosis Study design Assessments

Age (y),

mean (SD)

Disease

duration (y),

mean (SD)

Patients on

dopaminergic

drugs (daily

L-dopa

dose; mg/d)

Education

(y), mean

(SD)

Disease

severity

(UPDRS III,

Hoehn &

Yahr stage),

mean (SD)

Ozsancak
et al
(2004)18

PD (12) 66 9 N/A N/A N/A Clinical criteria
(UKPDBB)

Cross-
sectional

Praxis—graded
orofacial praxis
testsPSP (12) 70 6 N/A N/A N/A Clinical criteria

(Hauw, 1994)
CBS (12) 72 3 N/A N/A N/A Clinical criteria

(Lang, 1994)
MSA-P (8) 57 5 N/A N/A N/A Clinical criteria

(Gilman, 1999)
Bak et al

(2005)19
PSP (39) 69.2 (5.8) N/A N/A N/A N/A Clinical criteria

(NINDS-SPSP)
Cross-

sectional
Mattis dementia

rating scale
MSA-P (26) 65 (7.2) N/A N/A N/A N/A Clinical criteria

(Gilman, 1999)
Addenbrooke’s

Cognitive
ExaminationCBS (25) 67.1 (7.5) N/A N/A N/A N/A Clinical criteria

(Riley, 2000)
Paviour

et al
(2005)20

PSP (17) 65.2 (6) 4.3 (1.7) N/A N/A 20 (7.5);
3.5

Clinical criteria
(NINDS-SPSP)

Cross-
sectional

Frontal assessment
battery

MSA-P (11) 61.9 (7.6) 5.4 (1.6) N/A N/A 26.8 (9.7);
3.9

Clinical criteria
(Gilman, 1999)

PD (12) 65.4 (9.2) 13.3 (6.7) N/A N/A 16.7 (5.1);
2.8

Clinical criteria
(Gibb and Lees,
1988)

Bak et al
(2006)21

MSA-P (20) 65.9 (8.2) 5.1 (2.8) N/A N/A N/A Clinical criteria
(Gilman 1999)

Cross-
sectional

Visual object and
space perception
batteryPSP (43) 69.1 (5.6) 3.5 (2.3) N/A N/A N/A Clinical criteria

(NINDS-SPSP)
CBS (25) 67.7 (7.3) 3.7 (1.7) N/A N/A Clinical

criteria
(Riley,
1990)

Borroni
et al
(2008)22

PD (39) 70.3 (7.3) 4.8 (0.4) N/A 6.4 (3.1) 26.2 (16.7);
N/A

Clinical criteria
(Larsen, 1994)

Cross-
sectional

Memory—Rey complex
figure recall, story
recall test

PSP (24) 73.8 (5.3) 3.8 (0.8) N/A 7.3 (4.4) 27.5 (12.4);
N/A

Clinical criteria
(NINDS-SPSP)

Executive—
Trail-Making Tests,
verbal fluency tests
(phonemic, semantic),
Raven colored
progressive matrices

CBS (16) 62.2 (10) 3 (0.6) N/A 8.4 (4.6) 23.4 (12);
N/A

Clinical criteria
(Riley, 1990)

Visuospatial—Rey
complex figure copy

Shelley
et al
(2009)23

CBS-CBD (6) 65.8 (5.1)a 3.5 (2.8)a N/A N/A N/A Pathological Retrospective Addenbrooke’s
Cognitive
Examination

CBS-AD (6) 69.5 (5.1)a 8 (4.3)a N/A N/A N/A Pathological Determining the
presence of initial
episodic memory
complaints, utilization
behavior, frontal
behavior, initial
visuospatial
presentation,
initial nonfluent
language impairment,
orobuccofacial apraxia

Kao et al
(2009)24

MSA-P (12) 66.9 (11.3) 5.4 (3.6) 2/12 (N/A) 15.9 (2.8) N/A Clinical criteria
(Gilman, 1999)

Cross-
sectional

Executive function—
Trail-Making Test B,
Stroop test, visuomotor
set shifting task,
Delis-Kaplan executive
functions scale, verbal
fluency tests
(phonemic, semantic),
perseverative
tendency task

(Continued)
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Stroke Society for Progressive Supranuclear Palsy crite-
ria for PSP (11 of 13), the consensus criteria proposed
by Gilman and colleagues for MSA (9 of 12), and cri-
teria proposed by Riley and colleagues for CBS (3 of
6).6 Only 3 studies12,14,23 included neuropathological
confirmation, and all were retrospective, aimed at deter-

mining the presence of certain cognitive features. The
selected studies included a total of 328 PD patients, 615
PSP patients, 590 MSA patients, and 184 CBS patients.
Mean age (years) of patients at assessment for PD, PSP,
MSA, and CBS was 64.5 (range, 57.8–70.3), 67.7 (range,
62.4–73.8), 62 (range, 57–66.9), and 67.3 (range, 67.1–

TABLE 2. (Continued)

Studies

Patient

groups (n)

At time of assessment

‘‘Gold standard’’

of diagnosis Study design Assessments

Age (y),

mean (SD)

Disease

duration (y),

mean (SD)

Patients on

dopaminergic

drugs (daily

L-dopa

dose; mg/d)

Education

(y), mean

(SD)

Disease

severity

(UPDRS III,

Hoehn &

Yahr stage),

mean (SD)

PD (14) 65 (6.7) 4.1 (3.5) 10/14 (N/A) 17.9 (2.8) N/A Clinical criteria
(Gelb, 1999)

Memory—digit
span backward,
California verbal
learning test, Rey
complex figure recall

Language—Boston
naming test

Visuospatial—Rey
complex figure copy,
visual object and
space perception
battery

Brown
et al
(2010)25

PSP (311) 67.8 (6.8) 3.9 (1.9) 264/311
(636)

9.8 (3.2) N/A; 3 Clinical criteria
(NINDS-SPSP)

Cross-
sectional with
pathological
follow-up in
a subset

Frontal assessment
battery

MSA-P (372) 61.7 (8.3) 4.6 (1.9) 312 /372
(636)

10.3 (3.6) N/A; 3 Clinical criteria
(Gilman, 1999)

Mattis dementia
rating scale

Krishnan
et al
(2006)26

MSA-P (20)
MSA-C (5)

61.4 (7.2) 3.3 (1.8) N/A N/A 36.6 (6.1);
N/A

Clinical criteria
(Gilman, 1999)

Cross-
sectional

Addenbrooke’s
Cognitive
Examination

PSP (25) 62.4 (6.3) 3.3 (1.9) N/A N/A 22.5 (6.6);
N/A

Clinical criteria
(NINDS-SPSP)

Executive—verbal
fluency tests
(phonemic, semantic),
Wisconsin Card
Sorting Test,
Trail-Making Tests

PD (25) 58.6 (6) 9.5 (6) N/A N/A 50.6 (17.4);
N/A

Clinical criteria
(Calne, 1992)

Cordato
et al
(2006)27

PSP (21) 70.3 (6.4) 4 (2.8) N/A 9.8 (2.6) 45.1 (20.2);
3.8 (1.1)

Clinical criteria
(NINDS-SPSP)

Cross-
sectional

Memory—Wechsler
memory scale, Rey
auditory verbal
learning test,
digit span

PD (17) 67.7 (6.7) 7.6 (3) N/A 11.3 (3.3) 32.3 (12.5);
2.6 (0.7)

Clinical criteria
(UKPDBB)

Visuospatial—visual
reproduction task,
judgment of line
orientation, block
design

Executive—verbal
fluency tests
(phonemic,
semantic), Wisconsin
Card Sorting Test

Language—Boston
naming test

Praxis—Western
aphasia battery
test of manual
praxis

MSA-P, MSA–parkinsonian subtype; MSA-C,MSA–cerebellar subtype; UKPDBB, United Kingdom Parkinson’s Disease Brain Bank; NINDS, National Institute of
Neurological Disorders and Stroke; NINDS-SPSP, NINDS Society for Progressive Supranuclear Palsy; SD, standard deviation.
aFor articles with neuropathological confirmation, ‘‘age,’’ ‘‘disease duration,’’ and ‘‘disease severity’’ were calculated from symptom onset.
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TABLE 3. Cohen’s d values and positive LRs of useful cognitive parameters from selected studies deemed to
differentiate parkinsonian disorders (P < .05)

