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Abstract 

Objectives: Determine the effect of contraction type and intensity, inertial loading, and visual 

feedback on various measures of hand tremor in subjects with essential tremor.  

Methods: Study 1.   Twenty-three ET subjects and 22 controls held their hand in an outstretched 

position while supporting various submaximal loads (no-load, 5%, 15% and 25% 1-repetition 

maximum). Hand postural tremor and wrist extensor neuromuscular activity (EMG) were 

recorded.  Study 2. Twenty-one ET subjects and 22 controls applied isometric wrist extension 

contractions with and without visual feedback. Various submaximal contraction intensities were 

evaluated (5%, 10%, 20% and 30% MVC). Force production and EMG were recorded. Study 3. 

Twenty-one ET subjects and 22 healthy controls performed slow wrist extension-flexion 

movements while supporting various submaximal loads (no-load, 5%, 15% and 25% 1-repetition 

maximum). Angular displacement and EMG were recorded.   

Results: Study 1. Inertial loading resulted in a reduction in postural tremor in ET subjects. The 

largest reduction in tremor amplitude occurred at the 15% load, which was associated with 

spectral separation of the mechanical reflex and central tremor component. Despite an increase in 

overall neuromuscular activity with inertial loading, EMG tremor power did not increase with 

loading.  Study 2. Higher contraction intensities were associated with larger amplitude force 

fluctuations and greater EMG amplitudes. Tremor spectral power of force and EMG remained 

constant at all target intensities, resulting in a reduction in relative tremor power at higher 

contraction intensities. Visual feedback affected subjects in the control and ET groups similarly. 

Study 3. Subjects with more pronounced tremor spectral peaks had larger amplitude kinetic 

tremor, which was reduced with inertial loading. Despite an increase in overall neuromuscular 

activity with inertial loading, EMG tremor spectral power was only slightly increased with 

loading, which resulted in a large reduction in relative EMG tremor power.  
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Conclusions: The effect of inertial loading on postural and kinetic tremor amplitude appears to 

be mediated in large part by its effect on the interaction between the mechanical reflex and central 

tremor components. The level of motor unit entrainment remains relatively constant in subjects 

with ET despite increasing contraction intensities. 
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Essential tremor (ET) is the most common tremor disorder and one of the most common 

neurological movement disorders (Louis et al., 1998), with a prevalence in older adults 

comparable to osteoarthritis, diabetes mellitus or Alzheimer’s disease (Louis et al., 1998). 

Because the tremor persists, there is a much higher prevalence of ET in older adults, estimated at 

1 in 20 to 25 individuals over the age of 40 (Dogu et al., 2003). Essential tremor is characterized 

by tremor that primarily affects the hands and forearms, although tremor of the head, leg, trunk, 

voice and jaw tremor may also be present (Louis, 2005). The diagnosis of ET is based on the 

presence of postural or kinetic tremor of the hands and forearms, with no other signs or symptoms 

that would lead to any plausible explanation other than ET (Deuschl et al., 1998; Stoessl and 

Rivest, 1999; Sullivan et al., 2004). Isolated head tremor with no sign of dystonia is also an 

accepted, albeit less common, presentation of ET (Deuschl et al., 1998). 

Essential tremor is classified as hereditary or sporadic. The hereditary form appears to be 

inherited by means of an autosomal dominant gene, although the exact loci has yet to be 

identified (Shatunov et al., 2006). The sporadic form of ET is less understood still, with recent 

epidemiological studies identifying candidate toxins and exposures (e.g., harmane, lead and 

pesticides) that may predispose individuals to develop ET in the future (Louis, 2008). Several 

lines of evidence indicate that ET is associated with abnormal oscillations originating in the 

inferior olive and spreading throughout the olivocerebellar network (Deuschl and Elble, 2000; 

Pinto et al., 2003; Kronenbuerger et al., 2007; Lorenz and Deuschl, 2007). Both cortical and sub-

cortical pathways have been implicated in the transmission of abnormal oscillatory activity in ET 

(Elble, 1996; Halliday et al., 2000; Hua and Lenz, 2005; Kendi et al., 2005; Daniels et al., 2006; 

Raethjen et al., 2007); however, the exact mechanisms by which this transmission occurs remain 

unknown. 

While ET has historically been associated with postural tremor (Marshall, 1962; Elble, 1986), 

recent clinical and laboratory based studies have resulted in the addition of rest, kinetic and 
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intention tremor to the clinical description of ET (Brennan et al., 2002; Cohen et al., 2003). In 

recent years, it has become increasingly clear that ET is not a monosymptomatic condition. There 

is evidence of eye movement abnormalities (Helmchen et al., 2003), impaired ballistic 

movements (Elble et al., 1994a; Koster et al., 2002), coordination deficits (Deuschl et al., 2000a) 

and other non-motor abnormalities in individuals with ET (George and Lydiard, 1994; Dogu et 

al., 2004; Findley, 2004). These deficits, in addition to the various forms of tremor highlighted 

above, lead to functional deficits. Approximately 75% of people living with ET present some 

form of activity limitation (i.e., disability) in tasks involving the upper extremities and functional 

mobility, with the severity of these limitations progressing with age (Rajput et al., 2004; Louis, 

2005; Héroux et al., 2006; Parisi et al., 2006). Activities that are most often affected include 

feeding, drinking, writing, fine manipulation and body care (Koller et al., 1986; Busenbark et al., 

1991; Louis et al., 2001). These functional deficits contribute to the participation restrictions (i.e., 

handicap) and reduced quality of life reported in individuals with ET (Busenbark et al., 1991; 

Bain et al., 1994; Louis, 2005).   

Over the past two decades, there has been a marked increase in the number of studies focusing on 

ET, ranging from epidemiological and genetic studies trying to identify specific disease markers 

(Shatunov et al., 2006; Deng et al., 2007; Louis, 2008; Louis et al., 2008) to clinical studies 

focusing on the therapeutic effects of stereotaxic surgery and tremor-reducing medications 

(Lyons and Pahwa, 2004; Putzke et al., 2004; Gironell et al., 2005). Despite this rise in ET 

research, however, there are numerous fundamental questions that remain unanswered (Deuschl 

et al., 2000a; Elble, 2006). Of particular relevance to the present thesis are questions regarding 

how varying levels of muscular activity and task requirements and dynamics influence the level 

of motor unit entrainment in subjects with ET, as well as the resulting physical manifestation of 

this involuntary oscillatory muscle activity. The resulting physical manifestation is, of course, the 

tremor itself. 
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A consistent finding from previous studies investigating postural tremor in subjects with ET is 

that inertial loading is associated with a marked reduction in tremor amplitude (Homberg et al., 

1987; Bilodeau et al., 2000; Vaillancourt et al., 2003). Inertial loading is associated with a 

reduction in the mechanical resonance of the wrist joint and it has been suggested that such 

changes in limb mechanics may influence the ability of the central oscillatory drive in ET to 

entrain the wrist joint at the same frequency (Elble, 1986; Elble et al., 1987; Elble, 2003b). Elble 

(1986) has stated that the centrally generated oscillatory activity determines the frequency of 

tremor in ET whereas the synergistic/competitive interaction of these oscillations with limb 

mechanics is likely to play an important role in determining the amplitude of tremor. To date, 

there has been no systematic investigation regarding the possible role of limb mechanics and their 

interactions with rhythmic muscle activity in the reduction in tremor amplitude noted in subjects 

with ET with inertial loading. The study presented in Chapter 2 was designed to answer several 

questions surrounding this issue. The effect of supporting light to moderate loads on postural 

tremor amplitude and neuromuscular activity was assessed using a series of light to moderate 

weights. 

The mechanisms involved in how the centrally generated oscillatory activity is transmitted from 

the level of the central nervous system down to the muscle are poorly understood. It has been 

proposed by Gillies (1994) that the central oscillator in ET affects a constant proportion of the 

central drive to the motor neuron pool. This implies that the number of motor units being 

entrained is higher at stronger contraction levels. There is anecdotal evidence, however, that the 

level of motor unit entrainment actually is lower at higher contraction intensities (see figure 1 of 

Elble (1992) and figure 2 of Elble (2005)). A better understanding of how descending oscillatory 

inputs influence the activity of motor units would provide valuable insight regarding the means of 

transmission of the abnormal rhythmic activity associated with ET. Several authors have 

acknowledged, however, that short- and long-loop stretch reflexes may modulate the level of 
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motor unit entrainment in subjects with ET (Elble et al., 1987; Elble, 1996; Deuschl and Koller, 

2000; Deuschl et al., 2000b; Deuschl et al., 2001; Elble and Deuschl, 2002). Thus, the study 

presented in Chapter 3 was designed to assess the influence of contraction intensity on the level 

of motor unit entrainment in subjects with ET using a closed-kinetic chain set-up in order to 

minimize the possible influence of stretch reflexes.  Given the role of the cerebellum in 

visuomotor corrections (Vaillancourt et al., 2006b) and the known cerebellar involvement in 

subjects with ET, a secondary research question addressed by the study presented in Chapter 3 

was whether or not the presence of visual feedback of tremulous force production was associated 

with increased force fluctuation and motor unit entrainment in subjects with ET. 

Although postural tremor has historically been considered the primary clinical feature of ET, 

more recent reports have emphasized the importance of kinetic tremor in ET (Deuschl et al., 

2000a; Brennan et al., 2002; Pahwa and Lyons, 2003; Sethi, 2003). To date, however, there have 

been few attempts to quantify kinetic tremor in individuals with ET beyond the use of observer-

based rating scales. There is mounting evidence that postural control and movement control are 

associated with different peripheral (Enoka et al., 2003; Chew et al., 2008) and central (Baker et 

al., 1999; Kakuda et al., 1999; Gross et al., 2002; Kurtzer et al., 2005; Schnitzler et al., 2006) 

neural processes. There is also evidence that different neural processes are involved in the 

generation of concentric and eccentric contractions (Enoka, 1996; Semmler et al., 2002; 

Sekiguchi et al., 2007). It is unclear how the presence of abnormal centrally generated activity 

similar to that of ET influences these neural processes. Clinically, a majority of the tasks that pose 

problems to subjects with ET require the production of smooth movements of the upper extremity 

(Héroux et al., 2006), while manipulating items of various weights. There is evidence that the 

amplitude of angular position fluctuations is affected differently by loading depending on whether 

the movement is being produced by a concentric or eccentric contraction (Graves et al., 2000; 

Tracy et al., 2004). Therefore, the study presented in Chapter 4 was designed to examine the 
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effect of inertial loading on kinetic tremor amplitude in subjects with ET. Various light to 

moderate loads were used during a visually guided wrist flexion-extension task requiring first 

concentric contractions and then eccentric contractions of the wrist extensors. Light to moderate 

loads were selected because of their functional relevance. During the course of a day, the majority 

of tasks and activities performed by individuals require only a small portion of the force 

generating abilities of upper extremity muscles (Kern et al., 2001; Marshall and Armstrong, 

2004). Also, the functional tasks that are most effected by tremor are those involving low to 

moderate contraction intensities (Héroux et al., 2006).   
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Abstract  

Objectives: Determine the effect of inertial loading on time and frequency domain measures of 

postural tremor in subjects with essential tremor (ET). 

Methods: Twenty-three subjects with ET and 22 healthy controls held their hand in an 

outstretched position while supporting various submaximal loads (no-load, 5%, 15% and 25% 1-

repetition maximum). Hand postural tremor and wrist extensor neuromuscular activity were 

recorded using a laser displacement sensor and electromyography (EMG).  

Results: Inertial loading resulted in a reduction in postural tremor in all ET subjects. The largest 

reduction in tremor amplitude occurred at the 15% load, which was associated with spectral 

separation of the mechanical reflex and central tremor component in a large number of ET 

subjects. Despite an increase in overall neuromuscular activity with inertial loading, EMG tremor 

spectral power did not increase with loading.  

Conclusions: The effect of inertial loading on postural tremor amplitude appears to be mediated 

in large part by its effect on the interaction between the mechanical reflex and central tremor 

components. Specifically, the reduction in wrist mechanical resonance that occurs with inertial 

loading results in damping of the tremor component associated with abnormal motor unit 

entrainment.  
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2.1 Introduction 

When healthy individuals hold their hand steady in an outstretched position against gravity it does 

not remain perfectly still, but rather fluctuates about a mean position (Elble, 2003b). These small 

fluctuations have been termed physiological postural tremor (Deuschl et al., 1998) and result 

from the interplay of various peripheral and central factors (see (McAuley and Marsden, 2000)) 

for a review). When this tremor is associated with bursts of motor unit activity at the frequency of 

oscillation, it ceases to be physiological and is considered pathological (Deuschl et al., 2001).  

The most common cause of pathological tremor is essential tremor (ET), a heterogeneous 

neurological condition affecting approximately 4% of the population over the age of 40 years 

(Louis, 2005). The hallmark of this condition is a 4-12 Hz tremor typically visible in a person’s 

hands. This tremor may occur at rest, during antigravity position holding and during movement 

(Elble, 1986; Deuschl et al., 2000a; Cohen et al., 2003; Louis, 2005), and leads to activity 

limitations and reduced quality of life (Koller et al., 1986; Héroux et al., 2006; Lorenz et al., 

2006). Several lines of evidence indicate that ET is due to abnormal oscillations originating in the 

inferior olive and spreading throughout the olivocerebellar network (Deuschl and Elble, 2000; 

Pinto et al., 2003; Kronenbuerger et al., 2007; Lorenz and Deuschl, 2007). These centrally 

generated oscillations interact with the mechanical reflex (MR) component of physiological 

tremor and, depending on the strength of various central and peripheral inputs as well as current 

limb mechanics, this interaction may be synergistic or competitive (Hagbarth and Young, 1979; 

Elble, 1986; Deuschl et al., 1987; Elble et al., 1987; Matthews, 1993; Wenderoth and Bock, 

1999).  

An essential characteristic of ET is the presence of a tremor component in the power spectrum 

with a frequency that is not dependent on reflex arc length or limb mechanics (i.e., inertia or 

stiffness). Given this fact, mass loading – typically 300 or 500g – has been employed as a means 
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of distinguishing centrally generated oscillations from those having a MR origin (Elble, 2003a; 

Elble, 2003b). Mechanical reflex tremor emerges from the oscillatory properties of limb 

mechanics and sensorimotor loops (Joyce and Rack, 1971; Stiles, 1980; Elble, 1996; Elble and 

Deuschl, 2002). The mechanical properties of the wrist result in broad-frequency damped 6-10 

Hz oscillations when exposed to pulsatile perturbations such as irregularities in motor unit firing 

and cardioballistics (Lakie et al., 1984; Lakie et al., 1986; Milner and Cloutier, 1998; McAuley 

and Marsden, 2000). The frequency (ω) of these oscillations depends on limb inertia I and 

stiffness K, according to the equation ω  (French, 1971; Lakie et al., 1986). As can be 

appreciated by this equation, inertial loading will result in a reduction in mechanical resonance 

and thus of the MR frequency. In circumstances when the sensitivity of the stretch reflex is 

enhanced (e.g., drugs or fatigue), the frequency of the MR also becomes dependent on reflex arc 

length to some extent (Hagbarth and Young, 1979; Elble and Deuschl, 2002).  

Although not emphasized, a consistent finding from inertial loading studies in subjects with ET is 

the reduction in tremor amplitude that occurs when loads are added to the limb (Elble, 1986; 

Homberg et al., 1987; Elble et al., 1992; Bilodeau et al., 2000; Vaillancourt et al., 2003; Elble et 

al., 2005). This reduction occurs even when very light loads are used (e.g. 100g and 250g) and 

despite a continued and strong contribution of entrained oscillatory muscle activity to tremor, as 

reflected by the continued high level of coherence between wrist extensor electromyography and 

postural tremor signals (Elble, 1986; Vaillancourt et al., 2003). A greater understanding of this 

reduction in tremor amplitude, both on a biomechanical and neurophysiological level, may help 

elucidate some of the unanswered questions regarding the interaction between central and MR 

tremor components as well as how the level of motor unit entrainment is modulated by varying 

levels of neuromuscular activity.  
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Various factors, in isolation or in combination, may account for the reduction in tremor amplitude 

with inertial loading observed in subjects with ET. First, it is known that the amplitude of forced 

oscillations are greatly influenced by mechanical resonance and the frequency of the driving force 

(French, 1971). As the frequency of the driving force becomes closer to the mechanical resonance 

of the system experiencing the forced oscillations, the amplitude of the resulting oscillation will 

grow exponentially with the maximum amplitude being governed by the amount of damping in 

the system (French, 1971). In the context of ET, the reduction in wrist joint mechanical resonance 

caused by inertial loading could lessen the ability of the centrally generated neuromuscular drive 

to oscillate the wrist at the central tremor frequency. However, a recent study by Vaillancourt et 

al. (2003) on six subjects with severe ET found large reductions in tremor amplitude with inertial 

loads of 100 g and 250 g. Such light loads are not likely to have resulted in separation of the 

central and MR tremor components, especially given the low tremor frequency in these subjects 

and that spectral separation was not consistently observed with inertial loading, even when a load 

of 1000g was used (Vaillancourt et al., 2003). Thus, it is unlikely that the small changes in wrist 

mechanical resonance induced by the 100 and 250 g loads were responsible for the large 

reduction in tremor amplitude, indicating that other factors may be contributing to the reduction 

in tremor amplitude observed with inertial loading.  

One such factor is the possible reduction in rhythmic entrainment of motor units. In fact, there is 

preliminary evidence that a reduction in rhythmic entrainment of motor units does occur in some 

subjects with ET with inertial loading. Two studies by Elble present spectral plots of wrist 

extensor neuromuscular activity where the amplitude of the spectral peaks is greatly reduced with 

inertial loading (see figure 1 of Elble et al. (1992) and figure 2 of Elble et al. (2005)). Two 

possible mechanisms that could contribute to a reduction in rhythmic motor unit entrainment are 

1) a reduction in the synergistic interaction between the central and MR components of ET and 2) 

a reduction in the strength of the descending oscillatory activity. 
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 As previously stated, the interaction between central and MR tremor components can be 

synergistic or competitive. Depending on the relative strength of these two tremor components as 

well as limb mechanics, modulations of this interaction could influence the level of motor unit 

entrainment. Wenderoth and Brock (1999) have shown that strong sensory feedback can entrain a 

central oscillator at the frequency of the MR oscillation if, a) their respective frequencies are 

relatively close, and b) the strength of the central oscillator is relatively weak compared to the 

strength of the MR oscillations. In line with these findings, Elble (1986) reported that MR 

oscillation was the dominant rhythm in subjects with mild ET when inertial loading was applied. 

In subjects with more severe ET, however, in whom the strength of the centrally generated 

oscillatory input was greater, MR made a lesser contribution to the tremor. Elble (1986) also 

noted that the amplitude of the MR tremor component in ET subjects was twice the amplitude of 

that found in healthy controls. In addition, there is evidence of reduced reflex inhibition and 

impaired muscle spindle function in subjects with ET (Burne et al., 2002; Frima and Grunewald, 

2005), both of which could directly or indirectly modulate the MR and its interaction with the 

central tremor component.  

The second factor that could contribute to a reduction in motor unit entrainment is modulation of 

the centrally generated tremor drive. Normal force production is associated with what has been 

termed signal-dependent noise (Jones et al., 2002); there is always a certain amount of variability, 

i.e. noise, associated with steady force production and the amplitude of this noise increases in 

relation to contraction intensity (Enoka et al., 2003) (Enoka et al., 1999; Tracy and Enoka, 2002). 

To date, it remains unclear whether the tremor signal associated with ET behaves in a similar 

signal-dependent manner. However, the EMG spectral plots from the previously discussed studies 

by Elble (1992; 2005) provide evidence that, at least in some cases, there is a reduction in motor 

unit entrainment with increased neuromuscular activity. This indicates that the central oscillatory 
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drive may not scale proportionally to the increase in muscular activity associated with supporting 

inertial loads, and thus possibly contribute to a reduction in motor unit synchronization.  

In this paper, we re-examined the effect of inertial loading on tremor amplitude in subjects with 

ET. In particular, we investigated the following questions. (1) What is the effect of inertial 

loading on overall postural tremor amplitude as well as on the amplitude of MR and central 

tremor components? (2) Is the spectral separation of central and MR tremor components observed 

with inertial loading associated with a reduction in postural tremor amplitude? (3) Does the level 

of motor unit entrainment increase in relation to the greater neuromuscular activity associated 

with inertial loading? (4) How do inertial loading and the resulting separation of central and MR 

tremor components influence the ability of oscillatory muscle activity to cause mechanical 

oscillations in the wrist at a similar frequency? In order to examine these questions about the 

effect of inertial loading on tremor amplitude in subjects with ET, we used both time and 

frequency domain analyses of postural tremor and neuromuscular recordings. Given the 

previously highlighted differences in subjects with mild tremor compared to those with moderate 

and severe tremor, efforts were made to recruit subjects with varying levels of tremor severity. 

Finally, because of the possible influence of the strength of neuromuscular drive on motor unit 

entrainment, the loads used in the present experiment were standardized to each subject’s 

maximal strength.  

2.2 Methods 

2.2.1 Subjects 

Twenty-three subjects with ET and 22 healthy control subjects of similar age participated in the 

study. Subjects with ET were separated into two groups based on criteria described below; 

subject characteristics are presented in Table 2-1. All subjects included in the ET group met the 
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diagnosis criteria set forth in the Consensus Statement of the Movement Disorder Society on 

Tremor (Deuschl et al., 1998). Given the relatively high incidence of misdiagnosis in ET (Jain et 

al., 2006), each subject was also interviewed and underwent a clinical assessment to ensure no 

factors associated with misdiagnosed ET (e.g., unilateral tremor, dystonic postures, isolated 

tremor of the thumb, etc.) (Jain et al., 2006) and other red flag items (e.g., sudden rapid onset, 

hyperthyroidism, current drug treatment that may cause or exacerbate tremor) were present 

(Elble, 2000a). Additionally, spectral plots of hand postural tremor and forearm 

electromyography (EMG) recorded under various loading conditions (described below) were 

visually inspected to ensure they were consistent with ET (electrophysiologic outcomes 3 and 4, 

(Elble, 2003a); see Chapter 5). In the ET group, a total of 7 subjects were regularly taking beta-

adrenergic antagonists: 4 subjects solely for tremor-reduction and 3 others for hypertension and 

tremor-reduction. One subject with severe tremor was on primidone, an anticonvulsant commonly 

used in the treatment of intractable ET. Four subjects in the control group were regularly taking 

beta-adrenergic antagonists for hypertension.  Exclusion criteria for all subjects included any 

other neurological disorder, use of psychotropic medications and the presence of factors that may 

have confounded the measurement of postural tremor. The latter included major musculoskeletal 

abnormalities, pain or severe deficits in mental status sufficient to compromise the ability to 

complete the evaluation procedures.  All subjects provided informed consent to the protocol, 

which was approved by the local Research Ethics Board (see Appendix 1).  

2.2.2  Intake Process and Clinical Measures 

A standardized intake protocol was used and all personal information was encoded for anonymity 

(see Appendix 2). Subjects were interviewed and the following data were recorded: age, gender, 

height, weight, hand dominance, body parts perceived to be affected by tremor and approximate 
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date of onset of tremor in each, hand with most severe tremor, family history of tremor, use of 

medications and presence of other health conditions (verifying for exclusion criteria). 

The Tremor Disability Questionnaire (Louis et al., 2000) was administered to subjects in the ET 

group to assess their perceived functional limitations due to tremor (see Appendix 3). The 

questionnaire consists of 36 items, 31 of which relate almost entirely to the impact of tremor on 

hand function. The remainder relate to tremor in other body parts and overall embarrassment 

from tremor. With this measure, higher scores correspond to greater levels of disability with a 

minimum score of 0 and a maximum score of 100.  

The Fahn-Tolosa-Marin Tremor Rating Scale (Fahn et al., 1988), an ordinal scale measure that 

assesses the presence and severity of tremor and tremor related disability, was used to obtain a 

clinical measure of tremor severity and tremor related disability in both groups of subjects (see 

Appendix 4). This scale utilises a five-point ordinal scale from 0 to 4 for each item, with 0 

corresponding to no tremor or no functional disability, and 4 corresponding to severe tremor or 

severe functional disability. Subjects were videorecorded while completing the 14 items from 

Section A and B of the Tremor Rating Scale and their performance was scored at a later date 

(Stacy et al., 2007). Section A assesses the presence and severity of rest, postural and 

action/intention tremor in various body parts; only the upper extremities were scored in the 

present study. Section B assesses tremor severity during handwriting, water pouring, drawing a 

spiral between the lines of an Archimides spiral and drawing a straight line between three 10 cm 

long gaps of different widths (8 mm, 5.5 mm and 3 mm). The lowest possible score for Sections 

A and B were 0; the highest possible score was 24 for Section A and 36 for Section B. All 

subjects were scored by the same evaluator (G.P.), who was blinded as to whether subjects were 

in the control or ET groups. 
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2.2.3 Apparatus 

The subject was seated in a straight-backed chair. The forearm of the side being tested was in full 

pronation and fully supported up to 2 cm proximal from the radio-carpal joint line on a height-

adjustable table positioned next to the subject (see Figure 2-1). During postural tremor testing the 

wrist joint was in neutral flexion/extension and neutral radial/ulnar deviation; the elbow joint was 

in 90° of flexion; and the arm was in approximately 15° of abduction and 0° of flexion/extension 

and internal/external rotation. Two straps - one 2 cm distal to the elbow joint and the other 2 cm 

proximal to the radial styloid process - secured the forearm to the table. The set-up permitted full 

wrist flexion and extension while greatly limiting wrist pronation and supination. A piece of 

opaque fabric was positioned to prevent the subject from seeing their forearm and hand during 

postural tremor testing. 

During one-repetition maximum (1-RM) and postural tremor testing, the subject’s hand was fitted 

with a support device that permitted the suspension of weights. The device consisted of two 

aluminum bars (dorsal: 13.0 x1.0 x 2.54cm; palmar: 13.0 x1.0 x 1.22 cm) firmly held in place 

horizontally across the dorsal and palmar aspects of the hand by a bolt and wing-nut system. The 

distal edge of the aluminum bar was aligned 2.5cm proximally from the head of the third 

metacarpal bone.  A rounded piece of wood was positioned between the posterior aspect of the 

hand and the aluminum bar in order to increase the surface area in contact with the hand, thus 

increasing subject comfort. To further increase subject comfort, thin foam padding was placed 

between the dorsum of the hand and the wood as well as between the palmar surface of the hand 

and the aluminum bar.  

For 1-RM testing, weights were suspended from a 20cm cable attached to the aluminum bar on 

the palmar side of the hand. For postural tremor testing, a plastic cylinder (radius: 5 cm, width: 20 

cm) containing the test load was bolted to the aluminum bar on the palmar side of the hand; this 

set-up eliminated the possibility that the weights would swing. During weighted postural tremor 
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testing, combinations of calibrated weights (Troemner, NJ) were placed into the plastic cylinder 

depending on the load being tested; these weights provided a resolution of 1 g for loads ranging 

between 1 and 3110 g. Foam was included to ensure the weights did not move inside the cylinder 

during testing. 

A high-precision laser displacement sensor (Model 12821, Matsushita Electric Works Ltd) with a 

recording range of 4 cm was used to measure postural tremor. The sensor was mounted 2 cm 

above the subject’s hand with the laser beam oriented perpendicularly to a horizontally oriented 

reflective surface (4 cm2) affixed on the back of the hand 2.5cm proximal from the head of the 

third metacarpal (no-load trials) or on the posterior aspect of the support device (weighted trials). 

A 16-bit analog-to-digital converter (National Instrument PCI-MIO-16XE-10) controlled by a 

Pentium Xeon 2.66 GHz personal computer sampled the laser displacement signal at 1024 Hz. 

Voltage signal from the laser was transformed into displacement (mm) using calibration units 

determined by measuring two points having a known distance between them. The resolution of 

the system was 0.025 mm. 

Surface electromyography (EMG) was used to measure the neuromuscular activity of the 

extensor carpi radialis brevis (ECRb). Skin abrasion, cleaning with an alcohol solution, and 

application of conductive electrode cream (Synapse, Med-tek Corporation) were used to prepare 

the electrode sites. A Delsys electrode (two 10 mm 99.9% Ag bars spaced 10 mm apart) was 

adhered to the skin surface and aligned along the line of action of the underlying muscle fibers, 

which for the ECRb was 5cm distal to the lateral epicondyle in a distal-proximal orientation 

(Perotto, 1994). The common reference electrode (4 cm2) was placed over the olecranon of the 

ulna. Electromyography data were collected using a Delsys 8-channel amplifier system (Bandpass 

10 Hz to 1 kHz, CMRR< 100 dB at 60 Hz, Input impedance 1 Gohm) with an amplification 

factor of 1,000. The EMG signal was digitized using the previously mentioned 16-bit analog-to-

digital converter; all EMG data were sampled at 1024 Hz.  Laser displacement sensor and EMG 
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data were collected using custom-built LabView 8 software and saved to the hard disk of the 

personal computer for subsequent analysis.  

2.2.4 Procedures 

In subjects with ET, the hand reported to have the most severe tremor was tested. In the case of 

symmetrical tremor the dominant hand was tested. Given the small but significant effect of hand 

dominance on postural tremor amplitude in healthy subjects (Raethjen et al., 2000; Bilodeau et 

al., 2007), the side tested in healthy controls was selected in order to obtain approximately the 

same ratio for dominant/non-dominant between the ET and control groups. 

 The 1-RM of the wrist extensors being tested was first determined. The 1-RM consists of the 

maximal load that can be successfully lifted through full range of motion. The starting load was 

selected based on the subject’s isometric maximal voluntary contraction measured using a load 

cell (see Chapter 4 for details), thus reducing the number of trials needed to determine the 1-RM. 

Increments of 500 g were added to the initial load until the subject was unable to lift the load 

through full range of motion. At this point, adjustments were made down to the 250 g level until 

the 1-RM was determined. A rest period of 90s was given between each increment in load. 

Instructions and encouragement were kept constant across subjects. In most subjects it took 4-5 

lifts to determine the 1-RM and the maximum number of lifts was 8. 

Postural tremor of the hand was measured while the subject supported various sub-maximal loads 

(unloaded, 5%, 15% and 25% of 1-RM). In the case of the 5%, 15% and 25% 1-RM loads, the 

mass of the support device and any foam used was included in the calculation of the test load. 

During testing, the subject was asked to keep the hand and fingers outstretched parallel to the 

floor. A block of two 16 s trials were recorded for each load, with the order of load presentation 

being randomly selected. A minimum of 90s rest was provided between each trial. 
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2.2.5 Data Analysis 

Prior to performing all data analyses, displacement and EMG data were conditioned by the 

following methods. The EMG data were digitally rectified and the offset value – mean of a 

rectified EMG signal recorded during a 5s rest trial - was removed. Next, the EMG and 

displacement data were digitally filtered using a dual-pass 4th order Butterworth filter with a low-

pass cutoff frequency of 40Hz. The cutoff frequency was selected because power related to 

physiological and pathological tremor is located in the low frequencies of the displacement and 

EMG signals (McAuley and Marsden, 2000). Next, data from the laser displacement sensor were 

differentiated to create velocity time series; velocity has been found to be more sensitive than 

displacement or acceleration at reflecting changes in tremor amplitude and spectral content 

(Norman et al., 1999; Duval and Jones, 2005). Lastly, EMG amplitude for each subject was 

normalized to the peak in EMG obtained during a series of three maximal voluntary trials (see 

Chapter 4 for description). All data processing and subsequent time and frequency analyses were 

performed using software written in Matlab 7 (The MathWorks Inc., Natick, MA). 

2.2.5.1 Amplitude of postural tremor and EMG activity 

Postural tremor amplitude was determined by calculating the standard deviation of each velocity 

time series. For the EMG signal, the mean level of neuromuscular activity for each trial was 

computed on the rectified signal. The mean of both trials from a given load condition were 

subsequently computed and used for statistical analysis. 

2.2.5.2 Spectral measures of postural tremor and neuromuscular activity 

Velocity and EMG auto-spectra were calculated for each load condition using the method of 

disjoint sections (Halliday et al., 1995). The two 16s trials within each load condition were 

concatenated and the spectra were estimated by averaging the finite Fourier transforms calculated 
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for eight non-overlapping windows of 4096 points; this resulted in a frequency resolution of 

0.25Hz. 

Initial inspection of the velocity and EMG auto-spectra revealed reduced amplitude in, or total 

absence of, a prominent peak indicative of pathological tremor at one or sometimes two of the 

load conditions – typically the 15% or  25% 1-RM load – in some ET subjects. It was therefore 

decided to visually inspect all the velocity and EMG time-series and auto-spectra. Following this 

process two major patterns were identified and used to divide the ET subjects into two groups. 

Those that were included in group 1 had prominent EMG spectral peaks in all trials, which were 

always associated with visible peaks in the velocity spectra. Those included in group 2 typically 

had less prominent EMG spectral peak at 0% and 5% 1-RM loads, which either 1) remained 

consistent at the 15% and 25% 1-RM loads, 2) reduced in amplitude at either or both of the 

heavier loads, or 3) was not present at one of the heavier loads and reduced at the other. The 

resulting peaks in the velocity power spectra typically mirrored the pattern of EMG spectral 

peaks, i.e., less prominent or completely absent in some instances. 

Based on this reduction or absence of prominent peaks in some subjects, the four calculated 

spectra – one for each load condition - were visualized simultaneously. The spectrum with the 

most distinct and representative tremor spectral peak in the 4-12 Hz bandwidth was selected to 

calculate template tremor frequency values. This procedure was carried out for both the velocity 

and EMG spectra of each ET subject and the resulting template values were used to calculate 

spectral power outcomes as described below. The various variables associated with the 

determination of template values are presented in Figure 2-2. First, the frequency of the peak 

power in the selected template spectrum was determined (SP). Next, the frequencies on either 

side of the spectral peak at which the spectral power fell below half peak power (HP) were 

determined. Given the spectral resolution of 0.25Hz, these half power points rarely if ever fell 
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exactly on one of the values computed using finite Fourier transform. In such cases, half power 

frequency values were determined using a linear interpolation method. Finally, left (L) and right 

(R) half power template frequency values were determined by computing the absolute difference 

between peak power frequency and the two identified half power points. 

The power of the main tremor peak in the spectra was calculated for each of the four velocity and 

four EMG spectra for ET subjects based on the half power bandwidth (Elble, 2003a; Raethjen et 

al., 2004). First, the peak power in the 4-12Hz bandwidth and its associated spectral frequency (λ) 

were determined. Next, the area under the curve located within a bandwidth consisting of (λ – L) 

to (λ + R) was determined using an integration method; in this way, the width (W) of the 

bandwidth used to calculate tremor spectral power was kept constant across loading conditions 

within each subject. As previously mentioned, it was difficult or impossible to discern peaks in 

some spectra. In these instances, the power located within a band consisting of (SP – L) to (SP + 

R) was determined. In addition, the percent of the total power in the 0-40 Hz bandwidth 

accounted for by the spectral tremor peak was computed ([spectral tremor peak power / total 

power] * 100). For neuromuscular activity, a value of 0% would indicate the complete absence of 

a tremor peak in the EMG spectrum, whereas a value of 100% would indicate that all of the EMG 

spectral power was located in the tremor peak bandwidth. As described by Elble et al. (1994), this 

measure relates to the intensity of motor unit entrainment by ET. The power of the main tremor 

peak in the spectra was calculated for each of the four velocity and four EMG spectra for ET 

subjects based on the half power bandwidth (Elble, 2003a; Raethjen et al., 2004). 

The velocity spectral power associated with the MR tremor component was also quantified in 

control subjects as well as in ET subjects when inertial loading resulted in separation between the 

MR and centrally generated tremor component. The previously described visual inspection of the 

spectra revealed a high level of variability in the width of the MR tremor components, and this 
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even within a single subject. It was thus decided to measure the MR half power bandwidth for 

each spectrum. The peak power associated with the MR and its associated spectral frequency 

were determined. The method previously described was used to determine the half power values 

on either side of the MR peak and the area under the curve located within this half-power 

bandwidth was determined using integration.  

2.2.5.3 Coherence between postural tremor and neuromuscular activity  

Coherence is a measure of the linear relationship between two processes across various 

frequencies. Similar to correlation, coherence is a unit-less measure bounded between 0 and 1, 

with one indicating a perfect linear relationship and zero indicating independence (Rosenberg et 

al., 1989; Halliday et al., 1995). In the context of postural tremor research, coherence provides an 

estimate of the degree of motor unit entrainment affecting the tremor signal (Elble and Randall, 

1976). The frequency relationship between postural tremor and the EMG activity of the ECRb 

was quantified using coherence estimates on single subject and pooled subject data. The velocity 

and rectified EMG time-series (Myers et al., 2003; Vasconcellos et al., 2007) within each load 

condition were concatenated for each subject. These concatenated data were further concatenated 

within groups: 22 control subjects, 9 subjects from ET group 1 and 7 subjects from ET group 2 

with peak frequencies in the 6-7 Hz range. This frequency range was selected as it contained the 

greatest number of subjects in both ET groups, thus reducing the error associated with the 

coherence estimates and increasing generalizability of the pooled analysis. The coherence 

functions between the velocity and EMG data were estimated for each load condition within each 

subject and across groups of subjects using Eq. 1 (Halliday et al., 1995; Amjad et al., 1997). 

  Eq. 1: |R AB (λ)|
2 =    
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Auto-spectra,  and , and cross-spectra , were computed using the method of 

disjoint sections (where  denotes frequency) (Halliday et al., 1995). For single subject coherence 

analysis, data were broken into 32 disjoint sections yielding a frequency resolution of 1 Hz. For 

pooled coherence analysis, data were broken into 704 segments for the control subjects, 288 

segments for ET group 1and 224 segments for ET group 2, yielding a frequency resolution of 1 

Hz for all groups. Frequency specific coherence was determined significant when values 

exceeded a 95% confidence limit derived from the number of disjoint segments used in the 

coherence estimate as described by Halliday et al. (1995). To evaluate the effect of load on the 

strength of coherence in each subject, the peak coherence value in the 4-12 Hz bandwidth 

exceeding the 95% confidence limit was identified for each load condition for each subject. The 

variance stabilizing Fisher transform Tanh
-1 was applied to the coherency value (square root of 

coherence) associated with the selected peak (Rosenberg et al., 1989) and these transformed data 

were used for statistical analysis. Pooled coherence estimates were analyzed using the difference 

of coherence test described in the next section. 

