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Abstract 

The pathophysiology of essential tremor (ET) is not clearly understood but is thought to involve 

multiple brain regions. The purpose of this study was to describe in greater detail head tremor in 

ET and to investigate the possible relationship between head and hand tremor. 

Ten ET subjects were recruited (1 male, 9 female) and compared to three control subjects (1 

male, 2 female). Head and hand tremors were recorded simultaneously with surface 

electromyography (EMG) of the wrist extensors and various neck muscles, laser displacement 

sensors (hand tremor), a load cell (hand tremor) and an accelerometer (head tremor). While 

seated, subjects performed four tasks: 1) constant force (10% maximum) wrist extensions (with 

and without visual feedback);  maintenance of the hands in a horizontal posture against gravity 

while 2) seated upright in a chair, 3) seated in a reclined chair (20° backward, head not 

supported);  and 4) seated upright in a chair and producing steady submaximal hip adduction 

forces.   

Head tremor spectral peaks were found between 3.5 and 7 Hz in neck muscle EMG and the 

accelerometer signal. Wrist tremor (EMG and kinematic data) was slightly higher in frequency 

with a range of 4 -10 Hz. Of the ten ET subjects recruited for this study, 60% (n = 6) 

demonstrated significant levels of coherence (p < 0.05) in at least one neck-wrist muscle 

comparison at the fundamental frequency of their tremor. The results demonstrated an obvious 

bias of the trapezius descendens (TD) muscles over the more axial neck muscles to demonstrate 

significant coherence with the extensor carpi radialis (ECR) muscles. Of the six neck muscles 

investigated, the SPLs and the SCMs were commonly driven at the same frequencies (change in 

frequency < 0.5), although this seldom resulted in coherence. There is indication that the 

oscillatory activity driving more distal muscles is different from that in the SPL and the SCM. 

Due to the multifunctional nature of the TD, it may be the recipient of two descending neural 
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commands. These commands may each be of a different oscillatory frequency originating from 

different central oscillators.  
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Chapter 1 

Introduction 

Essential tremor (ET) is a neurological disorder characterized by the rhythmic oscillation of one 

or more body parts. ET is typically characterized by a bilateral tremor with a frequency of 4-9 Hz 

(Masuhr, et al. 2000, Elble. 2000). Since hand tremor is the dominant sign of ET, much of the 

research has focussed on the oscillation of the hands and fingers. However, oscillations can also 

exist in the head, arms, legs and trunk.  

Essential tremor is a progressive and sometimes debilitating condition affecting 4 -5 % of people 

over the age of 40 making it the most common source for abnormal tremor in humans (Louis, et 

al. 2005). As many as 40-45% of individuals with ET exhibit a form of head tremor (Louis, et al. 

2005). Hardesty, and colleagues (2004), found that women with ET were six times more likely to 

develop head tremor than were men with ET. Longitudinal data collected from the Rochester 

Epidemiological Project was used to identify common characteristics of ET in 107 subjects. Head 

tremor was present in 53.6% of women and 13.2% of men. The reason for head tremor 

prevalence amongst women with ET is unknown; however it was found to be independent of 

disease duration (Hardesty, et al. 2004). 

 In a neurophysiological investigation of head tremor, of the 23 cases studied a Yaw or no-no 

form of head tremor was most common (n = 13). Only four subjects presented a Pitch or yes-yes 

tremor and the remaining six subjects had a combination of both (Valls-Sole, et al. 1997). The 

tremorous EMG bursts appeared to exist primarily in one muscle in five of these six patients. This 

suggests that their head tremors may have been driven by the actions of one muscle in particular. 

Tremor bursts from the Splenius Capitis were synchronous in both sides in all but three subjects. 
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The variable nature of head tremor in ET makes it a very interesting area of study. It is therefore 

surprising that head tremor has not yet been the focus of many tremor related studies. In fact, very 

little has been published on the phenomenon of head tremor and little is understood about its 

driving mechanism. Subsequently, there is no standard by which to record head tremor and 

previous attempts to measure it have been incomplete. This research will attempt to develop 

greater understanding as to the mechanism of head tremor and its association with tremor found 

in the upper limbs of people with ET. 

In a recent study Raethjen and colleagues (2000), examined multiple limb tremors in both ET and 

Parkinson’s disease (PD). Surface electromyography (EMG) was used to record bursts from the 

muscles believed to be responsible for the tremors. Tremor related muscle activity was measured 

in the wrists, arms, legs, and in some cases the neck. To compare the burst frequency in each 

signal, a coherence analysis was used. Coherence is a bounded measure of linear correlation 

which detects the frequency components that are common to two independent signals (Farmer, et 

al. 1993). In effect, coherence analysis can be used to identify frequency content in muscle 

activity that is presumed to arise from common presynaptic inputs to motoneurons responsible for 

tremor. It was found that ET subjects most often displayed a reciprocal alternating pattern of 

activation between muscle agonist-antagonist pairs. Furthermore, there was significant coherence 

between muscle pairs of the same limb. Interestingly the coherence was absent when comparing 

motoneuronal bursts from muscles of different limbs (Raethjen, et al. 2000). 

The centrally driven component of ET is believed to originate from within the central nervous 

system (Raethjen, et al. 2000). Abnormal rhythmic entrainment of motoneurons is known to be 

the cause of rhythmic oscillations observed in those subjects with ET (Elble, et al. 1994). The 

burst patterns of muscles recorded by surface electrodes are a direct result of a central command 

initiated from within the brain or spinal cord. The burst intensity of EMG recorded from the 

active muscles is related to tremor amplitude, since EMG is roughly proportional to muscle force 
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(Elble, et al. 1994). There is also a mechanical-reflex component to ET and other tremors, which 

results from both the inertial and elastic properties of the body (Elble, et al. 2005). The frequency 

of tremor is partially determined by the inertia and stiffness of any given joint. Consequently, as 

inertial loads are increased, the frequency of the tremor decreases. Similarly, as the stiffness of a 

joint or body increases so does the frequency of the oscillation (Elble, et al. 2005). Therefore, the 

mechanical-reflex components of each of hand and head tremor are different, dependent on the 

physical characteristics of each body part.  

The exact pathophysiology of ET is still unknown. There is a theory that tremorgenesis arises 

from within the olivo-cerebellar loop (Deuschl and Elble. 2000, Wilms, et al. 1999). The 

cerebellum is principally involved in motor coordination and motor learning. In a study 

conducted by Kronenbuerger and colleagues (2007), they assessed motor learning with eye-blink 

conditioning on 23 ET subjects. The findings revealed a deficit in eye-blink conditioning, 

suggesting cerebellar dysfunction (Kronenbuerger, et al. 2007). As Attwell and colleagues (2002) 

have indicated, a fully functional olivo-cortico-nuclear loop is required for eye-blink conditioning 

to occur successfully (Attwell, et al. 2002). Therefore, it is presumed that that the deficits in 

conditioning observed in ET subjects (Kronenbuerger, et al. 2007) result from an abnormality 

within the inferior olive (IO). These findings are in agreement with a number of other studies 

identifying the role of the IO in motor conditioning and motor learning (Troster, et al. 2002, 

Llinas and Volkind. 1973, Hallett and Dubinsky. 1993).  

Other evidence contradicts the findings that the inferior olive is responsible for the driving central 

mechanism of ET. A positron emission tomographic (PET) study revealed bilateral overactivity 

of the cerebellum and red nuclear connections in ET subjects. However, no such activity was 

observed in the IO of ET subjects as compared to controls (Wills, et al. 1994). Hua and Lenz 

(2005) identified voluntary motor circuits and not the IO as the origin of tremorgenesis in ET 

subjects. In this study, single cell recordings were performed on 152 neurons of the ventral 
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intermediate (Vim)  thalamic nuclei in seven patients with ET prior to thalamotomy. Neurons 

related to active movement had significantly greater tremor-related firing frequencies than did 

neurons related to involuntary movement. With 51% of voluntary movement neurons having a 

concentration of power at the tremor frequency, the authors suggest that motor circuits are 

enabled by tremor related thalamic activity during voluntary movement (Hua and Lenz. 2005). 

In ET, the research indicates that there is a distinction between tremor affecting different limbs of 

the body. The bilateral tremor frequencies observed in the peripheries are not believed to 

originate from the same neural driver. Although tremor frequencies are typically very similar, the 

few studies investigating coherent inter-limb tremor frequencies have failed to identify coherence 

in side-to-side comparisons (Hurtado, et al. 2000, Raethjen, et al. 2000). These findings suggest 

either multiple central driving origins in ET or a divergence of descending neural pathways that 

modify the signal prior to its activation of the motor units. In the few studies where coherence 

analysis has been used to compare tremor frequencies between different body parts, there has 

been little evidence to suggest that they share a common central origin. However, only one study 

(Raethjen, et al. 2000) has investigated the relationship between head tremor and limb tremor. No 

coherence was found between the muscles of the head and hands in ET subjects. 

The purpose of the present study is to examine whether there is evidence that a common central 

driver exists for both head tremor and hand tremor. If evidence could be found that head tremor 

and hand tremor have highly related frequency content, it would imply that they have a common 

driver. It was believed that coherent frequencies would be found between muscles on one side of 

the neck and the muscles of at least one hand. We speculate that the head is driven at a frequency 

reflecting neck muscle activation regardless of which brain hemisphere is driving the tremor. It is 

hypothesized that the muscles responsible for hand tremor ipsilateral to those responsible for head 

tremor will contain similar frequency content and display significantly coherent muscle activity.   
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Chapter 2 

Literature Review 

2.1  Overview 

Tremor has been a subject of interest and an area of medical study for centuries. The Egyptians of 

7th century BC documented what is believed to be a representation of tremor in hieroglyphic 

relief. While other symbols were understood to represent tremor as a result of trauma, these 

specific hieroglyphs are believed to represent a disease-induced state of unknown cause (Louis. 

2000). However, it was not until the 2nd century AD that physicians began to more closely 

examine tremor and differentiate between its many forms. A physician by the name of Claudius 

Galen of Pergamon was first to apply the terms “tremor” when referring to an action tremor and 

“palpitation” when describing a resting tremor (Lyons and Pahwa, Taylor & Francis: 2005).  

Even greater advancements in tremor research occurred in the 18th and 19th centuries when it was 

identified that certain types of tremor appeared to run in families. The term “familial tremor” was 

applied to those tremors that shared clinical characteristics and ran in families. The term 

“essential” was coined in the 19th century and used to describe diseases of unknown cause. It was 

widely used to describe tremor as well as other idiopathic disorders. In 1817, a practitioner by the 

name of James Parkinson distinguished essential tremor from all other tremor disorders and by 

the second half of the 19th century, the term “essential tremor” was the most common name 

applied to this action tremor of unknown cause (Lyons and Pahwa. Taylor & Francis: 2005). 

Since its formal recognition in the 19th century, essential tremor has been the focus of many 

studies leading to greater understanding of the disorder, (Schrag, et al. 2000). ET is typically 

expressed as a bilateral tremor most commonly affecting the hands and upper extremities (Golan, 

et al. 2004).  It is a disorder characterized by a 4-9 Hz frequency oscillation of one or more body 

parts, most often bilateral, and varying in amplitude. This idiopathic disorder is the most common 
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form of abnormal tremor in humans. In many cases, subjects reported hunger, fatigue, 

temperature and heightened emotional states as factors that exacerbate their tremor (Bain, et al. 

1994). ET is known to be a heterogeneous disorder with varying symptoms and levels of severity, 

thus making it very difficult to diagnose. One emerging view of ET is that it may in fact be a 

combination of multiple disorders resulting in the genesis of a kinetic tremor (Louis, et al. 2005, 

Louis. 2001c, Louis, et al. 2001a). This theory is substantiated by the varying nature of ET’s 

etiological, pathological and clinical characteristics.  

It is now known that ET affects approximately 4-5% of people over the age of 60 (Louis, et al. 

2005). This statistic may underestimate the total number of people affected by ET since it is 

estimated that 30-50% of ET cases are misdiagnosed as Parkinson’s Disease (PD) or other forms 

of abnormal tremor (Schrag, et al. 2000). ET is found to affect both men and women equally 

(Lyons, et al. 2003), with the age of tremor onset bimodally distributed with peaks in both the 

second and sixth decades of life (Bain, et al. 1994).  The majority of reported cases are of people 

over the age of 65; however there have been reported cases of childhood-onset essential tremor. 

In a study conducted by Jankovic, Madisetty and Vuong (2004), 39 children with diagnosed ET 

were observed for common clinical characteristics. The mean age of onset was 8.8 + 5.0 years, 

with male children accounting for 74.4% of the studied cases. A family history of ET was 

identified for 79.5% of the subjects, supporting the theory that ET may be an autosomal dominant 

disorder (Jankovic, et al. 2005). All children exhibited hand tremor while 7, 9 and 10 had head, 

voice and leg tremor respectively. 

Although it is most commonly observed in the hands, ET can also be observed in the legs, trunk, 

voice, and neck. When tremor is present in neck muscles the head becomes the oscillating body, a 

form of tremor most commonly known as head tremor. As many as 40-45% of individuals with 

ET exhibit some form of head tremor (Louis, et al. 2005). Although head tremor is extremely 

prevalent in tremor pathology, it has rarely been the focus of published literature. 
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2.2  Head Tremor 

The primary symptom of essential tremor is a rhythmic oscillation most commonly observed in 

the hands and fingers; however, head tremor remains one of the most predominant forms of this 

movement disorder, secondary to that of hand tremor. Like the low frequency tremor at the hands, 

the head may also possess a slow frequency oscillation generated by the rhythmic contraction of 

neck muscles. The severity of head tremor can vary as greatly as tremor observed in the hands, 

ranging from nearly imperceptible to substantially large and debilitating. While some studies 

have found no correlation between tremor onset and the appearance of head tremor (Hardesty, et 

al. 2004, Hubble, et al. 1997), Leegwater-Kim and colleagues found a higher incidence of 

intention tremor of the head in those individuals with more severe arm tremor and overall greater 

tremor scores (Leegwater-Kim, et al. 2006). In a separate study, duration of tremor from the time 

of diagnosis to death was only a weak predictor of head tremor onset (Hardesty, et al. 2004). In 

the same study, women were found to be six times more likely than men to develop head tremor 

over the course of the disease. Of the 107 ET subjects involved in this study, 53.6% of women 

and only 13.2% of men reported having head tremor. The women in this study had lived with ET 

an average of 2.1 years longer than had the men. Furthermore, both male and female subjects 

with head tremor had lived with the disorder an average of 2.2 years longer than those individuals 

who did not develop head tremor (Hardesty, et al. 2004). 

The proportionately large mass of the head, supported by the neck makes it susceptible to 

unstable oscillations (Gresty. 1987). Elastic and viscous properties of neck connective tissue help 

to stabilize the head in space as part of an eccentric, cantilevered moment arm. Insufficient 

viscosity or tone in the muscles of the neck leads to greater movement of the head about the trunk 

as a form of resonance. Excessive resonance can manifest as sustained oscillations of the head 

and neck (Gresty. 1987). Of the studies that have investigated head tremor, oscillations were 

typically within the range of 3 Hz to 9 Hz (Masuhr, et al. 2000, Valls-Sole, et al. 1997, Gresty. 
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1987, Finsterer, et al. 1996, Wissel, et al. 1997) and varied greatly in amplitude. Head tremor 

characteristically expresses itself in the form of either a pitch (yes-yes) or yaw (no-no) movement 

pattern or a combination of the two. In a neurophysiological examination of ET subjects with 

head tremor, four were recognized as having a pitch tremor; eighteen had a yaw tremor; and eight 

displayed a combination of both movement patterns (Valls-Sole, et al. 1997). 