Usefulness Cognitive parameter Test groups
Cohen’s d
(% overlap) Positive LR

Minimally useful Phonemic fluency15 MSA-Pb vs PD 1.02 (44)
Sequential tapping11 MSA-Pb vs PD 1.05 (43)
Phonemic fluency11 MSA-Pb vs PD 1.07 (42)
Phonemic fluency17 MSA-Pb vs PD 1.1 (41)
Design fluency—correct24 MSA-Pb vs PD 1.12 (41)
Semantic fluency17 MSA-Pb vs PD 1.13 (39)
Absent early dementia
(<5 years after symptom onset)14a

MSA-Pb vs PD 1.22

Absent late dementia14a MSA-Pb vs PD 1.83
Progressive colored matrices11 PSPb vs PD 1.02 (44)
Visual reproduction copy27 PSPb vs PD 1.03 (44)
Western aphasia battery of praxis27 PSPb vs PD 1.14 (40)
DRS—total19 PSPb vs MSA-P 1.01 (44)
WCST—perseverative errors26 PSPb vs MSA 1.04 (44)
DRS—initiation25 PSPb vs MSA-P 1.04 (44)
DRS—initiation19 PSPb vs MSA-P 1.08 (42)
FAB20 PSPb vs MSA-P 1.1 (41)
ACE—memory19 CBSb vs PSP 1.1 (41)
Cube analysis21 CBSb vs PSP 1.11 (41)
ACE—verbal fluency19 CBSb vs MSA-P 1.04 (44)
DRS—attention19 CBSb vs MSA-P 1.05 (43)
ACE—memory19 CBSb vs MSA-P 1.06 (43)
ACE—language19 CBSb vs MSA-P 1.06 (43)
DRS—memory19 CBSb vs MSA-P 1.06 (43)
DRS—construction19 CBSb vs MSA-P 1.07 (43)

Modestly useful Semantic fluency24 MSA-Pb vs PD 1.23 (37)
Modified TMT-B—errors24 MSA-Pb vs PD 1.25 (36)
Rey complex figure—copy24 MSA-Pb vs PD 1.43 (31)
Phonemic fluency26 PSPb vs PD 1.15 (40)
Short tale test15 PSPb vs PD 1.18 (39)
Simple phonemic fluency16 PSPb vs PD 1.19 (38)
WCST—perseverative errors27 PSPb vs PD 1.2 (38)
Visual search test15 PSPb vs PD 1.22 (37)
Judgment of line orientation test27 PSPb vs PD 1.25 (36)
ACE26 PSPb vs PD 1.27 (35)
Simple reaction time27 PSPb vs PD 1.47 (30)
ACE—verbal fluency19 PSPb vs MSA-P 1.17 (39)
Number location21 PSPb vs MSA-P 1.18 (39)
Short tale test15 PSPb vs MSA-P 1.24 (36)
TMT-A—errors26 PSPb vs MSA 1.26 (36)
Semantic fluency26 PSPb vs MSA 1.37 (33)
Phonemic fluency11 PSPb vs MSA-P 1.44 (31)
De Renzi ideomotor apraxia test
(less compromised arm)13

CBSb vs PSP 1.26 (36)

DRS—total19 CBSb vs MSA-P 1.23 (37)
Dot counting21 CBSb vs MSA-P 1.27 (35)
ACE—orientation19 CBSb vs MSA-P 1.27 (35)
Silhouette naming21 CBSb vs MSA-P 1.28 (35)
DRS—initiation19 CBSb vs MSA-P 1.3 (35)
ACE—total19 CBSb vs MSA-P 1.35 (33)
Cube analysis21 CBSb vs MSA-P 1.38 (32)
ACE—visuospatial19 CBSb vs MSA-P 1.4 (32)
Number location21 CBSb vs MSA-P 1.46 (30)

Moderately useful TMT-B—time24 MSA-Pb vs PD 1.63 (26)
Stroop test Part II—errors10 MSA-Pb vs PD 1.82 (22)
TMT-B—errors10 MSA-Pb vs PD 1.86 (21)
Simple semantic fluency16 PSPb vs PD 1.43 (31)
Semantic fluency26 PSPb vs PD 1.51 (29)
Phonemic fluency22 PSPb vs PD 1.56 (28)
WCST—categories passed26 PSPb vs PD 1.63 (26)

(Continued)
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72), respectively. Mean disease duration (years) at assess-
ment for PD, PSP, MSA, and CBS was 8.2 (range, 4.1–
13.4), 3.9 (range, 3.1–4.9), 4.5 (range, 3.2–5.4), and 3.3
(range, 2.9–3.7), respectively. Data regarding disease se-
verity and medication use were largely incomplete.
Where reported, most PD patients were on dopaminergic
medications (levodopa dose range, 545–1005 mg/day),
but the proportion of other disease groups on treatment
varied from 17% to 100% (levodopa dose range, 460–
775 mg/day). Patients with MSA were of parkinsonian
subtype except for 1 article, which distinguished a subset
of patients with the cerebellar subtype.26

A total of 141 cognitive test items separated parkin-
sonian disorders with statistical significance. Cohen’s
d was calculated for 133 items, whereas positive LR
was calculated (or reported) for 9 items (both Cohen’s

d and positive LR were calculated for 1 item); see Ta-
ble 3. Sixty-seven items (48%) were found to be at
least modestly useful (positive LR > 2 or d > 1.15),
but only 16 items (11%) were found to be very useful
(positive LR > 10 or d > 1.94).

PD Versus MSA

Few cognitive features were helpful in separating id-
iopathic PD and MSA. Of those that were identified,
the majority were of little or modest usefulness, and
none was very useful. The most useful cognitive pa-
rameters separating MSA from idiopathic PD were
increased time (d ¼ 1.63) and errors (d ¼ 1.86) on the
Trail-Making Test B (TMT-B) and increased errors on
the Stroop test (d ¼ 1.82) in MSA.

TABLE 3. (Continued)

Usefulness Cognitive parameter Test groups
Cohen’s d
(% overlap) Positive LR

Digit span27 PSPb vs PD 1.63 (26)
TMT-A—time26 PSPb vs PD 1.65 (26)
Judgment of line orientation test15 PSPb vs PD 1.73 (24)
Alternating semantic fluency16 PSPb vs PD 1.76 (23)
Phonemic fluency27 PSPb vs PD 1.83 (22)
Choice reaction time27 PSPb vs PD 1.85 (21)
Simple semantic fluency16 PSPb vs MSA-P 1.48 (30)
Judgment of line orientation test15 PSPb vs MSA-P 1.52 (29)
WCST – Categories passed26 PSPb vs MSA 1.52 (29)
WCST—errors26 PSPb vs MSA 1.59 (27)
Alternating semantic fluency16 PSPb vs MSA-P 1.83 (22)
Phonemic fluency26 PSPb vs MSA 1.85 (21)
Phonemic fluency15 PSPb vs MSA-P 1.85 (21)
Cognitive disturbances at symptom onset
(frontal dementia, aphasia, apraxia)12a

CBDb vs PSP 6

Initial nonfluent language impairment23a AD-CBS vs CBD-CBS\b 7.6
Utilization behavior23a AD-CBS vs CBD-CBSb 7.6
Orobuccal apraxia23a AD-CBS vs CBD-CBSb 7.6

Very useful TMT-A—errors26 PSPb vs PD 1.95 (20)
Phonemic fluency11 PSPb vs PD 1.99 (19)
FAB20 PSPb vs PD 2.01 (19)
Phonemic fluency15 PSPb vs PD 2.05 (18)
WCST—perseverative errors26 PSPb vs PD 2.08 (18)
Semantic fluency27 PSPb vs PD 2.13 (17)
WCST—errors26 PSPb vs PD 2.22 (15)
Alternating phonemic fluency16 PSPb vs MSA-P 2.13 (17)

ACE26 PSPb vs MSA-P 2.26 (15)
Sequential orofacial apraxia18 CBSb vs PD 2.22 (15)
Sequential orofacial apraxia18 CBSb vs PD 2.01 (19)
De Renzi ideomotor apraxia test
(More compromised arm)13

CBSb vs PD 2.02 (18)

Sequential orofacial apraxia18 CBSb vs MSA-P 2.23 (15)
Frontal-type behavior symptoms23a AD-CBS vs CBD-CBSb 2.71 (10) 10.9
Initial episodic memory complaints23a AD-CBSb vs CBD-CBS 10.9

