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Abstract

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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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 Research59:467-477.

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 Physiologyd7:76-88.

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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Chapter 1: Introduction

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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Chapter 2: Review of Literature

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 & Kaoller, 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).

1 [K
fr= — .|— Eg2.1
> s\ M (Eq2.1)

Where:
f, = resonant frequency of the limb (Hz)
K = limb stiffness (N.ih)

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
& Kaoller, 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®) (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 Tremor
Amplitude Frequency

Birmingham et 81 adults from  Unsupported PP OA > YA OA<YA

al. (1985) 21-79 yrs

Elble (2003) 100 YA and Supported PP NS NS
100 OA

Loscher and 8 YAand 8 OA Unsupported PP OA > YA NA

Gallasch (1993)

Marsden et al. 61 adultsupto  Supported PP NA OA <YA

(1969Db) 85 yrs

Marshall et al. 347 adults from  Unsupported PP NA OA<YA

(1961) 20-96 yrs

Raethjen et al. 117 adults from  Supported PP NS NS

(2000) 23-94 yrs

Sturman et al. 10 YA and 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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Study Digits Used Visual Feedback Load Assessed Force Measure Effect

Christou et al. (2004) Thand IF Yes 2% MVC CVv Older > Young
Cole (1991) Thand IF No 15N SD Older > Young
Cole and Beck (1994) Thand IF Yes 0.49N,2.25Nand 10.5N Ccv NS

Cole et al. (1999) Thand IF No 2Nand 4N Ccv NS
Kinsohita and Francis (1996) Thand IF No 3N SD Older > Young
Lazarus and Haynes (1997) All five digits Yes 20-60% MVC (sinusoidal) RMS Older > Young
Ranganathan, Siemionow and Thand IF, Yes 5%, 10% and 20% MVC SD and CV Older > Young
Saugen et al. (2001) Th and MF 25N,4Nand8 N

Shim et al. (2004) All five digits Yes 0-20% MVC (ramp) RMS Older > Young
Vaillancourt et al. (2001b) Thand IF Yes 5%, 25% and 50% MVC SD and RMS NS
Vaillancourt et al. (2002) Thand 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 aRdnctional 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
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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,

36



Chapter 2: Review of Literature

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

38



Chapter 2: Review of Literature

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.

39



Chapter 2: Review of Literature

Table 2.3: Effect of visual feedback on postural tremor amplitude.

Study Subjects Task Change in Effect
Visual

Feedback
Beuter et al. 13 young Supported  Magnified by NS
(1995) adults PP 1-8x
Morrison and 7young  Unsupported Magnified by AV > NV
Keogh (2001) adults PP 5.5x
Morrison and 9young  Unsupported Vision NS
Newell (1996) adults PP removed
Rooks et al. 7 surgeons Suturing Magnified by  Less variability in
(1993) 3.5-40x suture position at

high magnifications

Vasilakos et al. 15 young Supported  Magnified by NS
(1998) adults PP 1-40x

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
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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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Study Subjects Task Loads Measure Result
Adam et al. (1998) 8 YA Index finger 30% CVv Non-Pref >

abduction MVC Pref
Blank et al. (1999) 69 Ch and Finger- 1-35N RMS NS

17 YA pinch

Loscher and Gallasch 8 YAand  Hand-grip 20-80% RMS Non-Pref >
(1993) 8 0A MVC Pref
Morrison and Newell 8 YA Finger 1-40% SD Pref > Non-
(1998) - Expt 1 pressing MVC Pref
Morrison and Newell 11 YA Finger 20-80% SD Pref > Non-
(1998) - Expt 2 pressing MVC Pref
Semmler and 12 YA  Index finger 0.5-35N RMS NS
Nordstrom (1995) abduction

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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CHAPTER 3: AUGMENTED VISUAL
FEEDBACK INCREASES FINGER
TREMOR DURING POSTURAL
POINTING
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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 s2mm (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 90° 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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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.

