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Abstract 
This thesis sought to: 1) examine the effect of a number of organism and task 

constraints on the control of two forms of physiological tremor, namely postural and 

finger-pinch force tremor; and 2) determine if the expected constraint-related changes 

in tremor output were associated with alterations in the control strategy utilised by the 

performer.  The organism constraints were age and resistance-training (for both forms 

of tremor), while the task constraints were visual feedback, target size and limb 

preference (postural tremor) and mean force, target shape and limb preference (force 

tremor).   

The postural (index finger) tremor amplitude of young adults was significantly 

greater in the augmented vision (AV) than normal vision (NV) conditions and when 

using the non-preferred than preferred limb.  Even greater differences/changes in 

postural tremor amplitude were observed as a function of aging and training.  Older 

adults had significantly more index finger tremor amplitude than young adults.  

Regardless, the older adults who completed a six weeks program of unilateral 

strength- or coordination-training were able to significantly reduce their tremor 

amplitude.  Although the training-related reductions in tremor amplitude were of a 

greater magnitude for the trained than untrained limb, a significant reduction in the 

tremor amplitude of the untrained limb was also observed for the coordination-

training group.  All of these significant differences/changes in tremor amplitude were 
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associated with significant changes in a number of other dependent variables.  For 

example, the task- and age-related increases in tremor amplitude were primarily a 

result of greater 8-12 Hz tremor power and were associated with increased EMG 

activity/co-activation of the extensor digitorum (ED) and flexor digitorum 

superficialis (FDS) muscles and a significant reduction in intra-limb (index finger-

hand and forearm-upper arm) coupling.  The significant reductions in tremor 

amplitude observed for the resistance-trained older adults was a result of a significant 

decline in 8-12 Hz power and were associated with a significant reduction in ED and 

FDS co-activation.  However, no significant change in intra-limb coupling was 

observed.   

The overall trends observed in the results for the finger-pinch force tremor 

experiments were similar to those for postural tremor.  Older adults had significantly 

more finger-pinch force tremor (i.e. force variability and targeting error) than young 

adults, although older adults who performed six weeks of unilateral strength-training 

were able to significantly reduce the force variability and targeting error of the trained 

limb.  No significant training-related reduction in force tremor was however observed 

for the untrained limb.  The significant age-related increase in force tremor was a 

result of greater low frequency (< 2 Hz) power and was associated with a significant 

loss of inter-digit force sharing and coupling as well as tactile sensitivity.  
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Interestingly, the training-related decreases in force tremor were not associated with 

significant changes in any of the frequency, sharing or coupling measures.  

Collectively, the results of the five experiments contained in this thesis add much to 

our understanding of postural and force tremor.  Results indicated that numerous task 

and organism constraints can have a substantial effect on the resulting tremor output.  

Furthermore, the task- and age-related differences in the power spectral, muscle 

activity and coupling measures suggested that the changes in tremor output were the 

result of the use of an altered (sub-optimal) control strategy.  The age-related increase 

in postural and force tremor amplitude may therefore reflect not only an overall 

decline in neuromuscular system function, but also the relative inability of older 

adults to effectively coordinate the output of numerous degrees of freedom (limb 

segments).  The effect of the aging process on tremor output was somewhat 

reversible, with the older adults who performed resistance-training significantly 

improving their control of both postural and force tremor.  There was some evidence 

that resistance-training could produce cross-education effects in older adults, although 

these were only statistically significant for postural tremor amplitude in the 

coordination-training group and for wrist flexion strength in the strength-training 

group.  The relative brevity of the training program (6 weeks) and the observable 

cross-education effects suggest that the reduction in tremor amplitude and increases in 

strength were primarily a result of neural adaptations.   Such findings further support 
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the prescription of resistance-training for improving physical function in older 

individuals.    
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Thesis Organisation 
This thesis is organised into a number of chapters that address the constraints on the 

control of physiological tremor. 

 

Chapter 1 provides an introduction to the thesis and states the research objectives 

and hypotheses. 

Chapter 2 reviews the relevant literature with sections on the classification, origin 

and assessment of physiological tremor.  A review of the tremor-coordination 

relationship was also conducted, with this examined from a constraints to action 

perspective, with the major focus being on the organism constraints of aging and 

training. 

Chapter 3 describes Experiment 1 where the effect of altering visual feedback, 

target size and limb used on the postural tremor output of young adults was assessed.  

This study has been published in Experimental Brain Research, 159:467-477. 

Chapter 4 details Experiment 2 where the effect of the aging process on postural 

tremor was assessed.   

Chapter 5 describes Experiment 3, in which the effect of two forms of unilateral 

resistance-training on the postural tremor output of older adults was examined.   

Chapter 6 describes Experiment 4 where the effect of the aging process on finger-

pinch force control was assessed.  This study has been published in European Journal 

of Applied Physiology, 97:76-88.  

Chapter 7 describes Experiment 5 where the effect of unilateral strength-training on 

the finger-pinch force control of older adults was assessed.   

Chapter 8 provides a summary and synthesis of the main findings of the five 

experiments presented in Chapters 3-7.  Recommendations for the control of 

physiological tremor and for future research are also provided. 
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Fine-Motor Upper Limb Function 
The unique anatomical features of the human hand and fingers allows the dexterous 

performance of many fine-motor tasks (activities of daily living) such as eating, 

drinking, dressing and writing (Jones, 1996; Vallbo & Wessberg, 1996).  Successful 

completion of these activities typically requires the performance of a sequential 

combination of specific sub-tasks (Schieber & Santello, 2004; Shumway-Cook & 

Woollacott, 2001).  This motor sequence begins with the distal portions of the upper 

limb moving towards the object at an appropriate velocity, with the hand and fingers 

configured in a suitable orientation so that the object can be grasped once contact is 

made (Paulignan, Frak, Toni, & Jeannerod, 1997; Shumway-Cook & Woollacott, 

2001).  After establishing a secure grip of the object (which involves scaling the grip 

force to the load force and frictional characteristics of the digit-object interface) the 

object is generally lifted off the support surface (Chieffi & Gentilucci, 1993; Cole, 

Rotella, & Harper, 1999).  The object may then be held in a quasi-stationary position 

in space e.g. when preparing to shoot a pistol; or it may be transported to another 

location e.g. moving a glass of water towards the mouth (Scholz, Schoner, & Latash, 

2000; Shumway-Cook & Woollacott, 2001).   

If an individual is unable for whatever reason to grasp, lift and maintain a steady 

postural position of the limb and/or hand-held object in space, a loss of independence 

and quality of life will occur (Carmeli, Patish, & Coleman, 2003; Hughes et al., 

1997).  This has been observed in older adults (Contreras-Vidal, Teulings, & 

Stelmach, 1998; Hackel, Wolfe, Bang, & Canfield, 1992) and in patients suffering 

from neurological conditions (Louis, 2005; Rand, Stelmach, & Bloedel, 2000).  

Although the reduced upper limb function of these groups is likely to be multi-

factorial in nature (Carmeli et al., 2003; Hughes et al., 1997), an increase in 

physiological tremor amplitude may be one of the main contributing factors 

(Contreras-Vidal et al., 1998; Ranganathan, Siemionow, Saghal, & Yue, 2001).   

 

What is Physiological Tremor and How is it Measured? 
Researchers and clinicians have described and classified numerous types of 

physiological tremor, with postural and force tremor being two of the more commonly 

observed and investigated forms (Elble & Koller, 1990).  For the purposes of this 

thesis, postural tremor has been defined as the involuntary, oscillatory movements of 
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an outstretched, unsupported upper limb segment; and force tremor as the involuntary 

oscillations in force output around a mean (target) force.  For the sake of brevity, 

when the term physiological tremor is encountered in the remainder of the thesis, it 

will be used to encompass both postural and force tremor.     

Postural and force tremor both appear to be influenced by (or even originate from) 

the interaction between the many neural oscillations (inputs) to the limb and the 

intrinsic mechanical properties of the limb (Elble & Koller, 1990; Marsden, 1984).  

Both forms of tremor also possess distinct frequency peaks below 4 Hz, suggesting 

that their amplitude can be influenced by the processing and integration of 

sensorimotor information (Freund & Hefter, 1993; Slifkin, Vaillancourt, & Newell, 

2000).  The effect of increased postural or force tremor on function is also similar, 

that typically being a loss of fine-motor control across the spectrum of upper limb 

tasks.  In particular, increased levels of postural tremor may reduce the ability to 

maintain a postural position of a limb or object, whereas increased force tremor 

(especially of the fingers) may limit the ability to manipulate or even to maintain 

grasp of an object.  Due to these relatively task-specific effects of elevated levels of 

postural and force tremor on upper limb function, it is important that neuroscientists 

and clinicians have a range of valid and reliable methods at their disposal to assess 

both forms of tremor independently.   

Postural tremor amplitude is typically quantified by the limb’s acceleration 

(Bilodeau, Keen, Sweeney, Shields, & Enoka, 2000; Morrison & Newell, 2000b) or 

displacement (Beuter, Edwards, & Boucher, 2000; Nizet, Broeders, & Folgering, 

2004) during postural pointing.  Some studies may also estimate tremor amplitude by 

using “functional tests” or questionnaires of self-selected function (Lundervold & 

Poppen, 2004; Ranganathan, Siemionow, Saghal et al., 2001).  Force tremor is 

typically described by the degree of force variability or targeting error.  Force 

variability is defined as the unsteadiness of the force output and can be expressed in 

both absolute (standard deviation) and relative (coefficient of variation) terms 

(Bilodeau et al., 2000; Galganski, Fuglevand, & Enoka, 1993; Laidlaw, Bilodeau, & 

Enoka, 2000).  Targeting error is quantified by calculating the root mean square 

(RMS) difference between the actual and target force.  The majority of studies that 

have calculated targeting error have expressed this in absolute terms (Shim, Lay, 

Zatsiorsky, & Latash, 2004; Vaillancourt, Slifkin, & Newell, 2002), although Loscher 

and Gallasch (1993) have calculated a relative (percentage) targeting error.   
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Coordination and Physiological Tremor 

The primary goal of this thesis was to examine whether differences in the manner in 

which the upper limb segments were coupled (coordinated) could help explain the 

expected age- and training-related changes in physiological tremor output.  These 

analyses were conducted using the constraints approach to motor control (Newell, 

1986).  The constraints approach postulates that any change in the organism, task or 

environmental conditions under which a movement is performed will alter the 

coordinative pattern (control strategy) utilised and ultimately the level of performance 

obtained. 

The postural tremor-coordination relationship was assessed in unsupported postural 

pointing tasks and the force tremor-coordination relationship during tri-digit finger-

pinch force production.  In the postural pointing tasks this was realised by quantifying 

the nature and strength of the intra-limb coupling i.e. the relations between the index 

finger, hand, forearm and upper arm tremor outputs (Morrison & Keogh, 2001; 

Morrison & Newell, 2000a).  According to Morrison and colleagues, a reduction in 

the coupling within the distal (index finger-hand) and proximal (forearm-upper arm) 

segment pairs contributes to an increase in index finger tremor amplitude.  To 

supplement the intra-limb coupling data, EMG activity of the extensor digitorum (ED) 

and flexor digitorum superficialis (FDS) muscles was also recorded.  These muscles 

were selected as an increase in their activation tends to stiffen the limb and magnify 

the tremor (Morrison, Kavanagh, Obst, Irwin, & Haseler, 2005; Stiles, 1980). 

Four types of coupling were examined in the finger-pinch tasks.  Digit force sharing 

was investigated by calculating the relative contribution of the index and middle 

fingers to total force (Shim et al., 2004; Visser et al., 2003).  Target-digit (Flanagan & 

Wing, 1993; Lazarus & Haynes, 1997), inter-digit (Sharp & Newell, 2000; Shim et 

al., 2004) and EMG-digit (Maier & Hepp-Reymond, 1995b; Valero-Cuevas, 2000) 

force coupling were calculated using cross-correlation and time lag analyses.  These 

coupling measures were selected as greater levels of finger-pinch force tremor have 

been associated with an increased force share of the dominant (lateral) finger(s) (Shim 

et al., 2004; Visser et al., 2003) and a reduction in target-digit (Lazarus & Haynes, 

1997) and inter-digit force coupling (Shim et al., 2004).   
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Aging of the General Population  
Although comprising only approximately one eighth (12%) of the Australian 

population, older adults (i.e. those over 65 years) account for more than one third of 

the total health care budget (Fogg et al., 1997).  The number of older adults in 

Australia is expected to increase in the future, rising from 2.2 million (12%) to 3.5 

million (16%) of the population by the year 2016 (Fogg et al., 1997).   

 

Physiology of Aging  

Significant losses of muscular capacity are associated with the aging process.  This 

is evident in the lower levels of muscular strength and endurance (Harridge, 

Magnusson, & Saltin, 1997; Hurley, Ree, & Newham, 1998) and aerobic power 

(Harridge et al., 1997; Wiebe, Gledhill, Jamnik, & Ferguson, 1999) of older than 

young adults.  Older adults also typically experience a loss of sensory acuity and 

central processing speed (Hooper, 2001; Hurley et al., 1998).   

This age-related decline in muscular capacity and sensory function appears to 

contribute substantially to the reduced functional performance of older individuals 

(Barry & Carson, 2004; Enoka et al., 2003).  This loss of function has been most 

widely studied in lower-body dominated activities such as standing, walking and 

rising from a chair (Lord, Murray, Chapman, Munro, & Tiedemann, 2002; Sakari-

Rantala, Era, Rantanen, & Heikkinen, 1998; Wu, 1998).  A smaller body of research 

has also demonstrated significant declines in the fine-motor upper limb function of 

older adults (Hackel et al., 1992; Laursen, Jensen, & Ratkevicius, 2001).   

 

Benefits of Resistance-Training for Older Adults 
Resistance-training with either a strength (Lord, Ward, Williams, & Strudwick, 

1995; Schlicht, Camaione, & Owen, 2001) or coordination (Patten & Kamen, 2000; 

Ranganathan, Siemionow, Saugen, Liu, & Yue, 2001) emphasis can significantly 

improve the strength and functional performance of older adults.  These 

improvements appear to primarily reflect morphological and neural adaptations to 

training (Barry & Carson, 2004; Hunter, McCarthey, & Bamman, 2004).   

Morphological adaptations generally require considerable time (at least 8 weeks of 

training) to occur (Housh et al., 1998a; Staron et al., 1994).  As the training programs 
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performed in this thesis were only six weeks in duration, neural adaptations may 

contribute more to the expected training-related reductions in physiological tremor 

amplitude and increases in upper limb strength than morphological factors.  Neural 

adaptations to resistance-training that may mediate these effects include reduced 

motor unit (MU) firing rate variability (Kornatz, Christou, & Enoka, 2002; Kornatz, 

Christou, & Enoka, 2005) and co-activation (Carolan & Cafarelli, 1992; Hakkinen et 

al., 1998), an increased ability to fully recruit the available MU pool (Aagaard et al., 

2000; Akima et al., 1999), increased maximal MU firing rate (Patten, Kamen, & 

Rowland, 2001) and improved intra- and inter-muscle coordination (Bernardi, 

Solomonow, Nguyen, Smith, & Baratta, 1996; Carroll, Barry, Riek, & Carson, 2001).   

 

Training and Physiological Tremor 

Significant reductions in physiological tremor amplitude have been observed in 

older adults following strength- (Bilodeau et al., 2000; Keen, Yue, & Enoka, 1994) 

and coordination- (Ranganathan, Siemionow, Saugen et al., 2001) training.  

Unfortunately, these studies used testing (transfer) tasks that often only required the 

control of one limb segment/digit and were similar or identical to the training 

exercises.  As a result of this design, it is relatively unknown if resistance-training can 

produce a general adaptive response that improves the tremor control of older adults 

in real-world tasks not practiced in training.  Such a response would be most 

beneficial as older adults may not have sufficient time to practice all of the upper limb 

activities of daily living in which they suffer a loss of function (Barry & Carson, 

2004). 

 

Cross-Education  

Cross-education is another neural adaptation to resistance-training, whereby the 

motor function of the untrained (contralateral) as well as the trained (ipsilateral) limb 

is improved as a result of unilateral training (Enoka, 1988; Zhou, 2000).  As the 

resistance-training performed in this thesis was unilateral in nature, a secondary aim 

of these studies was to examine whether older adults could obtain significant cross-

eduction effects for tremor control and upper limb strength.  This was considered 

important as little research has been conducted on the ability of older adults to obtain 
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cross-education effects for fine- (Lazarus & Haynes, 1997) or gross-motor function 

(Bemben & Murphy, 2001). 

 

Purpose and Hypotheses  
The general purpose of this thesis was to examine the effect of, and the interactions 

between, a variety of task and organism constraints on the manner in which the upper 

limb segments were coordinated and the overall level of physiological tremor output.  

This was achieved by performing three postural and two force tremor studies.  The 

postural tremor studies (see Chapters 3-5) assessed the effect of three task (visual 

feedback, target size and limb preference) and two organism (age and training) 

constraints on the postural tremor output, ED and FDS EMG muscle activity and 

intra-limb coupling.  The force tremor studies (see Chapters 6 and 7) examined the 

effect of two organism (age and training) constraints on force tremor (force variability 

and targeting error), as well as the time- and frequency-domain, share and coupling of 

the digit forces.  These effects were examined under three task constraints (mean 

force level, target shape and limb preference) in order to examine the potential task-

dependency of the age- and training-related force tremor responses. 

 

The specific hypotheses of the five studies were: 

1. Augmented visual feedback, reduced target size and/or using the non-

preferred limb would significantly increase the tremor amplitude of novice 

(unskilled) young adults.  These increases in tremor amplitude were 

expected to be associated with significant increases in ED and FDS EMG 

muscle activity/co-activation and decreased intra-limb coupling (see Chapter 

3). 

2. Older adults would have significantly greater postural tremor amplitude, ED 

and FDS EMG muscle activity and significantly lower levels of intra-limb 

coupling than young adults (see Chapter 4). 

3. The performance of unilateral resistance-training (with either a strength or 

coordination emphasis) by older adults would significantly reduce postural 

tremor amplitude, ED and FDS muscle co-activation as well as significantly 

increase intra-limb coupling.  These changes were expected to occur in both 

the trained and untrained limb (see Chapter 5). 
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4. Older adults would have significantly greater force variability, targeting 

error and index finger force share, as well as a reduced middle finger force 

share and lower levels of digit force coupling than young adults (see Chapter 

6). 

5. The performance of unilateral strength-training by older adults would 

significantly reduce force variability, targeting error and index finger force 

share as well as significantly increase the middle finger force share and digit 

force coupling.  These changes were expected to occur in both the trained 

and untrained limb (see Chapter 7). 

 

Significance of the Thesis 
As humans are continually grasping, lifting and manipulating a range of hand-held 

objects (Schieber & Santello, 2004; Shumway-Cook & Woollacott, 2001), any 

increase in physiological tremor amplitude may reduce the level of upper limb 

function and result in a loss of independence and quality of life.  Consequently, this 

thesis sought to investigate the effect that a number of constraints (in particular aging 

and resistance-training) have on the control of physiological tremor in unsupported 

postural pointing and tri-digit finger-pinch tasks, respectively.  The five experiments 

comprising this thesis were also designed to examine how changes in the control 

strategy may have contributed to the constraint-related alterations in the tremor 

output.  Insight into the control strategy was obtained by the calculation of various 

coupling and upper limb muscle activation measures.    

The two training studies included in this thesis (Chapters 5 and 7) involved the 

performance of general (non-specific) upper limb dumbbell exercises.  This design 

was chosen to determine whether resistance-training could produce a significant 

general adaptation in older adults whereby significant improvements in tremor control 

could be observed in real-world tasks that were not performed in training.  As all 

training was unilateral in nature (i.e. involved only one limb), the training studies 

were also able to examine the ability of resistance-training to improve the tremor 

control and strength of the untrained as well as trained limb.  If general improvements 

in tremor control could be found and/or if such improvements can occur in both the 

trained and untrained limb, health professionals may have a greater evidence-base for 
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using resistance-training to improve the gross- and fine-motor function of older 

adults. 
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The purpose of this chapter was to review the literature relevant to the control of 

physiological (postural and force) tremor.  The first section discusses the 

classification and origin of both forms of tremor.  Common methods of postural and 

force tremor assessment and measurement are presented and their potential limitations 

described.  The concept of coordination in relation to the control of the degrees of 

freedom (i.e. upper limb segments) is introduced and the proposed relationship 

between coordination and tremor examined.  The tremor-coordination relationship is 

explored using the constraints approach to motor control (Newell, 1986), with 

particular emphasis on the effect of the organism constraints of aging and training.   

 

Classification of Tremor 
For the purposes of this thesis physiological tremor has been defined as a series of 

rhythmic oscillations in limb position (postural tremor) or force output (force tremor).  

As physiological tremor may manifest itself to varying degrees across the rich 

spectrum of movement possibilities that the human body allows, tremor has been 

extensively classified by clinicians and researchers (Elble & Koller, 1990; Marsden, 

1984; Stein & Lee, 1981).  Some of the more common forms of tremor include 

resting, postural, kinetic (intention) and force tremor (Burnett, Laidlaw, & Enoka, 

2000; Elble & Koller, 1990; Llinas, 1984; Loscher & Gallasch, 1993; Marsden, 1978, 

1984; Stein & Lee, 1981).   

The origin of postural and force tremor appears quite similar, with the amplitude 

and frequency of these oscillations dependent on a number of common neural and 

mechanical processes (Elble & Koller, 1990; Marsden, 1984).  Specifically, both of 

these tremors are sensitive to any factors that influence the force output and/or 

mechanical properties of the limb segment(s) (e.g. MU recruitment, MU firing rate 

variability, MU synchronisation and co-activation).  As postural and force tremor both 

exhibit distinct frequency peaks below 4 Hz, it is also possible that the manner in 

which sensorimotor information is processed and integrated may influence the 

resulting tremor output (Freund & Hefter, 1993; Slifkin, Vaillancourt, & Newell, 

2000).  Regardless of these similarities in origin, the functional consequences of 

increased postural tremor may differ somewhat to that of increased force tremor.  

Increases in the amplitude of postural tremor may make it more difficult to maintain a 

postural position of (or move) an unsupported limb segment or object.  Alternatively, 
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an increase in force tremor (especially when observed in the fingers) would reduce the 

performer’s ability to dexterously manipulate, and possibly even maintain grasp of a 

hand-held object.  Due to the relative task-specificity of increases in postural 

compared to force tremor, the development of valid and reliable methods to assess 

each of these forms of tremor appears warranted (Bast-Pettersen & Ellingsen, 2005; 

Lundervold, Pahwa, Ament, & Edward, 2003).   

Postural tremor can be observed in situations in which at least one limb segment is 

maintained in a postural (unsupported) position.  Force tremor can be observed as the 

small oscillations in force output that occur during any muscular contraction.  As this 

thesis is primarily concerned with investigating how neural and coordinative changes 

may contribute to the age- and training-related differences in postural and force 

tremor, the Review of the Literature has focused on these two forms of tremor. 

Physiological tremor has been implicitly assumed to be a form of biological noise 

present in the neuromuscular system (Brumlik, 1962; Brumlik & Yap, 1970; Stein & 

Lee, 1981).  Noise, by definition is random.  As no control can be exerted over 

random events, no level of control over these oscillations would be possible if tremor 

was merely biological noise.  The ability of skilled individuals in pursuits as diverse 

as micro-surgery, pistol shooting and archery to accurately perform precise upper 

limb movements however suggests that some control of tremor is indeed possible 

(Harwell & Ferguson, 1983; Lakie, Villagra, & Wilby, 1995; Leroyer, van Hoecke, & 

Helal, 1993; Rooks, Slappery, & Zusmanis, 1993; Stuart & Atha, 1990).  Further 

support for this view can be found in a number of studies that have examined the 

structure of the postural (Gantert, Honerkamp, & Timmer, 1992; Timmer, Haussler, 

Lauk, & Lucking, 2000) and force (Morrison & Newell, 1998; Slifkin & Newell, 

2000; Vaillancourt & Newell, 2003) tremor signals.  These studies revealed that while 

physiological tremor is a complex signal, such oscillations still have a deterministic 

component.  While these results indicate that some control over tremor is indeed 

possible, how this control is best achieved is not well understood.  

 

Origin of Physiological Tremor 
Due to the complexity of the postural and force tremor signals, it is feasible that 

many factors/processes may either contribute to, or modulate the resulting tremor seen 

in the peripheries.  While there is some commonality in the factors/processes that 
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affect both postural and force tremor, the origin of these two types of physiological 

tremor is described in the following separate sections.   

 

Postural Tremor Origin 

Marsden (1978) proposed that like any other mechanical system, a human limb held 

in an unsupported position oscillates due to the interaction of two general factors.  The 

first is the intrinsic mechanical properties of the limb, and second the input(s) to the 

limb.  The mechanical properties of the limb (i.e. stiffness and inertia - mass) may 

influence the resonant frequency and amplitude of the oscillation (Morrison & 

Newell, 2000a; Stiles, 1976, 1980; Vaillancourt & Newell, 2000).  The relationship 

between limb stiffness, inertia and frequency is seen below in Equation 2.1 (Stiles & 

Randall, 1967).  

 

f n = 
π2
1

M
K                                                     (Eq 2.1) 

 

Where: 

f n = resonant frequency of the limb (Hz) 

K = limb stiffness (N.m-1) 

M = mass of the limb (kg) 

 

Many oscillatory inputs (processes) could contribute to the resultant postural tremor 

output observed at the peripheries.  Research in this area has so far focused on the 

oscillations occurring within the neural, cardiac and respiratory systems (Elble & 

Koller, 1990; Marsden, 1984; Morrison & Newell, 2000b; Padsha & Stein, 1973).   

Central nervous system (CNS) oscillators have long been viewed as the true origin 

of postural tremor (Elble, 1996; Koster et al., 1998; Llinas, 1984; Llinas & Pare, 

1997).  According to Bernstein (1967), intrinsic neural pacemaker(s) are spread 

throughout the neuroaxis and are responsible for the generation of postural tremor.  

These pacemakers also provide an internal reference for the regulation and conduction 

of all neuronal signals in the body, independent of conduction delays.  Llinas and 
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colleagues (Llinas, 1984, 1991; Llinas & Pare, 1997) have also shown that a number 

of CNS structures, in particular the inferior olive oscillate at a natural frequency of 

~10 Hz.  The oscillations from the inferior olive project to the cerebellum and the 

thalamo-cortical regions (Llinas & Pare, 1997).   

Oscillations arising from the peripheral nervous system (PNS) can also contribute to 

postural tremor.  Examples of such oscillations include alpha motoneuron firing,  

muscle spindle feedback (stretch reflex) and MU synchronization (modulation) (Elble 

& Koller, 1990; Elble & Randall, 1976; Marsden, 1984; Miao & Sakamoto, 1997).  

The pulsatile ejection of blood from the heart and its propagation throughout the 

blood vessels of the trunk and limbs may be examples of cardiac factors that could 

influence the resulting tremor (Brumlik & Yap, 1970; Marsden, Meadows, Lange, & 

Watson, 1969b).  It is also possible that during respiration, the movement of the 

thoracic cavity could also contribute to the oscillations observed in the peripheries 

(Padsha and Stein 1973).   

In order to gain more insight into the role that the various oscillatory processes play 

in the generation and/or modulation of postural tremor, many studies have used power 

spectral analyses to examine the frequency structure of the tremor signal.  This form 

of analysis allows the researcher to identify the frequency and relative power of the 

major oscillatory processes involved in the generation of an output signal, in this case 

postural tremor (Deutsch & Newell, 2004).  For postural pointing tasks performed 

with the entire upper limb held in an unsupported (postural) position, two tremor 

peaks (2-4 Hz and 8-12 Hz) are typically observed for all upper limb segments with 

an additional peak between 18-25 Hz sometimes seen for the index finger (Morrison 

& Newell, 1996, 1999, 2000a, 2000b; Raethjen, Pawlas, Lindemann, Wenzelburger, 

& Deuschl, 2000).  The 8-12 Hz (neurogenic peak) has been well documented, and is 

thought to reflect the output of the proposed central oscillators that modulate MU 

firing rate (Elble & Koller, 1990; Elble & Randall, 1976; Marsden, 1984; Stein & 

Lee, 1981).  The 18-25 Hz index finger tremor peak has also been observed in 

numerous studies and reflects the mechanical properties of the index finger (Elble & 

Koller, 1990; Marsden, 1984; Stein & Lee, 1981).   

The origin of the 2-4 Hz peak remains less clear.  The most common view is that the 

2-4 Hz peak observed in the distal segments (i.e. hand and finger) merely reflects the 

propagation of the resonant oscillations from the upper arm and forearm (Elble & 

Koller, 1990; Raethjen et al., 2000; Stiles & Randall, 1967).  However, Morrison and 
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Newell (2000b) have observed prominent 2-4 Hz peaks in the distal segments even 

when the upper arm and forearm were fully supported.  This suggests that the 2-4 Hz 

tremor peaks observed in the index finger and hand are not just resonant propagations 

from the more proximal segments but that 2-4 Hz oscillations are actually inherent to 

all upper limb segments.  Another possibility is that the 2-4 Hz peak reflects the 

processing and integration of sensorimotor information during voluntary actions 

(Allum, Dietz, & Freund, 1978; Freund & Hefter, 1993; Kunesch, Binkofski, & 

Freund, 1989; Miall, Weir, & Stein, 1985; Slifkin et al., 2000; Vaillancourt & Newell, 

2003; Vaillancourt, Slifkin, & Newell, 2001c). 

The presence of multiple peaks in the tremor power spectrum supports the 

contention that a number of factors contribute to the genesis and/or modulation of the 

resultant postural tremor output.  While respiratory and cardiac oscillations may affect 

resting tremor, these oscillations appear to play little role in the generation of postural 

tremor (Morrison & Newell, 2000b; Raethjen et al., 2000; Stiles & Randall, 1967).  

This may reflect the fact that these cardiac and respiratory oscillations typically occur 

at much lower frequencies than that of the postural tremor power spectrum.  It is 

therefore more likely that any differences in postural tremor output seen as a 

consequence of aging or training would reflect changes in neural and/or mechanical 

than respiratory and cardiac factors. 

 

Force Tremor Origin 

Net force output is directly controlled (graded) by the size and firing rate of the 

active MU in the agonist, synergist and antagonist muscles (Enoka, 2002).  Any 

variability in one or more of these processes would therefore alter the net force 

produced and subsequently lead to increased force tremor.  According to Henneman’s 

size principle of MU recruitment, MU are recruited in an orderly fashion commencing 

with the smallest, weakest MU.  As the required force increases, larger and more 

powerful MU must also be recruited.  Prior to the most recently recruited MU 

reaching tetanus, it’s fluctuations in force output would be substantially greater than 

those obtained from the other MU that have already attained tetanus (Enoka, 1997b).  

Consequently, the oscillations in the force output of the most recently recruited MU 

(mediated by its variability in firing rate) is thought to be the primary contributor to 

force tremor (Enoka, 1997b; Enoka et al., 2003; Enoka & Fuglevand, 2001).  
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Power spectral analysis has been used to examine the origin of force tremor.  The 

majority (> 90%) of power in the force frequency (power) spectrum has been found 

below 4 Hz (Christou, Jakobi, Critchlow, Fleshner, & Enoka, 2004; Deutsch & 

Newell, 2004; Erim, Beg, Burke, & De Luca, 1999; Morrison & Newell, 1998; Slifkin 

& Newell, 2000; Vaillancourt & Newell, 2003).  It has been suggested that this 

dominance of low frequency power reflects the sensorimotor control processes 

utilised during such tasks (Christou et al., 2004; Slifkin et al., 2000; Vaillancourt & 

Newell, 2003; Vaillancourt, Slifkin, & Newell, 2001a).  Experimental and computer 

modelling studies further support this view as they indicate that the primary 

oscillations in force output reflects the low frequency modulation of MU firing rate, 

which typically occurs at frequencies less than 2 Hz (Christou et al., 2004; Taylor, 

Christou, & Enoka, 2003).   

Small, but distinct force peaks may also be observed between 4-8 Hz and 8-12 Hz 

during digit force production (Christou et al., 2004; Deutsch & Newell, 2004; 

Vaillancourt & Newell, 2003).  The 4-8 Hz force components have been proposed to 

represent feed-forward control strategies and/or an increase in CNS processing speed 

(Deutsch & Newell, 2004; Lazarus & Haynes, 1997; Slifkin et al., 2000; Vaillancourt 

et al., 2001a), whereas the 8-12 Hz oscillations may represent postural tremor (Elble 

& Koller, 1990; Elble & Randall, 1976).  An increase in the relative content of the 4-8 

Hz power may therefore result in an improved ability to control digit force outputs 

(Deutsch & Newell, 2004).  

 

Assessment of Physiological Tremor 
Postural and force tremor have traditionally been assessed in single-segment tasks, 

that by definition have only recorded one tremor output and often involved the control 

of only one degree of freedom.  More recently, a number of studies have assessed 

physiological tremor in multi-segment tasks, whereby the tremor output of multiple 

segments or digits was recorded.  A case for the use of the multi-segment tremor 

assessment is put forward.   

 

Postural Tremor Assessment 

Virtually all of the postural tremor research has been conducted using single-

segment tasks, whereby tremor is recorded from only one distal upper limb segment, 
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either the index finger (Goodman & Kelso, 1983; Lakie et al., 1995; Lakie, Walsh, 

Arblaster, Villagra, & Roberts, 1994; Randall, 1973; Stiles & Randall, 1967; 

Vaillancourt & Newell, 2000) or hand (Elble, 1996; Lauk et al., 1999; Raethjen et al., 

2000; Stiles, 1976, 1980; Stiles & Randall, 1967).  Proximal segments (e.g. the 

forearm) tend to be supported, as it has been assumed that oscillations from these 

proximal segments are simply transmitted to the more distal segments (Brumlik & 

Yap, 1970; Raethjen et al., 2000; Stiles & Randall, 1967).  By supporting the forearm, 

the number of degrees of freedom requiring control is limited to those found in the 

hand and fingers.   

The task goal of the pointing tasks in the majority of these studies has been to 

minimise the motion of the preferred limb’s index finger or hand in space.  As 

humans are capable of performing much more difficult postural tasks, these 

experimental pointing tasks could only be described as being of a relatively low level 

of goal-direction.  Due to the limited number of degrees of freedom requiring control 

and the low level of goal-direction imposed on these experimental tasks, little 

movement redundancy would exist (Newell, Challis, & Morrison, 2000).  Therefore, 

regardless of the control strategy utilised, these tasks would appear to offer little 

potential for reducing postural tremor amplitude.  The applicability of the results of 

these single-segment studies to performance in real-world tasks requiring control of 

the postural tremor inherent to multiple limb segments is therefore unclear.  Wulf and 

Shea (2002) have expressed similar reservations, arguing that principles derived from 

simplistic laboratory-based experiments involving a small number of degrees of 

freedom and low levels of goal-direction may not apply to more complex real-world 

tasks. 

Due to these limitations of the single-segment approach, Morrison and Newell 

(1996; 1999; 2000a; 2000b) have pioneered the use of multi-segment tasks for the 

assessment of postural tremor.  The multi-segment approach involves the performance 

of multiple degree of freedom (unsupported) pointing tasks in which the postural 

tremor output of numerous upper limb segments is simultaneously recorded.  This 

approach allows the quantification of the intra-limb coupling (coordination) patterns, 

thereby allowing a greater understanding of how the resultant tremor output is 

affected by the control strategy utilised by the performer. 

A number of recent studies have also increased the level of goal-direction of the 

pointing tasks by imposing specific accuracy (targeting) constraints on performance 
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(Beuter, Haverkamp, Glass, & Carriere, 1995; Beuter, Lambert, & MacGibbon, 2004; 

Morrison & Keogh, 2001; Nizet et al., 2004; Pellegrini, Faes, Nollo, & Schena, 2004; 

Vasilakos, Glass, & Beuter, 1998).  Unfortunately, Morrison and Keogh (2001) was 

the only one of these studies to use the multi-segment approach.  Many of these 

targeting studies also provided mechanical support for the forearm so that only the 

degrees of freedom inherent to the hand and fingers required control.  As a result of 

these methods, the effect of altering the level of goal-direction on the control strategy 

and the resulting level of tremor output is still relatively unknown.   

 

Force Tremor Assessment 

While force tremor is present during all muscular contractions, it has typically been 

assessed in isometric digit force production tasks.  Examples of these tasks include 

index finger abduction (Bilodeau et al., 2000; Burnett et al., 2000; Galganski et al., 

1993; Keen et al., 1994; Laidlaw et al., 2000; Sosnoff, Valantine, & Newell, 2006), 

finger pressing (Latash, Scholz, Danion, & Schoner, 2002; Li, Danion, Li, & 

Zatsiorsky, 2000; Li, Latash, & Zatsiorsky, 1998; Morrison & Newell, 1998; 

Zatsiorsky, Li, & Latash, 2000) and finger-pinching (Christou et al., 2004; Cole & 

Beck, 1994; Santello & Soechting, 2000; Sosnoff, Jordan, & Newell, 2005; 

Vaillancourt et al., 2002).  All of the index finger abduction and many of the finger-

pinch force production tasks have been single-segment in nature, as only the total 

force output was recorded and/or because the total force was produced by only one 

degree of freedom (digit force).  Irrespective of the type of muscular contraction, 

these digit force production tasks have generally been performed with the preferred 

limb and involved the tracking of constant submaximal forces.  Compared to common 

activities of daily living requiring the precise control of digit forces, such tasks could 

be considered to be of only moderate levels of goal-direction and difficulty.   

Due to the limitations of the single-segment design, the manner in which force 

tremor is assessed has undergone some recent changes.  Many more studies are now 

assessing force tremor in tasks that involve the production and recording of multiple 

digit forces.  A number of studies are also assessing force control in tasks involving 

greater levels of goal-direction, that is through the use of non-constant (sinusoidal or 

ramp) as well as constant force production tasks.  By recording the force output of 
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multiple digits during constant and sinusoidal force production tasks, the manner in 

which the digit forces are coupled (coordinated) can be quantified and the relationship 

between the individual digit force outputs and the overall level of force control 

determined.   

The majority of these multi-segment studies have utilised multi-finger finger 

pressing force production tasks (Latash, Li, & Zatsiorsky, 1998; Latash et al., 2002; 

Li, Danion, Latash, Li, & Zatsiorsky, 2000; Shinohara, Li, Kang, Zatsiorsky, & 

Latash, 2003; Shinohara, Scholz, Zatsiorsky, & Latash, 2004; Zatsiorsky et al., 2000).  

However, a number of studies have also recorded the force outputs of all digits during 

multi-finger finger-pinch force production (Rearick, Stelmach, Leis, & Santello, 2002; 

Sharp & Newell, 2000; Shim et al., 2004; Sosnoff et al., 2005).  Regardless of the task 

performed, results of these multi-segment studies have indicated that the overall level 

of force control is affected by the manner in which the force outputs of the individual 

digits are coordinated.  This further supports the use of multi-segment tasks in the 

assessment of force tremor.   

Although constant force production tasks still predominate the literature, a number 

of recent studies have assessed force control in sinusoidal or ramp conditions.  These 

studies have utilised a range of force production tasks including finger-pinching 

(Lazarus & Haynes, 1997; Lazarus, Whitall, & Franks, 1995; Shim et al., 2004), 

finger pressing (Latash, Scholz, Danion, & Schoner, 2001; Latash et al., 2002; Scholz, 

Danion, Latash, & Schoner, 2002), index finger abduction (Sosnoff, Vaillancourt, & 

Newell, 2004; Vaillancourt, Larsson, & Newell, 2003; Vaillancourt & Newell, 2003) 

and elbow flexion (Bernardi et al., 1999; Bernardi et al., 1996).  Whereas the 

maintenance of a constant submaximal force typically only requires the performer to 

modulate their MU firing rate, accurate sinusoidal or ramp force production requires 

the modulation of both MU firing rate and MU recruitment (Kamen & Du, 1999).  

Due to the greater complexity of sinusoidal and ramp force production, such tasks 

may provide greater insight into the mechanisms underlying the control of digit force 

than that obtained through constant force tasks.   
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Measures of Physiological Tremor 
Within the literature, there appear to be numerous measures used to quantify the 

amplitude of physiological tremor.  The following sections describe the most common 

methods for postural and force tremor measurement.  

 

Postural Tremor Measures 

There appears to be three methods with which postural tremor is commonly 

measured.  The most common method involves the use of lightweight accelerometers 

that are attached to the distal effectors (e.g. index finger or hand).  The limb-mounted 

accelerometers allow the quantification of the root mean square (RMS) acceleration of 

the limb segment(s) during postural pointing in the units of metres per second squared 

(m.s-2) (Bilodeau et al., 2000; Keogh, Morrison, & Barrett, 2004; Morrison & Newell, 

1996, 2000b; Raethjen et al., 2000).  A number of studies have also used laser systems 

to track the very small displacements (mm or cm) of the distal effector during postural 

pointing (Beuter et al., 2000; Beuter et al., 1995; Beuter et al., 2004; Nizet et al., 

2004; Vasilakos et al., 1998).   

In clinical situations tremor has also been assessed with a range of “functional” tests 

or questionnaires of self-selected function (Bilodeau et al., 2000; Lundervold et al., 

2003; Lundervold & Poppen, 2004; Ranganathan, Siemionow, Saghal et al., 2001).  

Common functional tests include the measurement of the volume of water spilled 

from an unsupported hand-held beaker, the ability to minimise the number of contacts 

between a hand-held probe and small diameter holes (hand steadiness test) as well as 

the relative smoothness of Archimedes spiral drawing.  While these functional tests 

can be conducted quickly and require little specialised equipment, the validity and 

reliability of these tests has recently been questioned (Lundervold et al., 2003).  

Hence, the remainder of the thesis will focus on the results of studies that directly 

recorded postural tremor amplitude with acceleration or displacement measures. 

 

Force Tremor Measures 

Force tremor has been generally quantified by the degree of force variability or 

targeting error.  Force variability has been defined as the unsteadiness of the force 

output and has been expressed in both absolute and relative terms.  Absolute force 
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variability is calculated as the standard deviation of the force output and is measured 

in the units of force, Newtons (N) (Bilodeau et al., 2000; Cole, 1991; Galganski et al., 

1993).  Relative force variability is the coefficient of variation (standard deviation 

divided by the mean) of the force output and is therefore a percentage (Christou et al., 

2004; Hamilton, Jones, & Wolpert, 2004; Laidlaw et al., 2000).  Targeting error is 

defined as the RMS difference between the actual and target force and is normally 

expressed in N (Blank, Heizer, & von Vob, 1999; Lazarus & Haynes, 1997; Shim et 

al., 2004; Vaillancourt et al., 2002).  One study has also normalised targeting error to 

mean target force, thereby expressing it as a relative (percentage) error (Loscher & 

Gallasch, 1993).  As no real consensus has been reached on which of these measures 

is the most valid indicator of digit force control, no preference will be shown towards 

one of these measure throughout the remainder of this thesis.   

 

Coordination and Physiological Tremor 
The central hypothesis to this series of experiments is that even subtle changes in 

the coordination (coupling) of the upper limb degrees of freedom would have a 

profound effect on the resulting postural and force tremor outputs produced during 

multi-segment postural pointing and finger-pinch force production, respectively.  

Coordination can be defined as the process of mastering the many redundant degrees 

of freedom that are present in the neuromuscular system or of bringing the segments 

into their proper relations (Bernstein, 1967; Turvey, 1990).   

Even at the macroscopic level of the joints, limb segments and muscles a greater 

number of degrees of freedom are present in the human body compared to those 

required to specify limb position or force output during common upper limb activities 

of daily living (Newell, 1996; Schieber & Santello, 2004).  As this abundance of 

degrees of freedom tends to increase the complexity of movement control, the 

effective number of degrees of freedom that require control must be reduced (Newell, 

1996; Vereijken, Whiting, Newell, & van Emmerik, 1992).  This may theoretically be 

achieved by three different strategies: 1) freezing the degrees of freedom; 2) freeing 

the degrees of freedom; or 3) use of reactive phenomena.  Results of a number of 

postural and force tremor studies appear to support the existence of freezing and 

freeing of the degrees of freedom, although this evidence is currently stronger for 

postural than force tremor.  This may reflect the wider range of tasks performed as 
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well as the utilisation of a greater number of measures of inter-digit coordination in 

the force than postural tremor literatures. 