ACE—orientation and memory23a AD-CBSb vs CBD-CBS 10.9

aPathologically confirmed cases.
bGroup performing worse.
MSA-P, MSA–parkinsonian subtype; CBD-CBS, corticobasal syndrome presentation of CBD; AD-CBS, corticobasal syndrome presentation of Alzheimer’s
disease; ACE, Addenbrooke’s Cognitive Examination; DRS, Dementia rating scale; FAB, Frontal assessment battery; WCST, Wisconsin Card Sorting Test; TMT,
Trail-Making Test.
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PSP Versus PD and MSA

PSP was generally distinguished from other parkin-
sonian disorders by inferior performance on executive
function testing. When compared with PD, worse pho-
nemic (d ¼ 1.56–2.05) and semantic (especially alter-
nating category; d ¼ 1.43–2.13) fluencies were
moderately to very useful in identifying PSP. Other
useful cognitive parameters in differentiating PSP from
PD included increased errors on the Wisconsin Card
Sorting Test (WCST; d ¼ 2.08–2.22) and increased
time (d ¼ 1.65) and errors (d ¼ 1.95) on TMT-A. In-
ferior performance on the Frontal Assessment Battery
(FAB) was particularly useful in separating PSP from
PD (d ¼ 2.01). The data from this study enabled a
ROC analysis to be applied: a cutoff score of less than
15 separated PSP from PD, with both sensitivity and
specificity of 78%.20

When compared with MSA, the Dementia Rating
Scale (DRS) and FAB both failed to identify PSP reli-
ably (d < 1.1), whereas evidence for Addenbrooke’s
Cognitive Examination (ACE) was conflicting, except
for impairment on the verbal fluency subscore (d ¼
1.17), which was modestly useful in identifying PSP.
Worse phonemic (especially alternating; d ¼ 1.85–
2.13) and semantic (especially alternating; d ¼ 1.48–
1.83) fluencies proved to be moderately to very useful
in separating PSP from MSA. Inferior performance on
the WCST (d ¼ 1.52–1.59) was also found to be mod-
erately useful in differentiating PSP from MSA.

CBS Versus PD, MSA, and PSP

Of 8 studies comparing CBS with other parkinso-
nian disorders, only 2 included pathological confirma-
tion of CBD.12,23 The presence of more severe
orofacial apraxia, particularly sequential orobuccal
movements, was useful in differentiating CBS from
other parkinsonian disorders (vs PD, d ¼ 2.22; vs
MSA, d ¼ 2.23; vs PSP, d ¼ 2.01). No other cognitive
tests reliably separated CBS from PD. When compared
with patients with MSA, patients with CBS performed
worse on the visual objective and space perception
tests; silhouette naming (d ¼ 1.28), dot counting (d ¼

1.27), number location (d ¼ 1.46), and cube analysis
(d ¼ 1.38) were modestly useful in this respect. Lower
DRS total score (d ¼ 1.23) and initiation subscore (d
¼ 1.3) along with impaired ACE total score (d ¼
1.35) and orientation (d ¼ 1.27) and visuospatial (d ¼
1.4) subscores were also modestly helpful in separat-
ing CBS from MSA. Although cognitive disturbances
(aphasia, apraxia, frontal dementia) at onset moder-
ately favored CBD (pathologically proven) over PSP
(positive LR, 6); their absence was not useful (negative
LR, 0.56). Apart from more severe ideomotor apraxia
(d ¼ 2.02), no other cognitive features reliably distin-
guished CBS from PSP. One study attempted to differ-
entiate CBS caused by CBD (CBD-CBS) from CBS
caused by Alzheimer’s disease (AD-CBS) and found
that initial memory complaints (positive LR, 10.9) and
worse ACE orientation and memory subscores (d ¼
2.71; positive LR, 10.9) strongly favored AD-CBS.
Frontal-type behavior (positive LR, 10.9), utilization
behavior (positive LR, 7.6), initial nonfluent language
disturbance (positive LR, 7.6), and orobuccal apraxia
(positive LR, 7.6) were moderately to very useful in
distinguishing CBD-CBS from AD-CBS.23

Discussion

Although numerous cognitive tests were identified
from previous studies that differentiated parkinsonian
disorders with statistical significance, fewer than half
carried sufficient strength to be practically useful when
effect size (d > 1.15) and likelihood ratios (>2) were
considered. According to our criteria, cognitive testing
is generally not very useful in separating MSA and
PD. In addition, CBS cannot be reliably distinguished
from other parkinsonian disorders based on cognitive
testing alone, although sequential orobuccal apraxia is
distinctive to CBS. Inferior performance on phonemic
and semantic fluencies, TMT-A, and WCST help to
separate PSP from PD and MSA, and lower FAB score
is useful in distinguishing PSP from PD (Table 4).
Cognitive impairment is not usually linked to PD

and MSA at onset and significant early cognitive

TABLE 4. Useful cognitive tests when considering the differential diagnoses of PD, PSP, MSA, and CBS

PD PSP MSA

PSP $ Phonemic fluency
$ Semantic fluency

$ WCST
$ FAB

$ TMT-A
MSA $ TMT-B $ Phonemic fluency (simple and alternating)

$ Stroop test $ Semantic fluency (simple and alternating)
$ WCST

CBS $ Sequential orofacial apraxia $ Sequential orofacial apraxia $ Sequential orofacial apraxia
$ Cognitive disturbances at onset
$ Severity of ideomotor apraxia

C O G N I T I V E T E S T I N G I N P A R K I N S O N I A N D I S O R D E R S

Movement Disorders, Vol. 27, No. 10, 2012 1251



impairment is, in fact, an exclusion criterion.4 How-
ever, it has been repeatedly demonstrated that both
conditions share a similar cognitive profile as they pro-
gress, dominated by executive dysfunction, with the
MSA group generally performing worse.10,14,16,17,26

Given their similarities, it is not surprising that most
cognitive tests either did not reach statistical signifi-
cance or failed to achieve sufficient effect size by our
criteria. When considering the differential diagnoses of
MSA and PD, the usefulness of cognitive testing
remains low.
PSP is considered the prototype of a subcortical de-

mentia characterized by bradyphrenia, cognitive
inflexibility, and diminished memory retrieval in the
absence of other ‘‘cortical’’ impairments such as apha-
sia, apraxia, and agnosia.28 As such, tests sensitive to
executive dysfunction, particularly impaired phonemic
verbal fluency, are very useful in separating PSP from
other parkinsonian disorders. Other tests measuring
set-shifting such as the TMT and WCST are also use-
ful. However, there is increasing recognition of an
expanding clinical spectrum that falls under the patho-
logically defined entity of PSP. For variants with pre-
dominant cognitive presentations such as PSP-CBS and
PSP–progressive nonfluent aphasia,29 the clinical utility
of cognitive tests useful in identifying the classic form
of PSP (Richardson’s syndrome) is likely to be limited.
CBS can be the presentation of neurodegenerative

diseases other than CBD and PSP, including AD, PD,
Creutzfeldt–Jakob disease, dementia with Lewy
bodies, and non-CBD frontotemporal dementia path-
ologies such as Pick’s disease.8 Diagnosing CBS can be
difficult, and no cognitive features reliably separated
CBS from other parkinsonian disorders except for the
presence of severe orobuccal apraxia. A paucity of
studies have examined cognitive performance of path-
ological subsets in CBS. The role of cognitive testing
in predicting pathologies other than AD causing CBS
is very limited at present.
Studies examining cognitive testing in parkinsonian

disorders must be interpreted with caution because of
several pitfalls. The first pitfall is study design. The
few studies identified that directly compared parkinso-
nian disorders spanned a period of almost 2 decades.
Study designs were not uniform, particularly with
respect to diagnostic criteria and cognitive tests used.
Other factors such as disease severity, medication use,
education level, and concurrent pathologies were also
variable and incomplete or not reported. Result inter-
pretation was further hampered by assessments typi-
cally being carried out some years into the disease:
more than 8 years for PD and 3 years for other disease
groups on average (Table 2). This further amplified
the impact of other confounding factors, particularly
medication side effects and disease-related factors such
as potential visual problems in PSP or depression.
These factors affected the consistency of comparison

between parkinsonian disorders and are likely, at least
in part, to have accounted for the variability in the
utility of some cognitive tests across different studies.
The second pitfall is the gold standard used for diag-

nosis and the lack of neuropathological confirmation.
A key hurdle faced by investigators is the imperfect
clinicopathological correlation of parkinsonian disor-
ders. The positive predictive value (PPV) of a clinical
diagnosis of PD can reach as high as 98.6% when
made by movement disorder specialists. However, the
overall PPV of clinical diagnosis in other parkinsonian
disorders only achieves a meager 71%.1 In the case of
CBD, a clinical diagnosis based on the co-occurrence
of basal ganglia and cerebral cortical signs4 will be
correct in as few as 25%.8 Studies attempting to com-
pare CBD with other parkinsonian disorders are thus
the most difficult to interpret. It is likely that a sub-
stantial number of patients with CBS actually had
PSP-tau or Alzheimer’s disease pathologies.8