Accelerometer

Placement,

Placement
(FDS & ED)

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 k : .

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 r 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 gps
x 100 (Eq 3.1)
EMGegp

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 | 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 r 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 (Fi2 g2 = 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 (F3, 330 = 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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seen in the tremor output across the two visual feedback conditions for the hand and

finger segments is displayed in Figure 3.2.
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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, 350 = 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 3s0 = 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 r* = 0.58; Pref-ST r? = 0.53; NPref-LT r* = 0.47; NPref-ST r* = 0.55).
The relation between target excursion and the tremor in the more proximal limb
segments decreased from distal to proximal (hand r’> = 0.33-0.38; forearm r? = 0.16-
0.18; upper arm r* = 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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Limb preference

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, 3s0 = 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.
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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 (Fy 330 = 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, 330 = 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 90° 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 r 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, older 0.298 + 0.154 m.s%; F( ) = 54.55, p <
0.01). A significant age by condition interaction effect was observed for tremor
amplitude (Fgze92) = 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.
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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(1,608) = 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 698 = 286.57, p < 0.01).
Significant age by condition interactions were observed for proportional power (2-4
Hz F7692 = 43.70; 8-12 Hz F7692) = 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 V, older 78.7 = 41.9

V; Faees = 22.75; p < 0.01) and FDS (young 8.2 5.5 V, older 18.0 £ 17.3 V;,
F.e98) = 74.74; p < 0.01) RMS EMG amplitude than young adults. Significant age by
condition interaction effects were observed for ED (F 7692 = 6.08, p < 0.01) and FDS
(Fe92) = 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 NPAYV) 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; Fr698) = 169.90, p < 0.01) and coherence between 8-12 Hz (young 0.92 + 0.05,
older 0.86 + 0.10; F(1698) = 103.33, p < 0.01) than young subjects. Significant age by
condition interaction effects were observed for index-finger coupling (cross-
correlation F(7692 = 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; F1 698) = 22.71, 8-
12 Hz young 0.79 £ 0.11, older 0.74 + 0.14; F698) = 17.99, p’s < 0.01). Significant
age by condition interaction were observed for the forearm-upper arm coherence (2-4
Hz F7692) = 3.73, 8-12 Hz F(7602) = 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 90°, 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 0°.

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.

98



Chapter 5: Training and Postural Tremor

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 ~90° and the
forearm and wrist supported on an armrest. The finger extension MVC were
performed with the forearm pronated, the metacarpophalangeal joint flexed to ~90°
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 MVVC. 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 (Cl) (Hortobagyi & DeVita, 2000). The
Cl is defined as;

Co-activation index (Cl) (%) = EMG gps

x 100 (Eq 5.1)
EMGep
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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 r 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 Strength Coordination
(n=5) (n=7) (n=7)
Age (yrs) 75.8 r 75.0 r1.7 747 r2.7
Height (cm) 179.0 r4.2 1714 r6.4 174.0 r6.6
Mass (kg) 87.0 r10.4 71.7 r6.9 85.8 r19.6
Tremor Amplitude (m.s™) 0.37 r0.18*° 0.27 r0.10 0.31 r0.16
Peak 2-4 Hz Tremor Power 0.24 r0.22 0.25 r0.38 0.21 r0.16
(m.s?)?
Peak 8-12 Hz Tremor Power 5.05 r10.84*" 1.20 r1.56" 3.12 r6.04
(m.s?)?
Proportional 2-4 Hz Tremor 5.9 r3.7%° 79 r4.1l 74 r43
Power (%)
Proportional 8-12 Hz Tremor 59.3 r15.2% 48.7 r10.7° 56.4 r14.5
Power (%)
5RM Bicep Curl (kg) 10.1 r1.1% 8.8 r1.2° 98 rl1.2
5RM Wrist Flexion (kg) 12.3 r2.2° 9.8 r1.2° 111 r1.2
5RM Wrist Extension (kg) 6.7 r0.9° 55 1r0.9 6.2 r1.1

All data are presented as mean * standard deviation. Significantly different (p < 0.05) to the ®strength-

and "co-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.
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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%, post 0.37 + 0.16 m.s% 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%)?, post 4.95 +
6.07 (m.s®)?) 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™®)? post 0.19
+0.12 (m.s®)% 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.

