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We sought to determine whether persons with Parkinson disease (PD) maintain 

asymmetric ipsilateral control of the upper extremities. We hypothesized that PD patients with a 

right side of symptom onset (RSO) would have greater motor and force coordination deficits in 

their ipsilateral left hand compared to patients with a left side onset (LSO) would have in their 

ipsilateral right hand. We also explored the effects of dopaminergic medication on object 

manipulation and hypothesized that PD patients would show improved manual dexterity while in 

the “on” state as compared to the “off” state (no antiparkinsonian medications within the last 12 

hours). 

Twenty-one right-handed (RH) individuals diagnosed with idiopathic PD (11 RSO, 10 

LSO) and 10 RH, healthy controls performed a variety of manual dexterity tasks. Raw scores 

from the outcome measures were converted to a laterality quotient and used in analysis to 

compare side onset influences on motor and force coordination. Left and right hand 

performances in both the “off” and “on” states were then compared to examine the effects of 

medication on all performance measures. 
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Laterality scores for the combined small and large object tasks were significantly larger for 

the LSO group (μ=77.31±57.78) compared to the RSO (μ=14.37±22.83; p=0.002) and HC 

(μ=5.54±1.97; p<0.001) groups. Analysis of the side onset effects on the force coordination task 

revealed no significant differences for either of the force variables, time within range (p=0.52) or 

the variability quotient (p=0.60), when comparing the laterality quotient scores of each group. 

Final comparison showed that the small and large object manipulation measures from both hands 

across all of the groups had significant improvement while in the “on” state (p=0.007).  

The lower laterality quotient among PD patients with a RSO compared to LSO indicated 

greater motor and force coordination deficits in both hands in these patients.  These findings 

could be interpreted to suggest more ipsilateral involvement of the affected dominant left 

hemisphere on the left hand. Our data suggest, among RH, PD retains this natural ipsilateral 

influence. Moreover, the improvement during the “on” state confirms that dopaminergic 

medications do in fact aid the performance of manual dexterous activities. 
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CHAPTER 1 
INTRODUCTION 

Parkinson disease (PD) is a progressive neurodegenerative disorder that affects cortical and 

sub-cortical connections as dopaminergic cells within the substantia nigra of the basal ganglia 

undergo accelerated cell death. Once the loss of dopamine reaches a certain threshold level 

(about 70%),1, 2 parkinsonian movement dysfunctions become more noticeable usually leading 

patients to seek medical attention. The cardinal motor features of PD include postural instability, 

bradykinesia, resting tremor, and rigidity. These consequences occur in either or both upper and 

lower extremities and eventually impede activities of daily living, cause social discomfort, and 

affect quality of life. While lower extremity movement dysfunction creates difficulty in social 

outings and maintenance of physical activity, upper extremity problems affect many everyday 

manipulation tasks such as buttoning a shirt or picking up small objects.  Because manipulation 

activities are performed over 83.4% of the time during normal daily activities,3 a loss of finger 

and manual dexterity can be quite debilitating and frustrating.  

In addition to the location of the impairments, the side of symptom onset is also of clinical 

importance.  While not absolute, patients most often present asymmetric symptomatology due to 

impairments beginning on one side of the body. Disruptions within the left hemisphere cause 

symptoms on the right side of the body [termed a right side onset (RSO)] whereas dysfunctions 

within the right hemisphere cause symptoms on the left side of the body (LSO).  The 

lateralization of PD is perhaps due to initial asymmetric levels of dopamine or a more rapid 

depletion in one hemisphere.4-6 With disease progression, the symptoms may become evident on 

both sides of the body; however, the side of onset often remains more affected.6 

Considering PD is essentially a lateralized disorder and each hemisphere has specific 

motor and cognitive responsibilities, persons with a RSO versus a LSO are likely to have 
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differing disease sequela. Researchers have examined the influence of the side of symptom onset 

on domains such as cognitive, visiospatial and perceptuomotor functions.7-18 Though there are 

some reports with no association of side onset to cognitive functioning,11, 14 the majority of 

studies do show some association especially when accounting for specific cognitive functions 

that correspond to each hemisphere.7, 9, 12, 13, 16, 17 The side of onset may also influence motor 

functioning; motor deficits in the dominant hand tend to be more disabling than deficits in the 

non-dominant hand.  Since the control of movement originates in the contralateral hemisphere, 

damage to the left hemisphere results in right side impairments and damage to the right 

hemisphere results in left side impairments. Therefore, in right-handers (RH), damage in the left 

hemisphere show impairments on the dominant, right side and affect patients differently than 

damage to the right hemisphere that impairs the non-dominant, left side of body. Besides these 

greater debilitating effects of an involved dominant hand, other differing motor problems may 

occur with a RSO or a LSO in PD. Unfortunately these possible consequences have not been 

explored.  

One plausible LSO versus RSO motor difference involves the asymmetric ipsilateral 

control of upper extremity dexterity. In particular, the left hemisphere has been shown to have a 

definitive role for controlling ipsilateral, left finger and hand movements in RH. Conversely, the 

right hemisphere does not have this same ipsilateral control of the right hand.19-27 In other 

neurologically disordered populations, such as stroke patients and epileptic patients undergoing 

anesthesia, researchers have observed hemispheric asymmetry and have documented that the side 

of damage significantly influences performance of precise finger and hand manipulation  

tasks.28-35 For example, RH stroke patients with damage to the left hemisphere show more 

deficits in the ipsilateral, less-affected, left hand than patients with right hemisphere damage 
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show in their ipsilateral less-affected, right hand.28, 29, 33-35 However, these ipsilateral upper 

extremity deficits during activities of daily living have not been examined in PD.  

Given the asymmetric ipsilateral control and that the predominantly affected hemisphere 

influences cognitive dysfunction in PD and motor dysfunctions in other neurologically 

disordered populations, it is reasonable to expect that the involved hemisphere differently 

influences upper extremity motor functioning. Specifically, in RH, motor deficits would be more 

apparent in the left, ipsilateral hand in persons with left hemisphere damage (RSO) than in the 

right, ipsilateral hand in persons with right hemisphere damage (LSO).  Experiencing deficits in 

both hands after a RSO may cause greater problems with dexterous unimanual and bimanual 

movements thereby possibly increasing the reliance of compensational techniques or a 

caregiver’s help.  

Furthermore, research regarding the effects of dopaminergic medications on dexterous 

manipulation tasks of both the affected and less-affected hands is equivocal; therefore, it is 

necessary to explore fine motor performance in both “on” and “off” states. More precise 

objective measures of fine motor skills would also help clinicians, therapists and patients 

understand differing drug responses beyond the subjective impairment ratings currently used.   

Purpose of the Study 

The asymmetric motor presentation of the PD population may be helpful in deciphering 

and confirming some known hemispheric responsibilities and asymmetries and support the 

notion that left or right hemispheric damage affects motor performance differently. Because the 

left hemisphere has greater ipsilateral control, damage to the left hemisphere may cause 

additional motor deficits in both hands whereas damage to the right hemisphere would impair 

motor performance more solely of the left hand. Therefore, the purpose of this investigation was 
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to examine the influence of side of symptom onset on upper extremity motor functioning in 

Parkinson disease. 

To determine the influence of the side of onset on upper extremity dexterity, we had 

healthy controls and persons with PD perform a variety of finger and hand manipulation tasks. In 

addition, since the skillful manipulation of objects requires precise coordination of fingertip 

forces, we analyzed force coordination output as a possible mechanism that may disrupt 

movements. Finally, we also examined motor deficits while in the “off” and “on” state to 

confirm the effects of dopaminergic medications on finger and hand dexterity in both the 

affected and less-affected hands.  

Specific Aims and Hypotheses 

Specific Aim 1 

To determine if, in RH, PD patients with left hemisphere damage (RSO) have greater 

ipsilateral motor coordination deficits than patients with right hemisphere damage (LSO)   

The objective of this aim was to determine if the greater left hemispheric ipsilateral 

control, as seen in healthy and other neurologically disordered populations, had more of an affect 

on motor coordination of left hand movements than the right hemisphere had on right hand 

movements in persons with PD. The analysis of motor coordination deficits was divided into two 

parts to answer the following questions: 

1a. Do PD patients with left hemisphere damage (RSO) have greater ipsilateral deficits during 

finger-thumb and multi-finger thumb grasping tasks than patients with right hemisphere 

damage (LSO)? The pincher grasp (index finger-thumb opposition) is required for many fine 

manipulation activities. Many persons with PD have difficulty performing these tasks in an 

appropriate manner with the involved hand.36-38 For analysis of pincher grasp deficits, in this 

protocol, we used the box and block, lock rotation, and coin rotation as functionally relevant 
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clinical measures that provided information regarding precise finger thumb coordination 

detriments. Tasks that involve whole hand grasping or manipulation of larger objects such as 

holding a cup or turning a doorknob involve multiple fingers in opposition with the thumb and 

are also commonly used during activities of daily living. Control of multiple effectors and 

coordination of multi-finger-thumb opposition, or sequencing, are also disrupted in persons with 

Parkinson’s disease.39-42 To determine multi-finger-thumb grasping dysfunctions, we used the 

similar tasks procedures as described above; however, the object was a larger version that 

required multiple fingers for manipulation. Due to greater ipsilateral, left-hemisphere control of 

dexterity, we hypothesized that PD patients with a RSO (damage in the dominant hemisphere) 

would show greater finger coordination deficits in the ipsilateral left hand than patients with a 

LSO (damage in the non-dominant hemisphere) would have in their ipsilateral right hand. This 

finding would mean that right and left hand tasks involving finger-thumb and multi-finger-thumb 

grasping movements would be more problematic for PD patients with a RSO.  

1b. Are these multi-finger-thumb grasping deficits greater than the finger-thumb grasping 

deficits? Santello and Soechting43  suggested that grasping mechanisms are more difficult when 

all five digits are involved because the equilibrium of forces can be achieved by many 

combinations of the fingertip force distributions. Thus, we hypothesized that the tasks requiring 

multi-finger-thumb grasping movements would show greater laterality deficits than those 

observed during the finger-thumb tasks. Since multi-finger –thumb movements are typically 

more complex, they require more processing to plan and execute. Furthermore, as a task-

complexity is increased, a greater involvement of the ipsilateral, left hemisphere is     

necessary.25, 44 Therefore, between-hand deficits are more likely in the more complex task. 



 

18 

Specific Aim 2 

To determine the influence of side of symptom onset on force coordination deficits and 

its impact on dexterity  

This aim was explored in two sub-parts. 

2a. Do patients with a RSO show greater ipsilateral force coordination deficits than patients 

with a LSO? The objective of this aim was to determine if the side of symptom onset influences 

the force coordination of hand movements in persons with PD. To measure force coordination, 

we analyzed force variability during a target precision grip task. We hypothesized that PD 

patients with a RSO would show greater precision grip deficits in both hands than patients with a 

LSO as measured by variability in specific target precision grip force.  Therefore, not only would 

persons with PD show force coordination detriments in their affected hand, but patients with a 

RSO would also experience force coordination deficits in their ipsilateral, left hand more than 

patients with a LSO would experience in their ipsilateral, right hand. 

2b. Is precision grip a mechanism that affects the finger-thumb dexterity?  The exact 

mechanisms necessary to achieve the appropriate movements during manual finger and hand 

dexterous tasks are mostly unknown. One theorized mechanism is force coordination where the 

appropriate fingertip forces between the tips of the thumb and index finger during the 

manipulation of small objects require a precise coordination between the grip and load force. In 

PD, both the skillful manipulation of objects and precise coordination of fingertip forces are 

impaired. We compared deficits of force coordination via the variability of forces during the 

target precision grip task to deficits in motor coordination via the outcome during the small 

object manipulation tasks to determine if force coordination was indeed a mechanism of 

dexterity. We hypothesized that precision grip was a mechanism of dexterity whereby the 
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deficits observed in finger-thumb grasping tasks would correspond to the increased variability in 

specific target precision grip force. 

Specific Aim 3 

To determine the effect of dopaminergic medications on upper extremity finger and 

manual dexterity in both the affected and ‘less’-affected hands  Dopaminergic medications are 

prescribed to prevent or minimize the cardinal motor impairments such as tremor, rigidity or 

bradykinesia often observed in patients with PD.  In this aim, patients performed the series of 

finger and hand manipulation tasks in the “off” state (no dopaminergic medications within 12 

hours of testing) as well as in the “on” state to explore the effects of these medications on motor 

coordination in both the affected and less-affected hands. We hypothesized that dopaminergic 

medications would promote improvements during the skillful manipulation of objects manual 

dexterity in PD patients who are self-reported as fluctuators (experience a clear and consistent 

‘wearing off’ period between medication dosages). Drug treatment for parkinsonian symptoms 

improves clinical motor scores as measured by the UPDRS. We believe that these improvements 

would translate to the improvements during everyday dexterity tasks.  

Significance of the Study 

Determining if the left hemisphere’s ipsilateral control of finger movements extends to 

persons with PD is important for recognizing that differing motor consequences can occur in a 

specific subset of patients. Furthermore, knowing that the benefits of dopaminergic medicines 

transfers from the clinical motor impairment ratings to actual finger and hand manipulation task 

improvement is invaluable for PD patients. 

The significance of the findings may not only help clinicians, therapist, and patients 

understand differences in motor consequences in PD, but should also transfer the understanding 

of possible dominant hemisphere control mechanisms of ipsilateral manual skills in the healthy 
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population. From this study, we were able to show 1) different motor consequences exist 

depending on the side of motor symptom onset in PD, 2) the loss of dexterity in the ipsilateral, 

left hand extended to patients with PD, 3) the loss of dexterity was not only limited to finger-

thumb tasks but includes all digits and more manual skills, 4) the greater bilateral impairments 

found in patients with RSO transferred to functional motor tasks performed daily, 5) the 

importance of precision grip during dexterous movements and the impact of PD on the 

variability of precision grip in both affected and less-affected hands, 6) force coordination is 

indeed a mechanism of skillful object manipulation, and 7) the positive dopaminergic effect on 

manual dexterous task in both the affected and less-affected hands. 

Limitations and Assumptions 

Limitations  

• The differing types of PD (tremor dominant, akinetic rigidity, and mixed) may influence 

the performance on the selected outcome measures 

• The selected outcome measures are fairly simple finger and hand tasks that do not require 

extremely complex manipulation of objects  

• The Unified Parkinson Disease Rating Scale is a subjective measure of motor impairment 

severity with low inter-rater reliability and the scoring as sensitive to less severe levels of 

impairment 

• Each patient differed in the amount of time they experienced symptoms before visiting a 

neurologist or being correctly diagnosed.  

• The duration (once diagnosed) at a given stage for each patient is quite variable making it 

difficult to predict the length of time before the disease is no longer unilateral reaching 

severity- Stage 2.5.  
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• The inherent variability in left and right hand performances exists among PD patients as 

well as healthy controls.  