2.2.6 Statistical Analysis 

Given the skewed distribution of tremor amplitude measures in ET (Héroux et al., 2006; Stacy et 

al., 2007), all data were examined with the Kolmogorov-Smirnov test to verify Gaussian 

distribution prior to performing statistical analysis. Measures which were not normally distributed 

were log-transformed (Bland and Altman, 1996) and analyzed again to ensure this transformation 

resulted in a distribution adequately close to Gaussian (i.e., non-significant K-S statistic) for 

performance of parametric inferential statistics. Summary statistics and plots presenting log-

transformed data are often not very intuitive, thus it has been recommended to back-transform the 

data using the antilog and report the 95% CI of the mean rather than the standard deviation 
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(Bland and Altman, 1996; McDonald, 2007). The process of back-transforming log-transformed 

data results in an asymmetrical 95% CIs, which reflects the skewed distribution of the data.    

The dependent variables described in the preceding sections were compared in a 2-way ANOVA 

with a between subject factor for subject group and repeated measures on the four load 

conditions. When relevant, post-hoc testing was performed using Tukey’s Honestly Significant 

Difference test. A value of 0.05 was chosen as the level of significance for all tests. Statistical 

analyses were carried out using SPSS statistical package (SPSS, version 15.0.1). 

In addition to the ANOVA test performed on the individual peak coherence values, significant 

changes in coherence between different load conditions were identified using a difference of 

coherence test (DoC) performed separately on pooled coherence estimates calculated for each 

group (Amjad et al., 1997). The DoC was applied on Fisher transformed coherency values, 

evaluated for the 0-40Hz bandwidth and compared to a χ
2 distribution with k-1 degrees of 

freedom (k is the number of experimental conditions) (Amjad et al., 1997). A value of 0.05 was 

chosen as the level of significance. When appropriate, post-hoc DoC tests were performed to 

identify the source of significant load effects, with the level of significance corrected for multiple 

comparisons using a Bonferroni adjustment. 

2.3 Results 

2.3.1 Postural tremor amplitude and spectral content 

An example of postural tremor data from a control subject is shown in the first column of Figure 

2-3. While loading had little influence on postural tremor amplitude, visual inspection of the 

time-series reveals a change in spectral content, with a shift from high to low frequency as 

loading increased. This shift, which reflects the reduction in the MR component as the inertia of 

the hand is increased, is also evident in the power spectra of these time series (Figure 2-3, column 

2). Specifically, the MR spectral peak shifts from an initial value of approximately 8 Hz in the 
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no-load condition down to approximately 3 Hz in the 25% 1-RM condition. Figure 2-4 shows 

postural tremor data from a subject in ET group 1 with moderate tremor. During the no-load 

condition, the postural tremor time-series is dominated by a large tremor causing the wrist to 

oscillate up and down approximately 8 times per second. The addition of 5% 1-RM resulted in 

the appearance of a beat frequency, which in mechanical systems result from the superposition of 

two rhythmic oscillations possessing similar frequencies (French, 1971). In the context of 

pathological tremor at the wrist, the two most likely candidates for these rhythmic oscillations are 

1) MR and 2) the tremor resulting from centrally driven rhythmic muscle activity. In the present 

example, the MR and centrally generated tremor likely had identical or near identical peak 

frequencies in the no-load condition. The reduction in MR resulting from inertial loading likely 

resulted in a small mismatch in peak frequencies causing a beat frequency to appear. Beat 

frequencies were observed in almost all subjects in ET group 1 and approximately half of those in 

ET group 2; the load at which beat frequencies were observed depended upon the frequency of 

the centrally generated tremor component. As can be seen in the first column of Figure 2-4, the 

two heaviest loads resulted in a reduction in postural tremor amplitude by 50% as well as a 

separation of the MR and centrally generated tremor components. The power spectra presented in 

the second column mirror the above observations with a large 8 Hz spectral peak in the no-load 

condition and the emergence of a second, lower frequency MR spectral component at the 15% 

and 25% 1-RM load conditions. Furthermore, the need for different vertical axis scaling between 

the no-load and 5% 1-RM load conditions and the 15% and 25% RM load conditions reflects 

quite clearly the ten-fold reduction in peak spectral power that occurred with heavier loading. 

Results from the analysis of variance confirmed that mass loading did not influence postural 

tremor amplitude in the control group whereas it resulted in a reduction in tremor amplitude in 

both ET groups (Figure 2-5A). There was a significant main effect for group (p<0.001) and load 

(p<0.001) as well as a significant load by group interaction (p=0.003). Post-hoc analysis revealed 
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that this interaction was the result of a varying effect of load on postural tremor amplitude in 

subjects with ET. Specifically, at the no-load condition subjects in ET group 2 were not 

significantly different from the control group (p=0.096) whereas those in ET group 1 had 

significantly greater tremor than ET group 2 (p=0.003) and controls (p<0.001). At the 5% 1-RM 

load, there was an increase in tremor amplitude for ET group 2 resulting in a significant 

difference between ET group 2 and the control group (p=0.012); tremor remained greater in ET 

group 1 when compared to ET group 2 and controls (p=0.033). The 15% 1-RM load greatly 

reduced tremor amplitude in ET group 1 (p = 0.018) and ET group 2 (p = 0.01), consisting of a 

34-40% reduction in group 1 and a 40-50% reduction in group 2. At the two heavier loads, ET 

group 1 still had greater tremor amplitude than ET group 2 and healthy controls (p<0.002) 

whereas ET group 2 was once again not significantly different from controls (p>0.137).  

As expected, inertial loading resulted in a reduction of the peak frequency (i.e., MR tremor 

component) in the control group (see Table 2-2). In line with the centrally generated tremor that 

is characteristic of ET, subjects in group 1 and group 2 had a frequency-invariant tremor 

component (see Table 2). The effect of mass loading on the spectral power associated with this 

central tremor component in ET subjects is presented in Figure 2-5B. There was a significant 

group effect (p=0.002), with subjects in ET group 1 having significantly greater tremor power 

than those in ET group 2. There was also a significant load effect (p<0.001); post-hoc analysis 

confirmed that the two lighter loads had significantly greater tremor spectral power compared to 

the two heavier loads (p<0.001). This load effect was equivalent to a 75% reduction in tremor 

power in ET group 1 and a 40% reduction in ET group 2. To further understand the contribution 

of the dominant spectral peak to postural tremor in ET subjects, the proportion of power in the 0-

40 Hz range attributable to the tremor peak was computed. At the two lighter loads, tremor 

spectral power accounted for approximately 55% of the spectral power in group 1 and 40% in 
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group 2 (Figure 2-5C). These values were significantly reduced in group 1 and group 2 when the 

15% or 25% 1-RM loads were being supported (p<0.001).  

While this large reduction in relative power may simply reflect the reduction in absolute tremor 

power, an increase in power at other frequencies (e.g., MR tremor component) may also have 

contributed to this reduction in relative power. Inspection of the spectral data revealed that at the 

15% 1-RM load, 10/13 subjects in ET group 1 and 8/10 in group 2 had discernible MR spectral 

peaks, whereas these values rose to 11/13 and 10/10 at the 25% 1-RM load. In support of 

previous preliminary findings by Elble (1986), the MR component of postural tremor in ET 

subjects was considerably greater in ET subjects compared to healthy controls (see Table 2-2). 

The appearance of this increased MR peak with inertial loading therefore contributed to the 

reduction in relative tremor spectral power.    

2.3.2 Neuromuscular activity 

As expected, neuromuscular activity increased in response to inertial loading of the hand 

(p<0.001). Post-hoc analysis confirmed that the increase in wrist extensor EMG amplitude was 

significant at each load condition (p<0.001). As can be seen in Figure 2-5D, the load-dependent 

increase in EMG amplitude was similar in all three groups, which was confirmed by the non-

significant group effect (p=0.340).  

As can be seen in the third column of Figure 2-4, EMG activity in an individual with ET is 

characterized by rhythmic bursts of activity. This rhythmic activation results in a sharp peak in 

the power spectra (Figure 2-4, column 4), which has a frequency that is not influence by inertial 

loading or reflex arc length (see Table 2-2). One of the primary questions addressed in this paper 

is whether the amplitude of these rhythmic bursts increases in relation to the overall level of 

muscle work being accomplished in subjects with ET. Therefore, the EMG spectral power 

associated with these tremor peaks was computed and analyzed in order to determine whether 
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inertial loading and its associated increase in overall EMG activity influenced the amplitude of 

these peaks. Given that the two ET groups were largely selected based on the amplitude and 

consistency of EMG tremor spectral peaks, it was not surprising to find a significant group effect 

(p<0.001), with subjects in group 1 having greater tremor power values than those in group 2 (see 

Figure 2-5E). Interestingly, there was no load effect on EMG tremor power amplitude in either of 

the ET groups (p=0.771). This indicates that, despite the significant increases in overall 

neuromuscular activity induced by inertial loading, the strength of the oscillatory muscle activity 

at the tremor frequency remained relatively constant.  

Previous research has shown that the proportion of EMG spectral power at the tremor peak is 

associated with tremor severity. Our results confirmed this finding with, on average, 26% of the 

spectral power in the 0-40 Hz range located in the tremor half power bandwidth for ET group 1 

compared to only 6% for ET group 2 (see Figure 2-5F); this difference was highly significant 

(p<0.001). As was the case for EMG tremor power, there was no load effect on relative EMG 

tremor power (p=0.671). This finding appeared somewhat counterintuitive at first given the 

significant increase in overall neuromuscular activity induced by inertial loading accompanied by 

the lack of a load effect on EMG tremor spectral peak amplitude. Visual inspection of Figure 2-

5E, however, revealed the tendency for tremor spectral power to increase with loading, except for 

ET group 1 at the heaviest load condition. This was accompanied by a slight reduction in relative 

tremor power with loading: 25.1% down to 21.8% in ET group 1 and from 7.3% down to 5.7% in 

ET group 2 (see Figure 2-5F). These non-significant patterns as well as the variability present in 

the data accounted for the absence of a significant load effect in relative EMG tremor spectral 

power.  
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2.3.3 Relation between postural tremor and neuromuscular activity 

In control subjects, visual inspection of corresponding postural tremor and EMG signals did not 

exhibit obvious patterns of covariance (see Figure 2-3 for example). Coherence estimates, 

however, showed significant postural tremor-EMG coupling in the 5-15 Hz bandwidth in a 

majority of control subjects. Individual results from two control subjects, one with well defined 

peaks and another with little to no coherence, are shown in Figure 2-6A and 2-6B. Similar visual 

inspection of corresponding postural tremor and EMG signals in subjects with ET revealed 

obvious covariance (see Figure 2-3 for example), which was reflected by high levels of coherence 

in the 4-15Hz bandwidth with peaks typically at the same frequency as those in the EMG spectra. 

Figure 2-6C and 2-6D show individual coherence results for one subject from ET group 1 with 

high coherence at each load condition and a subject from ET group 2 with lower, more variable 

levels of coherence. Note the large drop in coherence at the 15% 1-RM load in the subject from 

group 2; this pattern – to a greater or lesser extent – was a consistent finding in subjects in group 

2. 

When considering peak coherence values in the 4-12Hz range across all subjects, there were 

significant group (p<0.001) and load effects (p<0.001). As can be seen in Figure 2-7, each of the 

three groups had significantly different levels of peak coherence (p=0.003). Also, the no-load and 

5% 1-RM load conditions resulted in significantly higher peak coherence values when compared 

to the 15% and 25% 1-RM load conditions (p = 0.023 and p = 0.002, respectively).While the load 

by group interaction (p=0.063) did not reach the pre-determined level of significance of 0.05, 

Figure 2-7 illustrates that peak coherence in ET group 2 varied in response to load. There was an 

initial increase in the level of coherence at the 5% 1-RM load followed by a large reduction at the 

15% 1-RM load.  
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Overall, pooled coherence estimates demonstrated the same pattern as that observed for peak 

coherence values.  As can be seen in Figure 2-8A, there was coupling between postural tremor 

and EMG in the 4-15 Hz bandwidth in all three groups. The control group had wide coherence 

peaks with noticeable differences between the two lighter and the two heavier loads in the 5-8Hz 

and 14-20 Hz ranges. Comparatively, coherence peaks in the ET groups were sharper and of 

much greater amplitude. In ET group 2, the level of coherence was somewhat reduced at the 15% 

and 25% 1-RM load conditions, whereas only the 15% 1-RM load was reduced in ET group 1. 

The DoC test confirmed these visual differences in coherence estimates (Figure 2-8B). In 

controls, pairwise DoC revealed reduced coherence in the 8-10Hz range when the 5% 1-RM load 

was added to the hand, followed by a reduction in 5-8 Hz and 14-20 Hz coherence at 15% 1-RM. 

In ET group 2, the most noticeable difference occurred between the 5% vs. 15% 1-RM loads. The 

significant peak in the pairwise DoC reflects the large reduction in coherence in the 6-8 Hz 

tremor frequency range when subjects were supporting the 15% 1-RM load. A similar pattern was 

present in ET group 1. In addition, ET group 1 had significant peaks in the 15% vs. 25% 1-RM 

pairwise comparison, reflecting the increase in coherence when the subjects supported the 

heaviest loads.              

2.4 Discussion 

A consistent finding from previous studies investigating postural tremor in subjects with ET is 

that inertial loading is associated with a marked reduction in tremor amplitude (Homberg et al., 

1987; Bilodeau et al., 2000; Vaillancourt et al., 2003). There have been no attempts, however, to 

identify possible factors responsible for this reduction in postural tremor amplitude. A greater 

understanding of this phenomenon may provide valuable insight regarding the pathogenesis of ET 

as well as how the physical manifestation of oscillatory muscle activity (i.e., tremor) is modulated 

by changes in limb mechanics. The findings from the present study show that the effect of inertial 
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loading on postural tremor amplitude is mediated in large part by its effect on the interaction 

between MR and central tremor components. Although likely playing a smaller role in the 

reduction in tremor amplitude with inertial loading, a novel and important finding from the 

present study is that motor unit entrainment in subjects with ET does not increase in relation to 

contraction intensities.   

2.4.1 Effect of inertial loading on postural tremor amplitude in ET 

In agreement with previous reports, inertial loading did not influence postural tremor amplitude in 

control subjects (Raethjen et al., 2000; Elble, 2003a), but it did result in significantly smaller 

tremor in subjects with ET (Elble, 1986; Homberg et al., 1987; Bilodeau et al., 2000; Vaillancourt 

et al., 2003). In terms of this reduction in tremor amplitude, the present investigation provides 

strong experimental support for the idea put forth by Elble (1986) that centrally generated 

oscillatory activity determines the frequency of tremor whereas the synergistic/competitive 

interaction of central and MR tremor components plays an important role in determining the 

amplitude of tremor.  

In the present study, inertial loading resulted in spectral separation of the MR and central tremor 

components in 21 of the 23 ET subjects tested. The 5% 1-RM load corresponded to, on average, 

340g in ET subjects (range: 200-600 g) and resulted in spectral separation of the central and MR 

tremor components in 4 subjects. Interestingly, all four subjects had higher frequency tremors – 

two had 9.5-10 Hz tremor whereas the other two had 7.5-8 Hz tremor – and all four subjects 

experienced a reduction in overall tremor amplitude and tremor spectral power. At the 15% 1-RM 

load (mean: 1020 g; range: 600-2160 g), 21 of the 23 ET subjects experienced a reduction in 

tremor amplitude. This reduction coincided with a substantial increase in the number of subjects 

with visible spectral separation. Specifically, 18 of 23 ET subjects had spectral separation and all 

18 subjects experienced relatively large reductions in tremor. At the heaviest load tested (mean: 
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1700 g; range: 1000-3000 g), three subjects developed visible spectral separation and once again 

all three subjects experienced a reduction in tremor amplitude. Thus, a consistent finding from the 

present study was that the inertial load resulting in separation of the central and MR tremor 

components was always associated with a reduction in tremor.  

As previously described, the amplitude of forced oscillations is greatly influenced by the 

proximity of the frequency of the driving force to the mechanical resonance of the structure 

experiencing the forced oscillations. When the frequency of the driving force and the mechanical 

resonance are very similar, little force is required to generate visible oscillatory motion (French, 

1971). In fact, Lakie et al. (1986) have shown that the wrist joint is consistent with an 

underdamped oscillatory system, making small oscillations at the resonant frequency inevitable. 

Rhythmic neuromuscular activity is therefore not required to maintain MR tremor. However, the 

addition of rhythmic activity at a frequency similar to the mechanical resonance will greatly 

accentuate the natural tendency of the wrist to oscillate. The inertial load that will result in 

spectral separation of central and MR tremor components in subjects with ET is dependent on the 

mechanical resonance of the wrist joint (i.e., 7-10Hz) as well as the frequency of the central 

oscillator (i.e., 4-12 Hz). In theory, a light inertial load (e.g., 250g) could result in spectral 

separation in an individual with a 10 Hz tremor. Inversely, this same load could result in an 

increase in tremor amplitude in someone with a 5-6 Hz tremor. In the latter case, inertial loading 

would lower the mechanical resonance of the wrist and favor a synergistic interaction between the 

central and MR tremor components. In support of this idea, the four subjects who experienced 

spectral separation at the lightest load had relatively high tremor frequencies and all experienced 

a reduction in tremor amplitude. Furthermore, half of the ET subjects experienced an increase in 

tremor amplitude at the 5% 1-RM load and, in line with the mechanism described above, tremor 

frequency in these subjects was in the lower range with a mean value of 5.5 Hz (range: 5-7 Hz). 
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Thus, the frequency of central oscillator appears be an important factor in determining whether 

light inertial loads will result in an increase or a decrease in tremor amplitude. 

In addition to being dependent on the frequency of the central and MR tremor components, the 

interaction between these two tremor components is also thought to be dependent on their 

amplitudes (Stein and Oguztoreli, 1973; Elble et al., 1987; Elble, 1996). For example, 

Vaillancourt et al. (2003) investigated the effects of inertial loading (100 g, 250 g, 500 g and 1000 

g) in six subjects with very severe ET requiring deep brain stimulation. Given the mean tremor 

frequency of 6 Hz in these subjects with severe tremor, one might have thought that the lighter 

loads would have favored a synergistic interaction between central and MR tremor components 

leading greater amplitude tremor. This was not the case, however, with the greatest reduction in 

tremor amplitude coming at these two lightest inertial loads. As pointed out by Elble (1986), MR 

oscillations may become entrained by the activity of a strong central oscillator, which may greatly 

reduce the importance of the synergistic/competitive interaction between the MR and central 

tremor components on determining tremor amplitude. Further investigation would be required to 

determine what mechanisms are responsible for the reduction in tremor amplitude caused by 

inertial loading in individuals with strong central oscillatory drive. Nevertheless, our findings do 

indicate that the interaction between the MR and central tremor components plays a key role in 

determining postural tremor amplitude in individuals with ET of severity similar to those studied 

here.  

2.4.2 Effect of inertial loading on motor unit entrainment in ET 

One of the questions addressed in this study was whether changes in motor unit entrainment 

strength were associated with the reduction in postural tremor amplitude observed with inertial 

loading in subjects with ET. As expected, overall wrist extensor neuromuscular activity increased 

linearly in response to increasing load in all three groups. Conversely, a linear increase was not 
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observed in EMG tremor spectral power; rather it remained relatively constant with increasing 

inertial loads.  

Motor unit entrainment in subjects with ET does not mirror the pattern of signal-dependent noise 

that was present in neuromuscular activity occurring at other frequencies, and this raises many 

interesting questions about how the abnormal oscillatory activity originating in the 

olivocerebellar network leads to entrainment at the level of the motor neuron pool. At light 

contraction intensities such as those required to hold the hand horizontally against gravity, the 

majority of active motor units would likely be of small caliber with relatively low firing rates. 

Inertial loading results in the need for greater force production. In the range of loads used in the 

present study, this is accomplished by increasing the firing rate of active motor units as well as 

the recruitment of additional motor units. Based on our findings, it is plausible that the 

recruitment of additional higher threshold motor units has the effect of reducing the relative 

importance of abnormal entrainment, as reflected by the tendency for relative EMG spectral 

power to decrease at higher inertial loads. At present, however, it is not possible to determine 

whether the newly recruited larger motor units are also entrained at the tremor frequency or if 

descending oscillatory inputs preferentially influence the firing rates of smaller units. 

Furthermore, it is not clear whether severe tremor is associated with the entrainment of a greater 

proportion of active motor units or whether the strong oscillatory drive results in the premature 

recruitment of large caliber motor units. This is all rather speculative, however, highlighting the 

need for a detailed investigation of individual motor units to better ascertain the manner in which 

these abnormal descending oscillatory inputs access the motor neuron pool.  

In addition, it is not clear what role, if any, modulatory inputs from short and long-latency stretch 

reflexes may be playing in the strength of motor unit entrainment in ET (Stein and Oguztoreli, 

1973; Matthews, 1993), and whether reflex contributions to entrainment are modified by the 
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spectral separation of the MR and central tremor components. Therefore it would be of great 

interest to determine the effect of increasing contraction intensity on the level of motor unit 

entrainment, without the (potential) confounding influence of stretch reflexes. This would provide 

a more accurate picture of the varying strength of the centrally generated oscillatory drive.            

2.4.3 Effect of inertial loading on coherence between postural tremor and EMG signals 

Coherence is a measure of linear relationship between two processes at a given frequency (Bendat 

and Piersol, 2000) and in the context of the present study coherence provided a spectral-based 

measure to describe the relationship between neuromuscular drive and postural tremor. Overall, 

there was a main group effect on peak coherence values in the 4-12 Hz range with subjects in ET 

group 1 having significantly greater peak coherence compared to subjects in group 2, and both 

tremor groups had greater coherence than healthy controls. In terms of the effects of inertial 

loading on the level of coherence, reductions in peak coherence were observed at 15% and 25% 

1-RM. The most noticeable reduction in coherence was observed at the 15% 1-RM load, 

especially in ET group 2. Interestingly, this was the group with less pronounced, more variable 

spectral peaks in which 8 of 10 subjects experienced spectral separation of the MR and central 

tremor components at this load. The relative weakness of the oscillatory drive in these subjects is 

likely to have resulted in considerable damping of the central tremor component due to the 

downward shift in mechanical resonance. Furthermore, not only were tremor spectral peaks less 

prominent in these subjects, the tremor itself was more variable, especially at 15% and 25% 1-

RM. During a 16 s recording it was possible to observe several seconds of visible tremor 

separated by periods of relative steadiness. This type of variability in subjects with mild tremor 

has also been noted by others (Elble, 1986), and in addition to the effects of mechanical damping, 

is likely to have contributed to the reduction in coherence noted in ET group 2. In terms of 

subjects from ET group 1, inertial loading did not result in large changes in peak coherence 

values. This is in line with findings by Vaillancourt et al. (2003) and Elble et al. (1994) who 
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found no effect of mass loading on tremor-EMG coherence in subjects with moderate to severe 

tremor. 

Results from the present study support the notion that the ability of motor unit entrainment to 

result in mechanical oscillations of the wrist at the same frequency is largely dependent on the 

strength and consistency of this entrainment. Furthermore, when this oscillatory drive is applied 

to a mechanical system with a mechanical resonance that is different than the frequency of the 

driving force, the ability of weaker, more variable rhythmic muscular activity to result in 

mechanical oscillations at the same frequency is reduced. 

2.4.4 Mechanical reflex tremor increased in ET 

In the present study, inertial loading resulted in a marked increase in the amplitude of MR tremor 

in subjects with ET. A similar increase was previously reported by Elble (1986) in a study 

investigating the effects of inertial loading on tremor characteristics in healthy controls and 

subjects with early and advanced ET. In subjects with early ET, the amplitude of the central 

tremor peak during inertial loading was, on average, 19.2 cm/s2 compared to 33.7 cm/s2 for the 

MR tremor component, indicating that in these ET subjects the MR tremor component was 

considerably larger than the tremor peak. In the present study, tremor peak power was always 

greater than the power associated with MR tremor. In ET group 1, the central tremor component 

was, on average, 14 times greater than the MR tremor component at the 15% 1-RM load and 4 

times greater at the 25% 1-RM load. In line with the values reported by Elble (1986) for subjects 

with early ET, subjects in ET group 2 had much less disparity between the amplitude of the 

central and MR tremor components with inertial loading. The central tremor component was 2 

times greater at the 15% 1-RM load and 0.6 times greater at the 25% 1-RM. While it is not 

possible to determine the cause of the increased MR amplitude in ET subjects with the present 

data, it is possible, however, to speculate as to the most likely candidates.  
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As described in the introduction, the wrist joint has a natural tendency to oscillate (Lakie et al., 

1984). While inertial loading results in a separation of the central and MR tremor components, 

which greatly reduces the ability of the central oscillator to drive the wrist at the same frequency, 

the wrist is nevertheless experiencing a large (rhythmic) perturbing force that is likely to increase 

the amplitude of the MR tremor component due to the underdamped nature of the wrist. The 

possibility of this mechanism contributing to larger MR tremor is aided by the biophysical 

properties of the contractile and non-contractile elements that surround the wrist joint. First, these 

tissues have been found to behave like a second-order low-pass filter with a cut-off frequency of 

2-3 Hz (Milner-Brown et al., 1973; Bawa and Stein, 1976; Lakie et al., 1984; Lakie et al., 1986). 

Second, the amount of damping at the wrist is inversely proportional to the amplitude of 

movement (Lakie et al., 1984; Milner and Cloutier, 1998). Thus, larger amplitude tremor, such as 

the MR tremor component during inertial loading in ET subjects undergoes less damping than 

smaller amplitude postural fluctuations.  Another factor possibly contributing to increased MR 

amplitude in ET subjects is abnormal reflex involvement (Stein and Oguztoreli, 1973; Hagbarth 

and Young, 1979).  While Eble et al. (1987) found no instability or increased amplitude in the 

stretch reflex of ET subjects, Burne et al. (2002) have reported a reduced level of inhibition 

related to abnormalities in a peripheral reflex mediated by tendon afferents. Even in the absence 

of any overt reflex pathology, however, the interaction of short- and long-latency stretch reflexes 

in response to greater amplitude oscillatory movement could in theory influence the amplitude of 

MR tremor (Matthews, 1993) (Stein and Oguztoreli, 1973; Matthews, 1994).       

2.4.5 Conclusion 

The finding indicate that the synergistic/competitive interaction between the MR and central 

tremor components plays a key role in the reduction in tremor amplitude observed with inertial 

loading in subjects with ET. The reduction in mechanical resonance associated with inertial 

loading results in damping of the central oscillatory tremor component and leads to a reduction in 
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overall tremor amplitude. In terms of the pathophysiology of ET, our findings indicate that 

strength of the abnormal oscillatory activity that is characteristic of ET remains relatively 

constant across a range of light to moderate contraction intensities.    
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Table 2-1. Subject Characteristics 

 

 

 

 

 

 

 

 

 

 

 

 

Values are mean ± standard deviation (minimum – maximum) 

* D = dominant; ND = non-dominant 

† TDQ = Tremor Disability Questionnaire  

‡ FTM = Fahn-Tolosa-Marìn Tremor Rating Scale  

** repetition maximum  

  
Age (years) 

 
Gender  

 
Side tested* 

 
Years with 
tremor 
  

 
TDQ† (100) 

 
FTM‡ – A (24) 

 
FTM – B (36) 

 
1-RM** (Kg) 

 
Controls  
(n = 22) 

 
64.3 ±  14.3 

(38 – 84) 

 
9 m 
13 f 

 

 
12 D 

10 ND 

 
---- 

 
---- 

 
---- 

 
---- 

 
6.9 ± 2.9 

(3.00-11.25) 
 

 
ET group 1           
(n = 13) 
 

 
57.2 ± 10.4 

(38-72) 
 

 
4 m 
9 f 

 
7D 

6 ND 

 
27.6 ± 15.2 

(6-51) 

 
29.7 ± 22.6 
(2.9 – 83.3) 

 
9.8 ± 4.2 

(4-19) 

 
6.0 ± 5.0 

(3-13) 

 
6.5 ± 2.2 

(4.00-12.00) 

 
ET group 2           
(n = 10) 
 

 
62.2 ± 10.8 

(46-74) 

 
6 m 
4 f 

 
7 D 

3 ND 

 
21.1 ± 13.5 

(7-44) 

 
12.4 ± 11.4 
(0 – 40.0) 

 
7.1 ± 4.1 

(1-14) 

 
2.4 ± 2.0 

(2-7) 

 
7.2 ± 1.9 

(4.5-10.25) 
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Table 2-2 Velocity and neuromuscular activity spectral peak frequencies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values are mean ± standard deviation (minimum – maximum) 

  
Peak frequency 0% 

 

 
Peak frequency 5% 

 
Peak frequency 15% 

 
Peak frequency 25% 

      
                              postural 
Controls                tremor 
(n = 22) 

 
7.9 ± 0.7 

(6.25 - 9.25) 
 

------------ 
 
 

 
6.4 ± 0.8 

(4.50 - 7.75) 
 

------------ 
 
 

 
4.7 ± 0.8 

(3.50 - 6.00) 
 

------------ 
 

 
4.0 ± 0.8 

(2.25 - 5.75) 
 

------------ 
 

                                               
                              postural  
ET group 1            tremor   
(n = 13) 
                              EMG 

 
6.5 ± 1.3 

(4.50 - 9.50) 
 

6.4 ± 1.3 
(4.75 - 9.75) 

 

 
6.4 ± 1.4 

(4.25 - 9.50) 
 

6.4 ± 1.7 
(4.00 - 10.25) 

 
6.5 ± 1.8 

(4.00 - 10.00) 
 

6.5 ± 1.7 
(4.00 - 10.25) 

 
6.5 ± 1.6 

(4.00 - 10.00) 
 

6.6 ± 1.6 
(4.50 - 10.00) 

 
                              postural 
ET group 2            tremor   
(n = 10) 
                              EMG 

 
6.9 ± 1.4 

(4.75 - 10.00) 
 

6.7 ± 1.4 
(4.75 – 10.00) 

 

 
6.7 ± 1.4 

(5.25 - 10.25) 
 

6.8 ± 1.4 
(5.25 - 10.25) 

 
7.0 ± 1.6 

(5.25 - 10.00) 
 

6.9 ± 1.6 
(5.25 - 10.50) 

 
7.0 ± 1.5 

(5.25 - 10.25) 
 

7.1 ± 1.5 
(5.25 - 10.50) 



 41 

Table 2-3 Mechanical reflex (MR) spectral power at 15% and 25% 1-repetition maximum (RM) 

 
 
 

 
 
 
 
 
 
 
 

 

 

 

 

 

Values are mean (lower and upper 95% CI) 

* 10/13 subjects included for 15% 1-RM and 11/13 subjects included for 25% 1-RM 

† 8/10 subjects included for 15% 1-RM and 10/10 subjects included for 25% 1-RM 

 

 

  
15% 1-RM 

MR spectral power (mm/s)2 

 

 
25% 1-RM 

MR spectral power (mm/s)2 

 
ET group 1* 

 

 
6.53 x 10-6 

(2.08 x 10-6 - 2.05 x 10-5) 
 

 
1.16 x10-5 

(3.67 x10-6 - 3.69 x10-5) 

 
ET group 2† 

 
1.77 x 10-6 

(7.47 x 10-7 - 4.19 x 10-6) 
 

 
3.28 x10-6 

(1.24 x10-6 - 8.69 x10-6) 

 
Controls 

 
1.33 x 10-6 

(8.20 x 10-7 - 2.17 x10-6) 
 

 
1.77 x10-5 

(1.23 x10-6 – 1.00 x10-6) 
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2.5 Figure Legend 

Figure 2-1. Experimental set-up. The hand is fitted with the support device and the rounded piece 

of wood and foam pads are in place to increase subject comfort. The load being tested is attached 

on the underside of the support device and a white reflective surface is positioned on top of the 

support device. The laser displacement used to measure postural tremor is visible above the hand 

and reflective surface. 

Figure 2-2. Example of method used to calculate power spectral template values and spectral 

outcomes. A large spectral peak can be observed in the postural tremor power spectrum of a 

subject with ET (A). The various measures used to calculate the spectral outcomes are identified 

on a close-up of the same spectral peak (B). In this example, the spectral peak (SP) occurred at 

7Hz and had an amplitude of 2.57 x 10-4 (mm/s)2. Linear interpolation was used to determine the 

frequency at which spectral power fell below half power (HP). The left (L) and right (R) half 

power template frequency values were determined by calculating the absolute difference between 

the spectral peak frequency and the frequency at which the spectral power fell below half power. 

In the present example, L was equal to 0.164 Hz (|7 – 6.836|) and R was equal to 0.305 Hz (|7 – 

7.305|). The half power width (W) is the sum of the two half power template frequencies, i.e, 

0.164 + 0.305 = 0.469 Hz.  When processing a subsequent trial, the spectral peak frequency 

would be again identified, but this time the half power template frequency values (L and R) 

would be used as the left and right limits of the bandwidth employed to calculate the area under 

the curve, which corresponds to the spectral peak power.  

Figure 2-3. Postural tremor and neuromuscular activity data from a control subject. Column 1 

presents 5 s of postural tremor velocity time-series for the four load conditions. Column 2 

corresponds to the power spectrum of the data from column 1, computed over the full 16 s of the 

trial. Column 3 and 4 are similar time-series and spectral data for wrist extensor neuromuscular 
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activity. For wrist extensor EMG, the grey trace is rectified non-filtered data and the black trace is 

the same data filtered with a 40 Hz low-pass filter. 

Figure 2-4. Postural tremor and neuromuscular activity data from a subject with ET. Column 1 

presents 5 s of postural tremor velocity time-series for the four load conditions. Column 2 

corresponds to the power spectrum of the data from column 1, computed over the full 16 s of the 

trial. Column 3 and 4 are similar time-series and spectral data for wrist extensor neuromuscular 

activity. For wrist extensor EMG, the grey trace is rectified non-filtered data and the black trace is 

the same data filtered with a 40 Hz low-pass filter. Note that the postural tremor power spectrum 

for the 15% 1-RM and 25% 1-RM loads is plotted using a vertical axis that is 10 times smaller 

than the one used for the no-load and 5% 1-RM plots (*).  

Figure 2-5. Postural tremor and neuromuscular activity time and frequency domain amplitude 

measures. (A) Postural tremor amplitude was significantly larger in ET group 1 compared to ET 

group 2 and healthy controls at all loads whereas ET group 2 was significantly greater than 

healthy controls only at the 5% 1-RM load; inertial loading resulted in a reduction in tremor 

amplitude in both tremor groups when comparing the two lighter loads to the two heavier loads. 

(B) Tremor spectral power was significantly greater in ET group 1, and both ET groups 

experienced a significant reduction in tremor spectral power at the 15% 1-RM load. (C) Tremor 

relative spectral power provides a measure of the proportion of total power accounted for by the 

tremor spectral power. Relative tremor power was greater at all loads for ET group 1, and both 

tremor groups experiencing a large reduction at the 15% 1-RM load. (D) As expected, wrist 

extensor EMG increase linearly in response to increased inertial loading in all groups. (E) 

Spectral power located at the tremor peak was significantly greater in ET group 1 compared to ET 

group 2. Despite the slight increase in power in group 1 at the middle two loads, there was no 

load effect on EMG tremor spectral power. (F) The relative EMG tremor power was also greater 
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in subjects in ET group 1, and despite the reduction in both groups when comparing the two 

lighter loads to the two heavier loads, there was no load effect on EMG relative spectral power. 

All plots are mean ± 95% CI. Data with skewed distributions had to be log-transformed prior to 

performing statistical analyses. They were then back-transformed for plotting in order to obtain 

meaningful vertical axis scaling; this process results in asymmetrical error bars.    

Figure 2-6. Example of coherence estimates of two control subjects and two ET subjects. (A) 

Coherence estimates of a control subject with significant coherence in the 4-12 Hz bandwidth and 

(B) a control subjects will only slight coherence predominantly in the 8-10 Hz bandwidth. (C) 

Coherence estimates of a subject in ET group 2 with a high level of coherence at the no-load 

condition (i.e., 0%), which is further increased with the addition of the 5% 1-RM load. The next 

load (15% 1-RM) resulted in spectral separation of the central and MR tremor components and 

was associated with a large reduction in the level of coherence at the tremor frequency. 

Coherence levels were once again elevated when at the 25% 1-RM load. (D) Coherence estimates 

of a subject in ET group 1 with a marked peak in coherence at the tremor frequency; inertial 

loading did not result in a change in the level of coherence. 

Figure 2-7. Load and group effect on peak coherence values in the 4-12Hz bandwidth. All three 

groups were significantly different from one another. There was an overall load effect with higher 

peak coherence values at the two lighter loads when compared to the two lighter loads. While the 

group by load interaction did not reach statistical significance (p = 0.063), it is clear that inertial 

loading greatly impacted peak coherence values in ET group 2, especially at 15% 1-RM when 

spectral separation between the central and MR tremor components was noted in 8 of the 10 

subjects.  

Figure 2-8. Pooled coherence estimates, difference of coherence test (DoC) and pairwise DoC for 

three subgroup of subjects. (A) Pooled coherence estimates at the four test loads for all 23 control 



 

 45 

subjects (blue), 7 subjects from ET group 2 (green) and 9 subjects from ET group 1 (red). 

Subjects included in the ET subgroups had tremor frequency in the 6-7Hz range. (B) Results from 

the DoC in the three subgroups. Control subjects had two broad regions that were found to have 

significantly different coherence values, whereas the DoC for the two tremor subgroups was 

marked by a significant difference in coherence localized at the tremor frequency. (C) Pairwise 

DoC in the control group revealed a difference in coherence at approximately 8Hz between the 

0% and 5% 1-RM load condition, whereas differences in coherence between the 5% and 15% 1-

RM loads was dispersed throughout a 4-15Hz bandwidth. The most noticeable difference in the 

subgroup of subjects from ET group 2 was a large peak at the tremor frequency in the 5% vs. 