Despite this, the gold standard adopted by most
studies for diagnosis was based on consensus clinical
criteria, rather than pathological verification. Further-
more, if the intention is to assess the contribution of
cognitive testing to diagnosis at onset or presentation,
such gold standard clinical assignments need to be
made on follow-up, rather than contemporaneously.
However, most of the identified studies were cross-sec-
tional with concurrent clinical diagnosis, aimed at
characterizing the cognitive profiles of parkinsonian
disorders. Clinical diagnostic accuracy increases with
disease progression,1 and of course by definition cog-
nitive testing cannot improve the accuracy of a con-
temporaneous clinical diagnosis if the latter is used as
the gold standard. Considering these limitations, the
ideal study examining the contribution and predictive
value of cognitive testing in the diagnosis of parkinso-
nian disorders should be prospective, directly compar-
ing different parkinsonian disorders in their early
stages. In addition, a standard battery of widely avail-
able, cost-effective, and easy-to-administer tests should
be used in order to ensure translatability into clinical
practice. Based on our review, verbal fluency tests,
FAB, TMTs, and graded apraxia assessments, which
require minimal additional special training or mate-
rial, should be considered for inclusion into such a
battery. Subjects should be followed up longitudinally,
and subsequent assessors should be blinded to the cog-
nitive testing results. Neuropathology should be the
gold standard against which clinical diagnosis is
assessed. Reporting of results should include effect size
or LR as well as tests of significance to allow practical
interpretation. The inclusion of a ROC analysis for
each cognitive test will facilitate the generation of
optimal cutoff scores for different diseases. This para-
digm will help to generate valuable operative informa-
tion, applicable to daily practice. Although such a
design may be ideal, the time and resources required
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to conduct this study in a meaningfully large cohort
are substantial. Unfortunately, with the ever-expand-
ing race to find biomarkers and disease-modifying
treatments for neurodegenerative diseases, such a
study is unlikely to be given high priority. A compro-
mise is perhaps a prospective study of similar design
with longitudinal follow-up of at least 5 years, with
correlation to final clinical diagnosis. A time frame of
5 years was demonstrated to be the mean disease du-
ration to final clinical diagnosis in patients with par-
kinsonian disorders in whom disease evolution
necessitated revision of diagnosis.1

Rather than characterizing a patient’s complete cog-
nitive profile, the ultimate aim instead is to identify
bedside cognitive tests, analogous to clinical signs,
that may assist clinicians in differentiating parkinso-
nian disorders. When considering the basis of the cog-
nitive tests being evaluated, it should be emphasized
that cognitive tests never purely assess a single cogni-
tive domain and that cognitive domains are similarly
multifaceted, so that they cannot be fully assessed by
a single test. As an illustration, executive function con-
sists of a number of higher-order processes including
initiation, planning, cognitive flexibility, judgment, de-
cision making, and self-perception. In turn, it controls
subordinate functions such as working memory.30

Therefore, even tests designed to assess the same cog-
nitive domain cannot be directly compared. For exam-
ple, the WCST and the Stroop test both assess
executive function and require high levels of attention.
However, the WCST also measures problem solving,
strategic planning, organized visual searching, and
goal-directed behavior, whereas the Stroop test
assesses cognitive inhibition and flexibility in response
to environmental feedback.30 Some identified cognitive
items form parts of broader tools, namely, the ACE
and DRS. Both are well-recognized domain-structured
cognitive instruments. The DRS is seldom used in
daily practice because of its length and complexity to
administer.31 Practically, the results of individual do-
main subscores should be interpreted in the context of
the overall test performance. For example, in 2
patients with equal levels of cognitive impairment,
poorer memory and orientation are more suggestive of
AD, whereas markedly impaired verbal fluency sup-
ports a parkinsonian disorder such as PSP.
As with other clinical signs, cognitive features reflect

the topographic distribution of pathology, regardless
of the pathology type. Thus, cognitive features argu-
ably predict clinical syndromes rather than underlying
pathologies. However, some clinical syndromes, when
presenting in their classic form, are reasonably predic-
tive of the underlying type and distribution of pathol-
ogy, for example, Richardson’s syndrome and PSP-tau
accumulation in the subthalamic and dentate nuclei,
pallidum, and brain stem.32 Characteristic cognitive
features are therefore good surrogate predictive

markers of underlying pathologies when applied to
classic presentations. Their usefulness reduces as the
presentation shifts away from the ‘‘typical’’ end of the
clinical spectrum of a disease. The clinician must
therefore bear in mind the potential clinical overlap of
different pathological entities. Of the cognitive tests
identified, optimal cutoff score (ROC analysis) was
only available (or able to be calculated) for one.20

Therefore, in clinical practice only normal or signifi-
cantly poor (and not intermediate range) results are
useful in aiding diagnosis. Given this and the other
reasons mentioned, specific cognitive features should
always be considered in conjunction with other dis-
tinctive clinical features, rather than in isolation. To
conclude, although a number of cognitive tests identi-
fied from previous studies had shown statistically sig-
nificant differences between PD, PSP, MSA, and CBS,
most are unlikely to be clinically useful because of
their low effect size. The contribution of cognitive
testing to the diagnosis of parkinsonian disorders lies
in building a clinical profile in conjunction with other
clinical characteristics such as mode of presentation,
disease progression, and response to medications.
Taken together, these clinical features will aid the cli-
nician in making an accurate antemortem diagnosis
and hence a prediction of underlying pathology.
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5.1	Summary	

Cognitive assessment plays a role in the diagnosis of parkinsonian disorders and the emergence 

of cognitive impairment marks an important milestone in the course of PD due to increased risk 

of progression to PD-D.106 Therefore, screening for cognitive impairment is important in clinical 

practice. The cognitive profile of PD is dominated by executive dysfunction, thus tests that are 

sensitive to executive function such as verbal fluency, the Stroop test and the Trail Making Test 

are often used in neuropsychological assessment of PD patients.105 The shift to automated 

computerized testing has been evolving for over two decades.104 The boom in mobile 

technology further lends support to this move and serves as an excellent potential platform for 

development of automated computerized cognitive testing in PD.  

 

In this study, a smartphone-based cognitive test (Cognitive Interference Test (CIT)) that utilizes 

the reverse Stroop phenomenon was tested in a cohort of PD patients. Despite PD-related motor 

impairment, the CIT performed well against a traditional version of the Stroop test and could 

effectively generate interference and detect executive dysfunction. Compared to conventional 

in-person and pen and paper format of neuropsychological tests, unique advantages of mobile 

devices including touch-screen technology, portable data storage and internet connectivity could 

further broaden test design, standardize test administration and eliminate the need of a trained 

assessor. This study shows that cognitive testing in PD can be feasibly performed using 

smartphone-based assessment and is a useful addition to standard clinical assessment.   
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Abstract
Background: Interference refers to learned associations and 
established behaviors “interfering” with response to new 
material. It forms a core pillar of executive functions, which 
are commonly affected in Parkinson’s disease (PD). Cogni-
tive interference test (CIT) forms part of a smartphone appli-
cation designed for ambulatory assessment in PD. Objec-
tive: The aims of this study were to establish that CIT could 
effectively demonstrate interference and would perform 
comparably to the Stroop Color-Word Test Victoria version 
(VST) despite PD-related motor impairment. Methods: Nine-
ty-nine patients with PD were recruited. Initial evaluation in-
cluded CIT, VST, Montreal cognitive assessment (MOCA), and 
Movement Disorders Society-sponsored revision of the 
 Unified Parkinson’s Disease Rating Scale (MDS-UPDRS-III). A 
group of patients underwent repeat assessment within 