• Patients willing to participate may not have as severe motor fluctuations between “off” 

and “on” states thereby lessening the “on”/”off” motor dysfunction differences 

Assumptions   

• All right-handed subjects have a dominant left hemisphere control 

• All subjects were not initially bilaterally affected 

• The “on” state has been reached at the start of the second testing 
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CHAPTER 2 
MATERIALS AND METHODS 

Participants 

Twenty-one right-handed individuals diagnosed with idiopathic PD and 10 right-handed, 

age-matched healthy controls were recruited to participate. The PD patients must have shown 

clear evidence of a unilateral onset (11 RSO and 10 LSO) and no evidence of dementia (MMSE 

<24)or significant/unstable cardiovascular problems. Moreover, patients with history of other 

neurological disorders or other orthopedic impairments affecting upper extremity functioning or 

who had undergone any neurosurgical operations were excluded. In addition, 11 of these overall 

21 PD patients were self-reported as fluctuators (self-reported as showing a clear and consistent 

‘wearing off’ period between medication dosages thereby scoring at least a “1” on question 39 of 

the Unified Parkinson Disease Rating Scale (UPDRS)) and used to determine dopaminergic 

effects on dexterity measures. 

Sample Size Justification 

After performing a power analysis set at a power of 0.90 and a alpha level of 0.05 and 

using the mean differences and standard deviations from the outcome measures calculated from 

our pilot data (N=12), the projected sample size included 10 participants in each group. 

Participant Recruitment 

Retrospective chart review and prospective recruitment from the University of Florida 

Movement Disorder Center (MDC) was used to identify persons with PD meeting the 

inclusion/exclusion criteria. Prospective recruitment occurred via the MDC doctors who log 

eligible contact information and secure permission from patients interested in participating in this 

study protocol. Healthy controls were recruited from pre-existing research participant pools 

and/or patient spouses or older adults recruited from the greater Gainesville community.  
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Testing Protocol 

Participants either visited the Biomechanics Lab at the University of Florida’s Center for 

Exercise Science or met at a neutral site. After reading and signing an informed consent, they 

completed the demographic questionnaire and were made aware of the upcoming protocol and 

procedures. The following demographic and clinical data were recorded: Age, gender, years of 

education, disease duration since diagnosis, side onset, first symptom type and location, time 

since medication, medication list and dosages, score from question 39 of the UPDRS (0-4), hand 

preference, and their laterality quotient calculated from the modified Edinburgh Handedness 

Inventory.45-47 Prior to the testing of each outcome measure, participants were provided the 

opportunity to practice each task until they felt comfortable with the rules and task manipulation.   

As for the fluctuators, the protocol was identical except they were expected to begin the 

testing in the “off” medication state (no antiparkinsonian medications within the last 12 hours). 

Once they completed the first testing session, the participants were asked to take their 

medications and then wait at least 45 minutes until reaching their self described “on” state where 

their medicines were working optimally. The “on” state testing protocol was performed in the 

same order as during the “off” state. Figure 2-1 shows a flow chart for the experimental protocol 

for the fluctuators. 

Video Recording: To record task performance, a video camera was positioned directly in 

front of and slightly above the participant and used for the box and block task and the UPDRS 

scoring. 

Outcome Measures 

The outcome measures included: 1) questions 20-25 of the motor section of the UPDRS, 2) 

motor performance during: a) two modified versions of the Box and Block Test (BBT), b) two 

coin rotation tasks, and c) two lock rotation tasks, and 3) a force control task. All outcome 
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measures were performed in the same order for every participant, but the hand that performed the 

task initially was selected in a randomized fashion. The BBT and the coin rotation task using a 

nickel are commonly used outcome measures to test manual and finger dexterity.30, 48, 49 These 

tests were also used as a comparison measure to our additional new and modified tasks to 

provide other commonly performed movements for researchers and clinicians to easily 

incorporate as objective measures in testing and practice. The measures where two tasks are 

involved (a-c) were performed identically, except the object being manipulated differed in size.  

The different sized objects were used to measure and compare coordinated finger-thumb 

movements (pincher grasp) versus larger multi-finger/hand movements (multi-finger grasp). 

Finally, the force control task provided information regarding maximum grip force and the 

variability to reach, maintain and release 20% of max force. The latter was used as a measure of 

precision force which is required for successful completion of finger-hand manipulation tasks  

Unified Parkinson Disease Rating Scale 

The motor section of UPDRS is clinical measure used to determine severity of motor 

impairments. Using a 5 point ordinal rating system, each measure is scored from zero (absent 

impairment) to four (severe impairment), and the total score from each item is totaled. A greater 

score represents greater motor dysfunction. In this study, only the upper extremity motor 

questions 20-25 (see Table 2-1 for an explanation of each task) were completed and totaled for 

both the left and right hand.  

Box and Blocks Tests  

Participants performed two versions of the Box and Blocks Test (BBT). The first version 

required the grasp, transport and release of 2.54 cm blocks as fast as possible from one side of a 

container to the other while going over a midline barrier. The objective was to move 30 blocks, 

one at a time, where time to completion was recorded and used in analysis. For the second 
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version, the task was exactly the same as the first except the block size was larger (4.5 cm). The 

smaller block required more of a pincher grasp with precise prehension using the index or middle 

finger and thumb. The larger block involves the coordination of at least three fingers and the 

thumb and requires less precise finger movements but more of a multi-finger coordination.   

Coin Rotation Tasks 

On the command “go”, participants rotated a nickel 180 degrees as rapidly as possible for 

10 rotations using the index and middle fingers and thumb.30, 48, 49 The second object was a small 

plastic container similar in weight and shape but larger in size (2 cm thick, 4 cm in diameter). 

The time to completion was used in analysis as an indicator of finger-thumb and hand dexterity. 

The number of drops during the trials was also recorded.  

Lock Rotation Tasks 

On the command “go”, participants rotated (a) regular combination lock using their index 

finger and thumb and (b) a second combination lock with a larger surface using a multi-finger-

thumb grasp in a random order.  The time to complete 10 full turns, starting and ending, at zero 

was recorded and used in analysis. The smaller handle required more of a pincher grasp between 

the index finger and the thumb while the larger handle required multi-finger and thumb 

opposition and higher degrees of freedom necessary for task completion. These tasks simulate 

many activities of daily living such as turning on a lamp, turning a door handle, unscrewing a lid 

to a water bottle or a tube of toothpaste, all of which require the coordinated movements either 

via finger-thumb opposition or multiple finger-thumb opposition with possible slight wrist 

rotation. 

While seemingly similar, both coin and lock rotation tasks provide slightly different finger-

thumb-hand movements. The difference in the coin rotation task and the lock rotation task are 

the independent finger movements necessary to complete the rotations. With the lock task, the 
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finger and thumb both contract simultaneously to produce the correct manipulation. However, 

with the coin rotation task, two or three digits are contracting at subtly different times in a more 

sequenced pattern.  

Force Control Task  

Grasping forces, normal (grip) and tangential (load), for both limbs were recorded using a 

six-dimensional force-torque transducer measuring 75 mm in diameter and 35 mm in thickness 

(Gamma model, Assurance Technologies Inc., Apex, NC) (Figure 2-2). Grip force is defined as 

the force along the axis normal to the flat surfaces of the transducer; load force is defined as the 

force along the axis tangential to the flat surfaces of the transducer.  

Before using the transducer, participants washed their hands with antibacterial hand 

sanitizer to remove any oils from the skin. Maximum precision grip (MPG), where patients 

squeezed the transducer with the index finger and thumb with as much force as possible for four 

seconds, was recorded for each hand unilaterally. The maximal force achieved was used to 

calculate the target zone for the target precision grip (TPG) conditions.  

In the TPG conditions, the target force was 20% of the participant’s MPG. The target force 

and actual produced force were displayed on a monitor directly in front of the participants. 

Participants were instructed to track, as accurately as possible, the target force for 15s and 

performed two trials. An auditory stimulus ‘‘ready, go’’ signaled the participants to start 

matching their force to the target force. Measures of force variability included time within range 

(TWR) and a variability quotient (VQ). VQ is a normalized root mean square error calculation 

that accounts for the differing target forces that each person attempts to match while TWR is the 

amount of time the patient actually produced a force that was within five percent of the targeted 

force value. The performance from both trials was averaged for analysis. Figure 2-3 displays an 

image of the force gripper apparatus and the force curves as seen on the monitor. 
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ON versus OFF medications 

To help address Specific Aim 3, PD patients, who were considered fluctuators, tested in 

both “off” and “on” medication states. Fluctuators are patients who can determine a clear and 

consistent wearing off of the dopaminergic medications and score at least a one on question 39 of 

the UPDRS.  To reiterate, testing in the “on” and “off” states was used to determine the influence 

of dopaminergic medications on upper extremity manual dexterous tasks.  

Statistical Analysis 

Similar to Rigal, raw scores from each hand for all outcome measures were converted to a 

z-score using the overall mean and standard deviation calculated from both the left and right 

hand scores of every subject for each particular task. For tests where a low performance yielded 

a high score (tasks where time for completion was recorded), z-scores were multiplied by -1. To 

account for negative values (scores below the mean) and avoid where the sum of positive and 

negative values could equal zero, each z-score was converted to a T score using a linear 

transformation [T = (z-score*10) +50].50 The same procedure was applied for all outcome 

measures. To compare the left and right hand scores, the following laterality quotient was 

calculated for each outcome measure using a percentage formula that adjusts for difference 

scores across participants: [(preferred hand ─ non-preferred hand)/(preferred hand + non-

preferred hand)]*100. A smaller quotient equates to a smaller difference between the left and 

right hand performances and thereby represents deficits in the ipsilateral hand as well. To 

determine side onset effects, three different laterality totals, small object total, large object total 

and combined total, were then compared by using an analysis of variance (ANOVA). To provide 

more meaning to these difference scores and to determine clinical relevance, we compared each 

laterality quotient to ±2 SD of the control participants’ laterality score.51 Since inherent 

differences between the two hands exist, especially in strong-RH, we also subtracted the mean 
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LQ of the healthy controls from the LQ of each patient. Next, we compared the differences in 

large and small object laterality scores (Specific Aim 1b) via a 3 x 2 (group, object size) 

ANOVA with repeated measures on the last factor. 

To address the differences in force coordination deficits among the groups (Specific Aim 

2a), we used a one-way ANOVA with the calculated laterality quotient from left and right hands 

on the following variability measures: a) amount of time the participant was able to remain 

within five percent of the targeted value which was set at 20% of each individual’s max force 

(TWR) and b) variability quotient comparing target and actual force (VQ). Secondary analysis 

was then performed using combined left and right hand scores on the TWR and VQ measures to 

determine the overall force coordination deficits among the groups. 

Pearson’s one-tailed bivariate correlations were performed to determine if force 

coordination is a mechanism of finger-thumb dexterity (Specific Aim 2b). Force variability 

measures included TWR and VQ while finger-thumb dexterity measures included the scores 

from the small box and block test, the small lock rotation task, and the coin rotation task. 

Moderate and strong correlation magnitude was set at r >0.3 and r >0.5, respectively while 

significance was set at an alpha level of 0.05.52 

To examine the effects of medications of manual dexterity (Specific Aim 3), we used a      

2 x 2 x 2 x 2 (group, object size, hand, state) ANOVA with repeated measures on the last three 

factors. For the “on”/”off” UPDRS scoring, we used a two point change as a clinically relevant 

difference. This change is consistent with the estimates of Schrag et al.53 but was adjusted for the 

fewer motor items (questions 20-25; right and left hand only) that were included in our overall 

score.  
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Table 2-1. Upper extremity tasks for part III of the Unified Parkinson Disease Rating Scale 

Question Impairment Task 

20 Rest Tremor Patient’s hands rest quietly on their lap; patient recites the months 
of the year in reverse 

21 Action/Postural 
Tremor 

Patient bends elbows holding forearms parallel to the floor at 
chest height for 10 seconds; patient also touches finger to nose 
and then to testers hand 

22 Rigidity 
Patient sits in a relaxed position while tester judges the passive 
range of motion of the patients major upper extremity joints 
(wrist and elbow) 

23 Bradykinesia Finger taps: Patient taps thumb with index finger in rapid 
succession with widest amplitude; each hand separately 

24 Bradykinesia 
Hand movements: Patient opens and closes hands in rapid 
succession with widest amplitude; each hand separately (fist to 
open) 

25 Bradykinesia 
Rapid alternating movements: Patient rapidly pronates and 
supinates hands with widest amplitude possible; both hands 
simultaneously 
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Figure 2-1. Flow chart for the testing protocol of the fluctuators.

Participant Consent 

Demographic and 
Clinical Data 

Practice Trials 

Perform Tasks 

Take Medications 

Rest & Wait  

Perform Tasks 

1. UPDRS Measures 
2. Three Box & Block Tests 
3. Two Lock Rotation Tasks 
4. Two Coin Rotation Tasks 
5. Force Control Trials 

1. Age 
2. Disease Duration 
3. Gender 
4. Side of Onset 
5. Type of 1st Symptom 
6. Location of 1st Symptom 
7. Time since Medication 
8. Hand Pref (laterality quot.) 
9. Years of Education 
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Figure 2-2. Force ‘gripper’ apparatus used during testing. The arrows point to the embedded 
force transducers and the location for which the index finger and thumb applied 
forces 

 

 

 

 

 

 

 

 

 

 

Figure 2-3. Force-Time curves displayed on the monitor in front of the participant during the 
target force tracking task. The green line is the target force and the red line is the 
actual force produced. The x-axis is the time frame (128 Hz for 15 seconds) and the 
y-axis is the force measured in Newtons 

Index finger and thumb forces
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CHAPTER 3 
REVIEW OF LITERATURE 

Hemispheric Characteristics 

The human brain is an amazingly complex, yet highly organized structure that regulates 

virtually all human activity. Separated into four distinct lobes and comprised of cortical and sub-

cortical structures, the cerebrum is divided into right and left hemispheres that communicate to 

each other via the corpus callosum. While each side mostly resembles one another, micro 

structural and obvious functional differences exist.  Generalizations about control of certain 

functions are not only associated to a specific area of the brain, but are often lateralized to either 

the left or right hemisphere. In the early 20th century, a German anatomist, Korbinian Brodmann 

observed that a particular anatomical structure corresponded to a particular function. Therefore, 

he developed a map of the brain based on the differences in the cellular architecture of the 

various parts of the cortex and assigned these functionally distinct areas a number. Though each 

area of the brain has an associated function, the brain functions as a whole and associates a 

number of different areas to complete a task. Billions of neurons create this vast network for 

communication to neighboring areas and to areas in the contralateral hemisphere in order for an 

action to occur. Countless researchers have explored the structural and functional organization 

between and within the hemispheres uncovering motor, cognitive and behavioral responsibilities 

of each area and asymmetries that exist between hemispheres.  