The muscles classically under investigation in such studies are the axial muscles of the head and 

neck, including: the sternocleidomastoid (SCM), the splenius capitis (SPL), the trapezius (Trap), 

the semispinalis cervicis, and the levator scapulae (Masuhr, et al. 2000, Valls-Sole, et al. 1997, 

Leegwater-Kim, et al. 2006, Wissel, et al. 1997). One study (Siegmund, et al. 2007) investigated 

the neurophysiology of superficial and deep neck muscles in healthy subjects, using fine wire 

EMG. The authors generated tuning curves for healthy subjects in each muscle under 

investigation using two different loads. They observed a 10-15 Hz oscillatory drive in nearly all 

motor unit firing patterns. They postulated the CNS generated consistent muscle synergies to 

develop multidirectional patterns of head movement. The only muscle to show variation in 

preferred direction was the SPL. In certain subjects, the SPL showed anterolateral preference 

while demonstrating posterolateral preference in others. 

Muscles involved in head tremor demonstrate contraction patterns ranging from reciprocal to co-

contraction patterns of activation (Masuhr, et al. 2000, Raethjen, et al. 2000). ET commonly 

expresses itself in the form of a reciprocal pattern; the contraction of muscle on one side of a 

body is cooperatively accompanied by the inhibition of the antagonistic muscle of the opposite 

side. In the case of co-contraction, both the agonist and antagonist muscles contract at the same 

time. In this case, the muscle on one side usually overpowers its antagonist and results in a form 

of rhythmic oscillation (Masuhr, et al. 2000, Valls-Sole, et al. 1997, Raethjen, et al. 2000, Gresty. 

1987, Wissel, et al. 1997). There have also been reports that ET subjects experience dynamic 

contraction patterns of tremorous limbs in a study measuring hand tremor only (Boose, et al. 
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1996). Boose, et al., (1996) used 24 hour EMG recordings to study the relative frequency of burst 

patterns in subjects with ET. They found that different limbs of an individual with tremor can 

simultaneously exhibit opposite forms of contraction patterns; while one hand is demonstrating a 

co-contraction pattern, the other hand muscles may be oscillating with an alternating pattern of 

agonist-antagonist bursts. Also, the contraction pattern of one limb can change from one form to 

another over an arbitrary period of time (Boose, et al. 1996) 

 

2.3  Hand Tremor 

Essential tremor most commonly expresses itself in the form of hand tremor, a rhythmic 

oscillation of the hand about the wrist. Normal physiological tremor is present in individuals 

without a neurological condition. This high frequency, low amplitude tremor has been the focus 

of tremor investigation and motor control for decades. Some early researchers believed it to be 

inherent noise of the motor control framework (Desmedt and Godaux. 1978, Adams. 1971, 

Matthews and Muir. 1980), while others believe it to be of functional significance (Goodman and 

Kelso. 1983). Goodman, and Kelso (1983), conducted a study in which healthy subjects were 

asked to perform ballistic finger movements both up and down in the vertical plane. They found 

that the movement onset occurred in the last one quarter of the tremor peak-to-peak cycle. As a 

result of this pattern, the ballistic movement had a tendency to begin at the same time as the 

upward swing of the tremor cycle (Goodman and Kelso. 1983). The authors make reference to a 

theory (Tiffin and Westhafer. 1940) suggesting that a system in continuous oscillation requires 

less energy to move than does a system in static equilibrium. In a separate study, 102 healthy, 

elderly women were analyzed for the existence of a relationship between declined physiological 

tremor power and decreased efficacy in performance of motor tasks (Duval, et al. 2001). Some of 

the women had power distributions similar to those of the younger controls, demonstrating a 

preponderance of power within the 7.5 – 12.5 Hz frequency band. The older subjects with greater 
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tremor power in the higher frequencies (7.5 – 12.5 Hz) showed no advantage over those with 

peak tremor power in the lower frequencies in the performance of the motor tasks. As a result, the 

age of the subject was a better predictor of motor performance than was peak power frequency. 

There are three proposed mechanisms for physiological tremor. Mechanical resonance is thought 

to contribute to the oscillations by means of vibration. Each limb has a preferred frequency at 

which it vibrates;  this frequency is governed by the stiffness and moment of inertia of the limb 

(Golan, et al. 2004, Goodman and Kelso. 1983, Elble and Randall. 1978). In combination with 

mechanical resonance, researchers believe the stretch reflex to play a role in the manifestation of 

tremor. The instability of the stretch reflex arc may be associated with the synchronous firing of 

motor units in the 8-12 Hz frequency band (Goodman and Kelso. 1983, Elble and Randall. 1976, 

Duval and Jones. 2005, Halliday, et al. 1995, Stiles. 1980). Lastly, it is widely accepted that a 

central oscillator of unknown origin is responsible for driving the muscles at a frequency within 

the 8 – 12 Hz band (Goodman and Kelso. 1983, Duval, et al. 2001, Elble and Randall. 1978, 

Elble and Randall. 1976, Duval and Jones. 2005, Stiles. 1980, Koster, et al. 1998, McAuley, et al. 

1997). Previous literature has typically reported the hand to oscillate at frequencies between 8 Hz 

and 10 Hz. This finding was initially misleading - causing investigators to believe that wrist 

tremor was without a central neural mechanism. It was later discovered that the hand’s 

mechanical resonance frequency was within the same 8-10 Hz band as the frequency of central 

origin (Elble and Randall. 1978). In order to view both spectral peaks, one had to load the hand 

with additional weight. The added weight in turn changed the moment of inertia of the wrist and 

shifted the mechanical component of tremor to a lower frequency (Duval and Jones. 2005). The 

findings of cross-sectional ET and physiological tremor studies demonstrate a shift to lower 

frequencies in older individuals. 

Other studies have also shown that tremor frequency decreases over time as a function of age and 

that such decreases are associated with an increase in tremor amplitude (Elble, et al. 1994, Duval, 
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et al. 2001). This may be due to a change in musculature at the wrist, a decrease in the viscosity 

of connective tissue leading to decreased limb stiffness and lower frequency oscillations. This 

phenomenon is also observed in those individuals with ET. However, the tremor associated with 

ET is driven by a low frequency central driver, further increasing peak tremor power with a 

mechanical shift to the lower frequencies. It is widely accepted that the frequency of ET 

oscillations decreases over time. A decrease in tremor frequency will ultimately increase tremor 

amplitude due to less attenuation of lower frequency tremor as a result of the low-pass filtering 

properties of limb mechanics (Elble. 2000). In a four year longitudinal study, tremor was found to 

decrease in frequency by an average of 0.332 Hz. No difference in frequency change was found 

between men and women with ET. A predictive model generated by the researchers of this study 

suggested that for a decrease in tremor frequency from 10 Hz to 5 Hz the amplitude of tremor 

would increase by a factor of 3.065. The author concluded that tremor frequency was a function 

of age rather than a function of tremor duration (Elble. 2000). 

It is understood that when an external driving frequency approaches the natural angular frequency 

of the oscillating system, a large amplitude resonance is produced (French, Norton W W. 1971). 

The central mechanism of ET drives the wrist at a frequency similar to that of the mechanical 

resonant frequency. As the central mechanism of ET shifts towards a lower frequency drive, wrist 

tremor amplitude is increased (Elble, et al. 1994). 

In a recent study, 487 subjects with ET were examined for phenotypic expressions of ET. In 

agreement with the current literature (Nahab, et al. 2007), 97% expressed tremor in at least one of 

their upper limbs, and over half of the total sample population presented bilateral arm/wrist 

tremor (Whaley, et al. 2007). ET hand tremor is most often categorized as a postural or intention 

tremor (Nahab, et al. 2007, Whaley, et al. 2007, Benito-Leon and Louis. 2006) , rarely expressed 

while the muscles are at rest. Britton, and colleagues (1994) studied motor unit firing patterns in 

those individuals with hereditary essential tremor during the performance of ballistic wrist 
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movements. Subjects with ET showed greater dysfunction of motor control than did healthy 

controls by consistently overshooting the target (Britton, et al. 1994). Surface EMG revealed a 

delay in the onset of the second agonist burst. This meant the unopposed action of the antagonist 

muscle during the second half of each movement, resulting in high peak deceleration. This rapid 

deceleration elicited a series of underdamped oscillations about the point of aim. Perhaps this 

delay in the second agonist burst can explain the form of intention tremor commonly observed in 

subjects with ET. 

 

2.4  Essential Tremor Etiology 

The etiology of ET is yet unknown. There is ongoing debate as to whether the disease is 

genetically linked or whether certain environmental factors are to blame for its onset. Much of the 

literature identifies ET as an autosomal dominant disorder (Louis. 2001, Lorenz, et al. 2004, 

Tanner, et al. 2001, Louis and Ottman. 1996, Gulcher, et al. 1997, Higgins, et al. 1998) and there 

is strong evidence to support this theory. Familial essential tremor is a term applied to indicate 

multiple occurrences of the disease within the same family, thus indicating possible genetic 

inheritance. In contrast to findings which support the theory of genetic inheritance, there are cases 

reported of individuals having ET without family history of the disorder (Whaley, et al. 2007, 

Louis and Ottman. 1996). These cases are given the name Sporadic ET since there does not 

appear to be any explanation for tremor onset. However, there are theories which attempt to 

explain the etiology of these sporadic cases. Many of these theories are based on disproportionate 

concentrations of chemicals found within the body or nervous system, such as beta-carboline 

alkaloids (Louis, et al. 2002a). 

Since genetics do not appear to be entirely responsible for the prevalence of ET, environmental 

factors must be contributing to the prevalence of the disorder. Current estimates indicate a 
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prevalence of 4.0% among those individuals under the age of 40 years, and 6.3% of the 

population over the age of 60 years (Dogu, et al. 2003).  

A population based family study on the genetic inheritance of ET found that a first degree relative 

of someone with ET is 4.7 times more likely to develop ET than is someone without a family 

history of ET (Louis, et al. 2001). However, prevalence estimates do not coincide with the 

projected penetrance of ET based on genetic factors alone. Assuming recessive inheritance, the 

relative risk should be closer to 15. As an autosomal dominant disorder with a prevalence of 5%, 

the risk should be 20 times more likely that a person with a first degree relative with ET develop 

the disorder (Weiss, et al. 1982). These numbers are not in agreement with the relative risk 

estimate of 4.7. 

Several environmental factors have been identified as possible causes of ET. High quantities of 

lead in the bloodstream have been known to cause neurological disorders which often include 

tremors (Louis, et al. 2003). Furthermore, toxic blood-lead levels have been found in subjects 

with ET (Louis, et al. 2003,Dogu, et al. 2007). Other studies have investigated the effects of 

protein neurotransmitters as a possible source ET etiology. Stibler, and Kjellin found abnormal 

levels of cerebral spinal proteins in 15 of 16 studied ET cases (Stibler and Kjellin. 1976). In 

concordance with these findings, abnormally low levels of glycine, threonine and serine were 

identified in subjects with ET (Mally and Baranyi. 1994, Mally, et al. 1996) as compared to 

controls. High levels of excitatory glutamate and the amino acid aspartate were recognized in a 

sample of ET subjects along with diminished levels of GABA (Mally, et al. 1996). This may be a 

sign that decreased central inhibition, as a result of low GABA levels leads to abnormal excitation 

via excitatory amino acids. 

Harmaline is a beta-carboline alkaloid known to cause tremor similar to the tremor observed in 

ET. In fact, many studies using animal models to investigate tremorgenesis use harmaline to 

induce an essential tremor-like oscillation. Harmine and harmane are naturally occurring beta-
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carboline alkaloids found in the human body and the bodies of other animals (Louis, et al. 2002a). 

Both of these chemicals are normally produced in vivo by the body, suggesting a normal 

biological function. This theory is further substantiated by the presence of multiple beta-carboline 

receptors in the brain (Louis, et al. 2002a). They are also naturally occurring in food, especially in 

meats cooked at high temperatures for long periods of time. Abnormally high levels of these 

chemicals may be responsible for tremorgenesis. Increased levels of harmine and harmane can 

result from increased dietary intake or increased endogenous production resulting from impaired 

metabolism (Louis, et al. 2002a). Harmaline is a molecule of similar origin and structure to 

harmine and harmane with a proven ability to induce tremor in otherwise healthy individuals. It is 

possible that elevated blood levels of such chemicals are environmental factors contributing to ET 

onset. 

Researchers have identified abnormalities in the adrenergic system as a possible cause of ET. A 

study investigating catecholamine levels in ET subjects found increased levels of noradrenaline 

(Rajput, et al. 2001). These elevated levels were observed in the cerebellar cortex, the dentate 

nucleus, the inferior olive, and the locus caeruleus. Another such study found that high 

noradrenaline levels in ET may result from decreased urinary excretion of catecholamines 

(Barkhatova and Ivanovasmolenskaya. 1990). In this way, increased levels of catecholamines 

might play a role in essential tremor etiology by heightening the response of neurobiological 

systems and inducing tremor.  Propranolol is the treatment of choice for people with ET;  it is a 

beta-blocker limiting the effects of catecholamines. The non-selective beta-adrenergic-antagonist 

is believed to affect both peripheral and central mechanisms responsible for ET oscillations.  

Peripherally, propranolol is believed to block beta-2 receptors in the muscle spindle and alleviate 

some of the mechanical-reflex component of tremor (Abila, et al. 1985). Propranolol is known to 

have a central effect, since specific beta-2 antagonists do not have the same result as the non-

selective propranolol; however, the drug’s mechanism on the CNS is still unknown. 
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Pharmaceutical treatment of ET with propranolol or other beta-blockers is currently the most 

common method of treatment (Koller, et al. 2000). 

Scientists have identified what they believe to be the genetic origin of ET. Chromosome 3q13 

(Gulcher, et al. 1997, Higgins, et al. 1998) and chromosome 2p22 (Louis. 2001,Gulcher, et al. 

1997, Higgins, et al. 1998) have been linked to the inheritance of this apparently autosomal 

dominant disease. Other researchers believe the disorder to be genetically independent, based on 

the genetic heterogeneity observed in some families with ET (Kovach, et al. 2001). To further 

investigate the basis of genetic inheritance as a cause of ET, scientists have studied the 

concordance of ET in twins. In one large sample study (Lorenz, et al. 2004), 109 pairs of twins 

were examined where at least one of the twins had ET. There were 29 definite, 7 probable, and 56 

possible ET cases included in the study. Analyses of the results, under the broadest definition, 

(including all cases) revealed 77% and 59% predictable inheritance in monozygotic and dizygotic 

twins respectively. Analyses of the definite and probable cases revealed a 93% predicted 

inheritance in monozygotic twins and 29% in dizygotic twins. Since monozygotic twins have 

identical genotypes, this is strong evidence to suggest that ET is genetically linked. Tanner, and 

colleagues studied 16 pairs of twins with some form of ET and found pairwise concordance 

values of 0.60 in monozygotic and 0.27 in dizygotic twins (Tanner, et al. 2001). Since the 

monozygotic concordance was not found to be 100%, the authors concluded that environmental 

factors must play a role in disease etiology. 