15% pairwise DoC; this reflects the large drop in coherence that is visible between these two 

loads in column A. The pairwise DoC for the subgroup of subjects from ET group 1 is marked by 

a peak at the tremor frequency at both the 5% vs. 15% comparison and the 15% vs. 25% 

comparison. These peaks reflect the reduction in coherence at the 15% 1-RM load condition, 

which is followed by an increase in coherence at the 25% 1-RM load.  
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FIGURE 2-1 
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FIGURE 2-2 
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FIGURE 2-3 
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FIGURE 2-4 
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FIGURE 2-6 
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FIGURE 2-7 

 

 

 

 

 



53 
 

 

FIGURE 2-8 

 



 

 54 

Chapter 3 

The Effect of Contraction Intensity and Visual Feedback on Force 

Fluctuations in Individuals with Essential Tremor 

M.E. Hérouxa, G. Parib, c, K.E. Norman a, d 

a  School of Rehabilitation Therapy, Queen’s University, L.D. Acton Building, ON, K7L 3N6, 

Canada 

b Movement Disorders Clinic, Kingston General Hospital, ON, K7L 2V7, Canada 

c School of Medicine, Queen’s University, 68 Barrie Street, ON, K7L 3N6, Canada 

d Centre for Neuroscience Studies, Queen’s University, Botterell Hall, ON, K7L 3N6, Canada 
 

 

Corresponding author:    Dr. Kathleen E. Norman  

School of Rehabilitation Therapy, Queen’s University 

 L.D. Acton Building, 31 George St. 

 Kingston, ON, K7L 3N6, Canada 

phone: 613-533-6104      fax: 613- 533-6776       

e-mail: kn4@queensu.ca    

 

Keywords : Postural tremor; Essential tremor; electromyography, force, power spectral analysis, 

coherence analysis 

  



 

 55 

Abstract  

Objectives: Determine the effect of contraction intensity and visual feedback on time and 

frequency domain measures of force fluctuation amplitude and structure in subjects with essential 

tremor (ET). 

Methods: Twenty-one subjects with ET and 22 healthy controls applied isometric wrist extension 

contractions with and without visual feedback of the target force and the force being generated. 

Various submaximal contraction intensities were evaluated (5%, 10%, 20% and 30% MVC). 

Force fluctuations and wrist extensor neuromuscular activity were recorded using a load cell and 

electromyography (EMG).  

Results: Higher contraction intensities were associated with larger amplitude force fluctuations 

and higher neuromuscular activation levels. Interestingly, tremor spectral power of force and 

EMG remained constant at all target intensities, which resulted in a significant reduction in 

relative tremor power at higher contraction intensities. Visual feedback affected subjects in the 

control and ET groups similarly.  

Conclusions: Visual feedback does not appear to influence force production in subjects with ET. 

More importantly, however, was the finding that motor unit entrainment associated with centrally 

generated oscillatory inputs does not increase with greater levels of muscle activation. This 

indicates that rather than influencing a constant proportion of active motor units, abnormal 

oscillatory drive influences a relatively constant number of total motor units.   



 

 56 

3.1 Introduction 

Essential tremor (ET) is the most common tremor disorder and one of the most common 

neurological movement disorders (Louis, 2005), with a prevalence in older adults comparable to 

osteoarthritis, diabetes mellitus or Alzheimer’s disease (Louis et al., 1998). The hallmark of this 

condition is a tremor, typically visible in a person’s hands (Louis, 2005). Several lines of 

evidence indicate that ET is due to abnormal oscillations involving the inferior olive and 

spreading throughout the olivocerebellar network (Deuschl and Elble, 2000; Pinto et al., 2003; 

Kronenbuerger et al., 2007; Lorenz and Deuschl, 2007). Coherent oscillatory activity has also 

been recorded from cortical motor areas, indicating that cortico-motor pathways may be involved 

in the transmission of this abnormal oscillatory activity down to the level of the spinal cord 

(Hellwig et al., 2001; Raethjen et al., 2007). However, rhythmic entrainment of wrist extensor 

muscle has been found to occur in the absence of cortico-muscular coherence, suggesting the 

involvement of other descending pathways such as descending projections from non-primary 

motor areas as well as bulbospinal, reticulospinal and vestibulospinal pathways in the 

transmission of descending oscillatory activity in ET (Halliday et al., 2000; Raethjen et al., 2007). 

Another important aspect of the pathophysiology of ET that remains unclear is the manner by 

which descending oscillatory activity entrains motor unit activity. Postural tremor testing is 

commonly employed to quantify tremor severity in ET (Cleeves and Findley, 1987; Deuschl et 

al., 1987; Héroux et al., 2006) and inertial loading has been shown to result in a reduction in 

tremor amplitude (Homberg et al., 1987; Vaillancourt et al., 2003). There is preliminary evidence 

that this reduction in tremor amplitude may be associated with a reduction in motor unit 

entrainment (see Figure 1 of Elble et al. (1992) and Figure 2 of Elble et al. (2005)), which would 

indicate that the strength of the descending oscillatory drive is reduced in subjects with ET when 

neuromuscular activity increases. Descending oscillatory activity in ET is thought to interact 
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(synergistically or competitively) with mechanical reflex and possibly short- and long-latency 

stretch reflexes during postural holding (Elble, 1986; Elble et al., 1987; Elble, 1996; Elble and 

Deuschl, 2002). Therefore, a focused evaluation on the influence of contraction intensity on the 

level of motor unit entrainment is best accomplished using a closed-kinetic chain set-up.  

When an individual is asked to produce and maintain a specific level of force against a rigid 

stationary object, the force produced is not constant, but rather fluctuates about a mean level 

(Harris and Wolpert, 1998; Jones et al., 2002; Enoka et al., 2003), with the amplitude of these 

fluctuations generally behaving like signal-dependent noise (Jones et al., 2002). These force 

fluctuations are the result of numerous central and peripheral factors (Datta and Stephens, 1990; 

Farmer et al., 1993; Fuglevand et al., 1993; Brown, 2000; Yao et al., 2000; Enoka and Fuglevand, 

2001; De Luca and Erim, 2002; Jones et al., 2002; Taylor et al., 2003; Hamilton et al., 2004) 

(Allum et al., 1978; Homberg et al., 1986). While the effects of ageing and various neurological 

conditions on the amplitude and structure of these fluctuations have received considerable 

attention (Enoka et al., 2003; Semmler et al., 2003; Christou et al., 2004; Sosnoff et al., 2004; 

Prodoehl et al., 2006; Sosnoff and Newell, 2006a; Sosnoff and Newell, 2006b) (Vaillancourt et 

al., 2001a; Vaillancourt et al., 2001b; Vaillancourt et al., 2001c; Nowak et al., 2002; Vaillancourt 

et al., 2002; Nowak et al., 2005; Robichaud et al., 2005), few studies have employed this 

approach to study ET.  

Previously, Gillies (1994) noted an increase in force fluctuation amplitude with increasing 

contraction intensities in a report involving an unspecified number of ET subjects. Based on 

visual inspection, the author states that the tremor spectral peak represented a constant proportion 

of power across a wide range of contraction intensities and concludes that the central oscillator 

affects a constant proportion of the central drive to the motor neuron pool. Methodological issues, 

however, give rise to many questions regarding the validity and generalizability of these data. 
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More recently, Bilodeau et al. (2001) reported an increase in force fluctuation amplitude with 

increasing contraction intensities in a group of 13 subjects with ET. Of particular interest is the 

observation made by these authors that tremor spectral peak amplitude also increased at higher 

intensities. Corroborating these findings, Burne et al. (2004) found a linear increase in the 

amplitude of the spectral peak of electromyography (EMG) activity when subjects with ET 

generated low level contractions of varying intensity. As a whole, these studies support the idea 

that force fluctuations in subjects with ET occur predominantly at the tremor frequency and that 

the peak tremor power increases with increasing contraction intensity. What remains unclear, 

however, is whether the rise in tremor amplitude – both in force and EMG signals – increases 

proportionally to the overall level of muscle activation, or whether tremor is proportionally 

greater at low contraction intensities. The present study was designed to answer some of these 

questions by investigating the effect of increasing contraction intensity and force production on 

force fluctuations and tremor spectral content in subjects with ET.   

The study of force fluctuation has traditionally involved the presentation of visual feedback of a 

target force and the force being produced. This type of visual feedback results in 1-4 Hz force 

oscillations related to visuomotor correction processes involving cerebellar circuits (Merton et al., 

1967; Sutton and Sykes, 1967; Stein and Glickstein, 1992; McAuley et al., 1999). Previous 

research in subjects with multiple sclerosis affecting the cerebellum has reported a 20-30% 

reduction in tremor amplitude in these subjects when visual feedback was removed while 

performing a manual tracking task (Liu et al., 1999b; Feys et al., 2005; Feys et al., 2006). The 

increase in tremor amplitude was attributed to impairments in the visuomotor transformations 

carried out by cerebellar circuits. Given the general consensus that the pathophysiology of ET 

involves abnormal oscillatory activity in cerebellar circuits (Deuschl and Elble, 2000; Deuschl et 

al., 2001) (Colebatch et al., 1990; Hallett and Dubinsky, 1993; Jenkins et al., 1993; Wills et al., 
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1994; Louis et al., 2002; Pagan et al., 2003; Daniels et al., 2006) and preliminary evidence that 

subjects with ET have a greater reliance on visual feedback when performing reaching 

movements (Larocerie-Salgado et al., 2005; Trillenberg et al., 2005), this study provided an 

interesting opportunity to further our understanding of visuomotor deficits in subjects with ET. 

The purpose of this study was to quantify the amplitude of force fluctuations and the associated 

neuromuscular activity produced by wrist extensors in individuals with ET and in a group of 

similarly aged healthy controls. A variety of light to moderate contraction intensities were used to 

better understand tremor behavior in a functionally relevant range of neuromuscular activity 

(Kern et al., 2001). Key to the present study was quantifying the effect of increasing contraction 

intensity on the amplitude of neuromuscular and force spectral power at the tremor frequency in 

order to determine whether or not the central oscillatory drive in ET affects a constant proportion 

of the motorneuron pool. A secondary research question addressed by the present study was 

whether or not the presence of visual feedback of tremulous force production was associated with 

increased force fluctuation and motor unit entrainment in subjects with ET. 

3.2 Methods 

Twenty-one subjects with ET and 22 healthy control subjects of similar age participated in the 

study; subject characteristics are presented in Table 3-1. All subjects included in the ET group 

met the diagnosis criteria set forth in the Consensus Statement of the Movement Disorder Society 

on Tremor (Deuschl et al., 1998). Given the relatively high incidence of misdiagnosis in ET (Jain 

et al., 2006), each subject was also interviewed and underwent a clinical assessment to ensure no 

factors associated with misdiagnosed ET (e.g., unilateral tremor, dystonic postures, isolated 

tremor of the thumb, etc.)(Jain et al., 2006) and other red flag items (e.g., sudden rapid onset, 

hyperthyroidism, current drug treatment that may cause or exacerbate tremor) were present 
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(Elble, 2000a). Additionally, spectral plots from hand tremor and forearm electromyography 

(EMG) recorded under various loading conditions (see Chapter 2) were visually inspected to 

ensure they were consistent with definite ET (electrophysiologic outcomes 3 and 4, (Elble, 

2003a); see Chapter 5). In the ET group, a total of 7 subjects were regularly taking beta-

adrenergic antagonists: 4 subjects solely for tremor-reduction and 3 others for hypertension and 

tremor-reduction. One subject with severe tremor was on primidone, an anticonvulsant commonly 

used in the treatment of intractable ET. Four subjects in the control group were regularly taking 

beta-adrenergic antagonists for hypertension.  Exclusion criteria for all subjects included any 

other neurological disorder, use of psychotropic medications and the presence of factors that may 

have confounded the measurement of postural tremor. The latter included major musculoskeletal 

abnormalities, pain or severe deficits in mental status sufficient to compromise the ability to 

complete the evaluation procedures.  All subjects provided informed consent to the protocol, 

which was approved by the local Research Ethics Board (see Appendix 1).  

3.2.1  Intake Process and Clinical Measures 

A standardized intake protocol was used and all personal information was encoded for anonymity 

(see Appendix 2). Subjects were interviewed and the following data were recorded: age, gender, 

height, weight, hand dominance, body parts perceived to be affected by tremor and approximate 

date of onset of tremor in each, hand with most severe tremor, family history of tremor, use of 

medications and presence of other health conditions (verifying for exclusion criteria). Visual 

acuity was also assessed using the Snellen chart eye exam to ensure subjects had sufficient visual 

ability to see the various lines that were to be presented on the computer monitor.  

The Tremor Disability Questionnaire (Louis et al., 2000) was administered to subjects in the ET 

group to assess their perceived functional limitations due to tremor (see Appendix 3). The 

questionnaire consists of 36 items, 31 of which relate almost entirely to the impact of tremor on 
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hand function. The remainder relate to tremor in other body parts and overall embarrassment 

from tremor. With this measure, higher scores correspond to greater levels of disability with a 

minimum score of 0 and a maximum score of 100.  

The Fahn-Tolosa-Marin Tremor Rating Scale (Fahn et al., 1988), an ordinal scale measure that 

assesses the presence and severity of tremor and tremor related disability, was used to obtain a 

clinical measure of tremor severity and tremor related disability in both groups of subjects (see 

Appendix 4). This scale utilises a five-point ordinal scale from 0 to 4, with 0 corresponding to no 

tremor or no functional disability, and 4 corresponding to severe tremor or severe functional 

disability. Subjects were videorecorded while completing the 14 items from Section A and B of 

the Tremor Rating Scale and their performance was scored at a later date (Stacy et al., 2007). 

Section A assesses the presence and severity of rest, postural and action/intention tremor in 

various body parts; only the upper extremities were scored in the present study. Section B 

assesses tremor severity during handwriting, water pouring, drawing a spiral between the lines of 

an Archimides spiral and drawing a straight line between three 10 cm long gaps of different 

widths (8 mm, 5.5 mm and 3mm). The lowest possible score for Sections A and B was 0; the 

highest (i.e., worst) possible score for Section A was 24 and 36 for Section B. All subjects were 

scored by the same evaluator (G.P.), who was blinded as to whether subjects were in the control 

or ET groups. 

3.2.2 Apparatus 

The subject was seated in a straight-backed chair in front of a computer monitor. The forearm of 

the side being tested was in full pronation and fully supported up to 2 cm proximal from the 

radio-carpal joint line on a height-adjustable table positioned next to the subject (see Figure 1). 

During testing the wrist joint was in neutral flexion/extension and neutral radial/ulnar deviation; 

the elbow was in 90° of flexion; and the arm was in approximately 15° of abduction and 0° of 
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flexion/extension and internal/external rotation. Two straps – one 2 cm distal to the elbow joint 

and the other 2 cm proximal to the radial styloid process – secured the forearm to the table. This 

set-up ensured the force being measured was produced solely by the extensor muscles of the 

wrist. A piece of opaque fabric was positioned to prevent the subject from seeing their forearm 

and hand during testing. 

Voluntary isometric wrist extension contractions were made against a support device connected 

to a load cell (Transducer Techniques, MLP100) secured to a table (see Figure 1). The support 

device consisted of two aluminum bars (superior: 15.2 X 1.0 X 2.54 cm; inferior: 15.2 X 1.0 X 

1.9 cm) that clasped the hand firmly in place via a bolt and wing-nut system. The superior edge of 

the aluminum bar was aligned 2.5 cm proximally from the head of the third metacarpal bone.  A 

rounded piece of wood was positioned between the posterior aspect of the hand and the aluminum 

bar to increase the surface area in contact with the posterior aspect of the hand, thus increasing 

the comfort of subjects during testing. The inferior aluminum bar was fixed to the load cell. The 

subject was instructed not to grasp the aluminum bar in contact with the palm of the hand and to 

keep the fingers in a neutral position. 

During maximal voluntary contraction (MVC) testing, the load cell signal was conditioned 

(Dataforth DSCA43-10 strain gage input conditioner), filtered using an 8th order analogue 

Butterworth filter (Max740, Maxim) and sampled at 1024 Hz by a 16-bit analog-to-digital 

converter (National Instrument PCI-MIO-16XE-10) controlled by a Pentium Xeon 2.66 GHz 

personal computer. During %-MVC trials, the load cell signal was conditioned, amplified with an 

amplifier gain of 8 (Burster Model 9243) and filtered using the same model 8th order analogue 

Butterworth filter prior to being sampled with 16-bit resolution. Prior to starting the study the 

resolution of the system was tested with a series of calibrated weights (Troemner).  For MVC 
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testing the smallest detectable change in force was 0.231 N with a range of 0-448 N, whereas for 

the %-MVC testing the smallest detectable change in force was 0.028 N with a range of 0-56 N. 

The computer monitor (21inch Dell M992, 60 Hz refresh rate, set to1024x768 pixels) was 

positioned 50 cm from the subject; the top of the viewing area was in line with the eyes. During 

%-MVC testing, the subject viewed a centered horizontal red target line spanning the entire width 

of the viewing area. This red line was set to the target force being assessed. During testing, a 

white line scrolled left to right as the trial progressed and this line corresponded to the force being 

exerted on the load cell by the subject. The total width of the viewing area was 12 s.  

Previous research has shown that manipulating the visual angle of visual feedback provided of 

force production can greatly influence the amplitude and time-dependent structure of force 

fluctuations (Sosnoff and Newell, 2006c; Vaillancourt et al., 2006a; Lee Hong and Newell, 2008). 

Visual angle is dependent upon the distance between the monitor and the eyes of the subject as 

well as the gain at which the feedback is presented. Vaillancourt et al. (2006) have shown that 

force fluctuations are significantly modulated by visual angles ≤ 1° whereas there is relatively no 

effect for visual angles > 1°.  In the present study the vertical axis was scaled to ± 6N of the target 

force for all %-MVC testing, resulting in a visual gain of 50 pixels/N.  Pilot testing was 

performed to determine the range of visual angles that could be expected in the present study.  

The steadiest trial of the steadiest control subject (target intensity set to 5% MVC) resulted in a 

visual angle of 1.15°; this ensured that the potential influence of visual angle on force fluctuations 

was negligible in our experimental set-up. Force data from the load cell were updated to the 

viewing area every 50 ms; this represents the time delay between when force was produced at the 

level of the load cell and when the visual feedback of this force appeared on the viewing area. 

The delay was sufficiently short for the subject not to notice this lag (Vogels, 2004). Furthermore, 
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previous research has shown that visual feedback delays less than 250 ms do not influence the 

spectral content or amplitude of force fluctuations in the upper limb (Beuter et al., 1995).  

Surface electromyography (EMG) was used to measure the neuromuscular activity of the carpi 

radialis brevis (ECRb). Skin abrasion, cleaning with an alcohol solution, and application of 

conductive electrode cream (Synapse, Med-tek Corporation) were used to prepare the electrode 

sites. A Delsys electrode (two 10 mm 99.9% Ag bars spaced 10 mm apart) was adhered to the 

skin surface and aligned along the line of action of the underlying muscle fibers, which for the 

ECRb was 5cm distal to the lateral epicondyle in a distal to proximal orientation(Perotto, 1994). 

The common reference electrode (4 cm2) was placed over the olecranon of the ulna. 

Electromyography data were collected using a Delsys 8-channel amplifier system (Bandpass 10 

Hz to 1 kHz, CMRR< 100 dB at 60 Hz, Input impedance 1 Gohm) with an amplification factor of 

1,000. The EMG signal was digitized using the previously mentioned 16-bit analog-to-digital 

converter; all EMG data were sampled at 1024 Hz.  Load cell and EMG data were collected using 

custom-built Labview 8 software and saved to the hard disk of the personal computer for 

subsequent analysis. 

3.2.3 Procedure 

In subjects with ET, the hand reported to have the most severe tremor was measured. In the case 

of symmetrical tremor, the dominant hand was tested. The side tested in healthy controls was 

selected in order to obtain approximately the same ratio for dominant/non-dominant between the 

ET and control groups. 

The MVC of the wrist extensors was first determined. Following a brief warm-up consisting of 3-

4 sub-maximal contractions, the subject performed three successive maximal static contractions 
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lasting 5 s with a 90 s rest period between contractions. Instructions and encouragement were 

kept constant across subjects. 

Next, the subject was asked to produce and hold a series of constant force contractions at various 

sub-maximal intensities (5%, 10%, 20% and 30% of MVC). For each trial, the subject was 

instructed to extend the wrist against the support device in order to superimpose the white line 

being shown in the viewing area (i.e., force being produced) overtop of the red target line. After 

the initial rise in force and stabilization period, the subject held this constant level force 

production with visual feedback for 8 s; visual feedback (red and white lines) was then removed 

and the subject continued to hold this constant level of force production for an additional 10 s. 

Overall, each trial lasted approximately 20-24 s. Two blocked trials were recorded at each target 

intensity; the order of testing of the four target intensities was selected randomly. There was a 60 

s rest period between trials of a given block, and a minimum of 120 s rest between each block. 

Prior to testing, there was a period of familiarization when the subject practiced holding steady a 

contraction using the visual feedback (white and red lines). During these familiarization trials, 

visual feedback was also intermittently removed (5-10 s) in order to  familiarize the subject with 

the testing protocol, to minimize the startle response when visual feedback was removed as well 

as to provide the subject with feedback as to whether they drifted away from the target intensity 

when the visual feedback was removed.  The subject practiced until the drift in force was on 

average less than ± 15% of the target intensity. In addition to this initial familiarization period, 

the subject was given one practice trial before starting each of the blocked trials of the four target 

intensities.                 

3.2.4 Data Processing 

Prior to performing all data analyses, load cell and EMG data were conditioned by the following 

methods. The EMG data were digitally rectified and the offset value – mean of a rectified EMG 
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signal recorded during a 5s rest trial – was removed. Next, the EMG data were digitally filtered 

using a dual-pass 4th order Butterworth filter with a low-pass cutoff frequency of 40Hz; the cutoff 

frequency was selected because power related to physiological and pathological tremor is located 

in the low frequencies of the EMG signals (McAuley and Marsden, 2000). Electromyography 

amplitude was normalized to the peak in EMG obtained during MVC testing (see below).  

Load cell data was first filtered using a reverse 40Hz low-pass Butterworth filter to correct for the 

phase lag introduced by the analogue filter. The removal of visual feedback is typically associated 

with the emergence of slow drifts in force production. These extremely low frequency 

fluctuations in force (< 1Hz) are not part of visuomotor force correction processes (1-4Hz), 

physiological tremor (8-12Hz) or ET (4-12Hz), and thus not of interest in the present study. If the 

drift is not digitally removed from the data it can greatly influence force fluctuation amplitudes 

and spectral measures. Thus, the slow drift in force present in the %-MVC trials was removed 

using a 4th order dual-pass Butterworth filter with a high-pass cut-off frequency of 0.75 Hz. Next, 

the 8 s window of data prior to visual feedback being removed and the 8 s window 1 s after visual 

feedback was removed were identified for each trial. The effect of high-pass filtering, with the 

two 8 s windows identified, is shown in Figure 2. All data processing and subsequent time and 

frequency analyses were performed using software written in Matlab 7 (The MathWorks Inc., 

Natick, MA). 

It is assumed that changes in either force production or neuromuscular activity occurring between 

the first and second half of trials is due to changes in visual feedback. Given the positive 

correlation between contraction intensity and force fluctuation amplitude, however, changes in 

mean force production when visual feedback is removed could influence the amplitude of force 

fluctuations. Each trial was therefore verified to ensure that the mean force produced during the 

no-vision part of the trial remained within a window of ± 15% of the target force. Visual 
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inspection of the few trials where mean force values fell outside the specified window revealed 

that force production tended to gradually drift away for the target force as the no-vision part of 

the trial progressed. In order to maximize the amount of data used for analysis, but minimize the 

possible influence of differences in mean force between the vision and no-vision portions of 

trials, an algorithm was used on these trials to identify the largest portion of the no-vision portion 

that could be retained without the mean force value being more than 15% different from the target 

force. Specifically, the mean force of the first 3 s of the no-vision portion of the trial was first 

determined. If this value fell outside the specified window, the no-vision portion of the trial was 

not analyzed. If the mean force value was within 15% of the target force, 0.5 s of data was added 

and the mean force was once again calculated. This process of adding 0.5 s of data continued 

until the mean force value fell outside the predetermined window; the last data subset with a 

mean force value within ±15% of the target force was used for processing.    

Another factor that could have resulted in differences between the first and second half of each 

trial is muscular fatigue, which is associated with an increase in force fluctuations (Missenard et 

al., 2008). Previous work has shown that sustained isometric contractions of similar intensity and 

duration as the ones used in the present study do not result in muscle fatigue (Vaillancourt and 

Newell, 2003; Tracy, 2007b). Nevertheless, two different approaches were used to ensure fatigue 

did not come into play in the present protocol. First, MVC was tested at the start and end of the 

testing session in the first five control subjects and the first five ET subjects; there was no 

difference between pre- and post-protocol MVC values (paired t-test; p = 0.735). Additionally, a 

pilot study involving six healthy controls (age: 25.4 ± 2.1; 3 female) was conducted using the 

same protocol used in the present study; however, visual feedback was never removed. It was 

thus possible to determine whether maintaining a contraction at 5%, 10%, 20% and 30% of MVC 

for 20-24 s influenced force fluctuation amplitude over time. The same two 8 s windows 
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described above were determined and the amplitude of force fluctuations was calculated (see next 

section for details). These values were entered into a 2-way ANOVA with repeated measures on 

the four target intensities and the two 8 s trial segments. Both segment (p=0.739) and segment by 

target intensity effects (p=0.626) were non-significant, indicating that any differences between 

vision and non-vision portions of trials were unlikely to be due to muscular fatigue effects.  

3.2.4.1 Amplitude of isometric force tremor and EMG activity 

For MVC trials, the maximum force value produced across all three trials was selected as the 

MVC value. Isometric force tremor amplitude during %-MVC trials was determined by 

calculating the standard deviation of the vision and no-vision sections of each force time series. 

For the EMG signal, the mean level of neuromuscular activity for each trial was computed on the 

rectified signal. The mean of both trials from a given target force were subsequently computed 

and used for statistical analysis. 

3.2.4.2 Structure of force time-series  

The complex dynamics underlying healthy physiological control systems enable the generation of 

adaptive responses related to specific task performance (Lipsitz, 2004). Furthermore, baseline 

system complexity is related to the adaptability of a system; lower complexity impacts the 

system’s ability to mount an appropriately modulated response (Vaillancourt and Newell, 2003; 

Sosnoff et al., 2004; Vaillancourt et al., 2004). In the present study, regularity of the force signal 

was calculated using approximate entropy (ApEn) (Pincus, 1991; Pincus and Singer, 1996), a 

measure that has previously been used in studies on force fluctuations (Slifkin and Newell, 1999; 

Vaillancourt et al., 2001b; Vaillancourt and Newell, 2003; Sosnoff and Newell, 2006a; Sosnoff et 

al., 2006). Approximate entropy provides an index of time domain structure yielding a single 

value in the range of 0 to 2 that quantifies the regularity (complexity) of a time series, which 
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reflects the predictability of future values in a time series based on previous values. As described 

by Vaillancourt et al. (2003), a sine wave has accurate short- and long-term predictability, and 

this corresponds to an ApEn value near 0. If varying amplitudes of white Gaussian noise are 

added to a sine wave, then the ApEn value will increase. This increases the uncertainty of making 

future time-series predictions when random elements are added. For a completely random signal 

(i.e., white Gaussian noise), each future value in the time series is independent and unpredictable 

from previous values, and the ApEn value tends toward 2.  

The same parameter settings suggested in previous work employing ApEn to analyze force time-

series were used (m = 2; r = 0.2); these were kept constant for all calculations for each subject 

and condition. Time-series were down-sampled to 256 Hz prior to calculating ApEn values 

(Vaillancourt and Newell, 2000). A detailed description of the ApEn is included in Appendix 5. 

3.2.4.3 Spectral measures of isometric force tremor and neuromuscular activity 

Force and EMG auto-spectra were calculated for each target intensity and visual condition using 

the method of disjoint sections (Halliday et al., 1995). The two 8 s segments within each target 

intensity were concatenated and the spectra were estimated by averaging the finite Fourier 

transforms calculated for eight non-overlapping windows of 2048 points; this resulted in a 

frequency resolution of 0.5Hz. 

Initial inspection of the force and EMG auto-spectra revealed reduced amplitude in, or total 

absence of, a prominent peak indicative of pathological tremor at one or sometimes two of the 

higher target intensities in some ET subjects. It was therefore decided to visually inspect all force 

and EMG time-series and auto-spectra. Following this process two major patterns were identified 

and used to divide ET subjects into two groups. Those that were included in group 1 had 

prominent EMG spectral peaks in all trials, and these were always associated with visible peaks 
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in force spectra. Those included in group 2 typically had less prominent EMG spectral peaks at 

5% and 10%-MVC, which either 1) remained consistent at 20% and 30%-MVC, 2) reduced in 

amplitude at either or both of the higher target intensities or 3) was not present at one of the 

higher target intensities and reduced at the other. The resulting peaks in force power spectra 

typically mirrored the pattern of EMG spectral peaks, i.e., less prominent or completely absent in 

some instances. 

Based on this reduction or absence of prominent peaks, the calculated spectra for all four intensity 

were visualized simultaneously. The spectrum with the most distinct and representative tremor 

spectral peak in the 4-12 Hz bandwidth was selected to calculate template tremor frequency 

values. This procedure was carried out for both the force and EMG spectra of each ET subject 

and the resulting template values were used to calculate spectral power outcomes as described 

below. The various variables associated with the determination of template values are the same as 

described in Chapter 2. First, the frequency of the peak power in the selected template spectrum 

was determined (SP). Next, the frequencies on either side of the spectral peak at which the 

spectral power fell below half peak power (HP) were determined. Given the spectral resolution of 

0.25Hz, these half power points rarely if ever fell exactly on one of the values computed using 

finite Fourier transform. In such cases, half power frequency values were determined using a 

linear interpolation method. Finally, left (L) and right (R) half power template frequency values 

were determined by computing the absolute difference between peak power frequency and the 

two indentified half power points. 

The power of the main tremor peak in the spectra was calculated for each of the eight force and 

eight EMG spectra for ET subjects (vision and no-vision) based on the half power bandwidth 

(Elble, 2003a; Raethjen et al., 2004). First, the peak power in the 4-12Hz bandwidth and its 

associated spectral frequency (λ) were determined. Next, the area under the curve located within a 
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bandwidth consisting of (λ – L) to (λ + R) was determined using an integration method; in this 

way, the width (W) of the bandwidth used to calculate tremor spectral power was kept constant 

across loading conditions within each subject. As previously mentioned, some spectra had hard to 

discern or absent peaks. In these instances, the power located within a band consisting of (SP – L) 

to (SP + R) was determined. In addition, the percent of the total power in the 0-40 Hz bandwidth 

accounted for by the spectral tremor peak was computed ([spectral tremor peak power / total 

power] * 100). For neuromuscular activity, a value of 0% would indicate the complete absence of 

a tremor peak in the EMG spectrum, whereas a value of 100% would indicate that all of the EMG 

spectral power was located in the tremor peak bandwidth. As described by Elble et al. (1994), this 

measure relates to the intensity of motor unit entrainment by ET. The total power for the 1-4 Hz 

frequency range was also calculated because of our interest in group differences in visuomotor 

correction processes.  

3.2.4.4 Relation between isometric force tremor and neuromuscular activity  

The relationship between isometric force tremor and EMG activity of the ECRb in the frequency 

domain was assessed using coherence analysis on single subject data. Coherence is a measure of 

the linear relationship between two processes across various frequencies. Similar to correlation, 

coherence is a unit-less measure bound between 0 and 1, with one indicating a perfect linear 

relationship and zero indicating independence (Rosenberg et al., 1989; Halliday et al., 1995). The 

force and rectified EMG time-series (Myers et al., 2003; Vasconcellos et al., 2007) within each 

target intensity were concatenated for each subject. Preliminary analysis indicated that there was 

no vision effect on coherence results. Thus, the vision and no-vision data were concatenated for 

each target intensity in order to obtain more accurate coherence estimates. The coherence 

functions between force and EMG data were estimated for each target intensity within each 

subject using Eq. 1 (Halliday et al., 1995; Amjad et al., 1997). 
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  Eq. 1: |R AB (λ)|
2 =    

Auto-spectra,  and , and cross-spectrum, , were computed using the method 

of disjoint sections (where  denotes frequency) (Halliday et al., 1995). Data were generally 

broken into 32 disjoint sections yielding a frequency resolution of 1 Hz. Frequency specific 

coherence was determined significant when values exceeded a 95% confidence limit derived from 

the number of disjoint segments used in the coherence estimate as described by Halliday et al. 

(1995). To evaluate the effect of contraction intensity on the strength of coherence in each 

subject, the peak coherence value in the 4-12 Hz bandwidth exceeding the 95% confidence limit 

was identified for each target intensity for each subject. The variance stabilizing Fisher transform 

Tanh
-1 was applied to the coherency value (square root of coherence) associated with the selected 

peak (Rosenberg et al., 1989) and these transformed data were used for statistical analysis.  

3.2.5 Statistical Analysis 

Given the skewed distribution of tremor amplitude measures in ET (Héroux et al., 2006; Stacy et 

al., 2007), all data were examined with the Kolmogorov-Smirnov test to verify Gaussian 

distribution prior to performing statistical analysis. Measures which were not normally distributed 

were log-transformed (Bland and Altman, 1996) and analyzed again to ensure this transformation 

resulted in a distribution adequately close to Gaussian (i.e., non-significant K-S statistic) for 

performance of parametric inferential statistics. Summary statistics and plots presenting log-

transformed data are often not very intuitive, thus it has been recommended to back-transform the 

data using the antilog and report the 95% CI of the mean rather than the standard deviation 

(Bland and Altman, 1996; McDonald, 2007). The process of back-transforming log-transformed 

data results in asymmetrical 95% CIs, which reflects the skewed distribution of the data.    
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The dependent variables described in the preceding sections were each compared in a 3-way 

ANOVA with a between subject factor for subject group and repeated measures on the four target 

intensities and two vision conditions. When relevant, post-hoc testing was performed using 

Tukey’s Honestly Significant Difference test. A value of 0.05 was chosen as the level of 

significance for all tests. Statistical analyses were carried out using SPSS statistical package 

(SPSS, version 15.0.1). 

3.3 Results 

Subject characteristics are presented in Table 3-1; 13 subjects were included in ET in group 1 and 

the 8 others were included in group 2. There was no strength difference between subjects in the 

control group (MVC mean: 112.3 N; 95% CI: 97.7 - 126.9), ET group 1 (MVC mean: 111.6 N; 

95% CI: 83.0 – 140.2) and ET group 2 (MVC mean: 106.5 N; 95% CI: 81.6 – 131.4) (p = 0.918). 

For %-MVC testing, 2 control subjects and 4 ET subjects were found to have one or more trials 

with mean force levels beyond the ± 15% limit when visual feedback was removed. In all, 6 no-

vision trials were not analyzed and 9 others were shortened prior to being analyzed (mode: 7s; 

range: 4 – 7.5 s). In all subjects there was at least one no-vision trial from each target intensity 

that could be analyzed; thus vision vs. no-vision comparisons were possible in all subjects at all 

target intensities. There was a tendency for subjects to slightly increase force production when 

visual feedback was removed at 5%-MVC and to slightly reduce their force production at 20% 

and 30%-MVC. None of these trends reached statistical significant (p>0.096).      

3.3.1 Force fluctuation amplitude 

An example of force production at all four target intensities for a control subject is shown in 

Figure 3-3. Overall, the subject was very steady and able to maintain her mean force near the 

target intensity despite the removal of visual feedback. Closer inspection of the force time-series 
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reveals a slight increase in the amplitude of force fluctuations at higher intensities. The power 

spectra from each trial are also plotted and clearly illustrate the increase in 1-4 Hz power 

associated with visuomotor corrections when visual feedback was available. Figure 3-4 shows 

data from a subject with moderate ET of similar MVC strength to the control subject presented in 

Figure 3-3. The most noticeable difference in these force time-series compared to those of Figure 

3 is the presence of rhythmic fluctuations in force, occurring approximately 7 times per second. 

When comparing between various target intensities, the amplitude of these rhythmic fluctuations 

increased with higher levels of force production. The presence of rhythmic fluctuations and their 

gradual increase in amplitude with increasing target intensities is clearly visible in the power 

spectra of these data. As was the case for the control subject, there is also a 1-4 Hz spectral 

component that is greater when visual feedback was available. 

Results from the analysis of variance confirmed that force fluctuation amplitude increased with 

increasing target intensities and was reduced when visual feedback was removed. There was a 

significant main effect for vision (p<0.001), which was associated with an average reduction of 

23% in force fluctuation amplitude when visual feedback was removed. This main effect was not 

associated with a significant vision by group interaction (p = 0.395), indicating that the removal 

of visual feedback affected all three groups similarly. In addition, there were significant main 

effects for target intensity (p = 0.001) and group (p = 0.004) as well as a significant group by 

intensity interaction (p = 0.007) (Figure 3-5A). Post-hoc analysis revealed that this interaction 

was the result of a varying effect of contraction intensity on force fluctuation amplitude in ET 

groups. Specifically, the increase in force fluctuation amplitude was not significant between the 

10% and 20%-MVC intensities in ET group 1 (p = 0.156), whereas the increase was not 

significant between the 5% and 10%-MVC (p = 0.314) as well as the 20% and 30%-MVC 

intensities (p = 0.209) in ET group 2. In subjects in the control group, force fluctuation amplitude 
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increased significantly at all of the target intensities (p < 0.015). Interestingly, subjects in ET 

group 1 and group 2 had larger force fluctuations than control subjects at 5%-MVC (p < 0.03), 

whereas only those in ET group 1 were greater than controls at 10% (p < 0.001), 20% (p = 0.001) 

and 30%-MVC (p = 0.003). Force fluctuations from subjects in ET group 2 were intermediate to 

those of the two other groups at these three higher target intensities.                    

Another measure commonly employed to examine force fluctuations is to quantify the amount of 

variability, i.e., amplitude of force fluctuations, relative to the magnitude of the mean force. In 

most instances, force fluctuations have been found to be proportionally greater at low contraction 

intensities (Enoka et al., 1999; Enoka et al., 2003; Christou and Tracy, 2006). Results from the 

analysis of variance confirmed that this was also the case in the present study, but with 

differences between groups and visual feedback conditions. Specifically, there was a significant 

main effect for vision on coefficient of variation (CV) values (p < 0.001). The absence of a 

significant vision by group interaction (p = 0.395) indicates that the 10% reduction in CV 

observed with the removal of visual feedback was similar across groups. There were also 

significant main effects for contraction intensity (p < 0.001) and group (p < 0.001) as well as a 

significant intensity by group interaction (p = 0.006) (Figure 3-5B). Post-hoc analysis revealed 

that all three groups experienced a significant reduction in CV at the 10%-MVC target intensities 

(p < 0.001). Furthermore, subjects in ET group 1and control subjects experienced significant 

reductions in CV at 20%-MVC (p < 0.001); the visible reduction in ET group 2 did not reach 

statistical significance (p = 0.07). At the final target intensity, the control group experienced a 

significant increase in CV values (p = 0.007), whereas the changes observed in both ET groups 

were not statistically significant (p > 0.211). Similar to what was reported for force fluctuation 

amplitude, subjects in ET group 1 and group 2 were not significantly different from one another 

at the 5%-MVC target intensity (p = 0.226), and both had significantly greater CV values than 
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control subjects (p < 0.003). Subjects in ET group 2 were intermediate to the control group and 

ET group 1 at the three higher target intensities.  