Structural and Functional Asymmetries 

More recently researchers have used analysis of hemisphere pathologies in conjunction 

with brain imaging techniques to investigate asymmetries and particular functional 

responsibilities for each hemisphere. In right-handers (RH), anatomical left-right asymmetries 

include larger left: frontal and occipital lobes,54, 55 motor cortex and representation of hand 



 

33 

muscles,26, 56, 57 hippocampal and amygdalar volumes,58 corticospinal tract,59 neuropil volume 

representing increased connectivity,60 planum temporale and parietale,61-65 postcentral gyrus 

representative of the primary somatosensory cortex,66 white matter density,67, 68 globus pallidus 

and higher amounts of dopamine,69 and deeper central sulcus in the hand representation  

region.60, 70, 71 Some functional asymmetries in RH include more efficient intracortical 

excitability, stronger interhemispheric inhibition and lower motor thresholds,22, 72-77 faster 

interhemispheric transfer time and hemispheric interactions73, 78 and stronger involvement during 

ipsilateral hand movements19-21, 23, 26, 27, 72, 74, 79-81 all in the dominant, left motor cortex. In left-

handers (LH), these structural and functional hemispheric asymmetries are either not apparent or 

less pronounced than RH.19, 20, 22, 24, 25, 58, 72, 74, 79 Others reported that LH have a larger corpus 

callosum,82 more efficient hemispheric interactions73 and higher functional connectivity83 than 

their RH counterparts. The magnitude of these asymmetries depends on the degree of 

handedness.26, 84-88   

General Cerebral Responsibilities 

Knowledge of these asymmetries led authors to examine left and right hemispheric 

responsibilities in different tasks. In RH, findings show that not only is the left hemisphere 

responsible for the contralateral right side of the body, but in general it is also responsible for 

bimanual and sequential movements,89-92 the control of preprogrammed ballistic movements,90, 93 

movement planning, organization and selection,81, 94-96 verbal memory,97, 98  temporal attention,99 

precise and coordinated independent finger movements,30, 32, 99 and grip force scaling.100 More 

specifically and a focus of this research is the role the left hemisphere has during in some 

ipsilateral (left) hand movements such as precise and coordinated independent finger 

movements.19-27 Conversely, the right hemisphere is responsible for the contralateral, non-

dominant (left) side of body, realization of goal-directed behavior,101, 102 control of limb 
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positioning and end phase of reaching a target,103, 104 preparation of movement,105 and 

visiospatial memory/spatial attention.99, 101, 106 These responsibilities are well documented for 

right-handed subjects; however, in left-handers, the specific role of each hemisphere remains 

more ambiguous. The lack of consensus is due to irregularity of brain organization among LH 

and the increased difficulty in finding and grouping LH individuals especially in a disordered 

population. In addition to the previously mentioned differences, about 90-97% of RH have 

language dominance in the left hemisphere whereas anywhere from 40-70% of LH are reported 

to have a left language dominant. The remaining percent of LH either have bilateral or right 

hemisphere language dominance.61, 86, 87, 107 These language-dominant inconsistencies may affect 

other hemispheric responsibilities for motor tasks in LH. Taken together these findings suggest 

that LH are not just inverted RH. To avoid decreasing the chance of including those with a non-

dominant, left hemisphere, we limited our cohort to only strong (above 65% on the Edinburgh 

handedness inventory) RH patients. 

Hemispheric Approach to Research Dysfunctions 

As previously noted, each area as well as each hemisphere has a different responsibility in 

the partial or whole completion of specific task. Therefore, the area or hemisphere injured may 

cause certain disruptions in functioning that depend on the location of insult. Applying this 

asymmetric hemisphere functioning and observing specific dysfunctions after left or right 

hemisphere injury is useful to contrast hemispheric cognitive and motor responsibilities for 

specific tasks or skills. Researchers have recently examined the relationship among the side of 

symptom onset and particular cognitive tasks in PD patients and have been better able to 

decipher and confirm some cognitive roles of each hemisphere. Though there are some reports 

with no association of side onset to cognitive functioning,11, 14 the majority of studies do show 

some association7, 8, 10, 12, 13, 15-18, 108, 109 (see PD section for a detailed discussion).  While it is 
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obvious that motor consequences occur with neurological problems, specific impairments 

depending on the side of hemispheric insult differ. This effect of side onset on motor 

consequences in PD has not been investigated; nevertheless, researchers have compared left 

versus right hemispheric damage in other neurological disordered populations.  

Apraxia, the inability to carry out learned and purposeful activities not explained by 

primary motor and sensory deficits, has been found to be commonly associated to left-

hemisphere damage. In 1920, Liepmann reported that right-handed patients experienced 

ideomotor apraxia (spatial and temporal errors) more often after left hemisphere damage.  

Heilman and colleagues32 later reported that, in RH persons undergoing Wada testing for 

intractable epilepsy, conceptual apraxia (a loss of mechanical and tool knowledge) was more 

frequently associated with left than right hemisphere lesions. In addition, errors in limb-kinetic 

apraxia, which affects precise, independent finger movements, were similar for the left and right 

hand during left hemisphere anesthesia but more left than right errors were observed during right 

hemisphere anesthesia. This asymmetry where the left-hemisphere mediates motor deftness in 

both hands and the right hemisphere mediates motor deftness only in the contralateral left hand 

was only observed in RH with left hemisphere language dominance (typical brain organization). 

Conversely, patients with right or bilateral hemisphere dominance or non-right handed patients 

(atypical brain organization) had a contralateral hemispheric control of each hand. 

The observation that the left hemisphere possesses significant control over ipsilateral 

movements appears to be a common finding among several research groups. For example, stroke 

researchers have shown that after a unilateral hemispheric stroke, the “unaffected” ipsilateral arm 

may not have normal function.28, 29, 31, 33, 93, 110-112  Haaland and Harrington29  and Sunderland et 

al. 33 observed that RH patients with left hemisphere damage had deficits in both the right 
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(contralateral) and left (ipsilateral) hand during a variety of motor tasks whereas those with right 

hemisphere damage were more prone to produce only contralateral deficits. Schaefer113 also 

investigated motor deficits following stroke and found that patients with left, but not right, 

hemisphere damage produced deficits in specification of initial trajectory features by showing a 

reduced modulation of acceleration amplitude and patients with right, but not left, hemisphere 

damage produced deficits in final position accuracy. These findings support the notion that each 

hemisphere contributes differentially to the control of initial trajectory and final position thereby 

reflecting lateralization in control of specific movements.  

Task specific motor disabilities also depend on the side that is damaged. Spinazzola’s 

group114 examined two types of errors that hamper trunk movements: apraxia and postural 

instability. They reported postural reactions were more frequent among patients with right 

hemisphere lesions and apraxic responses were overwhelming in those with left hemisphere 

lesions. Hanna-Pladdy et al.30 examined the speed, precision, and independence of finger 

movements in patients with unilateral lesions. They found persons with left unilateral 

hemisphere lesions had contralateral and ipsilateral deficits with greatest ipsilateral deficits on 

tasks requiring precision and coordinated independent finger movements and suggested that 

hemispheric specialization is dependent upon the nature of the motor task.  To determine if this 

hemispheric specialization extends to larger hand movements, we incorporated tasks that involve 

multi-finger-thumb grasping in addition to index finger-thumb tasks that are often analyzed.  

Altogether, these studies provide evidence for differing motor consequences depending on 

the side of injury and indeed show a stronger ipsilateral role of the left hemisphere for dexterous 

movements in right-handed patients. Many researchers have examined the relationship of side of 

symptom onset to particular cognitive decline in PD and to motor impairments in other 
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neurologically disordered populations. Yet specific motor problems, such as finger and hand 

dexterity, depending on the side of symptom onset have not been thoroughly investigated in PD. 

A detailed discussion of the both control of manual dexterity and consequences of PD that could 

disrupt fine movements is necessary before attempting to examine this side of onset influence on 

upper extremity motor dysfunction. 

Manual Dexterity 

Manual dexterity is defined as the ease and skill in using the hands and manipulating 

objects. Previously, dexterity was specific to the ability of the right hand; therefore, the term 

deftness was used to refer to the dexterity of either the left or the right hand. Deftness is further 

defined as the ability to perform skilled, precise, coordinated and independent finger movements 

and the hand with better performance is said to be the dominant hand. More recently, these terms 

for many authors are used interchangeably where both terms refer to skillful movements of either 

hand. During fine manipulation tasks or more gross hand movements, the brain areas activated 

and the underlying mechanisms necessary to perform the appropriate movement for each specific 

task have been investigated. 

Brain Areas Involved 

Many researchers have examined the areas of the brain involved when performing 

dexterous finger and hand movements using both PET and functional MRI. While the main 

activation sites include the primary motor cortex and the motor association areas (also known as 

the lateral premotor cortex and supplementary motor area (SMA)) of the contralateral 

hemisphere, other areas that are concurrently active include the basal ganglia, corticospinal tract, 

bilateral secondary somatosensory areas (superior and inferior parietal cortex), and 

cerebellum.115 As previously discussed, parts of the ipsilateral primary motor cortex are also 

activated during hand movements especially for RH during left hand tasks. Some of these brain 
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areas will be discussed briefly to highlight their functional responsibilities during manual 

dexterous activities.  

Primary motor cortex 

The motor cortex is located in the precentral gyrus which is in the rear portion of the 

frontal lobe, just before the central sulcus and is divided into two main areas, Area 4 and Area 6. 

Along the central sulcus, Area 4, known as the primary motor (M1) cortex, is one of the principal 

areas involved in motor function by generating the neural impulses that control the execution of 

movements. Corticospinal cells in area 4 project directly to the lower motor neurons and 

communicate the appropriate commands to the specific muscles necessary for task 

completion.116-118 

Association areas  

Immediately rostral to Area 4, the motor association area, also termed premotor area (Area 

6) includes the supplementary motor area (SMA) and lateral premotor area and is involved with 

the planning of a movement. Many motor actions are often responses to visual or auditory cues, 

and cells in the premotor area are active during such externally cued movements. Therefore, the 

main role of the premotor cortex involves sensory guidance of movements and helps to orient the 

body before reaching for an object. Alternatively, the SMA is involved in the programming of all 

movement sequences. For example, the reaching movement needs to be sequenced by the SMA 

after the premotor area provides the proper coordinates in extrapersonal space. The SMA is also 

involved in internally generated movements, such as grabbing an object that is not precipitated 

by an external cue. The memory/motor patterns necessary for this movement are encoded in cells 

within the SMA and send the instructions for the movement to M1. Therefore, the appropriate 

muscles can then be innervated with the correct amount of force and speed (execution of the 
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movement). Both the premotor cortex and the SMA send information to the M1, basically 

guiding it as to which movements to execute.  

Basal ganglia 

As their name suggests, the basal ganglia consist of a set of neural structures buried deep 

inside the cortex. The main basal ganglia are the caudate nucleus, the putamen, and the globus 

pallidus (also known as the striatum). These ganglia, or clusters of nerve cells, receive 

information from almost all regions of the surrounding cerebral cortex, process it, and then feed 

it back to motor areas of the cortex and down to the brainstem via the thalamus. 

The basal ganglia are involved in the planning and execution of a particular movement 

pattern and the inhibition control of certain movements. If damaged, extraneous, purposeless 

movements (tics, tardive dyskinesias) will appear. This role of the basal ganglia in initiating and 

regulating motor commands becomes clearly apparent in people whose basal ganglia have been 

damaged, such as persons with PD. These individuals often struggle to initiate and execute 

planned movements as well as experience trembling of a body part or are slow to complete a 

movement once initiated. Furthermore, since the SMA is a major projection area for the basal 

ganglia and is important for internally generated movements, patients with damage to the basal 

ganglia show greater abnormalities during these self-generated movements as opposed to 

movements made in response to external environmental cues.119 

These internally driven motor programs are essential to complete numerous manual 

dexterous movements. For example, using a precision grip during a lifting task requires a 

complex yet reproducible sequence of activity that involves arm position, preparation of fingers 

for gripping the object and then the appropriate development of finger forces. Cutaneous afferent 

(sensory) information is necessary during object manipulation and modifies the parameter set if a 

change in loading of the object is encountered.120 With a loss of or misleading afferent 



 

40 

information due to a disruption of the basal ganglia circuit to the SMA, inappropriate force levels 

occur. In patients with PD, abnormally high levels of grip forces, delays in reaching max force, 

and prolonged force decays (force release) are common.121, 122 These deficits create problems 

during many fine precise finger and hand activities (more on basal ganglia and loss of dexterous 

movements in the Parkinson’s disease section).  

Corticospinal tract 

The M1 relays the neural output to the appropriate musculature via the corticospinal tract 

(CST). The corticospinal or pyramidal tract is a massive collection of motor axons that carries 

signals from the cerebral cortex of the brain and the spinal cord. Most of the axons in the CST 

originate in the regions of the M1 and form synapses, directly or via interneurons, with motor 

neurons in the gray matter of the spinal cord in the lateral part of the ventral horn.  These motor 

neurons are especially important for fine motor control of the distal musculature and for steering 

extremities and manipulating objects in the environment. Lesions involving the CST result in the 

inability to make fractionated (independent) movements of the wrist or fingers.  

Lawrence and Kuypers116 transected both pyramidal tracts in monkeys in order to assess 

their motor functions. Within six to ten hours after recovery from the anesthesia, the animals 

were able to sit upright, but their arms hung loosely from their shoulders. By six weeks, the 

monkeys could walk and climb rapidly. However, the animals' manual dexterity was poor. They 

could reach for objects and grasp them with an unfractionated finger hold, but they could not 

manipulate their fingers independently to pick up small pieces of food. They also incurred 

difficulty in releasing their grip. In contrast, they had no difficulty releasing their grip when they 

were climbing the bars of their cage. The results confirm that the CST controls hand and finger 

movements and is indispensable for moving the fingers independently when reaching and 

manipulating. Similarly, Porter123 suggests that the principal constituent of the motor system 
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underlying the performance of highly skilled finger movements is the corticospinal pathway and, 

more specifically, its corticomotoneuronal component. About 80% of these motor neurons of the 

CST decussate to the contralateral side in the medulla oblongata and travel in the lateral 

corticospinal tract and synapse with either interneurons or lower motor neurons at the correct 

level of the spinal cord. Therefore, in general, one side of the body is controlled by the opposite 

side of the brain.  