 

Freezing the Degrees of Freedom 

Freezing the degrees of freedom often characterizes the learning stage of a new or 

difficult skill and involves rigidly linking the segments together so they act as a single 

degree of freedom unit (Newell, 1996; Vereijken et al., 1992).  In postural pointing 

tasks, a freezing of the degrees of freedom may result from the performer co-

activating the muscles that span the wrist joint.  Co-activating these muscles increases 

limb stiffness so that the entire upper limb tends to act as a rigid single degree of 

freedom unit rotating about the shoulder joint (Morrison & Newell, 2000a).  As even 

a small angular displacement around the shoulder joint may result in a large linear 

displacement of the distal effector, little control over postural tremor can be achieved 

by freezing the degrees of freedom (Morrison & Newell, 1999, 2000a, 2000b). 

Within the digit force production literature, a number of coupling measures have 

been used to give some indication into the potential freezing of the degrees of 

freedom (digit forces).  One approach has involved the assessment of the phasing 

between the digit force outputs.  It has been proposed that a high level of in-phase 

coupling between the digit forces may characterise a freezing of the degrees of 

freedom (Santello & Soechting, 2000).  Force enslaving, as described by Latash and 

colleagues (Li, Latash, Newell, & Zatsiorsky, 1998; Shinohara et al., 2003; Shinohara 

et al., 2004; Zatsiorsky et al., 2000) appears to be another measure that is indicative of 

a freezing of the degrees of freedom.  Force enslaving is the tendency of all digits 

within the hand to simultaneously produce force, even when the task only explicitly 

involves the production of force from a subset of the available digits.  This tendency 

may reflect both direct anatomical linkages between the muscles acting on the digits 

and the relative inability of the nervous system to independently activate individual 

digits (Kilbreath & Gandevia, 1994; Schieber & Santello, 2004; Zatsiorsky et al., 

2000).   

The proportion of each individual digit force to total force output (force sharing) 

may also give some insight into the relative freezing of the degree of freedom during 

multi-finger finger-pinch force production (Kinoshita, Kawai, & Ikuta, 1995; Radwin, 

Seoungyeon, Jensen, & Webster, 1992; Sharp & Newell, 2000; Shim et al., 2004; 
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Visser et al., 2003).  Visser and colleagues (2003) have found that when the precision 

demands of tri-digit finger-pinching increase, the relative contribution of the index 

finger became greater.  This has lead Visser et al. (2003) to propose that increasing 

the precision of force production constrains the human neuromuscular system so that 

only a limited subset of the available repertoire of force production modes are used 

for achieving the task goal.   

The three inter-digit coordination patterns (i.e. in-phase coupling, force enslaving 

and increasing the force share of the dominant digit) appear to simplify multi-finger 

force production as the changes in the force output of the one (dominant) digit drive 

that of the overall force output.  However, such an approach can only coarsely grade 

and control total force output as the oscillations in the dominant digit’s force output 

tend to be mirrored in that of the other digits, ultimately magnifying the degree of 

force variability (Santello & Soechting, 2000).  

 

Freeing the Degrees of Freedom 

With further practice of a motor task, the performer may reorganise (free) the 

degrees of freedom (Newell, 1996).  Freeing the degrees of freedom reduces the 

effective number of degrees of freedom that require control by the formation of 

functional degree of freedom units (synergies).  These muscular synergies still 

simplify the complexity of movement planning, but at the same time allow the 

segments to act independently to segment-specific perturbations (Morrison & Newell, 

1996).  This allows for improved motor performance compared to that obtained from 

freezing the degrees of freedom.   

In postural pointing tasks, freeing the degrees of freedom appears to be 

characterised by the formation of muscular synergies in which high levels of (intra-

limb) coupling are found within the distal (index finger and hand) and proximal 

(forearm and upper arm) segment pairs (Morrison & Newell, 1996, 1999, 2000a, 

2000b).  According to Morrison and Newell, this coupling synergy improves tremor 

control as it tends to counteract the acceleration of the distal limb segments by an 

approximately equal and opposite acceleration of the proximal segments and vice 

versa.   

The formation of specific muscular synergies may also characterise the freeing of 

degrees of freedom in multi-finger force production tasks (Latash, Gelfand, Li, & 
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Zatsiorsky, 1998; Latash et al., 2001, 2002; Santello & Soechting, 2000; Scholz et al., 

2002; Shinohara et al., 2003; Shinohara et al., 2004).  Latash and colleagues have 

referred to this type of synergy as digit force co-variation.  A high level of digit force 

co-variation allows some of the variability in the force output of a digit to be 

compensated for by an approximately equal and opposite change in the force output of 

the remaining digit(s), resulting in substantially less resultant force variability than 

that of the sum of each of the individual digits. 

 

Use of Reactive Phenomenon 

The third stage of motor learning is referred to as the use of reactive phenomena.  

This involves exploiting instead of resisting the reactive torques produced during 

inter-segmental coupling so that the perceived and actual energy cost of movement 

can be reduced (Newell, 1996; Newell & McDonald, 1994a; Newell & Vaillancourt, 

2001).  No experimental research on the proposed reactive phenomena stage of motor 

learning appears to have been conducted using postural pointing or digit force 

production tasks.  

 

Influences on Coordination and Physiological Tremor  
According to Newell (1986; 1996), movement output (task performance) is 

intrinsically linked to the control (coordination) strategy employed by the performer.  

In turn, the coordinative strategy that emerges is a direct consequence of the 

constraints imposed on the particular movement.  These constraints can be broadly 

classified into three categories, environmental, task or organism.  The interaction 

between these different levels of constraint provides a working framework for the 

study of control and coordination in movement (Newell, 1986, 1996).  A schematic of 

this model is shown in Figure 2.1.  Using this constraints-approach, the focus of this 

series of experiments was on examining the effect of two organism and five task 

constraints on the control of physiological tremor. 
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Figure 2.1: Constraints on the control of physiological tremor (adapted from Newell, 1986).   

 

For the purposes of this thesis, age and training were considered organism 

constraints as each of these factors produces chronic changes to/within the performer.  

Visual feedback, target size, limb preference, force level and target shape were all 

considered task constraints as these were constraints (rules) imposed on the manner in 

which the task was performed.   

The major goal of this series of studies was to determine the effect of the two 

organism constraints on: 1) the coordinative (control) strategies used by the 

performers and; 2) how these changes in coordination affected the resulting postural 

and force tremor outputs.  The effect that aging and training has on muscle capacity, 

functional performance and physiological tremor is reviewed in the following 

sections.  A small review of the phenomenon of cross-education was also conducted 

since the resistance-training programs used in this study were unilateral in nature.  As 

the postural pointing and digit force production tasks were performed under a range of 

task constraints, a review of the literature for the effects of the five task constraints 

was also conducted.  Where sufficient data was available, any significant interaction 

effects between the organism and task constraints were also documented. 

Because most physiological tremor studies have been single-segment in design, the 

following sections could often only describe the effect that such constraints had on the 

amplitude of the postural and force tremor.  When describing the effect of the 

organism and task constraints on force tremor, this review focused on finger-pinching 
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where possible, but also cited results of other digit force production tasks where little 

research on finger-pinching was available.   

 

Organism Constraints on Physiological Tremor 

Effect of Aging on Muscle Capacity and Functional Performance 

It is well known that muscle capacity declines as a function of the aging process.  

This is exemplified by the reduced muscular strength and endurance (Harridge et al., 

1997; Hurley et al., 1998; Imrhan & Loo, 1989), rate of force development (Harridge 

et al., 1997; Thelen, Schultz, Alexander, & Ashton-Miller, 1996) and aerobic power 

(Harridge et al., 1997; Wiebe et al., 1999) of older compared to young adults.  

Although these reductions in muscle capacity may be multi-factorial in origin (Barry 

& Carson, 2004; Enoka et al., 2003), they typically lead to diminished levels of 

functional performance.   

This loss of functional performance for older adults can be readily observed in both 

lower- and upper-body dominated activities of daily living.  For example, older adults 

may suffer a loss of postural stability and a reduced velocity when walking and 

getting up from a chair (sit to stand) compared to young subjects (Brown, Sinacore, & 

Host, 1995; McKenzie & Brown, 2004; Sakari-Rantala et al., 1998; Winter, 1991; 

Wu, 1998).  Older adults are also typically slower and less accurate when performing 

fine-motor upper limb tasks such as writing, using a computer mouse and the Purdue 

Pegboard test (Contreras-Vidal et al., 1998; Francis & Spirduso, 2000; Hackel et al., 

1992; Laursen et al., 2001; Ranganathan, Siemionow, Saghal et al., 2001; Warabi, 

Noda, & Kato, 1986).  These decrements in the upper limb function of older adults 

have been attributed, at least in part to their elevated levels of physiological tremor 

(Contreras-Vidal et al., 1998; Ranganathan, Siemionow, Saghal et al., 2001).  

The older adults’ relative inability to control their physiological tremor could in turn 

reflect age-related declines in sensorimotor and coordinative function.  In particular, 

older adults have significantly greater MU firing rate variability (Laidlaw et al., 2000; 

Tracy, Maluf, Stephenson, Hunter, & Enoka, 2005), modulation (synchronisation) of 

MU firing (Enoka et al., 2003; Semmler, Kornatz, & Enoka, 2003), relative MU size 

(Galganski et al., 1993; Keen et al., 1994) and upper limb co-activation (Klein, Rice, 

& Marsh, 2001; Laursen et al., 2001; Spiegel, Stratton, Burke, Glendinning, & Enoka, 

1996), reduced synchrony between MU recruitment and MU firing rate (Erim et al., 
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1999) and diminished sensory (e.g. tactile and proprioception) acuity (Cole, 1991; 

Hurley et al., 1998; Kinoshita & Francis, 1996) than young adults.   

 

Aging and Postural Tremor 

Comparatively little research has actually investigated the effect of the aging 

process on postural tremor output, with the results of this modest body of literature 

equivocal in nature.  Older adults have been shown to have significantly greater 

postural tremor amplitude (Birmingham, Wharrad, & Williams, 1985; Loscher & 

Gallasch, 1993) and significantly lower tremor frequency (Birmingham et al., 1985; 

Marsden et al., 1969b; Marshall, 1961) than young adults in some studies.  Reports of 

no significant age-related difference in postural tremor amplitude and frequency also 

exist (Elble, 2003; Raethjen et al., 2000; Sturman, Vaillancourt, & Corcos, 2005).  A 

summary of these seven studies can be found in Table 2.1. 
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Table 2.1: Age-related difference in the dynamics of postural tremor.  

 

Study 

 

Subjects 

 

Task 

 

Tremor 

Amplitude 

 

Tremor 

Frequency 

 

 

Birmingham et 

al. (1985) 

 

81 adults from 

21-79 yrs 

 

Unsupported PP

 

OA > YA 

 

OA < YA 

Elble (2003) 100 YA and 

100 OA 

Supported PP NS NS 

Loscher and 

Gallasch (1993) 

8 YA and 8 OA Unsupported PP OA > YA NA 

Marsden et al. 

(1969b) 

61 adults up to 

85 yrs 

Supported PP NA OA < YA 

Marshall et al. 

(1961) 

347 adults from 

20-96 yrs 

Unsupported PP NA OA < YA 

Raethjen et al. 

(2000) 

117 adults from 

23-94 yrs 

Supported PP 

 

NS NS 

Sturman et al. 

(2005)  

10 YA and  

30 OA 

Supported PP 

 

NS NS 

YA = young adults, OA = older adults, Unsupported = no limb support, Supported = forearm support 

provided, PP = postural pointing task, NS = no significant difference, NA = not assessed.   

 

While the inconsistent effects of the aging process on postural tremor output may be 

attributed to a variety of factors, the inter-study variation in the number of degrees of 

freedom (upper limb segments) requiring control could be the primary cause of this 

equivalence.  It was apparent that when no significant age-related difference in tremor 

amplitude or frequency were observed, the proximal upper limb segments were 

supported during the pointing tasks (Elble, 2003; Raethjen et al., 2000; Sturman et al., 

2005).  In contrast, when the pointing tasks were performed without upper limb 
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support, older adults had significantly greater tremor amplitude (Birmingham et al., 

1985; Loscher & Gallasch, 1993) and significantly lower tremor frequency 

(Birmingham et al., 1985; Marshall, 1961) than young adults.  These results appear 

consistent with the conclusions drawn by Seidler et al. (2002) and Shim et al. (2004), 

whereby older adults appear less able to solve the degree of freedom problem during 

the performance of multi-segment reaching and five-digit finger-pinching tasks, 

respectively than young subjects.   

 

Aging and Force Tremor 

The effect of the aging process on finger-pinch force control has been examined in 

ten studies.  Similar to that of the age-postural tremor literature, the results of these 

studies are also rather equivocal.  This is highlighted in Table 2.2, where significant 

age-related increases in finger-pinch force tremor have been observed in some 

(Christou et al., 2004; Cole, 1991; Kinoshita & Francis, 1996; Lazarus & Haynes, 

1997; Ranganathan, Siemionow, Saghal et al., 2001; Shim et al., 2004) but not all 

studies (Cole & Beck, 1994; Cole et al., 1999; Vaillancourt, Slifkin, & Newell, 2001b; 

Vaillancourt et al., 2002).  
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Table 2.2: Age-related differences in finger-pinch force control.   

 

Study 

 

Digits Used 

 

Visual Feedback 

 

Load Assessed 

 

Force Measure 

 

Effect 

Christou et al. (2004) Th and IF Yes 2% MVC CV Older > Young  

Cole (1991) Th and IF No 1.5 N SD Older > Young  

Cole and Beck (1994) Th and IF Yes 0.49 N, 2.25 N and 10.5 N CV NS 

Cole et al. (1999) Th and IF No 2 N and 4 N CV NS 

Kinsohita and Francis (1996) Th and IF No 3 N SD Older > Young  

Lazarus and Haynes (1997) All five digits Yes 20-60% MVC (sinusoidal) RMS Older > Young  

Ranganathan, Siemionow and 

Saugen et al. (2001) 

Th and IF,   

Th and MF 

Yes 5%, 10% and 20% MVC 

2.5 N, 4 N and 8 N 

SD and CV Older > Young  

Shim et al. (2004) All five digits Yes 0-20% MVC (ramp) RMS Older > Young  

Vaillancourt et al. (2001b) Th and IF Yes 5%, 25% and 50% MVC SD and RMS NS 

Vaillancourt et al. (2002) Th and IF Yes 5%, 25% and 50% MVC SD and RMS NS 

Th = thumb, IF = index finger, MF = middle finger, MVC = maximum voluntary contraction, CV = coefficient of variation (relative force variability), SD = 

standard deviation (absolute force variability), RMS = root mean square error (targeting error), NS = no significant difference.  Note: all loads were constant 

except where indicated otherwise. 
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The relative equivalence of the age-force tremor literature could reflect many 

factors, including inter-study variation in the availability and gain of visual feedback, 

loads used (low versus moderate versus high; absolute versus relative) and the manner 

in which force control was quantified (force variability versus targeting error; 

absolute versus relative).  It is however argued that the main factor(s) underlying the 

inconsistency of these results is the number of fingers utilised in the pinch tasks and 

perhaps the shape of the target force (constant versus sinusoidal or ramp). 

Both of the studies that used multi-finger pinch tasks and/or required non-constant 

forces to be the produced (Lazarus & Haynes, 1997; Shim et al., 2004) found 

significantly reduced force control in older than young adults.  In contrast, the four 

studies that observed no significant age-related differences (Cole & Beck, 1994; Cole 

et al., 1999; Vaillancourt et al., 2001b, 2002) all utilised two-digit (thumb and index 

finger) finger-pinch tasks that required the production of constant forces only.  These 

results appear indicative of a trend where the age-related loss of finger-pinch force 

control becomes more pronounced as the number of fingers involved and/or the 

complexity of force production increases.  The decline in finger-pinch force control 

experienced by older adults could therefore reflect their relative inability to coordinate 

the force outputs of multiple fingers or to accurately modulate both MU recruitment 

and MU firing rate when tracking time-varying target forces.   

A number of recent studies have therefore examined whether age-related differences 

in inter-digit coordination may contribute to the older adults’ reduced digit force 

control.  Using a two-digit finger-pinch task, Vaillancourt and colleagues (2002) 

observed no significant differences in inter-digit coordination or force tremor between 

young and older adults.  This contrasted with Shim and associates (2004) who found 

greater force tremor and altered digit force coupling patterns for older adults during 

five-digit finger-pinch force production.  These differences in digit force coupling 

were characterised by the older adults increasing the contribution of the lateral (index 

and middle) fingers and reducing the relative contribution of the medial (ring and 

little) fingers to total force as well as reducing the degree of co-variation between the 

digit force outputs (inter-digit coupling).  Age-related declines in force control and 

differences in a number of inter-digit coordination measures have also been reported 

during multi-finger finger pressing (Shinohara et al., 2003; Shinohara et al., 2004).  

The results of these finger-pinch and finger pressing force production studies reveal a 

degree of task-dependency with the age-related decline in force control and 
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differences in inter-digit force coordination only becoming apparent in tasks involving 

multiple fingers.  These findings support the view that the reduced digit force control 

of older adults reflects, at least in part their relative inability to coordinate the force 

outputs of multiple fingers. 

 

Effect of Training on Muscle Capacity and Functional Performance in Older Adults 

Numerous studies have assessed the effect of resistance-training on the muscle 

capacity and functional performance of older adults (Alexander, Gross, Medell, & 

Hofmeyer, 2001; Hakkinen, Alen, Kallinen, Newton, & Kraemer, 2000; Hakkinen et 

al., 1998; Lord et al., 2002; Schlicht et al., 2001; Taaffe, Pruitt, Pyka, Guido, & 

Marcus, 1996).  These studies have all reported significant increases in measures of 

muscle capacity such as muscular strength and power.  Many of these studies have 

also found significant improvements in functional performance as assessed during 

postural stability, gait and sit to stand tests (Alexander et al., 2001; Lord et al., 2002; 

Schlicht et al., 2001).  The magnitude of these improvements in muscular strength 

was typically greater than that for the functional performance tests.  This may reflect 

the fact that performance in activities of daily living is multi-factorial in nature, being 

reliant on other factors than just muscular strength or power (Fiatarone-Singh, 2002; 

Grabiner & Enoka, 1995; Lord et al., 2002).  The greater training-related increase in 

strength than functional performance may also be explained by the specificity 

principle, which states that the magnitude of any training-related enhancement is 

greater the more similar the training and testing (transfer) task (Baker, Wilson, & 

Carlyon, 1994; Carroll, Riek, & Carson, 2001; Wilson, Murphy, & Walshe, 1996).  

Nevertheless, the improvements in functional performance that older adults obtain 

from resistance-training are substantial and may exceed that found for young adults 

(Barry & Carson, 2004; Fiatarone-Singh, 2002).   

Improvements in muscle capacity and functional performance resulting from 

resistance-training could be mediated through a range of morphological, neural and 

metabolic adaptations (Abernethy, Jurimae, Logan, Taylor, & Thayer, 1994; Barry & 

Carson, 2004; Enoka, 1997a; Hunter et al., 2004).  Of these three forms of adaptation, 

it was hypothesised that those arising from neural sources were likely to account for 

much of the expected training-related improvements in muscle capacity (i.e. strength) 

and functional performance (i.e. control of physiological tremor) for the older adults 

in this thesis.  This reflects the fact that: 1) strength (Enoka, 1988; Komi, 1986) and 



Chapter 2: Review of Literature 

 33

physiological tremor (Elble & Koller, 1990; Enoka, 1997b) both have a strong neural 

component; 2) the aging process results in a significant loss of neuromuscular 

function (Enoka et al., 2003; Grabiner & Enoka, 1995); and 3) the training programs 

used in these studies were only six weeks in duration, a time insufficient for 

significant muscular hypertrophy to occur (Grabiner & Enoka, 1995; Housh et al., 

1998a, 1998b; Staron et al., 1994).  Of the many neural adaptations to resistance-

training, reductions in MU firing rate variability (Kornatz et al., 2002; Kornatz et al., 

2005) and upper limb co-activation (Carolan & Cafarelli, 1992; Hakkinen et al., 2000; 

Hakkinen et al., 1998), increases in maximal MU firing rate (Patten et al., 2001) and 

the ability to fully recruit the available MU pool (Aagaard et al., 2000; Akima et al., 

1999) as well as improved intra- and inter-muscle coordination (Bernardi et al., 1996; 

Carroll, Barry et al., 2001; Knight & Kamen, 2004) could all contribute to the 

expected training-related improvements in older adults’ strength and tremor control. 

 

Training and Postural Tremor  

Only two studies appear to have investigated the potential benefits of resistance-

training for improving the control of postural tremor in older adults (Bilodeau et al., 

2000; Ranganathan, Siemionow, Saugen et al., 2001).  Bilodeau and colleagues 

(2000) examined the effectiveness of strength-training in reducing postural tremor 

amplitude and improving functional performance in eight middle-aged/older adult 

essential tremor patients.  Training was conducted for four weeks (three times per 

week), with each session consisting of six sets of ten index finger abduction 

repetitions at 80% of the one repetition maximum (1RM).  No significant change in 

index finger tremor amplitude or performance in two functional tests (i.e. Archimedes 

spiral drawing or water spillage from a hand-held beaker) was observed as a 

consequence of training.   

Ranganathan, Siemionow, Saugen et al. (2001) assessed the efficacy of a 

coordination- (dexterity ball) training program on the hand steadiness of 12 

neurologically normal older adults.  Training was conducted six times per week for a 

period of eight weeks with each session lasting ten minutes.  The dexterity ball 

training task required the subjects to use their thumb and fingers to simultaneously 

rotate two 150 g metal balls around the palm of one hand.  Results indicated that hand 

steadiness, as quantified by the subject’s ability to hold a 1 mm diameter probe within 
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the centre of a 2 mm diameter hole without contacting the sides of the hole was 

significantly increased at the conclusion of the training program.     

The apparent equivalence of the findings of these two training studies may reflect a 

number of inter-study differences in research design and methods.  These include the 

number and neurological status of the subjects, duration of the training program, 

exercises performed and methods used to assess changes in tremor control.   

As a consequence of this limited and equivocal resistance-training literature, the 

effect of biobehavioural-training on the postural tremor output of pathological 

(primarily essential) tremor patients is also reviewed (Chung, Poppen, & Lundervold, 

1995; Lundervold, Belwood, Craney, & Poppen, 1999; Lundervold & Poppen, 1995, 

2004).  Essential tremor is a neurological condition characterised by excessive agonist 

muscle activity and/or inappropriate patterns of agonist-antagonist muscle activation 

(Louis, 2005; Lundervold & Poppen, 1995, 2004).  According to Lundervold and 

associates, biobehavioural-training is used in clinical practice as one form of 

treatment for this condition.  Biobehavioural-training sessions typically involve the 

patient performing a variety of activities of daily living such as eating and drinking 

while simultaneously receiving feedback from a therapist and/or biofeedback devices 

such as EMG.  Lundervold and associates have demonstrated that essential tremor 

patients who undergo biobehavioural-training can significantly reduce their excessive 

levels of upper limb muscle activity and improve their performance in fine-motor 

upper limb tasks such as eating and drinking.   

The results of these resistance- and biobehavioural-training studies indicate that 

older adults can significantly improve their postural tremor control by performing 

physical training.  Results of the biobehavioural studies suggested that these 

improvements in tremor control were primarily a result of reduced upper limb muscle 

activity/co-activation.  While changes in muscle activity were not assessed in the 

resistance-training studies of Bilodeau et al. (2000) or Ranganathan, Siemionow, 

Saugen et al. (2001), resistance-training can also significantly reduce muscular co-

activation (Carolan & Cafarelli, 1992; Hakkinen et al., 1998).  Any intervention that 

decreases the degree of excessive upper limb muscle co-activation may therefore be 

able to reduce the postural tremor amplitude of neurologically normal older adults and 

pathological tremor patients.   

Although these findings intimate a role for physical training in reducing postural 

tremor amplitude in older adults, there are a number of limitations in the design of 
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these studies that may limit their transferability to clinical practice and the real-world 

performance of activities of daily living.  All of the studies that reported significant 

improvements in tremor control used functional tests to assess the effectiveness of 

their training programs (Chung et al., 1995; Lundervold et al., 1999; Lundervold & 

Poppen, 1995, 2004; Ranganathan, Siemionow, Saugen et al., 2001).  As the validity 

and reliability of some of these measures may be questionable (Lundervold et al., 

2003), further research using more direct measures of tremor control may be required.  

It was also apparent that these functional tests were identical or very similar to the 

training exercises.  Consequently, it is impossible to determine the generality of 

response to these forms of training, i.e. the ability to improve tremor control in 

activities not practiced in training.  A general response to resistance-training would be 

an important finding, as older adults could find it difficult to practice every activity of 

daily living in which their reduced postural tremor control affects their performance 

(Barry & Carson, 2004). 

On a more mechanistic level, none of these training studies have recorded the 

tremor output of multiple limb segments.  As a result, none of these studies have been 

able to examine how changes in the control strategy may have contributed to the 

reduction in tremor amplitude.  Future studies in this area should therefore record the 

tremor output of multiple limb segments so that the contribution of changes in intra-

limb coupling to the improvement in tremor control can be quantified.  

   

Training and Force Tremor  

Significant improvements in the digit force control capabilities of older adults have 

been reported as a result of strength- (Bilodeau et al., 2000; Keen et al., 1994) and 

coordination-training (Ranganathan, Siemionow, Saugen et al., 2001).  The training 

programs used by Bilodeau and colleagues (2000) and Ranganathan, Siemionow, 

Saugen et al. (2001) have already been described.  The index finger abduction 

strength-training program performed by the subjects in the study of Keen and 

associates (1994) was virtually identical to that of Bilodeau et al. (2000).  The only 

difference was the duration of the training programs, with it being four weeks for 

Bilodeau et al. (2000) and 12 weeks for Keen et al. (1994).   

The results of these three training studies indicate that resistance-training may be an 

effective tool for improving digit force control in older adults.  Unfortunately, due to 
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the design of these studies it is not entirely clear if resistance-training can: 1) improve 

force control in commonly performed activities requiring the coordinated activity of 

multiple digit forces and muscles; 2) produce a general adaptive response, whereby 

force control would be improved in tasks not specifically practiced in training; and 3) 

improve force control during contractions of moderate or high intensity. 

The significant improvements in digit force control reported by Bilodeau et al. 

(2000) and Keen et al. (1994) were observed in isometric index finger abduction force 

production tasks.  It is therefore unclear whether resistance-training can significantly 

improve the ability of older adults to control their digit force outputs when the total 

force reflects the activation of several digits and agonist/antagonist muscles.  This is 

an important consideration as all grasping movements require the coordinated activity 

of multiple digit forces and muscles (Carmeli et al., 2003; Maier & Hepp-Reymond, 

1995a; Schieber & Santello, 2004).  As the training programs of Bilodeau et al. 

(2000) and Keen et al. (1994) consisted entirely of isolated index finger abduction 

contractions, it is also unknown whether resistance-training can significantly improve 

the force control capabilities of older adults in tasks not practiced in training.  Such a 

generality of response would be of great practical significance, as it may not be 

feasible for older adults to practice every activity of daily living in which an age-

related loss of digit force control reduces their performance (Barry & Carson, 2004). 

In an attempt to overcome some of the limitations of the previous studies, 

Ranganathan, Siemionow, Saugen et al. (2001) assessed the effects of ball dexterity 

training on the finger-pinch force control of older adults.  Significant improvements in 

force control were observed regardless of whether the pinch task involved the thumb 

and index finger or the thumb and middle finger.  This extended the results of 

Bilodeau et al. (2000) and Keen et al. (1994) by demonstrating that resistance-training 

could significantly improve older adults’ force control in commonly performed 

movements that require the coordination of numerous digit forces and muscles.  In 

their conclusions, Ranganathan, Siemionow, Saugen et al. (2001) stated that as their 

training and transfer tasks were completely different, that their results demonstrated a 

general overall improvement in digit force control.  Closer inspection of the dexterity 

ball training task however indicated that it required extensive finger-pinching 

motions.  Therefore, even Ranganathan, Siemionow, Saugen et al. (2001) was unable 

to clearly demonstrate a general force control adaptive response in older adults, 
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whereby an overall training-related improvement in digit force control would be 

observed in transfer tasks that did not resemble those practiced in training.  

The generality of older adults’ force control response to resistance-training is further 

clouded by the fact that these improvements have only been observed when producing 

forces up to 20% MVC (Bilodeau et al., 2000; Keen et al., 1994; Ranganathan, 

Siemionow, Saugen et al., 2001).  This significant training-related improvement in 

force control at low but not moderate or high forces appears consistent with the age-

force control literature, whereby the age-related decline in force control and hence 

potential for improvement was greater at low than moderate or high forces (Keen et 

al., 1994; Laidlaw et al., 2000; Vaillancourt et al., 2003).  It must be acknowledged 

that the apparent inability of resistance-training to improve older adults’ force control 

at higher forces may just reflect the fact that the three training studies have focused on 

the control of low-level forces, with only Keen et al. (1994) assessing changes in 

force control above 20% MVC.  Further insight into older adults’ generality of force 

control response to resistance-training may be obtained by assessing the effect of 

training on force control across a larger spectrum of forces.   

It was also apparent that all three training studies recorded only the total force 

output during the pre- and post-training testing sessions.  This approach has not 

allowed any investigation into how changes in inter-digit coordination may have 

contributed to the improvement in overall force control.  Future studies in this area 

should therefore record the force output of all digits during multiple degree of 

freedom (e.g. multi-finger finger-pinch) transfer tasks so that the role that changes in 

measures of digit force sharing and digit-force coupling have on force control can be 

elucidated.   

 

Cross-Education  

Cross-education (also referred to as bilateral transfer or cross transfer) is a 

phenomenon in which the training-related improvements observed in the trained limb 

are also seen, although generally to a lesser extent in the untrained limb (Enoka, 1988; 

Zhou, 2000).  As the resistance-training programs that were conducted in this thesis 

were unilateral in nature, it was possible that cross-education effects would be 

observed for both muscular strength and physiological tremor control.   
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The majority of cross-education research has been conducted with young adult 

subjects and investigated whether unilateral strength-training can significantly 

increase the muscular strength (Hortobagyi, Lambert, & Hill, 1997; Hortobagyi, 

Scott, Lambert, Hamilton, & Tracy, 1999; Housh et al., 1998a, 1998b; Munn, Herbert, 

Hancock, & Gandevia, 2005; Yue & Cole, 1992), muscular endurance (Shields, Leo, 

Messaros, & Somers, 1999; Yuza, Ishida, & Miyamura, 2000) and muscular 

hypertrophy (Housh et al., 1998a, 1998b) of the trained and untrained limb.  Whereas 

these studies have reported significant increases in the muscular strength and 

endurance of both the trained and untrained limb, only the trained limb experiences 

significant increases in muscular hypertrophy (Housh et al., 1998a, 1998b).  Cross-

education is therefore generally accepted to be a neural adaptation to unilateral 

training (Enoka, 1988; Zhou, 2000).  The neural adaptations underlying cross-

education are not fully understood but may occur throughout the neuroaxis, in 

particular the cerebral cortex, brain stem and spinal cord (Zhou, 2000).   

Some cross-education research has also examined the effect of unilateral training on 

performance in “coordination-type” tasks.  Examples of these tasks include isometric 

finger-pinch force production (Lazarus & Haynes, 1997; Lazarus et al., 1995), 

propelling a small disk a set distance/velocity via wrist and finger flexion (Teixeira, 

1993, 2000; Teixeira & Caminha, 2003) as well as maze and mirror tracing (Cook, 

1935; Hall, 1939; Wieg, 1932).  These studies typically involved performing the 

initial pre-training test with one limb, followed by practice of the same task with the 

contralateral limb before completing the post-training test on the original limb.  

Although none of these studies assessed the effect of unilateral training on postural 

tremor control, results of all of the finger-pinch (Lazarus & Haynes, 1997; Lazarus et 

al., 1995) and many of the wrist/finger flexion (Teixeira, 2000; Teixeira & Caminha, 

2003) force production studies indicate that some improvement in the untrained 

limb’s force control can result from practicing the same task with the contralateral 

limb.  While the results from these finger-pinch and wrist/finger flexion studies are 

not classical cross-education effects, they do demonstrate that an inter-limb transfer of 

learning can occur for fine- as well as gross-motor tasks.   

Even though the vast majority of these cross-education effects have been observed 

in young adult subjects, significant cross-education effects for muscular strength 

(Bemben & Murphy, 2001) and finger-pinch force control (Lazarus & Haynes, 1997) 

have also been observed in older adults.  This suggests that older adults retain 
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sufficient neural plasticity to obtain a cross-education effect from short-term unilateral 

resistance-training or task-specific practice.  Nonetheless, the ability of unilateral 

resistance-training to produce significant classical cross-education effects for 

physiological (especially postural) tremor remains unknown. 

 

Task Constraints on Physiological Tremor 

Much of the research into physiological tremor has examined the effect of various 

task constraints, revealing that many constraints have a profound effect on the 

resulting tremor output.  The effect that some of these task constraints have on 

postural and force tremor is reviewed in the following sections.  These constraints 

include visual feedback, target size and limb preference for postural tremor and force 

level, target shape and limb preference for force tremor.  As the number of these 

studies that have used finger-pinch force production tasks was limited, data from 

other digit force production (e.g. index finger abduction and finger pressing) tasks 

was also reviewed.  While the effect of the task constraints on physiological tremor 

have normally been assessed using young adult subjects, the review has where 

possible also highlighted any interaction effects between the organism (age and 

training) and task constraints.   

 

Task Constraints - Postural Tremor 

Visual Feedback 

Motor performance is intrinsically linked to the utilisation of available sensory 

information through the perception-action cycle (Turvey, 1990).  It would therefore 

be expected that visual information would be vital for tasks involving a high degree of 

finesse and dexterity (Cesari & Newell, 1999; Ferrel, Leifflen, Orliaguet, & Coello, 

2000; Quintern et al., 1999).  Despite the importance vision has for such movements, 

it is still unclear whether visual information can be used to minimise postural tremor 

amplitude and improve task performance.  This may be related to the variety of 

methods and tasks used to assess the tremor-vision relationship.  A summary of these 

studies is presented in Table 2.3. 
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Table 2.3: Effect of visual feedback on postural tremor amplitude.   

 

Study 

 

Subjects 

 

Task 

 

Change in 

Visual 

Feedback 

 

 

Effect 

 

Beuter et al. 

(1995) 

 

13 young 

adults 

 

Supported 

PP 

 

 

Magnified by 

1-8x 

 

NS 

Morrison and 

Keogh (2001) 

7 young 

adults 

Unsupported 

PP 

 

Magnified by 

5.5x 

AV > NV 

Morrison and 

Newell (1996) 

9 young 

adults 

Unsupported 

PP 

 

Vision 

removed 

NS 

Rooks et al. 

(1993) 

7 surgeons Suturing Magnified by 

3.5-40x 

Less variability in 

suture position at 

high magnifications 

Vasilakos et al. 

(1998) 

15 young 

adults 

Supported 

PP 

Magnified by 

1-40x 

NS 

Supported = forearm support, Unsupported = no limb support, PP = postural pointing task, NS = no 

significant difference, AV = augmented visual feedback, NV = normal visual feedback. 

 

When vision has been eliminated completely, little-to-no change in postural tremor 

output has been seen compared to postural pointing conditions when normal visual 

feedback was available (Morrison & Newell, 1996).  Such a result may suggest that 

vision is not normally used for the control of postural tremor.  This may reflect the 

fact that the amplitude of postural tremor at the distal segment (± 2 mm) (Harwell & 

Ferguson, 1983; Vasilakos et al., 1998) may be so small in neurologically normal 



Chapter 2: Review of Literature 

 41

subjects that these subtle movements of the index finger are not easily detected by the 

visual system (Legge & Campbell, 1981; Scobey & Johnson, 1981). 

Another approach used to assess the tremor-vision relationship has been to provide 

subjects with an augmented or amplified view of their tremor (Beuter et al., 1995; 

Morrison & Keogh, 2001; Vasilakos et al., 1998).  The basis for this approach is that 

by amplifying the tremor image (but not the tremor itself), the visual system may be 

better able to perceive the small amplitude tremor inherent to each limb segment and 

therefore be able to reduce the limb’s motion (tremor).  Such an approach is utilised 

by micro-surgeons who routinely use microscopes or surgical loupes to magnify the 

level of visual feedback during surgery and maximise their accuracy and precision 

(Harwell & Ferguson, 1983; Rooks et al., 1993).   

Other studies that have assessed the effect of augmented visual feedback on tremor 

output have been conducted with novice (unskilled) young adult subjects.  These 

studies have reported either no consistent change (Beuter et al., 1995; Vasilakos et al., 

1998) or significant increases (Morrison & Keogh, 2001) in tremor output with 

augmented visual feedback.  Morrison and Keogh (2001) observed significant 

decreases in intra-limb coupling during the augmented compared to normal visual 

feedback conditions.  This suggests that in attempting to use the augmented visual 

feedback, the novice subjects’ control strategy was altered to one in which the upper 

limb degrees of freedom were stiffened.  When this result is compared to that of the 

micro-surgeons (Harwell & Ferguson, 1983; Rooks et al., 1993), it would appear that 

the ability to effectively use augmented visual feedback to reduce tremor amplitude is 

dependent on the task-specific skill and dexterity of the individual.  The number of 

limb segments requiring control in the task and the nature or goal of the task being 

performed may also influence the relationship between visual feedback and postural 

tremor.    

No studies have yet examined the effect that altering visual feedback has on the 

postural tremor output of older adults.  It is therefore unknown if the expected age-

related decline or training-related improvements in postural tremor control would be 

mediated by the type/gain of visual feedback inherent to the pointing task. 

 

Target Size  
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Most upper limb activities of daily living have a certain level of accuracy required, 

be it threading a piece of cotton through the eye of a needle or hitting the bulls-eye of 

a dart or archery board.  Therefore, a number of recent studies have imposed 

additional accuracy (targeting) constraints on the pointing tasks so as to increase the 

level of goal-direction from merely attempting to hold the limb in space.  For 

example, Beuter and colleagues (Beuter et al., 1995; Beuter et al., 2004; Vasilakos et 

al., 1998) have used a laser system to project an image of the tremor onto a computer 

screen.  Unfortunately, these pointing tasks performed by Beuter and colleagues 

involved only one target size and were all conducted in a seated position with the 

forearm supported.  These studies therefore were unable to determine the effect of 

manipulating target size on tremor output let alone examine these effects in the 

context of real-world tasks requiring the control of numerous degrees of freedom. 

Morrison and Keogh (2001), Nizet et al. (2004) and Pellegrini et al. (2004) have 

also assessed the effect of increased levels of goal-direction on postural tremor.  In 

these studies, subjects performed unsupported postural pointing tasks in which the 

goal was to maintain the emission of a hand-held laser pointer in the innermost 

concentric circle target.  While all of these studies were performed standing with the 

upper limb held outstretched, only Morrison and Keogh (2001) actually assessed 

tremor control with targets of various sizes.  This was accomplished by using two 

targets positioned 5.5 m from the subjects, one being 2 cm and the other 4 cm in 

radius.  No significant difference in tremor amplitude, targeting accuracy or intra-limb 

coupling was observed between these two target sizes (Morrison & Keogh, 2001).  

This indicated that a four-fold difference in target area had little effect on the resulting 

tremor output or the manner in which the limb segments were coordinated.   

No research has yet been conducted on the effect of targeting constraints on the 

postural tremor output of older adults.  It is therefore unknown if placing additional 

accuracy demands on postural pointing tasks would influence the expected age-related 

decline or training-related improvements in postural tremor control. 

 

Limb Preference 

Motor performance is typically superior in the preferred than non-preferred limb 

(Carson, Elliott, Goodman, & Thyer, 1993; Chua, Pollock, Elliott, Swanson, & 

Carnahan, 1995; Francis & Spirduso, 2000; Jeng, Radwin, & Rodriquez, 1994; 
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Mitrushina, Fogel, D'Ellia, Uchiyama, & Satz, 1995; Weller & Latimer-Sayer, 1985).  

This effect has been referred to as limb preference, handedness or manual asymmetry.  

According to Adam et al. (1998), the enhanced level of performance seen in the 

preferred limb may be a consequence of: 1) alterations in muscle morphology due to 

preferential usage; 2) anatomical inter-limb asymmetries in the CNS or PNS; and 3) 

improved neural control.  Although the potential mechanisms underlying handedness 

is an interesting topic (Provins, 1997), the following section is primarily concerned 

with reviewing the effect of limb preference on postural tremor output. 

The effect of limb preference on postural tremor appears somewhat equivocal.  

While a number of studies have reported significantly greater tremor amplitude in the 

non-preferred than preferred limb (Morrison & Keogh, 2001; Morrison & Newell, 

1999, 2000a; Raethjen et al., 2000), reports of no inter-limb differences in tremor 

output also exist (Arblaster & Lakie, 1990; Arblaster, Lakie, & Walsh, 1990; 

Birmingham et al., 1985; Lakie et al., 1994).  Such inconsistencies may reflect various 

factors including the skill of the subjects, the nature of the task being performed and 

the number of segments requiring control.   

The results of Morrison and colleagues (Morrison & Keogh, 2001; Morrison & 

Newell, 2000a) may give some insight into the mechanism(s) contributing to an inter-

limb difference in postural tremor amplitude.  As well as finding greater tremor 

amplitude in the non-preferred than preferred limb, these studies reported 

significantly lower levels of intra-limb coupling and/or greater levels of limb stiffness 

in the non-preferred than preferred limb.  As tremor amplitude typically increases 

with such changes in intra-limb coupling and upper limb stiffness (Morrison & 

Newell, 1999, 2000a, 2000b), the non-preferred limb’s greater tremor amplitude may 

reflect inter-limb differences in neuromuscular and coordinative function.  This 

appears consistent with the suggested mechanisms underlying handedness in general 

proposed by Adam et al. (1998). 

Birmingham et al. (1985) and Raethjen et al. (2000) appear to be the only studies to 

have assessed the effect of limb preference on the postural tremor output of both 

young and older adults.  Although the effect of limb preference on tremor amplitude 

differed in these studies, neither study reported a significant age by limb interaction.  

This suggests that the effect of limb preference on postural tremor is relatively age-

independent.  Such a finding may reflect the fact that postural pointing is habitually 
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performed with both the preferred and non-preferred limbs and/or that such tasks are 

not overly complex in nature (Provins, 1997). 

All of the studies that have examined the effect of resistance-training on postural 

tremor have been unilateral in nature and have only assessed changes in the trained 

limb’s tremor output (Bilodeau et al., 2000; Ranganathan, Siemionow, Saugen et al., 

2001).  As a consequence, it is unknown if a cross-education effect can be observed 

for postural tremor or if limb preference would affect the rate of improvement in 

tremor control.   

 

Task Constraints - Force Tremor   

Force Level  

Humans perform a wide range of grasping behaviours over a broad range of force 

levels during activities of daily living (Carmeli et al., 2003; Schieber & Santello, 

2004; Shumway-Cook & Woollacott, 2001).  As a result, force level has been one of 

the most commonly assessed task constraints on the control of digit force tremor.  

Absolute force tremor has been shown to increase with the absolute force output 

(Bilodeau et al., 2000; Burnett et al., 2000; Cole & Beck, 1994; Galganski et al., 

1993; Morrison & Newell, 1998; Sosnoff et al., 2006).  This can be explained by the 

size principle of MU recruitment, whereby the most recently recruited MU produces 

greater forces (and hence absolute force variability) than the previously recruited MU.  

The opposite trend is seen when force tremor is expressed in relative terms, as relative 

force tremor tends to decrease with absolute force output, with this most apparent up 

to 20% MVC (Bilodeau et al., 2000; Burnett et al., 2000; Galganski et al., 1993; Keen 

et al., 1994; Laidlaw et al., 2000; Sosnoff et al., 2006).  This decrease in relative force 

tremor with increased force output appears to result from the increase in mean force 

being greater than that of the increase in absolute force tremor. 

The potential effect of force level on the age- and training-related changes in force 

tremor have been described in some detail in previous sections of the Review of the 

Literature.  To reiterate, the age-related increase in force tremor is significant at low 

(≤ 20% MVC) but not higher forces (> 20% MVC) (Keen et al., 1994; Laidlaw et al., 

2000; Vaillancourt et al., 2003).  Such an effect could have reflected the increased 

MU size (Galganski et al., 1993; Keen et al., 1994), alterations in synchrony between 

MU recruitment and MU firing rate (Erim et al., 1999) or reduced tactile sensitivity 
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(Cole, 1991; Kinoshita & Francis, 1996) of older compared to young adults.  