  

2.5  Pathophysiology of ET 

Essential tremor is a disorder resulting from both peripheral mechanics and central mechanisms. 

As previously discussed, tremor is a product of a mechanical-reflex oscillation, cardioballistic 

thrust, and a central driving force originating from within the central nervous system. The 
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mechanical component is a consequence of inertial properties and stiffness of the oscillating limb. 

The central oscillator, however, is believed to originate from a pool of neurons oscillating at a 

constant synchronous frequency. The site of tremorgenesis is unknown in ET. Many studies have 

probed the CNS for the origin of a central driving mechanism. Imaging techniques such as 

positron emission tomographic mapping and magnetic resonance imaging have identified the 

motor cortex, the cerebellar cortex, the inferior olive, the thalamus, the dentate nucleus and the 

red nucleus as possible sites of essential tremor origin. Though there is much evidence to 

implicate each of these structures as the source, the central mechanism has not yet been 

identified. 

The thalamus has been the topic of much literature pertaining to the conveyance of ET 

oscillations from the brain to the spinal cord (Lee, et al. 2003, Ohye, et al. 1989). One study 

identified that deep brain stimulation (DBS) of the ventral intermediate thalamic nuclei (Vim) 

effectively modified pathophysiological features of ET where thalamic lesions and 

pharmacological interventions have failed to do so (Vaillancourt, et al. 2003). With the DBS unit 

turned on, ET subjects had higher frequency tremors of lower amplitudes. Furthermore, DBS had 

a negative effect on the regularity of tremor frequency. In turn, this was associated with lower 

coherence between wrist EMG and tremor signal recorded by an accelerometer positioned on the 

dorsum of the hand. An important finding of this study was not only that DBS reduced tremor 

amplitude but that it also changed the neurophysiology of ET. 

 Other investigations of essential tremor have indentified the thalamocortical loop in the 

generation and maintenance of tremor (Hua, et al. 1998). They performed single cell recordings 

of neurons within the Vim while simultaneously recording muscle activity from the contralateral 

wrist flexors and extensors in humans with ET undergoing stereotaxic brain surgery. Cross-

correlation and coherence were then used to determine the similarities between the two signals in 

both the time and frequency domains respectively. A significant linear relationship was found in 
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three subjects between signals recorded from thalamic neurons and those recorded from the wrist 

muscles with tremor. These results are a clear indication that tremor signal terminating on the 

motor units of affected muscles is transmitted at least in part by the thalamic nuclei. 

The Vim thalamic nucleus is currently the primary surgical site for the treatment of ET. DBS 

works by inducing electrical current in the Vim, which in turn disrupts its output frequencies and 

is associated with the suppression of tremor (Chen, et al. 2006). Although DBS has been proven 

to be effective at reducing the amplitude of tremor (Chen, et al. 2006, Blomstedt, et al. 2007, Lee 

and Kondziolka. 2005), it does not come without a cost to regular thalamic functioning. Chen and 

colleagues (2006), identified functional impairment of adaptive reaching control in those patients 

with DBS (Chen, et al. 2006). Where healthy controls were able to learn and adapt to dynamic 

force perturbations during a reaching task, ET subjects with active DBS showed no sign of motor 

adaptation (Chen, et al. 2006). Further reinforcing the thalamus as a source of tremor, lesions to 

the Vim have proven an effective method in the treatment of severe tremor. However, recent 

results suggest that there may be more benefit from DBS treatment than from thalamotomy  

(Schuurman, et al. 2008, Schuurman, et al. 2000). In addition to its ability to be turned on and off, 

DBS has also been found to be more effective in tremor suppression (Schuurman, et al. 2008). 

Ischemic thalamic stroke has been shown to abolish or suppress tremor in subjects with ET 

(Barbaud, et al. 2001, Duncan, et al. 1988, Nagaratnam and Kalasabail. 1997). One case study 

reported a 73 year old woman with essential tremor of the right hand (Nakamura, et al. 1999). 

After seven years of living with tremor it disappeared entirely following a thalamic infarct. The 

MRI revealed the left Vim as the precise location of the stroke. Several days following the stroke, 

all hemiplegia and paresis was resolved and the tremor remained absent. A similar case was 

reported in a 69 year old woman who suffered a small thalamic haemorrhage, which completely 

abolished tremor contralateral to the side of the hematoma (Im, et al. 1996). These findings 

implicate the thalamus in the generation and/or transmission of essential tremor. Demonstrating a 
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link between thalamic neuron firing rates and muscle tremor frequencies further implicates the 

thalamus as a pivotal mechanism in ET manifestation (Hua and Lenz. 2005, Lee, et al. 2003, 

Brodkey, et al. 2004). Hua and colleagues (1998) suggest that thalamic neurons may play an 

intricate role as part of the central mechanism responsible for ET. 

Despite evidence identifying the thalamus as a source of tremorgenic activity, it does not appear 

to work alone but rather functions as part of a tremorgenic pathway. Scientists have identified the 

olivo-cerebello-thalamo-cortical loop in the generation and transmission of ET from the central 

nervous system (CNS) to the peripheries (Deuschl and Elble. 2000, Bucher, et al. 1997, Deuschl, 

et al. 2000, Louis, et al. 2006a, Louis, et al. 2006 b, Welsh. 2002). Colebatch, and colleagues used 

positron emission tomography (PET) to identify overactivity of both cerebellar hemispheres in 

ET subjects during postural arm tremor (Colebatch, et al. 1990). Control subjects in the same 

study, were asked to mimic arm tremor. Their results revealed increased cerebellar activity 

associated with this task; however, in addition to cerebellar activation, control subjects had 

additional activity in the sensorimotor area, the thalamus and the parietal region. ET subjects only 

demonstrated heightened activity in the cerebellum. The cerebellum, an important structure in 

motor learning and coordination has shown distinctive signs of abnormal activation in ET 

subjects. The authors proposed that ET tremorgenesis may originate from the cerebellum, 

specifically from olivo-cerebellar circuitry.  

Another study investigating the cerebellar system used magnetic resonance imaging (MRI) to 

compare measured levels of intracellular metabolites in the cerebellum, thalamus and basal 

ganglia (Louis, et al. 2002b). The study found an inverse relationship between N-acetyl-L-

aspartate (NAA) levels in the cerebellum and dominant arm tremor severity. Since a reduction in 

NAA is thought to be a sign of neuronal loss (Tedeschi, et al. 1996), it was suggested that 

essential tremor may be the cause of cell death. This finding suggests that ET may in fact be a 

neurodegenerative disorder. 
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As previously mentioned, the cerebellum is thought to work in conjunction with the inferior olive 

(IO) to compose the central driving mechanism of ET. Welsh & Llinas (1997) outlined some of 

the known interactions between the two systems, specifically their concurrent roles in movement 

control (Welsh and Llinas. 1997). It is known that the cerebellum is responsible for curbing and 

regulating movement, while at the same time blocking other neural activity from interfering with 

the movement pattern. Many studies show cognitive deficit or uncoordinated movement in people 

with ET. One such study examined motor learning in “eye-blink” conditioning in subjects with 

ET (Kronenbuerger, et al. 2007). If a subject shows no sign of motor-conditioning to the eye-

blink protocol, it is an indication of cerebellar abnormality. In this particular study, the 23 ET 

subjects showed a reduced ability to develop eye-blink conditioning. Animal studies show that 

information concerning the eye-blink stimulus is mediated through the IO; the IO is an essential 

structure required for normal adaptation to the eye-blink stimulus (Welsh. 1998). The results of 

Kronenbuerger, and colleagues (2007) of reduced eye-blink conditioning therefore indicate a 

cerebellar abnormality in ET, possibly arising from irregular function of the IO. 

ET subjects have also demonstrated neuropsychological deficits as an expression of dysfunctional 

cerebello-thalamo-cortical pathophysiology (Troster, et al. 2002). ET subjects scored significantly 

lower on measures of auditory, complex attention, visual attention, response inhibition, verbal 

fluency and recall of a word list than did healthy controls. Results revealed over half the ET 

subjects scored one standard deviation below that of the control group on the above measures. 

Poor performance on complex attention tasks reflects cerebellar dysfunction while difficulty with 

speech mechanisms may be a reflection of cognitive impairment (Troster, et al. 2002).  

 It is undisputed that the IO is fundamental in the coordination of movement. Both spatial and 

temporal coordination is abolished upon the lesioning of the IO (Eccles, et al. 1966). It is thought 

that the innervated motoneurons are made to fire uniformly in a linear fashion by the oscillatory 

excitation of IO neurons. Much of the control is thought to be discontinuous as a result of what 
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some researchers call a pulsatile control system (Llinas and Volkind. 1973, Welsh and Llinas. 

1997). It is also believed that pulsatile control would permit momentary periods of acceleration, 

overcoming the inertial and frictional properties of muscle (Snell, Acad. Press: 1967). The ability 

to oscillate and perform electronic coupling is what permits the IO to function as a discontinuous 

movement regulator (Welsh and Llinas. 1997). Further evidence of IO function was demonstrated 

by Llinas (1973) who used cats to record antidromic stimulation of the vermal IO. Stimulating 

electrodes were placed in the white matter of lobules V and VI. Llinas discovered that the 

properties of IO action potentials were unique, demonstrating a prolonged afterpolarization, 

similar to the effect which climbing fibers have on purkinje cells. Since the latency of 

depolarization was too fast for chemical transmission, it was discovered that the IO was rich in 

gap junctions used for electronic coupling (Llinas and Volkind. 1973). Gap junctions are 

connections between cells which allow the exchange of molecules and electric current. They 

permit the IO to fire as a collective, producing a strong excitatory pulse. The pulsatile nature of 

the IO and its ability to synchronize the firing rates of its neurons provides strong evidence to 

suggest that it may be the central driving mechanism of ET. Not by coincidence does the IO 

possess among the highest number of gap junctions within the CNS - they are the fundamental 

mechanism behind electronic coupling (Dezeeuw, et al. 1995). 

Research studies have consistently indicated that the IO is responsible for the postural tremor 

observed in harmaline injected animals (Wilms, et al. 1999, Llinas and Volkind. 1973, Miwa. 

2007). The IO appears to be the only brain structure which persists in generating tremor 

frequency oscillations following decortication (Llinas and Volkind. 1973).  Rodent models of 

tremor have been used to more closely study the role of the olivo-cerebellar system in the 

pathophysiology of tremor. Harmaline, as previously discussed is a beta-carboline alkaloid 

commonly used to elicit a synthetic postural tremor resembling that of ET (Miwa. 2007). It was 

previously believed to act on the basal ganglia, however recent research identifies the inferior 



 21 

olivary nucleus as the source of harmaline induced tremors (Wilms, et al. 1999). Administration 

of harmaline increases the firing synchrony of IO neurons and thus produces peripheral tremor. 

One such study investigated the tremorgenic properties of the olivo-cerebellar system by 

administration of harmaline in anesthetized cats (Llinas and Volkind. 1973). Intracellular 

recordings were obtained from both the cerebellar nuclear cells and purkinje cells while 

extracellular action potential were collected from the IO, the cerebellar cortex and the reticular 

formation. Intracellular recordings revealed 10 Hz burst activity immediately following 

administration of harmaline. The driving rhythm is generated by the IO; however the purkinje 

cells are almost co-activated, eliciting activity within an average delay of only 4-6 ms. Upon 

interruption of the olivo-cerebellar pathways by lesions to the inferior peduncles, the rhythmic 

oscillations of the purkinje cells and the motor neurons disappeared (Llinas and Volkind. 1973). 

Interestingly however, the 10 Hz rhythmic bursting pattern was still recorded in the IO. This 

rhythmic oscillation was still present in the IO following removal of the cerebellum and 

transection of the neuraxis at the intercollicular level (Llinas and Volkind. 1973). It is not clear 

whether the left and right IO nuclei are electronically coupled. The research presented by Llinas 

(1973) focused primarily on the interaction between IO neurons of one side.  A very early study 

by Ramon Y Cajal (1909) suggests that axon collaterals of IO cells return to the nucleus of origin 

and project to the opposite IO nucleus. Currently, it is unknown whether oscillatory activity is 

synchronized between the left and right IO nuclei as it is between neurons of one IO. 

Although animal models of tremor do not perfectly simulate the pathological tremors observed in 

humans, they remain an effective method for studying the functional significance of neural 

structures involved in tremor. Harmaline studies of tremor reveal the predisposition of the IO to 

fire at a rhythmic 10-12 Hz, aided by the ability of IO neurons to oscillate and perform electronic 

coupling. The strong evidence implicating the IO in the pathophysiology of ET is what has led 

many researchers to suspect that it is the driving mechanism of essential tremor. 
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The IO is designed to fire simultaneously as a large aggregate. It is understood to be controlled by 

the inhibitory nature of GABAergic projections from deep cerebellar nuclei. In turn, the IO is a 

source of climbing fiber afferents to the Purkinje cells of the cerebellum (Eccles, et al. 1966).  

This inhibitory input is thought to fragment the coupling of the IO neurons and in turn produce 

patterns of synchronous firing (Welsh and Llinas. 1997, Llinás, et al. 2002). 

One study contradicts the findings that the IO is responsible for the generation of essential tremor 

(Wills, et al. 1994). A PET study was performed on seven ET subjects and 6 healthy controls to 

determine the areas of increased brain activation associated with tremor. Data was recorded both 

at rest and during arm extension (postural) while tremor was present. All ET subjects 

demonstrated postural arm tremor. ET subjects revealed increased bilateral activation of 

cerebellar hemispheres at rest. During maintained posture of the tremorous arm, ET subjects 

demonstrated increased blood flow to the cerebellar hemispheres and also to the red nuclei. 

Surprisingly however, there was no evidence of increased activity in the olives. There was no 

increase in blood flow observed to either the medulla or the inferior olives. The authors suggest 

that ET is associated with the over activation of the cerebello-rubro-thalamic connections (Wills, 

et al. 1994). 

In addition to the cerebellum and the IO, there are a number of studies that implicate the 

sensorimotor cortex in ET pathophysiology (Halliday, et al. 2000, Hellwig, et al. 2001, Marsden, 

et al. 2000).  Hellwig, et al. (2001), used electroencephalography (EEG) to reveal tremor 

correlated cortical activity associated with ET (Hellwig, et al. 2001). EMG simultaneously 

recorded from the flexors and extensors of the contralateral forearm were highly coherent with 

the EEG recorded from the contralateral sensorimotor cortex. A similar study found coherence 

between the sensorimotor cortex, the Vim and active muscle during sustained contractions in 

subjects with ET (Marsden, et al. 2000). However, the frequencies at which coherence was found 

were higher than characteristic ET frequencies. Coherence was present only in the 8-27 Hz 



 23 

frequency band. Another study investigated low-frequency activation of the motor cortex in 

people with ET using magnetoencephalography (MEG) (Halliday, et al. 2000). Spectral analysis 

of EMG recordings revealed a prominent peak at tremor frequency. Likewise, all subjects 

displayed a 4-9 Hz postural tremor. However, none of the subjects showed coherence between 

MEG recorded from the motor cortex and EMG recorded from the active muscle (Halliday, et al. 

2000). 

It is still uncertain whether or not muscles of different limbs in ET subjects are driven by a 

common central oscillator. The concept of multiple central oscillators is still up for debate. 