Ipsilateral hemisphere 

Since some motor neurons remain on the ipsilateral (same) side of the body, the ipsilateral 

hemisphere has been theorized to play a role in certain motor functions. This ipsilateral 

activation is larger in RH individuals and is not as apparent in the right hemisphere during right 

hand movements. Besides the lesion or damaged hemisphere research, as previously reviewed, 

numerous studies using brain imaging techniques support this asymmetry of ipsilateral  

control.20, 21, 23, 24, 26, 80 Kim et al.20 revealed that the right motor cortex was activated mostly 

during contralateral finger movements in both RH and LH subjects, but the left motor cortex was 

activated substantially during ipsilateral movements in left-handed subjects and even more so in 

right-handed subjects. Singh et al.24 confirmed that during alternating finger apposition tasks, the 

contralateral sensorimotor cortex in RH was significantly larger than that of the ipsilateral cortex 

for tasks with either hand while the ipsilateral activated area was significantly larger during left-

handed tasks. For LH, there was no significant difference. Mattay et al.21 revealed that there is 

more ipsilateral activation in sensorimotor cortex the less automatic the task that is performed 

and argued that differences in the degree of ipsilateral activation could reflect differences in the 

degree of automaticity in performing the task. Li and colleagues80 also observed this greater 

activation of the left hemisphere during ipsilateral left-hand motor tasks; however, they found no 

significant differences in the activation of the ipsilateral hemisphere during sensory tasks.  
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Possible reasons for this greater ipsilateral activation during non-dominant, left handed 

movements have been theorized. One possible theory is the predominance the left hemisphere 

has for planning motor actions.95, 96 Therefore, whether the right or left hand is involved in the 

task, the left hemisphere is responsible for the planning of that particular movement. For right 

hand movements, the message is sent directly from the left hemisphere to the right hand; 

however, for left hand movements, the message is sent from the left hemisphere to the left hand 

either via the right hemisphere or possibly via the ipsilateral corticospinal tracts directly.26 

Ziemann26 reported that hemispheric asymmetry of ipsilateral motor cortex activation existed in 

distal musculature and suggested it was one property of motor dominance of the left cortex. He 

examined MEP amplitude in the non-task hand during complex finger sequences to determine 

the hemispheric asymmetry of ipsilateral control. The MEP amplitude was significantly less 

when the right hand rather than the left hand was the task hand. To explain this phenomenon, he 

proposed two ideas: in right-hand dominant individuals (1) the left motor cortex is more active in 

ipsilateral hand movements; in other words, left hand movements have more than the typical 

10% of ipsilateral tracts aiding movements, or (2) the left motor cortex exerts more of an 

inhibitory control over the right cortex decreasing the bilateral synergy when the right hand 

moves. Todor and Lazarus124 theorized that the right hemisphere is diffusely represented 

whereby neural activation is more likely to spread into motor areas of the left hemisphere. In 

contrast, the left hemisphere is more focally represented and does not rely on the right 

hemisphere for motor planning or execution. The diffuse networking of the right hemisphere 

results in a reliance of the left-hemisphere during left hand movements and further provides 

support for the ipsilateral hemispheric asymmetries. 
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The neural mechanisms that create the greater ipsilateral control found in RH during left 

movements is still debatable and quite controversial; however, its existence as well as the other 

brain areas involved during finger and hand movements is fairly well-established. Furthermore, 

the exact mechanisms, such as force coordination, necessary to achieve the appropriate 

movements during manual dexterous tasks are mostly unknown due to the extremely complex 

structure of the hand and the multitude of movements it performs. 

Mechanisms of Dexterity 

Numerous manual tasks that are essential for everyday life, such as pressing a cell phone 

button, picking up a penny, or fastening a watch or necklace, are the result of a complex neuro-

motor-mechanical process orchestrated with precision timing by the brain, nervous system and 

muscles of the hand. Depending on the nature of the task, the hand arrangement may be slightly 

similar or quite different. For example, a precision, pincher grasp between the thumb and index 

finger may be necessary to pick up a small object or turn a screw by hand, whereas a whole hand 

(multi-digit) grasp may be necessary to grab and turn a doorknob. In both cases, the fingers and 

thumb contract simultaneously. Actions such as typing, buttoning a shirt or tying a knot require 

more sequenced, independent, coordinated actions of the fingers alone or in conjunction with the 

thumb.  In other words, manual dexterous movements can require one finger or the whole hand 

in unison or in sequence; therefore, the number of arrangements the hand must undergo is 

limitless. The appropriate motor program involving these hand maneuvers must be present to 

successfully manipulate an object or to perform a manual task.  While it is difficult to know how 

each of the hand’s 30-plus muscles contributes to everyday functions, some underlying neural 

mechanisms of the relevant motor program include the direction and magnitude of force, 

availability of sensory feedback, temporal and spatial accuracy, and joints and muscle groups 

involved. Though all mechanisms are extremely important and must be considered for task 
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completion, the force coordination of the finger-thumb and multi-finger and thumb opposition 

involved during precision grip was a focus in this research.  

Force control and manual dexterity 

Movement of the fingers and hand relies on a sophisticated motor system with complex 

biomechanical and neural architecture. Understanding the control strategies that underlie 

coordination of movements and forces necessary for the infinite array of tasks is challenging to 

understand. As previously reviewed, the human hand is used both to grasp objects of all shapes 

and sizes through the use of two or more digits as well as perform the skilled, individuated finger 

movements necessary for more dexterous activities, such as handwriting, threading a needle, and 

playing a musical instrument. A key feature of such tool use and manipulation is the ability to 

control fine movements and forces of the whole hand and at individual fingers.  Milner et al.125 

noted that in tasks such as grasping that require isometric force, stability is achieved by 

regulating finger stiffness via correct joint angles with corresponding muscle forces. He further 

separated the requirements necessary during activities such as gripping and manipulating objects 

into force direction and finger posture and their corresponding musculature necessary for each. 

Force direction includes the production of appropriate fingertip forces and is controlled by 

intrinsic finger muscles that provide finely graded forces during pinch. Conversely, finger 

posture includes the insurance of mechanical stability of the joints and is controlled by extrinsic 

finger muscles, which have greater stiffness and are more suitable stabilizers.  

These appropriate fingertip forces between the tips of the thumb and index finger during 

the manipulation of small objects require a precise coordination between the grip force (normal 

to the grip surface) and load force (tangential to the grip surface). This `grip-lift synergy' is 

characterized by smooth and parallel increases in both the grip and load forces.126  In addition, 

the appropriate direction and magnitude of torque at each of the finger joints that must be 
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selected depends on the segment lengths and joint angles of the finger(s). While segment lengths 

remain constant, comparable fingertip force vectors can be achieved by changing the joint 

angles. Since at least two or more muscles contribute to torque at each joint (seven muscles exist 

in the index finger alone) and the joint angles have numerous degrees of freedom available to 

execute a task, it is safe to conclude that an infinite number of muscle force combinations can be 

applied to achieve one’s final goal of movement.125 To help combat this motor programming 

complexity, coordination patterns with simultaneous motion and force of the fingers are 

developed to reduce the number of independent degrees of freedom during finger and hand 

grasps.127 

The use of individuated finger movements in which a coordinated timing sequence 

involving rapid contraction and relaxation of each digit at different moments requires additional 

control to individuate the motion or force of each digit. In types of hand use, such as tying a knot 

or fine manipulation of a small object, finger movements are individuated considerably more, 

although multiple fingers still tend to move together. For example, an elegant pianist 

performance is achieved when one finger moves enough to strike the intended key while the 

other fingers move little enough not to strike any unintended keys. For increasingly fine 

manipulation tasks, the need for independent control of individual degrees of freedom increases 

where each degree of freedom becomes necessary for some particular manipulative finger 

movement.   

Whether the task requires individuated, yet coordinated finger movement or simultaneous 

grasping using a single digit or multi-digit-thumb opposition grip, hemispheric damage can result 

in inadequate control of the fingers and hand thereby affecting proper task completion. In past 

experiments, maximum force has been analyzed as a measure of loss of motor functioning.128, 129 
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However, when analyzing activities that involve the manipulation of small objects, it is 

important to also consider precision force coordination deficits as the limiting factor of 

performance detriments. Differences in these two types of grips exist and are explored next.   

Precision versus power grip forces 

Handgrips can be divided into precision and power grips from a functional and a 

phylogenetic perspective.130 During the power grip, all digits are flexed around an object to 

provide high stability and is considered palmar opposition grasp. During the precision grip, the 

tips of the thumb and fingers are used for the manipulation of small objects, and it requires the 

stability of independent finger movements involving fine control of the directions and 

magnitudes of fingertip forces.131, 132  Several decades ago, Lemon133  discovered, in primates, 

that control of fingertip actions with a precision grip engage different neural circuits than a 

power grip and reported that corticomotoneuronal cells (pyramidal tract neurons) were more 

active during fractionated movements of the fingers than during a ball or power grip. Though 

target muscles may be activated during both a precision and a power grip, a sub-population of 

M1 neurons innervating hand muscles are exclusively activated while conducting a precision 

grip. This indicates that a precision grip engages neural circuits that are different from those 

engaged during the power grip.134 A few years following, Datta et al.135 found that, in humans, 

TMS produced a larger EMG response of first dorsal interosseous during finger abduction 

compared to a power grip and that the motor cortex was more excitable, hence more active, 

during independent finger movements compared non-precision muscle contraction. He suggested 

that these findings support the theory that the CST was primarily responsible for the control of 

independent, coordinated, precise and fast finger movements. Ehrrson136  also compared 

precision versus power grips and reported that the primary motor cortex, premotor and parietal 

areas were important for control of fingertip forces during precision grip. Moreover, the power 
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grip was associated predominately with contralateral left-sided activity, whereas the precision-

grip task involved extensive activations in both hemispheres. Duque et al.137  investigated 

deficits in the coordination of fingertip forces when grasping and lifting an object between the 

thumb and index finger in patients with congenital hemiplegia (CH). The duration of the pre-

loading and loading phases and the time-shift between the profiles of the grip and load force 

rates were significantly longer. Because the time-shift was also significantly correlated with 

impaired dexterity, the authors suggested that impaired finger dexterity may be due to the 

deficits in precise fingertip forces. In addition, they reported that digital and manual dexterity 

was also altered in the non-paretic hand of CH patients and concluded that this deficit may reveal 

the contribution of the lesioned hemisphere to the control of ipsilateral skilled finger 

movements.137 These findings not only show the differences in precision and power grips and 

how a measure of one may not be specific to a detriment of the other, but also further support the 

responsibility of the ipsilateral hemisphere during fine finger and hand movements. In our 

research, we measured both maximum voluntary force as well as targeted precision grip 

coordination during a pincher grasp task to explore the role of precise grip forces on manual 

dexterous tasks.  

Finger versus multi-finger forces 

In addition to the importance of a precision grasp as a factor for manual dexterity, the 

involvement of particular fingers to make the appropriate grasp must also be considered. 

Precision grasps are necessary for the majority of behavioral uses of the hand. Grasping tasks can 

be broadly divided into those requiring simultaneous use of multi-digit-thumb opposition or 

single digit-thumb opposition.  Although the final postures of the fingers differ and must 

conform to the shape of the object, the movements that close the fingers around an object are in a 

coordinated fashion and actually start long before contact. During a multi-finger grasp, the 
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simultaneous motion or force production of the joints are constrained to move or exert force in a 

relatively small number of coordinative patterns (or “synergies”) that might simplify the control 

of the large number of mechanical degrees of freedom and muscles of the hand. Thus, two-

fingered precision grips are theorized to be inherently less stable than multi-digit grips. The 

control of direction and magnitude of the applied finger forces needs to be more constrained at 

the level of individual digits thereby making the precision grip to be more demanding in terms of 

neural control.131  In contrast, Santello and Soechting43 stated that when only two digits grasp 

and hold an object only one force sharing pattern between the thumb and the opposing finger is 

available (the force of the opposing finger must be the same as the force of the thumb). Yet, 

when all five digits are involved in grasping and holding an object, the equilibrium of forces can 

be achieved by many combinations of the fingertip force distribution exist among the digits as 

long as the sum of the forces of the four fingers is equal to the force of the thumb.43  

In either the precision grip with a single digit and thumb opposition or with a multi-digit 

and thumb opposition, coordinated, precise fingertip forces are necessary to insure proper 

completion of a given task. A common technique currently used to determine the ability or 

deficits in producing the appropriate force level requirements is to reproduce a constant isometric 

target force for a given period of time at a set percentage of one’s maximum voluntary 

contraction.128, 138-140 Voelcker-Rehage and Alberts140 applied this procedure using elbow flexion 

and reported more variability in the release of grip force in older adults. Also after hemispheric 

damage, both single-digit-thumb opposition grips and multi-digit grasping can be compromised 

resulting in a loss of finger and hand dexterity.  

Loss of Dexterity 

Disabilities with finger and hand function occur as a consequence of age as well as many 

types of neurological disorders such as stroke, PD, dystonia, etc. as well as damage to the 
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musculoskeletal system. With respect to neurological disorders, a wide range of dysfunctions can 

occur depending on the area(s) that are affected. Cell death or damage to any aspect involved in 

any portion of a skillful hand movement, such as areas involved in the motor planning or 

executing the action to association areas necessary to integrate sensory information as well as  

neurotransmitters that are necessary to relay that message, can disrupt the proper completion of 

that task. For example, dopamine depletion in the basal ganglia causes a dysfunction that affects 

these movements by disturbing the cortico-basal ganglia loop which aids in initiating the 

movement as well as inhibition of extraneous movements thereby disrupting hand and finger 

dexterous movements.  

These motor disturbances can be as minor as slowness to initiate a contraction to complete 

inability to generate a movement whatsoever. A broad term used to describe some difficulties in 

executing motor tasks is apraxia (previously defined as the inability to execute a skilled motor 

act when disability is not entirely caused by impaired comprehension, weakness, sensory loss, 

ataxia or involuntary movements).  While apraxia has been subdivided into many forms, limb-

kinetic apraxia (LKA), is a loss of dexterity or deftness that has been associated with PD and 

other movement disorders. With LKA, movements are slowed, stiff, coarse and clumsy which 

results in a loss of fine and precise, independent finger movements and problems coordinating 

simultaneous movements.32, 141 In the case of PD consequences, these movement deficits may or 

may not be related to the cardinal parkinsonian impairments such as bradykinesia or rigidity. 

Similarly, it is also unknown if the insufficient muscle force and the under-scaling of motor 

output during movements is the cause of parkinsonian dysfunctions thereby affecting manual 

dexterity.  
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Moreover, due to the left hemisphere having some control over the ipsilateral hand in RH, 

some loss of dexterity has also been witnessed in the hand ipsilateral to the affected 

hemisphere.28, 29, 31, 33, 93, 112 In this study, we analyzed ipsilateral and contralateral deficits during 

finger-thumb and multi-finger-thumb grasping and precision grip targeting in persons with PD. 

More specific force coordination and finger and manual dexterity problems in persons with PD 

are discussed in detail in the next section.  

Parkinson Disease 

Idiopathic (of unknown cause) Parkinson disease is a slowly progressive 

neurodegenerative disorder that affects movement, muscle control, and balance. The symptoms 

of PD develop as nearly 70-80% of the dopaminergic cells of the basal ganglia are destroyed. As 

briefly discussed previously, the basal ganglia are sub-cortical, interconnected nuclei that receive 

projections from the motor and premotor areas of the frontal cortex and areas of the parietal 

cortex as well as the limbic system and project back to the frontal cortex via the thalamic nuclei.  

These parallel circuits are quite complex yet highly organized anatomically and neurochemically 

and function to select and facilitate certain motor behaviors while suppressing other conflicting 

activities. Each circuit is also involved in sensorimotor integration or in the translation of 

specific sensory data into information for movement production and is involved in the 

transformation of action plans, or movement formulas, to motor acts.142 Mink143 succinctly 

described the role of the basal ganglia in terms of a gate that moderates a response by selectively 

inhibiting competing input from the cortex. Therefore, basal ganglia lesions or disorders could 

disrupt the organized production of purposeful movement by flooding the system with competing 

response options leading to incorrect movements or problems initiating those movements. The 

depletion of dopamine, an essential neurotransmitter of the basal ganglia, affects the activity of 

the major inhibitory output nuclei and final thalamic inhibition thereby creating flawed motor 
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outputs.144 These movement and coordination problems from the dopamine deficiency create the 

major symptomatology of PD. While the exact mechanism of how dopamine is lost is still 

unidentified, a combination of genetic susceptibility, biologic factors, and environmental assaults 

may be possibilities.  