2 weeks. Thirty-four healthy controls were recruited for com-
parison. Results: Patients’ mean age was 66.2 years, disease 
duration was 8.7 years, on-state MDS-UPDRS-III was 22, and 
MOCA total score was 27. CIT effectively generated interfer-
ence, whereby the total time taken to complete the incon-
gruent task was 20% longer compared to that of the baseline 
task. CIT key test items demonstrated convergent validity to 
VST (r = 0.478–0.644, p < 0.0001) and satisfactory repeatabil-
ity (intraclass correlation coefficient 0.46–0.808, p ≤ 0.0002). 
Performance on key CIT test parameters deteriorated with 
increasing age (r = 0.225–0.478, p < 0.01) and MDS-UPDRS-III 
total score (r = 0.354–0.481, p < 0.0001). When compared to 
controls and patients with less motor impairment, patients 
MDS-UPDRS-III > 30 took longer to complete CIT and VST and 
had lower MOCA-attention sub-score, implying that the de-
gree of motor impairment could not be the sole explanation 
for reduced CIT performance. Conclusions: We established 
that despite motor impairment, the novel approach of using 
smartphone technology to test interference in PD patients is 
feasible. © 2018 S. Karger AG, Basel
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Introduction

Interference is a well-described phenomenon in psy-
chology observed in learning, whereby learned associa-
tions “interfere” with comprehension of or response to 
new material. The reaction time to color naming of a 
word is longer when the printed word denotes another 
color, compared to a non-color word printed in the same 
color. This is the “stroop effect” (SE) in which words in-
terfere with color processing. The “reverse stroop effect” 
(RSE) refers to colors interfering with word processing. 
In both situations, interference can be quantified by the 
ratio and difference of response times between the in-
congruent and neutral conditions [1, 2]. Interference 
control forms an integral part of inhibition, one of the 
three core executive functions [3]. It gives an indication 
of both normal attentional processing as well as attention 
deficits [2]. 

Cognitive impairment in Parkinson’s disease (PD) is 
directly related to functional decline and increased bur-
den of care [4]. Even in early disease, executive dysfunc-
tion can be evident and is characterized by impaired plan-
ning, working memory, verbal fluency, and attention. In-
deed, the presence of early executive dysfunction may 
predict subsequent risk of developing dementia [5]. 

We designed the cognitive interference test (CIT), 
which forms part of a smartphone application created 
for ambulatory assessment in PD. Evolution of mobile 
technologies has enabled the development of novel 
methods of ambulatory assessment in PD. This trend is 
in part driven by the push to advance telemedicine due 
to increasing strain on already limited medical resourc-
es, particularly in developing countries where there is 
often good access to smartphones [6]. We have previ-
ously shown that our battery of smartphone tests can 
give an accurate evaluation of motor function in PD 
comparable to web-based assessment [7] and be used ef-
fectively in research [8]. By incorporating a cognitive 
test in this smartphone application, we seek to en-
hance the breadth of testing beyond the domain of mo-
tor function. 

We hypothesized that it is feasible to effectively test 
interference in PD patients using CIT. In a cohort of 
patients with PD, we seek to show the following out-
comes: 

1. Despite the presence of PD-related motor impair-
ment, CIT can still effectively demonstrate interference 
and therefore capture executive dysfunction; and

2. CIT has good validity and repeatability compared to 
Stroop Color-Word Test Victoria version (VST) [9].

Materials and Methods

Overview
This study was approved by the Alfred and Royal Melbourne 

Hospitals’ Human Research and Ethics Committees. All eligible 
patients provided informed consent. 

Smartphone Application
CIT forms part of a smartphone application, which includes 3 

other tests (Time Tapping Test, Rapid Alternating Movements and 
Tremor Tracker). Using Apple smartphones, this application was 
custom-designed for ambulatory assessment in PD. Its utility in 
quantitative motor assessment was previously demonstrated 
through validation against the 2 target tapping test and Movement 
Disorders Society-sponsored revision of the Unified Parkinson’s 
Disease Rating Scale (MDS-UPDRS-III) [7]. 

The design of CIT was drawn from the Stroop test [1, 10], a 
useful tool in the assessment of cognition in parkinsonian dis-
orders [11]. It consists of 3 sets of paired grey (G) and color (C) 
grids of words – “red,” “blue” and “green.” These words are ran-
domly distributed in equal proportion into 4 by 5 tables. For 
each set, the grey (G) word grid is first presented (Fig. 1) fol-
lowed by the color (C) word grid. For the color grid, words are 
proportionally and randomly assigned to the colors red, blue, 
and green, incongruent to the actual word. Using their less af-
fected hand, subjects are asked to select all the boxes containing 
the word “red” in the first set as quickly as they can. Subjects 
first complete the grey grid (control condition) and then the 
color grid (incongruent condition). In the same manner, sub-
jects are then asked to select the word “blue” in set 2 and the 
word “green” in set 3. The accuracy and time taken to complete 
the tasks are measured and the mean of results across the 3 sets 
is utilized for analysis. 

The grey word grid on CIT is analogous to VST part D (color 
dots), while the color word grid is equivalent to VST part C (words 
denoting colors incongruent to their printed colors). Interference 
is measured by the ratio (i.e., VST part C:D and CIT C:G) as well 
as the absolute difference (i.e., VST part C-D and CIT C-G) of time 
taken to complete tasks in the incongruent and control conditions 
[10].

Fig. 1. Layout of word grid on CIT. Set 1 (“Red”) grey grid is shown. 
CIT, cognitive interference test.
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Subjects and Data Collection
Consecutive patients fulfilling the United Kingdom PD 

 Society Brain Bank diagnostic criteria [12] from 2 movement 
disorders clinics were screened and recruited. Patients with 
very mild (not requiring pharmacotherapy) or very severe PD 
(Hoehn and Yahr stages 4 and 5) were excluded. Based on 
the  clinician’s impression, patients with cognitive or physical 
(other than PD-related) impairments that would affect their 
ability to use a smartphone were also excluded. An additional 
group of healthy controls were also recruited for comparison 
purpose.

Procedure
Clinical characteristics and levodopa equivalent daily dose 

(LEDD) were documented. Baseline assessments completed in 
the on-state included the Movement Disorders Society-spon-
sored revision of the Unified Parkinson’s Disease Rating Scale 
motor examination (MDS-UPDRS-III) [13], Montreal cognitive 
assessment (MOCA) [14] and VST. All testing of the smart-
phone application was performed using the Apple Ipod Touch 
(3-inch display) provided by the researchers. Participants were 
first presented with a standard demonstration of the smart-
phone application and were then allowed to practice twice to 
ensure adequate application use. Data were collected on the 
third occasion. One to 2 weeks later, a subgroup of patients un-
derwent repeat assessment, scheduled as near as possible to the 
time from last levodopa dose as at initial assessment. All assess-
ments were performed in the on-state and administered by the 
first author during dedicated clinical study appointments in the 
hospital setting. 

Statistical Analysis
All statistical analyses were performed using IBM SPSS version 

22 (IBM Corporation, Armonk, NY, USA, 2013). Results of 
CIT test parameters will be presented as either of the grey (G) or 
color (C) grid. 

Validity was assessed by Pearson’s or Spearman’s correla-
tion between CIT test parameters and baseline cognitive assess-
ments (VST and MOCA). Only results of key CIT test parame-
ters bearing the highest correlation will be presented. These 
 parameters include correct selection per second (correct/s), 
mean time between selection (time/selection), and total time 
taken (total time). The absolute difference and ratio of color 
and grey grids of these key test parameters were calculated (mea-
surements of interference). Results of control and incongru-
ent  conditions were compared using Student t test and chi-
square. 

Repeatability of CIT key test parameters was assessed by Bland-
Altman plot (≤5% of differences lying outside the repeatability co-
efficient is considered acceptable) [15] and intraclass correlation 
coefficient.

The effect of motor impairment on CIT results was evaluated 
by comparing CIT and VST performance of a control group of 
healthy individuals with PD patients, who were divided into two 
groups based on whether their MDS-UPDRS-III total score was 
less or more than 30 (moderate parkinsonism). Group compari-
son was carried out using the Kruskal-Wallis test, while Mann-
Whitney U test was applied to compare between individual 
groups. 