Overall, results from both absolute and relative measures reflect the overall increase in force 

fluctuation amplitude associated with ET. It was also apparent that the increase in force 

fluctuations was greatest at light contraction intensities in subjects with less pronounced tremor 

spectral peaks (i.e., ET group 2). At higher contraction intensities performance in these subjects 

became increasingly similar to that of control subjects.      

3.3.2 Time and frequency domain structure of force fluctuations 

Two frequency domain outcomes were of particular interest in the present study. The first 

quantified the spectral power in the 1-4 Hz range associated with visuomotor force corrections 

while the second quantified the absolute and relative amplitude of the spectral peak associated 

with the centrally generated oscillatory muscle activity. The effect of contraction intensity, vision 

and group on 1-4 Hz spectral power amplitude is presented in Figure 3-6. As can be seen, there 

was an increase in 1-4 Hz spectral power with each increase in contraction intensity (p < 0.008). 

More importantly, however, there was a significant main effect for vision (p < 0.001) reflecting 

the approximate 26% reduction in 1-4 Hz power when visual feedback was removed. Although 

there was a tendency for this vision effect to be greater at higher contraction intensities, the vision 

by intensity interaction did not reach statistical significance (p = 0.098). Similarly, there was a 

trend for subjects in ET group 1 to have greater reductions in 1-4Hz power when visual feedback 

was removed compared to the two other groups (group by intensity interaction: p = 0.067). Thus, 

the expected reduction in 1-4Hz spectral power with the removal of visual feedback was observed 

in all groups, with a tendency for the magnitude of these visual corrections to be larger in subjects 

with more pronounced ET. 
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With regards to the spectral power associated with the tremor peak, there were significant main 

effects for intensity (p < 0.001) and group (p = 0.043) as well as a significant intensity by group 

interaction (p = 0.008). Figure 3-7A shows tremor spectral power at all four target intensities in 

both ET groups and illustrates the higher tremor spectral power present in subjects in ET group 1. 

Post-hoc testing revealed that subjects in ET group 2 had significantly lower tremor power at 

10%-MVC when compared to 5%-MVC (p = 0.004). Furthermore, tremor power was greater at 

20%-MVC when compared to 10%-MVC (p = 0.02), as well as at 30%-MVC when compared to 

20%-MVC (p = 0.019). In contrast, tremor spectral power remained relatively constant at all 

target intensities in ET group 1, although there was a tendency for tremor power to increase at the 

highest contraction intensity (p = 0.056). There was also a significant intensity by vision 

interaction (p < 0.001). Post-hoc analysis revealed that this interaction was due to significantly 

greater tremor spectral power with visual feedback at 30%-MVC (p = 0.012). As previously 

mentioned, however, there was a tendency for subjects to have a slight and gradual decline in 

mean force levels when visual feedback was removed at higher target intensities (p = 0.096). 

Visual inspection of individual subject data confirmed that ET subjects with greater reductions in 

mean force production also had concomitant reductions in tremor spectral peaks in the no-vision 

portion of the 30%-MVC trial. Thus, the significant vision by intensity interaction is not likely 

related to a modulation of tremor spectral power by changes in visual feedback, but rather reflects 

the tendency for subjects to have a downwards drift in force production when visual feedback is 

removed at higher intensities. 

The percentage of power in the 0-40Hz bandwidth accounted for by the tremor spectral peak was 

also analyzed. Results for ET group 1 and group 2 are shown in Figure 3-7B and reflect the 

significant main effect for group (p = 0.002) as well as a significant group by intensity interaction 

(p = 0.042). Post-hoc analysis revealed that this interaction was caused by reductions in relative 
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tremor power occurring at different target intensities in the two tremor groups. In subjects in ET 

group 2 relative tremor power at 10%-MVC was significantly lower compared to 5%-MVC (p = 

0.012), whereas in ET group 1 relative tremor power at 20%-MVC was significantly lower 

compared to 10%-MVC (p < 0.001). Consequently, subjects in ET group 1 had significantly 

greater relative tremor power at 10%-MVC (p <0.001); differences between groups did not reach 

statistical significance at 5% (p = 0.068), 20% (p = 0.049) and 30% (p = 0.068) once corrected for 

multiple comparisons. There was also a main effect for vision (p < 0.001) caused by the reduction 

in 1-4Hz spectral power with the removal of visual feedback, which resulted in an increase in 

relative tremor power. 

Approximate entropy was used to assess the time-dependent structure of the force time-series. 

Figure 3-8 shows group ApEn values at each of the four target intensities. There was a significant 

main effect for group (p < 0.001) and intensity (p < 0.001). In addition, there was a significant 

group by intensity interaction (p < 0.001). Post-hoc testing revealed that time-dependent structure 

was significantly lower at 30% compared to both 5% and 10%-MVC in the control group (p = 

0.019 and p = 0.02, respectively) and ET group 2 (p = 0.02 and p = 0.01, respectively). In ET 

group 1, ApEn values were significantly different at all four of the target intensities. Similar to 

what was noted for absolute and relative measures of force fluctuation amplitude, ET group 1 and 

group 2 were not significantly different at the 5%-MVC intensity (p = 0.144), but had 

significantly lower ApEn values – greater structure – than control subjects (p < 0.017). At 10% 

and 20%-MVC, ApEn values for ET group 2 were intermediate to the control group and ET 

group 1. Finally, subjects in ET group 2 and control subjects were not significantly different from 

one another in terms of time-dependent structure at 30%-MVC (p = 0.239), with both groups 

having higher ApEn values than subjects in ET group 1 (p < 0.008). Thus, subjects in ET group 2 

had abnormally high levels of structure in their force production at low contraction intensities, 
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similar to that noted in subjects with more severe tremor. However, when higher contraction 

intensities were demanded the complexity of the force being generated more closely resembled 

that of control subjects. 

3.3.3 Neuromuscular activity 

As expected, neuromuscular activity increased with increasing contraction intensity (p < 0.001). 

Post-hoc analysis confirmed that this increase in wrist extensor EMG amplitude was significant 

for all comparisons (p < 0.001) except for 5% vs. 10%-MVC (p = 0.181). As can be seen in 

Figure 3-9A, the increase in EMG activity with increasing target intensity was similar in all three 

group, which was confirmed by the non-significant group effect (p = 0.425). Finally, there was a 

trend for extensor EMG amplitude to be reduced when visual feedback was removed (p = 0.06), 

reflecting the overall reduction in force fluctuation amplitude during the no-vision portion of 

trials. 

Motor unit entrainment characteristic of ET resulted in peak in EMG power spectral at the tremor 

frequency. Figure 3-10 shows EMG power spectra for all four target intensities for a control 

subject and an ET subject in each of group 1 and group 2. In the control subject (Figure 3-10A), 

there is no clear peak in the EMG spectrum and as expected there is a general increase in power 

with increasing contraction intensity. The power spectra for the subject from ET group 2 have 

marked peaks in power at approximately 7 Hz (Figure 3-10B). The peaks at 5% and 10%-MVC 

dominate the power spectra, whereas they appear to be proportionally smaller at 20% and 30%-

MVC as the power of neighboring frequencies is higher at higher contraction intensities. Most 

striking are the power spectra from the subject in ET group 1 with their large narrow peaks at the 

tremor frequency. While there was an increase in overall spectral power with increasing 
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contraction intensity similar to what was observed in subjects in ET group 2 and control subjects, 

the EMG tremor peak remained prominent regardless of overall neuromuscular activation.  

One of the primary questions addressed in this paper is whether motor unit entrainment increases 

in relation to the overall level of neuromuscular activity in subjects with ET. Given that the two 

ET groups were largely selected on the amplitude and consistency of EMG tremor spectral peaks, 

it was not surprising to find a significant group effect (p = 0.018), with subjects in group 1 having 

greater tremor power values than those in group 2 (see Figure 3-9B). Interestingly, there was no 

main effect for intensity (p = 0.495), indicating that, despite the significantly higher overall 

neuromuscular activity associated with higher target intensities, the strength of oscillatory muscle 

activity at the tremor frequency remained relative constant at contraction intensities ranging from 

5% to 30%-MVC. 

Relative power of the EMG tremor peak has been used as an index of tremor severity and motor 

unit entrainment (Elble et al., 1994b), and as Figure 3-10B and 3-10C illustrates, relative EMG 

tremor power appears to be greater in the subject from ET group 1. In addition, relative EMG 

tremor power appears to decrease with increasing contraction intensity due to the presence of a 

relatively constant EMG tremor peak and widespread increase in EMG spectral power at 

neighboring frequencies. Group results for ET subjects are shown in Figure 3-9C and confirm 

that the individual subjects’ data shown in Figure 3-10 are largely similar for the groups. Analysis 

of variance confirmed that relative EMG power was significantly lower in ET group 2 when 

compared to ET group 1 (p < 0.001). Furthermore, there was a significant main effect for 

intensity (p = 0.048), with post-hoc analysis revealing that relative EMG power at 5% and 10%-

MVC was significantly greater than that at 20% and 30%-MVC (p<0.024). 
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The stability of EMG tremor spectral power across a range of light to moderate contraction 

intensities and the associated reduction in relative EMG tremor power provide preliminary 

evidence that motor unit entrainment does not behave in a signal-dependent manner in subjects 

with ET. Rather, motor unit entrainment appears to be similarly increased at all light to moderate 

contraction intensities when compared to controls. These observations, however, are limited to 

the range of target intensities and tremor severity investigated here.    

3.3.4 Coherence between force fluctuations and neuromuscular activity 

In the present study, the effect of oscillatory muscle activity in subjects with ET was quantified 

not by measuring tremor directly (i.e., oscillation of a body part), but rather by measuring the 

resulting force fluctuations in a closed-kinetic chain set-up. This greatly reduced the potential 

modulatory effects of stretch reflexes and synergistic/competitive interactions between central 

and mechanical reflex tremor components on motor unit entrainment and tremor amplitude that 

may influence coherence measures in an open-kinetic chain set-up (i.e., postural tremor). 

Individual coherence analysis results for two control subjects and two ET subjects are shown in 

Figure 3-11A and 3-11B. The first control subject has very low coherence levels across the entire 

frequency range of interest. In contrast, the second control subject has considerable force-EMG 

coupling in the 8-12 Hz bandwidth at all contraction intensities. These two subjects were chosen 

because their coherence estimates represent the two extremes of what was observed in the control 

group. The primary difference in subjects with ET was that coherence was focused in a smaller 

bandwidth centered on the tremor frequency. The subject from ET group 2 had her highest level 

of coherence at 5%-MVC, which is also when EMG tremor relative power was at its highest 

(Figure 3-11C). In the subject from ET group 1, the sharp peak in coherence was relatively 

constant in size regardless of contraction intensities (Figure 3-11D). 
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The analysis of variance carried out on Fisher transformed coherency values confirmed the 

presence of a significant main effect for group (p <0.001), but no main effect for contraction 

intensity (p = 0.519) (see Figure 3-12). Post-hoc analysis revealed that the group effect was the 

result of significantly higher coherence peak values in ET group 1 (p < 0.001) compared to 

subjects in ET group 2 and control subjects. Furthermore, peak coherence values in ET group 2 

were not significantly different than those of control subjects (p = 0.285). However, the near 

significant group by intensity interaction (p = 0.083) reflects the tendency for subjects in ET 

group 2 to have larger peaks in coherence than control subjects at 5%-MVC.            

3.4 Discussion 

Isometric force production is associated with fluctuations in force, the amplitude of which is 

dependent on several factors including the mean level of force being produced, the presence and 

type of visual feedback and the age and strength of the subject producing the force (Jones et al., 

2002; Schiffman et al., 2006; Sosnoff and Newell, 2006b). By investigating the production of 

isometric force at different contraction intensities and under different visual feedback conditions 

in subjects with ET, the present study has provided new insight regarding how abnormal centrally 

generated oscillatory activity is expressed at the level of the neuromuscular system. Specifically, 

the key findings from the present study are: 1) force fluctuation amplitude and neuromuscular 

activity scaled in a signal-dependent manner with increasing contraction intensity, whereas 

tremor spectral power of both force and EMG signals remained constant in a range of low to 

moderate contraction intensities; 2) the effect of manipulating visual feedback on visuomotor 

corrections was similar between subjects with ET and healthy controls; 3) subjects with less 

pronounced tremor spectral peaks had greater force fluctuation amplitude, force-EMG coherence 

and time-dependent structure at the lowest contraction intensity (similar to those with more 
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severe tremor); at higher contraction intensities the performance of these subjects was similar to 

that of control subjects.  

3.4.1 The effect of contraction intensity on force fluctuations in subjects with ET            

Based on previous research, motor unit entrainment in subjects with ET was expected to result in 

greater amplitude force fluctuations compared to healthy control subjects (Yao et al., 2000; 

Taylor et al., 2003). What was not clear, however, was whether the level of motor unit 

entrainment in individuals with ET would increase proportionally with the overall level of muscle 

activation or whether it would remain relatively constant. The most important finding from the 

present study was that, despite the presence of greater amplitude force fluctuations that were 

scaled in a signal-dependent manner, force and EMG tremor spectral peaks showed no change in 

subjects with ET at contraction intensities ranging from 5% to 30% MVC. Furthermore, the 

increase in force fluctuation amplitude and background neuromuscular activity associated with 

greater contraction intensities resulted in a significant reduction in the relative amplitude of 

tremor spectral power. This is contrast to the previous report by Gillies (1994) where tremor 

spectral power was found to represent a constant proportion of the mean force being produced 

over a large range of intensities (5-95% MVC). Based on this observation, Gillies concluded that 

the output of the central oscillator affects a constant proportion of the central drive to the 

motorneuron pool. Unfortunately, the author does not provide any information regarding the 

number and tremor severity of the subjects that were studied. Furthermore, force recordings were 

obtained while subjects pushed against a strain gage with their index and middle fingers with no 

upper extremity stabilization. The resulting force was therefore generated by several muscle 

groups of various strengths and sizes, which could have greatly influenced the results. For 

example, a given target force could have been generated by a near maximal contraction of the 

wrist flexors or a sub-maximal contraction of the elbow extensors. Given these and other 
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methodological issues, the results from this study should be interpreted with caution. More 

recently, Burne et al. (2004) reported a linear increase in the amplitude of EMG tremor spectral 

peaks when subjects with ET generated various levels of force. It is interesting to note, however, 

that the r-squared value quantifying the linear relationship between the amplitude of the EMG 

tremor peak and the level of background EMG was approximately 0.55. This indicates that, while 

there was a linear relationship between the overall level of muscle activation and the amplitude of 

the tremor spectral peak, the increase in tremor peak amplitude may not have been as great as the 

increase in overall neuromuscular activity. It is also important to note that the amplitude and 

range of contraction intensities tested by Burne et al. (2004) were very small given that they were 

selected to simulate the changes in muscular demand associated with changes in arm and hand 

orientation. Therefore, the generalizability of these results is limited to very low level 

contractions. 

The present study provides indirect evidence that, rather than entraining a constant proportion of 

active motor units, descending oscillatory activity in ET entrains a relatively constant number of 

motor units. Given the dominance of motor unit entrainment at the lighter contraction intensities, 

this may indicate that centrally generated oscillatory activity preferentially influences the firing 

pattern of smaller lower threshold motor units.  Based on the goal-directed nature of the visual 

tracking task, cortical and sub-cortical descending pathways were likely involved in the 

production and regulation of force in the present study. Both cortical and sub-cortical pathways 

have been implicated in the transmission of abnormal oscillatory activity in ET (Elble, 1996; 

Halliday et al., 2000; Hua and Lenz, 2005; Kendi et al., 2005; Daniels et al., 2006; Raethjen et al., 

2007); however, the exact mechanisms by which this transmission occurs are still unknown. 

Nevertheless, what is clear from our results is that, regardless of its means of transmission, the 
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oscillatory drive in ET does not appear to influence a constant proportion of the motor neuron 

pool. 

3.4.2 The effect of visual feedback on force fluctuations in ET  

Visual feedback is crucial in motor performance, from being able to successfully reach and grasp 

an object (Johansson et al., 2001) to maintaining a steady upright posture (Schmid et al., 2008). 

Visual feedback of force production is somewhat artificial in nature (Henningsen et al., 1997); 

however, its presence greatly improves our ability to maintain a constant level of force 

(Vaillancourt et al., 2001c) and can compensate for impaired sensory and proprioceptive function 

(Rothwell et al., 1982; Henningsen et al., 1997). This improved ability to maintain a steady level 

of force is associated with visually guided corrections in force occurring at 1-4Hz (Merton et al., 

1967; Sutton and Sykes, 1967; McAuley et al., 1999), and have been found to involve various 

regions of the cerebellum, the parietal cortex and the premotor cortex (Vaillancourt et al., 2006b). 

When the drift in force associated with force production in the absence of visual feedback is 

accounted for, the amplitude of force fluctuations are greater when visual feedback is available 

compared to when it is not (Tracy, 2007b; Tracy et al., 2007).  

Elderly subjects have been found to produce greater amplitude force fluctuations compared to 

their younger counterparts (Enoka et al., 2003). While this in part due to strength differences 

between young and elderly subjects (Sosnoff and Newell, 2006b), it has recently been shown that 

a reduction in visuomotor correction function also contributes to greater fluctuations in the 

elderly (Tracy, 2007a; Welsh et al., 2007).  

Overall, marked deficits in visuomotor processing were not present in the group of ET subjects 

that participated in the present study. The reduction in force fluctuation amplitude that occurred 

with the removal of visual feedback was similar between the control group and subjects with ET. 
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Furthermore, spectral power in the 1-4Hz bandwidth was comparable between groups and 

showed similar reduction when visual feedback was removed.  

Two studies involving multiple sclerosis patients with cerebellar involvement showed that 

removal of visual feedback was associated with a 20-30% reduction in tremor amplitude (Liu et 

al., 1997; Feys et al., 2003a). It was proposed that the greater amplitude tremor when visual 

feedback was present was due to impaired visuomotor corrections resulting from pathological 

changes in cerebellar structures. Based on the results from the present study, it appears that the 

abnormal cebellar oscillatory activity in subjects with ET does not impair the function of 

cerebellar regions involved in the visuomotor correction process (Vaillancourt et al., 2006b). 

However, researchers involved in the Essential Tremor Centralized Brain Repository have 

recently published a series of studies identifying pathological changes in the cerebellum, and to a 

lesser extent in the brainstem, of individuals with long-standing moderate to severe ET (Louis et 

al., 2005; Louis et al., 2006a; Louis et al., 2006b; Axelrad et al., 2008). This is in line with 

previous studies that have reported cerebellar-like symptoms (i.e., intention tremor, gait ataxia 

and impaired ballistic movement) in more advanced cases of ET (Deuschl et al., 2000a; Stolze et 

al., 2001; Koster et al., 2002). Thus, it is possible that subjects with more severe tremor than 

those studied here would present with visuomotor deficits in force control. In line with this 

possibility, there was a trend in the present study for subjects in ET group 1 to have increased 

spectral power in the 1-4Hz bandwidth compared to those with less pronounced tremor and 

healthy controls. 

3.4.3 Strength of motor unit entrainment and its impact on force production 

In the present study, subjects with ET were divided into two groups based on whether they 

presented with large and consistent peaks in EMG spectra − and to a lesser extent in force spectra 

− at all target intensities (group 1); or if tremor spectral peaks were smaller in amplitude and less 
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consistent (group 2). We acknowledge that this is imposing a dichotomous grouping criterion on 

what is very likely a complex and continuous spectrum of clinical and neurophysiological 

presentations. The decision was made to separate the subjects with ET into two groups because 

initial inspection of the data revealed that subjects with more pronounced and consistent EMG 

spectral peaks had greater tremor amplitudes compared to those with smaller spectral peaks. More 

importantly, however, was the fact that subjects with less pronounced spectral peaks tended to 

have less tremor at higher contraction intensities. Given the importance of this observation, it 

seemed appropriate to group ET subjects, realizing that this was an oversimplification of the 

clinical presentation of ET. 

There were several other notable differences between subjects in ET group 1and group 2 in 

addition to subjects in ET group 2 having smaller amplitude force fluctuations. First, the 

amplitude of force fluctuations was not significantly different between subjects in ET group 1 and 

group 2 at the lightest target intensity. At higher contraction intensities, however, the amplitude 

of force fluctuations in subjects in ET group 2 became intermediate to the force fluctuations of 

control subjects and ET group 1. As was clearly shown in Figure 3-5B, the tendency was for the 

performance of subjects in ET group 2 to become increasingly similar to that of control subjects 

as contraction intensity increased. Thus, in this group of ET subjects with less pronounced and 

relatively constant amplitude EMG tremor spectral peaks, the additional neuromuscular activity 

associated with greater force production resulted in a reduction in 1) the relative power of the 

EMG tremor spectral peak, 2) the relative power of the tremor spectral peak in the force signal, 

and 3) the relative amplitude of force fluctuations (i.e., coefficient of variation). While it would 

be scientifically interesting to determine whether this pattern continues at higher contraction 

intensities, the present results do indicate that in the range of contraction intensities used for the 

majority of functional activities (Kern et al., 2001), tremor is more likely to affect activities 
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requiring low levels of muscle activation, especially in subjects with lower levels of motor unit 

entrainment.  

The dominant effect of tremor at lower contraction intensities in subjects in ET group 2 was also 

apparent in other time and frequency domain measures employed in the present study. 

Approximate entropy values were similar between the two tremor groups at 5%MVC, with the 

lower ApEn values in subjects with ET compared to control subjects reflecting the added 

structure provided by the rhythmical force fluctuations. As contraction intensities increased, both 

the control groups and subjects in ET group 1 had a gradual decline in ApEn values. Interestingly, 

the reduction in ApEn values with increasing contraction intensity was less marked in ET group 

2, which resulted in there being no difference in the time-dependent structure of force production 

between ET group 2 and healthy controls at the highest target intensity. A similar pattern was also 

noted in peak coherence values, with subjects in ET group 2 tending to have similar coherence 

levels to subjects in ET group 1 at 5% MVC, whereas peak force-EMG coherence values in ET 

group 2 were similar to control subjects at 30% MVC.   

Although the exact mechanisms and time-course of the progression of tremor severity remains 

unclear (Elble et al., 1994b; Elble, 1995; Elble, 2000b; Elble et al., 2005), results from the present 

study provide preliminary evidence that one of the effects of more severe tremor is the presence 

of greater motor unit entrainment at higher contraction intensities. Indirectly, this implies the 

stronger descending oscillatory activity is able to entrain larger amplitude motor units.  

3.4.4 Conclusion 

The present study has shown that the level of motor unit entrainment resulting from abnormal 

descending oscillatory activity in ET remains relatively constant across a range of light to 

moderate contraction intensities. The difference noted between ET group 1 and ET group 2 

confirms that stronger central oscillator drive is associated with larger amplitude force 
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fluctuations. Furthermore, the stronger central oscillator drive in ET group 1 subjects appears to 

impair force production across a wider range of contraction intensities compared to ET subjects 

with less marked, more variable tremor.    

  



90 

Table 3-1 Subject Characteristics 

 

 

 

 

 
 

 

 

 

 

 

* D = dominant; ND = non-dominant 
† TDQ = Tremor Disability Questionnaire 
‡ FTM = Fahn-Tolosa-Marìn Tremor Rating Scale  

 Age (years) Gender Side 

tested* 

Years with 

tremor 

 

TDQ (100)† FTM – A (24)‡ FTM – B (36) 

ET group 1          

(n = 13) 

 

61.2 ± 9.9 

(46 - 74) 

6 m 

7 f 

6 D 

7 ND 

23.5 ± 15.8 

(6-61) 

25.1 ± 24.3 

(0 – 83.3) 

5.6 ± 2.9 

(2-10) 

10.2 ± 3.7 

(2-17) 

ET group 2 

(n = 8) 

63.5 ± 10.5 

(47 -78) 

5 m 

3 f 

3 D 

5 ND 

26.1 ± 18.6 

(7-60) 

19.2 ± 15.3 

(0 – 40) 

2.1 ± 1.3 

(1-4) 

6.0 ± 2.8 

(3-13) 

Controls     

(n = 22) 

64.3 ± 14.3 

(38 – 84) 

9 m 

13 f 

 

12 D 

10 ND 

 

---- 

 

---- 

1.0 ± 1.2 

(0-5) 

2.7 ± 1.6 

(0-6) 
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Table 3-2 Force and neuromuscular activity spectral peak frequencies 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Values are mean ± standard deviation (minimum – maximum) 

*  MVC = maximal voluntary contraction 

 

  
Peak Frequency 

 

 
5%-MVC* 

 

 
10%-MVC 

 

 
20%-MVC 

 

 
30%-MVC 

 

                                               
                              Force   
ET group 1                            
(n = 13) 
                              EMG 

 
6.25 ± 1.3 

(4.25 - 9.50) 
 

6.23 ± 1.1 
(4.25 - 9.25) 

 

 
6.3 ± 1.3 

(4.50 - 9.00) 
 

6.3 ± 1.3 
(4.00 - 10.25) 

 
6.5 ± 1.2 

(4.25 – 9.00) 
 

6.5 ± 1.2 
(4.50 – 8.75) 

 
6.6 ± 1.3 

(4.25 - 9.00) 
 

6.6 ± 1.2 
(4.50 - 9.00) 

 
                              Force 
ET group 2                            
(n = 8) 
                              EMG 

 
6.6 ± 1.0 

(5.00 - 8.00) 
 

6.6 ± 1.0 
(5.00 - 8.25) 

 

 
6.5 ± 1.2 

(5.25 – 8.50) 
 

6.5 ± 1.0 
(5.50 – 8.25) 

 
6.75 ± 1.2 

(5.00 – 8.75) 
 

6.75 ± 0.8 
(5.75 – 8.50) 

 
6.8 ± 1.2 

(5.00 – 9.00) 
 

6.9 ± 0.8 
(5.25 – 8.75) 
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3.5 Figure Legend 

Figure 3-1. Experimental set-up. The hand is placed within a support device (foam used during 

maximal voluntary contraction testing in place), which is attached to a load cell. The computer 

monitor was positioned 50 cm from the subject’s eyes.  

Figure 3-2. Example of the data processing used for the force data. The two 8 s windows of force 

data with and without visual feedback are indentified. The force data was high-passed filtered 

(see text for details) to remove low frequency fluctuation in force (> 0.75 Hz), which resulted in a 

time series with a mean of zero. The filtered force data used for analysis are show below their 

respective windows.   

Figure 3-3. Force data from a control subject. The upper graph shows force production at the four 

target intensities (from bottom to top: 5%, 10%, 20% and 30% MVC) for 4 s prior to the removal 

of visual feedback and 5 s following the removal of visual feedback. The first vertical dotted line 

indicates when visual feedback was removed. The 1 s of data following the removal of visual 

feedback located between the two vertical dotted lines was not used for data processing. The 

bottom graphs correspond to the power spectra of the force time-series. 

Figure 3-4. Force data from a subject with moderate essential tremor. The upper graph shows 

force production at the four target intensities (from bottom to top: 5%, 10%, 20% and 30% MVC) 

for 4 s prior to the removal of visual feedback and 5 s following the removal of visual feedback. 

The first vertical dotted line indicates when visual feedback was removed. The 1 s of data 

following the removal of visual located between the two vertical dotted lines was not used for 

data processing. The bottom graphs correspond to the power spectra of the force time-series. 

Figure 3-5. Force fluctuation amplitude results. (A) Force fluctuation amplitude increased with 

increasing force production. Subjects in ET group 1 had greater amplitude force fluctuations than 

both healthy controls and subjects in ET group 2 accept for ET group 2 at 5% MVC. Force 
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fluctuation amplitude of subjects in ET group 2 was intermediate to the two other groups at 10% 

and 20% MVC; they were not significantly different than healthy controls at 30% MVC. (B) The 

coefficient of variation (CV) of force fluctuations was significantly greater at low target 

intensities. Similar to what was observed for absolute force fluctuations in (A), subjects in ET 

group 2 were not significantly different than those in ET group 1 at 5% MVC, whereas their 

relative fluctuation amplitudes reduced to be not significantly different than healthy controls at 

30% MVC.  

Figure 3-6. Force spectral power in the 1-4 Hz bandwidth. Visuomotor corrections result in force 

fluctuations in the 1-4 Hz bandwidth, which is reflected by the greater spectral power during the 

vision portion of the trials compared to the no-vision portions. 

Figure 3-7. Force spectral power associated with the tremor peak. (A) Tremor spectral power was 

increased in subjects in ET group 1 compared to those in ET group 2. The main effect for target 

intensity was not significant. (B) Relative tremor spectral power was once again significantly 

different between the two ET groups. Higher contraction intensities were associated with lower 

relative tremor power values, with a significant difference between 5% and 10% MVC in subjects 

in ET group 2 and a significant difference between 10% and 20% MVC in subjects in ET group 

1.  

Figure 3-8. Time-dependent structure of force production. Lower approximate entropy (ApEn) 

values are associated with more structured force production whereas higher values correspond to 

less structure in force output. Higher levels of force production were associated with a reduction 

in ApEn values in ET group 1 and control subjects. At 5% MVC, ApEn values for ET group 2 

were not significantly different than those in ET group 1. At 10% and 20%, ET group 2 was 

intermediate to the two other groups, whereas at 30% subjects ApEn values were not significantly 

different between healthy controls and subjects in ET group 2.  
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Figure 3-9. Overall neuromuscular activity (EMG) amplitude and EMG tremor spectral power. 

(A) Neuromuscular activity levels increased with increasing contraction intensity similarly in all 

three groups. (B) The amplitude of EMG tremor power was significantly greater in subjects in ET 

group 1 compared to those in ET group 2. Interestingly, EMG tremor power did not differ 

significantly with increasing contraction intensities. (C) Relative EMG tremor power was 

significantly greater in subjects in ET group 1 compared to subjects in ET group2; both groups 

had significantly lower relative EMG tremor power at the 20% and 30% target intensities 

compared to the 5% and 10% target intensities. 

Figure 3-10. Example of power spectra of wrist extensor neuromuscular activity (EMG) from (A) 

a control subjects, (B) a subject from ET group 2 and (C) a subject from ET group 1. Each graph 

consists of four EMG power spectra, one for each target intensity. Note the sharp spectral peak in 

the subject from ET group 2 (B) at lower intensities, which becomes less distinct at higher 

contraction intensities as power in neighboring frequencies increases. The subject from ET group 

1 had a marked peak at all contraction intensities, with only a slight increase in neighboring 

frequencies at higher contraction intensities.     

Figure 3-11. Example of force-EMG coherence estimates from four subjects. (A) A control 

subject with relatively no significant coherence at any of the target intensity. (B) A control 

subject with a broad range of significant coherence in the 8-12 Hz range. Contraction intensity 

did not affect the level of coherence. (C) A tremor subject from ET group 1. There is a sharp peak 

in coherence at 5% MVC, which is reduced in amplitude as contraction intensity increases. (D) A 

subject from ET group 1 with a marked peak in coherence that is not affected by the level of force 

being produced. 

Figure 3-12. Group results for peak coherence values. Peak coherence values were significantly 

greater in ET group 1 compared to subjects in ET group 2 and healthy controls. Peak coherence 
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values in ET group 2 were not significantly different than healthy controls, although there was a 

trend for coherence values in ET group 2 to be greater at 5% MVC.          
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FIGURE 3-1 
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FIGURE 3-2 
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FIGURE 3-3 
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FIGURE 3-4 
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FIGURE 3-5 
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FIGURE 3-6 
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FIGURE 3-7 
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FIGURE 3-8 
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FIGURE 3-9 
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FIGURE 3-10 
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FIGURE 11 
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FIGURE 12 
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Abstract 

Objectives: Determine the effect of inertial loading on time and frequency domain measures of 

kinetic tremor in subjects with essential tremor (ET). 

Methods: Twenty-one subjects with ET and 22 healthy controls performed slow extension-

flexion movements of their wrist while following a visual template presented on a monitor. 

Movements were performed while supporting various submaximal loads (no-load, 5%, 15% and 

25% 1-repetition maximum). Kinetic tremor and wrist extensor neuromuscular activity were 

recorded using an angular displacement sensor and electromyography (EMG).  

Results: Subjects with more pronounced tremor spectral peaks had larger amplitude kinetic 

tremor compared to those with smaller amplitude tremor and healthy controls. Inertial loading 

resulted in a significant reduction in tremor amplitude only in ET subjects with more pronounced 

tremor. Despite an increase in overall neuromuscular activity with inertial loading, EMG tremor 

spectral power was only slightly increased with loading, which resulted in a large reduction in 

relative EMG tremor power.  

Conclusions: Kinetic tremor amplitude was higher in ET subjects with higher levels of motor 

unit entrainment, and the amplitude of this tremor was significantly reduced by inertial loading. 

This reduction in tremor amplitude is likely mediated in large part by its effect on the interaction 

between the mechanical reflex and central tremor components. The proportional level of motor 

unit entrainment decreases with inertial loading in subjects with ET.   
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4.1 Introduction 

Essential tremor (ET) is the most common tremor disorder and ranks among the most common 

neurological movement disorders (Louis, 2005). Because the tremor persists, there is a much 

higher prevalence of ET in older adults, estimated at 1 in 20 to 25 individuals over the age of 40 

(Dogu et al., 2003). The primary diagnostic criterion for ET is the presence of bilateral, largely 

symmetric postural or kinetic tremor involving the hands and forearms that is visible and 

persistent (Deuschl et al., 1998). Although postural tremor of the hands has historically been 

considered the primary clinical feature of ET, more recent reports have emphasized the 

importance of kinetic tremor in ET (Deuschl et al., 2000a; Brennan et al., 2002; Pahwa and 

Lyons, 2003; Sethi, 2003). As has been highlighted by Grimes (2003), however, the terminology 

for describing tremor is often confusing, with authors using different terminology to describe the 

same tremor. Based on the Consensus Statement of the Movement Disorder Society on Tremor 

(Deuschl et al., 1998), kinetic tremor is defined as “tremor occurring during any voluntary 

movement”. This movement can be visually guided or non-visually guided as well as goal-

directed (e.g., finger-to-nose test) or non goal-directed (e.g., repetitive flexion/extension 

movements of the hand). To date, however, there have been few attempts to quantify kinetic 

tremor in individuals with ET beyond the use of observer-based rating scales, which have been 

shown to be non-linear and possess inadequate resolution for clinical and laboratory based 

research (Elble et al., 2006).  

In a recent study by Brennan et al. (2002), kinetic tremor was assessed using an accelerometer 

positioned on the dorsum of the hand as ET subjects performed a finger-to-nose maneuver. The 

amplitude of acceleration fluctuations during this maneuver were compared to acceleration 

fluctuations measured during postural holding and it was concluded that subjects with ET have 

greater amplitude kinetic tremor. Traditionally, the finger-to-nose maneuver is used to assess 
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intention tremor (Fahn et al., 1988; Deuschl et al., 2000a; Feys et al., 2003b), which the 

Consensus Statement defines as a tremor in which the “…amplitude increases during visually 

guided movements towards a target at the termination of the movement…”. As highlighted by 

Herzog et al. (2007), however, intention tremor is part of ataxic (i.e., disordered) movements and 

may be part of cerebellar dysfunction (Vilis and Hore, 1977; Topka et al., 1999; Deuschl et al., 

2000a). Specifically, cerebellar ataxia is associated with abnormal control of interaction torques 

occurring between joints and results in incoordination of motion, curved movement trajectories 

and movement overshoots (Bastian et al., 1996; Massaquoi and Hallett, 1996; Earhart and 

Bastian, 2001). Thus, intention tremor is not a tremor in the true sense of the word (i.e., 

rhythmical, involuntary oscillatory movement of a body part (Deuschl et al., 1998)); this is 

reflected by the use of movement curvature measures to quantify intention tremor in subjects with 

ET (Deuschl et al., 2000a; Herzog et al., 2007). Several investigators have reported the presence 

of intention tremor in subjects with ET (Deuschl et al., 2000a; Koster et al., 2002; Helmchen et 

al., 2003; Herzog et al., 2007), thus the presence of this type of tremor in the group of subjects 

studied by Brennan et al. (2002) could have greatly influenced their results. Furthermore, ET is 

primarily associated with tremor occurring about the wrist joint. Given that the finger-to-nose 

maneuver is accomplished by a combination of shoulder and elbow movements, with the wrist 

joint remaining relatively neutral throughout the task, it is unlikely that the increase in 

acceleration fluctuations reported by Brennan et al. (2002) was the result of increased motor unit 

entrainment of the muscles that act on the wrist.  