110



Percent 8-12 Hz Peak Tremor Power Change Score

Chapter 5: Training and Postural Tremor

Trained Limb Untrained Limb
Strength-Training
0 0

-20 -20 +

-40 -40

-60 -60

-80 -80 +
-100 -100

*
-120 * * -120
-140 -140
-160 - -160 -
Coordination-Training
0 0

-20 -20 +

-40 - -40 -

-60 -60 +

-80 -80

-100 -100 B

-120 -120 1

-140 - -140

'160 T T T T '160 T T T T

NT BT CT FT NT BT CT FT
Condition Condition

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 Cl 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 ClI are shown in Figure 5.7.

115



Percent Co-activation Index Change Score

Chapter 5: Training and Postural Tremor

Trained Limb Untrained Limb
Strength-Training

120 § 120 §

80 80 -

40 40 +

0 0
-40 -40 \ -
-80 - \ J J -80 -
120 - * -120 -

Coordination-Training

120 120
80 80
40 - 40 -
0 0
-40 l J -40 J
-80 J -80
* *
-120 x x x x -120
NT BT cT FT NT BT cT FT
Condition Condition

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 Cl, 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.
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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 MeasurementPrior 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 90° 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/AgClI 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 5k : .

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 MeasuresSimilar 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 (r 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 | error at p < 0.01 due to the large
number of denominator degrees of freedom. All data were reported as the mean rone

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(,1s8y = 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.

Young Older
Target
Total (Thumb)
———Index Finger
25 5 | e Middle Finger 25
20 AVMAWWWAV‘@ 20
Z 15 15 4’/4‘/\/«\ ) )
@ r NN A~ ~ NN A~ -
g '\\I!\/\\\a’\:""\/"wv\/"'\/\/«\»/‘—\,-'W—\NA/‘F\\/\ \y’ AN VATV NI e
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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; F1,1268) = 26.48, p < 0.01) and absolute targeting error (young
1.30 £ 1.05 N, older 1.90 * 3.61 N; F(11268) = 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%; Fq128 = 72.15, p < 0.01) and relative
targeting error (young 4.1 + 2.0%, older 10.1 * 28.4%; F1,1268) = 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( 1266y = 20.91, p < 0.01) and relative targeting error (F( 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
(F7,1262) = 21.20, p < 0.01) and targeting error (F(z,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 (F1,1268) = 9.90, p < 0.01)
and proportional power (between 0-0.5 Hz) than young adults (F 1268y = 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 (Fi1262) = 6.21, p < 0.01) and proportional power
(Fza262) = 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(1,1268y = 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%; Fq,1268) = 8.46, p < 0.01). A significant age by force condition interaction
effect was observed for the index and middle finger force shares (F1262) = 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
(Fa,1268) = 27.99, p < 0.01). A significant age by force condition interaction effect
was observed for target-middle finger force coupling (F¢z1262) = 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 (F1,1268y = 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
(F7.1262) = 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- Time Lag Peak Cross- Time Lag
Correlation (ms) Correlation (ms)
Tar-Th 0.99 +0.01 2+ 56 0.99+£0.01 00
Tar-1F 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-1F (F(1,1268) = 22.36, p <
0.01) and Th-MF (F(,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(,106sy = 44.17, p < 0.01). Significant age by force
condition interaction effects were observed for all inter-digit coupling relations (Th-IF
Faa2e2) = 127.53; Th-MF Fg1262) = 14.56; IF-MF F7.1262 = 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,1268) = 133.01, p <
0.01) and IF-MF digit relations (F,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- Time Lag Peak Cross- Time Lag
Correlation (ms) Correlation (ms)
Th-IF 0.64 £0.30 00 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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