Results

Ninety-nine patients (51 males, 48 females) were re-
cruited with a mean age of 66.2 years (range 38–91, SD 
9.4), disease duration of 8.7 years (range 0.5–24, SD 5.1), 
Hoehn and Yahr stage of 2 (range 1–3, SD 0.6), LEDD of 
935 mg (range 150–3,046, SD 539), and education of 13 
years (range 7–15, SD 2.3). Twenty-six patients (26%) 
were on medications with potential sedating side effects 
including antidepressants, short-acting benzodiazepines, 
and antipsychotics. Mean on-state MDS-UPDRS-III was 
22 (range 1–69, SD 11) and MOCA was 27/30 (range 19–
30, SD 2). Moderate correlation was observed between 
key CIT test parameters and age (r  = 0.225–0.478, p < 
0.01) and MDS-UPDRS-III Total score (r = 0.354–0.481, 
p < 0.0001; Table 1) but not disease duration and LEDD. 
Similar correlation was also observed between VST and 
age (r = 0.317–0.422, p ≤ 0.001) and MDS-UPDRS-III to-
tal score (r = 0.347–0.485, p < 0.0001). 

Demonstration of Interference 
On VST, mean part C time (32.6 s, range 17.2–76.9) 

was significantly longer than that of part D (14.3 s, range 
8.3–34; p < 0.0001). The absolute difference was an in-
crease of 18.4 s (2.3 times longer than part D time). The 
number of errors was significantly higher for part C 
(mean 1.6, SD 1.84) than that of part D (mean 0.08, SD 
0.27; p < 0.0001). 

On CIT, the mean total time (C) (10.3 s, range 5–70) 
was significantly longer than that of total time (G) (8.6 s, 
range 4.9–35.5; p < 0.0001). The absolute difference was 
an increase of 1.7 s (20% longer than total time [G]). Time/
selection was significantly higher for color than grey grids 
(5.2 vs. 4.2, p < 0.0001). On the contrary, correct/s was 
significantly lower for color than grey grids (0.72 vs. 0.83, 
p < 0.0001) with the absolute difference being a reduction 
of 0.1 (13% less than grey grids). The number of errors was 
nonsignificantly higher for color (mean 0.37, SD 0.6) than 
grey grids (mean 0.32, SD 0.81; p = 0.568). 

Validity of CIT 
All CIT key test parameters were correlated against the 

different components of VST and MOCA (Table 1). Cor-
relation between CIT key test parameters and compo-
nents of VST was convergent in quality. The magnitude 
of correlation of key CIT grey grid parameters to VST 
part D time (r = 0.526–0.644, p < 0.0001), and CIT color 
grid parameters to VST part C time (r = 0.478–0.605, p < 
0.0001) was moderate to strong. The correlation between 
CIT total time C-G and VST part C-D time was moderate 
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(r = 0.423, p < 0.0001). Similar correlation was observed 
between CIT Total time C:G and VST part C:D time (r = 
0.351, p < 0.0001; Fig. 2a–d).

Small correlation was observed between MOCA total 
score and CIT total time, time/selection and correct/s (r = 
0.249–0.324, p ≤ 0.02). When MOCA-attention and ex-
ecutive/visuospatial sub-scores were analyzed separately, 
moderate correlation was observed with CIT total time, 
time/selection, and correct/s (r  = 0.231–467, p ≤ 0.03). 
However, no correlation was observed between other 
MOCA sub-scores and key CIT parameters. Further-

more, the strength of correlation of MOCA-attention and 
interference measurements of CIT (total time C:G and 
C-G, r = 0.383 and r = 0.467, p ≤ 0.0002) was superior 
to that of VST (part C:D and C-D, r = 0.303 and r = 0.341, 
p ≤ 0.001). 

Repeatability of CIT
Forty-eight patients underwent repeat assessment un-

der identical clinical conditions (mean time from last le-
vodopa dose was 112 min on both initial and repeat as-
sessments) and the mean time to repeat assessment was 8 
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Fig. 2. Scattered plots showing correlation of (a, b) total time and (c, d) interference measurements of CIT against 
VST. CIT, cognitive interference test; VST, Stroop Color-Word Test Victoria version.
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days (range 4–22 days). Good repeatability of key CIT test 
parameters was demonstrated on Bland-Altman plot 
with 94–98% of differences lying within the repeatability 
coefficient. Intraclass correlation coefficient was overall 
moderate to strong (0.46–0.808, p ≤ 0.0002; Table 2).

Effect of Motor Impairment on CIT and VST Results
PD patients were divided into 2 groups based on 

whether the MDS-UPDRS-III total score was less (mean 
18, n = 85) or more than thirty (mean 41, n = 14). Patients 
with more severe motor impairment were significantly 
older (75 vs. 65 years, p < 0.0001), had longer disease du-
ration (11 vs. 8 years, p = 0.031), and were on nonsignifi-
cantly higher LEDD (1,071 vs. 902 mg, p = 0.241). While 
the MOCA total score did not differ between the 2 groups, 
the more motor impaired patients scored lower on 
 MOCA-attention (4.9 vs. 5.8, p = 0.006).

Thirty-four healthy controls (15 males, 19 females) 
with a mean age of 63 years (range 45–80, SD 8.4) and 
education of 12 years (range 6–15, SD 2.4) were recruited 
for comparison. Comparing patients and healthy con-
trols, it was found that there was no significant difference 
in age (p = 0.06) and sex (p = 0.523). However, healthy 
controls received fewer years of education compared to 
patients (12 vs. 13.1 years, p = 0.03).

Kruskal-Wallis test revealed statistically significant 
difference in CIT key parameters (correct/s, error, total 
time) and VST times (parts D and C) across the 3 groups 
(Table 3a). As expected, PD patients with poorer motor 

function recorded lower correct/s, longer total time, and 
greater number of error on CIT compared to controls and 
patients with less motor impairment. Furthermore, pa-
tients with greater motor impairment also took longer to 
complete VST with significant correlation observed be-
tween MDS-UPDRS-III total score and VST part D time 
(r = 0.485, p < 0.0001), part W time (r = 0.431, p < 0.0001), 
and part C time (r = 0.347, p = 0.0003). Mann-Whitney U 
test showed no significant difference in performance on 
both CIT and VST between controls and PD patients with 
less motor impairment. However, CIT as well as VST 
times were significantly longer in PD patients with poor-
er motor function compared to controls and patients with 
less motor impairment (Table 3b). CIT total time C:G and 
total time C-G and VST part C-D time were all signifi-
cantly higher in the more motor impaired group.

Discussion

In a large cohort of patients with PD, we demonstrated 
that the novel approach of using smartphone based mo-
bile technology to test interference as a marker of execu-
tive dysfunction is feasible. Validity of key CIT test pa-
rameters against the relevant parts of VST was robust and 
convergent in quality, while repeatability was good. Sig-
nificant and specific correlation between MOCA-atten-
tion and executive/visuospatial sub-scores and key CIT 
test parameters underlines CIT’s predilection for detect-

Table 2. Blandt-Altman plot and intraclass correlation coefficient of VST and key CIT test parameters

Test parameters Blandt-Altman plot (% outside
repeatability coefficient)

ICC 
(95% CI, p value)

VST
Part D time 4 0.853 (0.747–0.916, <0.0001)
Part C time 6 0.825 (0.66–0.907, <0.0001)
Part W time 4 0.919 (0.821–0.96, <0.0001)
Part C:D time 4 0.588 (0.329–0.758, <0.0001)
Part C-D time 4 0.719 (0.5–0.844, <0.0001)

CIT
Total time (G) 4 0.488 (0.232–0.681, 0.0002)
Total time (C) 4 0.770 (0.619–0.866, <0.0001)
Correct/s (G) 4 0.726 (0.554–0.838, <0.0001)
Correct/s (C) 2 0.759 (0.603–0.859, <0.0001)
Time/selection (G) 4 0.46 (0.198–0.66, 0.001)
Time/selection (C) 6 0.679 (0.486–0.809, <0.0001)

CIT, cognitive interference test; VST, Stroop Color-Word Test Victoria version; ICC, intraclass correlation 
coefficient.
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Table 3. Effect of motor impairment on CIT and VST test results
a. Group comparison by Kruskal-Wallis test