Coherence has been used in recent studies to identify biological signals of common origin. It has 

been proven as an effective tool in the identification of common efferent commands to oscillating 

muscles in tremor subjects. 

 

2.6  Coherence 

Coherence is a bounded and normative measure of association. It provides estimates of the 

strength of coupling between two signals where 0 denotes complete independence and 1 indicates 

a perfectly linear relationship (Halliday, et al. 1995). Coherence is therefore an effective 

analytical tool for identifying common input for the generation of two biological signals, such as 

tremor. Many studies have used coherence as a tool to determine the common frequency 

components of signals recorded from different areas of the nervous system (Farmer, et al. 1993, 

Raethjen, et al. 2000, Marsden, et al. 2000, O'Sullivan, et al. 2002, Raethjen, et al. 2002).  

Coherence is to the frequency domain what cross-correlation is to the time domain. Although two 

signals may have the same frequency of oscillation, they may not be time-locked or coherent. 

Similarly, electromyographic recordings of muscles with different dominant frequencies can still 

show coherence (Raethjen, et al. 2000) .  
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Researchers have been asking the question of whether or not the tremors of different limbs 

oscillate at the same frequency. Tremor of different limbs with the same frequency of oscillation 

would suggest a common central oscillator. Since ET expresses itself within a narrow frequency 

band, it is not unusual to have different limbs oscillating at relatively the same frequency 

(Raethjen, et al. 2000). However, identical peak frequencies are not evidence enough to suggest 

that both signals are originating from the same location in the brain. Raethjen, et al. (2000), tested 

the concept of a single central oscillator by recording surface EMG from muscles in the arms, 

legs, and necks of 28 subjects with essential tremor. They found multiple muscle pairs which 

demonstrated nearly identical firing frequencies (change in frequency < 0.4 Hz) across different 

limbs. The same muscle signals, however, were not found to be coherent. Muscles of the same 

limb were more likely to be coherent with one another than were muscles of interlimb 

comparisons. The majority of coherent muscle pairs had frequency peaks that differed by less 

than 0.5 Hz. Of the 28 essential tremor subjects who participated in the study, there was not one 

person who had significant coherence between muscles of different limbs. The authors concluded 

that there must be more than one central oscillator underlying rhythmic activity in ET (Raethjen, 

et al. 2000).  

A more recent study however, suggests that there may exist a dynamic synchronization of central 

oscillatory activity in ET (Hellwig, et al. 2003). The authors recorded wrist flexors and extensors 

in eight ET subjects with postural arm tremor using EMG while simultaneously recording activity 

in the sensorimotor cortex using EEG.  The data showed 42.6% of cases elicited contralateral 

EEG-EMG coherence at tremor frequency. Furthermore, 21.6% of cases demonstrated bilateral 

sensorimotor cortex coherence with EMG activity (Hellwig, et al. 2003). Contralateral EEG-

EMG coherence was more common than was ipsilateral coherence. Coherence between 

contralateral EEG and EMG activity also presented higher coherence values than did comparisons 

of ipsilateral EEG-EMG activity. Significant EEG-EMG coherence identified between the 
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tremulous arm and the contralateral sensorimotor cortex is in agreement with the findings of other 

such studies (Raethjen, et al. 2000, Lauk, et al. 1999). This result indicates that tremor originating 

from one side of the sensorimotor cortex is exclusively responsible for driving the contralateral 

tremulous arm. However, contrary to current literature, 21.6% of subjects revealed ipsilateral 

coherence of EEG and EMG activity. These findings suggest that oscillatory activity originating 

from one side of the brain may be responsible for driving tremorous limbs on both sides of the 

body. Further complicating the understanding of such mechanisms, Hellwig, et al.(2003) found 

that EEG-EMG coherence could switch between exclusively contralateral and bilateral coherence 

within the same recording period. The authors suggest that there may exist a dynamic 

synchronization of central oscillators responsible for the tremorgenesis of ET (Hellwig, et al. 

2003) .  

 

2.7  Purpose and Hypothesis 

The purpose of the present study is to examine whether there is evidence that a common central 

driver exists for both head tremor and hand tremor. If evidence could be found that head tremor 

and hand tremor have highly related frequency content, it would imply that they have a common 

driver. The literature previously discussed suggests the possibility of coherent frequencies found 

between muscles on one side of the neck and the muscles of at least one hand. It is hypothesized 

that the muscles responsible for hand tremor ipsilateral to those responsible for head tremor will 

contain similar frequency content and display significantly coherent muscle activity. We further 

hypothesize that all ET subjects will demonstrate significantly coherent muscle activity at tremor 

frequency in at least one muscle pair between the neck and the ipsilateral wrist extensor. 

 
 



 26 

Chapter 3 

Methods 

 

3.1 Subjects 

3.1.1 Sample Size 

The aim of this study was to recruit 15 to 20 essential tremor subjects and 5 to 10 healthy 

controls. The very specific inclusion criteria required of our ET subjects meant that our sample 

size was limited. As this study was not strictly a two-group comparison, no attempt was made to 

have similar numbers in both groups. Instead, the control subjects were tested in order to provide 

a basis for describing which of the observations seen in ET subjects may be attributable to their 

disorder. 

3.1.2 Recruitment 

Subjects who previously participated in studies at the Motor Performance laboratory were 

contacted via letters and email. In addition to returning subjects, the Movement Disorders Clinic 

of Kingston General Hospital (KGH) was asked to refer subjects to the researchers of the study. 

Community newspaper advertisements have previously assisted in the recruitment of local ET 

subjects whose hand tremor had been confirmed.  They were invited to participate in this study if 

they had been observed to have head tremor. 

3.1.3 Inclusion / Exclusion Criteria for the Essential Tremor Group 

The nature of this study required the recruitment of subjects with Essential tremor. In addition to 

having ET, we needed our subjects to present both head tremor and unilateral or bilateral hand 

tremor. Subjects were excluded if they had other neurological disorders or any musculoskeletal 

disorders that would affect the recording of head and hand tremor. 
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3.1.4 Inclusion / Exclusion Criteria for the Control Group 

Control subjects were used to identify possible bias in the experimental protocol - to distinguish 

between normal motor control and that of dysfunctional motor control observed in those subjects 

with ET. These individuals had to have no known neurological diseases or disorders. We did not 

exclude those individuals who were on medications that might enhance normal physiological 

tremor; however the names of prescribed medications were recorded.  

 

3.2   Protocol Overview 

Testing was performed in the Louise D. Acton building in the Motor Performance laboratory. 

Subjects were scheduled for a single visit lasting approximately 2 hours. In order to minimize the 

effects of fatigue, the subject was given 30 second breaks between trials. As well, the protocol 

was structured in such a way as to provide each subject with longer breaks of 3 to 5 minutes 

between trial blocks. 

 

3.2.1 Informed Consent 

Prior to participation in this study, each person received both a written and verbal explanation of 

what would be required of him or her if they chose to participate in the study. Upon reading the 

provided information sheet and listening to the researcher’s explanation of the study, the 

individual was given the opportunity to sign a document of informed consent. Testing would 

commence only if and when the individual chose to participate in the study by signing the 

statement of informed consent. The subject was then asked to provide some basic information 

related to their tremor by filling out a brief intake form (See Appendix C). This intake 
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questionnaire was designed to obtain information such as tremor onset, duration, medication and 

treatment of tremor and family history. 

 

 

3.3   Procedural Protocol 

 

Higher stress levels are known to influence tremor and make it more apparent (Bain, et al. 1994). 

For this reason, researchers in the field have used various techniques such as asking the subject to 

perform mathematical tasks by which to exacerbate tremor. For this study we designed a method 

by which to bring out the tremor without causing the subject to feel any anxiety or 

embarrassment. By using load cells, our study used physical stress to exacerbate the tremor, 

without causing any emotional distress to the subject. This way of increasing physical stress was 

to ask for a submaximal effort by muscles remote to the hands and head, namely the muscles of 

the inner thighs that squeeze the legs together. The adductor trials were designed to physically 

stress the subject and exacerbate their tremor without stressing the body parts under investigation. 

Some researchers have suggested the possibility of neuronal coupling between two different 

systems in the performance of a common task (Marsden, et al. 2000, McAuley, et al. 2000). For 

this reason, the current study employed a wrist extension task. It was designed to link the head 

and hand by having the subject maintain a constant wrist extension force with visual feedback. 

The reclined condition was designed to increase demand on the axial neck muscles while 

supporting the head. By demanding greater contractile force of the axial neck muscles, we had 

hoped to induce greater tremor at the head. These conditions are explained below in greater 

detail. 

The subject was comfortably seated with their forearms resting on adjustable bilateral arm 

supports. Their forearms were secured to the arm supports in an attempt to eliminate the 
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transmission of shoulder movement to the wrists. The individual had unhindered movement about 

their wrists and head in order to provide unbiased measurements of tremor.  

Six experimental conditions were used in the present study: wrist extension task, 5% adductor 

task, 25% adductor task, reaction task, postural task and a reclined task. The intent was not to 

distinguish between conditions but to investigate coherence between head and hand tremor under 

varying experimental paradigms. These conditions are explained below in greater detail. Sections 

3.3.1 through 3.3.4 describe the conditions as experienced by the subjects. Sections 3.4, 3.5 and 

3.6 describe the sensors and other equipment used to record the signals as well as how the 

recorded signals were processed. 

 

3.3.1 Wrist Extensor Trials 

While seated, the subject first had the right hand secured to a 100 lb load cell. Each subject was 

asked to perform a maximal voluntary contraction (MVC) of their right wrist extensors. This 

MVC was held for 5 seconds and repeated after a two-minute rest period. 

The subject maintained a constant force of 10% MVC with the right hand against the load cell. 

The force output was displayed on the monitor in front of the subject along with the target force. 

The subject was instructed to trace the target line with the line indicating wrist force. The target 

force was displayed as a horizontal red line in the middle of the computer monitor. Visual 

feedback was eliminated halfway into the recorded trial. Five trials, each 20 seconds in length, 

were performed for the right wrist. Following completion of these five trials, the subject was 

instructed to perform the same protocol with the left wrist. The experimental setup is depicted in 

Figure 3-1. 
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Figure 3-1. Experimental setup for wrist extension condition. 

 

3.3.2 Adductor Trials 

A series of trials were performed with the subject seated on a specially constructed chair, with 

both forearms secured to the arm rests using Velcro straps (Figure 3-2). The subject’s feet were 

flat on the floor and the subject’s knees were bent at 90 degree angles. Laser displacement 

sensors (LDSs) recorded movement of the left and right hands while the accelerometer measured 

movements of the head. Between their legs and proximal to their knees, the subject held a load 

cell apparatus (LC) with padded wooden supports. The subject performed two MVC’s of the 

thigh adductors by squeezing the device with their legs. The MVC trials were five seconds in 

length, each separated by a two minute rest period. While maintaining a horizontal posture at the 

wrists, subjects again squeezed the device, and were asked to maintain a contraction of 5% MVC. 

In front of the subject was a computer monitor displaying the force output of the LC in the form 
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of a white line. A 5% MVC target line was displayed in the lower third of the screen in the form 

of a horizontal red line. Visual feedback was provided throughout the entire length of the trial. 

Three trials were recorded, each 20 seconds in length. 

Following adductor contraction trials at 5% MVC, the subject was asked to perform the same task 

with an increased physical load. The subject performed an additional 3 trials where they were 

instructed to maintaining a 25% MVC contraction of the adductor muscles; horizontal posture 

was maintained at the wrists. On the top third of the monitor screen was a 25% MVC target line 

displayed in green. Each of these trials was 20 seconds in length. Based on visual inspection of 

the data, trials in which a subject failed to maintain the constant target force were repeated. 

However, trials were not repeated for those individuals who had difficulty maintaining the target 

force as a result of their tremor. 

Below, figure 3-2 depicts the experimental setup for the adductor and reaction trials. 
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Figure 3-2 depicts the experimental setup for the adductor and reaction conditions.

 

Figure 3-2. Experimental setup for adductor and reaction conditions. 

 

3.3.3 Reaction Task Trials 

Following the adductor trials, the subject was asked to perform a reaction task again using the 

device held between their knees. The subject squeezed the device and held a 5% MVC 

contraction. Seated upright in the chair, forearms secured, and wrists holding a pronated 

horizontal postural, the subject was asked to increase the level of contraction to that of a 25% 

MVC upon hearing an auditory cue. The time prior to the auditory cue was called the 

Preparatory period, which varied in length from 3 to 8 seconds. The order of preparatory period 
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lengths was randomized in order to prevent the subject from learning the timing of cue onset. The 

researcher triggered the cue after the subject had maintained the 5% target line for the designated 

length of each preparatory period. The subject was instructed to reach the 25% MVC target line 

“as quickly and as accurately as possible” after hearing the auditory cue. Once the 25% MVC 

target line had been achieved and maintained for 3 to 5 seconds, the subject was instructed to 

“relax”, and the trial was ended. Ten reaction trials were performed, each approximately 15 

seconds in length. 

 

3.3.4 Postural and Reclined Trials 

Postural trials were recorded with the subject seated upright in a chair and their wrists holding a 

pronated horizontal posture over the edge of the arm supports. The subject’s forearms were 

secured to the armrests. Each recording lasted 30 seconds. Four postural trials were recorded. 

Reclined trials were performed in the same chair with the wrists holding a horizontal posture over 

the edge of the arm supports. The back of the chair was reclined at 70 degrees above the 

horizontal. The arm-rests of the chair were adjusted in order to maintain a 90 degree angle at the 

elbow with the wrists maintaining a pronated horizontal posture over the edge of the arm 

supports. The subject was instructed to begin with their head against the backrest. Prior to the 

beginning of the trial, the subject was asked to lift their head approximately one inch from the 

backrest. Recordings commenced once the subject had raised their head, and lasted for 15 

seconds. After each recording, the subject was given a 45 second rest period in order to avoid 

neck muscle fatigue. Four trials were recorded for each subject. 
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3.4   Hand Tremor Measurements 

3.4.1 Instruments 

 Laser Displacement Sensors  

 

LDSs were used to record tremor at the hands/wrists. Two LDSs, identical in make and model 

(Matsushita, ANR12151), recorded movement of the hand. The lasers captured up and down 

movement of the hand within a 10 cm range, corresponding to small fluctuations in wrist flexion-

extension. A low-powered laser beam was emitted from an output module and reflected back 

towards the laser sensor. A matte white surface was affixed to the dorsum of the third metacarpal 

bone on each of the subject’s hands. Using trigonometric triangulation, the sensor’s voltage 

output was proportional to the distance between the sensor and the reflective surface. The mid-

range of the sensor’s capacity is 13 cm from the laser source. Therefore, it was able to measure 

movement between 8 and 18 cm from the site of laser emission. With a sampling rate of 1000 Hz 

the LDSs had a spatial resolution of 200 μm (0.2 mm). A sampling rate of 1024 Hz was used 

during data collection; using a value that is power of 2 improves the processing time of the 

collection computer. The voltage output from the LDSs was sent to the collection computer, 

passing through an analog-to-digital board. The A/D board was a 16-bit board with an input range 

of +10 Volts. The resolution of the LDSs was determined to be 0.18 mm by recording 

displacement of objects with a known thickness. 