Significant improvements in older adults’ force control have been observed at forces 

up to 20% MVC (Bilodeau et al., 2000; Keen et al., 1994; Ranganathan, Siemionow, 

Saugen et al., 2001).  It is currently unknown if this indicates that resistance-training 

can only improve the force control of older adults at low forces or merely is an 

artefact of the fact that Bilodeau et al. (2000) and Ranganathan, Siemionow, Saugen 

et al. (2001) have only used low-level (2.5-20% MVC) force production tasks to 

assess the effectiveness of their training programs.  

 

Target Shape 

To dexterously manipulate, or even to maintain grip of an object the total finger-

pinch force must change in accordance with the load (target) force (Baud-Bovy & 

Soechting, 2002; Cole & Rotella, 2001; Flanagan & Tresilian, 1994; Flanagan & 

Wing, 1993, 1995).  According to Newtonian mechanics, fluctuations in the target 

force occur as a result of any change in the object’s mass or acceleration.  As changes 

in the object’s mass are unlikely to occur during grasping, the fluctuations in the 

target force will reflect the change in the object’s acceleration that occurs as it is lifted 

or as a consequence of the application of any external force (Baud-Bovy & Soechting, 

2002; Flanagan & Tresilian, 1994).  These oscillations in target force require the 

performer to quickly modulate their force output if successful motor performance is to 

be maintained.  This process may involve both anticipatory and feedback responses 

(Carmeli et al., 2003; Lazarus & Haynes, 1997). 

In spite of the potential advantages of sinusoidal tasks, most force tremor studies 

have only used constant force production tasks.  Of those that have used sinusoidal 

tasks, only a portion of these have compared force tremor during constant and 

sinusoidal force production (Vaillancourt et al., 2003; Vaillancourt & Newell, 2003).  

Unsurprisingly, these studies reported significantly greater force tremor during the 

sinusoidal than constant force production tasks for both young and older adults.  Of 

more interest was the significant age by target shape interaction effects, whereby the 

age-related loss of force control was more pronounced in the sinusoidal than constant 

force tasks (Vaillancourt et al., 2003; Vaillancourt & Newell, 2003).  As sinusoidal 

force production requires the constant modulation of both MU recruitment and MU 

firing rate (Kamen & Du, 1999) the results of Vaillancourt and colleagues suggests 
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that the aging process reduces the ability of the human neuromuscular system to 

simultaneously and accurately modulate both MU recruitment and MU firing rate.  

Similar conclusions have also been reached by Erim et al. (1999). 

All of the resistance-training studies that have assessed changes in older adults’ 

force tremor have been conducted with constant force tasks.  It is therefore unknown 

if older adults can use resistance-training to improve their ability to track sinusoidal as 

well as constant forces.   

 

Limb Preference 

As the preferred limb may have specific adaptations in muscle morphology and 

neural control (Adam et al., 1998), force tremor would be expected to be greater in the 

non-preferred than preferred limb.   Such a proposal is consistent with the results of 

Adam et al. (1998) and Loscher and Gallasch (1993).  Nevertheless, reports of no 

significant inter-limb differences in force tremor (Blank et al., 1999; Semmler & 

Nordstrom, 1995) and even greater force tremor in the preferred than non-preferred 

limb (Morrison & Newell, 1998) also exist.  The results of these studies are 

summarised in Table 2.4. 
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Table 2.4: Effect of limb preference on force tremor.   

 

Study 

 

Subjects 

 

Task 

 

Loads 

 

Measure 

 

Result 

 

 

Adam et al. (1998) 

 

8 YA 

 

Index finger 

abduction 

 

30% 

MVC 

 

CV 

 

Non-Pref > 

Pref 

Blank et al. (1999) 69 Ch and 

17 YA 

Finger-

pinch 

1-3.5 N RMS NS 

Loscher and Gallasch 

(1993) 

8 YA and  

8 OA 

Hand-grip 20-80% 

MVC 

RMS Non-Pref > 

Pref 

Morrison and Newell 

(1998) - Expt 1 

8 YA Finger 

pressing 

1-40% 

MVC 

SD Pref > Non-

Pref 

Morrison and Newell 

(1998) - Expt 2 

11 YA Finger 

pressing 

20-80% 

MVC 

SD Pref > Non-

Pref 

Semmler and 

Nordstrom (1995) 

12  YA Index finger 

abduction 

0.5-3.5 N RMS NS 

YA = young adults, Ch = children, OA = older adults, MVC = maximum voluntary contraction, CV = 

coefficient of variation (relative force variability), SD = standard deviation (absolute force variability), 

RMS = root mean square error (targeting error), Non-Pref = non-preferred limb, Pref = preferred limb, 

NS = no significant difference. 

 

Further perusal of this literature suggests that the inconsistent effect of limb 

preference on force tremor may reflect inter-study methodological differences.  The 

two studies that reported significantly greater force tremor in the non-preferred than 

preferred limb (Adam et al., 1998; Loscher & Gallasch, 1993) used relative loads to 

assess the potential inter-limb differences in relative force tremor.  Blank et al. (1999) 

and Semmler and Nordstrom (1995) both reported no inter-limb difference in absolute 

force tremor when force tremor was assessed with the same absolute loads (0.5-3.5 N) 

in each limb.  In contrast, the increased absolute force tremor observed by Morrison 

and Newell (1998) for the preferred than non-preferred limb was found when each 
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limb used the same relative loads.  The increased absolute force tremor for the 

preferred than non-preferred limb reported by Morrison and Newell (1998) may 

therefore be a reflection of the greater absolute forces produced by (strength) of the 

preferred limb.  Overall, these results suggest that the effect of limb preference on 

force tremor is dependent on the target force (relative versus absolute) and the 

methods used to calculate force tremor (force variability versus targeting error; 

relative versus absolute). 

Loscher and Gallasch (1993) appears to be the only study in which inter-limb 

differences in force tremor have been assessed for both young and older adults.  As 

Loscher and Gallasch (1993) reported no significant age by limb interaction, the 

effect of limb preference on force control may be independent of age.  Such a result 

could reflect the fact that regardless of age, both hands are commonly used to grasp a 

variety of objects during the performance of upper limb activities of daily living 

(Provins, 1997).  No research has yet assessed the effect of resistance-training on the 

force control of both the trained and untrained or preferred and non-preferred limb.  

However, Lazarus and colleagues (Lazarus & Haynes, 1997; Lazarus et al., 1995) 

have shown that young and older adults as well as children can significantly improve 

the finger-pinch force control of both limbs as a result of practicing the specific 

(finger-pinch) force production task with one limb only.  This suggests that 

resistance-training may be able to produce a significant cross-education effect for 

finger-pinch force control.  

 

Conclusions 
Physiological tremor can be described as a series of involuntary oscillations in limb 

position (postural tremor) or force output (force tremor).  While these forms of 

physiological tremor are a normal property of the neuromuscular system, excessive 

levels of tremor may inhibit fine motor control and dexterity.  The constraints 

approach to motor control postulates that the conditions (constraints) under which a 

movement is performed influence the coordinative pattern utilised and subsequently 

the level of performance obtained.  Surprisingly little is known about how a number 

of organism (aging and training) constraints may influence the control of 

physiological tremor and in particular the coordinative patterns used to achieve this 

control.  There appears to be some direct and indirect evidence suggesting that 
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physiological tremor amplitude is greater in older than young adults, and that the 

control of tremor can be improved in older adults by performing resistance-training.  

As resistance-training can produce significant neuromuscular and coordinative 

adaptations, it was hypothesised that any training-related improvement in the tremor 

control of older adults would also be a result of such adaptations.  This would further 

support the notion that physiological tremor output is not a form of biological noise 

but that it is strongly influenced by numerous neuromuscular and coordinative factors.  

Such results would also further support the prescription of resistance-training for 

older adults. 
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Summary  
Physiological tremor in the upper limb of eight adults was examined during the 

performance of a unilateral pointing task under conditions where the visual feedback, 

limb used and target size were altered. All subjects were required to aim a hand-held 

laser pointer at a circular target 5.5 m away with the goal of keeping the laser 

emission within the centre of the target. Visual feedback was defined as either normal 

vision (NV) of their limb tremor, where the laser was switched off, or augmented 

vision (AV) where the laser was switched on. Postural tremor from the segments of 

the upper limb, forearm muscle EMG activity, and target accuracy measures were 

recorded and analysed in the time and frequency domains. Accuracy-tremor relations 

were assessed using cross correlation and linear regression. Results revealed a high 

degree of similarity in the general pattern of the tremor output seen for each limb 

segment across conditions with only scalar (amplitude) changes being seen as a 

function of the different constraints imposed. For any single condition the tremor 

amplitude increased from proximal to distal segments. The frequency profile for the 

tremor in any segment displayed two prominent frequency peaks (at 2–4 Hz and 8–12 

Hz). A third, higher frequency peak (18–22 Hz) was observed in the index fingers 

only. Across all conditions significant coupling relations were observed only between 

the hand-finger and forearm-upper arm segment pairs. Altering the visual feedback 

was shown to have the greatest effect on limb tremor with increased tremor and EMG 

activity and decreased coupling being seen under AV conditions. In trying to reduce 

tremor output when the augmented feedback was provided novice subjects instead 

increased muscle activity which resulted in increased tremor. Overall these results 

indicate that the physiological tremor output observed in neurologically normal 

subjects is not simply the product of intrinsic oscillations but is influenced by the 

nature of the task being performed.   

 

Introduction 
Vision is critical for the performance of many everyday motor tasks, especially 

those requiring a degree of fine motor control and dexterity (Cesari & Newell, 1999; 

Quintern et al., 1999).  In order to achieve optimal performance during precision 

tasks, it is necessary to reduce the intrinsic motion (tremor) of a given limb segment.  

Despite the importance vision has for movements requiring a degree of finesse or 
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dexterity, it is still unclear whether individuals can use visual information to minimise 

tremor. 

Previous studies have shown that, when vision has been eliminated completely, 

little-to-no change in tremor output has been seen when compared to conditions when 

vision was permitted (Morrison & Newell, 1996; Stephens & Taylor, 1974).  Other 

studies of the tremor-vision relationship have provided subjects with an amplified 

view of their tremor (Beuter et al., 1995; Morrison & Keogh, 2001; Vasilakos et al., 

1998).  The basis for this approach is that, in neurologically normal subjects, the 

tremor at the distal segment is so small that subtle increases/changes in tremor 

amplitude cannot be detected by the visual system (Legge & Campbell, 1981; Scobey 

& Johnson, 1981).  By amplifying the tremor image (but not the tremor itself), the 

visual system may be better able to detect the small amplitude tremor inherent to each 

limb segment.  This approach may potentially permit greater control of the limb 

segment in question.  Although several studies have not been able to conclusively 

show that novice subjects can use such augmented visual feedback to minimise their 

finger tremor (Beuter et al., 1995; Vasilakos et al., 1998), this amplification approach 

has been widely adopted by micro-surgeons in an attempt to maximise accuracy and 

precision during surgery (Harwell & Ferguson, 1983; Riviere, Rader, & Thakor, 

1998; Rooks et al., 1993).  The benefit gained by micro-surgeons from using 

augmented visual feedback in contrast to novice subjects would indicate that the 

ability to reduce tremor is not solely dependent on vision.  For example, the number 

of limb segments used while performing the task, the nature or goal of the task being 

performed, the limb used and the level of skill and dexterity of the individual may 

also influence tremor. 

Typically the task utilized in tremor studies only involves a single, usually distal, 

limb segment.  Under these conditions, the reported tremor excursion is of the order 

of ± 2mm (Harwell & Ferguson, 1983; Vasilakos et al., 1998), and so the potential for 

using feedback to reduce tremor is probably limited.  It is more likely that tasks where 

the resultant tremor output is greater, such as those involving more than a single 

degree of freedom, have greater potential for using visual feedback to reduce tremor.  

Similarly, the exact nature of the task being performed may influence the underlying 

tremor output.  As the task typically assessed in tremor studies involves simply 
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maintaining a constant postural state with no specific extrinsic task goal to be 

achieved other than to hold the single limb segment against gravity, it could be argued 

that imposing specific aims on the postural task by making it more “goal-directed” 

would have an impact on the strategy employed to perform the task, and thus may 

alter the resultant tremor output. 

Evidence would also suggest that experience and skill play a role in tremor control.  

Previous studies of tremor control in micro-surgeons (Harwell & Ferguson, 1983; 

Rooks et al., 1993) and archers (Stuart & Atha, 1990) indicate that individuals with a 

high degree of fine motor skill and dexterity are able to reduce their tremor output 

using different feedback sources.  Furthermore, the limb used may influence the 

tremor output.  The level of tremor observed was believed to be dependent on the 

hand used (Gurfinkel, Sotnikova, Tereshkov, Fomin, & Shik, 1971) although 

evidence since this original work to support this perspective has not been conclusive.  

For example, while a large body of work has noted significant differences in the level 

of tremor between limbs for tasks involving both the distal effectors (Beuter et al., 

2000; Marsden, Meadows, Lange, & Watson, 1969a) and multi-segments of each 

limb (Morrison & Keogh, 2001; Morrison & Newell, 2000a, 2000b), others have 

reported a lack of any strong bilateral asymmetry in tremor output (Arblaster & Lakie, 

1990; Arblaster et al., 1990; Lakie et al., 1994). 

This study sought to investigate the task dependent nature of a goal-directed 

postural pointing task where targeting constraints were imposed.  The specific aim 

was to examine the effect of augmented visual feedback, limb preference and target 

size on the tremor output of novice subjects performing a postural pointing task using 

their upper limb. 

 

Methods 

Subjects 

Eight subjects (7 male, 1 female, age 21.0 ± 0.6 years) consented to participate in 

the study.  All subjects were physically active and reported no known neurological 

disorders or impairments in sensory, cognitive or physical abilities that may affect 

their performance in testing.  Subjects were screened to ensure they were not using 

any medication that could influence limb tremor.  Informed consent was attained from 
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all subjects prior to testing.  All experimental procedures were approved by the 

Griffith University Human Research Ethics committee. 

 

Design and protocol 

The effect of visual feedback, limb preference and target size on tremor output and 

forearm muscle activity during multi-segment postural pointing was assessed. The 

pointing task involved aiming a lightweight hand-held laser pointer (length 14 cm, 

mass 39 g) at a circular target 5.5 m away (Figure 3.1).  Subjects stood facing the 

target with the pointing shoulder flexed to 900 in the sagittal plane with the elbow 

fully extended, forearm pronated and the wrist held in the neutral position.  The laser 

pointer was held between the thumb and the palmar surface of the extended index 

finger.  All subjects performed eight 30 s trials in blocked order of six conditions.  

The six conditions represented a combination of the three independent measures, 

visual feedback (normal vision and augmented vision), limb preference (preferred and 

non-preferred limb) and target size (large and small target).  Testing order was 

counter-balanced to prevent any order effects. 

Visual feedback was defined as either normal vision (NV) where the laser was 

switched off or augmented vision (AV) where the laser was switched on.  At no point 

during data collection did any subject have to apply additional muscle force to 

activate the laser.  An estimation of the degree to which the tremor image was 

magnified by using the laser emission was determined from the ratio of the distance 

from the shoulder to the target divided by the distance from the shoulder to the end of 

the laser pointer (fingertip) (Balasubramanian, Riley, & Turvey, 2000; 

Balasubramanian & Turvey, 2000).  This ratio was approximately 5.5 for all subjects, 

which meant that the tremor image subjects observed was 5.5 times greater than that 

seen when looking at the fingertip.  It is important to note that the amplified tremor 

image does not reflect a simple change in the signal gain since the tremor image was 

also 5.5 times further away in the AV compared to the NV condition.  As the tremor 

image is a direct projection of the finger tremor, the difference in retinal angle 

between the near (finger) and far (target) point of focus was negligible.  However, 

what has changed is the nature of the visual feedback provided to the subject about 

the tremor output. 
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Accelerometer 

Placement 

EMG 

Placement 

(FDS & ED) 

Limb preference referred to use of either the preferred limb (P) or the non-

preferred (NP) limb and was determined by asking the subjects which limb they 

preferentially used in tasks such as writing and throwing. Target size was defined 

according to the radius and number of concentric circles.  The large target (LT) 

consisted of 4 concentric circles with radius 4 cm while the small target (ST) 

consisted of 8 concentric circles of radius 2 cm.  The goal for subjects during the ST 

and LT tasks was to try to keep the laser emission in the center of the innermost circle 

of each target during each trial.  The effect of target size was not assessed during NV 

conditions. 
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Figure 3.1: Schematic representation of a subject performing a postural pointing task.  Accelerometers 

were positioned on the upper arm, forearm, hand and index finger and EMG electrodes on the extensor 

digitorum longus (ED) and flexor digitorum superficialis (FDS) muscles.  A laser pointer was held 

between the thumb and index finger. 
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Upper-limb tremor (acceleration) and muscle (EMG) activity were recorded for all 

conditions. Four lightweight (mass 2.5 g) uniaxial Coulbourn T45-10 accelerometers 

were attached to the superior aspect of the pointing limb on the following landmarks: 

upper arm (3 cm lateral to the belly of the biceps brachii); forearm (3 cm lateral to the 

belly of brachioradialis); hand (midway down the third metacarpal); and index finger 

(dorsal distal aspect).  All accelerometers were positioned to measure vertical 

oscillations of the upper limbs.  Prior to testing, each accelerometer was calibrated by 

zero balancing in DC mode on a level calibration surface.  Accelerometer signals 

were sampled at 100 Hz and amplified through a Coulbourn transducer coupler with a 

gain of 1000. 

Activity of the extensor digitorum (ED) and flexor digitorum superficialis (FDS) 

muscles were measured using a telemetric EMG system (Noraxon, Telemyo).  Bipolar 

Ag/AgCl EMG electrodes were positioned on the belly of each muscle (inter-

electrode distance 2 cm), in parallel with the direction of the underlying muscle fibres.  

All EMG signals were sampled at 1000 Hz, amplified and transmitted telemetrically 

to computer for storage and further analysis.  Impedance of the electrode-skin 

interface was kept below 5 kΩ. 

The trajectories of laser emissions on each target were recorded at 50 Hz using a 

Panasonic (WV-CP610/B) video camera and were digitised using a Peak Motus 

(Version 4.3) motion measurement system.  All acceleration and displacement 

(accuracy) data were filtered with a second order Butterworth low pass filter (cutoff 

frequency for tremor data, 50 Hz; for XY coordinates of the laser emissions, 20 Hz).  

All EMG signals were filtered with a second order Butterworth bandpass filter 

between 1-400 Hz.  

 

Data analysis  

The dependent variables assessed were obtained from time and frequency domain 

analysis of tremor, EMG, target accuracy and their inter-relations.  To estimate the 

average change in the amplitude of the tremor and EMG signals in the time domain, 

the root mean square error (RMS) of each signal was calculated.  Estimations of 

targeting accuracy were determined from the average RMS excursion of the laser 

emission from the centre of the target in the vertical direction only.   
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The frequency profile of the tremor and accuracy data was analysed within the 

range of 0-50 Hz and 0-20 Hz respectively.  As each tremor signal is composed of 2-3 

individual components, separate frequency analyses were performed within three 

bandwidths, 0-7 Hz, 7-17 Hz and 17-30 Hz. Frequency analysis of EMG was 

performed within the range of 1-400 Hz.  The dependent measures calculated for each 

tremor signal were: peak power, peak power frequency and the proportion of total 

power associated with each peak (Glasser & Ruchkin, 1976; Jenkins & Watts, 1968).  

For the EMG and accuracy data, the peak power and the peak power frequency were 

measured. 

The relations between tremor, EMG and accuracy were assessed in the time 

domain using cross-correlation and linear regression analysis and in the frequency 

domain using coherence analysis (Glasser & Ruchkin, 1976; Jenkins & Watts, 1968).  

The cross correlation analysis was performed using time lags of ± 5 sec.  The 

regression analysis was performed to determine what extent targeting accuracy 

(independent variable) could be predicted from limb tremor (dependent variable).  

The degree of co-activation (co-activation index) between the FDS and ED muscles 

was determined using the co-activation index equation developed by Hortobagyi and 

DeVita (2000).  This equation can be simply stated as; 

 

Co-activation index (CI) (%) =  EMG FDS      

x 100        (Eq 3.1) 

     EMGED  

 

The same frequency bandwidths used in the power spectrum were used for the 

coherence analysis.  In order to perform these analyses, it was necessary to ensure that 

all data had the same sampling frequency.  For EMG-tremor comparisons, the EMG 

signals were down-sampled to 100 Hz, and for tremor-accuracy relations the tremor 

data was down-sampled to 50 Hz.  Furthermore, in order to examine the relation 

between target accuracy (a displacement signal) and tremor (an acceleration signal), 

the acceleration of the laser pointer emissions was calculated from double 

differentiation of the original displacement data.  The tremor-accuracy relations were 

examined using the acceleration of the laser pointer emissions and the tremor 

(acceleration) signals. 
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Statistical analysis  

A within-subject, repeated measures ANOVA design was used to assess the effect 

of the three independent variables (visual feedback, limb preference and target size) 

on the dependent variables.  Subsequent post hoc analyses were performed using 

Tukey’s Honest Significant Difference (HSD) test.  Consistent with previous studies 

in this area (Morrison et al., 2005; Morrison & Keogh, 2001; Morrison & Newell, 

1998), it was considered prudent to set the risk of Type I error at p < 0.01 due to the 

large number of denominator degrees of freedom.  All analyses were performed using 

SAS statistical software (SAS Institute Inc., Cary, NC, USA), with all data reported as 

the mean ± one standard deviation.   

 

Results 

Irrespective of the condition performed, there was a consistent pattern to the overall 

tremor data.  The mean RMS tremor amplitude was greatest at the index finger and 

decreased systematically from distal to proximal within the upper limb.  For the 

frequency analysis, two prominent peaks at 2-4 Hz and 8-12 Hz were seen in the 

tremor power spectrum for all limb segments.  For the index finger, forearm and 

upper arm, most of the power in the tremor output was associated with the 8-12 Hz 

component (finger, 58%; forearm, 58%; upper arm 45%).  In contrast, for the hand, 

more power was associated with the 2-4 Hz peak (60%).  The presence of a third, 

smaller amplitude peak at 18-25 Hz was found in the index finger only.  However, the 

power associated with this component was less than 6% of the total power of the 

tremor signal across all conditions. 

The pattern of coupling of the tremor between segments was also similar across 

conditions with a high degree of coupling in both the time and frequency domains 

being found between specific adjacent distal (hand-finger) and proximal (upper arm-

forearm) segment pairs which was statistically significant (F12, 842 = 3.84; p < 0.01).  

The highest degree of coupling was found between the index finger-hand segments (r 

= 0.71-0.75; coherence = 0.91-0.96) and the forearm and upper-arm segments (r = 

0.48-0.53; coherence = 0.76-0.92).  No statistically significant level of coupling was 

observed between the forearm and hand segments or between any non-adjacent limb 
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segments for any condition (p > 0.01).  The highest coherence values were observed 

within the frequency ranges where both the 2-4 and 8-12 Hz peaks were seen.  Thus 

all coherence results presented in the following sections relate to the maximal 

coherence values seen within these ranges. 

With regard to the pattern of EMG activation, significantly greater mean RMS 

activity was observed in the ED than FDS muscle across all tasks.  Frequency analysis 

of the EMG signals showed that the peak power occurred between 70-100 Hz for both 

ED and FDS.  Consequently, there were no prominent EMG peaks corresponding to 

the known peaks for physiological tremor, a finding reinforced by the lack of any 

significant relation between tremor and muscle activity for any of the tasks assessed. 

While changes in tremor output and EMG activity were seen as a result of different 

conditions, these represented a scalar (amplitude) change rather than shift in the actual 

frequency for which any specific component was observed.  The changes observed in 

the tremor and EMG measures as a result of the different levels of visual feedback, 

limb preference and target size are now presented. 

 

Visual feedback 

Overall, augmented visual feedback resulted in an increase in the amplitude of 

postural tremor and EMG activity in ED and FDS.  Tremor increased significantly 

from NV to AV conditions for the index finger only (F1, 380 = 309.46; p < 0.01).  For 

the other segments of the upper limb, a small but non-significant increase in the 

tremor was seen (all p’s > 0.01).  Results of the frequency analysis revealed a similar 

pattern of change with the peak power and proportional power of the 8-12 Hz peak for 

all segments increasing significantly (F1, 1522 = 8.84; p < 0.01) with augmented visual 

feedback.  The greatest change in the peak and proportional power was found in the 

index finger where a 100% increase in peak power and an 8-10% increase in 

proportional power were seen from NV to AV conditions.  As a result of this increase 

in proportional power around 8-12 Hz, a significant reduction in the proportional 

power associated with the 2-4 Hz peak from NV to AV conditions was seen for all 

segments (F1, 1522 = 4.92; p < 0.01).  This drop in proportional power was fairly 

uniform across all segments, being in the order of 4-6%.  However, it should be noted 

that while a reduction in the proportional power was seen within the 2-4 Hz range, 

there was no decrease in peak power of this component.  An example of the changes 
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AV: Finger Tremor
mean RMS = 0.227 m.s-2
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seen in the tremor output across the two visual feedback conditions for the hand and 

finger segments is displayed in Figure 3.2. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Raw tremor signal and power spectrum of representative trials for the index finger and hand 

(preferred limb only) during the NV and AV conditions.  Tremor traces for the finger and hand are 

displayed in the top section while the respective power spectrums for the finger and hand are shown in 

the bottom section. 
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The mean RMS amplitude and the degree of co-activation (CI) between the ED and 

FDS muscles significantly increased from NV to AV conditions (all p’s < 0.01).  The 

increase in the degree of co-activation was in the order of 15-20% (preferred limb 

17.3 - 19.8%; non-preferred (14.7-20.9%).  Associated with the increase in tremor 

amplitude and EMG co-activation was the finding that the coupling between adjacent 

segments, in both the time and frequency domains, decreased significantly under AV 

conditions (F1, 380 = 15.09, p < 0.01).  An example of the changes seen in the EMG 

activity across the two visual feedback conditions is displayed in Figure 3.3. 

 

Targeting accuracy and tremor relations 

One question of interest was whether targeting accuracy, as assessed by changes in 

the excursion of the laser emission from the central target area, was related to the 

tremor in any segment.  A statistically significant degree of coupling was observed 

between the tremor at the index finger and the vertical acceleration of the laser pointer 

excursion (F1, 380 = 92.07, p < 0.01).  The results of the cross correlation analysis 

showed that the level of coupling between the index finger and the laser emission was 

of the order of 0.68-0.77.  Similarly, the results of the frequency analysis 

demonstrated a similar high degree of coupling with the highest level of coherence 

ranging from 0.92-0.96.  Peak coherence was always observed below 3 Hz.  The 

strength of this coupling decreased systematically in a distal to proximal manner, with 

lowest coupling seen between the upper-arm and laser (r = 0.30-0.37; coherence = 

0.48-0.52).  Results of the regression analysis showed that the strongest tremor-

accuracy relation was seen between the finger tremor and laser excursion where finger 

tremor accounted for around 50% of the variation in the target excursion data (Pref-

LT condition r2 = 0.58; Pref-ST r2 = 0.53; NPref-LT r2 = 0.47; NPref-ST r2 = 0.55).  

The relation between target excursion and the tremor in the more proximal limb 

segments decreased from distal to proximal (hand r2 = 0.33-0.38; forearm r2 = 0.16-

0.18; upper arm r2 = 0.10-0.12).   
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Figure 3.3: Raw EMG amplitude and power spectrum of representative trials for the ED and FDS 

muscles (preferred limb only) during the NV and AV conditions.  Raw EMG traces for these muscles 

are displayed in the top section while the respective power spectrums are shown in the bottom section. 
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Irrespective of the conditions performed, the mean tremor RMS amplitude was 

significantly greater in the non-preferred index finger as compared to the preferred 

finger (F1, 380 = 421.11; p < 0.01).  The difference in tremor amplitude between these 

segments tended to be magnified during NV conditions, a finding seen despite the fact 

that no significant difference in overall EMG output was seen between limbs (all p’s 

> 0.01).  While the greatest tremor was still observed in the non-preferred limb, the 

relative difference in tremor between the preferred and non-preferred limbs decreased 

under AV conditions (see Figure 3.4).  For the frequency analysis, the pattern of 

change in the two main tremor peaks (at 2-4 Hz and 8-12 Hz) was preserved across 

limbs.  That is, the same increase in amplitude was seen in both the preferred and non-

preferred limbs from NV to AV conditions.  While no differences were seen in the 

pattern of coupling between limbs, typically, the strength of the intra-limb coupling 

was greater in the preferred than the non-preferred limb. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Difference in mean RMS tremor outputs for the index finger of either limb as a function of 

changes in the level of visual feedback and target size (ST and LT) imposed. 
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Target size 

Analysis of the mean RMS amplitude of the laser emission excursion from the target 

centre revealed a significant main effect for limb (F1, 380 = 23.10, p < 0.01).  That is, 

the average excursion for the laser emission from the central target area was greater 

when subjects used their non-preferred arm – meaning they were less accurate.  

However, the differences in targeting performance were limited to which limb was 

used, as no significant difference in targeting accuracy were observed between the 

two targeting tasks (F1, 380 = 0.28, p > 0.01), nor was there any significant differences 

in the level of tremor output or EMG activity between the two targeting tasks.  Figure 

3.5 provides an example of the digitised laser emission recordings and summarised 

results of the mean RMS excursion of the laser emission from the central target region 

for each condition. 

Frequency analysis of the vertical component of the accelerative component of the 

laser emission revealed at least two prominent frequency peaks.  The greatest of these 

peaks tended to occur between 0-2 Hz, with a smaller peak sometimes observed 

between 8-10 Hz.  The majority of the power in the signal (85% or higher) was 

associated with the lower frequency component. 
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Figure 3.5: Representation of the laser emission and mean RMS accuracy histograms for the two 

different targeting conditions (ST and LT).  Pref = preferred limb, Non-Pref = non-preferred limb.  

Note that each of the circles for the ST target had a radius of 2 cm. 
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Discussion 
The present study was conducted to assess the effect of augmented visual feedback 

of limb tremor, limb preference and target accuracy on tremor output.  Multiple 

segment accelerometery, EMG and targeting accuracy data were recorded 

simultaneously and time and frequency analysis were performed. 

 

The Dynamics of Multi-Segment Tremor 

The performance of a postural pointing task involving the entire upper arm was 

characterised by 2-3 prominent frequency peaks, as previously reported (Morrison & 

Keogh, 2001; Morrison & Newell, 2000a).  While peaks between 2-4 Hz and 8-12 Hz 

were observed in all segments for all tasks, the relative power of these peaks differed 

between limb segments.  For the finger, forearm and upper arm segments, the greatest 

amount of power was associated with this higher frequency 8-12 Hz tremor peak.  

The increased power within the 8-12 Hz range most probably reflects increased output 

from central neural structures (Elble, 1996; Elble & Koller, 1990).  As the firing 

frequency for the alpha motorneurons tends to fall within the 8-12 Hz range (Elble & 

Koller, 1990; Elble & Randall, 1976; McAuley, Rothwell, & Marsden, 1997; 

Raethjen et al., 2000; Stiles, 1980), it is likely that increased motor unit recruitment 

and the resultant increase in EMG activity contributes to the increased power of the 8-

12 Hz tremor peak. 

In contrast, for the hand tremor signal, greater power was associated with the 2-4 Hz 

tremor component.  An explanation for this result is not so straightforward since the 

origin of the lower frequency (2-4 Hz) component is not clearly understood.  One 

view is that this component is associated with the resonant mechanical properties of 

the more proximal segments (Raethjen et al., 2000; Takanokura & Sakamoto, 2001).  

However, the continued presence of this component under situations where the 

heavier, more proximal segments are supported questions this assumption (Morrison 

& Newell, 2000a).  Another suggestion is that the lower frequency component seen in 

the tremor profile is related to sensorimotor control processes during voluntary 

actions (Allum et al., 1978; Freund & Hefter, 1993; Slifkin et al., 2000; Vaillancourt 

& Newell, 2003; Vaillancourt et al., 2001a).  Previous studies that have examined the 
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role of visual feedback during isometric and isotonic tracking tasks, have reported that 

most of the power in the selected motor output seen below 4 Hz can be associated 

with concurrent processing and integration of movement-related visual information 

(Allum et al., 1978; Freund & Hefter, 1993; Kunesch et al., 1989; Miall et al., 1985; 

Slifkin et al., 2000; Vaillancourt & Newell, 2003; Vaillancourt et al., 2001c).  Given 

this suggestion that the low frequency components of the motor (tremor) output is 

related to the processing of visuo-motor information, and that control over the hand 

motion is critical for pointing tasks (Morrison & Newell, 1999, 2000b), it may be that 

the outcome of voluntarily stabilising the hand is enhanced power within the 2-4 Hz 

range (Freund & Hefter, 1993).   

A third, additional peak in the index finger, derived solely from its mechanical 

resonant properties (Elble & Koller, 1990), was observed between 18-25 Hz.  This 

peak was only observed for the index finger and was always significantly smaller than 

the 2-4 Hz and 8-12 Hz peaks.  Typically this component only constituted around 6% 

of the total power of the tremor signal. 

The nature of the between-segment tremor relations were also consistent with 

previous multi-segment studies (Morrison & Keogh, 2001; Morrison & Newell, 

2000a, 2000b).  For example, tremor amplitude increased from proximal to distal in 

both limbs with tremor being generally greater in the non-preferred limb.  Greatest 

coupling was found between the distal (finger and hand) and proximal (forearm and 

upper-arm) upper limb segments. 

No significant coupling between muscle activity and tremor, at any segment, was 

observed in any of the conditions assessed in the present study.  Nor was there any 

prominent EMG peaks below 50 Hz, as has been reported in other studies (McAuley 

et al., 1997; Vaillancourt & Newell, 2000).  These findings appear to contrast those of 

previous reports (McAuley et al., 1997; Vaillancourt & Newell, 2000), where 

relations between physiological tremor and muscle activity of the first dorsal 

interosseous and extensor digitorum muscles were reported.  Given that the tasks 

performed in these studies only involved a single segment and the muscles selected 

were different, the reported differences may be explained by general methodological 

differences.  For example, while both McAuley et al. (1997) and Vaillancourt and 

Newell (2000) supported the hand segment so that the EMG activity measured would 

reflect only the activity of the selected muscles acting over the finger joints, the 
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muscles assessed in the present study were likely to be acting at both the wrist and 

finger joints, as no external support of the hand or finger was employed in this design.  

Significant coupling was observed between upper limb tremor and the vertical 

acceleration of the laser pointer emission, with this coupling greater in the index 

finger than in the more proximal segments.  The moderately high degree of coupling 

between the finger and laser pointer emission means that the emissions recorded 

provided a reasonable representation of the finger tremor.  The finding that only 

around half of the variation in the accuracy data was accounted for by tremor at the 

index finger would indicate that other factors also contribute to targeting error.  Thus 

the tremor in any segment alone only provided a moderate prediction of accuracy of 

performance while pointing.  

 

Visual Feedback and Tremor 

The question of whether visual information has an effect on tremor production has 

been previously examined (Beuter et al., 1995; Harwell & Ferguson, 1983; Morrison 

& Newell, 1996; Stephens & Taylor, 1974; Sutton & Sykes, 1967; Vasilakos et al., 

1998).  Interest as to any potential tremor-vision relation is based in part on whether 

individuals can use visual cues to minimise or control their tremor – which would be 

an obvious advantage for the performance of tasks requiring fine motor control. 

The principal finding of the present study was that when the laser emission was 

used to provide visual feedback of the subjects’ tremor, the overall amplitude of 

tremor at the index finger increased.  However, this effect was confined to this distal 

segment with no significant change in the tremor for any other segments observed.  

The increased tremor observed under AV conditions was also associated with 

decreased coupling between the tremor in adjacent limb segments and an increase in 

the level of co-activation.  Thus it would appear that during AV conditions, subjects 

attempted to exert greater (active) control over their tremor by increasing muscle 

activity.  These results illustrate that tremor output is task dependent, and can be 

influenced by changes in the information provided to the subject. 

By increasing muscle activity in an attempt to reduce tremor amplitude, subjects 

effectively increased the level of relative stiffness in the upper limb.  While increasing 

stiffness is a common strategy employed by subjects to increase control by freezing 
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the available degrees of freedom into a rigid segment (Newell & McDonald, 1994b), 

this strategy does not appear to be optimal for tasks where minimising tremor is the 

goal.  Under these situations, increasing limb stiffness has been shown to result in 

increased tremor amplitude and decreased coupling between the adjacent proximal 

and distal segments (Morrison & Newell, 2000b).  However these changes in intra-

limb coupling and muscle activity, while significant, were quite small in absolute 

terms.  Therefore the results of the present study suggest that even subtle changes in 

intra-limb coordination and muscle activity patterns can have a significant effect on 

tremor output during multiple segment postural pointing tasks. 

As the displacement of the laser pointer emission were in the range of several 

centimetres, the laser oscillations on the target certainly exceeded that of the 

minimum visual detection threshold (Legge & Campbell, 1981; Regan & Beverley, 

1983; Scobey & Johnson, 1981).  This would indicate that while the subjects received 

augmented levels of visual feedback, they were unable to effectively utilise this 

feedback to control their tremor.  Similar findings have been previously reported by 

Morrison and Keogh (2001).  Consequently, novice subjects appear unable to 

effectively utilise augmented levels of visual feedback to control their tremor in multi-

segment tasks, and actually produce increased tremor when provided with augmented 

visual feedback. 

Previous research has not demonstrated conclusively whether vision has an effect on 

tremor output or if all individuals can use visual information to help minimise their 

tremor (Beuter et al., 1995; Rooks et al., 1993; Sutton & Sykes, 1967; Vasilakos et al., 

1998).  The reason for these contradictory findings reported to date may, in part, be 

due to differences in the methodological designs utilised.  Previous studies have 

examined whether the absence of vision could influence tremor (Morrison & Newell, 

1996; Stephens & Taylor, 1974; Sutton & Sykes, 1967), while others have examined 

tremor under conditions with increased gain of visual feedback (Beuter et al., 1995; 

Harwell & Ferguson, 1983; Morrison & Keogh, 2001; Vasilakos et al., 1998).  

Similarly, both single- and multiple-segment task designs have been employed.  A 

limitation of single segment designs is that the potential for reducing tremor is less 

than that seen during a task where all upper limb segments are unsupported.  For 

example, finger displacement in single degree of freedom tasks has been reported to 

be less than ± 2 mm (Harwell & Ferguson, 1983; Vasilakos et al., 1998), whereas 
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excursions of approximately ± 10 mm at the fingertip were observed in the present 

study.  The lack of movement redundancy in single segment tasks could explain why 

changing the visual feedback has produced no change in the degree of tremor in 

previous studies.  Simply put, the amplitude of tremor in single segment tasks may be 

so small that it cannot be minimsed or reduced any further.  Thus, no matter how 

much the gain of the visual information was increased, there is little potential for 

tremor reduction in single segment tasks and so no clear insight into tremor control is 

seen.  In contrast, during multiple segment tasks, the tremor at the fingertip is much 

larger in amplitude.  Therefore in tasks of this nature, there is greater potential for 

visual feedback to be used to reduce tremor amplitude at the fingertip. 

 

Limb Preference, Target Size and Tremor  

The question of whether tremor output differs between limbs has also been an issue 

of some debate (Arblaster & Lakie, 1990; Arblaster et al., 1990; Beuter et al., 2000; 

Lakie et al., 1994; Marsden et al., 1969a; Morrison & Newell, 1996).  The results of 

the present study tend to support the view of a bilateral difference with greater tremor 

amplitude being observed in the non-preferred limb (Beuter et al., 2000; Marsden et 

al., 1969a; Morrison & Newell, 1996).  However, this inter-limb difference was 

diminished under AV conditions, suggesting that any tremor differences observed 

between limbs may not simply be the result of intrinsic physiological differences but 

may instead be largely dependent on the nature of the task being performed.  Given 

the changes seen in tremor between limbs across the different conditions, we would 

argue that similarities or changes in the pattern of intra-limb coupling may provide a 

greater insight as to any underlying commonalties between the tremor output in each 

limb than would just looking at tremor amplitude differences and/or using a single 

segment approach. 

Differences were observed in the accuracy of subjects performance when using 

either their preferred or non-preferred limb, with subjects being consistently more 

accurate when their preferred limb was used.  This bilateral difference in tremor 

output is in line with other tremor research (Beuter et al., 2000; Marsden et al., 1969a; 

Morrison & Newell, 1996) and also with that of previous studies which has examined 

inter-limb differences when performing goal directed tasks with a high degree of 

accuracy (Carson et al., 1993; Francis & Spirduso, 2000).   
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The act of imposing specific accuracy constraints on the performance of the postural 

task resulted in a significant increase in the level of tremor observed.  However, the 

impact of this increased tremor was not manifested in any notable change in targeting 

performance, with no difference being observed in the ability of subjects to maintain 

the laser within the central area of either target. 

 

Conclusions 
Changing the nature of the visual feedback resulted in an increase in tremor 

amplitude at the index finger.  Analysis of the intra-limb relations and EMG data 

suggested that this increase in tremor amplitude was due to the subjects partially 

freezing (stiffening) their limb segments in an attempt to control their tremor output.  

These results indicate that altering the nature of the visual feedback influenced 

tremor.  Thus novice subjects were not able to effectively utilise the augmented visual 

feedback to control (minimize) their tremor.  In conclusion, it would seem that tremor 

is not simply the intrinsic output of the neuromuscular system, but instead is highly 

dependent on, and influenced by, the nature and goals of the task being performed. 
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Summary 
The purpose of this study was to examine the effect of the normal aging process on 

postural tremor output, muscle activity and intra-limb coupling.  Eight young and 19 

older adults performed four unsupported postural pointing conditions, reflecting all 

combinations of limb (preferred and non-preferred) and visual feedback (normal and 

augmented).  Older individuals had significantly (~35%) greater index finger tremor 

amplitude than young adults.  This age-related increase in tremor amplitude was most 

pronounced between 8-12 Hz and was associated with significantly greater extensor 

digitorum and flexor digitorum superficialis EMG activity.  Results of the cross-

correlation and coherence analyses indicated that older adults had significantly less 

coupling of the distal (index finger-hand) and proximal (forearm-upper arm) segments 

than young adults.  These differences in 8-12 Hz power, muscle activity and intra-

limb coupling suggest that older adults utilised greater levels of upper limb stiffness 

in an attempt to constrain the motion of their hand/wrist complex and improve their 

tremor control.  As increasing limb stiffness has been previously shown to amplify not 

attenuate index finger tremor amplitude, the use of this control strategy by the older 

adults may have contributed to their increased tremor.  Together these results suggest 

that the older adults’ greater tremor amplitude reflected age-related differences in 

neuromuscular and coordinative function.  Little task-dependency was observed, with 

the differences in tremor and EMG amplitude and 8-12 Hz proportional tremor power 

significant in most of, if not all conditions.  This indicated that the age-related decline 

in tremor control was independent of limb preference and visual feedback.   

 

Introduction   
High levels of dexterity and precision are required for the optimal performance of 

activities of daily living such as dressing, drinking, eating and writing (Carmeli et al., 

2003; Schieber & Santello, 2004).  Unfortunately, the ability to perform these tasks 

may decline as a function of the aging process (Carmeli et al., 2003; Hackel et al., 

1992; Ranganathan, Siemionow, Saghal et al., 2001).  It has been proposed that the 

reduced hand function of older adults may be linked to an age-related increase in 

postural tremor amplitude (Contreras-Vidal et al., 1998; Ranganathan, Siemionow, 

Saghal et al., 2001).   
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Age-related increases in postural tremor amplitude could result from any number of 

changes in the aging neuromuscular system.  For example, older adults may have 

significantly greater motor unit (MU) firing rate variability (Laidlaw et al., 2000), MU 

modulation (Enoka et al., 2003; Semmler et al., 2003), upper limb co-activation 

(Laursen et al., 2001; Spiegel et al., 1996), central nervous system drive (Seals & 

Esler, 2000) and stretch-reflex (mechanical component) gain (Loscher & Gallasch, 

1993) than young subjects.  A relative inability to coordinate multiple upper limb 

segments, as seen by Seidler et al. (2002) may also contribute to the older adults’ 

increased tremor, as low levels of intra-limb coupling are associated with increased 

index finger tremor (Keogh et al., 2004; Morrison & Keogh, 2001; Morrison & 

Newell, 2000a, 2000b).   