Median Chi-square p value

control MDS-UPDRS-III ≤30 MDS-UPDRS-III >30

CIT
Correct/s (G) 0.9 0.9 0.6 24.4 <0.0001
Correct/s (C) 0.8 0.8 0.4 25.6 <0.0001
Error (G) 0 0 0.3 6.5 0.038
Error (C) 0 0 0.3 10.9 0.04
Total time (G) 7.1 7.6 10.6 25.1 <0.0001
Total time (C) 8 8.1 14.9 24.4 <0.0001
Total time C:G 1.1 1.1 1.2 6.4 0.04
Total time C-G 1.1 1 4.8 11.9 0.003

VST
Part D time 13 13 17.9 26.8 <0.0001
Part D error 0 0 0 0.1 0.952
Part C time 32.3 29 37.9 20.8 <0.0001
Part C error 1 1 2 3 0.225
Part C:D time 2.18 2.18 2.33 0.54 0.765
Part C-D time 17.5 16.6 25.8 9.6 0.008

b. Between groups analysis by Mann-Whitney U test

p value

control MDS-UPDRS-III ≤30 MDS-UPDRS-III >30

CIT Correct/s (G) Control – 0.441 <0.0001

MDS-UPDRS-III ≤30 0.441 – <0.0001

Correct/s (C) Control – 0.681 <0.0001

MDS-UPDRS-III ≤30 0.681 – <0.0001

Error (G) Control – 0.04 0.012

MDS-UPDRS-III ≤30 0.04 – 0.262

Error (C) Control – 0.06 0.001

MDS-UPDRS-III ≤30 0.06 – 0.021

Total time (G) Control – 0.655 <0.0001

MDS-UPDRS-III ≤30 0.655 – <0.0001

Total time (C) Control – 0.848 <0.0001

MDS-UPDRS-III ≤30 0.848 – <0.0001

Total time C:G Control – 0.621 0.04

MDS-UPDRS-III ≤30 0.621 – 0.013

Total time C-G Control – 0.687 0.004

MDS-UPDRS-III ≤30 0.687 – 0.001
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ing executive dysfunction. Despite the presence of PD-
related motor impairment, interference could still be gen-
erated through CIT. We have shown that CIT is capable 
of capturing executive dysfunction and will be a valuable 
addition to a matrix of patient-oriented, self-adminis-
tered mobile technology-based tests designed for ambu-
latory assessment in PD. 

Both SE and RSE are measurements of selective atten-
tion and interference, which underlie the ability to ignore 
disputing facts in conflicting situations to allow appropri-
ate response and achievement of the pre-established goal. 
The modalities in which these “conflicting situations” are 
presented can directly affect the size of SE and RSE. In his 
original experiment, Stroop demonstrated that the inter-
ference of naming colors with each color printed in a 
word that denoted another color caused an increase of 
74% over the normal time for naming colors printed in 
squares (Stroop condition, oral response task), whereas 
when naming a word, which denoted a color unlike the 
ink of its print, only caused a 6% increase over the normal 
time for reading the same words printed in black (Reverse 
Stroop condition, oral response task) [1]. Previous exper-
iments were also able to show that SE could be almost 
eliminated by incorporating visually guided actions in 
color matching in place of verbal responses (Stroop con-
dition, manual response task) [16, 17]. Studies examining 
manual response tasks in the Reverse Stroop condition 

demonstrated that reaction time increased by 11–27% 
when compared to the neutral condition [18, 19]. 

CIT utilizes a manual response task in the Reverse 
Stroop condition. Its design can be explained by the differ-
ence in the size of SE and RSE in response to oral and man-
ual response tasks. In an oral response task, SE is greater 
than RSE. Due to the relative strength of processing of ver-
bal compared to sensory information and the Stroop con-
dition’s reliance on verbal information suppression, 
Stroop interference is enhanced by the need to make oral 
responses based on verbal information in the oral response 
task [20]. On the contrary, the Reverse-Stroop condition 
relies on the suppression of sensory information to allow 
processing of verbal information. By utilizing visual guid-
ance in the manual response task, visual information rath-
er than verbal information is preferentially processed. As 
a result, this makes visual distraction much more disrup-
tive to responses to verbal information than contrariwise. 
Due to these factors, RSE is far greater than SE in the man-
ual response task [18]. Using smartphone as the platform 
restricts the design of CIT to manual response task only. 
Based on previous experiments [1, 18, 20], this condition 
clearly favors testing of RSE over SE. 

When comparing our results to another study that 
generated normative data from healthy individuals of 
similar age, the magnitude of SE was similar (part C:D 2.6, 
range 1.24–6.73) [21]. Likewise, our finding of RSE of 

p value

control MDS-UPDRS-III ≤30 MDS-UPDRS-III >30

VST Part D time Control – 0.443 <0.0001

MDS-UPDRS-III ≤30 0.443 – <0.0001

Part D error Control – 0.917 0.757

MDS-UPDRS-III ≤30 0.917 – 0.788

Part C time Control – 0.12 0.002

MDS-UPDRS-III ≤30 0.12 – <0.0001

Part C error Control – 0.995 0.119

MDS-UPDRS-III ≤30 0.995 – 0.097

Part C:D time Control – 0.619 0.803

MDS-UPDRS-III ≤30 0.619 – 0.53

Part C-D time Control – 0.217 0.098

MDS-UPDRS-III ≤30 0.217 – 0.002

Table 3. (continued)
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20% is in line with previous studies (11–27%) [18, 19]. We 
did not find a significant increase in the number of errors 
between CIT color and grey grids. Significantly higher 
time/selection and lower correct/s for color grids com-
pared to grey grids indicate that patients were making 
careful considerations to choose the right responses. This 
lends support to the increase in time between the incon-
gruent and neutral tasks on CIT being true interference. 

For the interpretation of CIT results, we proposed us-
ing a threshold of RSE of greater than 19% as an indica-
tion of impaired interference control. This cutoff was tak-
en from the mean of RSE found in previous studies exam-
ining normal individuals [18, 19]. The lack of normative 
data for tests examining RSE makes extrapolation from 
previous studies necessary for the interpretation of CIT 
results. Performance on CIT and VST worsens with in-
creasing age and MDS-UPDRS-III total score. CIT Inter-
ference exceeding 19%, especially in an older patient with 
more severe disease, should prompt further assessment 
for emerging cognitive impairment. 

Using mobile technology as the platform restricts the 
design of CIT to assessing RSE and introduces the con-
founding factor of PD-related motor impairment. We 
showed that PD patients with greater motor impairment 
took longer to complete both CIT as well as VST and 
scored lower on MOCA-attention. These results infer that 
the longer time taken to complete CIT by more motor im-
paired patients could not be explained by the degree of 
motor impairment alone. Higher MDS-UPDRS-III total 

score probably reflects greater overall disease severity – 
not only motor but also cognition. While CIT can still ef-
fectively generate interference despite the presence of mo-
tor impairment, testing should always be performed in the 
patient’s best on-state. A quarter of patients were on med-
ications with possible sedating side effects. These medica-
tions were predominantly administered at night but 
nonetheless could still potentially affect test performance. 
The study population’s neuropsychological profile was 
limited to VST and MOCA. While the aims of the study 
could be satisfied based on these tests, further neuropsy-
chological testing could help to strengthen our findings. 
In addition, the present study is restricted to a selected 
population of PD patients and further evaluation in a larg-
er patient group as well as normal individuals to generate 
normative data will enhance the test’s usefulness. 

Despite the presence of PD-related motor impairment, 
CIT can still effectively demonstrate RSE with adequate 
performance compared to VST. The lack of normative 
data will limit its utility as a quantitative measurement of 
executive dysfunction in PD. However, when incorporat-
ed into a battery of simple tests designed for ambulatory 
assessment of various facets of PD, CIT is a useful addi-
tion that complements the clinician’s assessment. 
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Chapter	6	

Discussion	and	Conclusions	
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6.1	Discussion		

PD is a unique disorder characterized by a wide range of motor and non-motor features, 

whereby symptom fluctuation can occur very rapidly. Symptom measurement remains the main 

consideration upon which management decisions are made and prognosis is gauged. Traditional 

methods of symptom measurement are often limited by factors such as excessive inter-rater 

variability and being highly labour intensive. In this compilation, novel approaches to 

measurement of motor and cognitive symptoms were explored with an aim to overcome some 

of these limitations.  