3.4.2 LDS Signal Processing  

The voltage obtained from each of the LDSs were collected and recorded as an ASCII file on the 

collection computer. These data were saved for later processing and analysis using MatLab 

software (Version 2008a). The data were first multiplied by the appropriate calibration constants 

(LDS #1: -10.0315, and LDS #2: -10.1154) in order to obtain displacement in millimetres from 
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the voltage signal. The displacement signal was then filtered using a 4th-order, zero-lag low-pass, 

40 Hz Butterworth filter.  This effectively attenuated the high frequency components from the 

signal (those over 40 Hz) which were not of interest to this study. Following this, the LDS data 

underwent differentiation from displacement to velocity and then again from velocity to 

acceleration. The data remained in the acceleration (mm·s²) for the purpose of analysis and signal 

comparison. 

 

 Electromyography (EMG) 

Electromyography recorded muscle activity responsible for wrist movement. For data collection, 

an 8-channel Delsys system was used along with Delsys DE2.1 surface electrodes. The 8-channel 

system had a detectible frequency bandwidth of 20-450 Hz +10 % with an overall noise 

contribution of less than 1.2 μV. Skin preparation was performed over the region of muscle where 

recording electrodes were to be placed. The skin was rubbed vigorously with cotton pads and 

alcohol until reddening of the skin was observed and the superficial layer of dirt and dead 

epithelial cells had been removed, providing an appropriate recording site for surface electrodes 

(Roy, et al. 2007).Once the alcohol had dried, surface electrodes were placed over the muscle 

bellies in previously identified locations. Each electrode placement was selected based on precise 

measurements using surrounding anatomical landmarks. The Extensor Carpi Radialis (ECR) was 

the target muscle recorded from in order to measure muscle activity of the wrist extensors. An 

electrode pair was placed over the muscle belly of both the left and the right ECR. The physical 

placement of electrodes was performed 10 minutes prior to recording, allowing ion exchange to 

occur between the skin and the electrodes, thus improving the resulting signal. The single 

differential recording process of the DE2.1 surface electrodes contributed to the precision and 

expediency of the recorded signal. By inputting and saving only the differentiated signal, the 

Delsys system effectively took two recordings of the active muscle and subtracted the common 
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signal, eliminating inherent noise and cross-talk. The Delsys cables were connected to the 

system’s primary amplifier and the signal was amplified by a net gain of 1000x. In order to assure 

a sufficient sampling rate, signals were collected at over two times the approximate maximum 

signal frequency (500 Hz), using a 1024 Hz sampling rate. The system relayed the amplified 

signal to the Analog-to-Digital Converter (A/D) via co-axial cables. Once the signal was in digital 

form, it was relayed to the processing computer to be displayed and analyzed. Data were saved to 

the computer for post-test analysis. 

 

3.4.3 EMG Signal Processing 

After the EMG data were saved in the form of an ASCII file to the collection computer, the DC 

offset was removed by subtracting the mean value from each recorded signal. The data were 

passed through a 4th-order, dual-pass Butterworth filter (20 Hz – 450 Hz) in order to confirm 

(beyond the hard wired Delsys system) that other frequencies were attenuated. After the signal 

was rectified, a resting offset value was subtracted from the signal eliminating baseline noise 

acquired from minimal muscle activity. The data were then filtered using a dual-pass, 4th-order, 

low-pass, 40 Hz Butterworth filter in order to eliminate the undesired high frequency components 

from each signal. Signal-to-noise ratios (SNRs) were calculated in order to ensure signal 

integrity. A resting trial was recorded at the beginning of the experiment in which the subject was 

asked to completely relax their muscles. The mean value of each signal for each experimental 

trial was calculated and compared to the mean signal value obtained during the offset trial. Only 

EMG signals with a signal-to-noise ratio greater than 2:1 were included in the analyses. Figure 3-

3 provides an example of raw EMG data in contrast to the same data after rectification and 

processing. 
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Figure 3-3. EMG signal samples of a subject with ET. Left: unprocessed raw EMG data. 

Right: The same EMG data following rectification and 40 Hz lowpass filtering. 

 

3.5   Head Tremor Measurements 

3.5.1 Instruments 

4G Triaxial Accelerometer 

To collect head kinematic data, a 4g triaxial accelerometer was tightly secured to the centre of the 

subject’s forehead directly above the glabella. The Crossbow CLXO4LP3 accelerometer was held 

in place using a tight headband with durable elastic material to ensure a tight fit. The 

accelerometer itself was fixed to the headband using Velcro and two 1/6” screws embedded in the 

headband. The accelerometer provided information on head acceleration in three axes, within a 

range of +4 g. This instrument is sensitive to 500+25 mV/g with a zero g drift of +0.2 g. Each 

axis of the accelerometer was independently calibrated versus a known measure. It was 

determined that each axis had a zero g output voltage of 2.5 V + 0.05. The data were sampled at 

1024 Hz. The accelerometer was connected to an independent power supply that also served to 
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isolate each signal corresponding to the three recorded directions of the accelerometer. This 

information was then saved to the collection computer after passing through the system’s A/D 

board.  

 

3.5.2 Signal Processing 

The data from the accelerometer were saved to the collection computer in the form of an ASCII 

file. There existed three columns of data corresponding to the x, y, and z axes of the 

accelerometer. Each of these columns was processed separately as an independent signal. First, 

the resting voltages were removed from each channel. They were then each divided by their own 

calibration constants (x = .505, y = .493, and z = .995) yielding a signal in units of gravity (g). 

The calibration constants were obtained from tests performed in the laboratory; the accuracy of 

these results were confirmed by multiple tests demonstrating identical results. These signals were 

then converted to acceleration (mm·s²) by multiplying the signals by a value of 98.0665.  

 

Electromyography of Neck Muscles 

A total of 6 surface electrode pairs were used to capture muscle activity of the neck. Bilateral 

recordings were collected for the Trapezius Descendens (upper Trapezius), the 

Sternocleidomastoid (SCM), and the Splenius Capitis (SPL). The same muscles have been 

studied by other researchers investigating various forms of neck muscle activation (Kleine, et al. 

1999,Corna, et al. 1996). The TD electrodes were placed 2 cm anterior to the halfway point 

between the C7 spinous process and the acromion process of each shoulder (SENIAM guidelines, 

2008). The electrodes recording the SPL were placed 4 cm rostral to the spinous process of the 

C7 vertebrae and approximately 4 cm lateral to the C7 spinous process.  The exact locations were 

determined by palpating the area and finding the muscular gap between the trapezius and the 

sternocleidomastoid (Keshner, et al. 1989).  Electrode placement for the SCM was determined by 
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measuring a line between the mastoid process and the manubrium at the jugular notch of the 

sternum. The recording electrodes were placed 2/3 of this distance caudal to the mastoid 

processes, over the muscle bellies (Siegmund, et al. 2007). All other aspects of EMG recordings 

were as described in the sections on hand tremor (sections 3.4.2 and 3.4.3). 

 

3.6   Load Cells - Additional Kinematic Measurements 

 

 MLP-100 

A load cell was used to provide an accurate measurement of force produced by the wrist during 

both maximal and submaximal extension. This MLP-100 series load cell (LC) possessed a 

capacity of 100 pounds. Its main function in this study was to be used in a series of functional 

motor tasks. In those particular tasks the subject was seated with their pronated hand secured to 

the load cell. With their forearm supported and held in place using Velcro straps, subjects were 

asked to perform various tasks, extending their wrist and pulling up against the hand support. The 

load cell registered the tensile force created by wrist extensors. 

 

3.6.1 MLP-100 Signal Processing 

The MLP-100 produced one signal which was recorded in two channels. The first channel was 

unamplified while the second channel was amplified by a gain of 100x. Both signals were passed 

through an external 8th order, low-pass 40 Hz Butterworth filter before reaching the A/D board. 

From the A/D board, the signals were sent to the collection computer where the data were saved 

for further processing and off-line analysis. The offset values were subtracted from each signal; 

then each signal was filtered again using a 4th order low-pass 40 Hz Butterworth filter. The MLP-

100 had an output voltage of +10 Volts. The output voltage had already been multiplied by a 

calibration constant “on-line”; therefore the saved signal was already in Newtons (N). 
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 MLP-200 

A second load cell was implemented in this experimentation. The MLP-200 had a capacity of 200 

pounds and was used for quantifying the accuracy of motor tasks. The MLP-200, with wooden 

supports covered by soft foam padding were affixed to each pole, was used to record the amount 

of force generated by the subject when they squeezed it between their thighs;  this force was 

created principally by the hip adductor muscles. The pads were custom made and adjustable to fit 

various body sizes. 

3.6.2 MLP-200 Signal Processing 

The signal was sent to the processing computer via the A /D board and saved for processing and 

analysis. The signal had the offset value subtracted and was then filtered using a 4th order, low-

pass 40 Hz Butterworth filter. The MLP-200 had an output voltage of +10 Volts. This voltage 

was multiplied by a calibration constant “on-line” so that the saved signal had already been 

converted to Newtons. 

 

3.7  Statistical Analysis 

The nature of the study necessitated the use of analysis in the frequency domain. The estimates of 

power spectral densities were generated for each channel of data using Welch's averaged 

modified periodogram method of spectral estimation (Vaillancourt, et al. 2003). The time series 

was segmented into lengths of 4096 data points with no overlapping segments. Since the data 

were not analyzed with overlapping segments, windowing the data was not required. This 

segment length of 4096 provided a frequency resolution of 0.25 Hz. Figure 3-4 provides 2 

examples of raw data for, the same data following signal processing and the power spectra for 

each signal. The power spectra have been generated using the entire length of the recorded trial 

(20 s) while both examples of raw and processed data are provided in 1 s epochs.
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Figure 3-4. Examples of raw and processed EMG data and the corresponding power 

spectra for the right ECR in both a control (A) and an ET (B) subject. The upper traces 

represent one second of raw data from a wrist extensor trial. The middle traces shows the 

same data following processing, and the bottom trace provides the power spectra generated 

for the entire trial length. 

 

Figure 3-4 A displays the wrist extensor EMG data for a 64 year old male control subject during a 

wrist extension trial. Both the raw and processed data show a variable burst pattern. A slight peak 

is observed in the power spectrum generated from the control data at approximately 7 - 8 Hz. This 

frequency is typical of normal physiological tremor and normal oscillations about the wrist. The 

ET subject has a similar tremor frequency of approximately 7 Hz, however the regularity of the 

burst pattern is much more consistent. Figure 3-4 B provides EMG data of the wrist extensor 

muscle for a 51 year old female ET subject. The tremor frequency is so strong that it dwarfs all of 

the surrounding frequency components embedded in the signal. 

BA
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The spectral estimation of each channel was calculated using the pooled data for each muscle and 

for each experimental condition. Prior to pooling, the length of each data set was recorded and 

inspected to be perfectly divisible by the sampling frequency 1024. The power spectra of all 

EMG data were calculated and plotted. All the data recorded from one muscle was plotted on the 

same graph; the various conditions were coded according to colour. Each power spectrum was 

inspected for strength and signal integrity. The one spectrum most representative of that muscle 

was selected to be the template spectrum. In order to be selected the power spectrum had to 

demonstrate: 1) a distinct peak between 3 and 16 Hz;  2) a peak proportionately large in 

comparison to the surrounding frequency powers; and 3) the largest peak power at tremor 

frequency as compared to all other spectra generated for that muscle. If there was more than one 

large peak at tremor frequency, the highest peak was selected. If there were numerous peaks at 

approximately the same power which differed in tremor frequency, the peak in the middle of this 

range was selected. If there was no spectrum which met the above criteria for a muscle, no 

spectrum was selected. Also, if the power spectrum was offset from the other recorded trials, the 

data was closely examined for noise contamination of the signal. The peak power frequency of 

the template spectrum was recorded as was the power at this peak.  

The peak frequencies and powers obtained for the template spectra were used to acquire general 

information regarding the differences in peak frequencies. This information will be presented in 

the Results section (see Table 4-15). Figure 3-5 provides examples of peak selection based on the 

above criteria. 
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Figure 3-5. Examples of spectral peak selection. For the above plots, the green (A), dashed 

black (B), and green (C) spectra was selected as the muscle template spectrum. No spectrum 

was selected in (D). 

 

In Figure 3-5, there are 4 plots each revealing different circumstances of template spectrum 

selection. In Figure 3-5 (A), there are 2 peaks which differ in power but have the same peak 

tremor frequency. In this situation, the green spectrum was selected because it has a highest peak 

B A

D C
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power and possesses similar peak frequencies to the other spectra. In Figure 3-5 (B) the spectrum 

plotted as the dashed black line was selected as the template spectrum for the reasons that it has 

the highest peak tremor power and that it appears to represent the median peak frequency of the 

other spectra for that muscle. Some of the spectra plotted in Figure 3-5 (C) do not demonstrate a 

peak tremor frequency; these spectra are excluded immediately from the selection process. The 

only two spectra which meet the required selection criteria are the green and red spectra. The 

green spectrum was selected because it demonstrates a higher power at peak tremor frequency. 

Figure 3-5 (D) represents a situation in which none of the spectra met the required selection 

criteria for the template spectrum. The spectrum represented by the dashed black line was 

determined to be a noisy signal. In this case, no spectrum was selected. 

Coherence analysis was used to estimate the strength of coupling between two signals. Time 

series data was used to calculate the spectral estimation using the Fast Fourier Transform with a 

segment length of 1024, providing a frequency resolution of 1 Hz. The methods of cross-spectral 

estimation used in this study were adopted from Neurospec Software written by David H. 

Halliday, copyright 2008. For the method of disjoint sections as established by Rosenberg, et al. 

(1989), and Halliday, et al., (1995), the complete record, denoted by R is divided into non-

overlapping disjoint segments of length T.  

The Finite Fourier Transform denoted by (λ,l) was calculated from time series x(t) at 

frequency λ for segment l and is defined as (Rosenberg, et al. 1989): 

(λ,l) =  ∑      (3.1) 

The cross-spectrum performed between signals a and b is denoted by fab(λ) and is estimated 

using disjoint sections. The process used to calculate the cross-spectrum is defined by 

(Halliday, et al. 1995, Rosenberg, et al. 1989, Amjad, et al. 1997): 
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  ∑ λ, λ,       (3.2) 

The overbar in equation (2.2) indicates a complex conjugate. If both signals a and b are 

stationary interval processes, the coherence between these signals, denoted by | |2 can 

be defined by the equation: 

| |   | |             (3.3) 

The process of squaring the numerator and dividing it by the product of both auto-spectra for 

vectors a and b effectively normalizes the data constraining coherence values within the 

range 0 to 1. The upper 95% confidence limit for the above equation (Eq. (2.3)), is based on 

the assumption of independence between processes a and b, and is given by: 

1 0.05 / ∑         (3.4) 

The above equation to calculate the upper 95% confidence limit of coherence analysis can only 

be used for the method of non-overlapping disjoint sections. Furthermore, these formulas require 

all second order spectra to be estimated with the same spectral bandwidth. For further information 

regarding the spectral estimation methods of this study see Halliday, et al., (1995).  

To summarize, each subject’s data was statistically analyzed to determine if signal quality 

permitted further analysis and if yes, whether there existed spectral features indicative of tremor. 