The simplest method of evaluating kinetic tremor is to measure fluctuations in angular motion 

occurring at a single joint during the production of a slow controlled movement. This approach 

has previously been used to study (physiologic) kinetic tremor in healthy individuals as well as in 

people with several neurological conditions (Vallbo and Wessberg, 1993; Kakuda et al., 1999; 
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Liu et al., 1999a; Liu et al., 2000; Christou et al., 2003; Duval et al., 2004). In healthy subjects, 

kinetic tremor has been found by some (Laidlaw et al., 2000; Kornatz et al., 2005), but not all 

(Tracy and Enoka, 2002) to be greater in amplitude when agonist muscles are working 

eccentrically compared to concentrically. The difference between concentric and eccentric 

contractions is thought to reflect differences in the activation strategies used by the nervous 

system to perform these two types of contractions (Enoka, 1996; Semmler et al., 2002; Sekiguchi 

et al., 2007). The effect of supporting a load during the execution of a smooth movement has also 

been the focus of several studies involving healthy subjects. For example, Tracy et al. (2002) 

reported that young men had significantly less kinetic tremor when lifting (i.e., concentric 

contraction) 50% of their 1-repetition maximum (1-RM) with their knee extensors compared to 

when they were lifting only 10% 1-RM. Inertial loading did not, however, influence the 

amplitude of kinetic tremor when these same subjects were lowering the loads (i.e., eccentric 

contractions). Conversely, a pair of studies focusing on index finger abduction found no effect of 

inertial loading (range: 2.5% to 20% 1-RM) on kinetic tremor amplitude when movement were 

accomplished with both concentric and eccentric contractions (Laidlaw et al., 1999; Laidlaw et 

al., 2000). Finally, Graves et al. (2000) studied the effects of inertial loading (10%, 15%, 25% 

and 35% 1-RM) on kinetic tremor during elbow movements. Tremor was measured using an 

accelerometer and results were normalized relative to the load lifted by each subject (i.e., m•s
-

2/kg). It was found that normalized tremor amplitude was significantly greater at 10% 1-RM 

compared to both 25% and 35% 1-RM for both elbow flexion (concentric) and extension 

(eccentric). Overall, mass loading does appear to influence the amplitude of kinetic tremor; 

however, its effect seems to depend on the joint executing the movement, the type of dynamic 

contraction being performed and the load. 
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The study of kinetic tremor in subjects with movement disorders has primarily focused on the 

effect of visual feedback on tremor amplitude (Cody et al., 1993; Liu et al., 1997; Liu et al., 

1999a; Liu et al., 1999b; Liu et al., 1999c). In these studies, subjects are typically asked to 

perform repeated flexion and extension movements in the presence of absence of visual feedback. 

Kinetic tremor is measured using a manipulandum or joystick set-up as wrist flexion and 

extension movements are executed in the horizontal plane, thus the movement in each direction is 

executed using a concentric contraction.  

Similar to what has been recently described for postural tremor, the ability of abnormal centrally 

generated motor unit entrainment to cause mechanical oscillations (i.e., kinetic tremor) at the 

tremor frequency during slow controlled movements in individual with ET is likely dependent on 

the mechanical properties of the limb (see Chapter 2) (Elble, 1986). In a study of a non-human 

primate model of tremor created by cooling of cerebellar nuclei, Vilis and Hore (1977) 

demonstrated that kinetic tremor frequency was increased by the addition of an elastic load, 

whereas tremor frequency decreased with the addition of inertial loads. This is similar to the 

effect of stiffness and inertia on postural tremor frequency, where the frequency (ω) of 

oscillations depends on limb inertia I and stiffness K, according to the equation ω  

(French, 1971; Lakie et al., 1986). Our recent findings highlight the importance of the 

synergistic/competitive interaction between limb mechanics and motor unit entrainment in 

determining postural tremor amplitude in subjects with ET (see Chapter 2). This highlights the 

importance of incorporating inertial loads in the assessment of kinetic tremor in subjects with ET.      

Overall, there is mounting evidence that postural control and movement control are associated 

with different peripheral (Enoka et al., 2003; Chew et al., 2008) and central (Baker et al., 1999; 

Kakuda et al., 1999; Gross et al., 2002; Kurtzer et al., 2005; Schnitzler et al., 2006) neural 
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processes. There is also evidence that different neural processes are involved in the generation of 

concentric and eccentric contractions (Enoka, 1996; Semmler et al., 2002; Sekiguchi et al., 2007). 

Thus, as pointed out by McAuley & Marsden (2000): “…the relatively close control exerted by 

the central nervous system during movement as opposed to maintenance of posture could make 

tremors on motion especially suitable for study of peripheral manifestation of central rhythmic 

activity” (p.1553-1554). Given the above evidence and the importance of limb mechanics in the 

expression of centrally generated oscillatory neural inputs, the present study was designed to 

evaluate kinetic tremor in subjects with ET during concentric and eccentric contractions of the 

wrist extensors using various inertial loads. 

In this paper, we examine the effect of inertial loading on kinetic tremor amplitude in subjects 

with ET. In particular, we investigated the following questions. (1) What is the effect of inertial 

loading on overall kinetic tremor amplitude as well as on the amplitude of tremor spectral power 

and neuromuscular tremor spectral power? (2) Does the type of contraction being performed (i.e., 

concentric vs. eccentric) influence kinetic tremor characteristics in subjects with ET? (3) Does the 

level of motor unit entrainment increase in relation to the greater neuromuscular activity 

associated with inertial loading? In order to examine these questions about the effect of inertial 

loading and contraction type on tremor amplitude in subjects with ET, we used both time and 

frequency domain analyses of kinetic tremor and neuromuscular recordings. 

4.2 Methods 

4.2.1 Subjects 

Twenty-one subjects with ET and 22 healthy control subjects of similar age participated in the 

study. Subjects with ET were separated into two groups based on criteria described below; 

subject characteristics are presented in Table 4-1. All subjects included in the ET group met the 



 

 115 

diagnosis criteria set forth in the Consensus Statement of the Movement Disorder Society on 

Tremor (Deuschl et al., 1998). Given the relatively high incidence of misdiagnosis in ET (Jain et 

al., 2006), each subject was also interviewed and underwent a clinical assessment to ensure no 

factors associated with misdiagnosed ET (e.g., unilateral tremor, dystonic postures, isolated 

tremor of the thumb, etc.) (Jain et al., 2006) and other red flag items (e.g., sudden rapid onset, 

hyperthyroidism, current drug treatment that may cause or exacerbate tremor) were present 

(Elble, 2000a). Additionally, spectral plots of hand postural tremor and forearm 

electromyography (EMG) recorded under various loading conditions (see Chapter 2) were 

visually inspected to ensure they were consistent with ET (electrophysiologic outcomes 3 and 4, 

(Elble, 2003a); see Chapter 5). In the ET group, a total of 7 subjects were regularly taking beta-

adrenergic antagonists: 4 subjects solely for tremor-reduction and 3 others for hypertension and 

tremor-reduction. One subject with severe tremor was on primidone, an anticonvulsant commonly 

used in the treatment of intractable ET. Four subjects in the control group were regularly taking 

beta-adrenergic antagonists for hypertension.  Exclusion criteria for all subjects included any 

other neurological disorder, use of psychotropic medications and the presence of factors that may 

have confounded the measurement of kinetic tremor. The latter included major musculoskeletal 

abnormalities, pain or severe deficits in mental status sufficient to compromise the ability to 

complete the evaluation procedures.  All subjects provided informed consent to the protocol, 

which was approved by the local Research Ethics Board (see Appendix 1).  

4.2.2  Intake Process and Clinical Measures 

A standardized intake protocol was used and all personal information was encoded for anonymity 

(see Appendix 2). Subjects were interviewed and the following data were recorded: age, gender, 

height, weight, hand dominance, body parts perceived to be affected by tremor and approximate 

date of onset of tremor in each, hand with most severe tremor, family history of tremor, use of 
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medications and presence of other health conditions (verifying for exclusion criteria). Visual 

acuity was also assessed using the Snellen chart eye exam to ensure subjects had sufficient visual 

ability to see the various lines that were to be presented on the computer monitor. 

The Tremor Disability Questionnaire (Louis et al., 2000) was administered to subjects in the ET 

group to assess their perceived functional limitations due to tremor (see Appendix 3). The 

questionnaire consists of 36 items, 31 of which relate almost entirely to the impact of tremor on 

hand function. The remainder relate to tremor in other body parts and overall embarrassment 

from tremor. With this measure, higher scores correspond to greater levels of disability with a 

minimum score of 0 and a maximum score of 100.  

The Fahn-Tolosa-Marin Tremor Rating Scale (Fahn et al., 1988), an ordinal scale measure that 

assesses the presence and severity of tremor and tremor related disability, was used to obtain a 

clinical measure of tremor severity and tremor-related disability in both groups of subjects (see 

Appendix 4). This scale utilises a five-point ordinal scale from 0 to 4 for each item, with 0 

corresponding to no tremor or no functional disability, and 4 corresponding to severe tremor or 

severe functional disability. Subjects were videorecorded while completing the 14 items from 

Section A and B of the Tremor Rating Scale and their performance was scored at a later date 

(Stacy et al., 2007). Section A assesses the presence and severity of rest, postural and 

action/intention tremor in various body parts; only the upper extremities were scored in the 

present study. Section B assesses tremor severity during handwriting, water pouring, drawing a 

spiral between the lines of an Archimedes spiral and drawing a straight line between three 10 cm 

long gaps of different widths (8 mm, 5.5 mm and 3 mm). The lowest possible score for Sections 

A and B were 0; the highest possible score was 24 for Section A and 36 for Section B. All 

subjects were scored by the same evaluator (G.P.), who was blinded as to whether subjects were 

in the control or ET groups.      
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4.2.3 Apparatus 

The subject was seated in front of a computer monitor in a straight-backed chair. The forearm of 

the side being tested was in full pronation and fully supported up to 2 cm proximal from the 

radio-carpal joint line on a height-adjustable table positioned next to the subject (see Figure 1). 

During kinetic tremor testing the wrist joint was in neutral flexion/extension and neutral 

radial/ulnar deviation; the elbow joint was in 90° of flexion; and the arm was in approximately 

15° of abduction and 0° of flexion/extension and internal/external rotation. Two straps - one 2 cm 

distal to the elbow joint and the other 2 cm proximal to the radial styloid process - secured the 

forearm to the table. The set-up permitted full wrist flexion and extension while greatly limiting 

wrist pronation and supination. A piece of opaque fabric was positioned to prevent the subject 

from seeing their forearm and hand during kinetic tremor testing. 

During one-repetition maximum (1-RM) testing, the subject’s hand was fitted with a support 

device that permitted the suspension of weights. The device consisted of two aluminum bars (15.2 

x1.0 x 2.54cm) firmly held in place horizontally across the dorsal and palmar aspects of the hand 

by a bolt and wing-nut system. The distal edge of the aluminum bar was aligned 2.5cm 

proximally from the head of the third metacarpal bone.  A rounded piece of wood was positioned 

between the posterior aspect of the hand and the aluminum bar in order to increase the surface 

area in contact with the hand, thus increasing subject comfort. To further increase subject 

comfort, thin foam padding was placed between the dorsum of the hand and the wood as well as 

between the palmar surface of the hand and the aluminum bar. For 1-RM testing, weights were 

suspended from a 20cm cable attached to the aluminum bar on the palmar side of the hand.  

During kinetic tremor testing, the subject’s hand was positioned in a support device similar to the 

one used for 1-RM testing. The two aluminum bars (dorsal: 13.0 x1.0 x 2.54cm; palmar: 13.0 

x1.0 x 1.22 cm) were firmly held in place by a bolt and nut system horizontally across the dorsal 
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and palmar aspects of the hand connected to two aluminum shafts (diameter: 0.8cm; length: 

4.5cm) via two aluminum square bars (1.3cm X 1.3cm X 10cm) (see Figure 4-1).  The two shafts 

rotated within small low friction bearings housed in two aluminum blocks (1.3cm X 8cm X 8cm) 

mounted on the support surface. A small screw with a magnetic circular disc on its head was 

fixed to the end of one of the shafts. A 360° magnetic rotary position sensor (Melexis 

MLX90316, Rotary Position Sensor IC) was used in conjunction with the magnetic circular disc 

to measure angular displacement about the long axis of the shaft, which corresponded to the 

angular displacement about the wrist in a flexion and extension motion. The magnetic sensor was 

located 1 mm from the head of the screw, thus allowing angular motion to occur without 

additional friction. In order to add inertial loads, a plastic cylinder (radius: 5 cm, width: 20 cm) 

containing the test load was bolted to the aluminum bar on the palmar side of the hand; this set-up 

eliminated the possibility that the weights would swing. During weighted kinetic tremor testing, 

combinations of calibrated weights (Troemner, NJ) were placed into the plastic cylinder 

depending on the load being tested; these weights provided a resolution of 1 g for loads ranging 

between 1 and 3110 g. Foam was included to ensure the weights did not move inside the cylinder 

during testing. A 16-bit analog-to-digital converter (National Instrument PCI-MIO-16XE-10) 

controlled by a Pentium Xeon 2.66 GHz personal computer sampled the angular displacement 

signal at 1024 Hz. Voltage signal from the sensor was transformed into degrees using calibration 

units determined by measuring two points having a known angle between them. The resolution of 

the system was 0.11°. 

The computer monitor (21inch Dell M992, 60 Hz refresh rate, set to1024x768 pixels) was 

positioned 50 cm from the subject; the top of the viewing area was in line with the eyes. During 

kinetic tremor testing, the subject viewed a triangular (i.e., sawtooth) template spanning 90% of 

the width (34cm) and75% of the height (9cm) of the monitor. The vertical axis corresponded to 
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the angular position in degrees and ranged from negative 35° (flexion) to positive 35° (extension). 

The horizontal axis corresponded to time in seconds and was set to represent 25 s of data. The 

triangular template correspond to 1 ¼ cycles of flexion-extension. The triangular template started 

in the middle of the vertical axis (neutral wrist position) and moved downwards into 30° of 

flexion at a rate of 6°/s. From this point, the template reversed direction and moved through 60° 

of extension, followed by another reversal of direction and then moved through 60° of flexion. 

On the same screen as the triangular template, a white line corresponding to the angular position 

of the wrist was also presented. The initial 30° flexion at the start of the template provided time 

for the subject to begin matching to the template. Thus, only the subsequent 60° extension-flexion 

movements were used for data analysis. Angular position data from the angular displacement 

sensor was updated on the monitor every 50ms; this corresponded to the delay between the 

occurrence of angular motion at the wrist and the visual feedback of this motion on the monitor. 

The delay was sufficiently short for the subject not to notice this lag (Vogels, 2004). Furthermore, 

previous research has shown that visual feedback delays less than 250 ms do not influence the 

spectral content or amplitude of force fluctuations in the upper limb (Beuter et al., 1995).  

Surface electromyography (EMG) was used to measure the neuromuscular activity of the 

extensor carpi radialis brevis (ECRb). Skin abrasion, cleaning with an alcohol solution, and 

application of conductive electrode cream (Synapse, Med-tek Corporation) were used to prepare 

the electrode sites. A Delsys electrode (two 10 mm 99.9% Ag bars spaced 10 mm apart) was 

adhered to the skin surface and aligned along the line of action of the underlying muscle fibers, 

which for the ECRb was 5cm distal to the lateral epicondyle in a distal-proximal 

orientation(Perotto, 1994). The common reference electrode (4 cm2) was placed over the 

olecranon of the ulna. Electromyography data were collected using a Delsys 8-channel amplifier 

system (Bandpass 10 Hz to 1 kHz, CMRR< 100 dB at 60 Hz, Input impedance 1 Gohm) with an 
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amplification factor of 1,000. The EMG signal was digitized using the previously mentioned 16-

bit analog-to-digital converter; all EMG data were sampled at 1024 Hz.  Angular displacement 

sensor and EMG data were collected using custom-built LabView 8 software and saved to the 

hard disk of the personal computer for subsequent analysis.  

4.2.4 Procedures 

In subjects with ET, the hand reported to have the most severe tremor was measured. In the case 

of symmetrical tremor, the dominant hand was tested. The side tested in healthy controls was 

selected in order to obtain approximately the same ratio for dominant/non-dominant between the 

ET and control groups. 

 The 1-RM of the wrist extensors being tested was first determined. The 1-RM consists of the 

maximal load that can be successfully lifted through full range of motion. The starting load was 

selected based on the subject’s isometric maximal voluntary contraction measured using a load 

cell (see Chapter 3 for details), thus reducing the number of trials needed to determine the 1-RM. 

Increments of 500 g were added to the initial load until the subject was unable to lift the load 

through full range of motion. At this point, adjustments were made down to the 250 g level until 

the 1-RM was determined. A rest period of 90s was given between each increment in load. 

Instructions and encouragement were kept constant across subjects. In most subjects it took 4-5 

lifts to determine the 1-RM and the maximum number of lifts was 8. 

Next, the subject was asked to match the triangular template while supporting various sub-

maximal loads (unloaded, 5%, 15% and 25% of 1-RM). For each trial, the subject flexed and 

extended their wrist in order to superimpose the white line on the monitor (angular position of the 

wrist in degrees) on the red triangular template line. A block of two trials were recorded for each 

load, with the order of load presentation being randomly selected.  There was a 60 s rest period 
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between trials of a given block, and a minimum of 120 s rest between each block. Prior to starting 

the kinetic tremor testing, there was a period of familiarization during which the subject practiced 

tracing the triangular template. In addition to this initial familiarization period, the subject was 

given one practice trial before starting each of the blocked trials of the four loads.                 

4.2.5 Data Processing 

Prior to performing all data analyses, magnetic rotary position sensor and EMG data were 

conditioned by the following methods. The EMG data were digitally rectified and the offset value 

– mean of a rectified EMG signal recorded during a 5s rest trial – was removed. Next, the EMG 

and angular displacement data were digitally filtered using a dual-pass 4th order Butterworth filter 

with a low-pass cutoff frequency of 40Hz; the cutoff frequency was selected because power 

related to physiological and pathological tremor is located in the low frequencies of the EMG 

signals (McAuley and Marsden, 2000). Electromyography amplitude was normalized to the peak 

in EMG obtained during a series of three isometric maximal voluntary contractions (90 s rest 

between trials; see Chapter 3 for details). Next, angular displacement data were differentiated to 

create velocity time series and the middle 6 s of data from the extension and flexion movements 

were selected and their means removed. The selection of the middle portion of the movements 

reduced the possible influence of transition artifacts, which tend to occur when movement 

direction is reversed at the extremes of extension and flexion. An example of how the angular 

displacement data was processed is shown in Figure 2. All data processing and subsequent time 

and frequency analyses were performed using software written in Matlab 7 (The MathWorks Inc., 

Natick, MA). 
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4.2.5.1 Amplitude of kinetic tremor and EMG activity 

Kinetic tremor amplitude was determined by calculating the standard deviation of the extension 

and flexion sections of each velocity time series. For the EMG signal, the mean level of 

neuromuscular activity of the extension and flexion sections of each trial was computed on the 

rectified signal. The extension movement was associated with a concentric contraction of the 

ECRb whereas the flexion movement was associated with an eccentric contraction of this same 

muscle. The mean of both trials from a given inertial load were subsequently computed and used 

for statistical analysis. 

4.2.5.2 Spectral measures of kinetic tremor and neuromuscular activity 

Angular velocity and EMG auto-spectra were calculated for each inertial load and movement type 

(i.e., extension and flexion) using the method of disjoint sections (Halliday et al., 1995). The two 

6 s segments within each inertial load condition were concatenated and the spectra were estimated 

by averaging the finite Fourier transforms calculated for six non-overlapping windows of 2048 

points; this resulted in a frequency resolution of 0.5Hz. 

Initial inspection of the force and EMG auto-spectra revealed reduced amplitude in, or total 

absence of, a prominent peak indicative of pathological tremor at one or sometimes two of the 

higher inertial loads in some ET subjects. It was therefore decided to visually inspect all kinetic 

tremor and EMG time-series and auto-spectra. Following this process two major patterns were 

identified and used to divide ET subjects into two groups. Those that were included in group 1 

had prominent EMG spectral peaks in all trials, and these were always associated with visible 

peaks in force spectra. Those included in group 2 typically had less prominent EMG spectral 

peaks at the no-load and 5% 1-RM load condition, which either 1) remained consistent at 15% 

and 25% 1-RM, 2) reduced in amplitude at either or both of the higher inertial loads or 3) was not 
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present at one of the higher inertial loads and reduced at the other. The resulting peaks in kinetic 

tremor power spectra typically mirrored the pattern of EMG spectral peaks, i.e., less prominent or 

completely absent in some instances. 

Based on this reduction or absence of prominent peaks, the calculated spectra for all four inertial 

loads were visualized simultaneously. The spectrum with the most distinct and representative 

tremor spectral peak in the 4-12 Hz bandwidth was selected to calculate template tremor 

frequency values. This procedure was carried out for both the kinetic tremor and EMG spectra of 

each ET subject and the resulting template values were used to calculate spectral power outcomes 

as described below. The various variables associated with the determination of template values 

are the same as described in Chapter 2. First, the frequency of the peak power in the selected 

template spectrum was determined (SP). Next, the frequencies on either side of the spectral peak 

at which the spectral power fell below half peak power (HP) were determined. Given the spectral 

resolution of 0.25Hz, these half power points rarely if ever fell exactly on one of the values 

computed using finite Fourier transform. In such cases, half power frequency values were 

determined using a linear interpolation method. Finally, left (L) and right (R) half power template 

frequency values were determined by computing the absolute difference between peak power 

frequency and the two indentified half power points. 

The power of the main tremor peak in the spectra was calculated for each of the eight kinetic 

tremor and eight EMG spectra for ET subjects (extension and flexion) based on the half power 

bandwidth (Elble, 2003a; Raethjen et al., 2004). First, the peak power in the 4-12Hz bandwidth 

and its associated spectral frequency (λ) were determined. Next, the area under the curve located 

within a bandwidth consisting of (λ – L) to (λ + R) was determined using an integration method; 

in this way, the width (W) of the bandwidth used to calculate tremor spectral power was kept 

constant across loading conditions within each subject. As previously mentioned, some spectra 
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had hard to discern or absent peaks. In these instances, the power located within a band consisting 

of (SP – L) to (SP + R) was determined. In addition, the percent of the total power in the 0-40 Hz 

bandwidth accounted for by the spectral tremor peak was computed ([spectral tremor peak power 

/ total power] * 100). For neuromuscular activity, a value of 0% would indicate the complete 

absence of a tremor peak in the EMG spectrum, whereas a value of 100% would indicate that all 

of the EMG spectral power was located in the tremor peak bandwidth. As described by Elble et 

al. (1994), this measure relates to the intensity of motor unit entrainment by ET.  

4.2.5.3 Frequency relation between isometric force tremor and neuromuscular activity  

The relationship between kinetic tremor and EMG activity of the ECRb in the frequency domain 

was assessed using coherence analysis on single subject data. Coherence is a measure of the 

linear relationship between two processes across various frequencies. Similar to correlation, 

coherence is a unit-less measure bound between 0 and 1, with one indicating a perfect linear 

relationship and zero indicating independence (Rosenberg et al., 1989; Halliday et al., 1995). The 

angular velocity and rectified EMG time-series (Myers et al., 2003; Vasconcellos et al., 2007) 

within each load condition were concatenated for each subject. The coherence functions between 

kinetic tremor and EMG data were estimated for each target intensity within each subject using 

Eq. 1 (Halliday et al., 1995; Amjad et al., 1997). 

  Eq. 1: |R AB (λ)|
2 =    

Auto-spectra,  and , and cross-spectrum, , were computed using the method 

of disjoint sections (where  denotes frequency) (Halliday et al., 1995). Data were generally 

broken into 32 disjoint sections yielding a frequency resolution of 1 Hz. Frequency specific 

coherence was determined significant when values exceeded a 95% confidence limit derived from 

the number of disjoint segments used in the coherence estimate as described by Halliday et al. 
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(1995). To evaluate the effect of contraction intensity on the strength of coherence in each 

subject, the peak coherence value in the 4-12 Hz bandwidth exceeding the 95% confidence limit 

was identified for each load condition and contraction type for each subject. The variance 

stabilizing Fisher transform Tanh
-1 was applied to the coherency value (square root of coherence) 

associated with the selected peak (Rosenberg et al., 1989) and these transformed data were used 

for statistical analysis.  

4.2.6 Statistical Analysis 

Given the skewed distribution of tremor amplitude measures in ET (Héroux et al., 2006; Stacy et 

al., 2007), all data were examined with the Kolmogorov-Smirnov test to verify Gaussian 

distribution prior to performing statistical analysis. Measures which were not normally distributed 

were log-transformed (Bland and Altman, 1996) and analyzed again to ensure this transformation 

resulted in a distribution adequately close to Gaussian (i.e., non-significant K-S statistic) for 

performance of parametric inferential statistics. Summary statistics and plots presenting log-

transformed data are often not very intuitive, thus it has been recommended to back-transform the 

data using the antilog and report the 95% CI of the mean rather than the standard deviation 

(Bland and Altman, 1996; McDonald, 2007). The process of back-transforming log-transformed 

data results in asymmetrical 95% CIs, which reflects the skewed distribution of the data.    

The dependent variables described in the preceding sections were each compared in a 3-way 

ANOVA with a between subject factor for subject group and repeated measures on the four 

inertial loads and two contraction types (concentric and eccentric). When relevant, post-hoc 

testing was performed using Tukey’s Honestly Significant Difference test. A value of 0.05 was 

chosen as the level of significance for all tests. Statistical analyses were carried out using SPSS 

statistical package (SPSS, version 15.0.1). 
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4.3 Results 

Subject characteristics are presented in Table 4-1; 13 subjects were included in ET in group 1 and 

the 8 others were included in group 2. There was no strength difference between subjects in the 

control group (1-RM mean: 6.90 Kg; 95% CI: 3.00 – 11.25), ET group 1 (1-RM mean: 6.6 Kg; 

95% CI: 4.25 – 12.00) and ET group2 (1-RM mean: 7.0 Kg; 95% CI: 4.5 – 10.25) (p = 0.725).  

4.3.1 Kinetic tremor amplitude and spectral content 

An example of four kinetic tremor trials from a control subject is shown in Figure 4-3. As can be 

seen in the angular displacement time-series, the control subject was able to produce smooth 

extension (concentric) and flexion (eccentric) movements at all of the inertial loads tested. 

Angular velocity power spectra for both the concentric and eccentric portions of the trials 

illustrate that the majority of the spectral power was located below 5 Hz for all inertial loads. As 

expected, EMG power spectra had evenly distributed power across the 0-15Hz bandwidth with 

inertial loading resulting in an increase in EMG spectral power amplitude. Figure 4-4 shows 

kinetic tremor data from an ET subject from group 1 who was not the most extreme of these 

subjects. The two most striking features from the angular displacement time-series of this subject 

are the presence of a consistent low amplitude tremor at the no-load condition and the presence of 

larger lower frequency angular fluctuations when inertial loads were being supported. These two 

features are reflected in the power spectra of angular velocity. Note the sharp tremor peak at 8Hz 

in spectra from both concentric and eccentric conditions. Interestingly, the amplitude of this 

spectral peak appears greatly reduced with inertial loading, especially for the eccentric portion of 

the movement. The power spectra are also marked by lower frequency spectral peaks, which 

reflect the reduction in mechanical resonance caused by inertial loading. The sharpness and 

amplitude of these lower frequency peaks are in stark contrast to the smaller, more variable low 
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frequency spectral content observed in the control subject. The EMG power spectra of the subject 

with ET are dominated by large spectral peaks at the tremor frequency. The amplitudes of these 

peaks appear to be greater with higher inertial loads and are greater in amplitude for the 

concentric portion of the movement compared to the eccentric portion. It is interesting to note that 

despite the markedly higher EMG tremor spectral power with higher inertial loads there are lower 

values for the tremor spectral peak in the angular velocity power spectra with higher inertial 

loads. This likely reflects damping of the centrally generated tremor component caused by the 

lower mechanical resonance associated with inertial loading. 

Despite the application of a log-transformation, the distribution of kinetic tremor amplitudes was 

not Gaussian. Visual inspection of the data points revealed that this was the result of two ET 

subjects in group 1 having extremely large kinetic tremor, especially at the no-load and 5% 1-RM 

conditions. The kinetic tremor amplitude data from these two subjects was therefore not included 

in the analysis of variance; their data are, however, presented in the inset of Figure 4-5 for 

comparison with overall group results shown in Figure 4-5. The analysis of variance revealed a 

significant main effect for group (p<0.001) and load (p<0.001), as well as a significant load by 

group interaction (p<0.001). Post-hoc testing revealed that inertial loading did not influence the 

kinetic tremor amplitude of control subjects (p> 0.691) as well as subjects in ET group 2 

(p>0.08). In subjects in ET group 1, inertial loading resulted in a reduction in kinetic tremor 

amplitude. Specifically, there were significant differences between the no-load and 5% 1-RM 

condition (p=0.019) as well as between the 15% and 25% 1-RM load conditions (p=0.003); the 

difference between the 5% and 15% 1-RM load conditions did not reach statistical significance 

(p=0.093). Therefore, heavier inertial loads were associated with lower amplitude kinetic tremor 

in subjects in ET group1. Subjects in ET group 1 had significantly greater kinetic tremor 

amplitude than ET group 2 (p<0.013) and the control group (p<0.001) at all the load conditions, 
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whereas the control group and ET group 2 had similar kinetic tremor amplitude at all load 

conditions after correcting for multiple comparisons (p>0.043).  In addition to these load related 

effects, there was a tendency for subjects in ET group 1 to have greater kinetic tremor during the 

concentric portion of the movement compared to the eccentric portion (group by contraction type 

interaction: p = 0.054). 

In terms of the amplitude of the tremor power in the angular velocity power spectra, there was a 

significant main effect for group (p=0.001) and load (p=0.001) as well as a significant group by 

contraction type interaction (p=0.039). Figure 4-6A shows the tremor spectral power for ET 

subjects. As was the case for kinetic tremor amplitude, inclusion of two subjects with extremely 

large tremor spectral power resulted in a non-Gaussian distribution. Their data were therefore not 

included in the analysis of variance, but are once again plotted as an inset for comparison. 

Inspection of the group results clearly illustrates that subjects in ET group 1 had greater tremor 

power than those in ET group 2 and that inertial loading resulted in a reduction in tremor power; 

post-hoc testing revealed that each load condition was significantly different from the others 

(p=0.001). The group by contraction type interaction was due to subjects in ET group 1 having 

greater tremor power during the concentric portion of the movement compared to the eccentric 

portion and subjects in ET group 2 having the opposite pattern.          

The percentage of the total kinetic tremor spectral power accounted for by the tremor peak was 

also determined and results are shown in Figure 4-6B. The analysis of variance revealed a 

significant main effect for group (p<0.001) and load (p<0.001), as well as a significant load by 

group interaction (p=0.026). Post-hoc testing revealed that the interaction was due to the relative 

tremor power at 5% and 15% 1-RM not being significantly different from one another in ET 

group 2 (p=0.264); all other comparisons were significant (p<0.018). Thus, subjects in ET group 
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1 had significantly greater relative tremor power than subjects in ET group 2, with inertial loading 

resulting in a reduction in relative tremor power in both groups. 

4.3.2 Neuromuscular Activity    

As expected, there was an increase in neuromuscular activity with inertial loading in all three 

groups (p<0.001). Post-hoc testing revealed that the increase in neuromuscular activity was 

significant at each of the loads (p<0.001), except between the no-load and 5% 1-RM conditions 

(p=0.092). As can be seen in Figure 4-7A, neuromuscular activity was always greater during the 

concentric portion of the movement (main effect for contraction type: p<0.001), with the 

difference between the two contraction types increasing at higher inertial loads (load by 

contraction type interaction: p=0.001). The analysis of variance confirmed there was no main 

effect for group for the level of neuromuscular activity (p = 0.752), thus Figure 4-7A shows only 

pooled results in order to better visualize the load by contraction type interaction. 

One of the key questions addressed by the present study was whether the amount of motor unit 

entrainment in subjects with ET increased with increasing muscular demand. In order to answer 

this question, the spectral power associated with the EMG tremor peak was calculated and 

analyzed. Given that the two ET groups were largely selected based on the amplitude and 

consistency of EMG tremor spectral peaks, it was not surprising to find a significant main effect 

for group (p<0.001), with subjects in group 1 having greater EMG tremor power values than 

those in ET group 2 (see Figure 4-7B). Of greater interest was the significant main effect for load 

(p=0.02), with post-hoc analysis revealing that EMG tremor power was significantly greater at 

the 15% and 25% 1-RM inertial loads compared to the no-load and 5% 1-RM conditions 

(p<0.001). While the amplitude of the EMG tremor spectral peak increased with inertial loading, 

this does not answer the question of whether this increase was proportional to the overall increase 
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neuromuscular activity noted with inertial loading. Thus, we calculated the percent of the total 

EMG spectral power in the 0-40Hz bandwidth that was accounted for by the EMG tremor peak. 

As can be seen in Figure 4-7C, relative EMG tremor power was greater in subjects in ET group 1 

and it also appeared to decrease with inertial loading. The analysis of variance confirmed these 

observations, revealing a significant main effect for group (p<0.001) and load (p<0.023). Post-

hoc analysis confirmed that relative EMG spectral power was significantly lower at 25% 1-RM 

when compared to both the no-load (p=0.005) and 5% 1-RM (p=0.005) conditions. Overall, these 

neuromuscular activity results indicate that the level of abnormal motor unit entrainment in 

subjects with ET does not increase proportionally to the level of background muscular activity. 

Specifically, the proportion of active motor units being entrained by the descending oscillatory 

activity is greater when lifting and lowering light loads compared to heavier ones.     

4.3.1 Relationship between kinetic tremor and neuromuscular activity 

Coherence estimation provides a spectral-based measure of the linear relationship between two 

signals at each individual frequency bin. Thus, in the present study coherence estimates provided 

a measure of the linear relationship between the spectral content of angular velocity and 

neuromuscular activity. Figure 4-8 shows group results for peak coherence values in the 4-12Hz 

bandwidth. The analysis of variance revealed a significant main effect for group (p>0.001) and 

load (p<0.001), as well as significant group by load interaction (p=0.025). Post-hoc analysis 

revealed that this interaction was due to inertial loading having different effects on peak 

coherence values in both ET groups, whereas inertial loading did not significantly influence peak 

coherence values in the control group. Specifically, peak coherence values were greater at the no-

load and 5% 1-RM conditions compared to the 15% and 25% 1-RM load conditions in subjects 

from ET group 1 (p<0.013), whereas the no-load condition was found to have greater coherence 

than the 15% and 25% 1-RM load condition in subjects from ET group 2 (p<0.015). Thus, inertial 
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loading resulted in a reduction in peak coherence in both ET groups, and coherence levels were 

significantly difference between each group (p=0.008). 

Visual inspection of concentric and eccentric peak coherence estimates reveals that contraction 

type appears to influence peak coherence values ET group 1 differently than those in ET group 2 

and the control group. This was confirmed by the significant group by contraction type 

interaction (p<0.001). Subjects in ET group 1 had significantly lower peak coherence values 

during the eccentric portion of the movement (p=0.001), whereas those in ET group 2 and the 

control group both had lower coherence values during the concentric portion of the movement 

(p=0.002 and p=0.018, respectively). Thus, the more prominent and consistent level of motor unit 

entrainment in subjects from ET group 1 appears to inverse the pattern that is present in healthy 

controls as well as ET subjects with lower levels of motor unit entrainment.  

4.4 Discussion 

The presence of tremor during movement can have severe functional consequences, from pouring 

water into a glass to feeding oneself. Many of the tasks that are impaired by ET require the 

production of smooth movements while manipulating various light to moderate loads (Héroux et 

al., 2006). To date, however, it was not known to what extent motor unit entrainment was present 

during concentric and eccentric contractions in subjects with ET and whether entrainment levels 

differed between contraction types. Furthermore, it was not known whether the reduction in 

postural tremor amplitude associated with inertial loading would also be observed during kinetic 

tremor testing. The key findings from the present study can be framed from the perspective of ET 

subjects with pronounced and consistent motor unit entrainment (i.e., our ET group 1): 1) kinetic 

tremor amplitude was greater in such ET subjects compared to healthy controls and ET subjects 

with less pronounced entrainment, the latter two groups not being different from one another; 2) 
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inertial loading resulted in lower kinetic tremor amplitude in such ET subjects whereas it did not 

affect kinetic tremor amplitude in other ET subjects or healthy controls; 3) such ET subjects had 

greater kinetic tremor, tremor spectral power, and tremor-EMG coherence when the wrist 

extensors were contracting concentrically compared to eccentrically. 

4.4.1 The effect of inertial load in kinetic tremor         

A consistent finding from previous studies investigating postural tremor in subjects with ET is 

that inertial loading results in a reduction in tremor amplitude (Homberg et al., 1987; Vaillancourt 

et al., 2003). We have recently shown that this reduction in tremor amplitude is primarily due to 

the effect of inertial loading on the interaction between the mechanical reflex and central 

oscillatory tremor components (see Chapter 2). Briefly, the reduction in wrist mechanical 

resonant frequency incurred by inertial loading results in damping of the tremor component 

associated with abnormal motor unit entrainment attributed to central drive. Although spectral 

separation of mechanical reflex and central tremor components was not always obvious in the 

present study, a similar pattern to that observed during postural tremor was evident in a large 

majority of subjects in ET group 1. As can be seen in the data presented in Figure 4-4, motor unit 

entrainment increased slightly with inertial loading. However, the damping effect associated with 

the difference in frequency between the mechanical reflex and central tremor components caused 

by inertial loading greatly reduced the amplitude of the tremor spectral power. These 

experimental findings regarding the reduction of kinetic tremor amplitude are in line with 

anecdotal reports provided by several of the subjects with ET who found it much easier to 

perform the template matching task when the heavier loads (15% and 25% 1-RM) were used. 

The addition of inertial loads resulted in an overall increase in neuromuscular activity, which was 

associated with a small but significant increase in EMG tremor spectral power. Interestingly, the 



 

 133 

greater proportional increase in overall neuromuscular activity resulted in a large reduction in 

relative EMG tremor power. In subjects in ET group 1, for example, relative EMG spectral power 

was approximately 50% at the no-load condition. This means that 50% of the EMG spectral 

power in the 0-40Hz bandwidth was accounted for by the tremor spectral peak. The addition of 

inertial loads decreased the relative strength of the oscillatory drive, with only approximately 

10% of the EMG spectral power being accounted for by the tremor peak at the heaviest load. This 

marked reduction in relative EMG tremor power in subjects from ET group 1 is likely to have 

contributed to the reduction in overall kinetic tremor amplitude.  

Overall, it appears that the synergistic/competitive interaction between mechanical reflex and 

central tremor components played a key role in the reduction of kinetic tremor amplitude noted in 

subjects in ET group 1. A secondary factor contributing to this reduction in tremor amplitude is 

the marked reduction in relative EMG tremor power that accompanied inertial loading. These 

findings regarding the importance of limb mechanics and the relative strength of motor unit 

entrainment are in line with two recent reports from our laboratory involving subjects with ET 

(see Chapters 2 and 3).  