Motor Symptoms 

Specific motor symptoms or impairments are characteristic of PD. To clinically diagnose 

PD, patients must show a sustained response to dopaminergic medication as well as two of the 

following four cardinal features: rigidity, bradykinesia, resting tremor, and/or postural instability 

with at least one feature being rigidity or bradykinesia. Clinicians and researchers often clinically 

sub-divide patients depending on type of symptoms and/or age of the patient. Signs and 

symptoms could lead to a “tremor dominant”, “akinetic rigid”, or “mixed” labeling of PD while 

age of onset could categorize patients into early or late PD sub-types. A final classification used 

to group patients is based on the site of symptom onset (distribution and side). Patients can either 

have symptoms more prevalent in the upper (UE) or lower extremity (LE) as well as on the right 

or left side of the body. The terms right and left side onset (RSO and LSO, respectively) are 

commonly used when referring to which side of the body (not hemisphere) displayed the 

impairments initially. While initial symptoms can occur bilaterally (about nine percent145) most 

often symptoms are asymmetric in nature. These unilateral symptoms typically serve as a clinical 

parameter to differentiate the disease from other neurodegenerative parkinsonian symptoms.146 

With disease progression, symptoms can develop on the “non-impaired” side; however, the side 

with the initial first symptoms usually remains more affected throughout the course of the 

disease.6  

Researchers have analyzed these sub-clinical categories of PD as possible predictors of 

differing motor, cognitive, behavioral and other consequences. Gasparoli determined that a slow 
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course progression was characterized by earlier age onset and more lateralized motor signs. 

Stewart et al. investigated the differences in upper (UE) and lower extremity (LE) on the motor 

and behavioral quality of life and reported that LE was more strongly correlated to one’s QoL 

compared to the UE.145 Katzen et al.12 reported that patients who develop tremor on the right side 

of the body represent a distinct subgroup of PD patients who exhibit relative sparing of cognitive 

function while those who develop bradykinesia or rigidity or left side tremor demonstrate greater 

cognitive deficits. The asymmetric symptomtology of PD has sparked a plethora of research7-10, 

12, 16, 17, 147 to understand possible mechanisms behind the lateralized motor impairments and to 

inspect different consequences that result with both left and right sided symptoms.  

Asymmetry of Motor Symptoms 

While the asymmetry of motor symptoms is common and fairly apparent in persons with 

PD, the explanation or reasoning of why this occurs is largely unknown. Researchers propose 

different theories on this asymmetry. One theory is the normal inborn variations in the number of 

nigral dopaminergic neurons where the degenerative process affects both sides equally;6 

however, the side with the reduced initial number of neurons reaches the critical point of 

vulnerability earlier.148 A second theory is the greater vulnerability of one substantia nigra. Once 

degenerative process starts, accelerated cell death occurs first on that side.5 A final theory they 

suggest is a congenital or acquired weakening of the blood brain barrier that is more pronounced 

in one side of the nigra than the other. In this case, weakness would allow toxic environmental 

factors to invade vulnerable structures and initiate the degenerative process on one side.148  

Though these theories are just possibilities in why asymmetries exist, Knable et al.149 

examined reuptake differences and dopamine amounts and reported a significant lateralization of 

dopamine-D2 receptor availability where extracellular concentration of dopamine was less in the 

striatum contralateral to maximal clinical signs compared to ipsilateral striatum. Similarly, 
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Innis,150 using single positron emission computed tomography imaging, found changes in 

dopamine transporter binding contralateral to the side of initial motor symptoms. Finally, 

Huang151 associated the ventricular enlargement (brain atrophy) to motor symptoms whereby the 

more symptomatic side showed greater contralateral ventricular enlargement/ brain atrophy on 

that side.  Whether theory or facts, mechanisms do exist and affect the basal ganglia thereby 

disturbing cognitive, psychological and motor functioning. Using the asymmetric nature of PD, 

researchers have explored specific consequences that occur with a left versus a right side onset.  

Asymmetry of Cognitive Deficits  

PD is a useful model in which to understand the effects of sub-cortical degeneration on 

cognitive functions associated with each hemisphere. The amount of asymmetry and side 

affected may influence particular cognitive deficits. Researchers have shown that cognitive 

decline is highly correlated to motor severity152 and that the side of motor symptom onset can 

affect different cognitive, visiospatial and perceptuomotor functions.7-10, 12, 13, 15-18, 108 In 1984, 

Direnfield108 found patients with a RSO had more cognitive sparing while those with a LSO 

showed more widespread cognitive deficits. Rogers et al.109 examined patients with prefrontal 

damage and asymmetric PD onset and discovered that only those with left frontal lesion showed 

impaired task-switching, a component of executive function. Moreover, Tomer and colleagues16 

reported that patients with LSO (a right hemisphere dysfunction) consistently performed more 

poorly on cognitive measures than patients with RSO whereas Williams et al.17 found that a RSO 

(a left hemisphere dysfunction) was a stronger predictor of cognitive function as measured by the 

Mini Mental Status Examination and the Dementia Rating Scale than a LSO. Katzen, Levin and 

Weiner12 correlated the type and side of symptoms to general cognitive functioning and specified 

that RSO patients with only tremor-dominant symptoms had relative cognitive sparing.  Due to 

the inconsistencies, a growing number of researchers are considering the specific attributes that 
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each cognitive task measures when associating side onset with cognitive disability. In Amick et 

al’s study,7 PD patients with a LSO performed poorer on visual memory tasks and those with a 

RSO did worse on verbal memory tasks. Spicer et al.13 demonstrated that RH with RSO had 

problems with serial digit learning, confrontational naming and verbal associative fluency 

(responsibility of dominant hemisphere) but not with form sequencing learning, line orientation 

and facial recognition (responsibility of non-dominant hemisphere). Similarly, performance on a 

spatial memory task theorized to involve the right-hemisphere was worse for PD patients with 

LSO.9  

Furthermore, some authors noted hemineglect or perceptuomotor problems with tasks on 

the left side after a LSO.  PD patients with a LSO had more difficulty with correctly bisecting a 

line,15 drawing a rectangle10 and more occurrences of bumping into left doorways and walls.8 

While these studies prove that side onset influences cognitive functioning, motor consequences 

and side onset has not been systematically explored. Understanding the possible motor deficits 

that occur with PD is essential before trying to decipher the possible differing motor effects of 

each damaged hemisphere.  

Motor Deficits 

Impaired manual dexterity and object manipulation is often a debilitating consequence of 

PD. As discussed, the basal ganglia is responsible for regulating movements via selecting and 

initiating certain motor behaviors while suppressing or inhibiting other conflicting activities. For 

persons with PD (dysfunctional basal ganglia), dexterous tasks become problematic such that the 

delayed initiation or slowness (bradykinesia, rigidity) during the movement and/or trembling 

(tremor) or other undesired movements interferes with the task’s requirements. Furthermore, 

some researchers believe that deficits in independent but coordinated finger movements extend 

beyond tremor, rigidity and bradykinesia impairments such as limb-kinetic apraxia (LKA) 
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(previously described in the loss of dexterity section). Quencer and colleagues49 examined LKA 

via coin rotation and speed of movements via finger tapping in persons with PD. They found that 

while speed of movements was not affected, the ability to manipulate and rotate the coin was 

affected thereby suggesting that LKA is independent of bradykinesia and rigidity. Because the 

tests were performed in the “on” state, they also concluded LKA might not respond to 

dopaminergic medications. Whether or not it is tremor, rigidity or bradykinesia as the root cause 

of the manual dexterous deficits or some other disorder of ‘deftness’ such as LKA, it is well 

understood that many persons with PD struggle or are slow to perform activities such as 

fastening a button, turning on a lamp, twisting off a top, clasping a necklace, etc. Unfortunately, 

the exact neural mechanisms underlying these cardinal features are mostly unknown.  

Force Deficits 

Since the skillful manipulation of objects that requires precise coordination of fingertip 

forces126 is quite impaired in PD, many researchers have analyzed force output as a main motor 

output parameter disrupting movements. Milner-Brown153 showed that damage to the basal 

ganglia produced abnormalities in force recruitment. More recently, Spraker et al.154 used 

functional magnetic resonance imaging to determine the regions of the basal ganglia, thalamus, 

and motor cortex that were involved during pinch-grip contractions with increasing force 

amplitudes. They confirmed the role of the basal ganglia in force production and reported 

specifically that the internal portion of the globus pallidus and the subthalamic nucleus had an 

increase in percent signal change with the increasing force that was not apparent in the external 

globus pallidus or other areas of the basal ganglia. These findings imply that the basal ganglia as 

a whole do affect force output and that the role of the individual basal ganglia nuclei is specific 

to specific parameters of motor output. 
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As for specific force deficits in persons with PD, researchers have examined several force 

outcome measures during a variety of object manipulation tasks, such as grasp, lift and hold or 

release, precision and power grips as well a finger-thumb and multi-digit-thumb opposition tasks. 

Research on grasping using precision grip with the thumb and index finger has also shown that 

PD patients tend to exhibit a slowing of the preloading phase and a stepwise development of grip 

force.121, 155 Fellows et al.121 also noted that patients tended to produce excessive forces, both in 

peak and in static grip forcewhile Ingvarsson et al.155 reported no differences in peak force 

amplitude between PD subjects and controls. Stelmach and colleagues139, 156 observed that PD 

patients exhibit a preserved ability to scale the force amplitude; however, their responses show a 

prolonged development of the required force rate with segmented force increases resulting in 

several oscillations making the timing of the overall movement much slower. They concluded 

that PD patients have an inherent limitation in the rate at which they can develop and quickly 

alter force during rapid and discrete isometric contractions. Moreover, Gordon et al.37, 157 

observed that patients were slow to initiate grip force and had prolonged transitions between the 

various phases of grasping and lifting a small device using the precision grip but most aspects of 

object release during preferred speeds, coordination of the grip and load forces, and the duration 

of isometric force increase were not greatly disrupted in PD. In contrast,, Corcos et al.158 did find 

that patients had a slower cessation of force during elbow flexion of a specified percent of their 

max force and Wing et al.159 observed a slower decrease of pincher force with their ‘more’ 

affected hand.  

In a review article, Berardelli38 suggested that parkinsonian patients with bradykinesia do 

under-scale the appropriate muscle force to the task at hand noted via decreased amount of EMG 

activity thereby undershooting their target and approaching it in several smaller steps. This 
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under-scaling is due to insufficient recruitment of muscle force during the initiation of movement 

rather than to any intrinsic limitation in motor execution or rigidity, tremor or muscle weakness 

and may reflect the role of the basal ganglia in selecting and reinforcing appropriate cortical 

activity patterns during movement planning.38 Though many inconsistent findings, the majority 

of researchers examining the mechanisms of impaired hand dexterity during precision grip tasks 

have found certain deficits in force coordination depending on the task paradigms. 

In addition to precision finger-thumb tasks, other force coordination grasps as well as tasks 

involving multiple digits or limb segments have been investigated. Since every-day tasks often 

involve whole-hand grasping and individuals with PD have difficulty temporally coordinating 

multiple effectors during movement, Muratori and colleagues41 examined the ability of 

individual fingertip forces to counter balance forces exerted by the thumb during whole-hand 

grasping and lifting of an object. They found anticipatory force mechanisms appear to be a) 

greatly increased in multi-digit grasping as opposed to findings from two-digit grasping studies, 

b) inaccurate in initial scaling of fingertip force amplitude and sharing patterns before object lift 

(yet recovered during object lift), c) significantly delayed in the appropriate force amplitude and 

sharing among the digits during the lift occurs compared to controls. Rearick et al.42 also 

examined the coordination of multiple digits and analyzed the sequencing of force development, 

object lift and hold, and the control of force output in persons with PD.  Unlike Muratori, they 

found PD patients had preserved global features of five-digit grasping observed via normal 

developing and maintaining appropriate force amplitudes and force sharing patterns, but patients 

did have subtle systematic disruptions of in-phase force synchronization patterns that should 

occur between the digits. These results are in contrast to the findings that describe an increased 

variability of force control in PD. The authors concluded that PD patients can accurately 
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preprogram grip forces across all five digits during grasping and that any small disruption in 

force coupling of the digits does not really contribute to the overall grasp and lift or manual 

dexterity problems observed in PD.42 These differences in findings may be due to differing task 

constraints. More research comparing the motor coordination during similar finger-thumb and 

multi-finger-thumb tasks is necessary to determine which grasping technique is more impaired in 

persons with PD. 

In summary, numerous factors affect the differences in significant and non-significant 

findings of force deficits in manual dexterous tasks. For example, the type of grip, (precision 

versus power), the number of digits and/or joints involved (pincher grasp versus multi-digit-

thumb grasp), and the percentage of force required to target is important to consider and may 

affect the final outcome. While research has provided diverse information about the control or 

loss of control of force with PD, the relevant and analogous message to consider is that these 

impairments in PD are seemingly task specific. More research which explores the precise 

regulation of forces as well as its influence on manual and digital dexterity was necessary; 

therefore, we examined the precision force coordination deficits of persons with PD via their 

ability to maintain a targeted force using a pincher grasp. Additionally, we correlated these 

deficits with their performance on skillful manipulation of objects to determine if precision grip 

forces were a mechanism for manual dexterous tasks.  

A final factor that must be considered is the effects of medications that are prescribed to 

prevent or aid these dexterity and force coordination problems.  Unfortunately, not all patients 

respond in a similar manner to particular medications and only a handful of studies consider “on” 

and “off” states or have testing occur at the same time after medication intake. Examining force 
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coordination, manual dexterity and other motor consequences of PD and their response to 

medications is indeed imperative.  

Response to Medications 

Differing medication responses in PD exist and depend on the patient, the type of 

symptoms and severity and duration of the disease. Due to the range of impairments in PD and 

the tasks under consideration, to date the findings on drug responses for upper extremity 

functioning has been largely inconsistent. For example, Corcos and colleagues158 measured the 

strength at the elbow while in the “off” and “on” states and found a 30% and 10% reduction in 

the maximum elbow extension and flexion (respectively) during the “off” period. Gordon157 

compared fingertip forces both “off” and “on” medications during the previously mentioned 

object release study. Half of the subjects had 25% greater increases of their grip force during the 

“on” period, yet no other significant differences were found. Similarly, Quencer et al.49 found no 

effects of dopaminergic medication for precise, independent finger movements as measured via 

coin rotation, yet Muratori and colleagues41 reported that medication improved the temporal 

recovery of multi-digit force coordination during multi-digit grasping.  We expanded the 

responsiveness to drugs research by analyzing force coordination variability and motor 

coordination deficits during object manipulation while in the “off” and “on” state in order to 

verify and distinguish drug effects on manual dexterity.  

Summary 

In this research, we extended findings from our preliminary pilot study and measure finger 

and hand dexterity of persons with PD using a variety of fine manipulations tasks that require 

both finger and multi-finger-thumb grasps. We also analyzed the variability in matching a target 

precision force set at 20% of the participant’s voluntary maximal force output to determine force 

coordination of the index and thumb pincher grasp. These target precision force outcomes and 
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the scores on the fine manipulation tasks were then compared to determine if force coordination 

is indeed a mechanism of dexterous tasks. As just previously stated, we also examined motor 

deficits while in the “off” and “on” state in order to distinguish drug effects on finger and hand 

dexterity and force coordination in both the affected and ‘less’ affected hands.  
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CHAPTER 4 
RESULTS 

Overall, the participants had a mean age of 68±7 years and possessed an Edinburgh 

handedness laterality quotient of 85.4±11.1 The PD patients on average were 5.6±2.7 years since 

disease diagnosis and scored 9.2±5.8 on items 20-25 of the UPDRS. Demographics were similar 

for each group (Table 4-1).  