Tremor related signals in the head and hand were then analyzed to determine if the two signals 

were significantly related. The hypothesis of this study – that all ET subjects would demonstrate 

significant neck and wrist muscle tremor coherence – is addressed through visual inspection of 

the results from all subjects. Thus, the hypothesis is not addressed statistically but rather through 

examination of the extent to which the proposed phenomenon of coherent muscle signals is found 

robustly in subjects with ET and not in control subjects.   
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Chapter 4 

Results 

4.1  Subjects 

We tested 3 control subjects and 16 ET subjects.  Control subjects were recruited through 

acquaintances of the research group.  All ET subjects were recruited by letter of invitation and 

follow-up phone calls. Each of them had previously participated in an experiment performed by 

our research group. Six of our invited ET subjects were subsequently excluded on the basis that 

they did not meet the inclusion criteria. Two of these subjects did not have any wrist tremor; 

another two subjects did not present sufficient evidence of tremor in either their head or their 

hands on the day of testing. The final two subjects were excluded on the basis that there were 

insufficient data to perform the necessary analyses. Upon observation of the frequency spectra for 

each of these individuals, there was no clear peak in either the EMG or the kinematic data at a 

frequency consistent with ET.  The data of the remaining 10 ET subjects and the 3 control 

subjects were then used for the purpose of analysis. 

Based on the information collected using the intake questionnaire, a number of our subjects in the 

ET group reported a history of medical conditions including high cholesterol, diabetes, 

hypertension, osteoarthritis, asthma and a hypothyroid condition. While many of the subjects 

were on medication to treat these conditions, none of the medications were believed to affect 

normal physiological tremor or have a tremor suppressing effect. The one individual with a 

hypothyroid condition was on medication for the disorder. The medication and the condition were 

both deemed to be innocuous to the present research question or methods. 

Of the 10 ET subjects included in our study, 90% were female (n = 9). The majority of our ET 

subjects were over the age of 55 years (mean = 60 years, standard deviation = 8) and had 
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displayed signs of ET for a number of years. The mean tremor duration of our sample was found 

to be 25.4 years with a standard deviation of 13.7 years.  All ET subjects reported having bilateral 

wrist tremor which was later confirmed through spectral analysis of both the EMG and kinematic 

data. Interesting however is the observation that a great number of our subjects were unaware of 

their head tremor. In fact, 50% of our subjects (n = 5) were unaware that they had head tremor. In 

order to confirm that these individuals did in fact have head tremor, spectral analyses were 

performed on both the neck muscle EMG and the kinematic data recorded by the accelerometer. 

Each of these five subjects was identified as having head tremor.  Of the other five subjects who 

were aware of their head tremor, only one had been the first person to identify the oscillations, 

while the remaining 4 subjects were informed by other people that “their heads were shaking.” Of 

those subjects who were aware of their head tremor, again only one was conscious of it on a day-

to-day basis. Two subjects reported being more aware of their head tremor when performing fine 

motor tasks such as cutting vegetables or shaving his face.  

Six of the ET subjects had received a formal diagnosis either by a physician or by a neurologist. 

Four subjects reported the use of beta-blocker medication to treat their tremors, including one 

individual who had not received a formal diagnosis. Eight subjects reported a family history of 

ET, seven of which cases were in the immediate family; the last report was of a great grandfather 

with tremor.  
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A table of subject characteristics for each group is shown below in Table 4-1. 

Table 4-1. Subject characteristics for ET and control groups. 

  ET Group 

(n = 10, 9 Female) 

Control Group 

(n = 3, 2 Female) 

 

  Mean + SD  Range  Mean + SD  Range   

Age (years)  60 + 8  50 – 72  55 + 11  42 – 64   

Tremor 
Duration 
(years) 

25 + 13  7 – 50  NA  NA   

Age of 
Onset 
(years) 

34 + 12  22 – 59  NA  NA   

Family 
history of 
tremor 
(n,(%)) 

10 

(80%) 

  None  None   

 

4.2   Head Tremor Measures 

Tremor was recorded using both EMG and kinematic measures. When neck muscles have tremor-

related oscillatory activity that is strong enough and the head is free to move, clear head tremor 

can be seen. Although comparison of neck and wrist EMG was central to the purpose of this 

study, kinematic measurement permitted the comparison of oscillatory movement of a body part 

with that of EMG data showing muscle contraction. Kinematic data was used to ensure that 

tremor resulted from contraction of the muscle from which we were recording EMG. 

Furthermore, very high coherence was identified at tremor frequency between kinematic and 

EMG data recorded from the same body part in ET subjects. This in effect demonstrated the 

accuracy of our measures and the effectiveness of our coherence analyses. 
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 Kinematic measurement of head tremor showed clear indication of head tremor in those subjects 

with ET. Below, Figure 4-1 contrasts the power spectra of head movement captured by an 

accelerometer for a 67 year old female ET subject (A-C) with that of a 61 year old female control 

subject (D-F). 
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Figure 4-1. Accelerometer power spectra of a 67 year old female ET subject (ET02) (A-C) 

and a 61 year old female control subject (CN03) (D-F). The ET subject demonstrates head 

oscillations primarily at 4.5 Hz in the x axis (A). Similar frequency peaks are observed for 

the Y axis and the Z axis at lower powers (B &C).The control subject demonstrates a 

predominant movement in the direction of the X axis (A) with very low power in all the 

directions of movement.  

ED F

A B C
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The peak power concentration at 4.5 Hz in Figure 4-1 A is a strong indication of low frequency 

head tremor. The peak tremor frequency has the greatest power in the X axis, with similar peaks 

in both the Y and Z axes. Tremor frequency in Figure 4-1 A has considerably more power than 

the tremor peak frequencies for both spectra in Figure 4-1 B & C. In contrast, Figure 4-1 D-F 

illustrates the low amplitude head movement of a 61 year old control subject. There remains 

considerable power in the lower frequencies; however, these peak powers do not stand on their 

own, rather they are intermingled with peaks of varying frequencies. Also, the powers of such 

peaks are orders of magnitude smaller than are those of the ET subject. 

All of the ET subjects included in this study demonstrated a form of head tremor. Muscles with 

activity corresponding to head tremor varied among subjects. Both EMG and accelerometer data 

showed peak power in the 3 – 8 Hz range in all ET subjects. Figure 4-2 A shows the EMG power 

spectra of two neck muscles for a 51 year old woman with ET recorded during the 25% adduction 

condition. Figure 4-2 B likewise shows the EMG power spectra of two neck muscles of a 42 year 

old female control subject recorded during the reclined condition. 
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Figure 4-2. EMG power spectra of neck muscles in both an ET (ET11) (A) and a control 

(CN01) (B) subject. The left sternocleidomastoid (A: Left) and of the right 

sternocleidomastoid (A: Right) for a 51 year old female ET subject. There is a peak 

concentration of power in both muscles at 3.25 Hz. The left sternocleidomastoid (B: Left) 

and of the right sternocleidomastoid (B: Right) for a 42 year old female control subject.  

Note the difference in Y axis scaling between figures 4-2 A and B. 

A 

B 
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The ET subject clearly has distinct peaks at 3.25 Hz in both muscles. These peaks are very sharp 

and pronounced. The power residing in the higher frequencies is almost negligible compared to 

the peaks at tremor frequency. The power spectra observed for the control subject are much more 

typical of normal physiological tremor. Although peak powers are observed at approximately 16 

and 19 Hz for the right SCM muscle, the peaks are not as clearly distinguishable from the 

neighboring frequency powers as those found in the power spectra of a subject with ET. The ET 

subject demonstrated significant power at tremor frequency which were enormous with respect to 

the powers of other frequencies. The difference in Y axis scaling between figures 4-2 A and 4-2 B 

provides an indication of the difference in peak powers between ET and physiological tremor.   

 

4.3   Hand Tremor Measures 

As previously mentioned, all ET subjects reported bilateral hand tremor. These reports were 

confirmed with both EMG and kinematic power spectra analysis. Some subjects however, only 

demonstrated hand tremor intermittently. Kinematic measures of hand tremor complement the 

results observed in the EMG recordings of wrist extensor muscles. By comparing kinematic and 

EMG hand tremor data, we identified strong coherence between the contracting muscle and the 

resulting tremor. The research question requires the comparison of neck to wrist EMG data. 

Kinematic data was recorded in order to ensure the accuracy of our measures and coherence 

analysis. If muscle contraction is responsible for tremorous movement of the hand, one would 

expect significant levels of coherence between the EMG and kinematic data. These comparisons 

are described in greater detail in section 4.5.1. In some cases, the tremor peak is even more 

readily observable in the kinematic data. Figure 4-3 provides the power spectra of both the left 

and right LDS of a 66 year old male ET subject with bilateral hand tremor. This figure effectively 
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demonstrates the ability of the LDSs to record tremor displacement at the hands. Two distinct 

peaks at approximately 6 Hz are readily observable in the power spectral estimates for both the 

left and the right hand tremors in this 66 year old male ET subject. 

 
Figure 4-3. Power spectra of both the left and right LDSs of a 66 year old male subject with 

bilateral hand tremor (ET03). The spectrum from the left LDS is plotted in blue, the 

spectrum from the right LDS is plotted in black.  

 

The subject illustrated in the Figure 4-4 A below, showed mild 6 Hz frequency tremor in the left 

and right wrist. The EMG power spectra observed for this 70 year old female ET subject are 

contrasted by the EMG power spectra in Figure 4-4 B, for a 64 year old male control subject. 
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Figure 4-4. Power spectra of ET (A) and control (B) wrist EMG. The left extensor carpi 

radialis (A: Left) and of the right extensor carpi radialis (A: Right) for a 70 year old female 

ET subject (ET10). The left extensor carpi radialis (B: Left) and of the right extensor carpi 

radialis (B: Right) for a 64 year old male control subject (CN03). 

A 

B 
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The power spectra in Figure 4-4 A provide a clear indication that the wrist muscle is being driven 

at approximately 6 Hz. However there is power in the 15-25 Hz range that is far from negligible 

with respect to the power at the tremor frequencies. The spectra observed in Figure 4-4 B are 

prime examples of normal physiological power spectra. There is no real concentration of power 

showing peak characteristics. Rather, there is a broad spectrum of activity composed of peaks in 

power at various frequencies. 

 

4.4   Peak Frequency Patterns for Both Head and Hand EMG 

Below figure 4-5 provides the comparison of peak tremor frequencies recorded from neck and 

wrist muscle using EMG and the corresponding tremor powers. ET subjects are identified by the 

circular markers while the control subjects are identified by the solid triangular markers. 
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Figure 4-5. Comparison of peak tremor frequencies and tremor powers for both ET and 

control subjects. ET subjects are represented by circular markers and control subjects are 

represented by solid triangular markers. Marker colours are subject specific. Tremor 

power (y axis) is log scaled to the base 10. 

 

From figure 4-5, it becomes clear that muscle tremor frequencies from any particular ET subject 

fall within a narrow frequency band. Control subjects do not demonstrate this same pattern;  the 

peak tremor frequencies for any one control subject fall within a much broader frequency band. 

Despite wide ranging tremor powers, intra-ET subject inspection of EMG peak frequencies 

reveals the tendency of individual muscles affected by ET to oscillate at very similar frequencies. 

Control subjects typically reveal higher peak tremor frequencies than do the ET subjects. 

Furthermore, control subjects tend to display peak tremor frequencies of of lower powers than do 
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ET subjects. In figure 4-5, there is an identifiable cluster of ET markers. They occupy a narrow 

frequency range from approximately 3 – 7.5 Hz, and vary greatly in tremor power. This cluster 

occupies the lower end of the frequency spectrum with tremor powers typically higher than those 

of the controls. 

 

4.5   Coherence Analysis 

4.5.1 Electrophysiology – Kinematic Coherence 

Coherence analyses were performed between EMG muscle pairs, as well as between EMG and 

kinematic measurements. A detailed explanation of the coherence analysis can be found in the 

Methods section 3.7. Coherence was an effective method in drawing the connection between 

muscle contraction frequency and the frequencies of movement recorded by the kinematic 

measures.  Coherence between EMG and kinematic measurements enable us to see whether 

rhythmic muscle activity is linked to rhythmic motion of the body part. Because coherence is 

expected to be high, such findings do not speak directly to the hypothesis of this study. Instead, 

they provide a foundation for later evaluation of EMG-EMG coherence analysis. Figure 4-6 

demonstrates the similarity between the EMG signal recorded from the right ECR of a 72 year old 

woman with ET and the resulting frequency of movement produced at the wrist. 
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Figure 4-6. Spectral similarity between EMG and load cell signals as estimated by 

coherence. This data was recorded from subject ET04 during the wrist extension condition. 

The log scaled power spectra of (A) EMG signal from the right ECR and the log scaled 

spectrum of the load cell (B). (C) Coherence between the two signals in (A) and (B). A 

strong 7 Hz component is common to both signals and shows high coherence. 

 

The strong 7 Hz frequency component common to both the wrist EMG and the load cell 

demonstrate significant coherence at tremor frequency. This demonstrates both the coupling 

between the muscle activity and the resulting movement as well as the efficiency of the coherence 

analysis employed in this study. 

To a similar extent, coherence between neck muscle EMG and signal recorded by the 

accelerometer were also found to be coherent at tremor frequency. Figure 4-7 demonstrates how 

the left TD muscle of a 51 year old woman with severe head tremor was associated with 

movement of the head at a certain frequencies. 

CBA
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Figure 4-7. Spectral similarity between EMG and accelerometer signal as estimated by 

coherence. This data was recorded from subject ET11 during the postural condition.  The 

log scaled power spectra of (A) EMG signal from the left TD and the log scaled 

accelerometer spectrum (B). (C) Coherence between the two signals in (A) and (B). A strong 

4 Hz component is common to both signals and shows coherence. 

 

Figure 4-7 (A) shows a significant 4 Hz peak in the log scaled power spectrum of the left TD 

muscle. A 4 Hz peak is also seen in the log scaled power spectrum of the accelerometer signal. 

The coherence between these two signals at 4 Hz is highly significant (Coherence value = 0.72, p 

< .05). 

Coherence was high between wrist extensor EMG and both load cell and LDS data for all 

subjects. ET subjects demonstrated a high coherence peak at tremor frequency when comparing 

EMG and kinematic data while control subjects demonstrated a wider frequency band in which 

EMG and kinematic data were coherent. Coherence values between EMG and kinematic 

CBA
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measures were higher for ET subjects than were the coherence values identified for control 

subjects. This is most likely due to the regularity of muscle contraction frequency observed in ET 

subjects.  

4.5.2 EMG Signal Quality and Coherence Analysis 

Coherence analysis has been used as a tool to identify commonality between two biological 

processes and specifically mechanisms of neural oscillations (McAuley, et al. 1997, Lauk, et al. 

1999, Amjad, et al. 1997). However, the statistic has also demonstrated susceptibility to noisy 

signals which lead to unreliable results (Albo, et al. 2004). Therefore, the data analyzed using 

coherence analysis was first inspected for signal integrity and required to meet a previously 

specified signal-to-noise ratio. Not all data met the criteria for analysis. Below is a series of 

tables, each identifying the number of conditions in which EMG-EMG coherence analysis was 

possible. The tables identify specific muscle pairs by row and column. The numbers in each cell 

represent the number of conditions in which coherence analysis was performed for that specific 

muscle pair; the maximum number being six. 