Based on these differences in neural and coordinative function, older adults would 

be expected to have greater tremor amplitude than young adults.  While this has been 

observed in two studies (Birmingham et al., 1985; Loscher & Gallasch, 1993), reports 

of no age-related differences in tremor amplitude also exist (Elble, 2003; Raethjen et 

al., 2000; Sturman et al., 2005).  The inconsistencies in this literature may reflect 

inter-study methodological differences.  When the pointing tasks were performed with 

the entire limb held in an unsupported postural position, the older adults had greater 

tremor amplitude than young subjects (Birmingham et al., 1985; Loscher & Gallasch, 

1993).  In contrast, the three studies that showed no age-related differences all utilised 

pointing tasks in which the forearm was fully supported.  This suggests that the effect 

of aging on tremor is task-dependent, with the magnitude of this effect influenced by 

the number of effectors (limb segments) involved in the task.   

The tremor amplitude of young adults is significantly greater when using augmented 

rather than normal visual feedback and in the non-preferred than preferred limb 

(Keogh et al., 2004; Morrison & Keogh, 2001).  While one study has examined age-

related differences in unsupported postural tremor in both limbs (Birmingham et al., 

1985), no such studies have been conducted using augmented and normal levels of 

visual feedback.  Further insight into the potential task-dependency of the aging 

process on postural tremor may therefore be obtained by examining the tremor 

dynamics of young and older adults under conditions in which the level of visual 

feedback and limb preference are manipulated. 

The purpose of the present study was to examine the effect of the normal aging 

process on multi-segment postural tremor, upper limb muscle activity and intra-limb 
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coupling during four unsupported postural pointing conditions reflecting all 

combinations of limb preference and visual feedback.  It was hypothesised that older 

adults would have significantly greater tremor amplitude than young adults, with this 

related to the older adults’ greater levels of muscular activity and reduced intra-limb 

coupling.   

 

Methods  

Subjects 

Nineteen older men (age 75.2 ± 2.6 yrs) gave informed consent to participate in this 

study.  In order to examine the effect of the aging process on multi-segment tremor, 

upper limb muscle activity and intra-limb coupling the results for these 19 subjects 

were compared to that of eight young adults whose results have been previously 

reported (Keogh et al., 2004).  All subjects were physically active and reported no 

known neurological disorders or impairments in sensory, cognitive or physical 

abilities.  No subjects in either age group reported being highly active in precision 

postural activities like pistol shooting, archery or micro-surgery, and as such were 

considered “novices” in the context of the postural pointing tasks performed in the 

present study.  All experimental procedures complied with the guidelines of the 

Griffith University Human Research Ethics Committee. 

 

Design 

The tremor dynamics of young and older adults were compared during the 

performance of four postural pointing conditions; preferred limb normal vision 

(PNV), preferred limb augmented vision (PAV), non-preferred limb normal vision 

(NPNV) and non-preferred limb augmented vision (NPAV).  These four conditions 

represented all possible combinations of limb (preferred and non-preferred) and visual 

feedback (normal vision and augmented vision).  Six trials of each condition were 

performed in blocked order, with each trial lasting 30 s.  The testing order was 

counter-balanced among subjects and groups. 

All postural pointing conditions were performed using the methods of Keogh and 

colleagues (2004).  Postural tremor was assessed with the subjects standing upright, 
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the selected arm flexed to 90o at the shoulder, the elbow extended, forearm pronated 

and wrist held in a neutral position.  A laser pointer (length 14 cm, mass 39 g) was 

securely strapped to the palmar surface of the extended index finger.  The laser 

pointer remained switched off for the normal vision conditions but was activated for 

the augmented vision conditions.  The goal of the normal vision conditions was to 

minimise the oscillations of the index finger, whereas the goal of the augmented 

vision conditions was to keep the laser pointer emission within the centre of the 

innermost concentric circle (radius 2 cm) located 5.5 m away.  Multi-segment tremor 

and the EMG output of the extensor digitorum (ED) and flexor digitorum superficialis 

(FDS) muscles was recorded during all trials.   

 

Procedures and Apparatus 

Multi-segment tremor (acceleration) was recorded using four lightweight (2.5 g) 

uniaxial Coulbourn T45-10 accelerometers.  These accelerometers were securely 

attached to the superior aspect of the index finger, hand, forearm and upper arm.  

Accelerometer signals were sampled at 100 Hz, amplified through a Coulbourn 

transducer coupler (excitation voltage 5 V, gain 1000) and filtered using a second 

order Butterworth low pass filter (cutoff frequency: 50 Hz).  Prior to each testing 

session, the accelerometers were calibrated by zero balancing in DC mode on a level 

surface. 

Electromyogram (EMG) activity of the ED and FDS muscles was recorded using 

bipolar Ag/AgCl EMG electrodes.  These electrodes were positioned on the belly of 

each muscle, in parallel with the direction of the underlying muscle fibres using an 

inter-electrode distance of 2 cm.  All EMG signals were sampled at 1000 Hz, 

amplified using Coulbourn isolated bioamplifiers (V75-02) and stored on computer 

for further analysis.  The EMG data was subsequently filtered with a second order 

Butterworth bandpass filter between 1-400 Hz.   

 

Data Analysis 

The effect of the aging process on postural pointing performance was estimated by 

comparing the tremor amplitude of the young and older adults.  The amplitude of the 
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tremor, as well as that of the ED and FDS EMG signals was obtained by calculating 

the root mean square (RMS) with a bin size of 100 ms.   

To examine potential age-related differences in the tremor frequency profile, power 

spectral analysis was performed within the range of 0-30 Hz.  The power spectral 

analysis was performed using a 256-point non-overlapping Hanning window with a 

0.391 Hz binwidth.  As the index finger tremor power spectrum typically contains 

discrete peaks between 2-4 Hz, 8-12 Hz and 18-25 Hz (Morrison & Newell, 1996, 

2000a, 2000b), separate power spectral analyses were performed within each of these 

three bandwidths.  In each bandwidth, the proportion of total power (proportional 

power) was calculated.   

Cross correlation and coherence analyses were used to quantify the nature and 

strength of the intra-limb coupling in the time- and frequency-domains, respectively.  

The coherence analyses were conducted using the same procedures and in the same 

three bandwidths as that used for the tremor power spectral analysis.  All data 

analyses were performed using custom-written Matlab software (The Mathworks Inc, 

release 12 version 6.0).  

 

Statistical Analysis 

A repeated measures ANOVA was used to determine the effect of one between 

factor (age) and one within factor (postural pointing condition) on the dependent 

measures (tremor and EMG characteristics and coupling relations).  Where a 

significant age by condition effect was observed, post-hoc analysis was performed 

using Tukey’s honestly significant difference tests to determine in which condition(s) 

the significant age-related differences actually occurred.  Consistent with previous 

studies in this area (Morrison et al., 2005; Morrison & Keogh, 2001; Morrison & 

Newell, 1998), it was considered prudent to set the risk of Type I error at p < 0.01 due 

to the large number of denominator degrees of freedom.  All analyses were performed 

using SAS statistical software (SAS Institute Inc., Cary, NC, USA), with all data 

reported as the mean ± one standard deviation.  In the remainder of the manuscript, 

the term “tremor” will refer to that found at the index finger, except where indicated 

otherwise.  
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Results  

Age-Independent Tremor Profile 

The overall tremor profile appeared similar for all subjects, regardless of age group 

or condition performed.  Proximal to distal differences in tremor amplitude were 

observed, with the index finger having greater tremor output than the more proximal 

segments.  Power spectral analysis revealed the presence of two dominant peaks for 

all limb segments, with a third peak sometimes observed for the index finger.  The 

most prominent index finger tremor peak was located between 8-12 Hz, accounting 

for 42-54% of total (0-30 Hz) index finger tremor power.  Noticeable index finger 

tremor peaks were also observed between 2-4 Hz and to a lesser extent 18-25 Hz.  

The 2-4 Hz peak contained 7-18% of total power with the 18-25 Hz peak (when 

observed) accounting for 3-6% of the total power.  Young and older adults had 

relatively similar patterns of intra-limb coupling.  The greatest intra-limb coupling, in 

both the time- and frequency-domains was observed within the distal (index finger-

hand) and proximal (forearm-upper arm) segment pairs, with little coupling evident 

between the non-adjacent limb segments.  Representative time-series and frequency-

domain tremor data for young and older adults is presented in Figure 4.1.  
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Figure 4.1: Representative time-series (top two graphs) and frequency-domain (bottom graph) index 

finger tremor data for young and older adults.  The power frequency spectrums for the young and older 

adults are represented by continuous and dashed lines, respectively.  
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Age-Related Differences in Tremor Output 

Tremor Characteristics  

Older adults had significantly greater index finger tremor amplitude than young 

adults (young 0.221 ± 0.081 m.s-2, older 0.298 ± 0.154 m.s-2; F(1,698) = 54.55, p < 

0.01).  A significant age by condition interaction effect was observed for tremor 

amplitude (F(7,692) = 9.58, p < 0.01).  Subsequent post-hoc analysis revealed that 

tremor amplitude was significantly greater in older than young adults for all four 

conditions (all p’s < 0.01).  The results of these analyses demonstrate that the age-

related increase in tremor amplitude occurred in both the preferred and non-preferred 

limbs.  The tremor amplitude condition means for young and older adults are shown 

in Figure 4.2.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.2: Index finger tremor amplitude for young and older adult groups.  PNV = preferred limb 

normal vision, PAV = preferred limb augmented vision, NPNV = non-preferred limb normal vision, 

NPAV = non-preferred limb augmented vision.  * Significant difference between young and older 

adults. 
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The proportion of tremor power located within the 2-4 Hz and 8-12 Hz peaks 

differed significantly between young and older adults.  Older subjects had 

significantly greater proportional 8-12 Hz tremor power (young 45.4 ± 13.8%, older 

53.7 ± 13.8%; F(1,698) = 59.93, p < 0.01) than young adults.  This contrasted with the 

results for the 2-4 Hz peak, where the older adults had significantly less proportional 

tremor power (young 16.6 ± 10.1%, older 7.4 ± 4.4%; F(1,698) = 286.57, p < 0.01).  

Significant age by condition interactions were observed for proportional power (2-4 

Hz F(7,692) = 43.70; 8-12 Hz F(7,692) = 10.27; p’s < 0.01).  Post-hoc analysis indicated 

that the age-related differences in 2-4 Hz and 8-12 Hz proportional power were 

statistically significant in all four conditions (all p’s < 0.01).  The results of these 

analyses demonstrate that the age-related differences in tremor peak and proportional 

power were found in both the preferred and non-preferred limbs.  The proportional 

power condition means for both age groups are displayed in Figure 4.3.  
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Figure 4.3: Proportional index finger tremor power for young and older adult groups.  The top graph is 

for the 2-4 Hz peak and the bottom graph is for the 8-12 Hz peak.   PNV = preferred limb normal 

vision, PAV = preferred limb augmented vision, NPNV = non-preferred limb normal vision, NPAV = 

non-preferred limb augmented vision.  * Significant difference between young and older adults. 
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Muscle Activation 

Older adults had significantly greater ED (young 63.2 ± 40.0 μV, older 78.7 ± 41.9 

μV; F(1,698) = 22.75; p < 0.01) and FDS (young 8.2 ± 5.5 μV, older 18.0 ± 17.3 μV; 

F(1,698) = 74.74; p < 0.01) RMS EMG amplitude than young adults.  Significant age by 

condition interaction effects were observed for ED (F(7,692) = 6.08, p < 0.01) and FDS 

(F(7,692) = 12.14, p < 0.01) EMG activity.  Post-hoc analysis revealed that the age-

related increase in ED EMG amplitude was statistically significant in three of the four 

(PNV, NPNV and NPAV) conditions and that the increase in FDS EMG amplitude 

was significant in all four conditions (all p’s < 0.01).  The results of these analyses 

demonstrate that the age-related increase in EMG amplitude, while tending to occur in 

both the preferred and non-preferred limbs, was most apparent in the non-preferred 

limb.  The EMG amplitude condition means for both age groups are shown in Figure 

4.4.   
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Figure 4.4: ED (top) and FDS (bottom) EMG amplitudes for young and older adult groups.  PNV = 

preferred limb normal vision, PAV = preferred limb augmented vision, NPNV = non-preferred limb 

normal vision, NPAV = non-preferred limb augmented vision.  * Significant difference between young 

and older adults. 
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Intra-Limb Coupling 

The mean intra-limb coupling values for the distal and proximal upper limb segment 

pairs were typically lower for the older than young adults.  Older adults had 

significantly less index finger-hand cross-correlation (young 0.74 ± 0.06, older 0.64 ± 

0.13; F(1,698) = 169.90, p < 0.01) and coherence between 8-12 Hz (young 0.92 ± 0.05, 

older 0.86 ± 0.10; F(1,698) = 103.33, p < 0.01) than young subjects.  Significant age by 

condition interaction effects were observed for index-finger coupling (cross-

correlation F(7,692) = 37.87; coherence 8-12 Hz F(7,692) = 23.84; p’s < 0.01).  Post-hoc 

analysis revealed that the older adults’ reduced level of index finger-hand cross-

correlation was statistically significant in three of the four (PNV, PAV and NPNV) 

conditions and that the age-related reduction in index finger-hand 8-12 Hz coherence 

was statistically significant in the normal vision (PNV and NPNV) conditions (all p’s 

< 0.01).  The results of these analyses demonstrate that the age-related decrease in 

index finger-hand coupling was observed in both limbs, although the differences in 

coherence were most apparent in the preferred limb.   

Older adults were also found to have significantly less forearm-upper arm coherence 

than the young adults (2-4 Hz young 0.89 ± 0.09, older 0.84 ± 0.15; F(1,698) = 22.71, 8-

12 Hz young 0.79 ± 0.11, older 0.74 ± 0.14; F(1,698) = 17.99, p’s < 0.01).  Significant 

age by condition interaction were observed for the forearm-upper arm coherence (2-4 

Hz F(7,692) = 3.73, 8-12 Hz F(7,692) = 4.27, p’s < 0.01).  Post-hoc analysis revealed that 

the older adults’ reduced forearm-upper arm coherence was only statistically 

significant in the normal vision (2-4 Hz PNV; 8-12 Hz PNV and NPNV) conditions 

(all p’s < 0.01).  The results of these analyses demonstrate that the age-related 

decrease in forearm-hand coherence (when found) tended to occur in both limbs, 

although these differences were most apparent in the preferred limb.  The intra-limb 

coupling condition means for the young and older adults is presented in Figure 4.5. 
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Figure 4.5a: Index finger-hand intra-limb coupling for young and older adult groups.  The top graph 

represents the peak cross-correlation, the middle graph peak coherence between 2-4 Hz and the bottom 

graph peak coherence between 8-12 Hz.  PNV = preferred limb normal vision, PAV = preferred limb 

augmented vision, NPNV = non-preferred limb normal vision, NPAV = non-preferred limb augmented 

vision.  * Significant difference between young and older adults. 
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Figure 4.5b: Forearm-upper arm intra-limb coupling for young and older adult groups.  The top graph 

represents the peak cross-correlation, the middle graph peak coherence between 2-4 Hz and the bottom 

graph peak coherence between 8-12 Hz.  PNV = preferred limb normal vision, PAV = preferred limb 

augmented vision, NPNV = non-preferred limb normal vision, NPAV = non-preferred limb augmented 

vision.  * Significant difference between young and older adults. 
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Discussion 
The present study was conducted to further examine the mechanism(s) underlying 

the potential increase in postural tremor amplitude for older subjects.  In particular, 

this study sought to determine whether age-related differences in muscle activity and 

intra-limb coupling could contribute to the increased tremor amplitude of older adults 

seen during unsupported postural pointing.   

 

Common Tremor Characteristics of Young and Older Adults 

The overall tremor profile for the older adults was very similar to that previously 

reported for young adults by Morrison and colleagues (Keogh et al., 2004; Morrison 

et al., 2005; Morrison & Keogh, 2001; Morrison & Newell, 1996, 2000a, 2000b).  For 

example, in both age groups all limb segments had prominent tremor peaks between 

2-4 Hz and 8-12 Hz with the amplitude of this tremor greater for the index finger than 

the more proximal segments.  Young and older adults also both exhibited greatest 

intra-limb coupling within the distal (index finger-hand) and proximal (forearm-upper 

arm) segment pairs, with little coupling found between non-adjacent limb segments.  

These similarities in the tremor profiles suggested that in both age groups: 1) the same 

neurological processes and mechanical factors contributed to the postural tremor 

output; and/or 2) the general manner in which the upper limb segments were coupled 

was comparable.  

 

Age-Related Tremor Differences 

Older adults had significantly (~35%) greater index finger tremor amplitude than 

young adults.  This increase in tremor amplitude for older adults was statistically 

significant in all four postural pointing conditions.  This suggests that the loss of 

tremor control associated with the aging process is independent of limb preference 

and the form of visual feedback available to the performer.  Birmingham et al. (1985) 

and Raethjen et al. (2000) have also found no significant effect of limb preference on 

the age-related difference in tremor amplitude.  These results may indicate that the 

processes underlying the increase in tremor amplitude for older adults occur in 
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parallel in both the preferred and non-preferred limb (Elble & Koller, 1990; Francis & 

Spirduso, 2000).  

It is acknowledged that the increased tremor amplitude for the older adults in the 

present study may not just have been a result of the aging process per se but may have 

also reflected the additional mass of the laser pointer.  This possibility appears remote 

as age-related increases in postural tremor amplitude have been observed in pointing 

tasks involving no additional loads (Birmingham et al., 1985; Loscher & Gallasch, 

1993) and because studies using loads of up to 1000 g have reported no age-related 

differences (Elble, 2003; Raethjen et al., 2000; Sturman et al., 2005). 

 

Mechanisms Underlying the Age-Related Increase in Tremor 

The inconsistent nature of the age-postural tremor literature suggests that the effect 

of the aging process on postural tremor control is task-dependent.  It is proposed that 

this task-dependency reflects the number of upper limb segments (degrees of 

freedom) that were unsupported and hence required control during the pointing tasks.  

Where no upper limb support was provided, the present study as well as Birmingham 

et al. (1985) and Loscher and Gallasch (1993) observed significantly greater tremor 

amplitude in older than young subjects.  This contrasts with the studies that provided 

forearm support, where no age-related differences in tremor amplitude were found 

(Elble, 2003; Raethjen et al., 2000; Sturman et al., 2005).  These results imply that 

only when multiple upper limb segments are unsupported and hence require control 

do older adults experience a significant increase in tremor amplitude.  The older 

adults’ greater tremor amplitude may therefore reflect, at least in part their relative 

inability to control the motion of, and the tremor inherent to multiple upper limb 

segments.  Similar conclusions linking the reduced upper limb fine-motor function of 

older adults to their decreased ability to control and coordinate multiple upper limb 

segments have been reached in experiments involving multi-segment reaching 

(Seidler et al., 2002).    

Power spectral analysis indicated that older adults had significantly greater 

proportional power between 8-12 Hz and significantly less proportional 2-4 Hz power 

than young adults.  As the present study indicated that the 8-12 Hz tremor peak (42-

54% of total power) contained between three to seven times more power than the 2-4 

Hz peak (7-18% of total power), these results would indicate that the older adults’ 
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increased tremor amplitude was a direct result of the amplification of 8-12 Hz power.  

The 8-12 Hz (neurogenic) tremor peak has been widely studied and is believed to 

reflect the activity of the central oscillators that control alpha motoneuron firing 

(Elble & Koller, 1990; Elble & Randall, 1976; Raethjen et al., 2000).  The relative 

increase in 8-12 Hz power for older adults suggests that they recruited a greater 

percentage of their available forearm MU than young adults during the postural 

pointing tasks.  This view appears to be mirrored by the older adults’ significantly 

greater ED and FDS EMG activity.  Although no EMG normalisation was performed 

in this study, older adults are known to produce significantly lower EMG amplitudes 

during maximum voluntary contractions than young adults (Yamada, Masuda, & 

Okada, 2002; Yamada et al., 2000).  This would indicate that the magnitude of the 

real (normalised) age-related increase in EMG amplitude during postural pointing 

would have been even greater than that reported. 

It is possible that the older adults’ greater 8-12 Hz power and EMG amplitude may 

have just reflected the increase in neural drive (Seals & Esler, 2000) and the loss of 

upper limb strength that characterises the aging process (Klein et al., 2001; 

Ranganathan, Siemionow, Saghal et al., 2001).  However, older adults were also 

observed to have significantly lower levels of coupling within the distal and proximal 

segment pairs than the young subjects.  These differences in 8-12 Hz tremor power, 

muscle activity and intra-limb coupling suggested that in an attempt to constrain the 

motion of the hand/wrist complex and improve their tremor control, older adults 

adopted a strategy that utilised greater levels of upper limb stiffness than that used by 

young adults (Morrison & Newell, 2000a).  Although increasing limb stiffness is a 

commonly utilised motor strategy (Newell & McDonald, 1994b), stiffening the upper 

limb segments actually results in increased index finger tremor amplitude (Keogh et 

al., 2004; Morrison & Keogh, 2001; Morrison & Newell, 2000a).   

 

Relevance to Hand Function in Older Adults 

Results of the present study suggested that the older adults’ reduced postural tremor 

control (and possibly hand function) reflected their relative inability to: 1) coordinate 

and control the tremor inherent to multiple limb segments; and 2) minimise the level 

of upper limb muscle activity.  Therefore, interventions that focus on improving 

coordination or on reducing the level of muscle activity/co-activation may improve 
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the control of postural tremor and hand function of older adults.  Support for 

coordination-training is provided by Ranganathan, Siemionow, Saugen et al. (2001) 

who observed significant improvements in the performance of older adults on the 

hand steadiness and Purdue Pegboard tests after eight weeks of dexterity ball training.  

Strength-training may also be useful as this form of training can significantly reduce 

co-activation in older adults (Hakkinen et al., 2000; Hakkinen et al., 1998).   

 

Conclusions 
Older adults had more index finger tremor amplitude than young adults, with this 

difference significant in all four unsupported postural pointing conditions.  The older 

adults’ increased tremor amplitude was primarily a result of a more pronounced 8-12 

Hz tremor component and was associated with elevated ED and FDS muscle activity 

and decreased intra-limb coupling.  These results suggest that the increased tremor 

amplitude observed for older adults reflected age-related differences in neuromuscular 

and coordinative function.  Little task-dependency was observed with significant age-

related differences in the tremor dynamics often observed in all four conditions.  This 

may indicate that the effect of the aging process on tremor control is relatively 

independent of limb preference and visual feedback. 
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Summary 
The effect of two forms of unilateral upper limb resistance- (strength and 

coordination) training on postural tremor control in older (70-80 year old) adults was 

examined.  The strength- and coordination-training groups (n = 7 each) trained twice a 

week for six weeks, performing exercises for the elbow flexors, wrist flexors and 

wrists extensors, while the control group (n = 5) maintained their normal activities.  

Changes in postural tremor output were assessed in eight conditions that reflected all 

combinations of limb (trained and untrained) and postural pointing task (no target, 

blank target, close target and far target).  Analysis of covariance for between-group 

change scores indicated that both training groups significantly increased their upper 

limb strength and reduced their index finger tremor amplitude in comparison to the 

control group.  The training groups’ reduced tremor amplitude was most pronounced 

between 8-12 Hz and was associated with a significant reduction in co-activation of 

the extensor digitorum and flexor digitorum superficialis muscles.  These results 

suggest that the improvement in tremor control observed for the training groups was 

mediated through neural adaptations.  There was a trend for both forms of resistance-

training to improve strength and tremor control in the trained and untrained limb.  

However, this only obtained statistical significance for wrist flexion strength in the 

strength-training group and for tremor amplitude in the coordination-training group.  

Older adults may therefore be able to obtain cross-education effects for fine- and 

gross-motor function from general (non-specific) unilateral resistance-training.   

 

Introduction 
A decline in upper limb dexterity and fine-motor control is known to be 

characteristic of the aging process (Carmeli et al., 2003; Hackel et al., 1992; 

Ranganathan, Siemionow, Saghal et al., 2001). A contributing factor to this loss of 

upper limb function in older adults appears to be an increase in postural tremor 

amplitude (Birmingham et al., 1985; Loscher & Gallasch, 1993), which in turn is 

thought to reflect changes in the aging neuromuscular system.  Compared to the 

young, older adults have significantly greater motor unit (MU) firing rate variability 

(Laidlaw et al., 2000), MU synchronisation (modulation) (Enoka et al., 2003; 

Semmler et al., 2003) and upper limb co-activation (Laursen et al., 2001; Spiegel et 

al., 1996), all of which are known to increase tremor amplitude.   
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The manner in which the distal (index finger-hand) and/or proximal (forearm-upper 

arm) segments are coupled (referred to as intra-limb coupling) during pointing tasks 

also appears to influence the resulting tremor amplitude.  Keogh, Morrison and 

Barrett (2005b) have observed significantly lower levels of intra-limb coupling and 

increased tremor amplitude in older compared to young adults.   As increased tremor 

amplitude is associated with a loss of such coupling (Keogh et al., 2004; Morrison et 

al., 2005; Morrison & Keogh, 2001; Morrison & Newell, 2000a, 2000b) it suggests 

that age-related differences in coordinative function may also contribute to the 

elevated levels of postural tremor seen in older subjects. 

Recent research has also highlighted the task-dependency of postural tremor control.  

Novice young adults produce significantly greater levels of tremor amplitude when 

unsupported postural tasks are performed with augmented rather than normal visual 

feedback and/or with specific accuracy (targeting) constraints (Keogh et al., 2004; 

Morrison & Keogh, 2001).  This suggests that the effect of any intervention strategy 

on the tremor control of older adults should be examined across a spectrum of tasks in 

which the level of visual feedback and targeting constraint are manipulated.  Such an 

approach will allow quantification of the potential task-dependency of the training 

response in older adults and provide additional insight into the origin of postural 

tremor; findings that have both theoretical and practical benefits.   

Resistance-training (of either a strength or coordination focus) has been shown to 

produce substantial neural and coordinative adaptations in young and older adults 

(Barry & Carson, 2004; Carroll, Riek et al., 2001).  With particular relevance to 

tremor control, resistance-training can significantly reduce MU firing rate variability 

(Kornatz et al., 2002; Kornatz et al., 2005) and co-activation (Carolan & Cafarelli, 

1992; Hakkinen et al., 1998).  It is therefore quite surprising that only two studies 

have examined the effect of resistance-training on postural tremor output.  Bilodeau 

and colleagues (2000) reported that four weeks of resisted index finger abduction 

training caused no significant change in the tremor amplitude of eight middle-

aged/older adult essential tremor patients.  These results differ to those of 

Ranganathan, Siemionow, Saugen et al. (2001), who reported that older adults 

significantly improved their performance in hand steadiness and Purdue Pegboard 

tests following an eight week coordination-training (dexterity ball) program.  The 

equivalence of these findings may reflect inter-study differences in the number, age 
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and neurological status of the subjects, duration and nature of the training programs as 

well as the methods used to assess tremor control.    

The purpose of the present study was to examine the effect of two forms of 

resistance- (strength- and coordination-) training on the postural tremor output of 

neurologically normal older adults.  Changes in tremor control were assessed in four 

postural pointing conditions that imposed varying levels of visual feedback and 

targeting constraints on the performer.  It was hypothesised that both forms of 

resistance-training would significantly increase upper limb strength and decrease 

postural tremor amplitude, with the reductions in tremor being greater in the more 

challenging conditions that involved augmented visual feedback and specific targeting 

constraints.  The training-related improvements in tremor control were expected to be 

associated with reduced levels of upper limb co-activation and increased intra-limb 

coupling.   

 

Methods  

Subjects  

Nineteen men between the ages of 70-80 years gave informed consent to participate 

in this study, and were allocated to either the strength-training (n = 7), coordination-

training (n = 7) or control groups (n = 5).  All subjects were physically active and 

were pre-screened to ensure that they were free from any cardiovascular, 

neurological, musculoskeletal, sensory or cognitive impairments that could endanger 

their health or affect their performance during testing or training.  The Griffith 

University Human Research Ethics Committee granted ethical approval for this study.   

 

Design  

The present study was designed to assess the effectiveness of six weeks of unilateral 

dumbbell-based resistance-training in reducing the postural tremor amplitude of older 

adults.  Changes in tremor output and upper limb muscle activity were assessed in 

four postural pointing conditions designed to span the spectrum of visual feedback 

and accuracy demands (Keogh et al., 2004; Morrison & Keogh, 2001).  Each of the 

four pointing conditions was performed unilaterally with the trained and untrained 

limb, making a grand total of eight postural pointing conditions.  Six 30 s trials of 
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each of the eight postural pointing conditions were performed in randomised blocked 

order in both the pre- and post-training testing sessions.  

 

Postural Pointing Conditions   

All eight pointing conditions were performed standing, with the selected arm flexed 

at the shoulder to 90o, the elbow fully extended, forearm pronated and wrist held in a 

neutral position (Keogh et al., 2004).  A laser pointer (length 14 cm, mass 39 g) was 

securely strapped to the palmar surface of the extended index finger for all conditions 

and trials.  

The four postural pointing conditions performed by each limb were defined as: 1) 

pointing without a target in front of the subject (no target, NT), 2) pointing at a target 

with no discernable features (blank target, BT), 3) pointing at a close concentric circle 

target (close target, CT), and 4) pointing at a far concentric circle target (far target, 

FT).  When performing the NT conditions, the laser pointer remained switched off so 

that the subjects focused on minimising the motion of the index finger in space.  The 

three remaining conditions (BT, CT and FT) were performed with the laser pointer 

activated.  The goal of the BT conditions was to minimise the oscillation of the laser 

pointer emission on a featureless target located 5.50 m from the subject.  For the CT 

and FT conditions, the subjects attempted to keep the laser pointer emission within the 

smallest concentric circle of the target.  The targets used for the CT and FT conditions 

were identical, consisting of four concentric black circles of 2 cm, 4 cm, 6 cm and 8 

cm radius, respectively on a white background.  The only difference in the CT and FT 

conditions was the distance between the subject and the target, this distance being 

2.75 m for the CT condition and 5.50 m for the FT condition.   

 

Resistance-Training Procedures 

The strength- and coordination-training groups performed unilateral dumbbell 

training twice per week for a total of six weeks.  The arm selected for training was 

randomly determined for each subject prior to the first training session.  Prior to each 

training session, subjects completed a five minute arm-cranking warm-up at a 

workload of 30 W on a modified Monark cycle ergometer (Model 818E, Verberg, 

Sweden).  Four sets of each of three exercises (bicep curls, wrist flexions and wrist 

extensions) were then performed.  The first set of each exercise was used as a specific 
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warm-up with ~40-50% of the five repetition maximum (5RM) load.  Two to three 

minutes rest were given between sets.  While both resistance training groups 

performed four sets of the same three exercises, the manner in which the exercises 

were performed differed between the groups.  The control group performed no 

training and maintained their normal activities during the six week training period. 

 

Strength-Training 

The strength-training group performed each exercise with loads that could only be 

lifted for 8-10 repetitions per set (Fiatarone-Singh, 2002).  To make training 

progressively more difficult, once four sets of 10 repetitions could be completed the 

training load for that particular exercise was increased by 1 kg.   

 

Coordination-Training 

Coordination-training required the subjects to match the angular motion of their 

limb segments to that of a pre-determined, quasi-random joint angular displacement-

time curve.  This form of training was performed as the practice of similar force 

matching tasks have been shown to significantly improve the MU control properties 

of young and older adults (Knight & Kamen, 2004; Patten & Kamen, 2000).  The 

target joint trajectory was developed through pilot testing with the intent of creating a 

challenging task in which considerable improvement in task performance would be 

observed with practice.  Joint angular displacements were recorded with a custom-

built rotary potentiometer at a rate of 50 Hz.  The potentiometer was aligned with the 

centre of rotation of the selected joint and securely strapped to the proximal and distal 

limb segments.  The required trajectory and the subjects’ actual joint angular 

displacement were displayed in real-time on a 17 inch (~43 cm) computer monitor 

positioned 80 cm from the subject.  An example of an angular displacement-time 

profile for a representative subject performing a bicep curl in their first training 

session is shown in Figure 5.1.  
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Figure 5.1: Actual versus required angular trajectory of the elbow joint during the performance of a 

bicep curl by a representative subject in the coordination-training group during their first training 

session.  Elbow extension is represented by 0o. 

 

For the first two weeks of training, the coordination group used loads that were 

~30% of their 5RM.  These loads were increased by 1 kg every two weeks to make 

training progressively more difficult.  As pilot testing indicated that the strength-

training group required ~30 s to complete each of their 8-10 repetition sets, the sets 

performed by the coordination-training group were also of 30 s duration.  This was 

done so that the total contractile (exercise) time was approximately the same for each 

of the two training groups (Moss, Refsnes, Abildgaard, Nicolaysen, & Jensen, 1997).  

 

Assessment Procedures  

Postural tremor control and upper limb strength were assessed in both the pre- and 

post-training test sessions.  In each of these sessions, the assessment of upper limb 

strength was commenced ~15 minutes after completing the postural tremor 

conditions.   
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Postural Tremor 

The general procedures used in this study were virtually identical to that of Keogh et 

al. (2004).  Index finger, hand, forearm and upper arm tremor were recorded 

simultaneously by four lightweight (2.5 g) uniaxial Coulbourn T45-10 accelerometers 

during all postural pointing conditions.  Accelerometer signals were sampled at 100 

Hz, amplified through a Coulbourn transducer coupler (excitation voltage 5 V, gain 

1000) and filtered using a second order Butterworth low pass filter (cutoff frequency: 

50 Hz). 

Electromyographic (EMG) activity of the extensor digitorum (ED) and flexor 

digitorum superficialis (FDS) muscles were recorded using bipolar Ag/AgCl EMG 

electrodes.  These electrodes were positioned on the belly of each muscle in parallel 

with the direction of the underlying muscle fibres with an inter-electrode distance of 2 

cm.  All EMG signals were sampled at 1000 Hz, amplified using Coulbourn isolated 

bioamplifiers (V75-02) and filtered with a second order Butterworth band-pass filter 

between 1-400 Hz.  The filtered ED and FDS EMG data were subsequently 

normalised to a percentage of the peak EMG activity recorded in maximum voluntary 

contractions (MVC) of the finger extensors and flexors, respectively.   

The finger extensor and flexor MVC were performed at the beginning of each 

postural tremor testing session.  In order to achieve some familiarity with these tasks, 

subjects performed five submaximal contractions with each limb for both movements 

prior to being assessed.  After completing these warm-up contractions, three isometric 

MVC trials, all of ~4 s duration were performed with each limb for each of the two 

muscular actions.  The MVC were performed in a seated position with the trunk 

supported on a sturdy chair, the elbow of the selected arm bent to ~90o and the 

forearm and wrist supported on an armrest.  The finger extension MVC were 

performed with the forearm pronated, the metacarpophalangeal joint flexed to ~90o 

and the inter-phalangeal joints fully extended.  During the finger flexion MVC the 

forearm was held in a supinated position with the metacarpophalangeal joint extended 

so that flexion occurred at the first and second inter-phalangeal joints.  The maximum 

voltage obtained from the finger extension and flexion MVC were considered the 

muscle-specific maximum level of ED and FDS and muscle activity, respectively. 
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Upper Limb Strength  

Upper limb strength, as measured using the unilateral dumbbell bicep curl, wrist 

flexion and wrist extension exercises, was determined using a 5RM protocol similar 

to that of Hrysomallis and Kidgell (2001).  All 5RM assessments were performed in a 

seated position, with the upper body braced on the back-rest of a sturdy chair.  When 

performing the wrist flexion and wrist extension exercises the forearm was also 

supported on an armrest.   

Following five minutes of arm-cranking on the modified Monark cycle ergometer, 

subjects performed two progressively heavier warm-up sets of bicep curls for five 

repetitions per set.  Based on the apparent difficulty of the second warm-up set, the 

load was increased by 1-3 kg for the first 5RM attempt.  The heaviest weight lifted for 

five repetitions was designated the 5RM.  In each of the three exercises, strength was 

assessed in the preferred limb prior to that of the non-preferred limb.  After 

determining the 5RM bicep curl load for the preferred and non-preferred limb, the 

5RM loads for the wrist flexion and extension exercises were also determined.  

Ignoring the two warm-up sets, the 5RM for each exercise were usually obtained in 

two to three attempts.  

 

Data Analysis 

The amplitude of the index finger tremor and EMG signals was obtained by 

calculating the root mean square (RMS) using a bin size of 100 ms.  The RMS EMG 

values were normalised to a percentage of the maximum RMS EMG amplitude 

obtained from the relevant MVC.  The mean normalised ED and FDS EMG amplitude 

values were then used to give an estimate of the degree of upper limb co-activation 

via the calculation of the co-activation index (CI) (Hortobagyi & DeVita, 2000).  The 

CI is defined as; 

 

Co-activation index (CI) (%) =  EMG FDS      

x 100        (Eq 5.1) 

     EMGED  
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As the majority of tremor power was observed within the 2-4 Hz and 8-12 Hz peaks, 

power spectral analysis was conducted within these two bandwidths.  The power 

spectral analyses were performed using a 256-point non-overlapping Hanning 

window with a 0.391 Hz binwidth.  Within each of these bandwidths, peak power and 

the proportion of total power (proportional power) were calculated.  Cross correlation 

and coherence analyses were used to quantify the coupling relations between the 

tremor signals (intra-limb coupling) in the time and frequency domains, respectively.  

Coherence analysis was performed using the same procedures and within the same 

frequency bandwidths as the tremor power spectrum.  All data analyses were 

performed using custom-written Matlab software (The Mathworks Inc, release 12 

version 6.0). 

 

Statistical Analysis 

Prior to assessing the effect of training on tremor control and upper limb strength, a 

repeated measures ANOVA was used to determine the effect of one between factor 

(group – control, strength and coordination-training) on the pre-training (baseline) 

scores for all dependent variables (5RM strength, tremor and EMG characteristics and 

coupling relations).  Where a significant main effect for group was observed, post-hoc 

analysis was performed using Tukey’s honestly significant difference tests to 

determine where the significant inter-group differences existed.   

As significant between-group differences were observed for a number of the 

dependent variables at baseline, a repeated measures ANCOVA was used to 

determine the effect of two between factors (strength- and coordination-training) and 

up to two within factors (limb and postural pointing condition) on performance.  The 

effect statistic used in all ANCOVA was the between-group difference (training group 

versus the control group) for the change (post-test minus pre-test) scores.  These 

change scores were calculated for the three groups across all combinations of subject, 

limb and where applicable, pointing condition.  Fixed effects in the ANCOVA model 

were all possible main effects and interactions between group (control, strength- and 

coordination-training), limb (trained and untrained) and postural pointing condition 

(NT, BT, CT and FT).  Pre-test scores were used as the co-variate in all ANCOVA to 

control for any pre-test between-group differences.  
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All variables entered into the ANCOVA were log-transformed prior to analysis to 

reduce non-uniformity and to express the between-group change scores as a percent 

difference (Hopkins, Hawley, & Burke, 1999).  The magnitude of the effect of the 

strength- and coordination-training programs on the dependent variables was given by 

calculating Cohen effect sizes (Cohen, 1988), as recommended by Atkinson and 

Nevill (2001) and Mullineaux et al. (2001).  According to Cohen (1988), effect sizes 

< 0.20, < 0.50, < 0.80 and > 0.80 represent trivial, small, moderate and large effects, 

respectively.  The change score data are reported as the mean ± 95% confidence limit.  

When presented in the text, the change score data are given as effect sizes (ES), 

whereas the data shown in the figures is expressed as percent change scores.   

A repeated measures ANOVA was used to determine the effect of one between 

factor (time – post-test versus pre-test) on all of the dependent variables for the 

control group.  This set of analyses was performed so to ascertain whether the 

significant between-group effects were a result of an improvement by the training 

groups or a decline for the control group. All analyses were performed using SAS 

statistical software (SAS Institute Inc., Cary, NC, USA), with significance set at p < 

0.05.   

  

Results 
The training attendance rate of the 14 subjects in the resistance-training groups was 

99.4%. Results of the baseline (pre-training) between-group ANOVA revealed 

significant main effects for tremor amplitude, peak and proportional tremor power as 

well as upper limb strength (all p’s < 0.05).  Post-hoc analysis revealed that the 

strength-training group typically had significantly less tremor output (amplitude and 

8-12 Hz power) and lower levels of upper limb strength than the control and/or 

coordination-training group.  The baseline characteristics of the three groups are 

displayed in Table 5.1.  
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Table 5.1: Pre-training (baseline) characteristics for the three groups.   

  

Control  

(n = 5) 

 

Strength  

(n = 7) 

 

 

Coordination  

(n = 7) 

  

 

Age (yrs) 

 

      75.8 ± 2.6 

 

      75.0 ± 1.7 

 

      74.7 ± 2.7 

Height (cm)     179.0 ± 4.2     171.4 ± 6.4     174.0 ± 6.6 

Mass (kg) 87.0 ± 10.4       71.7 ± 6.9 85.8 ± 19.6 

Tremor Amplitude (m.s-2)     0.37 ± 0.18a,b 0.27 ± 0.10 0.31 ± 0.16 

Peak 2-4 Hz Tremor Power 

(m.s-2)2 

0.24 ± 0.22 0.25 ± 0.38 0.21 ± 0.16 

Peak 8-12 Hz Tremor Power 

(m.s-2)2 

      5.05 ± 10.84a,b  1.20 ± 1.56b 3.12 ± 6.04 

Proportional 2-4 Hz Tremor 

Power (%) 

    5.9 ± 3.7a,b 7.9 ± 4.1 7.4 ± 4.3 

Proportional 8-12 Hz Tremor 

Power (%) 

  59.3 ± 15.2a  48.7 ± 10.7b 56.4 ± 14.5 

5RM Bicep Curl (kg)       10.1 ± 1.1a  8.8 ± 1.2b         9.8 ± 1.2 

5RM Wrist Flexion (kg) 12.3 ± 2.2a  9.8 ± 1.2b       11.1 ± 1.2 

5RM Wrist Extension (kg)   6.7 ± 0.9a 

 

5.5 ± 0.9 

 

6.2 ± 1.1 

 
All data are presented as mean ± standard deviation.  Significantly different (p < 0.05) to the astrength- 

and bco-ordination training group. 
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Muscular Strength 

No significant change in 5RM bicep curl (pre 10.1 ± 1.1 kg, post 9.4 ± 0.8 kg), wrist 

flexion (pre 12.3 ± 2.2 kg, post 12.1 ± 2.4 kg) or wrist extension (pre 6.7 ± 0.9 kg, 

post 6.9 ±  1.3 kg) strength was found for the control group over the duration of the 

study (all p’s > 0.05).  The strength-training group experienced significantly greater 

increases in muscular strength than the control group for all three exercises (bicep curl 

ES 1.19 ± 0.87; wrist flexion ES 2.71 ± 0.88; wrist extension ES 0.77 ± 0.63; p’s < 

0.05).  Significantly greater increases in bicep curl (ES 1.38 ± 0.84) and wrist flexion 

(ES 1.27 ± 0.85) strength were also observed for the coordination-training than 

control group (all p’s < 0.05).  Although there was a trend for these increases in 

muscular strength to occur in both the trained and untrained limb, the only significant 

improvement in the untrained limb’s strength was observed in the wrist flexion 

exercise for the strength-training group (ES 2.10 ± 1.24, p < 0.05).  The percent 5RM 

strength change scores for the training groups with respect to the control group are 

presented in Figure 5. 2.  
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Figure 5.2: Percent 5RM bicep curl (top), wrist flexion (middle) and wrist extension (bottom) change 

scores for the strength- (left) and coordination-training (right) groups compared to the control group.  A 

positive change score represents a greater percentage increase in strength for the training than control 

groups.  All percent change score data are presented as mean ± 95% confidence limit.  * Indicates a 

significantly greater change for the training than control group.  

 

Strength-Training Coordination-Training 
  Bicep Curl 

Wrist Flexion 

Wrist Extension 

* *

*

*
*

*



Chapter 5: Training and Postural Tremor 

 106

Postural Tremor 

Representative time-series and frequency-domain index finger tremor data for the 

control, strength- and coordination-training groups is presented in Figure 5.3.  

 

Tremor Amplitude 

No significant change in index finger RMS tremor amplitude was observed for the 

control group (pre 0.37 ± 0.18 m.s-2, post 0.37 ± 0.16 m.s-2; p > 0.05).  The strength- 

(ES -0.42 ± 0.24, p < 0.05) and coordination-training (ES -0.39 ± 0.22, p < 0.05) 

groups experienced significantly greater overall reductions in index finger tremor 

amplitude than the control group.  The reduction in tremor amplitude for the strength-

training group was statistically significant for the trained limb (ES -0.57 ± 0.29, p < 

0.05) but not the untrained limb (ES -0.26 ± 0.37, p > 0.05).  This contrasted with the 

results for the coordination-training group, where a significant decrease in tremor 

amplitude was observed for both the trained (ES -0.41 ± 0.27, p < 0.05) and untrained 

(-0.38 ± 0.31, p < 0.05) limb.   