Side-Onset Influence 

Laterality scores from the small object manipulation tasks, those requiring finger-thumb 

grasping, were significantly different among the three groups (p=0.001).  Tukey’s HSD post hoc 

analysis revealed that the laterality impairment quotient, measuring the difference between the 

left and right hand performance, was significantly larger for the LSO group (μ=36.33±30.94) 

compared to the RSO (μ=6.07±13.61; p=0.005) and HC (μ=2.00±2.77; p=0.002) groups. No 

statistical difference was found between the RSO and HC groups (p=0.889). Performance on the 

large object manipulation tasks, requiring multi-finger-thumb grasping, were also significantly 

different among the three groups (p<0.001). The laterality impairment quotient was significantly 

larger for the LSO (μ=40.98±31.29) group compared to both the RSO (μ=0.81±12.93; p<0.001) 

and HC (μ=2.18±2.50; p<0.001) groups. No significant difference was detected between the 

RSO and HC groups (p=0.987) (Table 4-2). Clinical relevance was determined if the mean was 

outside 95.4% of the normal distribution using a ±2 SD of the control participants’ laterality 

score  placing relevant means in the extreme ends of the normal distribution of behavior.51 The 

mean laterality quotient for both the small and large objects for the LSO group (77.31) was 

indeed beyond the control participants’ mean±2 SD (1.59-10.49). After adjusting for the inherent 

differences of the left and right hand during object manipulation tasks, the statistically significant 

difference between the groups was maintained (Table 4-3).  
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We compared the laterality quotients for the small and large object manipulation tasks for 

each group (LSO and RSO) to evaluate whether the side of onset would selectively effect 

dexterous movements. Results from the 2 x 2 (Group × Task) repeated measures ANOVA failed 

to detect a significant main effect between the two grasping styles (p=0.96). Furthermore, there 

was no interaction between the groups and the two different tasks (p=0.30).   

Force Influence 

Analysis of the laterality quotient scores from the force coordination task revealed no 

significant differences for TWR (p=0.52) or the VQ (p=0.60). However, when including both left 

and right hand performances (rather than quotient scores), the analysis revealed that the groups 

were significantly different for both TWR (p<0.001) and VQ (p=0.001).  For the TWR, the RSO 

group (μ=52.50±24.88) was significantly lower than the HC group (μ=73.68±15.69; p<0.001) 

and the LSO (μ=68.06±17.51; p=0.004); however, the LSO and HC groups were not 

significantly different (p=0.514). Similar results were observed for the VQ measure. The VQ for 

the RSO group (μ=0.15±0.08) was significantly lower than the LSO group (μ=0.10±0.04; 

p=0.002) and the HC group (μ=0.11±0.05; p=0.017). Again, no statistical difference was 

detected between LSO and HC groups (p=0.850) (Table 4-4). Figure 4-1 shows an illustration of 

both a LSO and a RSO patient’s target precision grip force curve with the left and right hands. 

Figure 4-2 displays a graph of the TWR and VQ for each group separated by hand.  

To determine if force control as measured herein was a contributory mechanism of 

dexterity, we evaluated the relationship among the small object manipulation performances and 

the force outcome variables. Pearson’s bivariate analysis of each of the small object scores were 

statistically significant (p<0.001) and moderately (r>0.3) to strongly (r>0.5) correlated to TWR. 

However, there was no correlation between the VQ and performance on any of the small object 
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tasks. Table 4-5 provides the magnitude and statistical significance of the correlations between 

the separate small object tasks and force variability measures. 

Medication Influence 

Patients who were considered fluctuators (scored at least a “1” on question 39 of the 

UPDRS) were first tested in the “off” state (no dopaminergic medicine within 12 hours of 

testing) and again in the “on” state (after at least 45 minutes of taking their medicine and when 

they reported it was working optimally) to determine the effects of antiparkinsonian medication 

on manual dexterity. The demographics and totals for the UPDRS in the “off” and “on” states are 

similar for each group (Table 4-6). Analysis using a 2 x 2 x 2 x 2 ANOVA with repeated 

measures on the last three factors (hand, object, medication state) identified a significant main 

effect for medication state (p=0.007). The small and large object manipulation measures from 

both hands across all of the groups had significant improvement while in the “on” compared to 

“off” state.  There were no interaction effects between medication state and any of the factors: 

group (p=0.908), size of object (p=0.128), hand (p=0.239), or all factors (p=0.878) (Table 4-7). 

In addition, when comparing the total UE scores from both the left and right hand of the UPDRS, 

the “off” (μ=14.2±7.7) and “on” (μ=9.7±5.4) states were significantly different (p=0.001). This 

difference of 4.5 indicated a clinically relevant difference in impairments. 

The response of dopaminergic medications on force coordination varied for each measure. 

There was no significant effect of medications on the MVC (OFF: μ=44.13±4.26; ON: 

μ=46.43±5.03; p<0.349) or for the VQ (OFF: μ=0.113±0.010; ON: μ=0.099±0.011; p<0.176) 

(Figure 4-3). Similarly, tremor was observed during the force tracking task in both the “off” and 

“on” states (Figure 4-4) and did not show clinically relevant improvement in the “on” state 

(μ=2.4) compared to the “off” state (μ =1.4) as measured by the mean tremor scores from items 
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20-21 of the UPDRS. Alternatively, the mean TWR was significantly lower (improved) in the 

“on” condition (μ=69.00±4.87) compared to the “off” condition (μ=60.45±3.80; p<0.016).  
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Table 4-1. Group demographics for the side onset analysis  
  AGE (yrs) HLQ DDD (yrs) UPDRS 
Group N Mean±SD Mean±SD Mean±SD Mean±SD 
LSO 10 67±7. 86.92±13.15 6.0±3.0 9.0±5.27 
RSO 10 69±7 83.08±12.57 5.3±2.5 9.5±6.5 
HC 10 68±8 86.05±7.61 n/a n/a 
ALL 30 68±7 85.35±11.11 5.6±2.7 9.2±5.8 

SD=standard deviation; RSO=right side onset; LSO=left side onset; DDD=duration since disease 
diagnosis; HLQ=handedness laterality quotient; UPDRS= total from questions 20-25 

 

 

Table 4-2. Means and significance levels of the laterality quotients for each group 

Task LSO RSO HC p-value 
Post Hoc 
RSO vs LSO 

Small Objects 36.33±30.94 6.07±13.61 2.00±2.77 0.001 0.005 
Large Objects 40.98±31.29 0.81±12.93 2.18±2.50 <0.001 <0.001 
Total 77.31±57.79 14.37±22.83 5.54±1.98 <0.001 0.002 

RSO= right side onset; LSO= left side onset; HC= healthy controls 
Note. Tukey HSD was used for post hoc multiple comparisons 
 
 
 
Table 4-3. Means and significance levels of the laterality quotients for each group after 

accounting for inherent handedness differences of the healthy controls 
Task LSO RSO RSO vs LSO 
Small Objects 34.33±30.94 4.07±13.61 0.005 
Large Objects 38.80±31.29 -1.38±12.93 <0.001 
Total 71.77±57.79 8.83±22.83 =0.002 

RSO= right side onset; LSO= left side onset 
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Figure 4-1. Example of individual target precision grip force curves. A. Left-side onset patient 
(Participant A3). B. Right-side onset patient (Participant B26. LH = left hand; RH = 
right hand 
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Figure 4-2. Left and right hand performance for each group during the target precision grip task 
A. Time within range of target and B. Variability quotient. Note. Significance 
between RSO and both LSO and HC; *p<0.05; **p<0.001 
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Table 4-4. Side onset group means and significance levels using a one-way ANOVA 
  TWR-LQ VQ-LQ TWR-ALL VQ-ALL 
LSO: mean±SD 2.65±5.13 0.64±5.93 68.06±17.51 0.10±0.04 

RSO: mean±SD 2.46±10.02 0.51±20.08 52.50±24.88 0.15±0.08 

 HC: mean±SD 6.46±10.37 5.74±8.19 73.68±15.69 0.11±0.04 

p-value 0.524 0.596 <0.001** 0.001** 

Post Hoc 
RSO vs LSO n/a n/a 0.004* 0.002* 

Post Hoc 
RSO vs HC n/a n/a 0.001** 0.017* 

Post Hoc 
LSO vs HC n/a n/a 0.514 0.850 

RSO= right side onset; LSO= left side onset; HC= healthy controls; LQ=laterality quotient; 
SD=standard deviation; TWR= time within range; VQ= variability quotient; ALL= combines 
performance of left and right hands 
Note. Tukey HSD was used for post hoc multiple comparisons; *p<0.05; **p<0.001 
 
 
 
 
Table 4-5. Pearson’s correlations of force coordination variables and small outcome measures 
  SBB SLR SCR Total 

TWR -0.44** -0.50** -0.51** -0.53** 

VQ 0.05 0.09 0.05 0.06 
SBB=small box and block test; SLR=small lock rotation; SCR=small coin rotation; TWR=time 
within range; VQ=variability quotient 
**p<0.001 
 

 

Table 4-6. Group demographics for the “off”/”on” analysis 
   AGE DDD HLQ UPDRS OFF UPDRS ON 
Group N Mean±SD Mean±SD Mean±SD Mean±SD Mean±SD 
LSO 5 65±10 6.1±3.2 83.18±13.60 14.6±7.6 9.2±4.7 
RSO 6 71±7 8.4±4.4 85.85±12.75 13.8±8.5 10.2±6.3 
ALL 11 68±9 7.2±4.1 84.64±12.54 14.2±7.7 9.7±5.4 

SD=standard deviation; RSO=right side onset; LSO=left side onset; DDD=duration since disease 
diagnosis; HLQ=handedness laterality quotient 
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Table 4-7. The “on” and “off” significance levels and mean values of the combined times for 
task completion for each hand and side onset from both small and large object 
manipulation  

  OFF ON 
  Mean±SD Mean±SD 

Interaction 
p-value 

Small 75.46±32.33 60.11±37.52 
Large 90.30±14.91 68.59±19.76 Size 
p-value 0.003* 

0.128 

LH 92.52±40.81 69.65±19.20 
RH 73.24±27.31 58.98±15.06 Hand 
p-value 0.026* 

0.238 

LSO 80.55±43.29 62.62±19.35 
RSO 85.21±28.15 66.01 ±16.64 SO 
p-value 0.779 

0.908 

ALL 82.88±35.46 64.31±17.79 Total p-value 0.007* 0.878# 

 
SO= side-onset; RSO= right side onset; LSO= left side onset; LH= left hand; RH= right hand; 
SE= standard error 
Note. *p<0.05; Interaction p-values are the interaction effects with medication state (“off”/”on”); 
# p-value for the interaction of all factors; Means are the time for task completion in seconds 
 

 
 

 

 

 
 
 

 

 

 

 

 

 

Figure 4-3. Max force with the left and right hand in both the “off” and “on” medication states 
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Figure 4-4. Example of an individual target precision grip force curve in the “off” and “on” 
medication states. A. Left-hand (LH) performance. B. Right-hand (RH) performance.  
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CHAPTER 5 
DISCUSSION  

Side-Onset Influence 

Using the natural asymmetries of hemispheric responsibilities, previously researchers have 

observed that differing cognitive dysfunctions exist and depend on the side of initial symptom 

onset. 7, 8, 10, 12, 13, 15-18, 108, 109 Therefore, in this research, we investigated the influence of side of 

symptom onset on motor and force coordination in persons with PD.  The primary finding of this 

investigation is that RH patients with a RSO had greater symmetry of motor impairments (both 

sides more equally impaired) when compared to those with a LSO. While there was no 

significant difference in the LQ when comparing the HC and RSO groups, the slower times 

across all tasks for both hands in the RSO group and for the left-hand in the LSO group indicate 

motor coordination deficits in PD. Essentially, among RH, persons with an affected dominant, 

left hemisphere (RSO) had detriments in both the contralateral and ipsilateral hands whereas 

patients with an affected non-dominant, right hemisphere (LSO) demonstrated deficits primarily 

in their contralateral left hand. Therefore, we suggest that the left-hemispheric control of the 

ipsilateral, left hand is greater than the right hemispheric control off its ipsilateral, right hand. 

These findings support our hypothesis whereby the asymmetry of ipsilateral control is 

maintained in persons with PD. Thus, we conclude that the side of symptom onset significantly 

influences motor functioning and results in greater ipsilateral dysfunction when the left dominant 

hemisphere is involved.  

Previously, we have shown that the side of symptom onset influenced clinical measures of 

upper extremity function in PD. Unfortunately, no other studies, to our knowledge, have 

evaluated this relationship in more functionally related behavioral tasks. The present study builds 
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upon our previous work and provides more support for the notion that there is a stronger 

ipsilateral control from the dominant, left hemisphere as found in the healthy  

population 20, 21, 23, 24, 26, 80 and in other neurologically disordered populations.28-31, 33, 93, 110-112  For 

example, Sunderland et al.33 found stroke patients with left hemispheric lesions had dexterity 

impairments in both the right (contralateral) and left (ipsilateral) hand, while those with a lesion 

in the right hemisphere did not appear to have these deficits in both hands. Desrosiers and 

colleagues28 detected significant deficits in gross and fine manual dexterity as well as motor 

coordination in the ‘unaffected’ upper extremity of stroke subjects. Moreover, Heilman and 

colleagues32 examined kinetic-limb apraxia and found similar left and right-handed errors during 

left hemisphere anesthesia but more left than right errors during right hemispheric anesthesia. To 

follow-up this finding, Hanna-Pladdy et al.30 reported that persons with left unilateral 

hemispheric lesions had greater ipsilateral deficits on tasks requiring precision and coordinated 

independent finger movements. In addition, this asymmetric ipsilateral control has also been 

confirmed in healthy populations via studies using brain imaging techniques.20, 21, 23, 24, 26, 80 Kim 

et al.20 revealed that the right motor cortex was activated during contralateral finger movements 

in both RH and LH subjects; however, the left motor cortex was activated more substantively 

during ipsilateral movements in left-handed subjects. Similarly, Singh et al.24 confirmed that 

during alternating finger opposition tasks, the contralateral sensorimotor cortex in RH was 

significantly larger than that of the ipsilateral cortex for tasks with either hand.  The ipsilateral 

activated area was significantly larger during left-handed tasks. For LH, there was no significant 

difference. Together, these studies provide evidence for a stronger ipsilateral role of the left 

hemisphere in RH and prove motor functioning differences after left or right hemisphere 

damage. Though PD is a dysfunction of the basal ganglia versus a purely cortical dysfunction, 
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our findings are congruent with the previous research. Asymmetric ipsilateral control effects 

extend to the PD population by possibly affecting the entire ipsilateral circuitry.  

The exact neural circuitry underlying this asymmetric ipsilateral control in the healthy 

population and its effects on motor functioning after right or left hemisphere damage is largely 

unknown. One possible theory is the predominance for the left hemisphere to control the 

planning of motor actions.95, 96 In other words, whether a left or right hand movement occurs, the 

left-hemisphere is involved in the planning of that action. Therefore, if there is left-hemisphere 

damage, both hands will show deficits. However, since the right hemisphere does not have this 

ipsilateral and contralateral control, a right-hemisphere dysfunction will only result in left hand 

deficits.  A second theory regarding the asymmetric ipsilateral control is the diffuse neural 

representation of the right hemisphere which is more focal in the left hemisphere. During left 

hand movements, the neural activity of the right hemisphere is more likely to spread to the 

contralateral, left hemisphere showing an increased reliance on the dominant hemisphere.  