The grey shaded cells of each table represent duplicate comparisons or comparisons that were not 

performed in this study. The muscle pairs in which significant coherence was found between the 

neck and wrist EMG are indicated with red shading. Furthermore, the number of conditions in 

which there was significant coherence is indicated by the number within brackets. Similarly, the 

muscle pairs in which significant coherence was identified in intra-neck muscle pairs are 

identified with blue shading. The number of conditions in which there was significant coherence 

is indicated by the number within brackets. 
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Table 4-2. ET01: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        1  2  0  0  1  2 

SCM right        1  1  2 (1)  2  5  5 

SPL left              1  2  3  3 

SPL right              0  0  0  0 

TD left                    2 (1)  3 

TD right                    2  2 

ECR left                         

ECR right                         

 

Subject ET01 demonstrated significant coherence in one of the two conditions in which 

coherence analysis was possible between the left TD and the left ECR. Comparisons between the 

right SPL and the ECRs and TDs were unavailable. However, signal from the right SCM was 

available for comparison with both the left and right ECRs which did not result in significant 

coherence. Furthermore, there was significant coherence in one of the two conditions in which 

coherence was possible between the right SCM and the left TD. 
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Table 4-3. ET02: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        2  5  5  5  5  4 

SCM right        0  0  0  0  0  0 

SPL left              2  2  2  3 

SPL right              4  4  6  6 

TD left                    6 (3)  6 (1) 

TD right                    6  6 (3) 

ECR left                         

ECR right                         

 

Subject ET02 demonstrated the greatest number of coherent neck-wrist muscle comparisons of 

any subject in the current study. The right TD was significantly coherent with the right ECR 

during three of the six conditions. Similarly, the left TD and the left ECR were found to be 

significantly coherent in three of the six conditions. The contralateral muscle comparison of the 

right ECR and the left TD also demonstrated significant coherence in one of the six conditions in 

which coherence analysis was performed. 
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Table 4-4. ET03: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        0  1  1  1  1  1 

SCM right        0  1  1  1  1  1 

SPL left              0  0  0  0 

SPL right              1  1  1  1 (1) 

TD left                    5  2 

TD right                    6  5 

ECR left                         

ECR right                         

 

Subject ET03 demonstrated significant coherence between the right SPL and the right ECR. This 

contralateral comparison was only performed on the data from one condition because the data 

was only available for comparison from one of the six conditions recorded. We are therefore 

unable to determine whether or not the same muscle comparisons would yield similar and 

repeatable results. 

Table 4-5. ET04: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        0  0  0  0  0  0 

SCM right        1  0  1  1  1  1 

SPL left              3 (2)  3 (1)  3  2 

SPL right              0  0  0  0 

TD left                    6  5 

TD right                    6  6 (1) 

ECR left                         

ECR right                         
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Subject ET04 demonstrated significant coherence between the right TD and the right ECR in one 

of the six conditions in which this comparison was performed. Although the TD left and the ECR 

left were compared across all six conditions, no significant coherence was observed. There was 

also significant coherence between the left SPL and both the left and right TDs. 

Table 4-6. ET07: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        2  2  0  5  6  6 

SCM right        2  2  0  3  3  3 

SPL left              0  2  2  2 

SPL right              0  2  1  0 

TD left                    0  0 

TD right                    5  5 

ECR left                         

ECR right                         

 

There were no muscle comparisons with significantly coherent tremor activity in subject ET07. 

Signal quality for the left TD was very poor; therefore any comparison with the left TD was 

unavailable. 
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Table 4-7. ET09: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        0  2  4 (1)  1  4  5 

SCM right        0  1  0  0  1  1 

SPL left              0  0  0  0 

SPL right              1  0  2  2 

TD left                    3  4 

TD right                    3  2 (1) 

ECR left                         

ECR right                         

 

Subject ET09 demonstrated significant coherence at tremor frequency between the right TD and 

the right ECR. Despite two conditions in which right TD and the right ECR comparisons were 

available, only one comparison revealed significant coherence. The signal from the left SPL in 

subject ET09 consistently failed to meet the SNR requirements. Only one intra-neck muscle 

comparison demonstrated significant coherence. The left SCM and the left TD demonstrated 

coherence in one of the four conditions in which coherence analysis was possible. 
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Table 4-8. ET10: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        1  2  0  3  3  5 

SCM right        1  1  0  0  1  1 

SPL left              0  0  1  3 

SPL right              1  2  3  3 

TD left                    4  4 

TD right                    5  5 

ECR left                         

ECR right                         

 

Despite adequate signal quality in most trials, subject ET10 did not demonstrate any significant 

coherence at tremor frequency between neck and wrist EMG. 

Table 4-9. ET11: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        6 (6)  6 (6)  4 (4)  6 (5)  6  6 

SCM right        6 (6)  6 (6)  4 (4)  6 (5)  6  6 

SPL left              4 (2)  6 (4)  6  6 

SPL right              4 (3)  6 (5)  6  6 

TD left                    4 (4)  4 

TD right                    6  6 

ECR left                         

ECR right                         

 

Subject ET11 provided the best overall signal quality of any other subject who participated in this 

study. The only muscle for which any trials had to be excluded from analysis was the left TD. 
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Nevertheless, this muscle was the one to show consistently significant coherence with the left 

ECR at tremor frequency. No other neck-wrist muscle comparison demonstrated coherence in this 

subject. However, there were many intra-neck muscle comparisons which did demonstrate 

significant coherence. The TDs were coherent with the both the SCMs and SPLs in the majority 

of experimental conditions. Furthermore, the left and right SPLs were always coherent with the 

left and right SCMs. 

Table 4-10. ET14: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        1  0  4 (1)  4 (2)  6  6 

SCM right        0  0  1  0  2  1 

SPL left              0  1  2  2 

SPL right              1  0  2  1 

TD left                    4  3 

TD right                    4  4 

ECR left                         

ECR right                         

 

Despite adequate signal integrity for the majority of neck and wrist EMG comparisons, no 

significant coherence was found between neck and wrist EMG signals in subject ET14. There 

were, however, two neck muscle pairs which demonstrated significant coherence. The left SCM 

was found to be coherent with both the left and the right TDs. 
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Table 4-11. ET16: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        1  1 (1)  0  0  1  1 

SCM right        1 (1)  1  0  1  1  1 

SPL left              0  1  2  2 

SPL right              0  0  1  1 

TD left                    4  4 

TD right                    5  4 

ECR left                         

ECR right                         

 

Subject ET16 did not reveal any significant neck-wrist muscle comparisons. Few intra-neck 

muscle comparisons were possible. There were two cases of intra-neck muscle coherence. The 

SCMs were found to be coherent with the contralateral SPLs, despite the single condition in 

which the recorded signals were reliable. 

In general, control subjects demonstrated less neck muscle activation than did ET subjects. 

Weaker activation of neck muscles made it more difficult for EMG signal to meet the SNR 

criteria for analysis. Therefore, fewer comparisons between neck and wrist muscle pairs were 

possible in control subjects than were possible in ET subjects. Similarly, EMG signals from 

smaller muscles such as the SCM and the SPL did not consistently meet the SNR criteria for 

analysis. This may be due to the relatively small magnitude of EMG signal produced by the 

smaller axial neck muscles. 
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Table 4-12. CN01: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        5  0  1  0  6  6 

SCM right        3  0  0  0  3  3 

SPL left              1  0  6  5 

SPL right              0  0  0  0 

TD left                    0  0 

TD right                    0  1 

ECR left                         

ECR right                         

 

No neck-wrist muscle comparisons revealed significant coherence.  Only one comparison was 

available between TDs and ECRs. The right TD and the right ECR were compared for one 

experimental condition in which no coherence was found. 

Table 4-13. CN02: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        1  1  0  0  1  1 

SCM right        1  1  1  1  1  1 

SPL left              0  0  1  1 

SPL right              0  0  1  1 

TD left                    4  3 

TD right                    4  4 

ECR left                         

ECR right                         
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All neck-wrist muscle pairs were comparable in at least one condition. However, no significant 

coherence was identified. 

Table 4-14. CN03: conditions in which coherence analysis was performed. 

SCM 
left 

SCM 
right  SPL left 

SPL 
right  TD left  TD right  ECR left 

ECR 
right 

SCM left        1  0  2  1  2  2 

SCM right        1  0  2  2  2  2 

SPL left              2  1  0  1 

SPL right              0  0  0  0 

TD left                    4  3 

TD right                    3  4 

ECR left                         

ECR right                         

 

Subject CN03 also did not demonstrate any significant neck-wrist muscle coherence.  

4.5.3  EMG - EMG Coherence  

The most interesting signal comparisons for the purpose of this research are those comparing 

EMG to EMG signal. The researchers investigated all possible comparisons between neck and 

wrist EMG. Coherence between the neck and the wrist was identified at tremor frequency in over 

half of the ET subjects. Interesting however was the finding that nine ET subjects also 

demonstrated peaks of similar frequency without showing significant coherence.  

Of the ten ET subjects who participated in this study, six of them demonstrated significantly 

coherent neck and wrist muscle coherence at tremor frequency (p < .05). Four of these six 

subjects demonstrated neck-wrist EMG coherence between one muscle pair in one condition. One 

ET subject demonstrated high significant coherence at tremor frequency between the left TD and 
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the left ECR consistently in 4 conditions. This subject demonstrated significant levels of 

coherence between the left TD and the left ECR in the 5% adductor, 25% adductor, postural and 

left wrist extension conditions. Coherence analysis revealed highly significant peaks at the 

subject’s tremor frequency with coherence values ranging from 0.31 to 0.42. The highest of these 

values was recorded during the left wrist extension condition.  The same subject failed to 

demonstrate significant coherence between any of the other neck muscles and the wrist extensor 

muscles. 

The sixth ET subject with coherent neck-wrist EMG signals demonstrated 3 muscle pairs in 

which the neck muscle was significantly coherent with the wrist muscle at tremor frequency. Two 

of these comparisons involved the TDs and the ipsilateral ECRs; these comparisons were both 

identified as significantly coherent in three experimental conditions. The third muscle pair with 

significant neck-wrist EMG activity at tremor frequency involved the left TD and the 

contralateral ECR. This muscle pair was identified as significantly coherent in one of the six 

experimental conditions. 

Coherence between tremor of the neck and the wrist in subjects with ET appeared to be 

independent of age, disease duration and tremor severity. Further investigation is required to 

confirm this observation. 

One subject, a 51 year old woman with severe ET of both the head and the hands, demonstrated 

significant coherence between the left TD and the left ECR (p < .05). Although strong tremor 

peaks were observed at similar frequencies in both the left SPL and the right SCM, there was no 

significant coherence between these more medial neck muscles and the extensor muscles of the 

left wrist. Figure 4-8 demonstrates the coherence found between the left TD and the left ECR as 
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well as the lack of coherence between the other head and wrist EMG comparisons. Figures 4-8, 4-

9 and 4-10 represent the pooled data recorded from one subject during the same condition.  
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Figure 4-8. Coherence analysis of the left ECR in three muscle combinations in a 51 year 

old female subject with ET (ET11). The two upper traces show the log10 power spectra for 

both muscles. Coherence and phase are displayed in the third and fourth rows. The vertical 

bars in the power spectral plots are error-bars representing the 95% confidence interval of 

the estimated spectrum. The dashed line at the base of the coherence plots represents the 

95% confidence limit of the comparison. 

 

A B C
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Figure 4-8 demonstrates left ECR relationships with the left TD (A), the left SPL (B), and the 

right SCM (C). These comparisons are arranged into columns; the upper traces show the log10 

power spectra for muscles, coherence and phase are displayed in the third and fourth rows. The 

vertical bars in the power spectral plots are error-bars providing some indication as to the 

variance of the spectral data. The dashed line at the base of the coherence plots represents the 

upper 95% confidence limit. Due to the nature of the analysis, the phase plots are only accurate 

where the coherence plots show significance. The left TD and the left ECR were the only muscles 

to show coherence at peak tremor frequency. The muscles share a phase relationship of 

approximately 2 radians, equal to 115 degree difference of phase. A phase relationship of π 

radians or 180 degrees would indicate a reciprocal alternating pattern of activation. 

The coherence and phase relationships between the left TD and the more medial neck muscles 

(the SCMs, and the SPLs) for the same subject are illustrated in Figure 4-9. 
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Figure 4-9. Coherence analysis of the left TD in four muscle combinations in a 51 year old 

female subject with ET (ET11). The two upper traces show the log10 power spectra for both 

muscles. Coherence and phase are displayed in the third and fourth rows. The vertical bars 

in the power spectral plots are error-bars representing the 95% confidence interval of the 

estimated spectrum. The dashed line at the base of the coherence plots represents the 95% 

confidence limit of the comparison. 
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The left TD was coherent with both the left and right SCMs, it was also coherent with the right 

SPL. However, it did not show significant coherence with the left SPL. The left TD appears to 

have two peaks at 4 Hz and 6 Hz. The TD left is approximately 1 radian or 60 degrees out of 

phase with the left SCM and 45 degrees out of phase with the right SCM. In both comparisons, 

the SCM is leading the TD. For the frequency at which the left TD and the right SPL show 

coherence, there is a phase relationship very near zero radians. This implies that the muscles are 

contracting almost simultaneously at tremor frequency.  

Only four subjects demonstrated moderately significant coherence between the TDs and the 

SCMs. Significant coherence between the TDs and the SPLs was identified in only two of the ten 

ET subjects. None of the control subjects demonstrated significant coherence between the TDs 

and the SCMs or SPLs. 

Figure 4-10 illustrates the coherence and phase relationships between the SPL and the SCM 

muscles of a 51 year old female subject with ET. This individual was one of two subjects to 

demonstrate significant coherence between the SCMs and the SPLs. 
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Figure 4-10. Coherence analysis between both SCM and SPL muscles of the neck in a 51 

year old female subject with ET (ET11). The two upper traces show the log10 power spectra 

for both muscles. Coherence and phase are displayed in the third and fourth rows. 
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The SPL muscles demonstrated unique spectral peaks. The left SPL showed one significant peak 

at tremor frequency with a strong secondary peak, possibly a harmonic of the first. The primary 

spectral peak is the frequency at which the left SPL was found to be coherent with the left and 

right SCMs. The right SPL on the other hand had a very unusual power spectrum. Three peaks of 

comparible power were present in 4 – 12 Hz band.  All muscle comparisons between the SCMs 

and the SPLs were found to exhibit moderately low but significant coherence at tremor 

frequency. The left SPL was almost perfectly 180 degrees out of phase with both the left and the 

right SCMs, implying a reciprocal alternating pattern of contraction. The phase relationships 

between the right SPL and both SCMs were almost completely the opposite. The phase trace 

suggests that the muscles are contracting nearly in unison. 

A 67 year old ET subject demonstrated consistent tremor with coherence between the right TD 

and the right ECR and also between the left TD and the left ECR. These significant coherence 

values at tremor frequency were reproducible in multiple experimental conditions. There was also 

one condition in which a contralateral muscle comparison demonstrated significant coherence at 

tremor frequency (Fig. 4-11 (C)). This was the only subject who demonstrated multiple pairs of 

significant neck and wrist muscle coherence. Coherence between these muscle pairs are 

illustrated in Figure 4-11.  
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Figure 4-11. Coherence analysis between neck TD muscles and ECR muscles of the wrist in 

a 67 year old female subject with ET (ET02). The two upper traces show the log10 power 

spectra for both muscles. Coherence and phase are displayed in the third and fourth rows. 

The vertical bars in the power spectral plots are error-bars representing the 95% 

confidence interval of the estimated spectrum. The dashed line at the base of the coherence 

plots represents the 95% confidence limit of the comparison. 