The possible influence of postural pointing condition (NT, BT, CT, FT) on the 

between-group tremor amplitude change scores was also assessed.  In the strength-

training group the mean tremor amplitude effect sizes for the four pointing conditions 

ranged from (trained limb ES -0.18 to -0.95; untrained limb ES -0.18 to -0.41).  For 

the coordination-training group the mean effect sizes were (trained ES -0.23 to -0.65; 

untrained ES -0.23 to -0.52).  Although only in some of these conditions were the 

changes statistically significant, the effect sizes indicated that the mean reductions in 

the training groups’ tremor amplitude for all conditions were generally of a small to 

moderate magnitude.  The percent tremor amplitude change scores for the training 

groups compared to that of the control group are displayed in Figure 5.4.   
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Figure 5.3: Representative pre-training (baseline) index finger tremor time-series (left column) and 

frequency-domain (right column) data for the control, strength- and coordination-training groups.   
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Figure 5.4: Percent index finger tremor amplitude change scores for the strength- (top) and 

coordination-training (bottom) groups compared to that of the control group.  Data for the trained limb 

is displayed in the left column and data for the untrained limb on the right.  NT = no target, BT = blank 

target, CT = close target, FT = far target.  A negative change score indicated that the percentage 

decrease in tremor amplitude for the training groups was greater than that of the control group.  All 

percent change score data are presented as mean ± 95% confidence limit.  * Indicates a significantly 

greater change for the training than control group. 
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Tremor Power Spectrum 

No significant change in 8-12 Hz peak power (pre 5.05 ± 10.84 (m.s-2)2, post 4.95 ± 

6.07 (m.s-2)2) was observed for the control group (p > 0.05).  Similarly, no significant 

changes were identified for the control groups in terms of proportional tremor power 

between 2-4 Hz (pre 5.9 ± 3.7%, post 5.5 ± 4.5%) or 8-12 Hz (pre 59.3 ± 15.2%, post 

60.5 ± 19.2%) (all p’s > 0.05).  The control group did however experience a small yet 

significant reduction in 2-4 Hz peak tremor power (pre 0.24 ± 0.22 (m.s-2)2, post 0.19 

± 0.12 (m.s-2)2; p < 0.05). 

The change in peak 2-4 Hz power for the strength- (ES -0.22 ± 0.27) and 

coordination-training (ES -0.01 ± 0.20) groups did not differ significantly to that of 

the control group (all p’s > 0.05).  This contrasted with the results for peak 8-12 Hz 

power where the strength- (ES -0.66 ± 0.34, p < 0.05) and coordination-training (ES -

0.50 ± 0.33, p < 0.05) groups experienced significantly greater reductions than the 

control group.  The reduction in peak 8-12 Hz power for the two training groups was 

statistically significant in both the trained and untrained limb (all p’s < 0.05).  

Across the four pointing conditions the mean 8-12 Hz peak power effect sizes for 

the strength-training group was (trained ES -0.70 to -1.03; untrained ES -0.23 to -

0.86).  The mean effect size change scores for the coordination-training group were 

(trained ES -0.46 to -0.54; untrained ES -0.24 to -0.61).  While only some of these 

changes were statistically significant, the mean effect size for each condition indicated 

that the reductions in 8-12 Hz peak power were of a small to large magnitude.  The 

percent peak tremor power change scores for the training groups compared to that of 

the control group are presented in Figure 5.5.   
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Figure 5.5a: Percent index finger peak 2-4 Hz tremor power change scores for the strength- (top) and 

coordination-training (bottom) groups compared to that of the control group.  Data for the trained limb 

are displayed in the left column and data for the untrained limb on the right.  NT = no target, BT = 

blank target, CT = close target, FT = far target.  Negative and positive change scores indicated that the 

percentage decrease or increase in peak power, respectively for the training groups was greater than 

that of the control group.  All percent change score data are presented as mean ± 95% confidence limit. 
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Figure 5.5b: Percent index finger peak 8-12 Hz tremor power change scores for the strength- (top) and 

coordination-training (bottom) groups compared to that of the control group.  Data for the trained limb 

are displayed in the left column and data for the untrained limb on the right.  NT = no target, BT = 

blank target, CT = close target, FT = far target.  Negative change scores indicated that the percentage 

decrease in peak power for the training groups was greater than that of the control group.  All percent 

change score data are presented as mean ± 95% confidence limit.  * Indicates a significantly greater 

change for the training than control group. 
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The proportion of power between 2-4 Hz increased to a significantly greater extent 

for the strength- (ES 0.58 ± 0.33, p < 0.05) and coordination-training (ES 0.66 ± 0.31, 

p < 0.05) than control group.  These increases in 2-4 Hz proportional power were 

statistically significant in both the trained and untrained limb for the two training 

groups (all p’s < 0.05).  Across the four conditions, the mean 2-4 Hz proportional 

power effect sizes for the strength-training group ranged from (trained ES 0.23 to 

0.93; untrained ES 0.26 to 0.77).  This was similar to the mean effect size change 

scores for the coordination-training group (trained ES 0.41 to 1.05; untrained ES 0.39 

to 0.64).  While only some of these changes were statistically significant, the mean 

effect sizes indicated that the increase in 2-4 Hz proportional power for all of the 

conditions was small to large in magnitude. 

No significant main effect was observed for the 8-12 Hz proportional power change 

score in the strength- (ES -0.26 ± 0.36, p > 0.05) or coordination-training (ES -0.14 ± 

0.38, p > 0.05) groups.  However, a significantly greater reduction in proportional 8-

12 Hz power was observed for the trained limb of the strength-training compared to 

the control group (ES -0.50 ± 0.48, p < 0.05).  Across the four conditions performed 

by the trained limb, the decreases in 8-12 Hz proportional power for the strength-

training group ranged from (ES -0.32 to -0.64), indicating that the reductions in the 

trained limb’s 8-12 Hz proportional tremor power were of a small to moderate 

magnitude.  The proportional tremor power change scores for the training groups 

compared to that of the control group is presented in Figure 5.6.   
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Figure 5.6a: Percent index finger proportional 2-4 Hz tremor power change scores for the strength- 

(top) and coordination-training (bottom) groups compared to that of the control group.  Data for the 

trained limb are displayed in the left column and data for the untrained limb on the right.  NT = no 

target, BT = blank target, CT = close target, FT = far target.  Positive change scores indicated that the 

percentage increase in proportional power for the training group was greater than that of the control 

group.  All percent change score data are presented as mean ± 95% confidence limit.  * Indicates a 

significantly greater change for the training than control group. 
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Figure 5.6b: Percent index finger proportional 8-12 Hz tremor power change scores for the strength- 

(top) and coordination-training (bottom) groups compared to that of the control group.  Data for the 

trained limb are displayed in the left column and data for the untrained limb on the right.  NT = no 

target, BT = blank target, CT = close target, FT = far target.  Negative and positive change scores 

indicated that the percentage decrease or increase in proportional power, respectively for the training 

group was greater than that of the control group.  All percent change score data are presented as mean 

± 95% confidence limit.   
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Muscular Activity  

No significant change in upper limb co-activation, as estimated by the CI was 

observed for the control group (pre 41.3 ± 25.4%, post 40.3 ± 19.4%; p > 0.05).  The 

strength (ES -0.29 ± 0.29, p < 0.05) and coordination-training (ES -0.29 ± 0.27, p < 

0.05) groups experienced significantly greater reductions in the CI than the control 

group.  These significant reductions in the CI were confined to the trained limb for 

both the strength- (ES -0.55 ± 0.37, p < 0.05) and coordination-training (ES -0.45 ± 

0.27, p < 0.05) groups.   

In the strength-training group the mean CI effect sizes for the four conditions ranged 

from (trained ES -0.38 to -0.84; untrained ES -0.43 to 0.30).  The coordination-

training group mean effect sizes were (trained ES -0.24 to -0.57; untrained ES -0.12 to 

-0.29).  Although only in a small number of these conditions did these reductions in 

the CI obtain statistical significance, the range of mean CI effect sizes indicted that 

the changes for the trained limb were generally of a small to moderate magnitude.  

The percent change scores for the CI are shown in Figure 5.7.   
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Figure 5.7: Percent co-activation index (CI) change scores for the strength- (top) and coordination-

training (bottom) groups compared to that of the control group.  Data for the trained limb are displayed 

in the left column and data for the untrained limb on the right.  NT = no target, BT = blank target, CT = 

close target, FT = far target.  Negative and positive change scores indicated that the percentage 

decrease or increase in the CI, respectively for the training group was greater than that of the control 

group.  All percent change score data are presented as mean ± 95% confidence limit.  * Indicates a 

significantly greater change for the training than control group. 
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Intra-Limb Coupling 

Little change in the strength of the coupling within the distal (index finger-hand) or 

proximal (forearm-upper arm) segment pairs was observed for the training or control 

groups in either the time- or frequency-domain.  As a consequence, the change scores 

for the majority of the intra-limb coupling measures were not significantly different 

between the resistance-training and control groups.  The only exceptions were that the 

changes in forearm-upper arm coupling for the strength- (cross-correlation ES -1.01 ± 

0.41; coherence 8-12 Hz ES -1.01 ± 0.30; p’s < 0.05) and coordination-training 

(cross-correlation ES -0.91 ± 0.43; coherence 8-12 Hz ES -1.14 ± 0.34; p’s < 0.05) 

groups were significantly less than that of the control group.  These between-group 

differences in forearm-upper arm coupling were generally statistically significant in 

both the trained and untrained limb, the only exception being the non-significant 

change in the forearm-upper arm cross-correlation for the trained limb of the 

coordination-training group (ES -0.36 ± 0.62; p > 0.05). 

Across the four conditions, the strength-training group had mean forearm-upper arm 

coupling effect sizes of (trained ES -0.66 to -1.87; untrained ES -0.31 to -1.35).  In the 

coordination-training group the mean effect sizes ranged from (trained ES -0.05 to -

1.83; untrained ES -0.26 to -1.68).  Many of these between-group differences in 

forearm-upper arm coupling were statistically significant, with the magnitude of these 

changes generally being moderate to large. 

 

Discussion 
The present study was conducted to assess the effect of short-term dumbbell 

strength- or coordination-training on the tremor control of older adults.  Changes in 

tremor output were assessed across four pointing conditions for both the trained and 

untrained limb.  Power spectral, EMG and intra-limb coupling measures were 

recorded to gain further insight into the mechanism(s) underlying the potential change 

in the tremor output of older adults. 

 

Training and Tremor Output 

Six weeks of resistance-training performed with either a strength or coordination 

focus resulted in a significant overall reduction in tremor amplitude for older adults.  
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This improvement in tremor control appeared inconsistent with previous findings for 

strength-training (Bilodeau et al., 2000) but in accordance with studies involving 

coordination- (Ranganathan, Siemionow, Saugen et al., 2001) and biobehavioural-

training (Chung et al., 1995; Lundervold et al., 1999).      

It was observed that the greatest reductions in tremor amplitude for the training 

groups occurred during performance of the CT and FT conditions, conditions that 

involved augmented visual feedback and had specific targeting requirements.  The 

greater decline in tremor amplitude for these conditions may reflect the greater 

potential for change in conditions involving augmented visual feedback, as 

significantly greater tremor amplitude has been observed in FT than NT conditions 

(Keogh et al., 2004; Morrison & Keogh, 2001).  Keogh and colleagues have proposed 

that the increased levels of tremor for the FT than NT condition reflects the relative 

inability of novice subjects to effectively use augmented visual feedback and targeting 

constraints during unsupported postural pointing.  The significant reduction in tremor 

amplitude for the CT and FT conditions is an important finding as it demonstrates that 

older adults retain sufficient neural plasticity to improve their tremor control across a 

broad spectrum of goal-directed postural activities, with the greatest changes tending 

to occur in the most challenging postural conditions.   

In any training study, the generality of response is an important consideration (Baker 

et al., 1994; Barry & Carson, 2004).  Initial studies into the effect of training on upper 

limb fine-motor (i.e. postural tremor or digit force) control indicated that significant 

improvements in function were confined to the specific tasks performed in training 

(Bilodeau et al., 2000; Chung et al., 1995; Lundervold et al., 1999).  More recent 

findings by Ranganathan, Siemionow, Saugen et al. (2001) and the present study 

suggest that heavy- and moderate-load (coordination-type) resistance-training can 

both produce a more “general” adaptation, with enhanced tremor control evident even 

in tasks not practiced in training.  The generality of these responses is an important 

finding, as it would be impractical for older adults to practice each specific activity of 

daily living in which an age-related increase in tremor amplitude negatively affects 

their performance (Barry & Carson, 2004).   

Although the emphasis of the current study was on determining if resistance-training 

could improve tremor control in older adults, these results may also have applications 

to athletes in sports such as archery and target shooting.  This is due to the many 

similarities between these activities and the postural pointing conditions used in the 
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present study.  Comparable to the pointing tasks used in the current study, archery and 

pistol shooting are performed in a standing posture with the unsupported arm held 

outstretched.  These type of sporting activities also appear to rely on visual and/or 

proprioceptive feedback to minimise tremor amplitude and maximise targeting 

accuracy (Lakie et al., 1995; Leroyer et al., 1993).  Upper limb strength- or 

coordination-training may therefore also be of benefit to athletes in these two sports.  

Such a contention would complement the findings of Leroyer et al. (1993) who 

proposed that an increase in upper limb strength could reduce tremor amplitude and 

improve archery performance.  

 

Mechanisms Underlying Improved Tremor Control 

As well as demonstrating that two forms of resistance-training can significantly 

reduce tremor amplitude in neurologically normal older individuals, the present study 

sought to gain some insight into the potential mechanism(s) contributing to this 

change.  It was expected that any training-related reduction in tremor amplitude 

would reflect, at least in part changes in the frequency content of the tremor output, 

co-activation of the upper limb muscles and intra-limb coupling.  Although no 

significant change in intra-limb coupling was observed for the training groups, they 

experienced significant reductions in 8-12 Hz peak tremor power and upper limb co-

activation.  These findings suggest that the training groups’ reduced tremor amplitude 

resulted from a number of neural adaptations to resistance-training. 

The origins of the 8-12 Hz (neurogenic) tremor peak is well documented, reflecting 

the output of central oscillators that modulate alpha motoneuron activity (Elble & 

Koller, 1990; Elble & Randall, 1976).  The attenuation of 8-12 Hz power implies that 

resistance-training was effective in reducing the level of (excessive) upper limb 

muscle activity during postural pointing.  This view is consistent with the significant 

reduction in the co-activation index observed for the two training groups.  Similar 

results linking a decrease in upper limb muscle activity/co-activation to an 

improvement in tremor control have been reported for pathological tremor patients 

performing biobehavioural-training (Chung et al., 1995; Lundervold et al., 1999).  It 

is therefore plausible that any intervention that reduces excessive levels of upper limb 
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muscle activity may improve the control of tremor in neurologically normal older 

adults as well as pathological tremor patients.   

 

Cross-Education  

There was a tendency for the two training groups to improve their level of tremor 

control and strength in both the trained and untrained limb.  Such improvements in the 

function of the untrained limb were statistically significant for wrist flexion strength 

and tremor amplitude for the strength- and coordination-training groups, respectively.  

This apparent transfer of training-related improvement from the trained to the 

untrained limb has been termed cross-education or cross-transfer (Enoka, 1988; Zhou, 

2000).   

As cross-education is considered a neural adaptation to unilateral training (Enoka, 

1988; Zhou, 2000), the significant reduction in tremor amplitude for the coordination-

training group’s untrained limb would appear to be neurally mediated.  Six weeks of 

resistance-training, as used in the present study will not generally produce significant 

muscular hypertrophy in the trained limb either (Grabiner & Enoka, 1995; Housh et 

al., 1998a; Staron et al., 1994).  On this basis, the improvement in the trained limb’s 

tremor control and strength would also reflect neural, rather than morphological 

adaptations.  This further highlights the influence of the neural component on postural 

tremor, whereby modulation of any number of neural processes can alter the resulting 

tremor output at the peripheries (Elble & Randall, 1976; Halliday, Conway, Farmer, 

& Rosenberg, 1999; Morrison et al., 2005; Morrison & Newell, 2000a). 

The significant postural tremor cross-education effect observed for the coordination-

training group occurred as a result of performing a training program that involved no 

postural pointing-type activities.  This is in contrast to the literature whereby 

significant cross-education effects for gross- (Bemben & Murphy, 2001; Hortobagyi 

et al., 1997; Housh et al., 1998a) and fine-motor control (Andree & Maitra, 2002; 

Lazarus & Haynes, 1997) have only been observed when performing the actual task 

practiced in training by the trained limb.  By demonstrating that cross-education (at 

least for tremor amplitude in older adults) is not movement-task specific, it would 

appear that cross-education is more of a general adaptation to unilateral resistance-

training than is currently believed.  
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If unilateral training can indeed produce significant general cross-education effects, 

it may be used more extensively in clinical practice with patients suffering from 

unilateral musculoskeletal or neurological conditions.  This belief would be consistent 

with Stromberg (1986; 1988) who has proposed that unilateral resistance-training of 

the contralateral (unaffected) limb may attenuate the decline in, or even improve the 

gross- and fine-motor function of the injured/affected limb.  Unfortunately, little 

experimental support currently exists for this viewpoint, as the majority of the cross-

education literature has been conducted using healthy young adult subjects.  Future 

cross-education research should therefore be conducted with patients suffering from 

unilateral musculoskeletal or neurological conditions.   

 

Conclusions 
The present study appears to be the first to objectively report significant reductions 

in postural tremor amplitude for neurologically normal older adults as a consequence 

of strength- or coordination-training.  As no postural pointing was performed in 

training, these improvements in tremor control were general adaptations to training.  

The decrease in the tremor amplitude tended to be observed in both the trained and 

untrained limb, although the reduction in the untrained limb’s tremor only reached 

statistical significance for the coordination-training group.  The significant training-

related reductions in tremor amplitude were most pronounced between 8-12 Hz and 

were associated with significantly reduced levels of upper limb co-activation.  These 

findings suggest that the training-related improvements in the older adults’ tremor 

control were primarily a result of neural adaptations to training. 

 

 



Chapter 6: Aging and Force Tremor 

 122

 

 
 

 

 

 

 

 

CHAPTER 6: AGE-RELATED 

DIFFERENCES IN INTER-DIGIT 

COUPLING DURING FINGER 

PINCHING 



Chapter 6: Aging and Force Tremor 

 123

Summary 
The present study was designed to examine the finger-pinch force control, digit 

force sharing and digit coupling relations of 13 young and 14 older adults.  Subjects 

performed four isometric tri-digit finger-pinch force production conditions reflecting 

all combinations of mean force level (20% and 40% MVC) and target shape (constant 

and sinusoidal).  Older adults had significantly reduced force control, as indicated by 

their greater levels of absolute and relative force variability and targeting error than 

young adults.  The age-related loss of relative force control was more pronounced at 

low (20% MVC) than high (40% MVC) forces, and to a lesser extent, in sinusoidal 

than constant force conditions.  Older adults had significantly greater peak and 

proportional power below 1.5 Hz than young adults, with this especially pronounced 

in constant force conditions.  Digit force sharing results indicated that the index 

finger’s contribution to total force was increased and the middle finger’s contribution 

reduced in older than young adults.  The results of the cross-correlation analyses 

revealed that older subjects had a significantly reduced level of coupling between the 

middle finger and the target force, thumb force and EMG signals, with longer time 

lags in comparison to young adults.  These differences in force sharing and middle 

finger force coupling were more pronounced in sinusoidal than constant force 

conditions.  Overall, these results suggest that the older adults’ reduced force control 

reflected age-related differences in the sharing and coupling of the finger forces.  The 

results also highlighted that tasks of this nature display a degree of task-dependency, 

with these overall differences in digit force output and coupling not consistently 

observed across all force conditions.   

 

Introduction 
Upper limb activities of daily living such as dressing, drinking, eating and writing 

require high levels of skilled hand function and manual dexterity (Carmeli et al., 

2003; Schieber & Santello, 2004).  Unfortunately, hand function and dexterity 

typically deteriorate as a consequence of the aging process (Carmeli et al., 2003; 

Hackel et al., 1992; Ranganathan, Siemionow, Saghal et al., 2001).  As optimal hand 

function requires a high level of digit force control (Carmeli et al., 2003; Enoka et al., 

2003; Schieber & Santello, 2004), the reduced performance of older adults in upper 

limb activities of daily living could reflect a relative loss of force control.  Such a 
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proposal appears consistent with the significantly increased finger-pinch force 

variability and targeting error found in older than young adults (Christou et al., 2004; 

Cole, 1991; Kinoshita & Francis, 1996; Lazarus & Haynes, 1997; Ranganathan, 

Siemionow, Saghal et al., 2001; Shim et al., 2004).   

This age-related decline in force control is commonly believed to reflect changes in 

motor unit (MU) control and sensorimotor function.  Examples of these changes may 

include increases in the older adults’ increased average MU force (Galganski et al., 

1993; Keen et al., 1994), MU firing rate variability (Laidlaw et al., 2000) and 

modulation of MU firing rate (Enoka et al., 2003; Semmler et al., 2003), altered 

synchrony between MU recruitment and MU firing rate (Erim et al., 1999) and 

reduced tactile sensitivity (Cole, 1991; Kinoshita & Francis, 1996).  Another factor 

that may affect finger-pinch force control is the pattern of coupling (coordination) 

between the digits and/or muscles (Santello & Soechting, 2000; Sharp & Newell, 

2000; Sosnoff et al., 2005).  While the relationship between force control and inter-

digit force coupling for young adults may be more pronounced when the rate of visual 

feedback is reduced (Sosnoff et al., 2005), there has been no consistent conclusion as 

to whether differences in digit force coupling contribute to the relative decline in 

finger-pinch force control for older subjects.  For instance, while Vaillancourt and 

colleagues (2002) reported no age-related differences in targeting error or inter-digit 

coordination for a two-digit finger-pinch task, Shim et al. (2004) observed greater 

targeting error and different digit force coordination patterns in older than young 

adults during five-digit finger-pinching.  For the latter study, the age-related 

differences were typified by the older adults having an increased contribution of the 

lateral (index and middle) fingers and a reduced contribution of the medial (ring and 

little) fingers to total finger-pinch force, as well as a decrease in the degree of inter-

digit coupling (co-variation).  This set of results supports the general view that the 

dynamics of digit force production is task-dependent, that is, the resultant control 

strategy employed and the ultimate level of performance (i.e. force control) can be 

influenced by many factors.  These may include the magnitude and shape (e.g. 

constant vs sinusoidal) of the target force, the limb (preferred vs non-preferred) used 

as well as the number of effectors (digits) involved in the task (Jordan & Newell, 

2004; Morrison & Newell, 1998; Sharp & Newell, 2000; Vaillancourt & Newell, 

2003).   
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The effect of the aging process on force control also appears task-dependent.  For 

example, the age-related decline in digit force control is greater at low than high 

forces (Keen et al., 1994; Laidlaw et al., 2000; Vaillancourt et al., 2003) and during 

sinusoidal rather than constant force production (Vaillancourt et al., 2003; 

Vaillancourt & Newell, 2003).  While several oscillatory mechanisms may mediate 

these interaction effects (Enoka et al., 2003; Sosnoff et al., 2004), all of these studies 

utilised index finger abduction not finger-pinch force production tasks.  As there may 

be only moderate relationships between the degree of force control exhibited across 

different muscle groups and force production tasks (Enoka et al., 2003; Tracy, 

Mehoudar, Ortega, & Enoka, 2002), it is unknown if the age-related differences in 

finger-pinch force control would exhibit similar levels of task-dependency to that 

observed for index finger abduction force production.   

The primary purpose of the present study was to examine the effect of the aging 

process on finger-pinch force control, digit force sharing and force coupling during 

tri-digit finger-pinch tasks.  A secondary aim was to determine the extent to which the 

expected age-related differences in these dependent variables would be task-

dependent i.e. affected by the mean force level, target shape and limb preference.  It 

was hypothesised that the older adults would have significantly greater finger-pinch 

force variability and targeting error than young adults, and that this decline in function 

would be related to differences in the relative sharing and coupling of the digit forces 

and muscles during grasping.  The age-related differences in force control and 

coupling were expected to be more pronounced at low (20% maximum voluntary 

contraction – MVC) than high (40% MVC) forces and during sinusoidal than constant 

force conditions.  It was anticipated that the results of this study would add to our 

understanding of the mechanisms contributing to the age-related decline in force 

control and hand function, and therefore have implications for the design of 

appropriate intervention strategies. 

 

Methods 

Subjects 

Thirteen young (age: 23.8 ± 4.7 yrs; height: 175.3 ± 6.9 cm; mass: 73.8 ± 11.9 kg) 

and fourteen older adults (age: 75.7 ± 2.5 yrs; height: 174.8 ± 7.7 cm; mass: 79.9 ± 

14.0 kg) consented to participate in this study.  Subjects were physically active and 
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reported no known neurological, musculoskeletal, sensory or cognitive impairments 

that could affect their testing performance.  All subjects had normal vision or had 

their vision corrected by the use of eyewear.  The Griffith University Human 

Research Ethics Committee granted ethical approval for this experiment. 

 

Design 

Subjects participated in the following four tri-digit finger-pinch conditions; 20% 

MVC, 40% MVC, 20 ± 5% MVC and 40 ± 5% MVC.  These four force conditions 

represented all possible combinations of two independent measures, mean force level 

(20% MVC and 40% MVC) and target shape (constant and sinusoidal).  The 

sinusoidal target shape waveforms oscillated at 0.1 Hz with an amplitude of ± 5% 

MVC around the mean forces of 20% MVC or 40% MVC.  Twelve 20 s trials were 

performed for each of these four force conditions.  For each condition, six trials were 

performed with the preferred limb and six with the non-preferred limb.  The 

presentation of each force condition and limb preference was counter-balanced to 

prevent any order effects.   

The goal of the pinch tasks, as was made explicit to each subject was to match total 

finger-pinch force output to the target force.  The force output of the individual digits 

(thumb, index and middle finger) and electromyogram (EMG) activity of the flexor 

pollicus brevis (FPB) and flexor digitorum superficialis (FDS) muscles were recorded 

during all conditions.  The FPB and FDS muscles were selected as they are important 

thumb and finger flexor agonists, respectively (Li, Zatsiorsky, & Latash, 2000).   

 

Procedures and Apparatus 

MVC Measurement.  Prior to performing the pinch tasks, each subject performed a 

series of finger-pinch MVC from which the 20% and 40% MVC loads were 

calculated.  During the MVC, subjects were required to press as forcefully as possible 

against the load cells for ~4 s with the thumb, index finger and middle finger of the 

selected hand.  Subjects performed three MVC trials with each limb, with 60 s rest 

allowed between each trial.  The greatest force recorded in any of the three MVC 

trials for a particular limb was considered the limb-specific MVC. 
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Pinch Task.  The pinch forces of the thumb was measured using a XTran 250 N S-

beam load cell transducer (Applied Measurement) while the index and middle finger 

forces were recorded from two miniature BC302 117.6 N (Australasia Scales) button 

load cell transducers.  These two miniature load cells were embedded in a cross-beam 

that was securely attached to the larger S-beam load cell.  Each miniature load cell 

was positioned in the cross-beam equidistant from the axis of sensitivity of the XTran 

button load cell.  A schematic illustration of the grasping position and load cell setup 

is shown in Figure 6.1.  In this grasping position, the force generated by the thumb 

was the total force and was theoretically equal to the sum of the index and middle 

finger forces.  All load cells had an excitation voltage of ± 10 V and a sensitivity of 2 

mV/V.  Kinetic data were sampled at 1000 Hz and filtered using a second order 

Butterworth low pass filter (cutoff frequency: 20 Hz).  The load cells were calibrated 

using a two-point procedure that involved recording the voltage produced from two 

known loads applied over the axis of sensitivity of each transducer.   
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Figure 6.1: Experimental setup for the recording of digit forces during the tri-digit finger-pinch tasks.  

The Insert depicts the positioning of the miniature load cells in the cross-beam. 
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During testing subjects were seated on a chair positioned ~80 cm in front of a 17-

inch (~43 cm) computer monitor that displayed the target force and the subject’s total 

pinch force output.  While the subject’s force output was shown in real-time, the 

target force was displayed in full prior to the commencement of each trial.  The 

selected upper arm was bent to 90o at the elbow, the forearm supported on an armrest 

and held in a neutral (supination/pronation) position.  The pulp of the thumb, index 

finger and middle finger were positioned over each of the three load cells, with the 

thumb and index finger superior to the remaining fingers.  The hand and the load cells 

were not supported by the armrest, but were held stationary by mild isometric 

contraction of the wrist abductors.  This position was maintained throughout all trials 

so to ensure that the axes of sensitivity of the load cells always remained parallel to 

the ground.   

Activity of the FDS and FPB muscles was recorded using bipolar Ag/AgCl EMG 

electrodes positioned on the belly of each muscle (inter-electrode distance 1.5 cm), in 

parallel with the direction of the underlying muscle fibres.  All EMG signals were 

sampled at 1000 Hz, amplified using Coulbourn isolated bioamplifiers (V75-02), and 

stored on computer for further analysis.  EMG data were subsequently filtered with a 

second order Butterworth low-pass filter with the cut-off frequency set at 400 Hz.  

Impedance of the electrode-skin interface was kept below 5 kΩ. 

Tactile Sensitivity.  The tactile sensitivity of the digits involved in the finger-

pinching tasks was quantified with Semmes-Weinstein mono-filaments (Smith and 

Nephew Rowland) using the force-choice method (Mueller, 1996).  These 

monofilaments produce a reliable buckling force and were identified by numbers 

ranging from 1.65 to 6.65, with higher nominal values indicating greater filament 

stiffness and reduced tactile sensitivity (Mueller, 1996).  The mono-filaments were 

applied perpendicularly to the central, palmar portion of the distal segment of each 

digit with sufficient force to cause the monofilament to buckle for approximately 1 s.  

The smallest diameter mono-filament that the subject could detect on at least four out 

of five occasions was recorded for each digit.   

 

Data Analysis 

Force and EMG Measures.  Similar to the methods of Ranganathan, Siemionow, 

Saugen et al. (2001), kinetic and electromyographic data collection commenced when 
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the tri-digit finger-pinch force output exceeded 95% of the required (target) force.  As 

subjects normally took ~2 s to reach this force level, this procedure typically ensured 

that the initial force-rise transient was removed from each 20 s contraction.   

Finger-pinch force control was quantified by the degree of force variability and 

targeting error.  As both constant and sinusoidal force production tasks were 

performed, the total force outputs were detrended prior to further analysis so as to 

reflect the variation of each total force output with respect to the target force.  This 

was accomplished by subtracting the target force from the total force.  Force 

variability and targeting error were calculated and expressed in both absolute and 

relative terms.  Absolute force variability was equal to the standard deviation of the 

detrended force output, whereas absolute targeting error was equal to the mean 

absolute difference between the target and total force output (root mean square error).  

Measures of relative force variability and targeting error were obtained by dividing 

the respective absolute force control performance measures by the mean target force.  

The FPB and FDS EMG data was processed using the root mean square procedure 

with a bin size of 100 ms. 

Power spectral analysis was performed on the total finger-pinch force using a 5096-

point non-overlapping Hanning window with a 0.196 Hz binwidth.  Separate power 

spectral analyses were conducted between 0-4 Hz, 4-8 Hz and 8-12 Hz (Sosnoff et al., 

2005; Vaillancourt & Newell, 2003).  These three bandwidths were selected as 

oscillations within these bandwidths may reflect different neuro-physiological 

processes.  According to Freund and Hefter (1993), the 0-4 Hz, 4-8 Hz and 8-12 Hz 

oscillations are likely to reflect slow sensorimotor processing, predictive feed-forward 

processing and physiological (postural) tremor, respectively.  The specific dependent 

measures calculated for each of the three bandwidths were; peak power, peak power 

frequency and proportional power.  Proportional power measures were calculated to 

give an indication of the distribution of power within the three frequency ranges.   

Coupling Analysis.  Differences in the degree of coupling between groups were 

assessed using inter-digit force sharing and cross-correlation analyses.  Force sharing 

was calculated by expressing the force output of the index and middle fingers as a 

percentage of total force (Shim et al., 2004).  Cross-correlation analysis was used to 

quantify the level of coupling between the target force and the three digit forces 

(target–digit force coupling), between the three digit forces (inter-digit force 

coupling) and between RMS EMG and the three digit forces (EMG-digit force 
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coupling).  For each relation, the peak cross-correlation and the corresponding time 

lag (± 5 s) were determined.  The relationship between tactile sensitivity and the 

performance measures (force variability and targeting error expressed in both absolute 

and relative terms) was assessed using Pearson product moment correlation 

coefficients for the young and older adult groups.  All data analyses with the 

exception of the tactile sensitivity force control correlations were performed using 

custom-written Matlab software (The Mathworks Inc, release 12 version 6.0). 

Statistical Analysis.  A repeated measures ANOVA was used to determine the effect 

of one between factor (age) and two within factors (force condition and limb 

preference) on the dependent measures (force characteristics and coupling relations).  

Where a significant age by force condition or age by limb preference effect was 

observed, post-hoc analysis was performed using Tukey’s honestly significant 

difference tests to determine in which force condition(s) and limb(s) the significant 

age-related differences actually occurred.  Consistent with previous studies in this 

area (Morrison et al., 2005; Morrison & Keogh, 2001; Morrison & Newell, 1998), it 

was considered prudent to set the risk of Type I error at p < 0.01 due to the large 

number of denominator degrees of freedom.  All data were reported as the mean ± one 

standard deviation, except where indicated otherwise.   

 

Results 

Finger-Pinch Strength and Tactile Sensitivity 

Older adults had significantly less MVC finger-pinch strength (young 103.5 ± 20.4 

N, older 89.1 ± 20.1 N; F(1,50) = 7.75, p < 0.01) and tactile sensitivity (young 3.0 ± 0.4, 

older 4.0 ± 0.8; F(1,158) = 109.15, p < 0.01) than young subjects.  No significant 

differences in tactile sensitivity were observed between the thumb, index finger and 

middle finger of either limb in each age group (all p’s > 0.01).  No significant 

correlation was observed between tactile sensitivity and any of the force variability or 

targeting error measures in either the young (range r = -0.07 to 0.27) or older (range r 

= 0.02 to 0.20) adult groups (all p’s > 0.01).  
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Finger-Pinch Force Output 

An example of the target and individual digit force outputs for both young and older 

adults performing constant and sinusoidal finger-pinch force production conditions 

are displayed in Figure 6.2.  Condition means for force variability and targeting error 

are presented in Figure 6.3 for both age groups.      

 
Figure 6.2: Representative target and digit force outputs for young (left column) and older adults (right 

column).  The top row displays representative constant force tasks and the bottom row, representative 

sinusoidal force tasks.   
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Figure 6.3: Condition means for force variability and targeting error in the young and older adult 

groups.  The top row shows the absolute force variability and targeting error scores, while the bottom 

row displays data for relative force variability and targeting error.  Data are mean ± standard error of 

the mean.  * Significant difference between young and older adults. 
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Older subjects had significantly greater absolute force variability (young 1.25 ± 0.97 

N, older 1.65 ± 1.69 N; F(1,1268) = 26.48, p < 0.01) and absolute targeting error (young 

1.30 ± 1.05 N, older 1.90 ± 3.61 N; F(1,1268) = 16.02, p < 0.01) than young adults.  

Similar results were observed when the results were expressed relative to the mean 

target force, with older subjects having significantly greater relative force variability 

(young 4.0 ± 2.2%, older 7.9 ± 11.1%; F(1,1268) = 72.15, p < 0.01) and relative 

targeting error (young 4.1 ± 2.0%, older 10.1 ± 28.4%; F(1,1268) = 27.89, p < 0.01).  

Due to the similarity of the age-related differences in absolute and relative finger-

pinch force control, only the relative force control post-hoc results are reported in the 

following section.   

Significant age by limb preference interactions were observed for relative force 

variability (F(3,1266) = 20.91, p < 0.01) and relative targeting error (F(3,1266) = 11.29, p < 

0.01).  Subsequent post-hoc analysis revealed that although the age-related differences 

in relative force variability and targeting error were greater in the non-preferred than 

preferred limb, older adults had significantly more force variability and targeting error 

in both limbs compared to young adults (all p’s < 0.01).  As a result of significant 

differences being observed in both limbs, no further statistical tests were conducted 

for the effect of limb preference on the remaining dependent variables.  Significant 

age by force condition interactions were observed for relative force variability 

(F(7,1262) = 21.20, p < 0.01) and targeting error (F(7,1262) = 7.10, p < 0.01).  Subsequent 

post-hoc analysis revealed that relative force variability was significantly greater in 

older than young adults for three of the four force conditions (20% MVC, 20 ± 5% 

MVC and 40 ± 5% MVC; all p’s < 0.01).  The significant age-related increase in 

relative targeting error was confined to the two low force conditions (20% MVC and 

20 ± 5% MVC; all p’s < 0.01).   

Power spectral analysis revealed that the force profile for all subjects and conditions 

was dominated by a single frequency peak with the majority of power being located 

below 4 Hz for both young (94.2 ± 5.7%) and older (92.6 ± 8.7%) adults.  

Accordingly, there were no significant differences between young and older adults for 

any of the force power spectral parameters between 4-8 Hz or 8-12 Hz. 

Within the 0-4 Hz range, a number of significant age-related differences were 

observed.  Older adults had significantly greater peak power (F(1,1268) = 9.90, p < 0.01) 

and proportional power (between 0-0.5 Hz) than young adults (F(1,1268) = 15.26, p < 

0.01).  The difference in proportional power between the young and older adults was 
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preserved through to 1.5 Hz.  Significant age by force condition interaction effects 

were observed for peak power (F(7,1262) = 6.21, p < 0.01) and proportional power 

(F(7,1262) = 39.51, p < 0.01).  Subsequent post-hoc analyses indicated that the 

difference in peak power was only significant for the 20% MVC condition, while the 

significant differences for proportional power occurred in the constant force (20% and 

40% MVC) conditions (all p’s < 0.01).  Power spectral profiles for both young and 

older adults performing constant and sinusoidal force conditions are shown in Figure 

6.4. 
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Figure 6.4: Representative force power spectrums for young and older adults are shown in the top row.  

Group means for proportional (cumulative) power are shown in the bottom row.   The graphs in the left 

column are for the constant force conditions, and those in the right column are for the sinusoidal 

conditions. 
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Coupling Relations 

Inter-Digit Force Sharing 

Analysis of the relative contribution of the index and middle fingers to the total 

force output revealed significant differences in the force sharing patterns of young and 

older adults.  Compared to young adults, older subjects produced a significantly 

higher proportion of the total finger-pinch force with the index finger (young 57.4 ± 

19.5%, older 60.9 ± 23.6%; F(1,1268) = 8.46, p < 0.01) and a significantly lower 

proportion of total force with the middle finger (young 42.6 ± 19.5%, older 39.1 ± 

23.6%; F(1,1268) = 8.46, p < 0.01).  A significant age by force condition interaction 

effect was observed for the index and middle finger force shares (F(7,1262) = 4.25, p < 

0.01).  Subsequent post-hoc analysis revealed that these differences only obtained 

statistical significance in the 20 ± 5% MVC condition (p < 0.01).   

 

Target-Digit Force Coupling 

Across all conditions and in both age groups, high positive correlations were 

observed between the target force and the digit forces (range = 0.84-0.99).  No 

significant differences were detected between the two age groups with regard to the 

degree of coupling (or time lags) between the target force and the individual forces 

produced by the thumb or index finger.  However, significant age-related differences 

in target-middle finger force coupling were observed.  Older adults exhibited a 

significantly lower level of target-middle finger force coupling than young adults 

(F(1,1268) = 27.99, p < 0.01).  A significant age by force condition interaction effect 

was observed for target-middle finger force coupling (F(7,1262) = 7.80, p < 0.01).  

Subsequent post-hoc analysis revealed this difference in target-middle finger force 

coupling was confined to the sinusoidal (20 ± 5% MVC and 40 ± 5% MVC) 

conditions (all p’s < 0.01).  This decrease in target-middle finger coupling for older 

subjects was mirrored by a significant increase in their target-middle finger force time 

lags (F(1,1268) = 14.53, p < 0.01).  A significant age by force condition interaction 

effect was also found for the time lag between the target and middle finger forces 

(F(7,1262) = 6.48, p < 0.01).  Post-hoc analysis revealed that this age-related increase in 

target-middle finger time lags was only statistically significant for the 20 ± 5% MVC 

condition (p < 0.01).  The group means for the cross-correlations and corresponding 
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time lags for each of the individual target-digit force relations is presented in Table 

6.1. 
 

Table 6.1: Target-digit force coupling relations for young and older adult groups.   

  

Young  

 

Older  

 

 Peak Cross- 

Correlation 

Time Lag    

(ms) 

Peak Cross- 

Correlation 

Time Lag    

(ms) 

     

Tar-Th 0.99 ± 0.01 2 ± 56 0.99 ± 0.01          0 ± 0 

Tar-IF 0.99 ± 0.01 2 ± 49 0.99 ± 0.02  1 ± 14 

Tar-MF 0.94 ± 0.25     119 ± 742   0.84 ± 0.40*    334 ± 1230* 

   
Tar = target, Th = thumb, IF = middle finger, MF = middle finger.  * Significant difference between 

young and older adults. 

 

Inter-Digit Force Coupling 

A similar pattern of coupling between the individual digits was observed in each age 

group.  Typically this pattern was characterised by moderately high positive 

correlations between the force outputs of the thumb (Th) and that of the individual 

fingers (index and middle) and relatively weak negative correlations between the 

index finger (IF) and middle finger (MF).  Despite this similarity in pattern, 

significant differences in the strength of the inter-digit relations were seen between 

the young and older adult groups.  Significantly greater Th-IF (F(1,1268) = 22.36, p < 

0.01) and Th-MF (F(1,1268) = 19.76, p < 0.01) coupling was observed for young than 

older subjects.  A significantly greater negative IF-MF coupling was observed for 

older than young adults (F(1,1268) = 44.17, p < 0.01).  Significant age by force 

condition interaction effects were observed for all inter-digit coupling relations (Th-IF 

F(7,1262) = 127.53; Th-MF F(7,1262) = 14.56; IF-MF F(7,1262) = 106.61; p’s < 0.01).  

Subsequent post-hoc analyses revealed that the significant age-related differences in 

the three inter-digit force coupling relations (Th-IF, Th-MF and IF-MF) were only 

statistically significant in the sinusoidal (20 ± 5% MVC and 40 ± 5% MVC) 

conditions (all p’s < 0.01).   
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In line with these differences in the strength of the inter-digit coupling, older adults 

also exhibited significantly greater time lags for the Th-MF (F(1,1268) = 133.01, p < 

0.01) and IF-MF digit relations (F(1,1268) = 113.75, p < 0.01).  Significant age by force 

condition interaction effects were observed for the Th-MF (F(7,1262) = 55.41, p < 0.01) 

and IF-MF time lags (F(7,1262) = 58.46, p < 0.01).  Post-hoc analyses revealed that the 

increases in the older adults’ inter-digit force time lags were significant in all four 

conditions (all p’s < 0.01).  Examples of cross-correlation plots for the specific inter-

digit relations of both young and older adults are shown in Figure 6.5.  Group means 

for the inter-digit force relations are displayed in Table 6.2.    
 

Table 6.2: Inter-digit force coupling relations for young and older adult groups.   

  

Young  

 

Older  

 

 Peak Cross- 

Correlation 

Time Lag    

(ms) 

Peak Cross- 

Correlation 

Time Lag    

(ms) 

     

Th-IF 0.64 ± 0.30         0 ± 0    0.58 ± 0.32* 2 ± 25 

Th-MF 0.48 ± 0.39   5 ± 122    0.38 ± 0.45*   588 ± 1253* 

IF-MF    -0.20 ± 0.61 51 ± 367    -0.37 ± 0.55*   635 ± 1275* 

   
Th = thumb, IF = middle finger, MF = middle finger.  * Significant difference between young and 

older adults. 
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Figure 6.5: Representative inter-digit force cross-correlation plots for young and older adults.  Thumb-

index finger coupling is shown in the top row, thumb-middle finger coupling in the middle row and 

index finger-middle finger coupling in the bottom row.  The actual maximum cross-correlation for the 

young and older adult representative data are also displayed for each digit-force coupling measure. 