4.4.2 The effect of contraction type on kinetic tremor       

In the present study, ET subjects with more prominent and consistent motor unit entrainment had 

greater tremor spectral power when the wrist extensors were contracting concentrically compared 

to eccentrically, which is opposite to the pattern observed in ET subjects with less prominent and 

more variable tremor. Although the reasons for this difference are not entirely clear, we speculate 

this may reflect the group differences in relative EMG tremor power in combination with the 

lower neuromuscular activity occurring during eccentric contractions. As expected, overall 

neuromuscular activity was lower when the wrist extensors were contracting eccentrically to 
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control the flexion of the hand compared to when they were contracting concentrically and had to 

overcome the mass of the hand (and load) to generate an extension movement (see Figure 4-7A). 

As previously mentioned, relative EMG tremor power was much greater in ET subjects from 

group 1, especially at the lighter inertial loads. Therefore, the reduction in neuromuscular activity 

that occurred during the flexion portion of the trials (i.e., eccentric contraction) is likely to have 

resulted in a greater reduction in EMG tremor power is subjects in ET group 1 compared to ET 

group 2. Although the group by type interaction was not significant for EMG tremor power, the 

pattern just described is evident in Figure 4-7B. Specifically, the reduction in overall 

neuromuscular activity during the eccentric contraction had little impact on the amplitude of 

EMG tremor power in group 2; whereas the reduction in neuromuscular activity was associated 

with a relatively large reduction in EMG tremor power in ET group 1. 

Further support for the role of group differences in relative EMG tremor power in combination 

with the overall reduction in neuromuscular activity associated with eccentric contractions in the 

greater tremor power in ET group 1 is illustrated in Figure 4-4. As can be seen in the spectral 

plots from the tremor subject from group 1, EMG tremor power appears to be consistently smaller 

for the eccentric phase of the movement. Furthermore, in movements requiring concentric 

contractions, a prominent tremor spectral peak can be seen at 0 and 5%1-RM and a still-visible 

peak can be seen at 15% 1-RM, in contrast to movements requiring eccentric contractions in 

which a prominent tremor spectral peak can only be seen at 0% 1-RM. Moreover, EMG tremor 

spectral peaks appear larger in concentric contractions than in their corresponding eccentric 

contractions. 

Lastly, the greater EMG tremor power during the concentric contractions in ET group 1 also 

explains some of the differences noted in the coherence analysis. The presence of stronger 

oscillatory drive is more likely to result in a mechanical oscillation at the same frequency at the 
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level of the wrist, whereas a weaker oscillatory drive experiences a greater level of damping due 

to inertial loading as well as the experimental set-up. Thus, the lower EMG tremor power 

associated with the eccentric contraction was susceptible to damping to a much greater extent.        

4.4.3 Conclusion   

The results presented confirm that motor unit entrainment at the tremor frequency is also present 

during movement in subjects with ET. As has recently been reported for postural tremor (see 

Chapter 2), the synergistic/competitive interaction between mechanical reflex and central tremor 

components plays an important role in determining the ability of the central abnormal rhythm 

generator to entrain the wrist to oscillate at the tremor frequency. These findings also bring 

further support to the idea that ET does not entrain a constant proportion of active motor units. 

Rather, oscillatory drive is proportionally much greater when performing light intensity 

concentric and eccentric contraction compared to moderate intensity contraction. Finally, the 

performance of movements requiring eccentric contractions appears to be more tremolous than 

those requiring concentric contractions in ET subjects with higher levels of motor unit 

entrainment. The effect of contraction type on kinetic tremor amplitude may reflect the reduction 

in neuromuscular activity associated with eccentric contractions or it may reflect a more complex 

interaction between abnormal central oscillations and distinct neural processes that are involved 

in the generation of eccentric contractions (Enoka, 1996). In summary, this study has shown that 

abnormal oscillatory inputs resulting in marked motor unit entrainment is associated with an 

increase in kinetic tremor amplitude. Functionally, the large amplitude kinetic tremor occurring 

when moving light loads is in line with the types of tasks that most affected in subjects with ET.
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Table 4-1 Subject Characteristics 

 

 

 

 

 
 

 

 

 

 

 

  

  Values are ± standard deviation (minimum – maximum) 

* D = dominant; ND = non-dominant 
† TDQ = Tremor Disability Questionnaire 
‡ FTM = Fahn-Tolosa-Marìn Tremor Rating Scale  

 Age (years) Gender Side 

tested* 

Years with 

tremor 

 

TDQ (100)† FTM – A (24)‡ FTM – B (36) 

ET group 1          

(n = 13) 

 

61.2 ± 9.9 

(46 - 74) 

6 m 

7 f 

6 D 

7 ND 

23.5 ± 15.8 

(6-61) 

25.1 ± 24.3 

(0 – 83.3) 

5.6 ± 2.9 

(2-10) 

10.2 ± 3.7 

(2-17) 

ET group 2 

(n = 8) 

63.5 ± 10.5 

(47 -78) 

5 m 

3 f 

3 D 

5 ND 

26.1 ± 18.6 

(7-60) 

19.2 ± 15.3 

(0 – 40) 

2.1 ± 1.3 

(1-4) 

6.0 ± 2.8 

(3-13) 

Controls     

(n = 22) 

64.3 ± 14.3 

(38 – 84) 

9 m 

13 f 

 

12 D 

10 ND 

 

---- 

 

---- 

1.0 ± 1.2 

(0-5) 

2.7 ± 1.6 

(0-6) 
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Table 4-2 Force and neuromuscular activity spectral peak frequencies 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Values are mean ± standard deviation (minimum – maximum) 

*  MR = repetition maximum

  
Peak Frequency 

 

 
0% 1-RM* 

 

 
5% 1-RM 

 

 
15% 1-RM 

 

 
25% 1-RM 

 

                                               
                              kinetic      
ET group 1            tremor   
(n = 13) 
                              EMG 

 
6.2 ± 1.7 

(4.50 - 9.50) 
 

6.2 ± 1.5 
(4.50 - 9.50) 

 

 
6.2 ± 1.2 

(4.25 - 9.25) 
 

6.4 ± 1.4 
(4.25 – 9.50) 

 
6.4 ± 1.1 

(4.25 – 9.00) 
 

6.5 ± 1.3 
(4.50 – 9.00) 

 
6.5± 1.4 

(4.25 - 9.00) 
 

6.6 ± 1.5 
(4.50 - 9.25) 

 
                              kinetic 
ET group 2            tremor                
(n = 8) 
                              EMG 

 
6.5 ± 1.1 

(5.00 - 8.00) 
 

6.5 ± 0.9 
(5.00 - 8.25) 

 

 
6.5 ± 1.1 

(5.25 – 8.50) 
 

6.5 ± 1.0 
(5.50 – 8.25) 

 
6.6 ± 1.1 

(5.00 – 8.75) 
 

6.7 ± 0.9 
(5.25 – 8.75) 

 
6.7 ± 1.2 

(5.25 – 9.25) 
 

6.9 ± 0.8 
(5.25 – 9.00) 
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4.1 Figure Legend 

Figure 4-1. Experimental set-up. The hand is placed within a support device that is connected to 

two shafts (the end of one of the shafts is visible in the centre of the square aluminum block that 

housed the bearings). The inertial load being tested is visible in the subject’s hand; it is bolted to 

bottom of the support device. The computer monitor was positioned 50 cm from the subject’s 

eyes.  

Figure 4-2. Example of the data processing used for the angular displacement data. The two 6 s 

windows of data used for data processing are identified by vertical dotted lines. The angular 

displacement signal was differentiated to velocity prior to data analysis; the corresponding 

velocity traces are shown on the bottom of the graph.   

Figure 4-3. Kinetic tremor data from a control subject. The upper graph shows one trial for each 

of the inertial loads tested. The kinetic tremor and neuromuscular activity power spectra for each 

inertial load are shown below the corresponding portions of the trials. 

Figure 4-4. Kinetic tremor data from a subject with low to moderate tremor from ET group 1. 

The upper graph shows one trial for each of the inertial loads tested. The kinetic tremor and 

neuromuscular activity power spectra for each inertial load are shown below the corresponding 

portions of the trials. 

Figure 4-5.  Group results for kinetic tremor amplitude during wrist extension (concentric) and 

flexion (eccentric). The inset shows the data from two subjects in ET group 1 who had very large 

amplitude kinetic tremor amplitude; their data follow the same pattern as their counterparts in ET 

group 1.  

Figure 4-6. Kinetic tremor spectral power for subjects in ET group 1 and 2. (A) Kinetic tremor 

power was significantly larger in subjects in ET group 1 compared to those in ET group 2. Inertial 

loading resulted in a significant reduction in kinetic tremor power in both groups of tremor 

subjects. Tremor spectral power was also greater during the extension portion of the movement 
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(concentric contraction) compared to the flexion portion (eccentric contraction). The inset shows 

the data from two subjects in ET group 1 who had very large kinetic tremor power. (B) Subjects 

in ET group 1 had significantly greater relative kinetic tremor power values compared to subjects 

in ET group 2, and inertial loading resulted in a reduction in relative kinetic tremor power in both 

groups.  

Figure 4-7. Neuromuscular activity results. (A) There was a significant increase in overall 

neuromuscular activity (EMG) amplitude with increasing target intensity. Given that this increase 

was similar in all groups, the groups were pooled. There was also a significant main effect for 

contraction type, with EMG amplitude being significantly smaller during eccentric contractions. 

(B) EMG tremor power was significant greater in subjects in ET group 1 compared to those in ET 

group 2. EMG tremor power was significant greater at 15% and 25% 1-RM load conditions 

compared to the no-load and 5% 1-RM load conditions. There was also a group by contraction 

type interaction, which was due to subjects in ET group 1 having greater EMG tremor power 

during concentric contractions compared to eccentric contractions, whereas subjects in ET group 

2 had greater EMG tremor power during eccentric contractions compared to concentric 

contractions. (C) EMG relative tremor power was significantly greater in subjects in ET group 1 

compared to subjects in ET group 2. Both groups experienced a significant reduction in EMG 

relative tremor power with increasing contraction intensities.  

Figure 4-8. Peak kinetic tremor-EMG coherence values. Peak coherence values were 

significantly greater in subjects in ET group 1 compared to subjects in ET group 2 and healthy 

controls, whereas subjects in ET group 2 and healthy controls were not significantly different 

from one another. There was a small but significant reduction in peak coherence values with 

increasing contraction intensity. There was also a significant group by contraction type 

interaction, which was caused by subjects in ET group 1 having higher peak coherence values 
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during concentric contractions compared to eccentric contractions; the pattern was reverse for 

subjects in ET group 2 and healthy controls.  
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FIGURE 4-1 
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FIGURE 4-2 
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FIGURE 4-3 
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FIGURE 4-4 
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FIGURE 4-5 
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FIGURE 4-6 
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FIGURE 4-7 
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FIGURE 4-8 
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Chapter 5 

Subject Inclusion Process 
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5.1 Introduction 

The purpose of the present chapter is to describe in detail the process that was adopted to 

determine whether or not a subject with presumed ET was included in any of the three studies 

described in Chapters 2, 3 and 4 of the present thesis. Such a process was necessary given that 

approximately 33% of tremor cases are misdiagnosed as ET (Chouinard et al., 1997; Jain et al., 

2006). Furthermore, the purpose of this series of studies was to gain a better understanding of 

how various factors such as contraction intensity and type, inertial loading and visual feedback 

effect the tremor of subjects with ET, thus it was essential for us to ensure to the best of our 

abilities that the data that was being included was from subjects with ET. 

5.2 Review of essential tremor diagnosis criteria 

The most widely accepted criteria for the diagnosis of ET are those provided by the Consensus 

Statement of the Movement Disorder Society on Tremor (Deuschl et al., 1998). The definition of 

“classic ET” provided in the Consensus Statement combines the “definite ET” and “probable ET” 

categories from a previous attempt by the Tremor Research Group to define diagnosis criteria for 

ET (Deuschl et al., 1995). 

Classic ET 

Inclusion Criteria 

1. Bilateral, largely symmetric postural or kinetic tremor involving hands and forearms that 

is visible and persistent. 

2. Additional or isolated tremor of the head may occur but in the absence of abnormal 

posturing. 

Exclusion Criteria 

1. Other abnormal neurological signs, especially dystonia. 
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2. The presence of known causes of enhanced physiological tremor, including current or 

recent exposure to tremorgenic drugs or the presence of a drug withdrawal state. 

3. Historic or clinical evidence of psychogenetic tremor. 

4. Convincing evidence of sudden onset or evidence of stepwise deterioration. 

5. Primary orthostatic tremor. 

6. Isolated voice tremor. 

7. Isolated position-specific or task-specific tremors, including occupational tremors and 

primary writing tremor. 

8. Isolated tongue or chin tremor. 

9. Isolated leg tremor.  

In addition to this list of inclusion criteria, earlier reports also emphasized the importance of a 

family history of ET as well as a positive response to alcohol (Lou and Jankovic, 1991; Bain et 

al., 1994; Chouinard et al., 1997). More recent research indicates, however, that these factors can 

only provide supporting evidence for a diagnosis of ET (Findley, 2000; Shatunov et al., 2006; 

Deng et al., 2007) (Bain, 2002).  

Over the past two decades, Dr. Roger Elble has conducted several studies to determine the 

diagnostic utility of electrophysiologic testing in ET (Elble, 1986; Elble et al., 1992; Elble et al., 

1994b; Elble, 1998; Elble and Deuschl, 2002; Elble, 2003b). Key to his approach is the presence 

of centrally generated motor unit entrainment in subjects with ET, which results in a sharp 

frequency-invariant peak in the EMG power spectrum. Similar to the study presented in Chapter 

3, inertial loads are added and the resulting postural tremor and neuromuscular activity power 

spectra are visually inspected. Elble (2003) has described four electrophysiologic outcomes that 

may occur when inertial loads are used to study hand tremor and forearm EMG: 
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1. There is no rhythmic entrainment of EMG despite rhythmic oscillation of the hand. The 

tremor frequency decreases when an inertial load is attached to the hand, according to the 

equation ω .  

2. Evidence of motor-unit entrainment is found in the EMG, and the frequency of the hand 

oscillation and EMG entrainment both decrease more than 1 Hz with inertial loading.  

3. Hand postural tremor and EMG entrainment have the same frequencies in the unloaded 

condition. In the loaded condition, two frequencies are seen in postural tremor: a lower 

frequency oscillation corresponding to the mechanical-reflex resonance frequency and a 

higher frequency oscillation with associated EMG entrainment.  

4. The wrist oscillation and EMG entrainment have the same frequency in the loaded and 

unloaded conditions, and the frequency decreases less than 1 Hz with inertial loading.  

The behavior described in Outcome 1 is characteristic of normal tremor that emerges from the 

mechanical properties of the wrist and hand, without a significant contribution from the stretch 

reflex or central oscillation. In Outcome 2, the mechanical-resonant frequency of the wrist is 

imposed on the EMG pattern with the oscillating wrist dictating the frequency of motor-unit 

entrainment through somatosensory feedback. Many patients with enhanced physiologic tremor 

have this pattern. However, subjects with mild ET may also demonstrate this pattern when 

centrally generated oscillatory activity is so irregular and intermittent that it produces only a 

series of perturbation to the mechanical reflex (MR) system, resulting in enhanced MR tremor.  

The high-frequency postural tremor component associated with EMG entrainment described in 

Outcome 3 reflects a central-neurogenic oscillation because its frequency does not decrease with 

inertial loading and is not related to reflex arc length. Finally, Outcome 4 corresponds to a strong 

central-neurogenic oscillation, with the stretch reflex and limb mechanics playing a minor or 

secondary role in rhythm generation. Subjects with advanced ET have outcome 4, but outcomes 2 
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and 3 are common in mild to moderate ET (Elble, 1986; Elble et al., 1994b; Elble, 2000b; Elble 

and Deuschl, 2002; Elble, 2003b). As pointed out by Elble (2003), progression from 2 to 4 is 

believed to reflect an increasing strength of central-neurogenic oscillations as ET progresses. 

Based on the occurrence of the various Outcome patterns in a group of 100 young and 100 elderly 

subjects, Elble (2003) concluded that the false positive rate for outcomes 3 and 4 is 7% in the 

elderly and 8% in young individuals. This is a great improvement over the previously reported 

mis-diagnosis rate of 33% in subjects with presumed ET (Chouinard et al., 1997; Jain et al., 

2006). Therefore, the present series of studies employed a combination of medical history, 

clinical evaluation and electrophysiologic testing to determine whether or not to include a subject 

with suspected ET. 

5.3 Subject recruitment and inclusion process 

For the present series of studies, subjects with ET affecting their hands were recruited from 

several sources, including a database of previous study subjects (Larocerie-Salgado et al., 2005; 

Héroux et al., 2006; Parisi et al., 2006), clients of the local Movement Disorders clinic and 

respondents to newspaper advertisement for individuals with ET (Appendix 6). Prospective 

subjects who had not been formally diagnosed with ET (i.e., recruited through community 

advertisement) had to meet the published criteria for classic ET (Deuschl et al., 1998). In 

addition, we obtain the consent of subjects (Appendix 7) to contact their family physician and 

have them rule out other known causes of tremor (Appendix 8). It is interesting to note that, 

despite going through this process, several subjects with hyperthyroidism or with hypothyroidism 

and receiving thyroid replacement medication were not flagged by their family doctor prior to 

coming to the laboratory for the first day of testing (see below). 

In addition to the medical and tremor history obtained from each subject on the first day of testing 

(Appendix 2), postural tremor and neuromuscular activity spectral plots for each of the 8 postural 
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tremor trials (2 trials, 4 inertial loads) were visually inspected. This process was also carried out 

for control subjects to ensure that they did not have sub-clinical undiagnosed ET; no control 

subjects were excluded based on this assessment. Essential tremor subjects with 

electrophysiologic Outcomes 3 and 4 patterns were included in the ET group. Some ET subjects, 

however, presented with electrophysiologic patterns that were in line with Outcomes 1 and 2 and 

were not included in the ET group. Below are the actual figures used to make these decisions for 

two subjects suspected of having ET that presented with Outcomes 1 and 2.  

 

ET07 

This subject was a 73 year old female with a 10-13 year history of bilateral hand tremor. She had 

no family history of tremor and she had not been formally diagnosed with ET by a neurologist. At 

the time of testing, she was taking Thyroxin for hypothyroidism and Actonel for osteoporosis. 

Note the lack of extensor EMG spectral peaks at all of the inertial loads in this subject (Figures 5-

1 to 5-4).  
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Figure 5-1 ET07 postural tremor no-load 

The first row of plots corresponds to the postural tremor time-series (left) and power spectra 

(right) of the two 16 s trials recorded during the no-load condition. The two thin lines on the 

spectral plot correspond to individuals trials and the thick line represents the average of both 

trials. For the second and third row, the plot on the left corresponds to neuromuscular activity 

time-series data from the first (row two) and second (row three) trials. Wrist extensor EMG is 

plotted in blue whereas the wrist flexors (not included in this thesis) are plotted in red. The power 

spectra of wrist extensor and flexor EMG are plotted in their respective colors. Once again, the 

two thin lines correspond to the individual trials and the thick line corresponds to the average of 

both trials. 
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Figure 5-2 ET07 postural tremor 5% 1-RM 

(see figure legend of Figure 5-1 for details) 

 

Figure 5-3 ET07 postural tremor 15% 1-RM 

(see figure legend of Figure 5-1 for details) 
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Figure 5-4 ET07 postural tremor 25% 1-RM 

(see figure legend of Figure 5-1 for details) 

 

 

 

 

 

ET16 

This subject was a 32 year old male with an 8 year history of bilateral hand tremor. There was no 

family history of tremor and the subject had been diagnosed with ET by his family doctor 4 years 

ago. He was not taking any prescribed medications at the time of testing. For this subject, note the 

presence of what might be considered a MR entrainment of motor unit firing at approximately 

8Hz in the wrist extensor EMG power spectra at the no-load condition (Figure 5-5), as well as a 

wide 8-12 Hz spectral peak at 5% and 25% 1-RM in the same muscle.   
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Figure 5-5 ET16 postural tremor no-load 

The first row of plots corresponds to the postural tremor time-series (left) and power spectra 

(right) of the two 16 s trials recorded during the no-load condition. The two thin lines on the 

spectral plot correspond to individuals trials and the thick line represents the average of both 

trials. For the second and third row, the plot on the left corresponds to neuromuscular activity 

time-series data from the first (row two) and second (row three) trials. Wrist extensor EMG is 

plotted in blue whereas the wrist flexors (not included in this thesis) are plotted in red. The power 

spectra of wrist extensor and flexor EMG are plotted in their respective colors. One again, the two 

thin lines correspond to the individual trials and the thick line corresponds to the average of both 

trials. 
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Figure 5-6 ET16 postural tremor 5% 1-RM 

(see figure legend of Figure 5-5 for details) 

 

Figure 5-7 ET16 postural tremor 15% 1-RM 

(see figure legend of Figure 5-5 for details) 
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Figure 5-8 ET16 postural tremor 25% 1-RM 

(see figure legend of Figure 5-5 for details) 

 
 
Overall, 39 subjects with suspected ET were tested for the present series of studies. Following 

inspection of the postural tremor inertial loading spectral results, a total of 16 subjects were 

excluded from the ET group because their data did not fit the pattern of Outcomes 3 or 4. The 

breakdown of the 16 subjects that were excluded is as follows: 

 4 subjects were taking Thyroxin for hypothyroidism; 

 1 subject was taking Thyroxin for hypothyroidism as well as Lithium, which has a known 

side-effect of tremor (Marks et al., 2008); 

 6 subjects were over the age of 70 years, were taking more than 3 prescribed medications 

(range: 4-12) and had a recent onset of tremor (1-4 years);  in 4 cases the onset of tremor 

coincided relatively closely with the addition of a new medication or an increase in dose 

of a current medication; 
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 1 subject was taking Xatral and Avodart for prostate cancer; the subject contacted the 

laboratory 2 months after his testing session to inform us that his tremor had almost 

entirely disappeared after omitting to take his prostate medications for a period of 4 days; 

 1 subject, who was taking a total of 10 prescribed medication for heart disease and 

diabetes, repeatedly fell asleep during testing; 

 3 subjects had increased 14-16 Hz high frequency EMG spectral content; this increase 

neuromuscular activity was much wider than the peaks in subjects with obvious ET and 

often included multiple peaks, the frequency of which varied from trial to trial; 

Consequently, 23 subjects with ET were retained as part of the ET group. The data from all 23 

subjects were included in the postural tremor study (Chapter 2). In terms of the force fluctuation 

(Chapter 3) and kinetic tremor studies (Chapter 4), however, two subjects who had lower 

amplitude postural tremor (but still consistent with electrophysiological outcome 3) had no 

discernable tremor during force fluctuation or kinetic tremor testing. The decision was made to 

not include the data from these two subjects because the primary purpose of this series of studies 

was to gain a better understanding of how contraction type and intensity, inertial loading and 

visual feedback affect the tremor of subjects with ET. Given that these two subjects did not have 

tremor during force fluctuation and kinetic tremor testing, including them would not have 

strengthened our ability to answer the research questions being addressed. It is acknowledged that 

by using such strict inclusion criteria we may have excluded a few subjects with very mild ET 

(i.e., Outcome 2). However, based on the number of other factors and conditions that can result in 

an electrophysiological pattern similar to that found in mild ET (Elble, 2003a), we thought  that 

restricting our inclusion criteria to electrophysiologic Outcomes 3 and 4 was warranted.      
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Chapter 6 

General Discussion 
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6.1 Introduction 

Tremor of the hands is at the forefront of the clinical presentation of ET. It is possible for isolated 

head tremor to be diagnosed as ET but the vast majority of cases have hand tremor. Although 

there is evidence that ET is not a monosymptomatic disorder, none of that evidence diminishes 

the fact that hand tremor remains the primary physical impairment in the diagnostic criteria for 

ET (Deuschl et al., 1998). It is somewhat surprising, therefore, that so few studies have focused 

on providing an in depth analysis of this tremor and how it is modulated by key factors such as 

contraction type and intensity as well as changing limb mechanics.  

The central processes involved in the generation of this tremor are difficult to study in humans 

and much of this research focuses on the signals that can be recorded when people with severe ET 

are undergoing neurosurgery aimed at attenuating their tremor. However, the majority of people 

with ET have less severe tremor. Furthermore, studying the effect on the final common pathway 

of the motor system can provide valuable information regarding how the abnormal central 

oscillatory activity accesses the motor periphery. In particular, it can provide information on how 

the abnormal central oscillatory activity interacts with other inputs such as visuo-motor and 

stretch reflex feedback and varying levels of cortico-spinal input. The importance of studying the 

peripheral manifestation of ET is further reinforced by the obvious yet crucial point that it is not 

the motor unit entrainment itself that results in functional disability but rather the mechanical 

consequence of this entrainment. The ability of a forced oscillator to influence a mechanical 

system is strongly dependent on the properties of that system. In a biological system like the 

human wrist these properties are constantly being modulated by intrinsic (Lakie et al., 1986; 

Milner and Cloutier, 1998) and extrinsic factors (Joyce and Rack, 1971; Chew et al., 2008). 

Therefore, the study of the peripheral manifestations of centrally generated tremors should 

consider how it interacts with the mechanical system on which it is acting. 
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The three studies that are included in the present thesis were designed to investigate how ET is 

influenced by various factors. Specifically, the study presented in Chapter 2 was designed to 

explore how inertial loading influenced the amplitude and spectral characteristics of postural 

tremor and the associated neuromuscular activity. Postural tremor – when the hand is free to 

move – necessarily includes kinematic oscillations and therefore permits the possibility of 

modulation of motor unit entrainment strength by short- and long-latency stretch reflex activity. 

The study presented in Chapter 3 was designed to investigate the effect of increasing contraction 

intensity using a closed-kinetic chain set-up. This set-up largely eliminated the possible influence 

of limb mechanics and stretch reflex inputs on motor unit entrainment. This study also provided 

us with the opportunity to study whether or not subjects with ET have impairments in visuomotor 

correction processes because we could manipulate the presence of visual feedback. Lastly, the 

study presented in Chapter 4 was designed in light of the functional importance of smooth 

movement production and mounting evidence that postural control and movement control are 

associated with different peripheral (Enoka et al., 2003; Chew et al., 2008) and central (Baker et 

al., 1999; Kakuda et al., 1999; Gross et al., 2002; Kurtzer et al., 2005; Schnitzler et al., 2006) 

neural processes. Specifically, the goal of our final study was designed to investigate the effect of 

ET on a simple wrist flexion and extension task. What follows is a brief discussion of the key 

findings from each of the three studies individually, followed by a more general discussion 

highlighting what these studies as a whole have contributed to our understanding of ET. 

6.1.1 The impact of inertial loading on postural tremor in ET 

Findings from the study presented in Chapter 2 provide strong experimental support to the idea 

that the synergistic/competitive interaction of central and mechanical reflex (MR) tremor 

components plays an important role in determining the amplitude of tremor in subjects with ET. 

Overall tremor amplitude and tremor spectral power were both markedly lower at the 15% 1-RM 
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load compared to the no-load and 5% 1-RM load conditions. The low tremor amplitude at 15% 1-

RM was associated with spectral separation of the MR and central tremor components in a large 

number of ET subjects. It must be emphasized that it was not the relative load being supported 

that was important in causing this reduction in tremor amplitude, but rather the spectral separation 

between the two tremor components that occurred at this load in a majority of ET subjects. The 

importance of the spectral separation of the MR and central tremor components on tremor 

amplitude was confirmed by identifying the load at which spectral separation occurred for each 

subject and comparing this to the frequency of the central tremor component. In subjects with 

higher frequency tremor (i.e., 8-10Hz), spectral separation occurred at 5% 1-RM whereas spectral 

separation occurred at the 25%1-RM load in subjects with the lower frequencies (i.e., 5-6Hz).  

Thus, it appears that the reduction in mechanical resonance associated with inertial loading and 

the associated damping of the central oscillatory tremor component are responsible for lower 

tremor amplitudes seen in subjects with ET when their hands are loaded. 

6.1.2 The impact of contraction intensity and visual feedback on force fluctuation 

amplitude and motor unit entrainment 

A key question that was addressed by all three studies was whether the level of motor unit 

entrainment in subjects with ET increases proportionally to the overall increase in neuromuscular 

activity that occurs with increasing contraction intensity. The findings from all three studies that 

bear on this question are discussed in a subsequent section (see section 6.1.4 Synthesis of 

findings). However, the study presented in Chapter 3 was specifically designed to gain a better 

understanding of how the strength of descending oscillatory inputs is modulated by increasing 

contraction intensity. In particular, it aimed to reduce as much as possible the modulation of 

descending inputs by various feedback loops that arise as a consequence of movement in postural 

and kinetic tremor testing. Thus, evaluating the level of motor unit entrainment using a closed-
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kinetic set-up allowed a more direct assessment of the strength of the descending oscillatory 

input. 

In the results from the study presented in Chapter 3, force fluctuation amplitude and 

neuromuscular activity scaled in a signal-dependent manner with increasing contraction intensity. 

The key finding, however, was that tremor spectral power of both force and EMG signals did not 

change throughout the tested range of contraction intensities. Our inference that tremor spectral 

power remained constant across contraction intensities (Figure 3-7) is reinforced by the finding 

that the amount of tremor spectral power relative to other power in both force and EMG signals 

was significantly lower at higher contraction intensities (Figure 3-9). Thus, this study provides 

indirect evidence that, rather than entraining a constant proportion of active motor units as 

previously suggested by Gillies (1994), the descending oscillatory input present in ET entrains a 

relatively constant number of motor units. The dominance of motor unit entrainment at lighter 

contraction intensities may indicate that centrally generated oscillatory activity preferentially 

influences the firing pattern of smaller lower threshold motor units. As the strength of the 

descending oscillatory input increases with progressing disease severity, the oscillatory input 

appears to also influence the firing pattern of increasingly larger motor units, at least in mild to 

moderate ET. This was evidenced by the similarity in force fluctuation amplitude between 

subjects in ET group 1 and group 2 at 5% MVC compared to the greater reduction in force 

fluctuation amplitude in subjects in ET group 2. 

With regards to the effect of manipulating visual feedback during force production, subjects with 

ET did not have marked deficits in visuomotor processing. Based on these results, it appears that 

the abnormal cerebellar oscillatory activity that has been reported in subjects with ET does not 

impair the function of cerebellar regions involved in the visuomotor correction process, at least in 

subjects who are deemed to have ET using the criteria we employed (Vaillancourt et al., 2006b).  
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6.1.3 The effect of inertial loading and contraction type on kinetic tremor 

The study presented in Chapter 4 investigated the effects of inertial loading on kinetic tremor 

during the performance of concentric and eccentric contractions of the wrist extensors. Although 

kinetic tremor has previously been studied using clinical tremor rating scales and performance of 

functional tasks, this is the first report to simultaneously and accurately record neuromuscular 

activity and kinetic tremor in subjects with ET during the performance of slow controlled 

movements. 

Motor unit entrainment was observed in all tremor subjects during the performance of both 

concentric and eccentric contractions. This oscillatory muscle activity was associated with 

rhythmic fluctuations in angular position, i.e., kinetic tremor. Possibly owing to the small level of 

damping caused by the experimental set-up and the low level of motor unit entrainment in 

subjects in ET group 2, kinetic tremor amplitude was not significantly greater in ET group 2 

when compared to healthy controls. Similar to what was observed in the study presented in 

Chapter 2, higher inertial loads were associated with lower kinetic tremor amplitude in subjects in 

ET group 1. Once again, we believe that this lower level of tremor amplitude can be attributed to 

the effect inertial loading has on the interaction between the MR and central tremor components. 

That is to say, inertial loads alter the mechanics of the wrist and this means that the mechanical 

resonance frequency of the wrist is no longer as close to the central tremor frequency as it would 

be in the no-load condition. The MR and central tremor components are thus less likely to be 

synergistic to create large tremor and instead are more likely to become competitive and produce 

lower amplitude tremor. It also appears that the large reduction in relative EMG tremor power 

that occurred with increasing contraction intensity at higher inertial loads in subjects in ET group 

1 may have contributed to the reduction in kinetic tremor amplitude. 
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In terms of the effect of contraction type on kinetic tremor in subjects in ET, it was found that 

subjects with greater levels of motor unit entrainment had greater kinetic tremor, tremor spectral 

power, and tremor-EMG coherence when the wrist extensors were contracting concentrically 

compared to eccentrically. Although it is not possible to exclude the possibility that the neural 

processes involved in the generation of concentric and eccentric contractions were influenced 

differently by the presence of abnormal centrally generated oscillatory activity, it appears that the 

effect of contraction type on kinetic tremor in subjects in ET group 1 may be related to the 

reduction in neuromuscular activity that is associated with eccentric contractions combined with 

the large percent of the EMG power spectra that is accounted for by the tremor peak in these 

subjects. A reduction in overall neuromuscular activity will have a greater impact on the absolute 

level of motor unit entrainment if the firing patterns of a greater proportion of all active motor 

units are being influenced by descending oscillatory drive. 

6.1.4 Synthesis of findings     

As previously stated, a consistent finding in all three studies was that the level of motor unit 

entrainment does not increase with increasing contraction intensity. Regardless of whether an ET 

subject is holding an empty mug or a full pot of coffee, it appears that the absolute number of 

motor units that are entrained by the descending oscillatory input does not change. Our only 

finding that does not fit with this is a slight but significant increase in EMG tremor power at 15% 

and 25% 1-RM during kinetic tremor testing in subjects with ET (see Figure 4-7B).  

The most striking difference between the three studies was in terms of the level of relative EMG 

tremor power, with this point being best demonstrated by focusing on the results of subjects from 

ET group 1. Remember that the relative EMG tremor power is an indirect estimate of the 

proportion of the total EMG power in the 0-40Hz bandwidth that is accounted for by the tremor 

peak. When subjects in ET group 1 were exerting a relatively constant force against a rigid object, 
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the largest relative EMG tremor power occurred at 5%MVC and the group average was 

approximately 15% (see Figure 3-9B). This means that tremor power made up, on average, 15% 

of the overall EMG power at this low contraction intensity. During postural tremor testing, the 

corresponding value was 25% (see Figure 2-5F). Most startling, however, was the finding that the 

corresponding value for the no-load condition in kinetic tremor testing was approximately 50% 

(see Figure 4-7C). This indicates that contraction type (dynamic vs. isometric) as well as 

mechanical factors (open-kinetic chain vs. closed kinetic chain) may play an important role in 

determining the proportion of all active motor units that will be entrained. Furthermore, this 

provides evidence that afferent feedback from short- and long-loop stretch reflexes may play a 

greater role in determining the strength of motor unit entrainment than previously thought. It has 

previously been argued by Gillies (1994) that the central oscillator in ET affects a constant 

proportion of the central drive to the motor neuron pool. While our findings do not support this 

assertion under all circumstances, given the marked reduction in relative EMG tremor power with 

increasing contraction intensity, it does appear that the central oscillator in ET may affect a 

varying proportion of the central drive to the motor neuron pool depending on task dynamics.  

The other key finding is the importance of limb mechanics and inertial loading on the amplitude 

of tremor, both during postural holding and smooth movement production. This provides strong 

experimental support for the idea put forth by Elble (1986) that centrally generated oscillatory 

activity determines the frequency of tremor whereas the synergistic/competitive interaction of 

central and MR tremor components plays an important role in determining the amplitude of 

tremor. As previously described, the amplitude of forced oscillations is greatly influenced by the 

proximity of the frequency of the driving force to the mechanical resonance of the wrist. Inertial 

loading results in spectral separation of the central and MR tremor components in subjects with 
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ET, and this is associated with mechanical damping of the central tremor component. In theory, 

greater spectral separation will result in greater tremor reduction.  

Finally, these studies also examined outcomes related to time-dependent structure and EMG-

tremor coherence. Tremor, by definition, is a relatively structured phenomenon. Thus, it was 

expected that subjects with ET would have more structured force production when compared to 

healthy subjects. Interestingly, as subjects with lower levels of motor unit entrainment 

transitioned from being similar to their more severe counterparts when generating low forces to 

being similar to healthy controls when generating moderate forces, their force production also 

became less structured. Coherence analysis provided a means of better understanding the 

relationship between rhythmic muscle activity and the mechanical system experiencing this 

activity. Despite a large reduction in postural tremor amplitude when heavier inertial loads were 

being supported, coherence analysis revealed that rhythmic muscle activity was still entraining 

the wrist to a certain extent. In all three studies, the results pertaining to measures of time-

dependent structure and coherence corroborate the insights described above. 

6.2  Study limitations 

We acknowledge that there are limitations associated with this series of studies. First and 

foremost is the generalizability of our results, principally arising from our subject recruitment and 

retention methods. While there were definitely some subjects with visibly smaller tremor as well 

as a few with quite prominent tremor, our subject selection process outlined in Chapter 5 possibly 

resulted in the exclusion of some subjects with mild ET. There appear to be few severe cases of 

severe ET in the Kingston area, thus we were not able to recruit a large number of severe tremor 

subjects. Nevertheless, our results were quite robust within and between studies. Thus, we 

propose that the internal validity of the studies is high but the external validity may not be as 
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high. It is possible that subjects with more severe tremor or milder tremor than those tested here 

would be influenced by inertial loading or contraction type slightly differently than what is 

reported in these studies.    

A limitation that is associated with kinetic tremor testing was our inability to account for the 

effect of visual feedback during kinetic tremor testing. Although not reported in this thesis, we 

did collect kinetic tremor data in a no-vision condition. Unfortunately, a large number of subjects, 

both in the tremor group and in the control group, were not able to maintain a relatively constant 

velocity of motion during the no-vision portion of the trial. Because of the known effect of 

movement velocity on kinetic tremor amplitude observed in healthy controls (Christou et al., 

2003), it would not have been possible to determine whether changes between the vision and no-

vision portion of the trial were due to changes in visual feedback or changes in velocity.  

6.3 Future directions 

Results from the present series of studies have answered several important questions regarding 

hand tremor in subjects with ET. However, several new questions have also been identified along 

the way. The three key questions that we would like to address in the near future are:  

1. Does the descending oscillatory drive in ET preferentially influence the firing properties 

of smaller lower threshold motor units? Are higher threshold motor units entrained by 

descending oscillatory inputs in subjects with more severe tremor? 

2. To what extent are short- and long-latency stretch reflexes contributing to the increase in 

motor unit entrainment during open-kinetic chain activities? Does the importance of 

reflex afference to motor unit entrainment differ between postural and kinetic tasks?   
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3. Given the identified importance of limb mechanics on the tremor amplitude, would 

increasing the stiffness of the wrist joint result in a reduction in tremor amplitude similar 

to that noted during inertial loading? 