	

6.1.1	Measurement	of	Motor	Symptoms	

Compared to standard methods of motor measurement including MDS-UPDRS Motor 

Examination and the Two Target-Tapping Test, the custom-designed smartphone application 

discussed in Chapter 2 provides a valid and reliable gauge of hand dexterity and overall motor 

function. Despite its simple design and limitation of only measuring hand dexterity, a prediction 

model generated from key test parameters accounted for over 50% of variation of the MDS-

UPDRS Motor Examination total score. As new measurement methods emerge, it is worthwhile 

noting that novel tests may have their own metrics and not necessarily correlating strongly with 

traditional assessments.  

 

Using mobile technology as the platform to develop motor measurement techniques is logical 

due to its widespread use, ready-made hardware and Internet connectivity. A high level of 

compliance and user satisfaction was found with the smartphone application. This approach was 

well received amongst patients with over 90% of participants finding the application useful and 

almost all being interested in taking part in similar future development. Compared to other more 

complex and sophisticated approaches to ambulatory motor measurement that require expensive 

specialized equipment, the obvious benefits of a smartphone-based platform are patients’ 

general pre-existing high level of familiarity with the technology hence minimizing training 

requirement; and the likely insignificant cost to patients who already own mobile devices.  

 

In Chapter 3, the clinical phenomenon of “sleep benefit” was used as an example to contrast 

objective versus subjective measurement of motor symptoms. The validated smartphone 

application was applied in a group of patients with PD. The smartphone application was able to 

quantify and demonstrate the change in motor function between different states, thereby 

highlighting the feasibility of using this technology in the clinical and research settings. The 

home-based study design was only made possible by using ambulatory motor assessment. 
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Otherwise, the same study could only be achieved by a three-day hospital admission for each 

patient due to the need for regular motor testing and a trained assessor would have been 

required. While an in-hospital protocol would likely have achieved more reliable measurements, 

it would have been extremely costly and logistically impossible to complete with a large cohort 

of patients. Despite some sacrifice of measurement accuracy with an unsupervised approach, 

performance of the smartphone application was at least comparable to web-based assessment116, 

therefore should be considered adequate for research studies and clinical use.  

 

When compared to self-reporting of motor symptoms via a questionnaire, it became clear that 

the correlation between subjective and objective motor measurement is far from perfect. While 

patients may be able to broadly qualify “On” and “Off” states, trying to quantify the degree of 

motor symptoms seems much more difficult and inconsistent. Different perception of physical 

wellbeing is likely confounded by the presence of non-motor features such as mood 

disturbances, apathy and fatigue. With advancement of better and cheaper methods of 

ambulatory quantitative motor measurement, the role of subjective motor assessment will likely 

diminish substantially in the foreseeable future. It is conceivable that even “gold standard” 

objective rating scales that are currently in use will also be superseded in years to come. While 

objective motor measurement techniques can overcome the inconsistencies of patients’ self-

reporting of motor symptoms, non-motor features are not so readily quantifiable and their 

measurement remains a major challenge.  

 

The current landscape of emerging techniques of motor measurement is dominated by sensor-

based systems. However, new paradigms using virtual reality117 and sensorless video motion 

recognition technology are emerging. These techniques are in their infancy and will require 

further validation. However, they offer even more scope for broadening the measurement of 

motor symptoms to include gait, lower limb movement and facial expression. The ideal method 

of motor measurement is a sensorless system with the ability to measure both upper and lower 

limb bradykinesia, tremor and gait in the patient’s home environment where data can be 

wirelessly transmitted to the clinician to give an output of a global motor score. The challenge 

of such a system lies in developing the ability to manage and interpret the enormous amount of 

data that will be generated rather than the actual measuring and gathering of data, which current 

technology is not far from being able to achieve. 

 

6.1.2	Measurement	of	Cognitive	Symptoms	

Measurement of cognitive symptoms has a role in both the diagnosis and evaluation of disease 

progression in PD. There is a plethora of existing tests that examine the cognitive domains 
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affected in parkinsonian disorders. While previous studies deemed many as being useful in 

differentiating parkinsonian disorders based on statistical significance alone, it is difficult to 

interpret which are the true discriminators without knowing the effect size. By appraising 

existing literature with a novel statistical approach taking into consideration effect size, only a 

smaller number of tests were found to be actually useful in separating parkinsonian disorders 

(PD, PSP, MSA and CBS) (Chapter 4). Tests assessing executive function were most useful in 

separating PSP from PD. Apraxia-based tasks separated CBS while MSA could not be readily 

differentiated based on cognitive tests alone. The domains examined by these cognitive tests 

reflect the underlying topography of neurodegeneration in parkinsonian disorders. Rather than 

being used in isolation, measurement of cognition should be considered as additional clinical 

signs to enable better localization and therefore, prediction of underlying neuropathology. 

 

A useful test identified from the literature appraisal was the Stroop test. It is constructed upon 

the phenomenon of interference, which denotes learned associations “interfering” with 

comprehension of or response to new material. It is recognized as a test of executive function. 

The Cognitive Interference Test (CIT) uses smartphone as the platform and is based on a 

manual response task in the Reverse Stroop condition, referring to colors interfering with word 

processing (Chapter 5). Despite motor impairment in patients with PD, the CIT could still 

effectively generate interference. Selective correlation of interference measurements with 

MOCA attention and executive/visuospatial sub-scores highlights the predilection of CIT as a 

marker of executive dysfunction. This study demonstrates that it is feasible to computerize 

established cognitive tests using new technologies. In doing so, application of selected tests can 

be automated and broadened. In this situation, the CIT can be used as a self-administered 

screening test of executive dysfunction, which can be repeated reliably over time.  

 

Attempts to computerize cognitive tests have been evolving over the last two decades104. 

Advances in mobile technology introduce new elements such as touch screens, motion sensors, 

natural language interface and Internet connectivity. These features can transform traditional 

tests particularly auditory tasks and ones based on visually guided manual tasks such as the 

Wisconsin Card Sorting Test118 and Tower of London119, to a computerized format. Test designs 

can also be extended and revolutionized to take advantage of the increased interactivity that 

mobile technology offers.    
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6.2	Future	Directions	

Further testing of the smartphone application against other sensor-based motor assessment 

techniques will improve its validity. While it provides a good marker of upper limb motor 

function, the addition of a lower limb module to measure gait speed and freezing of gait will 

enhance its overall usefulness. A future study to assess how well this application measures 

motor fluctuation against the standard MDS-UPDRS Motor Examination has been planned. 

This will allow the generation of a “motor fluctuation score”, which will help guide medication 

changes. Whether the overall patient’s care will be enhanced by quantitative motor assessment 

through the use of this smartphone application or indeed any other ambulatory measurement 

techniques, can then be assessed by comparing quality of life outcomes in patients where 

management is guided by objective motor scores versus those where treatment decisions are 

made based on subjective symptom reporting.  

 

Assessment of performance on the CIT in patients with PSP and MSA is being planned. 

Demonstration of significant difference in measurements of interference between patients with 

PD, PSP and MSA will add additional diagnostic utility to the CIT. Further testing in normal 

controls of different ages to generate normative data will be essential to allow quantitative 

interpretation of test results.  
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6.3	Conclusions		

In the absence of reliable biomarkers that accurately reflect clinical symptoms and disease 

progression, symptom measurement will continue to play a major role in the diagnosis and 

management of PD. In particular, measurement of motor symptoms will be given significant 

attention as new technologies and techniques evolve. This will broaden measurement to include 

lower limb bradykinesia and gait and allow even more portable and accurate assessment. On the 

other hand, measurement of cognitive, psychiatric and other non-motor symptoms will remain 

heavily reliant on rating scales, questionnaires and clinical testing. The challenge lies in being 

able to quickly assess a number of different problems or domains without overburdening 

patients with too many assessment tools.  

 

In conclusion, the move towards objective quantitative motor measurement in PD is inevitable 

as more sophisticated technologies evolve. The use of mobile technology as a simple tool of 

motor measurement is feasible and can serve to close the gap between subjective reporting and 

objective quantitative assessment of motor symptoms. This discrepancy is likely due to the 

influence of non-motor symptoms, which are challenging to measure and quantify. Cognitive 

impairment is a particularly important non-motor feature of PD that is measureable. Good test 

selection and computerization of certain tests can aid in the diagnosis and monitoring of PD. 

The novel methods of symptom measurement discussed in this compilation form a matrix of 

clinically applicable, multifaceted screening tests that assess both motor and cognitive features 

of PD.  
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