  Thumb – Index Finger 

  Thumb – Middle Finger 

  Index Finger – Middle Finger 

Young  r = 0.68 

Older r = 0.56 

Young  r = 0.45 

Older r = 0.38 

Young  r = -0.24 

Older r = -0.37 
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EMG-Digit Force Coupling 

Analysis of the relation between the EMG activity of both muscles and the force 

produced by the digits revealed high correlation values (range = 0.84-0.98) for young 

and older adults.  However, differences in the relative strength of these correlations 

were found between the two age groups, particularly with respect to the involvement 

of the middle finger.  The results showed that, in comparison to the young subjects, 

older adults exhibited significantly lower levels of coupling between EMG activity 

and the force produced by the middle finger (FPB-MF F(1,1268) = 19.99; FDS-MF 

F(1,1268) = 24.78; p’s < 0.01).  Significant age by force condition interaction effects 

were observed for FPB-MF (F(7,1262) = 6.38, p < 0.01) and FDS-MF coupling (F(7,1262) 

= 7.43, p < 0.01).  Subsequent post-hoc analyses revealed that the differences in FPB-

MF and FDS-MF coupling were only significant in the 20 ± 5% MVC condition (all 

p’s < 0.01).   

Older subjects also exhibited significantly greater time lags for these same EMG-

digit force relations than young adults (FPB-MF F(1,1268) = 23.63; FDS-MF F(1,1268) = 

28.21; p’s < 0.01).  Significant age by force condition interaction effects were found 

for the FPB-MF (F(7,1262) = 6.56, p < 0.01) and FDS-MF time lags (F(7,1262) = 8.40, p < 

0.01).  Post-hoc analyses revealed that these age-related differences in EMG-digit 

force time lags only obtained statistical significance in the sinusoidal (20 ± 5% MVC 

and 40 ± 5% MVC) conditions (all p’s < 0.01).  Group means for the EMG-digit force 

coupling relations are shown in Table 6.3. 
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Table 6.3: EMG-digit force coupling relations for young and older adult groups.   

  

Young  

 

Older  

 

 Peak Cross- 

Correlation 

Time Lag    

(ms) 

Peak Cross- 

Correlation 

Time Lag    

(ms) 

     

FPB-Th 0.98 ± 0.07   7 ± 88 0.98 ± 0.04 5 ± 51 

FPB-IF 0.97 ± 0.05   13 ± 162 0.97 ± 0.04 7 ± 81 

FPB-MF 0.92 ± 0.24 121 ± 742   0.84 ± 0.37*   418 ± 1347* 

FDS-Th 0.97 ± 0.02 1 ± 6 0.97 ± 0.03 3 ± 46 

FDS-IF 0.97 ± 0.02  5 ± 83 0.96 ± 0.04 3 ± 27 

FDS-MF 0.93 ± 0.23 107 ± 709   0.84 ± 0.37*   429 ± 1361* 

   
FPB = flexor pollicus brevis, FDS = flexor superficialis digitorum, Th = thumb, IF = middle finger, MF 

= middle finger.  * Significant difference between young and older adults. 

 

Discussion  
The present study was conducted to further examine the basis for the loss of digit 

force control in older subjects.  In particular, the issue of whether age-related 

differences in the coupling between the target force, digit forces and agonist muscles 

during tri-digit finger-pinching could contribute to this overall decline was examined.  

As well as having significantly greater force variability and targeting error than young 

adults, older adults adopted a grasping strategy whereby the contribution and coupling 

of their middle finger was subtly reduced in comparison to that of young subjects.  

Significant differences in tactile sensitivity and the force power spectrum below 1.5 

Hz were also observed between the two age groups.  Together these results suggest 

that age-related differences in inter-digit coupling and, possibly, changes in 

sensorimotor processing may have contributed to the relative loss of force control 

seen in older adults. 
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Age-related differences in force production 

Older adults had significantly greater finger-pinch force variability and targeting 

error (expressed in both absolute and relative terms) than young adults.  This result 

supports the general view that the aging process significantly reduces finger-pinch 

force control (Christou et al., 2004; Cole, 1991; Kinoshita & Francis, 1996; Lazarus 

& Haynes, 1997; Ranganathan, Siemionow, Saghal et al., 2001; Shim et al., 2004).  

As most upper limb activities of daily living require highly precise digit force 

application (Carmeli et al., 2003; Enoka et al., 2003; Schieber & Santello, 2004), the 

reduced ability of older adults in these tasks may reflect their relative loss of finger-

pinch force control. 

Although the loss of finger-pinch force control for the older adults appeared to be 

more pronounced in the non-preferred than preferred limb, significant age-related 

differences were still observed in both limbs.  This indicates that the aging process 

negatively affects finger-pinch force control in both the preferred and non-preferred 

limb.  Similar results have been reported by Blank and colleagues (1999) when 

comparing the finger-pinch force control of young adults and children.  The relative 

limb-independence seen in these studies may indicate that the processes underlying 

the changes in finger-pinch force control across the lifespan occur in parallel in both 

limbs (Francis & Spirduso, 2000; Provins, 1997).  

In contrast to the relative lack of effect for limb preference, the magnitude of the 

age-related loss of force control differed as a function of the force condition 

performed.  Consistent with previous findings for isometric index finger abduction 

force production tasks (Keen et al., 1994; Laidlaw et al., 2000; Vaillancourt et al., 

2003), the increase in targeting error and to a lesser extent force variability for older 

adults was more pronounced at low (20% MVC) than high (40% MVC) forces.  The 

increase in force variability for older adults also tended to be greater in sinusoidal 

than constant force conditions.  This appears similar to the findings of Vaillancourt 

and colleagues (Vaillancourt et al., 2003; Vaillancourt & Newell, 2003), whereby 

significantly greater losses of force control were observed for older adults in 

sinusoidal than constant force index finger abduction tasks.   

The influence of force condition on the age-related decline in finger-pinch force 

control strongly supports the view that the effect of the aging process on motor 

performance is mediated by the specific constraints under which the task is performed 
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(Newell, 1986; Vaillancourt & Newell, 2003).  A possible mechanism underlying this 

task-dependency could be the different manner in which the neuromuscular system 

would have modulated MU recruitment and MU firing rate in order to grade force 

output in each of the four finger-pinch force production conditions (Erim et al., 1999; 

Kamen & Du, 1999; Seki & Narusawa, 1996).  However, this statement is purely 

speculative as no measures of MU recruitment or MU firing rate were obtained in the 

present study. 

 

Age-related differences in coupling dynamics 

The results of the digit force sharing and coupling analyses revealed several age-

related differences that may have contributed to the older adults’ increased finger-

pinch force variability and targeting error.  Older subjects used the index finger 

significantly more and the middle finger significantly less in the production of the 

total finger-pinch force, an effect that was most pronounced in the 20 ± 5% MVC 

condition.  Based on the relative force variability and targeting error scores obtained 

by the young and older adults in the present study, the 20 ± 5% MVC condition was 

substantially more difficult than the other three conditions.  The significantly greater 

reliance by the older adults on the index finger in the 20 ± 5% MVC condition 

therefore appears consistent with Visser and colleagues (2003) who reported that the 

contribution of the index finger to the total tri-digit finger-pinch force output of young 

adults significantly increased with the required precision (difficulty) of force 

production.   

In older adults, the middle finger force was significantly less coupled to the target 

force, thumb force and EMG signals than that observed for young adults.  The time 

lags for these forms of middle finger coupling were also significantly greater in older 

than young subjects.  Consistent with their narrower 0-4 Hz force profile, the older 

adults’ increased index finger (decreased middle finger) force share and reduced 

middle finger force coupling indicates that in relation to young adults, older subjects 

relied to a greater extent on the thumb and index finger than middle finger to produce 

and control their force output during tri-digit finger-pinching.  These results are 

qualitatively similar to those of Shim and colleagues (2004), who reported that older 

adults had an increased contribution of the index and middle fingers and a reduced 
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contribution of the little and ring fingers to total force and lower levels of inter-digit 

coupling during a five-digit finger-pinch task than young adults.  The results of the 

present study add further support to the suggestion that aging influences the control 

strategy used to coordinate multiple digit forces in precision force production tasks 

(Shim et al., 2004).  These age-related differences in control strategy appear to be 

task-dependent, with the alterations in digit force share and coupling more 

pronounced when producing sinusoidal rather than constant forces, and to a lesser 

extent at low than high forces.  

 

Force production and coupling relations 

A potential problem with reducing the contribution of any finger(s) to total force 

production is that it affords less flexibility for matching the target force output, 

resulting in an overall reduction in task performance (Schieber & Santello, 2004). 

From the results of the present study we cannot definitively demonstrate a direct 

causal link between the older adults’ greater force variability and targeting error, and 

their increased use of the index finger (reduced use of the middle finger) due to the 

multitude of neuromuscular factors affecting coordination and motor performance.  

Nevertheless, similar to Shim and colleagues (2004), the results of the present study 

suggest that the reduction in digit force coupling observed for the older adults may 

have contributed to their loss of force control.  This interpretation contrasts somewhat 

with Sosnoff and colleagues (2005), who reported that in young adults measures of 

inter-digit coupling were only significantly related to the degree of finger-pinch force 

control when the rate of visual feedback was reduced.  These contrasting viewpoints 

may reflect the different role that visual feedback plays in the control of digit forces in 

young and older adults (Cole & Rotella, 2002) as well as inter-study differences in the 

methods used to calculate inter-digit force coupling.  

Results indicated that the magnitude of the age-related differences in force 

production and coupling were task-dependent, with the relative difference in force 

variability, targeting error, force share and coupling more pronounced under certain 

conditions.  This apparent task-dependency appears consistent with the constraints 

model of motor control (Newell, 1986), and may help explain the somewhat equivocal 

findings reported in the literature for the effect of aging on finger-pinch force control.  

For example, the four studies that have reported no significant differences in finger-
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pinch force control between young and older adults (Cole & Beck, 1994; Cole et al., 

1999; Vaillancourt et al., 2001b, 2002) all utilised finger-pinch tasks involving just 

the thumb and index finger and the production of constant forces only.  In contrast, 

when the pinch task has involved the use of more than two digits and/or the 

production of ramp/sinusoidal forces, the present study as well as Lazarus and Haynes 

(1997) and Shim et al. (2004) all observed significant reductions in force control for 

older adults.  Together these results would suggest that the number of digits involved 

in the pinch task as well as the target shape significantly influences the age-related 

difference in the observed control strategy and ultimately the degree of finger-pinch 

force control.  Such a conclusion appears consistent with the contemporary view that 

the structure and coupling of the digit forces and ultimately the overall level of force 

control is influenced by the interaction of various task constraints including the 

number of digits, mean force level, target shape and form of visual feedback (Newell 

& McDonald, 1994a; Sharp & Newell, 2000; Sosnoff et al., 2005).   

 

Age-related changes in sensorimotor processing 

Older subjects had significantly lower levels of tri-digit (thumb, index finger and 

middle finger) tactile sensitivity than young adults.  The loss of tactile sensitivity for 

older individuals was consistent with previous research that had also reported an age-

related decline in grasping performance (Cole, 1991; Cole, Rotella, & Harper, 1998; 

Kinoshita & Francis, 1996).  However, results of the correlation analyses revealed no 

significant relationship between tactile sensitivity and any measure of force control in 

either age group.  This suggests that the relative decline in finger-pinch force control 

for the older adults was not directly related to an age-related decline in the ability to 

obtain or utilise tactile information.  Similar conclusions have been drawn by Cole 

and associates (1998).  

Frequency analysis revealed that significant differences in the finger-pinch force 

output of young and older adults occurred below 1.5 Hz, with this most pronounced 

below 0.5 Hz.  Within the 0-1.5 Hz frequency bandwidth, the force output for the 

older subjects was narrower and tended to be more highly peaked in appearance than 

that seen for young adults.  The potential significance of this result relates to the 

general premise that the low frequency (0-4 Hz) peak in the force power spectrum 

reflects the processing and integration of sensorimotor information during voluntary 
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actions (Allum et al., 1978; Freund & Hefter, 1993; Kunesch et al., 1989; Miall et al., 

1985; Slifkin et al., 2000; Vaillancourt & Newell, 2003; Vaillancourt et al., 2001a).  

The older adults’ increased low-frequency power suggests that subtle age-related 

differences in sensorimotor processing may also have contributed to their reduced 

finger-pinch force control.  As there was no significant relationship between tactile 

sensitivity and force control, the contribution of sensorimotor processing to the 

reduced force control of older adults may have reflected more of a decline in motor 

than sensory function.  This appears consistent with Christou and colleagues (2004), 

who suggested that the older adults’ increased force variability between 0-2 Hz was a 

consequence of their reduced ability to control the low frequency modulation of MU 

firing.  

 

Relevance to Hand Function in Older Adults 

The results of the current study suggest that one of the contributing factors to the 

older adults’ reduced finger-pinch force control (and possibly hand function) is a 

relative inability to coordinate the forces of multiple fingers.  Therefore, interventions 

that focus on improving inter-digit coordination may improve digit force control and 

hand function in older adults.  This contention appears consistent with the findings of 

Ranganathan, Siemionow, Saugen et al. (2001) who found that eight weeks of 

dexterity ball training was able to significantly improve older adults’ performance in 

finger-pinch force control, hand steadiness and Purdue Pegboard tests even though no 

change in hand-grip or finger-pinch strength was observed.   

 

Conclusion 
Older adults were found to have significantly greater levels of finger-pinch force 

variability and targeting error than young adults, with these differences typically 

greater at low than high forces and in sinusoidal rather than constant force conditions.  

These results suggest that the age-related decline in finger-pinch force control is task-

dependent, with the loss of control greater in tasks requiring a greater precision of 

force production.  The combined differences in the frequency profile of the force 

output, digit force sharing and respective coupling measures indicate that the older 

adults’ reduced force control reflected a reduced contribution and coupling of their 

middle finger, and to a lesser extent, a decline in sensorimotor function.  Interventions 
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that focus on improving inter-digit force coordination therefore hold much promise 

for enhancing digit force control and ultimately hand function in older adults. 
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Summary 
The present study investigated the effect of unilateral upper limb strength-training 

on finger-pinch force control (force variability and targeting error) in older adults.  

The strength-training group (n = 7) trained twice a week for six weeks, performing 

dumbbell bicep curls, wrist flexions and wrists extensions, while the control group (n 

= 4) maintained their normal activities.  Changes in force control were assessed in 

eight finger-pinch conditions that reflected all combinations of limb (trained and 

untrained), mean force level (20% and 40% maximum voluntary contraction - MVC) 

and target shape (constant and sinusoidal).  Analysis of covariance for between-group 

change scores indicated that the strength-training group experienced significantly 

greater reductions in finger-pinch targeting error as well as significantly greater 

increases in force SampEn (irregularity), bicep curl and wrist flexion strength than the 

control group.  When these comparisons were conducted unilaterally, it was also 

apparent that the strength-training group had significantly greater reductions in force 

variability and increases in finger-pinch strength in the trained limb.  The changes in 

force control and force SampEn were generally significant at 40% MVC but not 20% 

MVC and when producing sinusoidal but not constant forces.  This suggested that the 

improvement in the older adults’ force control reflected changes in the time-domain 

structure (irregularity) of the force output.  Overall, the results of this study indicated 

that general (non-specific) strength-training can significantly improve the older 

adults’ ability to control their digit forces even in a commonly performed grasping 

task that was not practiced in training.   

 

Introduction    
Performance in activities of daily living that require the dexterous manipulation of 

hand-held objects such as drinking, eating and writing typically deteriorate as a 

consequence of the aging process (Carmeli et al., 2003; Hackel et al., 1992; 

Ranganathan, Siemionow, Saghal et al., 2001).  While hand function is multi-factorial 

in nature, a high level of digit force control appears to be particularly important 

(Carmeli et al., 2003; Enoka et al., 2003; Schieber & Santello, 2004).  The reduced 

hand function of older adults may therefore reflect, at least in part an age-related loss 

of digit force control.  This is evidenced by the significantly greater finger-pinch force 

variability and targeting error in older than young adults (Christou et al., 2004; Cole, 
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1991; Kinoshita & Francis, 1996; Lazarus & Haynes, 1997; Ranganathan, 

Siemionow, Saghal et al., 2001; Shim et al., 2004).   

In turn, the reduction in force control for older adults may be a consequence of an 

overall decline in the function of the aging sensorimotor system, particularly at the 

level of the motor unit (MU).  Older adults have significantly greater MU size 

(Galganski et al., 1993; Keen et al., 1994), MU firing rate variability (Laidlaw et al., 

2000; Tracy et al., 2005) and modulation of MU firing (Enoka et al., 2003; Semmler 

et al., 2003) as well as altered synchrony between MU recruitment and MU firing rate 

(Erim et al., 1999) compared to young adults.  Older adults’ reduced digit force 

control may also reflect age-related differences in the dynamics (time- and frequency-

domain structure), sharing and coupling of the digit forces.  Keogh, Morrison and 

Barrett (2005a) and Vaillancourt and Newell (2003) reported that older adults’ finger-

pinch and index finger abduction force outputs, respectively contained significantly 

more power at low frequencies and/or were more regular than young adults.  

According to Keogh et al. (2005a) and Shim et al. (2004), older adults also have a 

greater percentage contribution (force share) of the lateral finger(s) and a reduced 

force share of the medial finger(s) to total force and lower levels of digit force 

coupling than young adults during tri- and five-digit finger-pinch tasks, respectively.  

Resistance-training can produce substantial neural and coordinative adaptations in 

both young and older adults (Barry & Carson, 2004; Carroll, Riek et al., 2001; 

Fiatarone-Singh, 2002).  Of particular relevance to digit force control, resistance-

training can significantly reduce the variability of MU firing rate (Kornatz et al., 

2002; Kornatz et al., 2005) as well as improve intra-muscular coordination (Bernardi 

et al., 1996; Carroll, Barry et al., 2001; Knight & Kamen, 2004).  It is therefore not 

surprising that significant reductions in digit force variability have been observed in 

older adults as a consequence of resistance-training (Bilodeau et al., 2000; Keen et al., 

1994; Ranganathan, Siemionow, Saugen et al., 2001).  These improvements in force 

control have been observed in tasks (e.g. index finger abduction) that were very 

similar to the exercises performed in training.  Unfortunately, such an approach makes 

it difficult to determine the generality of response, i.e. the extent to which these 

changes in force control would also be seen in real-world tasks that were not practiced 

in training (Baker et al., 1994; Barry & Carson, 2004).  

The generality of response is further clouded by the fact that training-related 

improvements in force control have only been observed when producing constant 
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forces no greater than 20% maximum voluntary contraction (MVC) (Bilodeau et al., 

2000; Keen et al., 1994; Ranganathan, Siemionow, Saugen et al., 2001).  Such a 

finding appears consistent with the fact that the age-related decline and hence 

potential for improvement in digit force control has been shown to be greater at low 

than high forces (Keen et al., 1994; Laidlaw et al., 2000; Vaillancourt et al., 2003).  

Further insight into the generality of response for older adults to strength-training 

could be obtained by assessing changes in tri-digit finger-pinch force control under a 

range of task constraints, i.e. at a variety of force levels and with various target shapes 

(i.e. sinusoidal as well as constant forces).   

The present study was conducted to determine whether a general (non-specific) 

upper limb strength-training program could significantly improve finger-pinch force 

control in older adults.  Changes in force control were assessed in four tri-digit finger-

pinch conditions reflecting all combinations of mean force level (20% MVC and 40% 

MVC) and target shape (constant and sinusoidal).  It was hypothesised that strength-

training would significantly reduce finger-pinch force variability and targeting error in 

older adults, with these effects being greater at low (20% MVC) than high (40% 

MVC) forces and in sinusoidal than constant force production conditions.  Alterations 

in the dynamics, force share and/or coupling of the digit forces were expected to 

underlie the enhanced grasping performance of the training group. 

  

Methods 

Subjects  

Eleven men between the ages of 70-80 years gave informed consent to participate in 

this study and were allocated to either the strength-training (n = 7) or control group (n 

= 4).  These subjects were physically active and reported no known neurological, 

musculoskeletal, sensory or cognitive impairments that could affect their training or 

testing performance.  All subjects had normal vision or had their vision corrected by 

the use of eyewear.  The Griffith University Human Research Ethics Committee 

granted ethical approval for this study. 
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Design  

The present study was conducted to assess the effectiveness of a six week unilateral 

dumbbell strength-training program in improving the isometric tri-digit finger-pinch 

force control of older adults.  Changes in force output were assessed in four finger-

pinch force conditions that represented all possible combinations of two independent 

measures, mean force level (20% MVC and 40% MVC) and target shape (constant 

and sinusoidal).  The sinusoidal target shape waveforms oscillated at 0.1 Hz with an 

amplitude of ± 5% MVC around the mean forces of 20% MVC and 40% MVC.  Each 

of the four conditions (20% MVC, 40% MVC, 20 ± 5% MVC and 40 ± 5% MVC) 

was performed unilaterally with the trained and untrained limb, making a grand total 

of eight force production conditions.  Six 20 s trials of each of the eight conditions 

were performed in randomised blocked order in both the pre- and post-training testing 

sessions.   

The goal of all the finger-pinch conditions was to match the total finger-pinch force 

to that of the target force displayed on a computer monitor.  Individual digit force 

outputs (thumb, index and middle finger) as well as the EMG activity of the flexor 

pollicus brevis (FPB) and flexor digitorum superficialis (FDS) muscles were recorded 

during all trials.   

 

Strength-Training Procedures 

Subjects in the strength-training group performed two training sessions per week, 

with each session separated by 72-96 hours.  The training program consisted of three 

unilateral dumbbell exercises (bicep curls, wrist flexions and wrist extensions), with 

the arm selected for training randomly determined for each subject.  Each training 

session commenced with a five minute arm-cranking warm-up on a modified Monark 

cycle ergometer at a workload of 30 W (Model 818E, Verberg, Sweden).  Following 

the warm-up, the subjects completed four sets of each of the three exercises.  The first 

set of each exercise was used as a specific warm-up with a load of ~40-50% of the 

five repetition maximum (5RM).  In accordance with the recommendations of 

Fiatarone-Singh (2002), the remaining three sets of each exercise were performed 

with loads that could only be lifted for 8-10 repetitions per set.  To make training 

progressively more difficult, once four sets of 10 repetitions could be performed the 
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load for that particular exercise was increased by 1 kg for the next training session.  

Two to three minutes rest were given between sets.  The control group performed no 

training and maintained their normal activities during the six week training period. 

  

Assessment Procedures 

Finger-pinch force control and upper limb strength were both assessed during the 

pre- and post-training test sessions.  Due to physical nature of these tests, two separate 

testing sessions were conducted at each time-point (i.e. pre- and post-training).  

Isometric finger-pinch force control and isometric finger-pinch MVC strength were 

assessed in the first testing session.  Dynamic strength, as assessed using a 5RM 

protocol for the bicep curl, wrist flexion and wrist extension exercises was quantified 

in a separate session 2-3 days after the finger-pinch session.   

 

Finger-Pinch Force Control  

Finger-pinch force control was assessed using the methods of Keogh et al. (2005a).  

Subjects were seated ~80 cm from a 17 inch (~43 cm) computer monitor positioned at 

eye level.  The monitor displayed the target force in full prior to the commencement 

of each trial.  The total finger-pinch force appeared in real-time and was 

superimposed over the target force.   

During testing, the selected upper arm was flexed to 90o at the elbow, with the 

forearm supported on an armrest and held in a neutral (pronation/supination) position.  

The subject grasped the load cell transducers so that the pulp of the thumb and that of 

the index and middle fingers were positioned over the axes of sensitivity of one 

XTran 250 N S-beam load cell (Applied Measurement) and two miniature BC302 

117.6 N (Australasia Scales) load cell transducers, respectively.  Each of the two 

miniature load cells were embedded in a cross-beam that was securely attached to the 

end of the S-beam transducer opposite to that held by the thumb.  In this setup, the 

thumb (total) force was theoretically equal in magnitude to the sum of the index and 

middle finger forces.  Kinetic data were sampled at 1000 Hz and filtered using a 

second order Butterworth low pass filter (cutoff frequency: 20 Hz). Prior to each 

testing session, the three load cells were calibrated using a two-point procedure 

whereby the voltage produced from two known loads was recorded.  Following 

calibration, three unilateral finger-pinch MVC were performed with each limb to 
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determine the 20% and 40% MVC loads.  A description of the MVC methods can be 

found in the following section.   

Activity of the FPB and FDS muscles was recorded using bipolar Ag/AgCl EMG 

electrodes.  The electrodes were placed on the belly of the FPB and FDS muscles 

(inter-electrode distance 1.5 cm) in parallel with the orientation of the underlying 

muscle fibres.  All EMG signals were sampled at 1000 Hz, amplified using Coulbourn 

isolated bioamplifiers (V75-02) and transferred to computer for further analysis.  

Electromyographic data were subsequently filtered with a second order Butterworth 

low-pass filter with the cut-off frequency set at 400 Hz.   

 

Upper Limb Strength  

Muscular strength was assessed in the tri-digit finger-pinch, bicep curl, wrist flexion 

and wrist extension exercises.  Tri-digit finger pinch strength was determined using a 

MVC whereas bicep curl, wrist flexion and wrist extension strength was assessed 

using a 5RM protocol similar to that of Hrysomallis and Kidgell (2001).   

The finger-pinch MVC were performed at the beginning of each force control 

testing session.  Prior to performing the MVC, subjects were given the opportunity to 

practice tri-digit finger-pinch force production.  This involved the performance of five 

submaximal isometric finger-pinch contractions, each held for a period of ~4 s.  

During the MVC testing, the subjects were required to press as forcefully as possible 

against the load cells for ~4 s with the thumb, index finger and middle finger of the 

selected hand.  The manner in which the MVC were performed was identical to the 

procedures for the assessment of finger-pinch force control.  Three MVC trials were 

performed with each limb, with 60 s rest allowed between each trial.  The greatest 

force recorded in any of the three MVC trials for a particular limb was considered the 

limb-specific MVC.  Approximately ten minutes after completing the MVC, finger-

pinch force control was assessed. 

During all 5RM assessments, the subjects were seated with the upper body fully 

supported on the back-rest of a sturdy chair.  When performing the wrist flexion and 

wrist extension exercises, the selected forearm was also supported on an armrest.  All 

subjects completed a five minute arm-cranking warm-up on the Monark ergometer at 

30 W, after which they performed two progressively heavier warm-up sets of bicep 

curls, each set comprising five repetitions.  Based on the apparent difficulty of the 

second warm-up set, the load was increased by 1-3 kg for the first 5RM attempt.  The 
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5RM load was defined as the heaviest mass successfully lifted for five repetitions.  In 

each of the three exercises, strength was assessed in the preferred limb prior to that of 

the non-preferred limb.  After determining the 5RM bicep curl strength of the 

preferred and non-preferred limbs, this process was repeated for the wrist flexion and 

wrist extension exercises.  Ignoring the two warm-up sets, two to three attempts were 

generally required to obtain the 5RM for each exercise.   

 

Data Analysis  

Similar to the methods of Ranganathan, Siemionow, Saugen et al. (2001), kinetic 

and electromyographic data collection commenced when the tri-digit finger-pinch 

force output exceeded 95% of the required (target) force.  As subjects normally took 

~2 s to reach this force level, this procedure typically ensured that the initial force-rise 

transient was removed from each 20 s contraction.  All data analyses were performed 

using custom-written Matlab software (The Mathworks Inc, release 12 version 6.0). 

 

Force and EMG Measures   

Finger-pinch force control was assessed by calculating the level of relative force 

variability and targeting error so to control for any training-related changes in finger-

pinch MVC strength (Keen et al., 1994).  As the effect of strength-training on finger-

pinch force control was assessed in both constant and sinusoidal force production 

conditions, the total force output was detrended prior to analysis so that the variability 

in the force output reflected that of the total and not target force.  This involved 

subtracting the target force from the total force.  Force variability was then calculated 

as the standard deviation of the detrended finger-pinch force-time-series divided by 

the mean target force.  Targeting error was equal to the mean absolute difference 

between the total and target force (root mean square - RMS error) divided by the 

mean target force.  The amplitude of the EMG signals was obtained by using the RMS 

procedure with a bin size of 100 ms.   

Power spectral analysis was performed between 0-4 Hz as the vast majority (>90%) 

of power during digit force production is found within this bandwidth (Christou et al., 

2004; Deutsch & Newell, 2004; Vaillancourt & Newell, 2003).  Within this frequency 

range, peak power, proportional power and peak power frequency were calculated.  

Proportional power was calculated for each of the eight 0.5 Hz bins comprising the 0-
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4 Hz bandwidth, as Keogh et al. (2005a) reported that the greatest age-related 

difference in finger-pinch proportional power occurred between 0-0.5 Hz. 

The regularity of the total finger-pinch force was examined using a non-linear 

dynamical analysis measure called sample entropy (SampEn) (Richman & Moorman, 

2000).  SampEn is analogous to the more commonly performed approximate entropy 

(ApEn) measures (Morrison & Newell, 1998; Slifkin & Newell, 1999; Vaillancourt et 

al., 2003).  The SampEn analysis was chosen in this study as it is not affected by 

record length and has greater relative consistency than ApEn (Richman & Moorman, 

2000).  SampEn is defined as the natural logarithm of the conditional probability that 

two time series similar across m points, remain similar across the next two m points 

(Richman & Moorman, 2000).  The SampEn analysis was conducted on the detrended 

force time-series so that the values obtained reflected the regularity of the total and 

not target force.  SampEn outputs a value between 0-2, where higher values indicate a 

more complex (irregular) signal and lower values indicate greater signal regularity.   

 

Coupling Relations 

Coupling was determined using inter-digit force sharing and cross-correlation 

analyses.  Force sharing was calculated by expressing the force output of the 

individual (index and middle) fingers as a percentage of total finger-pinch force (Shim 

et al., 2004).  Cross-correlation analysis was used to determine the nature and strength 

of coupling between the target force and the three digit forces (target–digit force 

coupling), between the three digit forces (inter-digit force coupling) and between the 

RMS EMG signals and three digit forces (EMG-digit force coupling).  The peak 

cross-correlation and the corresponding time lag (± 5 s) were recorded for all digit 

force coupling measures. 

 

Statistical Analysis 

Before assessing the effect of strength-training on finger-pinch force control and 

upper limb strength, a repeated measures ANOVA was performed to determine the 

effect of one between factor (group – control and strength-training) on the pre-training 

(baseline) scores for all dependent variables.  As significant between-group 

differences were found for several dependent variables at baseline, a repeated 
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measures ANCOVA was performed to assess the effect of one between factor 

(strength-training) and up to three within factors (limb, mean force level and target 

shape) on performance.  The effect of mean force level and target shape was 

determined by grouping the appropriate conditions (20% MVC, 40% MVC, 20 ± 5% 

MVC, 40 ± 5% MVC).  The between-group difference (strength-training versus 

control group) for the change (post-test minus pre-test) scores was used as the effect 

statistic in all ANCOVA.  These change scores were calculated for each group across 

all combinations of subject, limb and where applicable, finger-pinch condition.  Fixed 

effects in the ANCOVA model were all possible main effects and interactions 

between group (control and strength-training), limb (trained and untrained), mean 

force (20% MVC and 40% MVC) and target shape (constant and sinusoidal).  Pre-test 

scores were used as the co-variate in all ANCOVA to control for the between-group 

differences at baseline. 

All dependent variables were log-transformed prior to being entered into the 

ANCOVA to reduce non-uniformity and to express the between-group change scores 

as percent differences (Hopkins et al., 1999).  The magnitude of the effect of strength-

training on the dependent variables was determined by the calculation of Cohen effect 

sizes (Cohen, 1988), as recommended by Atkinson and Nevill (2001) and Mullineaux 

et al. (2001).  Effect sizes < 0.20, < 0.50, < 0.80 and > 0.80 represent trivial, small, 

moderate and large effects, respectively (Cohen, 1988).  The change score data are 

reported as the mean ± 95% confidence limit.  When presented in the text, the change 

score data are given as effect sizes (ES), whereas the data shown in Figures is 

expressed as percent change scores.   

A repeated measures ANOVA was used to examine the effect of one between factor 

(time – post-test versus pre-test) on all dependent variables for the control group.  

This set of analyses was conducted in order to determine whether the significant 

between-group effects reflected improved performance by the strength-training group 

or a decline for the control group.  All analyses were performed using SAS statistical 

software (SAS Institute Inc., Cary, NC, USA) with significance set at p < 0.05.   

 

Results 
The attendance rate for the seven subjects in the strength-training group was 98.8%.  

Results of the baseline (pre-training) between-group ANOVA revealed no significant 
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differences for absolute force control (absolute force variability and targeting error), 

0-4 Hz proportional power or finger force sharing (all p’s > 0.05).  However, the 

strength-training group had significantly less relative force control (greater relative 

force variability and targeting error) and significantly less bicep curl, wrist flexion 

and wrist extension strength than the control group (all p’s < 0.05).  The baseline 

characteristics of the two groups are displayed in Table 7.1.  

 

Table 7.1: Pre-training (baseline) characteristics for the two groups.   

  

Control (n = 4) 

 

Strength (n = 7) 

 

 

Age (yrs) 

 

     76.0 ± 2.0 

 

      75.0 ± 1.7 

Height (cm)    180.0 ± 4.7     171.4 ± 6.4 

Mass (kg)      90.8 ± 9.3 71.7 ± 6.9* 

Absolute Force Variability (N) 1.61 ± 1.22 1.72 ± 1.98 

Absolute Targeting Error (N) 1.68 ± 0.89 2.32 ± 4.95 

Relative Force Variability (% Target force) 6.3 ± 7.2     9.6 ± 14.3* 

Relative Targeting Error (% Target force) 6.2 ± 4.1   14.6 ± 29.4* 

0-4 Hz Proportional Power (% Total force)      92.0 ± 8.1       93.2 ± 7.9 

Index Finger Force Share (% Total force)  61.8 ± 20.2 63.8 ± 21.8 

Middle Finger Force Share (% Total force)  38.2 ± 20.2 36.2 ± 21.8 

5RM Bicep Curl (kg)      10.2 ± 1.2   8.8 ± 1.2* 

5RM Wrist Flexion (kg)      13.0 ± 1.9   9.8 ± 1.2* 

5RM Wrist Extension (kg) 7.1 ± 0.0 5.5 ± 0.9* 

Finger-Pinch MVC (N) 98.9 ± 28.6     84.6 ± 16.2 

All data are presented as mean ± standard deviation.  * Indicates a significant difference between the 

control and strength-training group. 
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Upper Limb Strength  

No significant change in bicep curl (pre 10.2 ± 1.2 kg, post 9.3 ± 0.9 kg), wrist 

flexion (pre 13.0 ± 1.9 kg, post 12.7 ± 2.2 kg), wrist extension (pre 7.1 ± 0.0 kg , post 

7.4 ±  0.9 kg) or finger-pinch (pre 98.9 ± 28.6 N, post 94.4 ± 33.1 N) strength was 

found for the control group over the duration of the study (all p’s > 0.05).  The 

strength-training group tended to experience greater increases in muscular strength 

than the control group.  These changes were statistically significant for bicep curl (ES 

1.38 ± 0.98) and wrist flexion (ES 3.06 ± 1.61) strength (all p’s < 0.05), but not for 

wrist extension (ES 1.00 ± 1.07) or finger-pinch (ES 0.43 ± 0.50) strength (all p’s > 

0.05).  When these between-group comparisons were conducted with only the trained 

limb, it was also apparent that the strength-training group obtained a significantly 

greater increase in their trained limb’s finger-pinch strength than the control group 

(ES 0.70 ± 0.70, p < 0.05).  Although there were trends suggesting that training 

increased the strength of the untrained as well as trained limb, the only statistically 

significant increase in the untrained limb’s strength occurred in the wrist flexion 

exercise (ES 2.35 ± 1.61, p < 0.05).  The percent strength change scores for the 

strength-training compared to control group is presented in Figure 7.1.  

 

Force Characteristics 

Representative pre-training time- and frequency-domain finger-pinch force data for 

the control and strength-training groups performing constant and sinusoidal finger-

pinch force production conditions are displayed in Figure 7.2.  
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Figure 7.1: Percent upper limb strength change scores for the strength-training compared to the control 

group.  A positive change score represents a greater increase in strength for the strength-training than 

control group.  All data are presented as mean ± 95% confidence limit.  * Indicates a significantly 

greater change for the strength-training than control group. 
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Figure 7.2: Representative pre-training finger-pinch force data for the control (top two rows) and 

strength-training groups (bottom two rows).  Time-series target, total (thumb), index finger and middle 

finger force data are shown in the left column and a power spectrum for the total (thumb) force is 

shown in the right column.  For both groups, the top row displays data for a constant force condition 

and the bottom row a sinusoidal force condition.  

Control
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Finger-pinch force variability (pre 6.3 ± 7.2%, post 5.5 ± 3.6%) and targeting error 

(pre 6.2 ± 4.1%, post 5.9 ± 3.1%) did not change significantly for the control group 

(all p’s > 0.05).  The overall reduction in force variability for the strength-training 

group did not differ significantly to that of the control group (ES -0.19 ± 0.28, p > 

0.05).  When this comparison was conducted unilaterally, it was apparent that the 

strength-training group experienced a significantly greater reduction in force 

variability than the control group when using the trained (ES -0.23 ± 0.23, p < 0.05) 

but not the untrained limb (ES -0.15 ± 0.52, p > 0.05).  Further analysis revealed that 

force variability was significantly reduced when producing sinusoidal (ES -0.36 ± 

0.23, p < 0.05) but not constant forces (ES -0.02 ± 0.52, p > 0.05). 

The strength-training group experienced a significantly greater reduction in 

targeting error than the control group (ES -0.30 ± 0.18, p < 0.05).  This reduction in 

targeting error was statistically significant in the trained (ES -0.51 ± 0.27, p < 0.05) 

but not the untrained limb (ES -0.10 ± 0.26, p > 0.05).  Further analysis revealed that 

the reduction in targeting error was statistically significant when producing high (40% 

MVC) (ES -0.46 ± 0.31, p < 0.05) but not low (20% MVC) forces (ES -0.14 ± 0.21, p 

> 0.05) and during the sinusoidal (ES -0.34 ± 0.25, p < 0.05) but not constant force 

production conditions (ES -0.27 ± 0.28, p > 0.05).  The force variability and targeting 

error percent change scores for the strength-training compared to control group are 

presented in Figure 7.3. 
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Figure 7.3a: Percent force variability change scores for the strength-training compared to the control 

group.  The effect of limb is shown in the top row, mean force level in the middle row and target shape 

in the bottom row.  Negative change scores indicated that the percentage decrease in force variability 

for the strength-training group was greater than that of the control group.  All data are presented as 

mean ± 95% confidence limit.  * Indicates a significantly greater change for the strength-training than 

control group. 
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Figure 7.3b: Percent targeting error change scores for the strength-training compared to the control 

group.  The effect of limb is shown in the top row, mean force level in the middle row and target shape 

in the bottom row.  Negative change scores indicated that the percentage decrease in targeting error for 

the strength-training group was greater than that of the control group.  All data are presented as mean ± 

95% confidence limit.  * Indicates a significantly greater change for the strength-training than control 

group. 
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Little change in the force power spectral parameters was observed for either group.  

As a result, the peak power, proportional power and peak power frequency change 

scores for the strength-training group did not differ significantly to that of the control 

group (all p’s > 0.05).   

No significant change in force sample entropy (SampEn) was found for the control 

group (pre 0.20 ± 0.20, post 0.17 ± 0.14; p > 0.05).  Force SampEn increased to a 

significantly greater extent for the strength-training than control group (ES 0.53 ± 

0.35, p < 0.05), indicating an increase in the irregularity of the digit forces for the 

strength-training group.  This increase in force SampEn for the strength-training 

group was statistically significant in the trained (ES 0.54 ± 0.43, p < 0.05) but not the 

untrained limb (ES 0.52 ± 0.54, p > 0.05).  Further analysis revealed that the increase 

in SampEn was significant at high (ES 0.81 ± 0.58, p < 0.05) but not low forces (ES 

0.25 ± 0.38, p > 0.05) and when producing sinusoidal (ES 0.67 ± 0.47, p < 0.05) but 

not constant forces (ES 0.40 ± 0.52, p > 0.05).  The percent force SampEn change 

scores for the strength-training compared to control group are presented in Figure 7.4. 
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Figure 7.4: Percent SampEn change scores for the strength-training compared to the control group.  

The effect of limb is shown in the top row, mean force level in the middle row and target shape in the 

bottom row.  Positive change scores indicated that the percentage increase in force SampEn for the 

strength-training group was greater than that of the control group.  All data are presented as mean ± 

95% confidence limit.  * Indicates a significantly greater change for the strength-training than control 

group. 
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Coupling Relations 

Significant decreases in the index finger (IF) force share (pre 61.8 ± 20.2%, post 

50.8 ± 11.9%) and significant increases in middle finger (MF) force share (pre 38.2 ± 

20.2%, post 49.2 ± 11.9%) was observed for the control group (all p’s < 0.05).  As a 

result, the small decrease in the IF and small increase in MF force share for the 

strength-training group was significantly less than that of the control group (ES -0.51 

± 0.27, p < 0.05).  This between-group difference in the IF and MF force share change 

scores were statistically significant in both limbs, at low and high forces and in 

constant and sinusoidal force production conditions (all p’s < 0.05).  

The strength and time-lag of the target-digit, inter-digit and EMG-digit force 

coupling measures, as assessed by cross-correlation analysis were generally 

unchanged for both groups.  Consequently, there were only a few instances where 

significant between-group differences were observed for these measures.  The 

strength-training group had a significantly greater increase in target-index finger (Tar-

IF ES 0.98 ± 0.53, p < 0.05) and a significantly smaller increase in target-middle 

finger (Tar-MF ES -0.43 ± 0.27, p < 0.05) coupling than the control group.  Compared 

to the control group, the strength-training group also had significantly greater 

increases in FPB-IF (ES 1.16 ± 0.93, p < 0.05) and significantly smaller increases in 

FDS-MF (ES -0.28 ± 0.22, p < 0.05) coupling.   

Where the strength-training group had greater increases in target-digit and EMG-

digit force coupling than the control group these effects were significant in the trained 

(Tar-IF ES 1.32 ± 0.61; FPB-IF ES 1.96 ± 1.80, p’s < 0.05) but not the untrained 

(Tar-IF ES 0.64 ± 0.87; FPB-IF ES 0.36 ± 0.51, p’s > 0.05) limb.  In the instances 

where the strength-training group had significantly smaller increases in digit force 

coupling, these were significant in the untrained (Tar-MF ES -0.61 ± 0.29; FDS-MF 

ES -0.50 ± 0.33, p’s < 0.05) but not the trained (Tar-MF ES -0.26 ± 0.47; FDS-MF ES 

-0.06 ± 0.34, p’s > 0.05) limb.  Further analyses revealed that all of these between-

group differences in target-digit and EMG-digit force coupling were statistically 

significant at high but not low forces and during the sinusoidal but not constant force 

conditions.   
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Discussion 
The present study was conducted to determine if a unilateral dumbbell-based 

strength-training program could significantly improve finger-pinch force control in 

older adults.  Changes in digit force output were assessed across eight finger-pinch 

conditions reflecting all combinations of limb (trained and untrained), mean force 

level (20% MVC and 40% MVC) and target shape (constant and sinusoidal).  It was 

hypothesised that improvements in force control would emerge through changes in 

the time- and frequency-domain structure, force share and/or coupling of the digit 

forces. 

  

Training and Force Output 

Results indicated that a strength-training program involving standard upper limb 

dumbbell exercises significantly reduced finger-pinch force variability and targeting 

error in the trained limb of older adults.  This finding appears to be in general 

agreement with previous studies involving strength- (Bilodeau et al., 2000; Keen et 

al., 1994) and coordination-training (Ranganathan, Siemionow, Saugen et al., 2001).  

Collectively, these results suggest that a variety of resistance-training approaches are 

capable of enhancing digit force control in older adults.  While there appear to be 

some methodological issues associated with these three studies that may limit the 

transferability of their results to real-world functional performance, it is proposed that 

the present study addresses a number of these concerns.   