The first two sets of questions would continue the development of basic understanding of ET and 

how it affects motor control. The third question relates both to the basic mechanism of ET as well 

as possible therapy for it. Therapy for ET consists of systemic medications that attenuate tremor 

and may have systemic side effects. Neurosurgical strategies are available for only the most 

severe cases and again the effect is to attenuate tremor with the possibility of inducing systemic 

side effects. Physical strategies to alter the mechanics of a tremolous wrist may constitute a 

rehabilitation strategy whose principal side effects, if any, would be local.  
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SUMMARY AND CONCLUSION 
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This series of studies on essential tremor (ET) have answered several important questions 

regarding how the tremor is affected by various intrinsic and extrinsic factors. Although 

experimentally simple, evaluating of the effect of varying levels of contraction intensity or 

inertial loading can provide valuable insights regarding the abnormal centrally generated 

oscillatory activity present in ET as well as its interaction with the periphery to produce tremor.  

The reduction in postural tremor amplitude that occurs when subjects with ET hold a weight in 

their hands was found to be directly related to the interaction between limb mechanics and the 

oscillatory muscle activity present in ET. This mechanism also appears to be associated with the 

reduction in kinetic tremor amplitude noted with inertial loading. These findings underline the 

importance of limb mechanics in the physical manifestation of rhythmic motor unit entrainment. 

Another very important and ubiquitous finding was the relative constant level of motor unit 

entrainment observed in subjects with ET. It was previously thought that the central oscillatory 

drive associated with ET affected a constant proportion of the central drive to the motorneuron 

pool. Our results clearly show, however, that the proportion of motor units that are entrained by 

the oscillatory drive decreases as contraction intensity increases. Furthermore, our findings 

indicate the strength of the motor unit entrainment in ET is dependent of the type of contraction 

being performed – isometric, concentric or eccentric – as well as whether or not the limb is free to 

move and thus involve stretch reflex inputs.  

While this series of studies have provided some key insights regarding ET, it has raised many 

questions. A more detailed understanding of the various mechanisms involved in ET, from the 

mode of transmission of abnormal oscillatory activity within and between various areas of central 

nervous to the modulatory influence of task requirement and task dynamics on the physical 

manifestation of tremor, will provide a more positive backdrop from which to work towards 

indentifying more effect therapies.     



 

 175 

 

REFENCES 

 
Allum, J. H., V. Dietz and H. J. Freund (1978). "Neuronal mechanisms underlying physiological 

tremor." J Neurophysiol 41(3): 557-71. 

Amjad, A. M., D. M. Halliday, J. R. Rosenberg and B. A. Conway (1997). "An extended 

difference of coherence test for comparing and combining several independent coherence 

estimates: theory and application to the study of motor units and physiological tremor." J 

Neurosci Methods 73(1): 69-79. 

Axelrad, J. E., E. D. Louis, L. S. Honig, I. Flores, G. W. Ross, R. Pahwa, K. E. Lyons, P. L. Faust 

and J. P. Vonsattel (2008). "Reduced Purkinje cell number in essential tremor: a 

postmortem study." Arch Neurol 65(1): 101-7. 

Bain, P. G. (2002). "The management of tremor." J Neurol Neurosurg Psychiatry 72 (Suppl 1): 

i3-i9. 

Bain, P. G., L. J. Findley, P. D. Thompson, M. A. Gresty, J. C. Rothwell, A. E. Harding and C. D. 

Marsden (1994). "A study of hereditary essential tremor." Brain 117 ( Pt 4): 805-24. 

Baker, S. N., J. M. Kilner, E. M. Pinches and R. N. Lemon (1999). "The role of synchrony and 

oscillations in the motor output." Exp Brain Res 128(1-2): 109-17. 

Bastian, A. J., T. A. Martin, J. G. Keating and W. T. Thach (1996). "Cerebellar ataxia: abnormal 

control of interaction torques across multiple joints." J Neurophysiol 76(1): 492-509. 

Bawa, P. and R. B. Stein (1976). "Frequency response of human soleus muscle." J Neurophysiol 

39(4): 788-93. 

Bendat, J. S. and A. G. Piersol (2000). Random data: analysis and measurement procedures. New 

York, John Wiley & Sons Inc. 



 

 176 

Beuter, A., H. Haverkamp, L. Glass and L. Carriere (1995). "Effect of manipulating visual 

feedback parameters on eye and finger movements." Int J Neurosci 83(3-4): 281-94. 

Bilodeau, M., E. Bisson, D. Degrace, I. Despres and M. Johnson (2007). "Muscle activation 

characteristics associated with differences in physiological tremor amplitude between the 

dominant and non-dominant hand." J Electromyogr Kinesiol. In Press. 

Bilodeau, M., D. A. Keen, P. J. Sweeney, R. W. Shields and R. M. Enoka (2000). "Strength 

training can improve steadiness in persons with essential tremor." Muscle Nerve 23(5): 

771-8. 

Bland, J. M. and D. G. Altman (1996). "Transformations, means, and confidence intervals." BMJ 

312(7038): 1079. 

Brennan, K. C., E. C. Jurewicz, B. Ford, S. L. Pullman and E. D. Louis (2002). "Is essential 

tremor predominantly a kinetic or a postural tremor? A clinical and electrophysiological 

study." Mov Disord 17(2): 313-6. 

Brown, P. (2000). "Cortical drives to human muscle: the Piper and related rhythms." Prog 

Neurobiol 60(1): 97-108. 

Burne, J. A., T. Blanche and J. G. Morris (2002). "Loss of reflex inhibition following muscle 

tendon stimulation in essential tremor." Muscle Nerve 25(1): 58-64. 

Burne, J. A., T. Blanche and J. J. Morris (2004). "Muscle loading as a method to isolate the 

underlying tremor components in essential tremor and Parkinson's disease." Muscle 

Nerve 30(3): 347-55. 

Busenbark, K. L., J. Nash, S. Nash, J. P. Hubble and W. C. Koller (1991). "Is essential tremor 

benign?" Neurology 41(12): 1982-3. 

Chew, J. Z., S. C. Gandevia and R. C. Fitzpatrick (2008). "Postural control at the human wrist." J 

Physiol 586(5): 1265-75. 



 

 177 

Chouinard, S., E. D. Louis and S. Fahn (1997). "Agreement among movement disorder specialists 

on the clinical diagnosis of essential tremor." Mov Disord 12(6): 973-6. 

Christou, E. A., J. M. Jakobi, A. Critchlow, M. Fleshner and R. M. Enoka (2004). "The 1- to 2-Hz 

oscillations in muscle force are exacerbated by stress, especially in older adults." J Appl 

Physiol 97(1): 225-35. 

Christou, E. A., M. Shinohara and R. M. Enoka (2003). "Fluctuations in acceleration during 

voluntary contractions lead to greater impairment of movement accuracy in old adults." J 

Appl Physiol 95(1): 373-84. 

Christou, E. A. and B. L. Tracy (2006). Aging and variability in motor ouput. Movement system 

variabliity. K. Davids, S. Bennett and K. M. Newell. Champaign, Il, Human Kinetics: 

199-215. 

Cleeves, L. and L. J. Findley (1987). "Variability in amplitude of untreated essential tremor." J 

Neurol Neurosurg Psychiatry 50(6): 704-8. 

Cody, F. W. J., B. Lövgreen and W. Schady (1993). "Increased dependence upon visual 

information of movement performance during visuo-motor tracking in cerebellar 

disorders." Electroencephalograpy and clinical Neurophysiology 89: 399-407. 

Cohen, O., S. Pullman, E. Jurewicz, D. Watner and E. D. Louis (2003). "Rest tremor in patients 

with essential tremor: prevalence, clinical correlates, and electrophysiologic 

characteristics." Arch Neurol 60(3): 405-10. 

Colebatch, J. G., L. J. Findley, R. S. Frackowiak, C. D. Marsden and D. J. Brooks (1990). 

"Preliminary report: activation of the cerebellum in essential tremor." Lancet 336(8722): 

1028-30. 



 

 178 

Daniels, C., M. Peller, S. Wolff, K. Alfke, K. Witt, C. Gaser, O. Jansen, H. R. Siebner and G. 

Deuschl (2006). "Voxel-based morphometry shows no decreases in cerebellar gray matter 

volume in essential tremor." Neurology 67(8): 1452-6. 

Datta, A. K. and J. A. Stephens (1990). "Synchronization of motor unit activity during voluntary 

contraction in man." J Physiol 422: 397-419. 

De Luca, C. J. and Z. Erim (2002). "Common drive in motor units of a synergistic muscle pair." J 

Neurophysiol 87(4): 2200-4. 

Deng, H., W. Le and J. Jankovic (2007). "Genetics of essential tremor." Brain. In Press. 

Deuschl, G., P. Bain and M. Brin (1998). "Consensus statement of the Movement Disorder 

Society on Tremor. Ad Hoc Scientific Committee." Mov Disord 13 Suppl 3: 2-23. 

Deuschl, G. and R. J. Elble (2000). "The pathophysiology of essential tremor." Neurology 54(11 

Suppl 4): S14-20. 

Deuschl, G. and W. C. Koller (2000). "Introduction. Essential tremor." Neurology 54(11 Suppl 

4): S1. 

Deuschl, G., C. H. Lucking and E. Schenck (1987). "Essential tremor: electrophysiological and 

pharmacological evidence for a subdivision." J Neurol Neurosurg Psychiatry 50(11): 

1435-41. 

Deuschl, G., J. Raethjen, M. Lindemann and P. Krack (2001). "The pathophysiology of tremor." 

Muscle Nerve 24(6): 716-35. 

Deuschl, G., R. Wenzelburger, K. Loffler, J. Raethjen and H. Stolze (2000a). "Essential tremor 

and cerebellar dysfunction clinical and kinematic analysis of intention tremor." Brain 123 

( Pt 8): 1568-80. 

Deuschl, G., R. Wenzelburger and J. Raethjen (2000b). "Tremor." Curr Opin Neurol 13(4): 437-

43. 



 

 179 

Deuschl, G., R. Zimmermann, H. Genger and C. H. Lucking (1995). Physiologic classification of 

essential tremor. Handbook of Tremor Disorders. L. J. Findley and W. C. Koller. New 

York, Marcel Dekker: 195-208. 

Dogu, O., S. Sevim, H. Camdeviren, T. Sasmaz, R. Bugdayci, M. Aral, H. Kaleagasi, S. Un and 

E. D. Louis (2003). "Prevalence of essential tremor: door-to-door neurologic exams in 

Mersin Province, Turkey." Neurology 61(12): 1804-6. 

Dogu, O., S. Sevim, E. D. Louis, H. Kaleagasi and M. Aral (2004). "Reduced body mass index in 

patients with essential tremor: a population-based study in the province of Mersin, 

Turkey." Archives of Neurology 61(3): 386-9. 

Duval, C. and J. Jones (2005). "Assessment of the amplitude of oscillations associated with high-

frequency components of physiological tremor: impact of loading and signal 

differentiation." Exp Brain Res 163(2): 261-6. 

Duval, C., A. F. Sadikot and M. Panisset (2004). "The detection of tremor during slow alternating 

movements performed by patients with early Parkinson's disease." Exp Brain Res 154(3): 

395-8. 

Earhart, G. M. and A. J. Bastian (2001). "Selection and coordination of human locomotor forms 

following cerebellar damage." J Neurophysiol 85(2): 759-69. 

Elble, R. and G. Deuschl (2002). Tremor. Neuromuscular function and disease: basic, clinical and 

electrodiagnostic aspects. W. F. Brown, C. F. Bolton and M. J. Aminoff. Philadelphia, 

PA, W.B. Saunders Company. 2: 1759-1779. 

Elble, R. J. (1986). "Physiologic and essential tremor." Neurology 36(2): 225-31. 

Elble, R. J. (1995). "The role of aging in the clinical expression of essential tremor." Exp 

Gerontol 30(3-4): 337-47. 

Elble, R. J. (1996). "Central mechanisms of tremor." J Clin Neurophysiol 13(2): 133-44. 



 

 180 

Elble, R. J. (1998). "Tremor in ostensibly normal elderly people." Mov Disord 13(3): 457-64. 

Elble, R. J. (2000a). "Diagnostic criteria for essential tremor and differential diagnosis." 

Neurology 54(11 Suppl 4): S2-6. 

Elble, R. J. (2000b). "Essential tremor frequency decreases with time." Neurology 55(10): 1547-

51. 

Elble, R. J. (2003a). "Characteristics of physiologic tremor in young and elderly adults." Clin 

Neurophysiol 114(4): 624-35. 

Elble, R. J. (2003b). Physiologic and enhanced physiologic tremor. Movement Disorders. M. 

Hallett. Amsterdam, Elsevier, B.V. 1: 357-364. 

Elble, R. J. (2006). "Report from a U.S. conference on essential tremor." Mov Disord 21(12): 

2052-61. 

Elble, R. J., C. Higgins and S. Elble (2005). "Electrophysiologic transition from physiologic 

tremor to essential tremor." Mov Disord 20(8): 1038-42. 

Elble, R. J., C. Higgins and L. Hughes (1992). "Longitudinal study of essential tremor." 

Neurology 42(2): 441-3. 

Elble, R. J., C. Higgins and L. Hughes (1994a). "Essential tremor entrains rapid voluntary 

movements." Exp Neurol 126(1): 138-43. 

Elble, R. J., C. Higgins, K. Leffler and L. Hughes (1994b). "Factors influencing the amplitude 

and frequency of essential tremor." Mov Disord 9(6): 589-96. 

Elble, R. J., C. Higgins and C. J. Moody (1987). "Stretch reflex oscillations and essential tremor." 

J Neurol Neurosurg Psychiatry 50(6): 691-8. 

Elble, R. J., S. L. Pullman, J. Y. Matsumoto, J. Raethjen, G. Deuschl and R. Tintner (2006). 

"Tremor amplitude is logarithmically related to 4- and 5-point tremor rating scales." 

Brain 129(Pt 10): 2660-6. 



 

 181 

Elble, R. J. and J. E. Randall (1976). "Motor-unit activity responsible for 8- to 12-Hz component 

of human physiological finger tremor." J Neurophysiol 39(2): 370-83. 

Enoka, R. M. (1996). "Eccentric contractions require unique activation strategies by the nervous 

system." J Appl Physiol 81(6): 2339-46. 

Enoka, R. M., R. A. Burnett, A. E. Graves, K. W. Kornatz and D. H. Laidlaw (1999). "Task- and 

age-dependent variations in steadiness." Prog Brain Res 123: 389-95. 

Enoka, R. M., E. A. Christou, S. K. Hunter, K. W. Kornatz, J. G. Semmler, A. M. Taylor and B. 

L. Tracy (2003). "Mechanisms that contribute to differences in motor performance 

between young and old adults." J Electromyogr Kinesiol 13(1): 1-12. 

Enoka, R. M. and A. J. Fuglevand (2001). "Motor unit physiology: some unresolved issues." 

Muscle Nerve 24(1): 4-17. 

Fahn, S., E. Tolosa and C. Marin (1988). Clinical rating scale for tremor. Parkinson's Disease and 

Movement Disorders. J. Jankovic and E. Tolosa. Baltimore, MD, Urban & 

Schwarzenberg: 225-234. 

Farmer, S. F., F. D. Bremner, D. M. Halliday, J. R. Rosenberg and J. A. Stephens (1993). "The 

frequency content of common synaptic inputs to motoneurones studied during voluntary 

isometric contraction in man." J Physiol 470: 127-55. 

Feys, P., W. Helsen, M. Buekers, T. Ceux, E. Heremans, B. Nuttin, P. Ketelaer and X. Liu 

(2006). "The effect of changed visual feedback on intention tremor in multiple sclerosis." 

Neurosci Lett 394(1): 17-21. 

Feys, P., W. F. Helsen, A. Lavrysen, B. Nuttin and P. Ketelaer (2003a). "Intention tremor during 

manual aiming: a study of eye and hand movements." Mult Scler 9(1): 44-54. 



 

 182 

Feys, P., W. F. Helsen, X. Liu, B. Nuttin, A. Lavrysen, S. P. Swinnen and P. Ketelaer (2005). 

"Interaction between eye and hand movements in multiple sclerosis patients with 

intention tremor." Mov Disord 20(6): 705-13. 

Feys, P. G., A. Davies-Smith, R. Jones, A. Romberg, J. Ruutiainen, W. F. Helsen and P. Ketelaer 

(2003b). "Intention tremor rated according to different finger-to-nose test protocols: a 

survey." Arch Phys Med Rehabil 84(1): 79-82. 

Findley, L. J. (2000). "Epidemiology and genetics of essential tremor." Neurology 54(11 Suppl 

4): S8-S13. 

Findley, L. J. (2004). "Expanding clinical dimensions of essential tremor.[comment]." Journal of 

Neurology, Neurosurgery & Psychiatry 75(7): 948-9. 

French, A. P. (1971). Vibration and waves. New York, W.W. Norton & Company, Inc. . 

Frima, N. and R. A. Grunewald (2005). "Abnormal vibration induced illusion of movement in 

essential tremor: evidence for abnormal muscle spindle afferent function." Journal of 

Neurology, Neurosurgery & Psychiatry 76(1): 55-7. 

Fuglevand, A. J., D. A. Winter and A. E. Patla (1993). "Models of recruitment and rate coding 

organization in motor-unit pools." J Neurophysiol 70(6): 2470-88. 

George, M. S. and R. B. Lydiard (1994). "Social phobia secondary to physical disability. A 

review of benign essential tremor (BET) and stuttering." Psychosomatics 35(6): 520-3. 

Gillies, J. D. (1994). Measurement of physiological and essential tremor. Science and practice in 

clinical neurology. S. C. Gandevia, D. Burke and M. Anthony. Cambridge, University 

Press: 191-201. 

Gironell, A., J. Kulisevsky, B. Pascual-Sedano and D. Flamarich (2005). "Effect of amantadine in 

essential tremor: A randomized, placebo-controlled trial." Mov Disord. 



 

 183 

Graves, A. E., K. W. Kornatz and R. M. Enoka (2000). "Older adults use a unique strategy to lift 

inertial loads with the elbow flexor muscles." J Neurophysiol 83(4): 2030-9. 

Grimes, D. A. (2003). "Tremor--easily seen but difficult to describe and treat." Can J Neurol Sci 

30 Suppl 1: S59-63. 

Gross, J., L. Timmermann, J. Kujala, M. Dirks, F. Schmitz, R. Salmelin and A. Schnitzler (2002). 

"The neural basis of intermittent motor control in humans." Proc Natl Acad Sci 99(4): 

2299-302. 

Hagbarth, K. E. and R. R. Young (1979). "Participation of the stretch reflex in human 

physiological tremor." Brain 102(3): 509-26. 

Hallett, M. and R. M. Dubinsky (1993). "Glucose metabolism in the brain of patients with 

essential tremor." J Neurol Sci 114(1): 45-8. 

Halliday, D. M., B. A. Conway, S. F. Farmer, U. Shahani, A. J. Russell and J. R. Rosenberg 

(2000). "Coherence between low-frequency activation of the motor cortex and tremor in 

patients with essential tremor." Lancet 355(9210): 1149-53. 

Halliday, D. M., J. R. Rosenberg, A. M. Amjad, P. Breeze, B. A. Conway and S. F. Farmer 

(1995). "A framework for the analysis of mixed time series/point process data--theory 

and application to the study of physiological tremor, single motor unit discharges and 

electromyograms." Prog Biophys Mol Biol 64(2-3): 237-78. 

Hamilton, A. F., K. E. Jones and D. M. Wolpert (2004). "The scaling of motor noise with muscle 

strength and motor unit number in humans." Exp Brain Res 157(4): 417-30. 

Harris, C. M. and D. M. Wolpert (1998). "Signal-dependent noise determines motor planning." 

Nature 394(6695): 780-4. 



 

 184 

Hellwig, B., S. Haussler, B. Schelter, M. Lauk, B. Guschlbauer, J. Timmer and C. H. Lucking 

(2001). "Tremor-correlated cortical activity in essential tremor." Lancet 357(9255): 519-

23. 

Helmchen, C., A. Hagenow, J. Miesner, A. Sprenger, H. Rambold, R. Wenzelburger, W. Heide 

and G. Deuschl (2003). "Eye movement abnormalities in essential tremor may indicate 

cerebellar dysfunction." Brain 126(Pt 6): 1319-32. 

Henningsen, H., S. Knecht and B. Ende-Henningsen (1997). "Influence of afferent feedback on 

isometric fine force resolution in humans." Exp Brain Res 113(2): 207-13. 

Héroux, M. E., S. L. Parisi, J. Larocerie-Salgado and K. E. Norman (2006). "Upper-extremity 

disability in essential tremor." Arch Phys Med Rehabil 87(5): 661-70. 

Herzog, J., W. Hamel, R. Wenzelburger, M. Potter, M. O. Pinsker, J. Bartussek, A. Morsnowski, 

F. Steigerwald, G. Deuschl and J. Volkmann (2007). "Kinematic analysis of thalamic 

versus subthalamic neurostimulation in postural and intention tremor." Brain 130(Pt 6): 

1608-25. 

Homberg, V., H. Hefter, K. Reiners and H. J. Freund (1987). "Differential effects of changes in 

mechanical limb properties on physiological and pathological tremor." J Neurol 

Neurosurg Psychiatry 50(5): 568-79. 

Homberg, V., K. Reiners, H. Hefter and H. J. Freund (1986). "The muscle activity spectrum: 

spectral analysis of muscle force as an estimator of overall motor unit activity." 

Electroencephalogr Clin Neurophysiol 63(3): 209-22. 

Hua, S. E. and F. A. Lenz (2005). "Posture-related oscillations in human cerebellar thalamus in 

essential tremor are enabled by voluntary motor circuits." Journal of Neurophysiology 

93(1): 117-27. 



 

 185 

Jain, S., S. E. Lo and E. D. Louis (2006). "Common misdiagnosis of a common neurological 

disorder: how are we misdiagnosing essential tremor?" Arch Neurol 63(8): 1100-4. 

Jenkins, I. H., P. G. Bain, J. G. Colebatch, P. D. Thompson, L. J. Findley, R. S. Frackowiak, C. 

D. Marsden and D. J. Brooks (1993). "A positron emission tomography study of essential 

tremor: evidence for overactivity of cerebellar connections." Ann Neurol 34(1): 82-90. 

Johansson, R. S., G. Westling, A. Backstrom and J. R. Flanagan (2001). "Eye-hand coordination 

in object manipulation." J Neurosci 21(17): 6917-32. 

Jones, K. E., A. F. Hamilton and D. M. Wolpert (2002). "Sources of signal-dependent noise 

during isometric force production." J Neurophysiol 88(3): 1533-44. 

Joyce, G. C. and P. M. Rack (1971). "The effect of load on elbow tremor." J Physiol 217(1): 36P-

37P. 

Kakuda, N., M. Nagaoka and J. Wessberg (1999). "Common modulation of motor unit pairs 

during slow wrist movement in man." J Physiol 520 Pt 3: 929-40. 

Kendi, A. T., F. U. Tan, M. Kendi, H. H. Erdal and S. Tellioglu (2005). "Magnetic resonance 

spectroscopy of the thalamus in essential tremor patients." J Neuroimaging 15(4): 362-6. 

Kern, D. S., J. G. Semmler and R. M. Enoka (2001). "Long-term activity in upper- and lower-

limb muscles of humans." J Appl Physiol 91(5): 2224-2232. 

Koller, W., N. Biary and S. Cone (1986). "Disability in essential tremor: effect of treatment." 

Neurology 36(7): 1001-4. 

Kornatz, K. W., E. A. Christou and R. M. Enoka (2005). "Practice reduces motor unit discharge 

variability in a hand muscle and improves manual dexterity in old adults." J Appl Physiol 

98(6): 2072-80. 



 

 186 

Koster, B., G. Deuschl, M. Lauk, J. Timmer, B. Guschlbauer and C. H. Lucking (2002). 

"Essential tremor and cerebellar dysfunction: abnormal ballistic movements." J Neurol 

Neurosurg Psychiatry 73(4): 400-5. 

Kronenbuerger, M., M. Gerwig, B. Brol, F. Block and D. Timmann (2007). "Eyeblink 

conditioning is impaired in subjects with essential tremor." Brain 130(Pt 6): 1538-51. 

Kurtzer, I., T. M. Herter and S. H. Scott (2005). "Random change in cortical load representation 

suggests distinct control of posture and movement." Nat Neurosci 8(4): 498-504. 

Laidlaw, D. H., M. Bilodeau and R. M. Enoka (2000). "Steadiness is reduced and motor unit 

discharge is more variable in old adults." Muscle Nerve 23(4): 600-12. 

Laidlaw, D. H., K. W. Kornatz, D. A. Keen, S. Suzuki and R. M. Enoka (1999). "Strength 

training improves the steadiness of slow lengthening contractions performed by old 

adults." J Appl Physiol 87(5): 1786-95. 

Lakie, M., E. G. Walsh and G. W. Wright (1984). "Resonance at the wrist demonstrated by the 

use of a torque motor: an instrumental analysis of muscle tone in man." J Physiol 353: 

265-85. 

Lakie, M., E. G. Walsh and G. W. Wright (1986). "Passive mechanical properties of the wrist and 

physiological tremor." J Neurol Neurosurg Psychiatry 49(6): 669-76. 

Larocerie-Salgado, J., S. Parisi, M. Héroux and K. E. Norman (2005). Upper extremity functional 

performance in people with essential tremor. The Eight Annual Scientific Meeting for 

Health Sciences Research Trainees, Kingston, ON. 

Lee Hong, S. and K. M. Newell (2008). "Visual information gain and the regulation of constant 

force levels." Exp Brain Res 189(1): 61-9. 

Lipsitz, L. A. (2004). "Physiological complexity, aging, and the path to frailty." Sci Aging 

Knowledge Environ 2004(16): pe16. 



 

 187 

Liu, X., T. Z. Aziz, R. C. Miall, J. Rowe, S. H. Alusi, P. G. Bain and J. F. Stein (2000). 

"Frequency analysis of involuntary movements during wrist tracking: a way to identify 

ms patients with tremor who benefit from thalamotomy." Stereotact Funct Neurosurg 

74(2): 53-62. 

Liu, X., H. A. Ingram, J. A. Palace and R. C. Miall (1999a). "Dissociation of 'on-line' and 'off-

line' visuomotor control of the arm by focal lesions in the cerebellum and brainstem." 

Neurosci Letters 264(1-3): 121-4. 

Liu, X., C. Miall, T. Z. Aziz, J. A. Palace, P. N. Haggard and J. F. Stein (1997). "Analysis of 

action tremor and impaired control of movement velocity in multiple sclerosis during 

visually guided wrist-tracking tasks." Mov Disord 12(6): 992-9. 

Liu, X., R. C. Miall, T. Z. Aziz, J. A. Palace and J. F. Stein (1999b). "Distal versus proximal arm 

tremor in multiple sclerosis assessed by visually guided tracking tasks." J Neurol 

Neurosurg Psychiatry 66(1): 43-7. 

Liu, X., S. A. Tubbesing, T. Z. Aziz, R. C. Miall and J. F. Stein (1999c). "Effects of visual 

feedback on manual tracking and action tremor in Parkinson's disease." Exp Brain Res 

129(3): 477-81. 

Lorenz, D. and G. Deuschl (2007). "Update on pathogenesis and treatment of essential tremor." 

Curr Opin Neurol 20(4): 447-52. 

Lorenz, D., D. Schwieger, H. Moises and G. Deuschl (2006). "Quality of life and personality in 

essential tremor patients." Mov Disord 21(8): 1114-8. 

Lou, J. S. and J. Jankovic (1991). "Essential tremor: clinical correlates in 350 patients." 

Neurology 41(2 ( Pt 1)): 234-8. 

Louis, E. D. (2005). "Essential tremor." Lancet Neurology 4(2): 100-10. 



 

 188 

Louis, E. D. (2008). "Environmental Epidemiology of Essential Tremor." Neuroepidemiology 

31(3): 139-149. 

Louis, E. D., L. Barnes, S. M. Albert, L. Cote, F. R. Schneier, S. L. Pullman and Q. Yu (2001). 

"Correlates of functional disability in essential tremor." Mov Disord 16(5): 914-20. 

Louis, E. D., L. F. Barnes, K. J. Wendt, S. M. Albert, S. L. Pullman, Q. Yu and F. R. Schneier 

(2000). "Validity and test-retest reliability of a disability questionnaire for essential 

tremor." Mov Disord 15(3): 516-23. 

Louis, E. D., L. S. Honig, J. P. Vonsattel, D. M. Maraganore, S. Borden and C. B. Moskowitz 

(2005). "Essential tremor associated with focal nonnigral Lewy bodies: a 

clinicopathologic study." Arch Neurol 62(6): 1004-7. 

Louis, E. D., G. A. Keating, K. T. Bogen, E. Rios, K. M. Pellegrino and P. Factor-Litvak (2008). 

"Dietary epidemiology of essential tremor: meat consumption and meat cooking 

practices." Neuroepidemiology 30(3): 161-6. 

Louis, E. D., R. Ottman and W. A. Hauser (1998). "How common is the most common adult 

movement disorder? estimates of the prevalence of essential tremor throughout the 

world." Mov Disord 13(1): 5-10. 

Louis, E. D., D. C. Shungu, S. Chan, X. Mao, E. C. Jurewicz and D. Watner (2002). "Metabolic 

abnormality in the cerebellum in patients with essential tremor: a proton magnetic 

resonance spectroscopic imaging study." Neurosci Lett 333(1): 17-20. 

Louis, E. D., J. P. Vonsattel, L. S. Honig, A. Lawton, C. Moskowitz, B. Ford and S. Frucht 

(2006a). "Essential tremor associated with pathologic changes in the cerebellum." Arch 

Neurol 63(8): 1189-93. 

Louis, E. D., J. P. Vonsattel, L. S. Honig, G. W. Ross, K. E. Lyons and R. Pahwa (2006b). 

"Neuropathologic findings in essential tremor." Neurology 66(11): 1756-9. 



 

 189 

Lyons, K. E. and R. Pahwa (2004). "Deep brain stimulation and essential tremor." Journal of 

Clinical Neurophysiology 21(1): 2-5. 

Marks, D. M., C. U. Pae and A. A. Patkar (2008). "Potential role of pregabalin in the treatment of 

lithium-induced tremor: a case report." Int J Neuropsychopharmacol: 1-3. 

Marshall, J. (1962). "Observations on essential tremor." J Neurol Neurosurg Psychiatry 25: 122-

5. 

Marshall, M. M. and T. J. Armstrong (2004). "Observational assessment of forceful exertion and 

the perceived force demands of daily activities." J Occup Rehabil 14(4): 281-94. 

Massaquoi, S. and M. Hallett (1996). "Kinematics of initiating a two-joint arm movement in 

patients with cerebellar ataxia." Can J Neurol Sci 23(1): 3-14. 

Matthews, P. B. (1993). "Interaction between short- and long-latency components of the human 

stretch reflex during sinusoidal stretching." J Physiol 462: 503-27. 

Matthews, P. B. (1994). "The simple frequency response of human stretch reflexes in which 

either short- or long-latency components predominate." J Physiol 481 ( Pt 3): 777-98. 

McAuley, J. H., S. F. Farmer, J. C. Rothwell and C. D. Marsden (1999). "Common 3 and 10 Hz 

oscillations modulate human eye and finger movements while they simultaneously track 

a visual target." J Physiol 515 ( Pt 3): 905-17. 

McAuley, J. H. and C. D. Marsden (2000). "Physiological and pathological tremors and rhythmic 

central motor control." Brain 123 ( Pt 8): 1545-67. 

McDonald, J. (2007). Handbook of Biological Statistics, 

http://udel.edu/~mcdonald/statintro.html. 

Merton, P. A., H. B. Morton and C. Rashbass (1967). "Visual feedback in hand tremor." Nature 

216(115): 583-4. 



 

 190 

Milner-Brown, H. S., R. B. Stein and R. Yemm (1973). "The contractile properties of human 

motor units during voluntary isometric contractions." J Physiol 228(2): 285-306. 

Milner, T. E. and C. Cloutier (1998). "Damping of the wrist joint during voluntary movement." 

Exp Brain Res 122(3): 309-17. 

Missenard, O., D. Mottet and S. Perrey (2008). "Muscular fatigue increases signal-dependent 

noise during isometric force production." Neurosci Lett 437(2): 154-7. 

Myers, L. J., M. Lowery, M. O'Malley, C. L. Vaughan, C. Heneghan, A. St Clair Gibson, Y. X. 

Harley and R. Sreenivasan (2003). "Rectification and non-linear pre-processing of EMG 

signals for cortico-muscular analysis." J Neurosci Methods 124(2): 157-65. 

Norman, K. E., R. Edwards and A. Beuter (1999). "The measurement of tremor using a velocity 

transducer: comparison to simultaneous recordings using transducers of displacement, 

acceleration and muscle activity." J Neurosci Methods 92(1-2): 41-54. 

Nowak, D. A., J. Hermsdorfer, C. Marquardt and H. H. Fuchs (2002). "Grip and load force 

coupling during discrete vertical arm movements with a grasped object in cerebellar 

atrophy." Exp Brain Res 145(1): 28-39. 

Nowak, D. A., J. Rothwell, H. Topka, M. M. Robertson and M. Orth (2005). "Grip force behavior 

in Gilles de la Tourette syndrome." Mov Disord 20(2): 217-23. 

Pagan, F. L., J. A. Butman, J. M. Dambrosia and M. Hallett (2003). "Evaluation of essential 

tremor with multi-voxel magnetic resonance spectroscopy." Neurology 60(8): 1344-7. 

Pahwa, R. and K. E. Lyons (2003). "Essential tremor: differential diagnosis and current therapy." 

Am J Med 115(2): 134-42. 

Parisi, S. L., M. E. Heroux, E. G. Culham and K. E. Norman (2006). "Functional mobility and 

postural control in essential tremor." Arch Phys Med Rehabil 87(10): 1357-64. 



 

 191 

Perotto, A. O. (1994). Anatomical guide for the electrmyographer: the limbs and trunk. 

Springfield, IL, Charles C Thomas - Publisher. 

Pincus, S. and B. H. Singer (1996). "Randomness and degrees of irregularity." Proc Natl Acad 

Sci U S A 93(5): 2083-8. 

Pincus, S. M. (1991). "Approximate entropy as a measure of system complexity." Proc Natl Acad 

Sci U S A 88(6): 2297-301. 

Pinto, A. D., A. E. Lang and R. Chen (2003). "The cerebellothalamocortical pathway in essential 

tremor." Neurology 60(12): 1985-7. 

Prodoehl, J., D. M. Corcos and D. E. Vaillancourt (2006). "Effects of focal hand dystonia on 

visually guided and internally guided force control." J Neurol Neurosurg Psychiatry 

77(8): 909-14. 

Putzke, J. D., R. E. Wharen, Jr., A. A. Obwegeser, Z. K. Wszolek, J. A. Lucas, M. F. Turk and R. 

J. Uitti (2004). "Thalamic deep brain stimulation for essential tremor: recommendations 

for long-term outcome analysis." Can J Neurol Sci 31(3): 333-42. 

Raethjen, J., R. B. Govindan, F. Kopper, M. Muthuraman and G. Deuschl (2007). "Cortical 

involvement in the generation of Essential Tremor." J Neurophysiol. In Press. 

Raethjen, J., M. Lauk, B. Koster, U. Fietzek, L. Friege, J. Timmer, C. H. Lucking and G. Deuschl 

(2004). "Tremor analysis in two normal cohorts." Clin Neurophysiol 115(9): 2151-6. 

Raethjen, J., F. Pawlas, M. Lindemann, R. Wenzelburger and G. Deuschl (2000). "Determinants 

of physiologic tremor in a large normal population." Clin Neurophysiol 111(10): 1825-

37. 

Rajput, A., C. A. Robinson and A. H. Rajput (2004). "Essential tremor course and disability: A 

clinicopathologic study of 20 cases." Neurology 62(6): 932-6. 



 

 192 

Robichaud, J. A., K. D. Pfann, D. E. Vaillancourt, C. L. Comella and D. M. Corcos (2005). 

"Force control and disease severity in Parkinson's disease." Mov Disord 20(4): 441-50. 

Rosenberg, J. R., A. M. Amjad, P. Breeze, D. R. Brillinger and D. M. Halliday (1989). "The 

Fourier approach to the identification of functional coupling between neuronal spike 

trains." Prog Biophys Mol Biol 53(1): 1-31. 

Rothwell, J. C., M. M. Traub, B. L. Day, J. A. Obeso, P. K. Thomas and C. D. Marsden (1982). 

"Manual motor performance in a deafferented man." Brain 105 (Pt 3): 515-42. 

Schiffman, J. M., C. W. Luchies, L. Piscitelle, L. Hasselquist and K. N. Gregorczyk (2006). 

"Discrete bandwidth visual feedback increases structure of output as compared to 

continuous visual feedback in isometric force control tasks." Clin Biomech (Bristol, 

Avon) 21(10): 1042-50. 

Schmid, M., L. Casabianca, A. Bottaro and M. Schieppati (2008). "Graded changes in balancing 

behavior as a function of visual acuity." Neurosci 153(4): 1079-91. 

Schnitzler, A., L. Timmermann and J. Gross (2006). "Physiological and pathological oscillatory 

networks in the human motor system." J Physiol Paris 99(1): 3-7. 

Sekiguchi, H., Y. Kohno, T. Hirano, M. Akai, Y. Nakajima and K. Nakazawa (2007). 

"Modulation of corticospinal excitability during lengthening and shortening contractions 

in the first dorsal interosseus muscle of humans." Exp Brain Res 178(3): 374-84. 

Semmler, J. G., K. W. Kornatz, D. V. Dinenno, S. Zhou and R. M. Enoka (2002). "Motor unit 

synchronisation is enhanced during slow lengthening contractions of a hand muscle." J 

Physiol 545(Pt 2): 681-95. 

Semmler, J. G., K. W. Kornatz and R. M. Enoka (2003). "Motor-unit coherence during isometric 

contractions is greater in a hand muscle of older adults." J Neurophysiol 90(2): 1346-9. 

Sethi, K. D. (2003). "Tremor." Curr Opin Neurol 16(4): 481-5. 



 

 193 

Shatunov, A., N. Sambuughin, J. Jankovic, R. Elble, H. S. Lee, A. B. Singleton, A. Dagvadorj, J. 

Ji, Y. Zhang, V. E. Kimonis, J. Hardy, M. Hallett and L. G. Goldfarb (2006). 