During right hand movements, reliance on the ipsilateral, non-dominant, right hemisphere does 

not exist.124  Applying this theory, damage to the left hemisphere will also affect both the left and 

right hands. Whether it is due to the predominance of the left hemisphere for motor planning or 

the diffusely represented neural activation, deficits after a cortical lesion or basal ganglia 

dysfunction are apparent and differ depending on which hemisphere is affected.  

Our present results confirm the side of symptom influence on upper extremity motor 

functioning that was revealed in our preliminary research. Therefore, not only does the 

asymmetrical ipsilateral control differently affect motor impairments as measured by subjective 

clinical scores of the UPDRS, but it also extends to quantifiable objective measures similar to 

those performed during routine activities. In general, side of symptom onset could potentially 
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influence the evaluation of motor consequences based on either subjective impairment scores or 

object manipulation performances.  

Small versus Large Object Manipulation 

In this study, we not only analyzed activities that required finger-thumb grasping, but we 

also included measures, which required multi-finger-thumb grasping techniques. In both the 

large and small tasks, those patients with a RSO had similar dysfunction in both hands compared 

to LSO. Therefore, we conclude that the ipsilateral control of the left hemisphere as found in the 

previously discussed studies also extends to larger multi-segment movements.  

When comparing side onset effects on large and small object manipulation, no significant 

difference in performance was observed between the two grasping styles on the overall group 

means. These findings do not support our hypothesis in that the tasks requiring multi-finger-

thumb tasks did not show greater laterality deficits than those observed during the finger-thumb 

tasks across all participants. However, in some individuals (approximately 38.1% of patients), 

greater deficits in the larger object manipulation were apparent. Thus, those observations are in 

partial agreement with the findings of Santello and Soechting.43 They reported that when only 

two digits grasp and hold an object, only one force sharing pattern between the thumb and the 

opposing finger is required (the force of the opposing finger must be the same as the force of the 

thumb).  Yet, when all five digits are involved in grasping and holding an object, the equilibrium 

of forces can be achieved by many combinations of force distribution as long as the sum of the 

forces of the four fingers is equal to the force of the thumb.43 Conversely, the observation of 

some individuals with greater laterality deficits in the small object manipulation tasks is 

congruent with reports of Flannagan et al.131 They concluded that two-fingered precision grips 

are inherently less stable than multi-digit grips in that the control of direction and magnitude of 

the applied finger forces needs to be more constrained at the level of individual digits. Therefore, 
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they suggest that the precision grip was more demanding in terms of neural control.131 In relation 

to deficits within PD, again the literature is inconsistent. Muratori and colleagues41 reported 

greater multi-digit grasping deficits compared to two finger deficits while Rearick et al.42 found 

preserved global features of five digit grasping. Our lack of greater deficits for one object over 

the other parallels these inconsistent reports of the literature. 

Inconsistent results regarding which task is more problematic may be partially explained 

by constraints of the tasks and/or other factors. Since the constraints were similar for both the 

large and small tasks in this study, other factors must be considered. The varying amounts of 

time each participant continued to perform manual activities after diagnosis could be influential. 

Further, the dexterous abilities of the participants before the onset of PD could possibly affect 

their current scores on these measures. Following the neuroplasticity principles, performance 

capabilities of the neuromuscular system are affected by the type and amount of daily practice or 

activity. Motor training alters the movement representations within primary motor cortex thereby 

making movements more efficient and accurate.160 Furthermore, Remple et al.161 noted the 

importance of skilled movement for this functional reorganization within motor cortex. As 

people practice certain movements, those movements and movements similar in nature become 

more automatic and easier to perform (less complex). Persons who continually perform more 

finger-thumb activities will be better at performing those types of activities while those who use 

more multi-finger movements will become more proficient at those activities. In contrast, disuse 

may also influence task performance whereby a decrease in practice after PD will further 

enhance the motor impairments as observed with the progression of the disease. However, with 

continued use of both hands, this progression is slowed. In this research, some participants 

commented on their continued use of both hands during manipulation tasks such as knitting or 
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tool usage whereas others were clear to admit their lack of use of the more affected hand. 

Similarly, there was a distinct preference of the large object manipulations tasks for some and for 

the smaller tasks for others. Since task complexity affects the amount of ipsilateral control21, 25, 44 

and each individual differed in their preference and experience with small or large object 

manipulation, it was difficult to interpret which type of movement showed, small or large object, 

more deficits. These factors should be considered in future investigations. 

Force Coordination 

Force variability was unaffected by the side of motor symptom onset as measured via the 

target precision grip force coordination task. There were no significant differences for either 

force variables when comparing the laterality scores of each group. However, when combining 

left and right hand performances, the LSO group showed significantly less variability than the 

RSO group.  In other words, patients with a LSO were able to produce a force that was within a 

five percent range of the targeted force (TWR) for a longer period of time. The difference 

between the predicted force and actual force produced (VQ) was also smaller in the LSO group. 

Our findings also revealed significant differences between RSO patients and HC and agree with 

other studies that have reported greater force variability in PD patients via a target force 

paradigm.129, 139, 162 The analysis of side of symptom onset provided new insight into our 

understanding of force variability among PD patients. We found a significant difference in 

patients with a LSO and a RSO but not between the LSO and HC groups. Since we have shown 

that the ipsilateral, left hand in patients with a RSO also have more deficits during our 

manipulation tasks than the ipsilateral, right hand has in patients with a LSO, it seems congruent 

that those with a RSO should have more combined variability during the precision grip force 

task.  
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Force as a Mechanism 

We compared the small object manipulation performances to the force variability measures 

to provide insight as to whether force control is an underlying mechanism of dexterity. The 

observed statistically significant and the moderate to strong relationship between the time within 

range to small object performance support that force is indeed one mechanism of dexterity. 

These significant correlations suggest that the less time an individual is able to produce the 

targeted force, the lower their scores will be on the dexterity measures. In agreement to 

Johansson et al.,126 our findings highlight the necessity of appropriate fingertip forces between 

the tips of the thumb and fingers for appropriate and efficient manipulation of objects. 

Conversely, there was not a significant correlation between the VQ and the small object 

performance scores. Some participants produced large variability during the target precision task, 

yet their performance on the small object manipulation was comparable to the healthy controls. 

An explanation of this mismatch possibly could be due to other underlying mechanisms or task 

constraints. 

The magnitude of the correlations with TWR and lack of correlation of the VQ to our 

small manipulation tasks suggests that other mechanisms of dexterity beyond force coordination 

exist. For example, the differing muscle recruitment patterns of each task, the type of action 

(discrete versus continuous), the availability of an open or closed loop system, and type of 

feedback that pertained to each task are other possible constraints that could affect object 

manipulation. The precision force task required a constant muscle contraction between the index 

finger and the thumb. This continuous contraction and slower movement speed allowed for a 

closed-loop system of control and visual feedback as a main source of error correction.163, 164 

Instead, the small manipulation tasks required a combined series of discrete movements more 

ballistic in nature. These movements typically rely upon an open-loop system where corrections 
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can only be made for the next movement.163, 164 Moreover, the reliance on visual feedback 

seemed to be less during the manipulation tasks, especially the lock and coin rotation tasks, as 

compared to the target precision grip tasks. In actuality, some patients tended to look up and not 

at the coin during the coin rotation task. Even though the literature is ambiguous on the tactile 

deficits in PD,165, 166 the additional visual feedback our patients utilized during the tracking task 

increased the differences in the task constraints. Moreover, for many persons with PD, 

researchers have shown both the importance of visual feedback for task completion167-169 and the 

deficits that are apparent during the generation of accurate ballistic action.163, 170 Finally, the 

differing timing and sequencing of muscle recruitment was problematic for many. The task 

constraints of the target precision grip required fewer degrees of freedom and a constant flexion 

of the index finger and the thumb. Conversely, the small manipulation tasks required quick 

sequencing of muscle recruitment, many on/off periods, and alternating contractions of the 

digits. Using a tracking task more similar in nature might yield greater insight into the role of 

force control and dexterous performance. 

Nevertheless, the disparity in the correlations of the TWR and the VQ on the small object 

manipulation did provide further insight into force and dexterity. Tremor during the target 

precision grip task produced a sinusoidal wave form which in turn created larger variability 

scores. Even when there was clear evidence of tremor, some patients were still able to match 

their produced force within a five percent range of the target force. In those situations, their force 

VQ was higher yet their TWR was mostly unaffected. In other words, it is possible to produce a 

force that is within a range of the targeted value and still have much variability with that range. 

Since the tremor, in many cases, did not cause obvious deficits in object manipulation, the VQ as 

a measure of force coordination in persons with PD may not accurately explain performance 
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during dexterous tasks. These findings are also supported by the significant improvement in 

object manipulation and TWR coupled with the lack of significance in VQ and continued visible 

tremor during the target precision grip task after medication (Figure 4-4, more on tremor, VQ, 

and dopaminergic effects in the next section).  

Medication Influence 

Due to the paucity of information that exists for the effects of dopaminergic therapy on 

objective manual dexterity measures, we analyzed motor coordination deficits during object 

manipulation while in the “off” and “on” states. We found that PD patients who were considered 

fluctuators definitively had a positive response to their medication for both the quantitative, 

object manipulation performances as well as the subjective, clinical impairment scores. Our 

results indicated an improved performance during both finger-thumb and multi-finger thumb 

tasks while in the “on” state. These findings are in direct contrast to the work of Quencer and 

colleagues.49  They concluded that dopaminergic medication was not influential for precise, 

independent finger movements as measured via coin rotation. However, the authors did not 

actually analyze fine dexterity during both the “on” and the “off” states. Our results are in partial 

agreement with Muratori and colleagues41 who reported that medication improved the temporal 

recovery of multi-digit force coordination during multi-digit grasping. Though we did not 

measure force coordination using a multi-finger grasp, we did find improvements from 

medications during a finger-thumb force control paradigm as well as during finger-thumb and 

multi-finger-thumb motor dexterity tasks.  

The analysis of medication responses revealed mixed results on the force control measures. 

While we found a significant improvement for the TWR in the “on” state, there was no 

significant difference in the max force or VQ after medicine. As previously mentioned, disparity 

of these results may be due to the evident tremor that affects the VQ and not TWR. While there 
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was improvement in both the object manipulation tasks and the amount of time patients were 

able to produce the appropriate force, there was no difference in their VQ. This finding 

represents the improvements in the amount of time the produced force was within a five percent 

range of the targeted force yet no significant difference in the magnitude of force oscillations 

around the targeted force. Interestingly, many cases of tremor also did not show an improvement 

in the “on” state as observed from the force curve or in a clinically relevant decrease in the 

UPDRS tremor score.  These results agree with the findings of Raethjen and may provide 

evidence for the relationship between tremor and VQ. Raethjen and colleagues171 examined 

levodopa response to action tremor and manual dexterity during a pinch grip coordination task in 

patients with PD. They reported action tremor did not show a clear levodopa response and did 

not affect dexterity in patients with little, if any, clinical arm akinesia. Visible akinesias were 

only mild in some of our participants; therefore, our results confirm the findings of Raethjen et 

al.171 Conversely, our results are only in partial agreement with Frossberg and colleagues.172 

While the authors did find a decrease in the total amplitude of the tremor during a grip-lift task, 

they did not observe a consistent change in the frequency of tremors after dopaminergic 

medications. Thus, it appears more research is needed to confirm the relationship between TWR, 

VQ and tremor on manual dexterity and their responses to dopaminergic medication.   

In addition, dopaminergic medicine had no effect on MVC. Our lack of improvement in 

pincher grip max force is inconsistent with other research. Corcos and colleagues158 measured 

the strength at the elbow while in the “off” and “on” states and found a 30% and 10% reduction 

in the maximum elbow extension and flexion (respectively) during the “off” period. Similarly, 

Lou et al.173 observed that levodopa improved fatigue in finger tapping and force generation 

during wrist extension and suggested that dopamine deficiency and fatigue in PD are partially 
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related. The discrepancy between our findings and the previously mentioned studies could be due 

to the differing muscles groups tested. While their tasks required large muscle recruitment, our 

study only required a pincher grasp using the finger and the thumb. Gordon et al.157  used similar 

tasks constraints and reported that medications did not systematically influence their measures. 

They did, however, note that half of their subjects had 25% greater increases of their grip force 

during the “on” period. In our case, any increase or decrease in force was insignificant. A 

difference in these studies could be due differing disease severity or possible drug induced 

hyperkinesias of the participants.  

The performance gains without an improved MVC of the pincher grip after medications 

were not totally unexpected. Manipulation tasks of the fingers and thumb do not require 

maximum strength for accurate performance. In actuality, applying additional forces often 

creates a movement that can be counter-productive and inefficient. These problems can be 

common in persons with PD. Patients have the ability to produce enough force; however, they 

usually lack the ability to produce the appropriate amount for a given task.  In some instances, 

patients produce too little force38 or have a prolonged development of the correct                  

force, 37, 139, 156, 157 while in other cases, they may produce too much force.121 

Considerations 

While our results provide important insight into the influence of side onset and medication 

response, this study was not without its limitations. The differing types of PD (tremor dominant, 

akinetic rigidity, and mixed) and duration of the disease may have influenced the performance on 

the selected outcome measures. While the duration since disease diagnosis was similar among 

the LSO and RSO groups, each patient differed in the amount of time they experienced 

symptoms before visiting a neurologist or being correctly diagnosed. Often times with PD 

patients, they are unable to recall when or where their first symptoms began. Though we limited 
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our cohort to those who could recall the location and type of symptom onset, the variability in 

the time before seeking diagnosis existed. This variability is a common limitation in the PD 

research and may have affected the differences in deficits in this research in that it is typical for 

those with longer duration of symptoms to have more severity in impairments as well as be more 

bilaterally affected. However, to limit the testing of patients who were more bilaterally affected, 

we included PD patients who had been more recently diagnosed. Similar to the differing times 

since actual symptom onset, the duration (once diagnosed) at a given stage for each patient is 

quite variable making it difficult to predict the length of time before the disease is no longer 

unilateral reaching severity- Stage 2.5. Similarly, while we limited our cohort to only include 

those with an asymmetric symptom onset, some subjects unknowingly may have had 

dysfunctions in their opposite hemisphere and hand at initial onset. Another limitation within our 

participants is the inherent variability in left and right hand performances that exists among PD 

patients as well as healthy controls. While we addressed this issue by subtracting the hand 

difference (laterality quotient) of the healthy controls from both PD groups, these inherent 

differences may still affect the laterality quotients among the groups. Next, each participant’s 

varying previous ability and continued use of both of their upper extremities could possibly 

affect the amount of deficits in each hand. Using age-matched healthy controls and comparisons 

of their other hand use may help account for some of this variability.  As for our outcome 

measures, interpretation of the performance scores of the UPDRS, a typically administered rating 

scale to determine motor severity, must be taken with caution as this measure has low inter-rater 

reliability and the scoring is not sensitive to the different levels of severity especially when 

symptoms are less severe.  However, our other outcome measures were quantifiable, objective 

measures of finger and hand dexterity which can easily be incorporated into motor deficit testing. 
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Finally, the actual “off” state may have differed from patient to patient depending on their level 

of fluctuation between medication dosage, thereby altering the “on”/“off” motor dysfunction 

differences.  Even though these limitations were possible, the findings of this research are quite 

valuable. 