Initial studies in this area assessed the effect of strength-training on older adults’ 

index finger abduction force variability (Bilodeau et al., 2000; Keen et al., 1994).  As 

isolated index finger abduction is rarely performed during any natural human 

movement, the reduced level of force variability reported in these two studies may 

have reflected, at least in part the novelty of such a task.  The current study and 

Ranganathan, Siemionow, Saugen et al. (2001) have demonstrated that resistance-

training can also significantly improve the finger-pinch force control capabilities of 

older adults.  These findings offer stronger support for the prescription of resistance-

training to older adults wishing to improve their force control and hand function, as 

finger-pinching is frequently utilised when the dexterous manipulation of hand-held 

objects is required (Shumway-Cook & Woollacott, 2001).   
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It was also apparent that the testing (transfer) tasks used in the literature to assess 

changes in older adults’ force control were very similar to the exercises performed in 

training (Bilodeau et al., 2000; Keen et al., 1994; Ranganathan, Siemionow, Saugen et 

al., 2001).  A limitation of this approach is that it is impossible to determine the extent 

to which the improvements in force control would be transferred to tasks that were not 

performed in training, i.e. the generality of response (Baker et al., 1994; Barry & 

Carson, 2004).  The design of the present study allowed the issue of generality versus 

specificity to be addressed, revealing that strength-training can significantly improve 

older adults’ force control in tasks that were not practiced in training.  This generality 

of response is an important finding, as older adults may not have sufficient time to 

practice every activity of daily living in which an age-related loss of digit force 

control compromises their performance (Barry & Carson, 2004). 

 

Effect of Force Level and Target Shape 

The magnitude of the age-related decline in digit force control has been shown to be 

greater at low than high force levels (Keen et al., 1994; Laidlaw et al., 2000) and 

during the production of sinusoidal than constant forces (Vaillancourt et al., 2003; 

Vaillancourt & Newell, 2003).  As a result, this study sought to examine how mean 

force level and target shape may influence the older adults’ finger-pinch force control 

response to strength-training.  Some task-dependency of response was observed, with 

the reduction in force variability statistically significant during sinusoidal but not 

constant force production.  A similar result was observed for targeting error, with 

significant decreases observed at high (40% MVC) but not low (20% MVC) forces 

and in sinusoidal but not constant force conditions.   

The significant reduction in targeting error at high but not low forces appeared in 

contrast to the literature, where significant improvements in force control have only 

been observed at forces no greater than 20% MVC (Bilodeau et al., 2000; Keen et al., 

1994; Ranganathan, Siemionow, Saugen et al., 2001).  It is possible that the lack of 

any previously reported training-related improvement in older adults’ force control 

above 20% MVC reflects the fact that Bilodeau et al. (2000) and Ranganathan, 

Siemionow, Saugen et al. (2001) have only used low-level (2.5-20% MVC) force 

production tasks to assess the effectiveness of their training programs.  The results of 
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the present study therefore suggests that older adults who engage in resistance-

training may be just as capable of improving their digit force control at forces above 

20% MVC as they have been shown to be up to 20% MVC.   

No previous studies have used constant and sinusoidal force production conditions 

to assess the effect of resistance-training on the force control capabilities of older 

adults.  However, as the age-related loss of digit force control is greater during the 

production of sinusoidal than constant forces (Vaillancourt et al., 2003; Vaillancourt 

& Newell, 2003), it was hypothesised that the improvements in the older adults’ force 

control would be more pronounced in the sinusoidal than constant force conditions.  

This was consistent with the results, as significant reductions in force variability and 

targeting error were observed during the production of sinusoidal but not constant 

forces.   

Sinusoidal force production by its nature requires the performer to continually 

modulate both MU recruitment and MU firing rate (Kamen & Du, 1999).  As the 

aging process reduces the synchrony between MU recruitment and MU firing rate 

(Erim et al., 1999), the strength-training group’s significantly improved sinusoidal 

force control may have reflected an enhanced ability to simultaneously match MU 

recruitment and MU firing rate to the time-varying demands of the task.  Similar 

conclusions have been drawn by Bernardi, Solomonow, Nguyen, Smith and Baratta 

(1996) and Knight and Kamen (2004).  In these two studies, the practice-related 

reductions in young adults’ bicep curl and index finger abduction targeting error, 

respectively were associated with significant improvements in the manner in which 

MU recruitment and MU firing rate were concurrently modulated. 

 

Mechanisms Underlying Improved Force Control 

As well as demonstrating that strength-training can significantly reduce finger-pinch 

force variability and targeting error in older adults, the present study sought to gain 

some insight into the mechanism(s) underlying these adaptations.  Of particular 

interest was whether the improvements in force control would be associated with 

changes in the dynamics (time- and frequency-domain structure), force share and/or 

coupling of the digit forces.  The strength-training group had a significantly greater 

increase in force SampEn (force irregularity) than the control group.  In contrast, there 

were little systematic between-group differences in the power spectral or digit force 
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coupling change scores and an (unexpectedly) greater change in the index and middle 

finger force share change scores for the control than strength-training group.   

These results suggest that the strength-training group’s improved force control 

reflected changes in the time-domain structure but not the frequency-domain 

structure, force share or coupling of the digit forces.   The lack of change in the force 

share and digit force coupling measures for the strength-training group may be 

explained by the specificity principle, as the strength-training program used in this 

study consisted of dynamic bicep curl, wrist flexion and wrist extension exercises 

whereas force control was assessed using isometric finger-pinch contractions.  This 

suggests that alterations in the finger-pinch force share and/or coupling patterns may 

only occur as a consequence of a more specific training program (i.e. one involving 

isometric finger-pinching).   

The increased level of force SampEn for the strength-training group appeared to be 

more pronounced in certain finger-pinch conditions.  Consistent with the changes in 

force variability and targeting error, significant increases in SampEn were observed in 

the trained but not untrained limb, at high but not low forces and during sinusoidal but 

not constant force production.  The similar task-dependent response for these three 

variables further reinforces the view that a change in the time-domain structure 

(irregularity) of a force output is likely to alter the overall level of digit force control 

(Deutsch & Newell, 2004; Sharp & Newell, 2000; Slifkin & Newell, 1999). 

A highly regular signal, as indicated by a low SampEn value (Richman & Moorman, 

2000) is thought to characterise an output that is produced from a small number of 

components or processes (Morrison & Newell, 1998; Sharp & Newell, 2000; Slifkin 

& Newell, 1999).  As the aging process can increase digit force regularity 

(Vaillancourt & Newell, 2003), older adults may utilise a smaller number of 

components/processes when producing digit forces than young adults.  This would 

suggest that older adults have a more limited repertoire of force production modes and 

that their increased reliance on these modes lessens their adaptability and flexibility in 

precisely controlling their digit forces.  Results of the present study suggest that this 

age-related decline is reversible, as those older adults who engaged in six weeks of 

strength-training were able to produce a more irregular (complex) force signal and 

ultimately exhibit a greater level of force control.  Similar conclusions regarding the 

relationship between changes in the irregularity and control of finger-pinch forces 
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have been observed by Deutsch and Newell (2004) in children who completed five 

days of specific finger-pinch force production practice.   

  

Cross-Education 

The present study was also interested in determining if unilateral strength-training 

could improve older adults’ finger-pinch force control and upper limb strength in both 

the trained and untrained limb.  Results were mixed with a significant cross-education 

effect observed for wrist flexion strength (44%) and trends for finger-pinch force 

variability and targeting error (9-10%) as well as bicep curl and wrist extension 

strength (10-12%).  While these changes in the force control, bicep curl and wrist 

extension strength of the untrained limb were not statistically significant, the 

magnitude of these effects may be of some practical significance (Hopkins et al., 

1999).  These results also appear somewhat similar to that of Lazarus and Haynes 

(1997) and Bemben and Murphy (2001) who reported that older adults can obtain 

significant cross-education effects for finger-pinch force control and bicep curl 

strength from practicing the actual finger-pinch force production task or by 

performing strength-training, respectively.   

As unilateral training can produce significant cross-education effects in older adults 

(Bemben & Murphy, 2001; Lazarus & Haynes, 1997), the inability of the majority of 

the cross-education trends in the present study to obtain statistical significance may 

reflect both statistical and physiological factors.  From a statistical perspective, the 

confidence limits for these cross-education effects were quite wide.  This suggests 

that while some subjects may have obtained substantial cross-education effects, a 

longer training program and/or a greater number of subjects would have been required 

to obtain a significant overall group effect (Atkinson & Nevill, 2001; Hopkins et al., 

1999).  On a physiological level, the relative lack of change in the finger-pinch force 

control of the untrained limb may be explained by the principle of specificity (Baker 

et al., 1994; Carroll, Riek et al., 2001).  Significant improvements in the untrained 

limb’s function have only been observed when assessed with the same task practiced 

by the trained limb (Bemben & Murphy, 2001; Hortobagyi et al., 1997; Housh et al., 

1998a; Lazarus & Haynes, 1997).  It is however unknown if this apparent movement 

task-specificity just reflects the fact that cross-education effects have always been 

assessed with the same task performed by the trained limb.   
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The results of the current study suggest the possibility that cross-education effects 

can exhibit some generality of response, i.e. it can be observed in tasks not performed 

in training.  As general cross-education adaptations would have many applications in 

the fields of rehabilitation and physical conditioning (Stromberg, 1986, 1988), 

additional research involving larger sample sizes and longer training durations is 

warranted to more clearly quantify the generality of this response.   

 

Conclusions 
Six weeks of unilateral dumbbell-based strength-training significantly reduced 

finger-pinch force variability and targeting error in the trained limb of older adults.  

The improvement in force control was more pronounced at high than low forces 

and/or during sinusoidal rather than constant force production.  As the training 

exercises did not resemble the finger-pinch tasks used in testing, the present study 

appears to be the first to demonstrate a significant general force control adaptation, 

whereby enhanced performance was observed in tasks not practiced in training.  

These results further support the prescription of strength-training for older adults.  
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The purpose of this chapter is to integrate and discuss the main results of the 

previous chapters of this thesis.  A summary of the main findings from each of the 

five experiments is presented, with an emphasis on how these results complement but 

yet add to the literature on physiological tremor, the constraints to action model of 

motor control and cross-education.  Based on this synthesis, recommendations on how 

best to control postural and force tremor during precision upper limb tasks as well as 

recommendations for future research have been proposed.  Finally, a series of 

conclusions are drawn.  

 

Summary of Results  

Characteristics of Physiological Tremor 

Inspection of the literature revealed that the characteristics of physiological tremor 

have been assessed under a range of task constraints.  The majority of these studies 

(especially for postural tremor) have been conducted with young adults only.  As a 

result, this thesis aimed to determine how young and older adults would differ in 

terms of the control strategy utilised and the resulting physiological tremor output in 

unsupported postural pointing and multi-finger finger-pinch force production tasks, 

and if these differences could be reduced by the performance of resistance-training by 

older adults.  A summary of the main findings of each of the five experiments is 

presented.  

 

Experiment 1: Augmented visual feedback increases finger tremor during 

postural pointing. 

• Augmented visual feedback significantly increased index finger postural 

tremor amplitude in young adults. 

• Postural tremor amplitude was significantly higher and targeting accuracy 

lower when young adults used the non-preferred rather than the preferred 

limb. 

• The tremor amplitude and targeting accuracy of young adults did not differ 

significantly between the large and small target conditions. 

• The increases in postural tremor amplitude seen when using augmented 

visual feedback or the non-preferred limb were a result of an increased 8-12 
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Hz tremor component and were associated with greater levels of upper limb 

muscle activity/co-activation and a reduction in intra-limb coupling.  

 

Experiment 2: Age-related differences in neuromuscular and coordinative 

function contribute to the increased postural tremor of older adults. 

• Older adults had significantly greater index finger postural tremor amplitude 

than young adults. 

• The age-related increase in tremor amplitude was significant in all four 

conditions, indicating that the effect of the aging process on tremor control 

was independent of visual feedback and limb preference. 

• The older adults’ increased postural tremor amplitude was a result of greater 

8-12 Hz tremor power and was associated with elevated upper limb muscle 

activity and reduced intra-limb coupling.   

 

Experiment 3: Resistance-training reduces postural tremor amplitude in older 

adults. 

• Two forms of resistance- (strength and coordination) training were able to 

significantly reduce the index finger postural tremor amplitude of older 

adults. 

• The reductions in tremor amplitude were significant in the close target and 

far target conditions (i.e. those involving augmented visual feedback and 

specific circular targets) but not in the blank target or no target conditions. 

• Significant reductions in tremor amplitude were observed in both the trained 

and untrained limb for the coordination-training group but only in the trained 

limb for the strength-training group. 

• The training-related reductions in postural tremor amplitude were a result of 

diminished 8-12 Hz tremor power and were associated with decreased upper 

limb co-activation but no change in intra-limb coupling.   
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Experiment 4: Age-related differences in inter-digit coupling during finger 

pinching. 

• Older adults had significantly less tri-digit finger-pinch force control than 

young adults as indicated by the age-related increase in force variability and 

targeting error.   

• The decline in the force control capabilities of older adults was more 

pronounced at low (20% MVC) than high (40% MVC) forces, and to a 

lesser extent during sinusoidal than constant force production.   

• The reduced finger-pinch force control of older adults was associated with a 

significant increase in proportional power below 1.5 Hz and index finger 

force share, as well as significant reductions in peak power frequency, 

middle finger force share, digit force coupling and tactile sensitivity. 

 

Experiment 5: Strength-training improves the tri-digit finger-pinch force 

control of older adults. 

• Strength-training significantly improved the tri-digit finger-pinch force 

control of older adults, as evidenced by the significant reduction in the force 

variability and targeting error of the trained limb.   

• The improvements in force control were more pronounced in the sinusoidal 

than constant force conditions, and to a lesser extent at high than low forces.  

• The training-related reductions in finger-pinch force variability and targeting 

error were associated with a significant increase in the irregularity of the 

total force output, but no significant change in the power spectral or digit 

force coupling measures. 

 

Synthesis of Results 
Much of the physiological (especially postural) tremor research has been conducted 

using a single-segment design, whereby the output of only one effector is recorded 

(Beuter et al., 2000; Bilodeau et al., 2000; Blank et al., 1999; Christou et al., 2002; 

Lakie et al., 1994; Marsden et al., 1969b).  In contrast, the five studies reported in this 

thesis were all conducted using the multi-segment approach.  The advantage of the 

multi-segment approach is that the researcher can quantify the manner in which the 
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limb segments are coupled and therefore gain some insight into the control strategy 

utilised by the performer(s). 

Consistent with the constraints model of motor control (Newell, 1986), the results of 

the five experiments in this thesis demonstrated that a range of task (visual feedback, 

limb preference, force level and target shape) and organism (age and training) 

constraints significantly altered the control strategy and the resulting physiological 

tremor outputs.  Some degree of task-dependency was present with significant 

interaction effects observed between a number of the task and organism constraints.  

This indicates that the effect of aging and training on physiological tremor control is 

not constant across all upper limb tasks, but that it is influenced by the goal and nature 

of the task being performed as well as the information provided to the performer.  The 

following sections describe how the results of the five experiments within this thesis 

have added to the literature on the constraints underlying the control of physiological 

tremor.   

 

Task Constraints 

The effect of three task constraints (visual feedback, target size and limb preference) 

on the postural tremor output of young adults was examined in Experiment 1.  No 

comparable study was conducted for force tremor as the effect of the three task 

constraints (force level, target shape and limb preference) utilised in Experiments 4 

and 5 were well known (Morrison & Newell, 1998; Sharp & Newell, 2000; 

Vaillancourt et al., 2003; Vaillancourt & Newell, 2003).   

Results of Experiment 1 indicated that when postural pointing was performed with 

augmented rather than normal visual feedback, index finger tremor output (amplitude 

and 8-12 Hz power) and upper limb co-activation were significantly increased and 

intra-limb coupling significantly reduced.  Similar results were observed when the 

tasks were performed with the non-preferred rather than the preferred limb.  These 

changes in 8-12 Hz tremor power, co-activation and intra-limb coupling suggested 

that the young adults increased the degree of upper limb stiffness during the 

augmented visual feedback and non-preferred limb conditions in an attempt to 

improve their postural tremor control.  As increasing limb stiffness actually amplifies 

index finger tremor amplitude (Morrison & Keogh, 2001; Morrison & Newell, 
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2000a), the use of this control strategy in the augmented vision and non-preferred 

limb conditions may have contributed to the increases in tremor.   

The increased tremor amplitude observed in the augmented rather than normal 

vision conditions may initially appear surprising as vision is critical for the 

performance of motor tasks requiring high levels of fine motor control and dexterity 

(Cesari & Newell, 1999; Quintern et al., 1999).  Consistent with this view, micro-

surgeons routinely use microscopes or surgical loupes to control their tremor and 

maximise their precision during surgery (Harwell & Ferguson, 1983; Rooks et al., 

1993).  However, when novice (unskilled) subjects have used augmented visual 

feedback, either no consistent change (Beuter et al., 1995; Vasilakos et al., 1998) or 

significant increases (Morrison & Keogh, 2001) in postural tremor output have been 

observed.  The equivalence of these findings further demonstrates the task-

dependency of tremor control, with the effect of augmented visual feedback 

apparently mediated by the relative skill of the subject and perhaps the number of 

limb segments requiring control.   

 

Organism Constraints 

Aging 

As a result of the widespread use of the single-segment design, very little was 

known about how age-related changes in control strategy may contribute to an 

increase in the physiological tremor amplitude of older adults.   Experiments 2 and 4 

were therefore conducted to examine the effect of the aging process on multi-segment 

postural and force tremor control, respectively.  

Results indicated that young and older adults had similar postural and force tremor 

profiles.  Both age groups had prominent postural tremor peaks between 2-4 Hz and 

8-12 Hz for all limb segments, with the greatest level of intra-limb coupling observed 

within the distal (index finger-hand) and proximal (forearm-upper arm) segment pairs.  

For the finger-pinch force production tasks, young and older adults had a 

predominance of power below 4 Hz.  Both age groups relied on the index more than 

middle finger to achieve the task goal, as evidenced by the digit force share and 

coupling measures being greater and the time lags shorter for the index than middle 

finger.  These results may indicate that in both age groups, the same neurological 
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processes contributed to the resulting physiological tremor output and/or that the same 

general control strategies were adopted.   

Irrespective of these similarities, older adults had significantly 35% more index 

finger postural tremor amplitude, 98% more finger-pinch force variability and 146% 

more finger-pinch targeting error than the young subjects.  Although these increases 

in physiological tremor amplitude were consistent with the general decline in motor 

function seen with aging (Carmeli et al., 2003; Enoka et al., 2003; Grabiner & Enoka, 

1995), the literature for the effect of the aging process on tremor was actually quite 

equivocal.  For example, age-related increases in postural tremor have been observed 

in two studies (Birmingham et al., 1985; Loscher & Gallasch, 1993) but not in three 

others (Elble, 2003; Raethjen et al., 2000; Sturman et al., 2005).  Similar results 

existed for finger-pinch force control, with six studies showing age-related increases 

(Christou et al., 2004; Cole, 1991; Kinoshita & Francis, 1996; Lazarus & Haynes, 

1997; Ranganathan, Siemionow, Saghal et al., 2001; Shim et al., 2004) and four 

others finding no differences in force tremor (Cole & Beck, 1994; Cole et al., 1999; 

Vaillancourt et al., 2001b, 2002).   

While several factors could underlie the equivocal nature of the age-tremor 

literature, it is proposed that the inconsistencies reflected the number of upper limb 

segments or finger forces that required control during the postural pointing and finger-

pinch tasks, respectively.  When no upper limb support was given, Experiment 2 as 

well as Birmingham et al. (1985) and Loscher and Gallasch (1993) found significantly 

greater postural tremor amplitude in older than young adults.  In contrast, the studies 

that supported the forearm reported no age-related differences (Elble, 2003; Raethjen 

et al., 2000; Sturman et al., 2005).  Similar trends were observed for finger-pinch 

force control.  When the pinch tasks involved multiple fingers, Experiment 4 as well 

as Lazarus and Haynes (1997) and Shim and colleagues (2004) reported greater force 

tremor in older than young subjects, whereas all of the studies that reported no age-

related decline in force control (Cole & Beck, 1994; Cole et al., 1999; Vaillancourt et 

al., 2001b, 2002) utilised finger-pinch tasks involving only the thumb and index 

finger.   

These results imply that the greater physiological tremor amplitude of older than 

young adults reflected, at least in part the older subjects’ relative inability to control 

and coordinate the output of multiple effectors.  Consistent with such a proposal, 



Chapter 8: Discussion 

 182

numerous age-related differences in the power spectral, muscle activity and coupling 

measures were observed in Experiments 2 and 4.   

Compared to the young adults, older subjects had significantly greater 8-12 Hz 

postural tremor power, extensor digitorum and flexor digitorum superficialis muscle 

activity and reduced intra-limb coupling during the postural pointing tasks.  These 

results suggest that the older subjects attempted to exert greater (active) control over 

their tremor by increasing muscle activity and limb stiffness.  Unfortunately, such an 

approach amplifies the amplitude of the tremor at the distal effector (Morrison et al., 

2005; Morrison & Keogh, 2001; Morrison & Newell, 2000a).  During tri-digit finger-

pinch force production, older adults had significantly greater low frequency power 

and index finger force share as well as a reduced force share and coupling of the 

middle finger force to the target force, thumb force and EMG signals than young 

adults.  Similar differences in the frequency content, force share and/or coupling of 

the digit forces have also been associated with increased force tremor in multi-finger 

finger-pinch tasks (Deutsch & Newell, 2004; Shim et al., 2004; Visser et al., 2003).  

Interventions that focus on improving the coordination of multiple upper limb 

effectors may therefore hold considerable promise for enhancing the physiological 

tremor control of older adults.   

 

Training 

As a consequence of the age-related increases in physiological tremor amplitude 

observed in Experiments 2 and 4, two studies (Experiments 3 and 5) were conducted 

to determine whether resistance-training could improve the ability of older adults to 

control their tremor.  Results indicated that six weeks of upper limb strength- or 

coordination-training both significantly reduced the index finger tremor amplitude of 

older adults.  Similar results were observed for force tremor, with significant 

reductions in finger-pinch force variability and targeting error observed as a 

consequence of six weeks of strength-training.  Significant increases in upper limb 

strength were also observed as a consequence of both forms of resistance-training. 

These results appear to be in accordance with other resistance-training studies that 

reported significant improvements in postural (Ranganathan, Siemionow, Saugen et 

al., 2001) and force tremor (Bilodeau et al., 2000; Keen et al., 1994; Ranganathan, 

Siemionow, Saugen et al., 2001) control in older adults.  While this suggests that a 

range of resistance-training approaches can reduce physiological tremor amplitude in 
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older adults, a number of methodological issues may limit the applicability of these 

results to improving upper limb functional performance in this population.   

The primary concern with these studies lies in the selection of the testing (transfer) 

tasks used to assess the effectiveness of the training programs.  Two of the three force 

tremor training studies used index finger abduction force production tasks to assess 

the efficacy of strength-training in improving older adults’ force control (Bilodeau et 

al., 2000; Keen et al., 1994).  As index finger abduction is not commonly performed 

in any activity of daily living, the reduction in force tremor seen in these two studies 

could have reflected, at least in part the novelty of such a task.  It was also apparent 

that in each of the three force tremor training studies the transfer tasks were very 

similar to the exercises performed in training (Bilodeau et al., 2000; Keen et al., 1994; 

Ranganathan, Siemionow, Saugen et al., 2001).  Such a research design makes it 

difficult to determine whether resistance-training can improve the tremor control of 

older adults in tasks that were not practiced in training, i.e. the generality of response 

(Baker et al., 1994; Barry & Carson, 2004).   

The design of Experiments 3 and 5 allowed the generality versus specificity issue to 

be investigated.  As no postural pointing or finger-pinching was performed in either 

the strength- or coordination-training programs, the improvements in postural and 

force tremor control were general rather than specific responses to resistance-training.  

The generality of these responses was an important finding, as older adults may not be 

able to devote sufficient time to the practice of all activities of daily living in which 

age-related increases in physiological tremor amplitude limit their performance (Barry 

& Carson, 2004). 

Another important finding was that some improvements in tremor control and upper 

limb strength were observed in the untrained as well as the trained limb.  Such an 

improvement in the function of the untrained limb has been referred to as cross-

education (Enoka, 1988; Zhou, 2000).  Significant cross-education effects for postural 

tremor control and wrist flexion strength were observed for the coordination- and 

strength-training groups, respectively.  There were also trends for the strength-training 

group to experience a reduction in the postural tremor amplitude, finger-pinch force 

variability and targeting error and an increase in the bicep curl and wrist extension 

strength of the untrained limb.   

The cross-education effects observed in Experiments 3 and 5 differed to the majority 

of the literature which has focused on the gross-motor function (e.g. muscular strength 
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and endurance) of young adults (Hortobagyi et al., 1997; Housh et al., 1998a; Shields 

et al., 1999; Yuza et al., 2000).  The current results are somewhat similar to Lazarus 

and Haynes (1997) and Bemben and Murphy (2001), who reported significant cross-

education effects for fine- (finger-pinch force control) and gross- (bicep curl strength) 

motor function in older adults as a consequence of specific task (finger-pinch force 

modulation) practice and strength-training, respectively.  These results indicate that 

older adults retain sufficient neural plasticity to significantly improve the gross- and 

fine-motor function of the untrained limb through unilateral exercise.   

The tendency for unilateral resistance-training to improve postural and force tremor 

control in the untrained limb occurred even though no postural pointing or finger-

pinching was performed in training by the trained limb.  These findings suggested that 

cross-education (at least for older adults) is more of a general adaptation to unilateral 

training than originally believed.  The generality of these cross-education effects 

suggests that unilateral resistance-training may be able to be used more widely in 

clinical practice, although additional research needs to be conducted with other 

population groups e.g. patients suffering from unilateral musculoskeletal or 

neurological conditions.  

As well as demonstrating that unilateral resistance-training can significantly 

improve the tremor control of older adults, the present study also sought to gain some 

insight into the potential mechanism(s) contributing to these effects.  The reductions 

in postural tremor amplitude were most pronounced between 8-12 Hz and were 

associated with reduced co-activation of the ED and FDS muscles.  The 8-12 Hz 

(neurogenic) tremor peak reflects the activity of the central oscillators that control 

alpha motoneuron firing (Elble & Koller, 1990; Elble & Randall, 1976; Raethjen et 

al., 2000).  Thus, the decreased levels of 8-12 Hz power and upper limb co-activation 

suggested that the decline in postural tremor amplitude was related to the reduction in 

upper limb muscle activity.  Similar results have been observed for pathological 

tremor patients who performed biobehavioural-training (Chung et al., 1995; 

Lundervold et al., 1999; Lundervold & Poppen, 2004).  This suggests that any 

intervention that reduces (excessive) levels of upper limb muscle activity can 

significantly improve postural tremor control in neurologically normal older adults as 

well as pathological tremor patients.  

Improvements in finger-pinch force control were associated with significant 

increases in force irregularity, but no significant change in the power spectral, digit 
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force share or coupling measures.  This suggested that the enhancement in finger-

pinch force control for the older adults was related to the changes in the time-domain 

structure of the digit forces.  Similar conclusions have been drawn by Deutsch and 

Newell (2004) regarding the mechanisms underlying the enhanced level of finger-

pinch force control shown by children after five days of specific practice of the 

(tested) finger-pinch force production task.  The more irregular a signal (in this case, 

finger-pinch force), the greater the number of components/processes involved in its 

generation (Vaillancourt & Newell, 2003).  Therefore, the increase in force 

irregularity seen with strength-training may indicate that such training allows older 

adults to develop a more expansive repertoire of finger-pinch force production modes.  

By being less reliant on a limited number of force production modes, the strength-

trained older adults were able to increase their adaptability and flexibility in precisely 

controlling their digit forces and ultimately produce less force variability and 

targeting error.  

In summary, young and older adults differed in terms of the control strategy utilised 

and the resulting physiological tremor output in unsupported postural pointing and 

multi-finger finger-pinching tasks.  These differences could be reduced by older 

adults performing resistance-training. 

 

Recommendations for the Control of Physiological Tremor 

Postural Tremor 

The results of the three postural tremor experiments indicated that the amplitude of 

postural tremor is intrinsically linked to the level of 8-12 Hz tremor power and is 

heavily influenced by the level of upper limb muscle activity/co-activation and intra-

limb coupling.  This view is consistent with that of Morrison and associates (Morrison 

et al., 2005; Morrison & Keogh, 2001; Morrison & Newell, 1996, 1999, 2000a, 

2000b).  On this basis, the following recommendations can be drawn for improving 

the control of (minimizing) tremor amplitude in postural tasks: 

• Novice performers should utilise the preferred and not the non-preferred 

limb and normal rather than augmented visual feedback. 

• The level of upper limb muscle activity/co-activation should be minimised 

so to ensure that limb stiffness is reduced and that high levels of coupling 
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are maintained within the distal (index finger-hand) and proximal (forearm-

upper arm) segment pairs. 

• Older adults should perform strength- or coordination-training.     

 

Force Tremor 

Although not as conclusive as that for postural tremor, the overall level of finger-

pinch force control appeared to be influenced by the time- and frequency-domain 

structure of the digit forces as well as the manner in which the digit forces were 

shared and coupled.  Such results share some similarities with those of Christou and 

colleagues (2004), Deutsch and Newell (2004), Sharp and Newell (2000) and Shim 

and colleagues (2004).  Consistent with many of the findings of this literature, force 

control in multi-finger finger-pinching (at least across forces levels similar to that 

seen in this thesis) may be optimised by:  

• Utilising all active digits in the production of total finger-pinch force so that 

the irregularity (complexity) of, and the range of frequencies contained in 

the force output is maximised. 

• Maximising the strength of the coupling and minimising the time lags 

between the target force, digit forces and muscle activity. 

• Older adults should perform strength- or coordination-training.     

 

Recommendations for Future Research 
The results of this thesis add to the literature on physiological tremor.  In particular, 

the results supported the constraints model of motor control proposed by Newell 

(1986; 1996), in that the imposition of various organism and task constraints tended to 

alter the control strategy and the resultant physiological tremor output.  However, 

much more remains to be learnt about how varying the constraints to action alter the 

control strategy, tremor amplitude and ultimately functional performance.  Future 

research in this area should examine the task-dependency of physiological tremor and 

determine the most effective forms of training to reduce this tremor and improve 

functional performance in older adults and pathological tremor patients.  Examples of 

such studies may include:   
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• A comparison of the effect of augmented versus normal visual feedback and 

large versus small targets on the postural tremor output of skilled (e.g. 

archers, pistol shooters, micro-surgeons etc) and novice adults of varying 

ages. 

• The effect of providing various levels of upper limb support on the age- and 

training-related changes in postural tremor output.  

• An examination of the age- and training-related differences in force tremor 

using finger-pinch tasks involving a range of digit combinations and with 

objects of various sizes, shapes and textures.  These studies could also 

incorporate conditions in which real-time visual feedback on task 

performance is not provided. 

• Investigations into whether the reductions in physiological tremor seen as a 

result of resistance-training improve performance in activities of daily living 

such as dressing, drinking, eating and writing. 

 

Conclusions 
The major finding of the five experiments that comprised this thesis was that the 

physiological tremor output and the control strategy could be significantly altered by 

the imposition of various task and organism constraints.  Specifically, the aging 

process resulted in significantly greater postural and force tremor output and a 

tendency to use control strategies that were characterised by a freezing of the degrees 

of freedom.  Six weeks of unilateral resistance-training was able to reduce the tremor 

amplitude and re-organise the degrees of freedom of older adults, even though no 

postural pointing or finger-pinching was performed in training.  This indicated that 

the improvements in tremor control were general not specific neural/coordinative 

adaptations to training, a finding of great practical importance.  Overall, the results of 

this thesis have practical and theoretical benefits to older adults and to the health 

professionals who devote much of their working lives to improving function and 

quality of life in older individuals. 



References 

 188

 

 

 

 

 

 

REFERENCES 



References 

 189

Aagaard, P., Simonsen, E. B., Andersen, J. L., Magnusson, S. P., Halkjaer-Kristensen, 

J., & Dyhre-Poulsen, P. (2000). Neural inhibition during maximal eccentric 

and concentric quadriceps contraction: effects of resistance training. Journal 

of Applied Physiology, 89, 2249-2257. 

Abernethy, P. J., Jurimae, J., Logan, P. A., Taylor, A. W., & Thayer, R. E. (1994). 

Acute and chronic response of skeletal muscle to resistance exercise. Sports 

Medicine, 17(1), 22-38. 

Adam, A., De Luca, C. J., & Erim, Z. (1998). Hand dominance and motor unit firing. 

Journal of Neurophysiology, 80, 1373-1382. 

Akima, H., Takahashi, H., Kuno, S.-Y., Masuda, K., Masuda, T., Shimojo. H., et al. 

(1999). Early phase adaptations of muscle use and strength to isokinetic 

training. Medicine and Science in Sports and Exercise, 31(4), 588-594. 

Alexander, N. B., Gross, M. M., Medell, J. L., & Hofmeyer, M. R. (2001). Effects of 

functional ability and training on chair-rise biomechanics in older adults. 

Journal of Gerontology: Medical Sciences, 56A(9), M538-M547. 

Allum, J. H., Dietz, V., & Freund, H.-J. (1978). Neuronal mechanisms underlying 

physiological tremor. Journal of Neurophysiology, 41, 557-571. 

Andree, M. E., & Maitra, K. K. (2002). Intermanual transfer of a new writing 

occupation in young adults without disability. Occupational Therapy 

International, 9(1), 41-56. 

Arblaster, L., & Lakie, M. (1990). Simultaneous bilateral recording of human tremor. 

Journal of Physiology, 420, 6. 

Arblaster, L., Lakie, M., & Walsh, E. (1990). Human physiological tremor: a bilateral 

study. Journal of Physiology, 429, 132. 

Atkinson, G., & Nevill, A. M. (2001). Selected issues in the design and analysis of 

sport performance research. Journal of Sports Sciences, 19(10), 811-827. 

Baker, D., Wilson, G., & Carlyon, B. (1994). Generality versus specificity: a 

comparison of dynamic and isometric measures of strength and speed-

strength. European Journal of Applied Physiology, 68(4), 350-355. 

Balasubramanian, R., Riley, M. A., & Turvey, M. T. (2000). Specificity of postural 

sway to the demands of a precision task. Gait and Posture, 11, 12-24. 

Balasubramanian, R., & Turvey, M. T. (2000). The handedness of postural 

fluctuations. Human Movement Science, 19, 667-684. 



References 

 190

Barry, B. K., & Carson, R. G. (2004). The consequence of resistance training for 

movement control in older adults. Journal of Gerontology: Medical Sciences, 

59A(7), 530-554. 

Bast-Pettersen, R., & Ellingsen, D. G. (2005). The Klove-Matthews static steadiness 

test compared with the DPD Tremor:  comparison of a fine motor control task 

with measures of tremor in smokers and manganese-exposed workers. 

Neurotoxicology, 26(3), 331-342. 

Baud-Bovy, G., & Soechting, J. F. (2002). Factors affecting variability in load force. 

Experimental Brain Research, 143, 57-66. 

Bemben, M. G., & Murphy, R. E. (2001). Age related neural adaptation following 

short term resistance training in women. Journal of Sports Medicine and 

Physical Fitness, 41, 291-299. 

Bernardi, M., Felici, F., Marchetti, M., Montellanico, F., Piacentini, M. F., & 

Solomonow, M. (1999). Force generation performance and motor unit 

recruitment strategy in muscles of contralateral limbs. Journal of 

Electromyography and Kinesiology, 9, 121-130. 

Bernardi, M., Solomonow, M., Nguyen, G., Smith, A., & Baratta, R. (1996). Motor 

unit recruitment strategy changes with skill acquisition. European Journal of 

Applied Physiology, 74, 52-59. 

Bernstein, N. (1967). The coordination and regulation of movement. Oxford: 

Pergamon Press. 

Beuter, A., Edwards, R., & Boucher, A. (2000). Physiological tremor: does 

handedness make a difference? International Journal of Neuroscience, 101, 9-

19. 

Beuter, A., Haverkamp, H., Glass, L., & Carriere, L. (1995). Effect of manipulating 

visual feedback parameters on eye and finger movements. International 

Journal of Neuroscience, 83, 281-294. 

Beuter, A., Lambert, G., & MacGibbon, B. (2004). Quantifying postural tremor in 

workers exposed to low levels of manganese. Journal of Neuroscience 

Methods, 139(2), 247-255. 

Bilodeau, M., Keen, D. A., Sweeney, P. J., Shields, R. W., & Enoka, R. M. (2000). 

Strength training can improve steadiness in persons with essential tremor. 

Muscle and Nerve, 23, 771-778. 



References 

 191

Birmingham, A. T., Wharrad, H. J., & Williams, E. J. (1985). The variation of finger 

tremor with age in man. Journal of Neurology, Neurosurgery and Psychiatry, 

48, 788-798. 

Blank, R., Heizer, W., & von Vob, H. (1999). Externally guided control of static grip 

forces by visual feedback - age and task effects in 3-6 year old children and in 

adults. Neuroscience Letters, 271, 41-44. 

Brown, M., Sinacore, D. R., & Host, H. H. (1995). Relationship of strength to 

function in the older adult. Journal of Gerontology: Medical Sciences, 50A, 

55-59. 

Brumlik, J. (1962). On the nature of normal tremor. Neurology, 12, 159-179. 

Brumlik, J., & Yap, C. B. (1970). Normal tremor: a comparative study. Springfield: 

Charles C. Thomas. 

Burnett, R. A., Laidlaw, D. H., & Enoka, R. M. (2000). Coactivation of the antagonist 

muscle does not covary with steadiness in old adults. Journal of Applied 

Physiology, 89, 61-71. 

Carmeli, E., Patish, H., & Coleman, R. (2003). The aging hand. Journal of 

Gerontology: Medical Sciences, 58A(2), M146-M152. 

Carolan, B., & Cafarelli, E. (1992). Adaptations in coactivation after isometric 

training. Journal of Applied Physiology, 73(3), 911-917. 

Carroll, T. J., Barry, B., Riek, S., & Carson, R. G. (2001). Resistance training 

enhances the stability of sensorimotor coordination. Proceedings of the Royal 

Society of London B, 268, 221-227. 

Carroll, T. J., Riek, S., & Carson, R. G. (2001). Neural adaptations to resistance 

training: implications for movement control. Sports Medicine, 31(12), 829-

840. 

Carson, R. G., Elliott, D., Goodman, D., & Thyer, L. (1993). The role of impulse 

variability in manual-aiming asymmetries. Psychological Research, 55(4), 

291-298. 

Cesari, P., & Newell, K. M. (1999). The scaling of human grip configurations. 

Journal of Experimental Psychology: Human Perception and Performance, 

25(4), 927-935. 

Chieffi, S., & Gentilucci, M. (1993). Coordination between transport and the grasp 

components during prehension movements. Experimental Brain Research, 94, 

471-477. 



References 

 192

Christou, E. A., Jakobi, J. M., Critchlow, A., Fleshner, M., & Enoka, R. M. (2004). 

The 1- to 2-Hz oscillations in muscle force are exacerbated by stress, 

especially in older adults. Journal of Applied Physiology, 97, 225-235. 

Christou, E. A., Jakobi, J. M., Critchlow, A., Fleshner, M., Hutchison, K., Semmler, J. 

G., et al. (2002). Stressor-induced alterations in muscle activation and 

fluctuations in pinch-grip force are enhanced in older adults. Soc Neurosc 

Abstr. 

Chua, R., Pollock, B. J., Elliott, D., Swanson, L. R., & Carnahan, H. (1995). The 

influence of age on manual asymmetries in movement preparation and 

execution. Developmental Neuropsychology, 11, 129-137. 

Chung, W., Poppen, R., & Lundervold, D. A. (1995). Behavioral relaxation training 

for tremor disorders in older adults. Biofeedback and Self-Regulation, 20, 123-

135. 

Cohen, J. (1988). Statistical power analysis for the behavioral sciences. New Jersey: 

Lawrence Erlbaum. 

Cole, K. J. (1991). Grasp force control in older adults. Journal of Motor Behavior, 

23(4), 251-258. 

Cole, K. J., & Beck, C. L. (1994). The stability of precision grip force in older adults. 

Journal of Motor Behavior, 26(2), 171-177. 

Cole, K. J., & Rotella, D. L. (2001). Old age affects fingertip forces when restraining 

an unpredictably loaded object. Experimental Brain Research, 136, 535-542. 

Cole, K. J., & Rotella, D. L. (2002). Old age impairs the use of arbitrary visual cues 

for predictive control of fingertip forces during grasp. Experimental Brain 

Research, 143, 35-41. 

Cole, K. J., Rotella, D. L., & Harper, J. G. (1998). Tactile impairments cannot explain 

the effect of age on a grasp and lift task. Experimental Brain Research, 121, 

263-269. 

Cole, K. J., Rotella, D. L., & Harper, J. G. (1999). Mechanisms of age-related changes 

in fingertip forces during precision gripping and lifting in adults. Journal of 

Neuroscience, 19, 3238-3247. 

Contreras-Vidal, J. L., Teulings, H. L., & Stelmach, G. E. (1998). Elderly adults are 

impaired in spatial coordination in fine motor control. Acta Psychologica, 100, 

25-35. 



References 

 193

Cook, T. W. (1935). Studies in cross education.  IV.  Permanence of transfer. Journal 

of Experimental Psychology, 18, 255-266. 

Deutsch, K. M., & Newell, K. M. (2004). Changes in the structure of children's 

isometric force variability with practice. Journal of Experimental Child 

Psychology, 88, 319-333. 

Elble, R. J. (1996). Central mechanisms of tremor. Journal of Clinical 

Neurophysiology, 13, 133-144. 

Elble, R. J. (2003). Characteristics of physiologic tremor in young and elderly adults. 

Clinical Neurophysiology, 114, 624-635. 

Elble, R. J., & Koller, W. C. (1990). Tremor. Baltimore: John Hopkins. 

Elble, R. J., & Randall, J. E. (1976). Motor-unit activity responsible for 8- to 12-Hz 

component of human physiological finger tremor. Journal of 

Neurophysiology, 39(2), 370-383. 

Enoka, R. M. (1988). Muscle strength and its development: new perspectives. Sports 

Medicine, 6, 146-168. 

Enoka, R. M. (1997a). Neural adaptations with chronic physical activity. Journal of 

Biomechanics, 30(5), 447-455. 

Enoka, R. M. (1997b). Neural strategies in the control of muscle force. Muscle and 

Nerve, 20(Suppl 5), S66-S69. 

Enoka, R. M. (2002). Neuromechanics of Human Movement (3rd ed.). Champaign, 

IL: Human Kinetics. 

Enoka, R. M., Christou, E. A., Hunter, S. K., Kornatz, K. W., Semmler, J. G., Taylor, 

A. M., et al. (2003). Mechanisms that contribute to differences in motor 

performance between young and old adults. Journal of Electromyography and 

Kinesiology, 13, 1-12. 

Enoka, R. M., & Fuglevand, A. J. (2001). Motor unit physiology: some unresolved 

issues. Muscle & Nerve, 24, 4-17. 

Erim, Z., Beg, M. F., Burke, D. T., & De Luca, C. J. (1999). Effects of age on motor-

unit control properties. Journal of Neurophysiology, 82, 2081-2091. 

Ferrel, C., Leifflen, D., Orliaguet, J.-P., & Coello, Y. (2000). Pointing movement 

visually controlled through a video display: adaptation to scale change. 

Ergonomics, 43(4), 461-473. 



References 

 194

Fiatarone-Singh, M. A. (2002). Exercise comes of age: rationale and 

recommendations for a geriatric exercise prescription. Journal of 

Gerontology: Medical Sciences, 57A(5), M262-M282. 

Flanagan, J. R., & Tresilian, J. R. (1994). Grip-load force coupling: a general control 

strategy for transporting objects. Journal of Experimental Psychology: Human 

Perception and Performance, 20(5), 944-957. 

Flanagan, J. R., & Wing, A. M. (1993). Modulation of grip force with load force 

during point-to-point arm movements. Experimental Brain Research, 95, 131-

143. 

Flanagan, J. R., & Wing, A. M. (1995). The stability of precision grip forces during 

cyclic arm movements with a hand held load. Experimental Brain Research, 

105, 455-464. 

Fogg, S., Gibson, D., Goss, J., Hargreaves, J., Kendig, H., Marlton, P., et al. (1997). 

Older Australia at a glance, 2002, from 

http://www.aihw.gov.au/publications/welfare/oag/oag.pdf 

Francis, K. L., & Spirduso, W. W. (2000). Age differences in the expression of 

manual asymmetry. Experimental Aging Research, 26, 169-180. 

Freund, H.-J., & Hefter, H. (1993). The role of basal ganglia in rhythmic movement. 