"Genomewide scans in North American families reveal genetic linkage of essential 

tremor to a region on chromosome 6p23." Brain 129(Pt 9): 2318-31. 

Slifkin, A. B. and K. M. Newell (1999). "Noise, information transmission, and force variability." 

J Exp Psychol Hum Percept Perform 25(3): 837-51. 

Sosnoff, J. J. and K. M. Newell (2006a). "Aging, visual intermittency, and variability in isometric 

force output." J Gerontol B Psychol Sci Soc Sci 61(2): P117-24. 

Sosnoff, J. J. and K. M. Newell (2006b). "Are age-related increases in force variability due to 

decrements in strength?" Exp Brain Res 174(1): 86-94. 

Sosnoff, J. J. and K. M. Newell (2006c). "Information processing limitations with aging in the 

visual scaling of isometric force." Exp Brain Res 170(3): 423-32. 

Sosnoff, J. J., D. E. Vaillancourt and K. M. Newell (2004). "Aging and rhythmical force output: 

loss of adaptive control of multiple neural oscillators." J Neurophysiol 91(1): 172-81. 

Sosnoff, J. J., A. D. Valantine and K. M. Newell (2006). "Independence between the amount and 

structure of variability at low force levels." Neurosci Lett 392(3): 165-9. 

Stacy, M. A., R. J. Elble, W. G. Ondo, S. C. Wu and J. Hulihan (2007). "Assessment of interrater 

and intrarater reliability of the Fahn-Tolosa-Marin Tremor Rating Scale in essential 

tremor." Mov Disord 22(6): 833-8. 

Stein, J. F. and M. Glickstein (1992). "Role of the cerebellum in visual guidance of movement." 

Physiol Rev 72(4): 967-1017. 

Stein, R. B. and M. N. Oguztoreli (1973). "Reflex involvement in the generation and control of 

tremor and clonus." Prog Clin Neurophysiol 5: 28-50. 



 

 194 

Stiles, R. N. (1980). "Mechanical and neural feedback factors in postural hand tremor of normal 

subjects." J Neurophysiol 44(1): 40-59. 

Stoessl, A. J. and J. Rivest (1999). "Differential diagnosis of parkinsonism." Can J Neurol Sci 26 

Suppl 2: S1-4. 

Stolze, H., G. Petersen, J. Raethjen, R. Wenzelburger and G. Deuschl (2001). "The gait disorder 

of advanced essential tremor." Brain 124(Pt 11): 2278-86. 

Sullivan, K. L., R. A. Hauser and T. A. Zesiewicz (2004). "Essential tremor. Epidemiology, 

diagnosis, and treatment." Neurologist 10(5): 250-8. 

Sutton, G. G. and K. Sykes (1967). "The effect of withdrawal of visual presentation of errors 

upon the frequency spectrum of tremor in a manual task." J Physiol 190(2): 281-93. 

Taylor, A. M., E. A. Christou and R. M. Enoka (2003). "Multiple features of motor-unit activity 

influence force fluctuations during isometric contractions." J Neurophysiol 90(2): 1350-

61. 

Topka, H., S. Mescheriakov, A. Boose, R. Kuntz, I. Hertrich, L. Seydel, J. Dichgans and J. 

Rothwell (1999). "A cerebellar-like terminal and postural tremor induced in normal man 

by transcranial magnetic stimulation." Brain 122 ( Pt 8): 1551-62. 

Tracy, B. L. (2007a). "Force control is impaired in the ankle plantarflexors of elderly adults." Eur 

J Appl Physiol 101(5): 629-36. 

Tracy, B. L. (2007b). "Visuomotor contribution to force variability in the plantarflexor and 

dorsiflexor muscles." Hum Mov Sci 26(6): 796-807. 

Tracy, B. L., W. C. Byrnes and R. M. Enoka (2004). "Strength training reduces force fluctuations 

during anisometric contractions of the quadriceps femoris muscles in old adults." J Appl 

Physiol 96(4): 1530-40. 



 

 195 

Tracy, B. L., D. V. Dinenno, B. Jorgensen and S. J. Welsh (2007). "Aging, visuomotor 

correction, and force fluctuations in large muscles." Med Sci Sports Exerc 39(3): 469-79. 

Tracy, B. L. and R. M. Enoka (2002). "Older adults are less steady during submaximal isometric 

contractions with the knee extensor muscles." J Appl Physiol 92(3): 1004-12. 

Trillenberg, P., J. Fuhrer, A. Sprenger, A. Hagenow, D. Kompf, R. Wenzelburger, G. Deuschl, 

W. Heide and C. Helmchen (2005). "Eye-hand coordination in essential tremor." Mov 

Disord. 

Vaillancourt, D. E., P. S. Haibach and K. M. Newell (2006a). "Visual angle is the critical variable 

mediating gain-related effects in manual control." Exp Brain Res 173(4): 742-50. 

Vaillancourt, D. E., M. A. Mayka and D. M. Corcos (2006b). "Intermittent visuomotor processing 

in the human cerebellum, parietal cortex, and premotor cortex." J Neurophysiol 95(2): 

922-31. 

Vaillancourt, D. E. and K. M. Newell (2000). "The dynamics of resting and postural tremor in 

Parkinson's disease." Clin Neurophysiol 111(11): 2046-56. 

Vaillancourt, D. E. and K. M. Newell (2003). "Aging and the time and frequency structure of 

force output variability." J Appl Physiol 94(3): 903-12. 

Vaillancourt, D. E., A. B. Slifkin and K. M. Newell (2001a). "Intermittency in the visual control 

of force in Parkinson's disease." Exp Brain Res 138(1): 118-27. 

Vaillancourt, D. E., A. B. Slifkin and K. M. Newell (2001b). "Regularity of force tremor in 

Parkinson's disease." Clin Neurophysiol 112(9): 1594-603. 

Vaillancourt, D. E., A. B. Slifkin and K. M. Newell (2001c). "Visual control of isometric force in 

Parkinson's disease." Neuropsychologia 39(13): 1410-8. 



 

 196 

Vaillancourt, D. E., A. B. Slifkin and K. M. Newell (2002). "Inter-digit individuation and force 

variability in the precision grip of young, elderly, and Parkinson's disease participants." 

Motor Control 6(2): 113-28. 

Vaillancourt, D. E., J. J. Sosnoff and K. M. Newell (2004). "Age-related changes in complexity 

depend on task dynamics." J Appl Physiol 97(1): 454-5. 

Vaillancourt, D. E., M. M. Sturman, L. Verhagen Metman, R. A. Bakay and D. M. Corcos 

(2003). "Deep brain stimulation of the VIM thalamic nucleus modifies several features of 

essential tremor." Neurology 61(7): 919-25. 

Vallbo, A. B. and J. Wessberg (1993). "Organization of motor output in slow finger movements 

in man." J Physiol 469: 673-91. 

Vasconcellos, W. A., H. H. Alvim, J. R. Saad and A. H. Susin (2007). "Effects of surface 

treatment on the microtensile bond strength of ceramic materials to dentin." Acta Odontol 

Latinoam 20(2): 103-7. 

Vilis, T. and J. Hore (1977). "Effects of changes in mechanical state of limb on cerebellar 

intention tremor." J Neurophysiol 40(5): 1214-24. 

Vogels, I. M. (2004). "Detection of temporal delays in visual-haptic interfaces." Hum Factors 

46(1): 118-34. 

Welsh, S. J., D. V. Dinenno and B. L. Tracy (2007). "Variability of quadriceps femoris motor 

neuron discharge and muscle force in human aging." Exp Brain Res 179(2): 219-33. 

Wenderoth, N. and O. Bock (1999). "Load dependence of simulated central tremor." Biol Cybern 

80(4): 285-90. 

Wills, A. J., I. H. Jenkins, P. D. Thompson, L. J. Findley and D. J. Brooks (1994). "Red nuclear 

and cerebellar but no olivary activation associated with essential tremor: a positron 

emission tomographic study." Ann Neurol 36(4): 636-42. 



 

 197 

Yao, W., R. J. Fuglevand and R. M. Enoka (2000). "Motor-unit synchronization increases EMG 

amplitude and decreases force steadiness of simulated contractions." J Neurophysiol 

83(1): 441-52. 

 

 



 

 198 

APPENDICES



 

 199 

APPENDIX 1 

School of Rehabilitation Therapy, Queen's University 

INFORMATION AND CONSENT FORM FOR RESEARCH PROJECT 
 
 
Title of project: The effect of mass loading and contraction type on wrist tremor in individuals 

with essential tremor 

 

 Investigators: 

Mr. Martin Héroux 
Doctoral Student, School of Rehabilitation Therapy 
613-533-6103 (office) 
613-533-6000, ext 78005 (lab) 
 
Dr. Kathleen Norman 
Assistant Professor, School of Rehabilitation Therapy 
613-533-6104 (office) 
613-533-6000, ext 78005 (lab) 
 
Dr. Giovanna Pari 
Neurologist and Assistant Professor, Department of Medicine 
613-548-2519 

 
Background Information: 

The purpose of the study is to gain a better understanding of how varying levels of muscular activity 
performed under different functional requirements affect hand tremor amplitude and regularity in 
individuals with essential tremor.  

Essential tremor is a relatively common condition, affecting about 1-7 people out of every 200. The 
hallmark of this neurological condition is a tremor, typically visible in a person’s hands. Despite a rise in 

essential tremor research in recent years and the dominance of hand tremor in the clinical presentation, 
there remains several important unanswered questions regarding the behaviour of hand tremor of 
individuals with essential tremor. Although simple in nature, even the question “Is tremor bigger when 

someone holds a pencil or a hammer?” cannot be answered based on current research. Similarly, it is 

unclear whether tremor behaves differently when someone holds objects of various weights, as in the 
previous example, versus when someone applies a constant force against a rigid object. This latter 
conditions occurs in everyday life when you grasp a glass of water before you lift it or when you press a 
doorbell button. This research project aims to evaluate many aspects of hand tremor in a large group of 
people with essential tremor in order to understand how various factors that you experience in everyday life 
influence key characteristics of hand tremor.   

We invite you to participate in this research project if you fit into either of the following categories: 

(i) you have essential tremor affecting one or both of your hands but have no other disorders of 
the nervous system and you have no muscle, joint or bone problems that affect your ability to 
exert force and support loads with you hands; 

(ii) if you are of approximately the same age as people with essential tremor, have no disorders of 
the nervous system and you have no muscle, joint or bone problems that affect your ability to 
exert force and support loads with you hands. 
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Description of involvement: 

This project will involve two visits to the School of Rehabilitation Therapy Motor Performance laboratory 
that will take a maximum of two hours each. These visits will be scheduled at your convenience on separate 
days within a week or two of each other. If you come by car, we will be able to provide a reserved parking 
spot for the duration of your laboratory time. You should wear comfortable clothes, including a short sleeve 
shirt.  Over the course of the visit, you will be asked to participate in the following procedures (not 
necessarily in this order): 

Interview and questionnaires: you will be asked for a brief medical history, including a list of any 
medications you take. If you have tremor, you will be asked about how long since your tremor was first 
noticed. You will be asked to complete questionnaires about activities that may be affected by tremor as 
well as your level of anxiety. 

Measurement of everyday functional tasks: you will be asked to perform a series of nine everyday tasks 
that require you to use your arms and hands. You will be seated while you complete these tasks and your 
performance will be timed with a stop-watch. 

Clinical rating of tremor severity: you will be asked to rest, hold steady and move your hands and arm 
while being videotaped and a neurologist who is a movement disorders specialist will subsequently 
evaluate your tremor. The neurologist will also assess your tremor based a writing and simple drawing 
sample. To ensure your anonymity, your face will not appear on the video.  

Measurement of tremor: you will be asked to maximally contract you wrist extensor muscles three times 
for approximately 5 seconds against a solid bar attached to a sensing device. You will also be asked to lift 
weights of increasing mass in order to determine the maximal load that you can lift with you wrist 
extensors. Next, you will be asked to hold your hand steady for 15-20 seconds while supporting a series of 
light to moderate loads. Finally, you will asked to hold steady a series of contractions ranging in intensity 
from light to moderate for 25-20 seconds. These contractions will be performed against a solid bar attached 
to a sensing device, and information regarding the intensity of the contractions will be presented to you on 
a computer monitor.     

Risks: 

The testing process may be tiring for your forearm muscles. You will automatically be given rest breaks 
between tests and you can ask for more rest breaks or longer rest breaks whenever you wish. 

One of the recordings of hand tremor is made with sensors that use lasers. The laser beams will always be 
pointed away from your face, and they are of a type that does not pose a risk to your health as long as you 
do not try to look directly into the source of the laser beam.  

Benefits:  

You will not directly benefit from participating in this research project. However, you will help us to 
understand the condition of essential tremor better and that may eventually lead to better treatments. 

Confidentiality:  

All information obtained during this research project will be strictly confidential and your anonymity will 
be protected at all times. A participation identification number will be assigned to the data of each 
participant and this information will be kept in a secure location. Only the investigators will have access to 
the information collected. When the results are reported, your identity will not be revealed because we will 
only be revealing the general characteristics of the group (e.g., average age, range of ages, number of men 
and women, duration of tremor for the participants with essential tremor, etc.). 

Voluntary nature of the research project / freedom to withdraw:  
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Your participation is completely voluntary. You may withdraw at any time for any reason and you do not 
have to explain your reasons. If you have essential tremor, your decision about whether to participate or to 
withdraw will have no effect on the care you receive from your family doctor, or neurologist if applicable. 

Compensation: 

You will not receive any payment for your participation. You will be reimbursed for transportation and/or 
parking expenses if you have any. 
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(i) Statement of Participant 
 

I have read and understood the information provided about the research project. I have had the purposes, 
procedures and risks/benefits of this research project explained to me. I have been given sufficient time to 
consider this information and seek advice. I know that I may withdraw at any time. I will be given a 
photocopy of this page and the previous two pages for me to keep. I know that I have the right to discuss 
my concerns about the research project at any time with the investigators. 
 
Dr. Kathleen E. Norman   (613) 533-6104 (office) 

(613) 533-6000, ext 78005 (laboratory) 
Mr. Martin Héroux  613 533-6103 (office) 

(613) 533-6000, ext 78005 (laboratory) 
Dr. Giovanna Pari  (613) 548-2519 
 
or  with the Director of the School of Rehabilitation Therapy 
 
Dr. Elsie Culham  (613) 533-6727 
 
or  with the Chair of the Queen's University Health Sciences Research Ethics Board 
 
Dr. Albert F. Clark  (613) 533-6081 
 
 
I am voluntarily signing this form and thus agreeing to participate in this research project. 

 

 

 

_______________________________ 
Participant’s name in block letters 
 
 
_______________________________                                _________________________ 
Signature of participant                                                         Date 
 
 
_______________________________                                _________________________ 
Signature of witness                                                              Date 
 
 

Statement of Investigator: 

 
To my knowledge, the research project has been carefully explained to the participant. In my judgement the 
participant understands clearly the nature of the research project and the demands, risks and benefits 
involved. Therefore, in my judgment the participant is voluntarily and knowingly giving informed consent 
and possesses the legal capacity to give informed consent to participate in this research project. 
 
 
_____________________________                                     ________________________ 
Signature of investigator                                                         Date 
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APPENDIX 2 

Information page 

 

Name:        Participant code: 

 

Date of birth: _______ / _______ / _______  Date of testing: _______ / _______ / _______ 

    (year)   (month)     (date)   (year)   (month)     (date) 

 

Hand dominance:________________  Snellen Eye Chart score: ________________ 

 

Are you employed (for wage/salary)? 

 working full-time           Occupation / Job description: _____________________ 

 working part-time          Occupation / Job description: _____________________ 

 home-maker 

 retired                Former occupation: _____________________ 

If yes, did tremor play a factor in when you retired? ______________ 

 other   Explain: ___________________________________________________ 

 

Body parts affected by tremor, and when tremor first became noticeable (subjectively, not necessarily diagnosed) 

right hand  not affected  when I was ___________ years old 

 approximately ____ years ago  In_ ___   (year) / (and month if known) 

left hand  not affected  when I was ___________ years old 

 approximately ____ years ago  In_____ (year) / (and month if known) 

head  not affected  when I was ___________ years old 

 approximately ____ years ago  In_____ (year) / (and month if known)) 

voice  not affected  when I was ___________ years old 

 approximately ____ years ago  in _____ (year) / (and month if known) 

other 
(specify) 

 not affected  when I was ___________ years old 

 approximately ___ years ago  In___  (year) / (and month if known) 

 

Has your tremor been formally diagnosed as essential tremor?   Yes    No 

If yes: By whom? [family doctor, neurologist, other] 

Based on what body part? [right or left hand, head, voice, other] 

When? 

 

Do you take medications for essential tremor?      Yes    No 

If yes: What is (are) name(s) of medication(s)? 

What is (are) total daily dose(s) of each medication? 
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For how long have you taken the medication(s)? 

 

Are you aware of any factors that make your tremor temporarily better or temporarily worse? 

physical stress/exs  reduces my tremor  makes my tremor worse  not aware of any effect 

emotional stress  reduces my tremor  makes my tremor worse  not aware of any effect 

being sleepy/tired  reduces my tremor  makes my tremor worse  not aware of any effect 

consuming alcohol   reduces my tremor  makes my tremor worse  not aware of any effect 

temperature - hot  reduces my tremor  makes my tremor worse  not aware of any effect 

temperature - cold  reduces my tremor  makes my tremor worse  not aware of any effect 

Other ________  reduces my tremor  makes my tremor worse  not aware of any effect 

 

Do you take any other medications regularly?      Yes    No 

If yes: What are their names / purposes? 

 

Do you have any chronic or recurrent health problems?    Yes    No 

Types: arthritis (RA, OA, other), other joint or bone problems 

diabetes [if yes, for how long?] 

hypertension and/or heart disease 

lung disease 

thyroid problems, or other endocrine 

other 

Does anyone else in your family have tremor that is anything like yours?    Yes    No 

If yes: What is the relationship? [sibling, parent, child, aunt/uncle, cousin] 

Has that person’s (or those person’s) tremor been formally diagnosed? 

If yes, is the diagnosis “essential tremor” or is it something else? 

 

Does anyone in your family have a diagnosed neurological or developmental disorder?    Yes    No 

If yes: What is it? [e.g., Fragile X developmental disability, Parkinson’s disease, dystonia, other] 

 

 

ANY OTHER COMMENTS (ABOUT ANYTHING): 

 

CONTACT INFORMATION FOR STUDY SUMMARY: 
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APPENDIX 3 
 

TREMOR DISABILITY SCALE 

 

For each item, please check one of the  square boxes for the statement that is true for you. 
If you check the second box, please also check any of the  circles for the statements that are true for you. 
1. Signing my name 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 
2. Writing a letter, postcard, thank you card, or cheque 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 
3. Typing 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 
4. Placing a letter in an envelope 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 
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For each item, please check one of the  square boxes for the statement that is true for you. 
If you check the second box, please also check any of the  circles for the statements that are true for you. 
 

5. Drinking from a glass 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

 

6. Pouring milk or juice from a bottle 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

7. Carrying a cup of coffee 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

8. Using a spoon to drink soup 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 
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For each item, please check one of the  square boxes for the statement that is true for you. 
If you check the second box, please also check any of the  circles for the statements that are true for you. 
 

9. Carrying a tray of food 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

10. Eating in a restaurant 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

11. Inserting a coin in a pay telephone, washing machine, parking meter, or other slot 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

12. Dialing or pushing buttons on a telephone 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 
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For each item, please check one of the  square boxes for the statement that is true for you. 
If you check the second box, please also check any of the  circles for the statements that are true for you. 
 

13. Holding a telephone to my ear 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

14. Buttoning the buttons on my clothes 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

15. Tying my shoelaces 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

16. Zipping up a zipper (on myself) 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 
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For each item, please check one of the  square boxes for the statement that is true for you. 
If you check the second box, please also check any of the  circles for the statements that are true for you. 
 

17. Putting on my eyeglasses or sunglasses 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

18. Putting in my contact lenses 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

19. Using eye drops 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

20. Cutting, trimming, or filing my fingernails 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 
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For each item, please check one of the  square boxes for the statement that is true for you. 
If you check the second box, please also check any of the  circles for the statements that are true for you. 
 

21. Putting on my wristwatch 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

22. Brushing my teeth 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

23. Replacing paper money (for example, a $5, $10, or $20 bill) in your wallet or purse 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

24. Reading a book, magazine, or newspaper 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 
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For each item, please check one of the  square boxes for the statement that is true for you. 
If you check the second box, please also check any of the  circles for the statements that are true for you. 
 

25. Unlocking door with a key 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

26. Threading a needle 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

27. Using a screwdriver 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

28. Screwing in a light bulb 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 
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For each item, please check one of the  square boxes for the statement that is true for you. 
If you check the second box, please also check any of the  circles for the statements that are true for you. 
 

29. Placing a plug in an electrical socket 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

30. Tying my necktie (males) or putting on lipstick (females) 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 

 

31. Shaving my face (males) or putting on eyeliner (females) 

  my tremor does not affect how I do this activity 

 my tremor affects this activity 

 my tremor is visible in this activity but does not change how I do it 

 my tremor causes me to do this activity differently (from other people, or from how I used to do it) 

 my tremor causes me to do this activity more slowly or less efficiently (than other people, or than 
how I used to do it) 

 I cannot do this activity because of tremor 

 I don’t know because I have not tried to do this activity (recently or ever) 
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Please indicate whether any of these statements are true about you. 
 
32. Does your voice almost always tremble when you talk? 

  no 

 yes 

 
33. Does your head often shake uncontrollably? 

  no 

 yes 

 

34. Does your tremor often embarrass you? 

  no 

 yes 

 

35. Do you have uncontrollable tremor in your legs? 

  no 

 yes 

 

36. Do you have uncontrollable tremor in your trunk? 

  no 

 yes 

 
 

FOR RESEARCH PROJECT STAFF ONLY 

For questions #1 – #31 

No. of items that tremor does not affect (A) x 0 = 0  

No. of items that are done differently, or more slowly or less 
efficiently 

(B) x 1 =  (E) 

No. of items that cannot be done (C) x 2 =  (F) 

No. of items to exclude (i.e., “I don’t know...”) (D)    

TOTAL items known = A+B+C   OR   = 31–D  x 2 =  (G) 

TOTAL hand tremor disability  = [(E+F) / G] x 100%    

For questions #32 – #36 

No. of items with answer “yes”   x 2 =  (H) 

TOTAL overall tremor disability = [(E+F+H) / (G+10)] x 100%   
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APPENDIX 4 

 

 

 

Fahn-Tolosa-Marìn Clinical Rating Scale for Tremor 

 

Section A 

 

1-9. Tremor 

 

0 = None 
1 = Slight (amplitude < 0.5 cm). May be intermittent. 
2 = Moderate amplitude (0.5 – 1 cm). May be intermittent. 
3 = Marked amplitude (1- 2 cm). 
4 = severe amplitude ( > 2 cm). 

 

 

 Rest Postural Action/Intention TOTAL 

5. right UE tremor     

6. left UE tremor     

                                                                                     SUBTOTAL   A:                                                           
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Section B 

 

10. Handwriting 

 

0 = Normal 
1 = Mildly abnormal. Slightly untidy, tremulous. 
2 = Moderately abnormal. Legible, but with considerable tremor. 
3 = Markedly abnormal. Illegible. 
4 = Severely abnormal. Unable to keep pencil or pen on paper without holding hand down with the other 

hand. 
 
11-13. Drawing 

 

0 = Normal 
1 = Slightly tremulous. May cross lines occasionally. 
2 = Moderately tremulous or crosses lines frequency. 
3 = Accomplishes the task with great difficulty. Many errors. 
4 = Unable to complete drawing. (see page 2-3) 
 
14. Pouring 

 

0 = Normal 
1 = More careful than a person without tremor, but no water is spilled. 
2 = Spills a small amount of water (up to 10% of total amount). 
3 = spills a considerable amount of water (> 10-50%). 
4 = Unable to pour without spilling most of the water.  
 
 
 

10. handwriting (dominant only)  

  Left Right TOTAL 

11. drawing A:    

12. drawing B:    

13. drawing C:    

14. pouring    

                            SUBTOTAL B:                                                          
 
 

HANDWRITING:   
 
This is a sample of my best handwriting. 
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DRAWINGS: with right/left hand 

 

                           LEFT          A.         RIGHT 

          

             B. 
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C. (dominant) 
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C. (non-dominant) 
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APPENDIX 5 

Description and Computation of ApEn. Based on work by Pincus (1991). Two input 

parameters m and r, must be fixed to compute ApEn: m is the “length” of compared runs, and r is 

the tolerance for accepting matches. For fixed m and r, the statistical estimate is defined as ApEn 

(m, r, N) given N data points u(1), u(2), …, u(N). Given N data points {u(i)}, form vector 

sequences x(1) through x(N-m+1), defined by x(i) = [u(i), …, u(i + m - 1)]. These vectors 

represent m consecutive u values, commencing with the ith point. Define the distance d[x(i), x(j)] 

between vectors x(i) and x(j) as the maximum difference in their respective scalar components. 

Use the sequence x(1), x(2), …, x(N – m +1) to construct, for each i ≤ N – m +1, (no. of 

j ≤ N – m +1 such that d[x(i), x(j)] ≤ r) / (N – m + 1). The values measure within a 

tolerance r the regularity, or frequency, of patterns similar to a given pattern of window length m. 

Define Ф
m(r) = (N – m +1)-1 – where ln is the natural logarithm. Given N data 

points, the parameter ApEn (m, r) is estimated by defining the statistic ApEn (m, r, N) = Ф
m(r) – 

Ф
m +1(r). Thus, ApEn measures the logorithmic likelihood that runs of patterns that are close for 

m observations remain close for the next incremental comparisons. Greater likelihood of 

remaining close, regularity, produces smaller ApEn values, and conversely.  
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function ApEnscore= ApEn (x, m, r) 

 

%     ApEn  Function that calculates the approximate entropy value of a time series 

% 

%     Synopsis:   ApEnscore= ApEn (x, m, r) 

% 

%     Inputs:            x : time-series to be processed 

%                          m : length of sequences to be compared (typically set to 2) 

%                           r : tolerance for accepting matches (typically set to 0.2)               

% 

%     Output:        Approximate entropy value 

%     Notes: ApEn values typically range between 0 and 2. A sine wave has accurate short- and long-term predictability, which 

 %               corresponds to an ApEn value near 0. For a completely random signal (i.e., white Gaussian noise), each future value in   

%                the time series is independent and not predictable from previous values, and the ApEn value tends towards 2.  

% 

%     Algorithm based on work by Pincus et al. 

%     Pincus, S. M. (1991). "Approximate entropy as a measure of system complexity." Proc Natl Acad Sci U S A 88(6): 2297-301. 

%     Pincus, S. M. and A. L. Goldberger (1994). "Physiological time-series analysis: what does regularity quantify?" Am J Physiol      

%    266(4 Pt 2): H1643-56. 

%     Pincus, S. and B. H. Singer (1996). "Randomness and degrees of irregularity." Proc Natl Acad Sci U S A 93(5): 2083-8. 

 

%     Written by:       Martin Héroux (heroux.martin@gmail.com)  

%     Last modified:    April 11, 2008 

 

% --- Determine constants and inniate arrays 

N = length (x); 

SD = std (x); 

arraysimilar = zeros (N - m + 1,1); 

arraysimilar_mplusone = zeros (N - m ,1); 

 

% --- Scroll through 'u' and look at first data subset of length 'm' where the subset is defined as u (1 : 1 + m -1) (template subset).  

%      Compare the template subset with all other subsets of length 'm' in 'u' where these 'comparison' subsets are defined as  

%      u (i : i + m -1) for i = N - m +1. Any 'comparison' subset that has similar values at all indices from 1 to 'm' is considered 

%      similar to the template subset. Similar means the difference between the values at each indices is less than or equal to 'r' 

%      multiplied by SD (standard deviation of 'u'). 'numberofsimilar' is the array that counts the number of data subsets that were 

%      similar to the template subset. When a 'comparison' subset of length m is found to be similar, we verify whether the next point in  

%     the template subset, u (1 + m), is similar the next point in the comparison subset, u (i + m). If this value is considered similar,  

%      'numberofsimilar_mplusone' is incremented by one. Once all 'comparison' subsets have been verified, the count found in  

%      'numberofsimilar' and 'numberofsimilar_mplusone' are saved as the 'i'th value of either 'arraysimilar' or arraysimilar_mplusone'. 

%      This process is repeated for the next template subset (i.e., u (2 : 2 + m -1)) and repeats for all possible template subsets  
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%      u (i : i +m -1) where i = 1 : N - m +1. 

for i = 1 : N - m + 1 

    numberofsimilar = 0;      % setting counter to zero 

    numberofsimilar_mplusone = 0;   % setting counter to zero 

    for j = 1 : N - m + 1 

        k = 0; 

        while  k < m && abs (x (i + k) - x (j + k)) <= r * SD     % determining whether values x (i + k) and x (j + k)) are similar 

            k = k + 1; 

        end 

        if k == m       % Verifiying if all values of subset length 'm' were similar   

            numberofsimilar = numberofsimilar + 1;    % adding one to counter 

            if i < N - m +1 && j < N -m +1      % verification that x (i + k) and x (j + k)) will not ecceed length of 'x' 

                if abs (x (i + k) - x (j + k)) <= r * SD    % determining whether values x (i + k) and x (j + k)) are similar for k = m + 1 

                    numberofsimilar_mplusone = numberofsimilar_mplusone + 1;  % adding one to counter 

                end 

            end 

        end 

    end 

    arraysimilar (i) = numberofsimilar;   % setting the arraysimilar value for the ith point 

    if i ~= N - m + 1 

        arraysimilar_mplusone (i) =  numberofsimilar_mplusone; % setting the arraysimilar_mplusone value for the ith point 

    end 

end 

 

% --- Determine the number of similar subsets as a fraction of the total subsets of length 'm', and then calculate the mean of all of these 
fractions. 

arraysimilarlog = log (arraysimilar); 

Cm = mean (arraysimilarlog); 

 

arraysimilarlog_mplusone = log (arraysimilar_mplusone); 

Cmplusone = mean (arraysimilarlog_mplusone); 

 

% --- The ApEn value is the difference between Cm and Cmplusone 

ApEnscore = Cm - Cmplusone; 

 

% [EOF] 
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APPENDIX 6 

 
 

Essential Tremor Research 
Participant recruitment 

 

 

“Essential tremor” is tremor or shakiness, typically 

affecting a person’s hands and sometimes head. It 

does not include any tremor caused by drugs or any 

medical condition apart from the tremor itself.  

 

We are seeking volunteers for two research projects 

looking at how hand and head tremor are affected  

by various factors and their relationship to functional 

limitations.  

 

If you think you have essential tremor and would   

like to know more about these studies, please 

contact Dr. Kathleen Norman at the Queen’s 

University School of Rehabilitation Therapy,          

tel. (613) 533-6000, ext 78005. 
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APPENDIX 7 

 

 
Authorization for Release of Information 

 

I hereby authorize my family doctor to release information regarding the medical history of my 

tremor to  Dr. Kathleen Norman. 

My family doctor’s name is: __________________________________                                   

My family doctor’s phone number is: __________________________________ 

The location of my family’s doctor’s office 

is: 
__________________________________ 

__________________________________ 

 

I understand that the information from my doctor is to be used by this researcher and her 

colleagues solely for the purpose of participating in a research project entitled The effect of mass 

loading, contraction intensity and contraction type on wrist tremor in individuals with essential 

tremor which has been approved by the Queen’s University Health Sciences Research Ethics 

Board. 

 

Date:_______________________________________________________ 

Expiry Date of Authorization:___________________________________ 

Printed Name:________________________________________________ 

Signature:___________________________________________________ 

NOTE 

This authorization may be cancelled, rescinded or amended in writing at any time prior to the 

expiry date. 

 

Please return this page 

o use the enclosed self-addressed, stamped envelope  

OR  

o fax to (613) 533-6776, Attn: Dr. Kathleen Norman   
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APPENDIX 8 

 

 
[date] 
 
Dr. [first and last name] 
[address]  
 
 
 
Dear Dr. [last name], 

Your patient, [patient name], has expressed interest in participating in a research study entitled 
The effect of mass loading, contraction intensity and contraction type on wrist tremor in 

individuals with essential tremor. This research has been approved by the Queen’s University 

Health Sciences Research Ethics Board. An executive summary of the project has been attached 
for your interest.  

[patient name] has signed a release of information form to allow you to respond to this inquiry 
(see enclosed photocopy). In order for James Lewis to participate, we would appreciate your 
input. 

In the laboratory, we will be able to determine if [patient name] has tremor that resembles 
essential tremor in terms of its size, location and frequency (i.e., typically 4-9 Hz). We would like 
your input as to whether other potential causes of tremor can be ruled out. Please see next page. 

The memo on the next page can be returned to using the enclosed self-addressed, stamped 

envelope or faxed to (613) 533-6776.   

Please note that there are no honoraria for participating in this study. If your patient is eligible and 
chooses to participate in the project, the only costs that will be provided are those related to travel 
and/or parking for the laboratory visits. 

Thank you for your attention. We greatly appreciate your contribution to this research. Should 
you have any questions or concerns regarding the study, please do not hesitate to contact me. 

Sincerely, 
 
 
 
 
 
Kathleen E. Norman, PT, PhD 
Associate Professor 
direct tel: (613) 533-6104 
e-mail: kn4@queensu.ca 
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CONFIDENTIAL  

 

To: Dr. Kathleen Norman, fax 613-533-6776 
From: [family doctor’s name and address] 

Re: [Patient’s Name] 

eligibility for participation in research project 

The effect of mass loading, contraction intensity and contraction type on 

wrist tremor in individuals with essential tremor 
 

Please check if any of the following statements is true about [Patient’s Name].  

 has hyperthyroidism OR has hypothyroidism and is receiving thyroid replacement medication 

 sudden or stepwise onset of tremor: e.g., associated with a prescription medication or 
occupational exposure to a tremorgenic chemical or other neurotoxin 

 history of transient ischemic attack or cerebral vascular accident 

 history of cerebellar damage: e.g., brain trauma, brain tumour, sequelae from surgery, 
infection, etc 

 family history of a cerebellar degenerative disease: e.g., spinocerebellar ataxia; 
olivopontocerebellar atrophy 

 other chronic neurological disorder: e.g., Parkinson’s disease, multiple sclerosis, peripheral 

neuropathy 

OR 
 None of the above six items is applicable to [Patient’s Name] 

 
 
 
 

Signature of physician 
 
 
If the first six potential causes of tremor are not applicable to [Patient’s Name], essential tremor is 
the most likely explanation and we will invite [Patient’s Name] to participate and we will 
examine the tremor more closely. 
 
Please return this page 

o use the enclosed self-addressed, stamped envelope  

OR  

o fax to (613) 533-6776, Attn: Dr. Kathleen Norman   
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Research project: 

The effect of mass loading, contraction intensity and 

contraction type on wrist tremor in individuals with 

essential tremor 

EXECUTIVE SUMMARY 

Essential tremor (ET) is the most common tremor 
disorder and one of the most common neurological 
movement disorders. The hallmark of this condition is 
a tremor, typically visible in a person’s hands. This 
tremor may occur at rest, during antigravity position 
holding and during dynamic movements, and leads to 
activity limitations and reduced quality of life.   

Over the past two decades, there has been an increase in the number of studies focusing on ET, 
ranging from epidemiological and genetic studies trying to identify specific disease markers to 
clinical studies focusing on the therapeutic effects of stereotaxic surgery and tremor-reducing 
medications. Despite this rise in ET research, however, there remain numerous fundamental 
questions that remain unanswered. Of particular relevance to the present study is the fact that, 
even with the dominance of tremor in the clinical presentation of ET, the effects of contraction 
type, contraction intensity and mechanical loading on tremor characteristics are not known. 
Understanding the effects of these factors on tremor characteristics is important to further our 
understanding of the clinical presentation of ET. Moreover, the answer to the research questions 
posed in the present study will provide valuable insight into the pathophysiology of this 
tremorgenic condition as well as guide future research regarding the relationship between tremor 
and disability and the evaluation of the effects of therapeutic interventions aimed at reducing 
tremor in individuals with ET. 

To be eligible for inclusion in the ET group of the current project, subjects must have been 
diagnosed as having ET by the neurologist at the Movement Disorders clinic, or meet the 
published criteria for classic ET:  
 postural or kinetic tremor involving hands and forearms that is visible and persistent 
 additional or isolated tremor of the head may occur but in the absence of abnormal posturing 
 absence of other neurological signs (especially dystonia) or primary orthostatic tremor, 

isolated voice, tongue, chin or leg tremor, or task-specific tremors (e.g., primary writing 
tremor) 

 absence of known causes of enhanced physiological tremor 
 no convincing evidence for sudden onset or stepwise deterioration 

[Deuschl G, Bain P, Brin M, Ad Hoc Scientific Committee. Consensus statement 
of the   Movement Disorder Society on Tremor. Mov Disord 1998; 13 Suppl 3:2-
23.] 

If subjects have not been diagnosed with ET by the neurologist at the Movement Disorders clinic, 
their eligibility will be confirmed by means of examination by a physiotherapist experienced in 
neurological disorders as well as confirmation from the subject’s family physician that other 

causes of tremor have been ruled out. 
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We intend to recruit 30 people with ET and systematically evaluate the effects of contraction 
type, contraction intensity and mechanical loading on hand tremor. The evaluation will be carried 
out in the Motor Performance laboratory of the School of Rehabilitation Therapy at Queen’s 

University. The measures will include amplitude and frequency of hand tremor as well as 
electromyography of the wrist flexors and extensors under various experimental conditions. 
Subjects’ performance will also be evaluated using clinical scales of hand function, tremor-
related disability. The performance of the group of subjects with ET will be compared with the 
performance of a group of 30 control subjects, recruited to age- and sex-match the ET group but 
with no known tremor or other neurological dysfunction. In addition, correlations and other 
analyses will be performed in an attempt to understand the relationship between the various 
laboratory-based measures of tremor and between these measures of tremor and scores on the 
clinical scale.  

 

Principal Investigator:  

Kathleen E. Norman, PT, PhD, Associate Professor [direct telephone: 613-533-6104] 

 
Co-investigators: 

Martin Héroux, PT, M.A., PhD student 
Dr. Giovanna Pari, Neurologist, Assistant Professor 
 

 