Conclusion 

In summary, laterality of motor functioning, using right and left upper extremity difference 

scores from small and large object manipulation tasks, were less apparent in patients with a RSO 

(left hemisphere damage) than in those with a LSO (right hemisphere damage). The symmetry of 

deficits in RSO patients supports the stronger ipsilateral control of the left hemisphere in RH. 

Because both hands appear to have more deficits in this subgroup of patients, training protocols 

that incorporate object manipulation with both hands might be beneficial. Still, more research is 

needed to determine the direct effects and greater real world implications of these differing 

motor consequences that occur with a left or a right side onset.  Our significant correlations of 

the target precision grip to our small object manipulation measures confirm that force 

coordination is one mechanism of dexterity. Finally, our results revealed that dopaminergic 

medications do indeed promote improved motor dexterity for those patients who fluctuate from 

dose to dose. However, for non-fluctuators, the evidence still remains to be determined. 
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CHAPTER 6 
FUTURE RESEARCH 

To determine the real world significance of the asymmetric ipsilateral control that affects 

motor functioning depending on the side of symptom onset, more research is necessary. For 

example, applying brain imaging techniques during object manipulation tasks (similar to 

outcome measures included in this study) would prove beneficial in confirming the asymmetric 

hemisphere activation during ipsilateral hand movements. Imaging techniques could also help to 

compare and unveil possible differing brain areas involved during these finger-thumb and multi-

finger-thumb tasks. In addition, determining if this asymmetric ipsilateral control or side of 

symptom onset affects deep brain stimulation is important for doctors and patients. Knowing that 

there might be differences in unilateral versus bilateral stimulation depending on the hemisphere 

affected could be quite time and cost beneficial.  

Other possible extensions of this research could include the examination of: a) a left-

handed PD population to determine if the ipsilateral hemisphere control of the upper extremity 

parallels the previous brain imaging techniques in the healthy population whereby the ipsilateral 

control is less asymmetric than that of RH, b) a tremor-dominant-only cohort with similar tremor 

severity to determine the effects of dopaminergic medications on tremor and its effects on 

manual dexterity, and c) fluctuators who are similar in the amount of ‘wearing off’ they 

experience between medication dosages to provide a more consistent measure of testing during 

the “off” state. Future studies are also necessary to determine whether these identified 

differences in motor and cognitive performances due to side of symptom onset affect the clinical 

outcomes and/or the progression of the disease.
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APPENDIX A 
INFORMED CONSENT 

 Informed Consent Agreement 
 
Project Title: Side onset and upper extremity motor functioning in Parkinson's disease: 

Examining bilateral deficits 
 
Investigator: Kim C. Stewart; PhD candidate in Applied Physiology and Kinesiology 
 
Faculty Supervisors: Chris J. Hass (Chair), Mark D. Tillman 
 
Please read this consent form carefully before you decide to participate in the study. 
 
Purpose of this study: 
The purpose of this research study is to examine the influence of side of symptom onset on 
motor functioning of the upper extremity in individuals with Parkinson's disease. 
 
What you will do in the study: 
You will either visit the Biomechanics Laboratory, Center for Exercise Science, at UF or meet at 
an agreed upon, neutral location one time for independent finger and hand movement testing. 
You will arrive in the “off” state (less than 2 hour delay in taking morning medicine) and fill out 
a demographics and clinical questionnaire. You will practice and then perform a variety of 
unimanual skills including picking up and transporting small objects, rotating a coin or a 
combination lock and squeezing a block to determine force output. Both hands will perform 
every task. After taking your medicine and verifying “on” state, you will again perform those 
same manual tasks. As you complete each task, a video camera will be recording your hand 
movements for third party evaluation.  
 
Time required: 
One visit lasting approximately 2 hours 
 
Risks and Benefits: 
Participating in this study offers no greater risk than in normal activities of daily living. Also, 
there is no direct benefit for participating in this study except to help researchers, therapists, 
clinicians and other PD patients better understand motor deficits and the mechanisms underlying 
loss of upper extremity dexterity. These results of the study may, therefore, have implications on 
surgical and training treatments for individuals with Parkinson's disease. 
 
Compensation: 
No compensation will be given for your participation in this study. 
 
Confidentiality: 
The information you provide will be handled confidentially to the extent provided by the law. 
Your information will be assigned a code number and the list connecting your name to this 
number will be kept in a locked file. Only researchers directly involved with the project will 
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have access to the data. When the study is completed and the data analyzed, the list and data will 
be destroyed. Your name will not be used in any report. 
 
Voluntary Participation: 
Your participation in the study is completely voluntary. There is no penalty for not participating.  
 
Right to withdraw from the study:  
You have the right to withdraw from the study at anytime without penalty.  
 
 
Whom to contact if you have any questions about the study:  
 
Kim C. Stewart, MS, Doctoral Student, PO Box 118206, Dept. of Applied Physiology and 
Kinesiology, 151 FLG, University of Florida, Gainesville  FL 32611; 352-392-0584 ext. 1321, 
stew18@ufl.edu 
 
Chris J. Hass, PhD, Assistant Professor, PO Box 118206, Dept. of Applied Physiology and 
Kinesiology, 122 FLG, University of Florida, Gainesville  FL 32611; 352-392-9575 ext. 1294, 
cjhass@hhp.ufl.edu  
 
 
Whom to contact about your rights in the study: 
UFIRB Office, Box 112250, University of Florida, Gainesville, FL 62611-2550 
 
 
 
Agreement: 
 
I, __________________________ , have read the procedure described above and I voluntarily  
        (participant's name) 
agree to participate in the procedure. I also understand that I will receive a copy of this form 
upon request. 
 
 
 
Participant: __________________________________ Date: ________________________ 
 
 
 
Principle Investigator: __________________________ Date: ________________________ 
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APPENDIX B 
DEMOGRAPHIC AND CLINICAL DATA FORM 

 

Demographics: Circle (where applicable)  # 

Subject:   x 

Age: --------------->   

Gender: 1. Male / 2. Female   

Years of education: --------------->   

Hand preference:  1. Right / 2. Left / 3. Ambi   

Laterality score:  complete questionnaire   

Disease duration: --------------->   

Side of symptom 
onset: 1. RSO / 2. LSO / 3. Both / 4. Unsure   

Site of symptom 
onset: 

1. Upper / 2. Lower / 3. Both / 4. 
Unsure   

Type of symptom 
onset: 

1. Tremor / 2. Rigidity /  
3. Bradykinesia / 4. Postural Instability 

5. 
Other:_________________________ 

  

Time since meds: --------------->   

Type of motor PD 
meds:   x 

All meds and 
dosages:     
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APPENDIX C 
MODIFIED EDINBURGH HANDEDNESS INVENTORY 

Laterality Questionnaire 

  

When/Task    Which hand do 
you prefer? 

Do you 
ever use 
the other 

hand? 
1 Writing Right Left Either Yes No 

2 Drawing Right Left Either Yes No 

3 Throwing Right Left Either Yes No 

4 Using Scissors Right Left Either Yes No 

5 Using a 
toothbrush Right Left Either Yes No 

6 Using a knife 
(without a fork) Right Left Either Yes No 

7 Using a spoon Right Left Either Yes No 

8 Using a broom 
(upper hand) Right Left Either Yes No 

9 Striking a 
match Right Left Either Yes No 

10 Opening a box 
(lid) Right Left Either Yes No 

 
 



 

89 

APPENDIX D 
BLANK OUTCOME MEASURE FORM 
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APPENDIX E 
RAW DATA: SIDE ONSET 
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Demographics and raw data fror the  LSO, RSO, and HC groups 
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APPENDIX F 
GROUP MEAN DATA: “OFF”/”ON” 
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Group data for each outcome measure and task  

  
UPDRS-

L 
UPDRS-

R Total SBB 
L 

SBB 
R 

LBB 
L 

LBB 
R 

SLR 
L 

SLR 
R 

LLR 
L 

LLR 
R 

SCR 
L 

SCR 
R 

LCR 
L 

LCR 
R MFL MFR

LSO                                 
OFF 10 4.6 14.6 35.45 30.63 37.20 29.56 26.57 15.18 37.78 21.10 30.84 12.05 30.51 15.33 47.15 49.89 
ON 6.6 2.6 9.2 31.34 28.37 30.64 27.16 17.04 12.10 26.79 16.49 16.89 9.15 20.64 13.88 45.31 50.60 
RSO                                 
OFF 6.167 7.667 13.8 36.39 35.99 35.39 32.74 21.94 21.94 31.07 29.00 17.02 17.86 29.93 31.57 37.71 41.07 
ON 4.5 5.667 10.2 30.60 30.57 32.25 30.12 19.15 17.55 19.39 16.60 14.01 13.69 19.88 20.24 46.37 44.17 
HC                  
 n/a n/a n/a 24.51 23.81 25.83 24.27 11.37 11.37 16.06 14.69 7.62 7.91 10.12 10.19 55.41 58.12 

 

Outcome measure abbreviations and meanings 

UPDRS Unified PD rating scale 
SBB small box & block 
LBB large box and block 
SLR small lock rotation 
LLR large lock rotation 
SCR small coin rotation 
LCR large coin rotation 
MFL max force left 
MFR max force right 
LSO left-side onset 
RSO right-side onset 
HC healthy controls 
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APPENDIX G 
PRELIMINARY PILOT STUDY 

Introduction 

Given that differing cognitive dysfunctions correspond to the side of symptom onset in PD 

and that asymmetric hemisphere responsibilities of motor functions exist, we deduced that motor 

deficits may also differ depending on which hemispheric is affected. To our knowledge, the 

influence of side of symptom onset on motor impairments has not been previously examined in 

PD. Since in healthy RH, the dominant left hemisphere has greater ipsilateral control of the left 

arm than the non-dominant right hemisphere has on the right arm, we sought to determine 

whether Parkinson disease (PD), a progressive syndrome often with initial asymmetric 

symptomatology, maintains this natural influence of ipsilateral control of upper extremity motor 

performance. Specifically, our aim was to determine if in RH (or left-hemisphere dominant) PD 

patients, upper extremity motor deficits are more bilateral when the dominant left hemisphere 

was more affected (RSO patients). Due to the left hemisphere control of both contralateral and 

ipsilateral hands, we hypothesized that PD patients with RSO, where the dominant left 

hemisphere is primarily involved, would have greater bilaterality in motor deficits than patients 

with LSO, where the non-dominant right hemisphere was primarily affected.  

Methods 

Non-demented (i.e. MMSE > 25) individuals diagnosed with idiopathic PD (i.e. satisfying 

the United Kingdom Brain Bank Criteria for Parkinson Disease (Hughes)) at the University of 

Florida Movement Disorders Center between 2002 and 2006 were prospectively administered 

Part III of the Unified Parkinson Disease Rating Scale (UPDRS) in the “off” medication state. 

Only subjects with a clear side of onset were included in the analysis. In addition, subjects with 

previous deep brain stimulation surgery or other neurological disorders were also excluded. 
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Right and left hand composite scores were then derived from the UPDRS Part III (item # 20-25). 

The difference between the right and left hand composite scores were computed to create a 

bilateral impairment measure (termed the bilateral impairment score). To avoid convergence due 

to positive and negative values, the non-reported side of symptom onset was subtracted from the 

reported side of symptom onset. A bilateral impairment score closer to zero implies that both 

sides had similar impairments whereas a score further from zero implied more asymmetric motor 

deficits. To differentiate the bilateral deficits based on handedness and predominant hemispheric 

involvement, individuals were then stratified into 4 groups: (right hand-right side onset (RH-

RSO), right hand-left side onset (RH-LSO), left hand-right side onset (LH-RSO), and left hand-

left side onset (LH-LSO).  

One-way ANOVA was used to determine significant differences in the bilateral 

impairment measure of our four cohort groups.  If a significant main effect was identified, 

Tukey’s HSD post hoc analysis was then applied to compare the specific group differences in 

both RH groups: RH-LSO and RH-RSO.  Due to the lack of a consistent dominant hemisphere in 

LH, the RH dominant hemisphere group (RH-RSO) was compared to both LH groups (LH-LSO 

and LH-RSO). 

Results 

Of the 762 non-demented subjects diagnosed with PD between 2002 and 2006, 425 

reported unequivocal RSO or LSO and were included in analyses. Subjects had a mean: age of 

65.97±9.99, disease duration of 7.88±6.83 years and UPDRS motor score of 38.72±13.01 in the 

“off” state. Demographics were similar for each group (Table 1). Ninety-two percent of the 

participants were RH. Fifty-nine percent reported a right side onset. In all 61.4% reported that 

the symptoms began on their dominant side. Interestingly, the location of the side of onset was 
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significantly correlated with the side of dominance (χ2= 10.48; p<0.001), i.e., the side of onset 

was more frequently on the same side as the dominant hand.  

The mean of the UPDRS composite upper extremity score was 11.39±4.42 for the right 

hand and 11.82±4.73 for the left hand indicating similar impairment of both hands across all 

subjects. Comparison of the bilateral impairment scores revealed the RH-RSO group possessed 

significantly lower scores (μ=2.09) indicating more bilateral impairment than the other three 

groups (RH-LSO: μ=4.06, p<0.001; LH-LSO: μ=4.52, p<0.05; and LH-RSO: μ=4.27, p<0.05). 

Discussion 

Similar to previous studies investigating cognitive abilities, this study showed that the 

hemispheric dominance and the side of disease onset can influence the degree of upper extremity 

motor decrement whereby RH with a RSO had more bilaterality of impairments than RH with a 

LSO. In other words, among RH, when the dominant left hemisphere was primarily affected 

(resulting in RSO parkinsonism), there was a greater detriment in the supposedly ‘less 

controlled’ ipsilateral left side, as compared to RH whose non-dominant right hemisphere 

(resulting in LSO parkinsonism) was primarily affected. These findings supported our hypothesis 

confirming that side onset does indeed influence motor impairments and that some ipsilateral 

control was maintained in persons with PD, especially among RH.  

While our results are important, this study was not without its limitations. Our study was 

cross-sectional, taken from a single, tertiary center and subject to bias. PD patient whose 

dominant side is more affected may be more likely to seek consultation than the reverse. 

Nonetheless, we believe that our PD cohort represents a wide spectrum of disease severity and 

describes one of the largest prospectively acquired data sets for analysis of the influence of side 

onset and hand-preference of motor impairment.  
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In summary, bilaterality of impairments, using right and left upper extremity difference 

scores from the UPDRS, were more apparent in RH with a right, dominant side onset (left 

hemisphere damage) than in RH with a left, non-dominant side onset (right hemisphere damage). 

This supports the stronger ipsilateral control of hand and finger movements of the left 

hemisphere in RH. Side of motor symptom onset should be considered when measuring or 

determining motor impairments in persons with Parkinson disease. This current research will 

further investigate the effect of these impairments on quantifiable upper extremity motor tasks. 
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