In H. Narabayashi, T. Nagatsu, N. Yanagisawa & Y. Mizuno (Eds.), Advances 

in Neurology (Vol. 60, pp. 88-92). New York: Raven Press. 

Galganski, M. E., Fuglevand, A. J., & Enoka, R. M. (1993). Reduced control of motor 

output in a human hand muscle of elderly subjects during submaximal 

contractions. Journal of Neurophysiology, 69(6), 2108-2115. 

Gantert, C., Honerkamp, J., & Timmer, J. (1992). Analysing the dynamics of hand 

tremor time series. Biological Cybernetics, 66, 479-484. 

Glasser, E. M., & Ruchkin, D. S. (1976). Principles of neurobiological signal 

analysis. New York: Raven Press. 

Goodman, D., & Kelso, J. A. S. (1983). Exploring the functional significance of 

physiological tremor: a biospectroscopic approach. Experimental Brain 

Research, 49, 419-431. 

Grabiner, M. D., & Enoka, R. M. (1995). Changes in movement capabilities with 

aging. Exercise and Sport Science Reviews, 23, 65-104. 

Gurfinkel, V. S., Sotnikova, L. E., Tereshkov, O. D., Fomin, S. V., & Shik, M. L. 

(1971). An analysis of physiological tremor by means of a general-purpose 



References 

 195

computer. In I. M. Gelfand, V. S. Gurfinkel, S. V. Fomin & M. L. Tsetlin 

(Eds.), Models of Structural-Functional Organization of Certain Biological 

Systems. (pp. 346-360). Cambridge: MIT Press. 

Hackel, M. E., Wolfe, G. A., Bang, S. M., & Canfield, J. S. (1992). Changes in hand 

function in the aging adult as determined by Jebsen test of hand function. 

Physical Therapy, 72, 373-377. 

Hakkinen, K., Alen, M., Kallinen, M., Newton, R. U., & Kraemer, W. J. (2000). 

Neuromuscular adaptation during prolonged strength training, detraining and 

re-strength training in middle-aged and elderly people. European Journal of 

Applied Physiology, 83, 51-62. 

Hakkinen, K., Kallinen, M., Izquierdo, M., Jokelainen, K., Lassila, H., Malkia, E., et 

al. (1998). Changes in agonist-antagonist EMG, muscle CSA, and force during 

strength training in middle-aged and older people. Journal of Applied 

Physiology, 84(4), 1341-1349. 

Hall, B. E. (1939). Transfer of training in mirror tracing. Journal of Experimental 

Psychology, 25, 316-318. 

Halliday, D. M., Conway, B. A., Farmer, S. F., & Rosenberg, J. R. (1999). Load-

independent contributions from motor-unit synchronization to human 

physiological tremor. Journal of Neurophysiology, 82, 664-675. 

Hamilton, A. F. d. C., Jones, K. E., & Wolpert, D. M. (2004). The scaling of human 

motor noise with muscle strength and motor unit number in humans. 

Experimental Brain Research, 157, 417-430. 

Harridge, S., Magnusson, G., & Saltin, B. (1997). Life-long endurance-trained elderly 

men have high aerobic power, but have similar muscle strength to non-active 

elderly men. Aging, 9(1-2), 80-87. 

Harwell, R. C., & Ferguson, R. (1983). Physiologic tremor and microsurgery. 

Microsurgery, 4, 187-192. 

Hooper, C. R. (2001). Sensory and sensory integrative development. In B. R. Bonder 

& M. B. Wagner (Eds.), Functional Performance in Older Adults (2nd ed., pp. 

121-137). Philadelphia, PA: FA Davis Company. 

Hopkins, W. G., Hawley, J. A., & Burke, L. M. (1999). Design and analysis of 

research on sport performance enhancement. Medicine and Science in Sports 

and Exercise, 31(3), 472-485. 



References 

 196

Hortobagyi, T., & DeVita, P. (2000). Muscle pre- and coactivity during downward 

stepping are associated with leg stiffness in aging. Journal of 

Electromyography and Kinesiology, 10, 117-126. 

Hortobagyi, T., Lambert, N. J., & Hill, J. P. (1997). Greater cross education following 

training with muscle lengthening than shortening. Medicine and Science in 

Sports and Exercise, 29(1), 107-112. 

Hortobagyi, T., Scott, K., Lambert, J., Hamilton, G., & Tracy, J. (1999). Cross-

education of muscle strength is greater with simulated than voluntary 

contractions. Motor Control, 3(2), 205-219. 

Housh, D. J., Housh, T. J., Weir, J. P., Weir, L. L., Evetovich, T. K., & Donlin, P. E. 

(1998a). Effects of unilateral concentric-only dynamic constant external 

resistance training on quadriceps femoris cross-sectional area. Journal of 

Strength and Conditioning Research, 12(3), 185-191. 

Housh, D. J., Housh, T. J., Weir, J. P., Weir, L. L., Evetovich, T. K., & Donlin, P. E. 

(1998b). Effects of unilateral eccentric-only dynamic constant external 

resistance-training on quadriceps femoris cross-sectional area. Journal of 

Strength and Conditioning Research, 12(3), 192-198. 

Hrysomallis, C., & Kidgell, D. (2001). Effect of heavy dynamic resistive exercise on 

acute upper body power. Journal of Strength and Conditioning Research, 

15(4), 426-430. 

Hughes, S., Gibbs, J., Dunlop, D., Edelman, P., Singer, R., & Chang, R. W. (1997). 

Predictors of decline in manual performance in older adults. Journal of the 

American Geriatrics Society, 45, 905-910. 

Hunter, G. R., McCarthey, J. P., & Bamman, M. M. (2004). Effects of resistance 

training on older adults. Sports Medicine, 34(5), 329-348. 

Hurley, M. V., Ree, J., & Newham, D. J. (1998). Quadriceps function, proprioceptive 

acuity and functional performance in healthy young, middle-aged and elderly 

subjects. Age and Ageing, 27, 55-62. 

Imrhan, S., & Loo, C. (1989). Trends in finger pinch strength in children, adults, and 

the elderly. Human Factors, 31(6), 689-701. 

Jeng, O.-J., Radwin, R. G., & Rodriquez, A. A. (1994). Functional psychomotor 

deficits associated with carpal tunnel syndrome. Ergonomics, 36(7), 1055-

1069. 



References 

 197

Jenkins, G. M., & Watts, D. G. (1968). Spectral analysis and its applications. 

London: Holden-Day. 

Jones, L. (1996). Proprioception and its contribution to manual dexterity. In A. M. 

Wing, P. Haggard & J. R. Flanagan (Eds.), Hand and Brain.  The 

Neurophysiology and Psychology of Hand Movements (pp. 349-362). San 

Diego: Academic Press. 

Jordan, K., & Newell, K. M. (2004). Task goal and grip force dynamics. Experimental 

Brain Research, 156, 451-457. 

Kamen, G., & Du, D. C. C. (1999). Independence of motor unit recruitment and rate 

modulation during precision force control. Neuroscience, 88(2), 643-653. 

Keen, D. A., Yue, G. H., & Enoka, R. M. (1994). Training-related enhancement in the 

control of motor output in elderly humans. Journal of Applied Physiology, 

77(6), 2648-2658. 

Keogh, J., Morrison, S., & Barrett, R. (2004). Augmented visual feedback increases 

finger tremor during postural pointing. Experimental Brain Research, 159, 

467-477. 

Keogh, J., Morrison, S., & Barrett, R. (2005a). Age-related differences in inter-digit 

coupling during finger pinching. Manuscript submitted for publication. 

Keogh, J., Morrison, S., & Barrett, R. (2005b). Age-related differences in 

neuromuscular and coordinative function contribute to the increased postural 

tremor of older adults. Unpublished manuscript. 

Kilbreath, S. L., & Gandevia, S. C. (1994). Limited independent flexion of the thumb 

and fingers in human subjects. Journal of Physiology, 479(3), 487-497. 

Kinoshita, H., & Francis, P. R. (1996). A comparison of prehension force control in 

young and elderly individuals. European Journal of Applied Physiology, 74, 

450-460. 

Kinoshita, H., Kawai, S., & Ikuta, K. (1995). Contributions and co-ordination of 

individual fingers in multiple finger prehension. Ergonomics, 38(6), 1212-

1230. 

Klein, C. S., Rice, C. L., & Marsh, G. D. (2001). Normalised force, activation and 

coactivation in the arm muscles of young and old men. Journal of Applied 

Physiology, 91, 1341-1349. 



References 

 198

Knight, C. A., & Kamen, G. (2004). Enhanced motor unit rate coding with 

improvements in a force-matching task. Journal of Electromyography and 

Kinesiology, 14(6), 619-629. 

Komi, P. (1986). Training of muscle strength and power: interaction of neuromotoric, 

hypertrophic, and mechanical factors. International Journal of Sports 

Medicine, 7, 10-15. 

Kornatz, K. W., Christou, E. A., & Enoka, R. M. (2002). Steadiness training reduces 

the variability in motor unit discharge rate in isometric and anisometric 

contractions performed by old adults. Society of Neuroscience Abstracts, 2, 8. 

Kornatz, K. W., Christou, E. A., & Enoka, R. M. (2005). Practice reduces motor unit 

discharge variability in a hand muscle and improves manual dexterity in old 

adults. Journal of Applied Physiology, 98(6), 2072-2080. 

Koster, B., Lauk, M., Timmer, J., Winter, T., Guschlbauer, B., Glocker, F. X., et al. 

(1998). Central mechanisms in human enhanced physiological tremor. 

Neuroscience Letters, 241, 135-138. 

Kunesch, E., Binkofski, F., & Freund, H.-J. (1989). Invariant temporal characteristics 

of manipulative hand movements. Experimental Brain Research, 78, 539-546. 

Laidlaw, D. H., Bilodeau, M., & Enoka, R. M. (2000). Steadiness is reduced and 

motor unit discharge is more variable in old adults. Muscle and Nerve, 23, 

600-612. 

Lakie, M., Villagra, F., & Wilby, R. (1995). Shooting performance is related to 

forearm temperature and hand tremor size. Journal of Sports Sciences, 13, 

313-320. 

Lakie, M., Walsh, E. G., Arblaster, L. A., Villagra, F., & Roberts, R. C. (1994). Limb 

temperature and human tremors. Journal of Neurology, Neurosurgery and 

Psychiatry, 57, 34-42. 

Latash, M. L., Gelfand, I. M., Li, Z. M., & Zatsiorsky, V. M. (1998). Changes in the 

force-sharing pattern induced by modifications of visual feedback during force 

production by a set of fingers. Experimental Brain Research, 123, 255-262. 

Latash, M. L., Li, Z. M., & Zatsiorsky, V. M. (1998). A principle of error 

compensation studied within a task of force production by a set of redundant 

fingers. Experimental Brain Research, 122, 131-138. 



References 

 199

Latash, M. L., Scholz, J. P., Danion, F., & Schoner, G. (2001). Structure of motor 

variability in marginally redundant multifinger force production tasks. 

Experimental Brain Research, 141, 153-165. 

Latash, M. L., Scholz, J. P., Danion, F., & Schoner, G. (2002). Finger coordination 

during discrete and oscillatory force production tasks. Experimental Brain 

Research, 146, 419-432. 

Lauk, M., Koster, B., Timmer, J., Guschlbauer, B., Deuschl, G., & Lucking, C. H. 

(1999). Side-to-side correlation of muscle activity in physiological and 

pathological human tremors. Clinical Neurophysiology, 110, 1774-1783. 

Laursen, B., Jensen, B. R., & Ratkevicius, A. (2001). Performance and muscle 

activity during computer mouse tasks in young and elderly adults. European 

Journal of Applied Physiology, 84, 329-336. 

Lazarus, J. C., & Haynes, J. M. (1997). Isometric pinch force control and learning in 

older adults. Experimental Aging Research, 23(2), 179-199. 

Lazarus, J. C., Whitall, J., & Franks, C. A. (1995). Isometric force regulation in 

children. Journal of Experimental Child Psychology, 60, 245-260. 

Legge, G. E., & Campbell, F. W. (1981). Displacement detection in human vision. 

Vision Research, 21, 205-213. 

Leroyer, P., van Hoecke, J., & Helal, J. N. (1993). Biomechanical study of the final 

push-pull archery. Journal of Sports Sciences, 11(1), 63-69. 

Li, S., Danion, F., Latash, M. L., Li, Z. M., & Zatsiorsky, V. M. (2000). Finger 

coordination and bilateral deficit during two-hand force production tasks 

performed by right-handed subjects. Journal of Applied Biomechanics, 16(4), 

379-391. 

Li, S., Danion, F., Li, Z.-M., & Zatsiorsky, V. M. (2000). Characteristics of finger 

force production during one- and two-hand tasks. Human Movement Science, 

19, 897-923. 

Li, Z. M., Latash, M. L., Newell, K. M., & Zatsiorsky, V. M. (1998). Motor 

redundancy during maximal voluntary contraction in four-finger tasks. 

Experimental Brain Research, 122, 71-78. 

Li, Z. M., Latash, M. L., & Zatsiorsky, V. M. (1998). Force sharing among fingers as 

a model of the redundancy problem. Experimental Brain Research, 119, 276-

286. 



References 

 200

Li, Z. M., Zatsiorsky, V. M., & Latash, M. L. (2000). Contribution of the extrinsic 

and intrinsic hand muscles to the movements in finger joints. Clinical 

Biomechanics, 15, 203-211. 

Llinas, R. (1984). Possible role of tremor in the organisation of the nervous system. In 

L. J. Findley & R. Capideo (Eds.), Movement Disorders: Tremor (pp. 475-

477). London: Butterworth. 

Llinas, R. (1991). The noncontinuous nature of movement execution. In D. R. 

Humphrey & H.-J. Freund (Eds.), Motor control: concepts and issues (pp. 

223-242): John Wiley. 

Llinas, R., & Pare, D. (1997). Role of intrinsic neuronal oscillations and network 

ensembles in the genesis of normal and pathological tremors. In L. J. Findley 

& W. C. Koller (Eds.), Handbook of Tremor Disorders (pp. 7-36). New York: 

Marcel Dekker. 

Lord, S. R., Murray, S. M., Chapman, K., Munro, B., & Tiedemann, A. (2002). Sit-to-

stand performance depends on sensation, speed, balance, and psychological 

status in addition to strength in older people. Journal of Gerontology: Medical 

Sciences, 57A(8), M539-M543. 

Lord, S. R., Ward, J. A., Williams, P., & Strudwick, M. (1995). The effect of a 12-

month exercise trial on balance, strength and falls in older women: a 

randomised controlled trial. Journal of the American Geriatric Society, 43, 

1198-1206. 

Loscher, W. N., & Gallasch, E. (1993). Myoelectric signs of muscle fatigue and 

physiological tremor from childhood to seniority. In G. E. Stelmach & V. 

Homberg (Eds.), Sensorimotor Impairment in the Elderly (pp. 103-127). 

Dordecht: Kluwer Academic. 

Louis, E. D. (2005). Essential tremor. The Lancet Neurology, 4(2), 100-110. 

Lundervold, D. A., Belwood, M. F., Craney, J. L., & Poppen, R. (1999). Reduction of 

tremor severity and disability following behavioural relaxation training. 

Journal of Behavior Therapy and Experimental Psychiatry, 30, 119-135. 

Lundervold, D. A., Pahwa, R., Ament, P. A., & Edward, C. D. (2003). Validity of 

clinical and patient ratings of tremor disability among older adults. 

Parkinsonism & Related Disorders, 10(1), 15-18. 

Lundervold, D. A., & Poppen, R. (1995). Biobehavioural rehabilitation for older 

adults with essential tremor. Gerontologist, 35(4), 556-559. 



References 

 201

Lundervold, D. A., & Poppen, R. (2004). Biobehavioural intervention for older adults 

coping with essential tremor. Applied Psychophysiology and Biofeedback, 

29(1), 63-73. 

Maier, M. A., & Hepp-Reymond, M.-C. (1995a). EMG activation patterns during 

force production in precision grip.  I.  Contribution of 15 finger muscles to 

isometric force. Experimental Brain Research, 103, 108-122. 

Maier, M. A., & Hepp-Reymond, M.-C. (1995b). EMG activation patterns during 

force production in precision grip. II. Muscular synergies in the spatial and 

temporal domain. Experimental Brain Research, 103, 123-136. 

Marsden, C. D. (1978). The mechanisms of physiological tremor and their 

significance for pathological tremors. In J. E. Desmedt (Ed.), Progress in 

Neurophysiology (pp. 1-16). Basel: Benziger AG. 

Marsden, C. D. (1984). Origins of normal and pathological tremor. In L. J. Findley & 

R. Capideo (Eds.), Movement Disorders: Tremor (pp. 37-84). London: 

Butterworth. 

Marsden, C. D., Meadows, J. C., Lange, G. W., & Watson, R. S. (1969a). The relation 

between physiological tremor of the two hands in healthy subjects. 

Electroencephalography and Clinical Neurophysiology, 27, 179-185. 

Marsden, C. D., Meadows, J. C., Lange, G. W., & Watson, R. S. (1969b). Variations 

in human physiological finger tremor, with particular reference to changes 

with age. Electroencephalography and Clinical Neurophysiology, 27, 169-

178. 

Marshall, J. (1961). The effects of ageing upon physiological tremor. Journal of 

Neurology, Neurosurgery and Psychiatry, 24, 14-17. 

McAuley, J. H., Rothwell, J. C., & Marsden, C. D. (1997). Frequency peaks of 

tremor, muscle vibration and electromyographic activity at 10 Hz and 40 Hz 

during human finger muscle contraction may reflect rhythmicities of central 

neural firing. Experimental Brain Research, 114, 525-541. 

McKenzie, N. C., & Brown, M. (2004). Obstacle negotiation kinematics: age-

dependent effects of postural threat. Gait and Posture, 19, 226-234. 

Miall, R. C., Weir, D. J., & Stein, J. F. (1985). Visuomotor tracking with delayed 

visual feedback. Neuroscience, 16, 511-520. 

Miao, T., & Sakamoto, K. (1997). An investigation of stretch reflex in physiological 

tremor. Electromyography and Clinical Neurophysiology, 37, 343-357. 



References 

 202

Mitrushina, M., Fogel, T., D'Ellia, L., Uchiyama, C., & Satz, P. (1995). Performance 

on motor tasks as an indication of increased behavioral asymmetry with 

advanced age. Neuropsychologia, 33, 359-364. 

Morrison, S., Kavanagh, J., Obst, S. J., Irwin, J., & Haseler, L. J. (2005). The effects 

of unilateral muscle fatigue on bilateral physiological tremor. Experimental 

Brain Research, 167(4), 609-621. 

Morrison, S., & Keogh, J. (2001). Changes in the dynamics of tremor during goal-

directed pointing. Human Movement Science, 20, 675-693. 

Morrison, S., & Newell, K. M. (1996). Inter- and intra-limb coordination in arm 

tremor. Experimental Brain Research, 110, 455-464. 

Morrison, S., & Newell, K. M. (1998). Interlimb coordination as a function of 

isometric force output. Journal of Motor Behavior, 30(4), 323-342. 

Morrison, S., & Newell, K. M. (1999). Bilateral organization of physiological tremor 

in the upper limb. European Journal of Applied Physiology, 80, 564-574. 

Morrison, S., & Newell, K. M. (2000a). Limb stiffness and postural tremor in the arm. 

Motor Control, 4, 293-315. 

Morrison, S., & Newell, K. M. (2000b). Postural and resting tremor in the upper limb. 

Clinical Neurophysiology, 111, 651-663. 

Moss, B. M., Refsnes, P. E., Abildgaard, A., Nicolaysen, K., & Jensen, J. (1997). 

Effects of maximal effort strength training with different loads on dynamic 

strength, cross-sectional area, load-power and load-velocity relationships. 

European Journal of Applied Physiology, 75(3), 193-199. 

Mueller, M. J. (1996). Identifying patients with diabetes mellitus who are at risk for 

lower-extremity complications. Physical Therapy, 76, 68-71. 

Mullineaux, D. R., Bartlett, R. M., & Bennett, S. (2001). Research design and 

statistics in biomechanics and motor control. Journal of Sports Sciences, 

19(10), 739-760. 

Munn, J., Herbert, R. D., Hancock, M. J., & Gandevia, S. C. (2005). Training with 

unilateral resistance exercise increases contralateral strength. Journal of 

Applied Physiology, 99(5), 1880-1884. 

Newell, K. M. (1986). Constraints on the development of coordination. In M. G. 

Wade & H. T. A. Whiting (Eds.), Motor Development in Children: Aspect of 

Coordination and Control (pp. 341-360). Dordrecht: Martinus Nijhoff. 



References 

 203

Newell, K. M. (1996). Change in movement and skill: learning, retention, and 

transfer. In M. L. Latash & M. T. Turvey (Eds.), Dexterity and Its 

Development (pp. 393-429). Mahwah, New Jersey: Lawrence Erlbaum 

Associates. 

Newell, K. M., Challis, S., & Morrison, S. (2000). Dimensional constraints on limb 

movements. Human Movement Science, 19, 175-201. 

Newell, K. M., & McDonald, P. V. (1994a). Information, coordination modes and 

control in a prehensile force task. Human Movement Science, 13, 375-391. 

Newell, K. M., & McDonald, P. V. (1994b). Learning to coordinate redundant 

biomechanical degrees of freedom. In S. Swinnen, H. Heuer, J. Massion & P. 

Casaer (Eds.), Interlimb coordination: neural, dynamical and cognitive 

constraints (pp. 515-536). New York: Academic Press. 

Newell, K. M., & Vaillancourt, D. E. (2001). Dimensional change in motor learning. 

Human Movement Science, 20, 695-715. 

Nizet, T. A. C., Broeders, M. E. A. C., & Folgering, H. T. M. (2004). Tremor side 

effects of sulbutamol, quantified by a laser pointer technique. Respiratory 

Medicine, 98, 844-850. 

Padsha, S. M., & Stein, R. B. (1973). The bases of tremor during a sustained posture. 

In R. B. Stein, K. G. Pearson, R. S. Smith & J. G. Redford (Eds.), Control of 

Posture and Locomotion (pp. 415-419). New York: Plenium Press. 

Patten, C., & Kamen, G. (2000). Adaptations in motor unit discharge activity with 

force control training in young and older human adults. European Journal of 

Applied Physiology, 83, 128-143. 

Patten, C., Kamen, G., & Rowland, D. M. (2001). Adaptations in maximal motor unit 

discharge rate to strength training in young and older adults. Muscle and 

Nerve, 24, 542-550. 

Paulignan, Y., Frak, V. G., Toni, I., & Jeannerod, M. (1997). Influence of object 

position and size on human prehension movements. Experimental Brain 

Research, 114, 226-234. 

Pellegrini, B., Faes, L., Nollo, G., & Schena, F. (2004). Quantifying the contribution 

of arm postural tremor to the outcome of goal-directed pointing task by 

displacement measures. Journal of Neuroscience Methods, 139(2), 185-193. 



References 

 204

Provins, K. A. (1997). The specificity of motor skill and manual asymmetry: A 

review of the evidence and its implications. Journal of Motor Behavior, 29, 

183-192. 

Quintern, J., Immsich, I., Albrecht, H., Pollmann, W., Glasauer, S., & Straube, A. 

(1999). Influence of visual and proprioceptive afferences on upper limb ataxia 

in patients with multiple sclerosis. Journal of Neurological Sciences, 163, 61-

69. 

Radwin, R. G., Seoungyeon, O., Jensen, T. R., & Webster, J. G. (1992). External 

finger forces in submaximal five-finger static pinch prehension. Ergonomics, 

35(3), 275-288. 

Raethjen, J., Pawlas, F., Lindemann, M., Wenzelburger, R., & Deuschl, G. (2000). 

Determinants of physiologic tremor in a large normal population. Clinical 

Neurophysiology, 111, 1825-1837. 

Rand, M. K., Stelmach, G. E., & Bloedel, J. R. (2000). Movement accuracy 

constraints in Parkinson's disease patients. Neuropsychologia, 38, 203-212. 

Randall, J. E. (1973). A stochastic time series model for hand tremor. Journal of 

Applied Physiology, 34(3), 390-395. 

Ranganathan, V. K., Siemionow, V., Saghal, V., & Yue, G. (2001). Effects of aging 

on hand function. Journal of the American Geriatrics Society, 49, 1478-1484. 

Ranganathan, V. K., Siemionow, V., Saugen, E., Liu, J. Z., & Yue, G. H. (2001). 

Skilled finger movement improves hand function. Journal of Gerontology: 

Medical Sciences, 56A(8), M518-M522. 

Rearick, M. P., Stelmach, G. E., Leis, B., & Santello, M. (2002). Coordination and 

control of forces during multifingered grasping in Parkinson's disease. 

Experimental Neurology, 177, 428-442. 

Regan, D., & Beverley, K. I. (1983). Visual fields for frontal plane motion and for 

changing size. Vision Research, 23, 673-676. 

Richman, J. S., & Moorman, J. R. (2000). Physiological time-series analysis using 

approximate entropy and sample entropy. American Journal of Physiology, 

278, H2039-H2049. 

Riviere, C. N., Rader, R. S., & Thakor, N. V. (1998). Adaptive canceling of 

physiological tremor for improved precision in microsurgery. IEEE 

Transactions on Biomedical Engineering, 45(7), 839-846. 



References 

 205

Rooks, M. D., Slappery, J., & Zusmanis, K. (1993). Precision of suture placement 

with microscope- and loupe-assisted anastomoses. Microsurgery, 14, 547-550. 

Sakari-Rantala, R., Era, P., Rantanen, T., & Heikkinen, E. (1998). Associations of 

sensory-motor functions with poor mobility in 75- and 80-year-old people. 

Scandanavian Journal of Rehabilitation Medicine, 30, 121-127. 

Santello, M., & Soechting, J. F. (2000). Force synergies for multifingered grasping. 

Experimental Brain Research, 133, 457-467. 

Schieber, M. H., & Santello, M. (2004). Hand function: peripheral and central 

constraints on performance. Journal of Applied Physiology, 96, 2293-2300. 

Schlicht, J., Camaione, D. N., & Owen, S. V. (2001). Effects of intense strength 

training on standing balance, walking speed, and sit-to-stand performance in 

older adults. Journal of Gerontology: Medical Sciences, 56A(5), M281-M287. 

Scholz, J. P., Danion, F., Latash, M. L., & Schoner, G. (2002). Understanding finger 

coordination through analysis of the structure of force variability. Biological 

Cybernetics, 86, 29-39. 

Scholz, J. P., Schoner, G., & Latash, M. L. (2000). Identifying the control structure of 

multijoint coordination during pistol shooting. Experimental Brain Research, 

135, 382-404. 

Scobey, R. P., & Johnson, C. A. (1981). Displacement thresholds for unidirectional 

and oscillatory movement. Vision Research, 21, 1297-1302. 

Seals, D. R., & Esler, M. D. (2000). Human ageing and the sympathoadrenal system. 

Journal of Physiology, 528(3), 407-417. 

Seidler, R. D., Alberts, J. L., & Stelmach, G. E. (2002). Changes in multi-joint 

performance with age. Motor Control, 6(1), 19-31. 

Seki, K., & Narusawa, M. (1996). Firing rate modulation of human motor units in 

different muscles during isometric contraction with various forces. Brain 

Research, 719, 1-7. 

Semmler, J. G., Kornatz, K. W., & Enoka, R. M. (2003). Motor-unit coherence during 

isometric contractions is greater in a hand muscle of older adults. Journal of 

Neurophysiology, 90, 1346-1349. 

Semmler, J. G., & Nordstrom, M. A. (1995). Influence of handedness on motor unit 

discharge properties and force tremor. Experimental Brain Research, 104, 

115-125. 



References 

 206

Sharp, W. E., & Newell, K. M. (2000). Coordination of grip configurations as a 

function of force output. Journal of Motor Behavior, 32(1), 73-82. 

Shields, R. W., Leo, K. C., Messaros, A. J., & Somers, V. K. (1999). Effects of 

repetitive handgrip training on endurance, specificity, and cross-education. 

Physical Therapy, 79(5), 467-475. 

Shim, J. K., Lay, B., Zatsiorsky, V. M., & Latash, M. L. (2004). Age-related changes 

in finger coordination during static prehension tasks. Journal of Applied 

Physiology, 97, 213-224. 

Shinohara, M., Li, S., Kang, N., Zatsiorsky, V. M., & Latash, M. L. (2003). Effects of 

age and gender on finger coordination in MVC and submaximal force-

matching tasks. Journal of Applied Physiology, 94, 259-270. 

Shinohara, M., Scholz, J. P., Zatsiorsky, V. M., & Latash, M. L. (2004). Finger 

interaction during accurate multi-finger force production tasks in young and 

elderly adults. Experimental Brain Research, 156, 282-292. 

Shumway-Cook, A., & Woollacott, M. H. (2001). Normal reach, grasp, and 

manipulation. In A. Shumway-Cook & M. H. Woollacott (Eds.), Motor 

Control: Theory and Practical Applications (2nd ed., pp. 447-470). Baltimore, 

ML.: Lippincott, Williams and Wilkins. 

Slifkin, A. B., & Newell, K. M. (1999). Noise, information transmission, and force 

variability. Journal of Experimental Psychology: Human Perception and 

Performance, 25(3), 837-851. 

Slifkin, A. B., & Newell, K. M. (2000). Variability and noise in continuous force 

production. Journal of Motor Behavior, 32(2), 141-150. 

Slifkin, A. B., Vaillancourt, D. E., & Newell, K. M. (2000). Intermittency in the 

control of continuous force production. Journal of Neurophysiology, 84, 1708-

1718. 

Sosnoff, J., Jordan, K., & Newell, K. (2005). Information and force level interact in 

regulating force output during two and three digit grip configurations. 

Experimental Brain Research, 167(1), 76-85. 

Sosnoff, J. J., Vaillancourt, D. E., & Newell, K. M. (2004). Aging and rhythmical 

force output: loss of adaptive control of multiple neural oscillators. Journal of 

Neurophysiology, 91(1), 172-181. 



References 

 207

Sosnoff, J. J., Valantine, A. D., & Newell, K. M. (2006). Independence between the 

amount and structure of variability at low force levels. Neuroscience Letters, 

392(3), 165-169. 

Spiegel, K., Stratton, J., Burke, J. R., Glendinning, D. S., & Enoka, R. M. (1996). The 

influence of age on the assessment of motor unit activation in a human hand 

muscle. Experimental Physiology, 81(5), 805-819. 

Staron, R. S., Karapondo, D. L., Kraemer, W. J., Fry, A. C., Gordon, S. E., Falkel, J. 

E., et al. (1994). Skeletal muscle adaptations during early phase of resistance-

training in men and women. Journal of Applied Physiology, 76, 1247-1255. 

Stein, R. B., & Lee, R. G. (1981). Tremor and clonus. In V. Brooks (Ed.), Handbook 

of Physiology: Motor Control (pp. 325-343). Bethseda: American 

Psychological Society. 

Stephens, J. A., & Taylor, A. (1974). The effect of visual feedback on physiological 

muscle tremor. Electroencephalography and Clinical Neurophysiology, 36(5), 

457-464. 

Stiles, R. N. (1976). Frequency and displacement amplitude relations for normal hand 

tremor. Journal of Applied Physiology, 40(1), 44-54. 

Stiles, R. N. (1980). Mechanical and neural feedback factors in postural hand tremor 

of normal subjects. Journal of Neurophysiology, 44(1), 40-59. 

Stiles, R. N., & Randall, J. E. (1967). Mechanical factors in human tremor frequency. 

Journal of Applied Physiology, 23(3), 324-330. 

Stromberg, B. V. (1986). Contralateral therapy in upper extremity rehabilitation. 

American Journal of Physical Medicine, 65(3), 135-143. 

Stromberg, B. V. (1988). Influence of cross-education training in postoperative hand 

therapy. Southern Medical Journal, 81(8), 989-991. 

Stuart, J., & Atha, J. (1990). Postural consistency in skilled archers. Journal of Sports 

Sciences, 8(3), 223-234. 

Sturman, M. M., Vaillancourt, D. E., & Corcos, D. M. (2005). Effects of aging on the 

regularity of physiological tremor. Journal of Neurophysiology, 93(6), 3064-

3074. 

Sutton, G. G., & Sykes, K. (1967). The effect of withdrawal of visual presentation of 

errors upon the frequency spectrum of tremor in a manual task. Journal of 

Physiology, 190, 281-293. 



References 

 208

Taaffe, D. R., Pruitt, L., Pyka, G., Guido, D., & Marcus, R. (1996). Comparative 

effects of high- and low-intensity resistance training on thigh muscle strength, 

fiber area, and tissue composition in elderly women. Clinical Physiology, 

16(4), 381-392. 

Takanokura, M., & Sakamoto, K. (2001). Physiological tremor of the upper limb 

segments. European Journal of Applied Physiology, 85, 214-225. 

Taylor, A. M., Christou, E. A., & Enoka, R. M. (2003). Multiple features of motor-

unit activity influence force fluctuations during isometric contractions. 

Journal of Neurophysiology, 90, 1350-1361. 

Teixeira, L. A. (1993). Bilateral transfer of learning: the effector side in focus. 

Journal of Human Movement Studies, 25, 243-253. 

Teixeira, L. A. (2000). Timing and force components in bilateral transfer of learning. 

Brain and Cognition, 44(3), 455-469. 

Teixeira, L. A., & Caminha, L. Q. (2003). Intermanual transfer of force control is 

modulated by asymmetry of muscular strength. Experimental Brain Research, 

149, 312-319. 

Thelen, D. G., Schultz, A. B., Alexander, N. B., & Ashton-Miller, J. A. (1996). 

Effects of age on rapid ankle torque development. Journal of Gerontology: 

Medical Sciences, 51A(5), M226-M232. 

Timmer, J., Haussler, S., Lauk, M., & Lucking, C. H. (2000). Pathological tremors: 

deterministic chaos or nonlinear stochastic oscillators. Chaos, 10, 1-11. 

Tracy, B. L., Maluf, K. S., Stephenson, J. L., Hunter, S. K., & Enoka, R. M. (2005). 

Variability of motor unit discharge and force fluctuations across a range of 

muscle forces in older adults. Muscle and Nerve, 32(4), 533-540. 

Tracy, B. L., Mehoudar, P. D., Ortega, J. D., & Enoka, R. M. (2002). The steadiness 

of isometric contractions is similar between upper and lower extremity muscle 

groups. Medicine and Science in Sports and Exercise, 34, S19. 

Turvey, M. T. (1990). Coordination. American Psychologist, 45(8), 938-953. 

Vaillancourt, D. E., Larsson, L., & Newell, K. M. (2003). Effects of aging on force 

variability, single motor unit discharge patterns, and the structure of 10, 20 

and 40 Hz EMG activity. Neurobiology of Aging, 24, 25-35. 

Vaillancourt, D. E., & Newell, K. M. (2000). Amplitude changes in the 8-12, 20-25, 

and 40 Hz oscillations in finger tremor. Clinical Neurophysiology, 111, 1792-

1801. 



References 

 209

Vaillancourt, D. E., & Newell, K. M. (2003). Aging and the time and frequency 

structure of force output variability. Journal of Applied Physiology, 94(3), 

903-912. 

Vaillancourt, D. E., Slifkin, A. B., & Newell, K. M. (2001a). Intermittency in the 

visual control of force in Parkinson's disease. Experimental Brain Research, 

138, 118-127. 

Vaillancourt, D. E., Slifkin, A. B., & Newell, K. M. (2001b). Regularity of force 

tremor in Parkinson's disease. Clinical Neurophysiology, 112, 1594-1603. 

Vaillancourt, D. E., Slifkin, A. B., & Newell, K. M. (2001c). Visual control of 

isometric force in Parkinson's disease. Neuropsychologia, 39, 1410-1418. 

Vaillancourt, D. E., Slifkin, A. B., & Newell, K. M. (2002). Inter-digit individuation 

and force variability in the precision grip of young, elderly, and Parkinson's 

disease participants. Motor Control, 6, 113-128. 

Valero-Cuevas, F. J. (2000). Predictive modulation of muscle coordination pattern 

magnitude scales fingertip force magnitude over the voluntary range. Journal 

of Neurophysiology, 83, 1469-1479. 

Vallbo, A. B., & Wessberg, J. (1996). Proprioceptive mechanisms and the control of 

finger movements. In A. M. Wing, P. Haggard & J. R. Flanagan (Eds.), Hand 

and Brain.  The Neurophysiology and Psychology of Hand Movements (pp. 

363-379). San Diego: Academic Press. 

Vasilakos, K., Glass, L., & Beuter, A. (1998). Interaction of tremor and magnification 

in a motor performance task with visual feedback. Journal of Motor Behavior, 

30(2), 158-168. 

Vereijken, B., Whiting, H. T. A., Newell, K. M., & van Emmerik, R. E. A. (1992). 

Free(z)ing degrees of freedom in skill acquisition. Journal of Motor Behavior, 

24(1), 133-142. 

Visser, B., de Looze, M. P., Veeger, D. H., Douwes, M., Groenesteijn, L., de Korte, 

E., et al. (2003). The effects of precision demands during a low intensity 

pinching task on muscle activation and load sharing of the fingers. Journal of 

Electromyography and Kinesiology, 13, 149-157. 

Warabi, T., Noda, H., & Kato, T. (1986). Effect of aging on sensorimotor functions of 

eye and hand movements. Experimental Neurology, 92(3), 686-697. 

Weller, M. P. I., & Latimer-Sayer, D. T. (1985). Increasing right hand dominance 

with age on a motor skill task. Psychological Medicine, 15, 867-872. 



References 

 210

Wiebe, C. G., Gledhill, N., Jamnik, V. K., & Ferguson, S. (1999). Exercise cardiac 

function in young through elderly endurance trained women. Medicine and 

Science in Sports and Exercise, 31(5), 684-691. 

Wieg, E. L. (1932). Bi-lateral transfer in the motor learning of young children and 

adults. Child Development, 3, 247-268. 

Wilson, G. J., Murphy, A. J., & Walshe, A. (1996). The specificity of strength 

training: the effect of posture. European Journal of Applied Physiology, 73, 

346-352. 

Winter, D. (1991). The Biomechanics and Motor Control of Human Gait: Normal, 

Elderly and Pathological. Waterloo, Ontario: University of Waterloo Press. 

Wu, G. (1998). The relation between age-related changes in neuromusculoskeletal 

system and dynamic postural responses to balance disturbance. Journal of 

Gerontology: Medical Sciences, 53A(4), M320-M326. 

Wulf, G., & Shea, C. H. (2002). Principles derived from the study of simple skills do 

not generalize to complex skill learning. Psychonomic Bulletin and Review, 

9(2), 185-211. 

Yamada, H., Masuda, T., & Okada, M. (2002). Age-related EMG variables during 

maximum voluntary contraction. Perceptual and Motor Skills, 95(1), 10-14. 

Yamada, H., Okada, M., Oda, T., Nemeto, S., Shiozaki, T., Kizuka, T., et al. (2000). 

Effects of aging on EMG characteristics during fatiguing isometric 

contractions. Journal of Human Ergology, 29, 7-14. 

Yue, G., & Cole, K. J. (1992). Strength increases from the motor program: a 

comparison of training with maximal voluntary and imagined contractions. 

Journal of Neurophysiology, 67, 1114-1123. 

Yuza, N., Ishida, K., & Miyamura, M. (2000). Cross transfer effects of muscular 

endurance during training and detraining. Journal of Sports Medicine and 

Physical Fitness, 40(2), 110-117. 

Zatsiorsky, V. M., Li, Z. M., & Latash, M. L. (2000). Enslaving effects in multi-finger 

force production. Experimental Brain Research, 131, 187-195. 

Zhou, L. (2000). Chronic neural adaptations to unilateral exercise: mechanisms of 

cross education. Exercise and Sport Science Reviews, 28(4), 177-184. 

 

 

 



Abbreviations and Glossary 

 211

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABBREVIATIONS AND GLOSSARY 



Abbreviations and Glossary 

 212

Abbreviations 
1RM One repetition maximum 

5RM Five repetition maximum 

ANCOVA Analysis of covariance 

ANOVA Analysis of variance 

AV Augmented visual feedback 

BT Blank target postural pointing task 

CI Co-activation index 

CNS Central nervous system 

CT Close target postural pointing task 

CV Coefficient of variation 

ED Extensor digitorum muscle 

EMG Electromyography or electromyogram 

ES Effect size 

FPB Flexor pollicus brevis muscle 

FDS Flexor digitorum superficialis muscle 

FT Far target postural pointing task 

Hz Hertz 

IF Index finger 

MF Middle finger 

m.s-2 Meter per second squared 

MU Motor unit 

MVC Maximum voluntary contraction 

N Newton 

NT No target postural pointing task 

NV Normal visual feedback 

PNS Peripheral nervous system 

RMS Root mean square 

SampEn Sample entropy 

SD Standard deviation 

Tar Target 

Th Thumb 
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Glossary 
Absolute force 

tremor 

The magnitude of the force variability or targeting error as 

expressed in absolute units (Newtons).  

Activities of daily 

living 

Activities that are commonly performed.  These include 

lower-body (e.g. standing, walking, sit to stand) and upper-

body (e.g. eating, drinking, dressing) dominated activities.  

Biobehavioural- 

training 

A form of training in which the patient performs a variety of 

activities of daily living while simultaneously receiving 

feedback from the therapist and/or from the surface EMG 

electrodes about their task performance and muscle activity.  

Constraint Factors that influence the coordinative patterns utilised and 

the overall level of motor performance.  Constraints are 

usually classified as being organism, task or environment.  

Coordination The process of mastering the many potentially redundant 

degrees of freedom that are present in the neuromuscular 

system or of bringing the degrees of freedom into their proper 

relations 

Coordination-

training 

A form of resistance-training in which a challenging motor 

task is performed using a light to moderate load.  

Coupling The relationship between two variables assessed by cross-

correlation or coherence analysis. These measures are used to 

give some indication of the manner in which different signals 

are coordinated.   

Degrees of freedom The number of variables needed to describe a body segment’s 

trajectory or position.  In this thesis, the degrees of freedom 

generally referred to the segments directly involved in the 

pointing (index-finger, hand, forearm, upper arm) and finger-

pinch (thumb, index finger and middle finger) tasks. 

Force control The ability to control (minimise) force tremor amplitude and 

produce the required force output. 

Force tremor The oscillations in force output during a muscular contraction.  

This term is used to encompass both force variability and 

targeting error. 
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Force variability The fluctuation (unsteadiness) of the force output.  This is 

quantified be either the standard deviation or coefficient of 

variation of the force output. 

Freeing the degrees 

of freedom 

The second stage of the constraints approach to motor learning 

in which the performer begins to from a number of smaller 

functional degrees of freedom units.  This still reduces the 

difficulty of movement planning but allows greater 

independence of each functional unit to segment-specific 

perturbations.   

Freezing the degrees 

of freedom 

The first stage of the constraints approach to motor learning in 

which the performer seeks to minimise the difficulty of 

controlling the numerous degrees of freedom by forming a 

single degree of freedom unit. 

Functional 

performance 

The ability to perform activities of daily living. 

Multi-segment task Tasks in which more than one tremor output is recorded.  

These tasks therefore involve the control of multiple degrees 

of freedom 

Muscle capacity This term encompasses such parameters as muscular strength, 

endurance and power as well as aerobic power. 

Older adult In research this is often defined as being over 65 years of age. 

In the context of the subjects in Experiments 2-5, this meant 

between the ages of 70-80 years. 

Physiological tremor The series of involuntary oscillations in limb position or force 

output.  This term is used to encompass both postural and 

force tremor. 

Postural tremor The oscillations in limb position observed when a limb 

segment is held in an unsupported (postural) position. 

Ramp force 

condition 

A condition in which the target force continually increases, 

similar to that of a diagonal line. 

Relative force 

tremor 

The magnitude of the force variability or targeting error as 

expressed relative (as a percentage) of the target force. 

Resistance-training A form of training requiring the subject to overcome moderate 
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to heavy external loads.  In the context of this thesis, strength- 

and coordination-training were two forms of resistance-

training. 

Single-segment task Tasks in which only one tremor output is recorded.  These 

tasks often only involve the control of only degree of freedom 

Sinusoidal force 

condition 

A condition in which the target force continually oscillates, 

similar to that of a sinusoidal waveform. 

Strength-training A form of resistance-training in which the goal is to lift 

moderately heavy to heavy loads so that strength and/or 

muscular hypertrophy are increased. 

Targeting error The inability to accurately track a target force.  Is defined as 

the root mean square difference between the target and actual 

force. 

Tremor control The ability to control (minimise) postural tremor amplitude 

 

 