A B C D
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Figure 4-11 A and B were recorded during the left wrist extension condition while C and D were 

recorded during the right wrist extension condition. This individual shows coherence levels at 6 

Hz (p < .05) when comparing EMG signals from the left TD and left ECR (A) with a phase 

relationship of approximately 2 radians or 115 degrees.  Coherence is also present between the 

right TD and the right ECR at 4 Hz (p < .05) with a phase relationship approaching zero radians 

(D). What is interesting however is this ET subject also shows coherence between the left TD and 

right ECR (C) (Coherence = 0.389, p < .05). The phase line rests just below 1 radian, indicating a 

relationship approximately 55 degrees out of phase. These data suggest that the left TD was 

receiving input from 2 independent central oscillators. One of these oscillators was common to 

both the left TD and the left ECR while the second was common to both the left TD and the right 

ECR, as illustrated by the significant coherence values observed in figures 4-11 A and C. The 

same phenomenon was not observed between the right TD and the left ECR.  

In a number of comparisons between the TDs and the ECRs, the frequencies at which significant 

coherence was found did not correspond to the exact frequencies of peak power identified in the 

muscle. In other words, coherence was sometimes found at a frequency dissimilar to that of the 

peak power frequency of the EMG signal. On closer inspection of these data, multiple peaks of 

lesser power than the peak dominant frequency were observed in the spectrum. Power spectra and 

coherence estimates were calculated using 0.125 Hz and 1 Hz resolutions respectively. Figure 4-

12 depicts the coherence relationship between the right TD and the right ECR for a 67 year old 

female with ET. The data were recorded during the 25% adductor condition. Figure 4-13 

demonstrates the coherence relationship between the right TD and the left ECR for a 72 year old 

female subject with ET. The data represented in this plot was recorded during the reaction 

condition. 
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Figure 4-12. Demonstration of coherence at secondary peak powers for a 67 year old 

woman with ET (ET02).  The two upper traces represent the power spectra for the right TD 

and right ECR respectively. The parallel vertical lines indicate the frequency bin width 

used for the coherence estimate in which significant coherence was found. The dashed line 

at the base of the coherence plots represents the 95% confidence limit of the comparison. 

Also, note that frequency resolution was 0.125 Hz for the power spectra in top and middle 

and was 1 Hz for coherence in bottom graph. 
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Figure 4-13. Demonstration of coherence at secondary peak powers for a 72 year old female 

subject with ET (ET04).  The two upper traces represent the power spectra for the right TD 

and left ECR respectively. The parallel vertical lines indicate the frequency bin width used 

for the coherence estimate in which significant coherence was found. The dashed line at the 

base of the coherence plots represents the 95% confidence limit of the comparison. Also, 

note that frequency resolution was 0.125 Hz for the power spectra in top and middle and 

was 1 Hz for coherence in bottom graph. 

  

Figure 4-12 demonstrates a significant coherence peak at 4 Hz. Since the resolution for this 

coherence estimate is 1 Hz, the frequency bin represents spectral values from 3.5 to 4.4 Hz. The 

tremor peaks identified in the right TD muscle also fall into this frequency bin. The power 

spectrum of the right ECR muscle, however, demonstrates a peak power frequency at 
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approximately 5 Hz. Therefore, the strong coherence observed at 4 Hz does not reflect the peak 

frequency of the ECR muscle. Closer inspection of the ECR power spectrum reveals two small 

peaks at approximately 3.75 and 4.25 Hz. It is very likely that these small peaks were found to be 

coherent with the two larger peaks observed in the right TD spectrum, resulting in significant 

coherence at 4 Hz. Figure 4-13 depicts a contrasting scenario, where both spectra of the compared 

muscles demonstrate dominant peak powers in the same frequency bin. This comparison 

demonstrates significant coherence at 5 Hz. 

The importance of figures 4-12 and 4-13 is that they demonstrate that significant coherence in 

two dissimilar scenarios. Figure 4-13 demonstrates a situation in which significant coherence is 

identified between two muscles with similar if not identical peak tremor frequencies. Similar 

instances were recorded in other ET subjects who had neck-wrist coherence. Results demonstrate 

the ability of alike tremor frequencies to express significant coherence values. Figure 4-12 

illustrates a different situation in which significant coherence was identified between two muscle 

signals with dissimilar tremor frequencies. The right ECR was found to oscillate at a predominant 

peak power frequency of approximately 5 Hz while the right TD demonstrated two peak 

frequencies of approximately 3.75 and 4.25 Hz. Despite the difference in peak tremor 

frequencies, these two muscles of the neck and wrist were found to have coherent activity. Other 

ET subjects in the present study were identified as having coherence between two muscles with 

dissimilar peak power frequencies. Therefore, it seems possible that two muscles with tremor 

may demonstrate coherence in either situation – where peak tremor frequencies are very similar 

and where peak tremor frequencies are unalike. 

Table 4-15 provides a brief summary of the coherence found in ET subjects. It also provides 

information about the differences in peak tremor frequencies between head and wrist tremors. 

The differences in peak tremor frequencies were acquired from the template auto-spectra of each 
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muscle with tremor. The procedures for obtaining these template spectra are listed in section 3.7. 

The means listed for frequency differences in table 4-15 are indicative of the mean differences 

between peak tremor frequencies of the identified muscle pairs. The values represent all ET 

subjects for whom statistical analyses were performed. 

Table 4-15. A summary of coherence and peak tremor frequencies. 

  ET Subjects (n = 10) 

  Mean + SD  Range 

Frequency difference between TDs and 

ECRs (Hz) 

0.63 + 0.43  0 – 1.25 

Frequency difference between SCMs 

and ECRs (Hz) 

0.52 + 0.63  0 – 2.25 

Frequency difference between SPLs 

and ECRs (Hz) 

0.45 + 0.27  0 – 0.75 

Number of subjects with coherent neck 

and wrist muscle pairs  

(n, (%)) 

6 

(60%) 

NA 

 

From the above table it is evident that the SCMs, SPLs and the TDs typically oscillate at 

frequencies similar to those of the ECRs. Despite the number of coherent TD and ECR pairs, the 

mean frequency difference was highest between these two muscles compared to both SCM-ECR 

and SPL-ECR comparisons. Furthermore, the SPLs were identified as having the smallest mean 

frequency difference with the ECRs. This is interesting since only one subject was found to 

demonstrate significant coherence between the SPL and the ECR. Below, table 4-16 provides the 

coherence and phase values for all significantly coherent neck and wrist muscle pairs. 
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Table 4-16. A summary of neck-wrist muscle coherence and phase. 

Subject  Muscle 1  Muscle 2  Condition  Coherence  
Phase 
(Radians) 

Frequency 
(Hz) 

ET01  TD right  ECR left  Reaction  0.36 1.17  5

ET02 
 
 
 
 

TD right  ECR right  25% Adductor  0.41 0.41  3
TD right  ECR right  RW with vision  0.55 0.71  4

TD right  ECR right 
RW without 
vision  0.40 0.93  4

TD left  ECR left  Postural  0.54 ‐2.07  6
TD left  ECR left  LW with vision  0.35 ‐2.37  6

TD left  ECR left 
LW without 
vision  0.27 ‐1.50  4

TD left  ECR right 
RW without 
vision  0.41 0.31  4

ET03  SPL right  ECR right  Reclined  0.41 ‐0.26  7
ET04  TD right  ECR right  Reclined  0.40 2.64  5
ET09  TD right  ECR right  RW with vision  0.29 0.16  7

ET11 
 
 

TD left  ECR left  5% Adductor  0.45 ‐2.10  5
TD left  ECR left  25% Adductor  0.18 ‐1.74  6
TD left  ECR left  Postural  0.37 ‐2.02  6
TD left  ECR left  LW with vision  0.39 ‐2.15  5

 

Significant coherence values ranged from 0.18 to 0.54 between head and hand muscle EMG. The 

narrow frequency band in which head and hand tremor coherence was found existed between 3 

and 7 Hz. Subject ET02 had the most widespread head and hand tremor coherence, with three 

different muscle pairs having significance. Subject ET11 had ubiquitous tremor coherence 

between the left TD and the left ECR. This subject demonstrated the most severe tremor of all 

subjects participating in this study. The phase relationships are presented in radians. If the phase 

value is positive, it implies that muscle 1 is leading muscle 2. Likewise, if the phase value is 

negative, then muscle 2 is leading muscle 1. A value close to zero suggests that the muscles are 

contracting almost simultaneously in a co-contraction pattern of activation. A phase value of 3.14 

suggests a reciprocal pattern of activation. 



 

 85 

4.5.4  Non – Coherent EMG – EMG Comparisons 

It is important to also mention the many neck-wrist EMG comparisons that had similar, if not 

identical, peak tremor frequencies whose cross-spectra demonstrated no coherence. The majority 

of the EMG-EMG comparisons were found not to contain any coherence despite their very 

similar frequency content. Figure 4-14 A depicts an example of this in which there were dominant 

frequency peaks in the left TD and the left ECR that were nearly identical; nevertheless, there 

was no significant coherence between them. 
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Figure 4-14. Examples of identical (A) and dissimilar (B) peak tremor frequencies without 

coherence. EMG power spectra of the left TD (A: Left) and of the left ECR (A: Right) for a 

72 year old female ET subject (ET01). EMG power spectra of the left TD (B: Left) and of 

the left ECR (B: Right) of a different 72 year old female with ET (ET04). 

  

There were also cases of subjects having very different frequency peaks between neck and wrist 

muscles without any coherence present between the EMG signals. This is the situation one might 

A 

B 
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expect if the tremors were being driven by separate central drivers. Figure 4-14 B provides an 

example from an ET subject with dissimilar frequency peaks which showed no coherence. As can 

be seen in the auto-spectra shown in this figure, two simultaneously recorded muscles can have 

peak tremor frequencies that differ by more than 2 Hz. No coherence was found when comparing 

the left TD and the left ECR shown above. The same subject shows coherence between the right 

TD and the right ECR when comparing EMG data collected during the Reclined experimental 

condition. 

It is therefore noted that coherence may be found in both situations where peak tremor 

frequencies are similar and where they are different. It has also been demonstrated that despite 

having similar if not identical peak tremor frequencies, some muscle pairs did not demonstrate 

significant coherence. Figure 4-15 illustrates the relationship between the peak frequencies of the 

wrist extensor muscles and those of the neck muscles. Individual subjects are identified by colour, 

and muscles are identified by marker shape. Neck-wrist comparisons that yielded significant 

coherence are identified by markers with a solid yellow fill. 
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Figure 4-15. Comparison of ECR and neck muscle tremor peak frequencies. Neck muscles 

are identified by shape: SCM – square, SPL – circle, TD – triangle. Subjects are identified 

by colour: ET01 – dark blue, ET02 – black, ET03 – bright green, ET04 – brown, ET07 – 

purple, ET09 – orange, ET10 – bright blue, ET11 – red, ET14 – olive green, ET16 – pink. 

 

Data points representing individual subject frequency peaks typically appear in clusters, see 

figure 4-15. Subjects ET01 (dark blue) and ET16 (in pink) are both prime examples of ET 

subjects that demonstrated nearly identical peak frequencies between the wrist extensors and the 

neck muscles. ET01 was one of the subjects to demonstrate significant coherence at tremor 
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frequency between the left TD and the left ECR. The peak tremor frequencies of these muscles 

were found to be very similar. Subject ET16 did not demonstrate any coherent neck-wrist muscle 

pairs despite very similar peak tremor frequencies. Nine of ten ET subjects were identified as 

having neck and wrist muscle pairs with very similar peak tremor frequencies (difference in 

frequency =< 0.5 Hz) without significant coherence. Subject ET04 (brown) is an example of an 

individual with dissimilar wrist and neck peak tremor frequencies which resulted in significant 

coherence. A similar situation is observed for subject ET09 (orange), where the difference in peak 

tremor frequencies between the TD and the ECR was greater than 0.5 Hz and yet significant 

coherence was identified. 

The relationship of neck peak tremor frequency and wrist peak tremor frequency appears to 

follow a linear trend. A subject with higher frequency wrist tremor typically displayed head 

tremor of a similar frequency. However, only a minority of these muscle signals demonstrated 

significant coherence. In cases of significant neck and wrist muscle coherence, it is suggested that 

these muscles are receiving common oscillatory input from a central driving mechanism. 

Furthermore, coherence may be found in situations where muscles are oscillating at either similar 

or dissimilar peak frequencies. These muscles may be receiving oscillatory input from more than 

one central driver. Also, many muscle pairs were not found to display significant coherence 

despite similar peak tremor frequencies, suggesting that these muscles may have been receiving 

oscillatory input from different central drivers. 
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Chapter 5 

Discussion 

The purpose of the current study was to investigate whether the hands and head of people with 

ET are being driven by a common central oscillator. Nine ET subjects (90%) were identified as 

having similar if not identical peak tremor frequencies between muscles of the neck and wrists. 

Five of ten ET subjects demonstrated significant ipsilateral neck-wrist muscle coherence at the 

frequency of each one’s tremor while a sixth showed significant contralateral neck-wrist muscle 

coherence at tremor frequency. These findings of significant coherence support the hypothesis 

that head and hand tremor may be driven by common central oscillators. It is acknowledged that 

these epochs of coherent muscle activity occurred in a small minority of the trials in which we 

looked for it and moreover that there were four ET subjects who never showed coherent neck-

wrist muscle activity. Nevertheless, the most logical explanation for the epochs of coherent 

muscle activity is that there is a common central drive, or linked central drivers, creating 

rhythmic activity in muscles in both parts of the body. This may not be universally true of all 

people with ET, hence our inability to find it in all ET subjects. Alternatively, it may be that 

coherent muscle activity arises from dynamic rather than fixed linkages between rhythmic signals 

driving the neck and wrist muscles. The extent to which the ET subjects of the present study are 

representative are discussed in the next sections, followed by discussion of coherence and 

possible neural processes responsible for muscle coherence. 

 

5.1 Subjects 

Despite the specific inclusion criteria of our study, we were able to record valuable data from 10 

ET subjects with both head and hand tremor. The majority of our subjects were women, which 
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was consistent with the current head tremor literature (Hardesty, et al. 2004). All subjects 

displayed a form of bilateral hand tremor. One hand usually displayed greater spectral power at 

tremor frequency, suggesting greater motor unit entrainment or synchronization. It was also 

observed that although some subjects presented bilateral hand tremor, it was sometimes less 

visible in the data of the hand less affected by tremor. 

As noted above, the most important finding of the present study identified six of the ten ET 

subjects as having significant coherence between neck and wrist muscles at the fundamental 

frequency of their tremor. Five of these six had significant coherence in only one muscle pair. 

One of these five subjects demonstrated reproducible coherence within one muscle pair across 

different experimental conditions. The sixth subject to demonstrate wrist and neck muscle 

coherence showed reproducible coherence between three different muscle pairs.  

The results demonstrated an obvious bias of the TD muscles over the more axial neck muscles to 

demonstrate significant coherence with the ECR muscles. There were a total of eight separate 

muscle pairs across the six subjects to demonstrate coherence at tremor frequencies between neck 

and wrist muscles. Seven of these muscle pairs involved the TD muscle, one of them involved the 

SPL muscle, and none of the SCMs were found to be coherent with ECR muscle activity. Another 

important observation of the present study was the identification of ECR coherence with the 

contralateral TD. It had been anticipated that only ipsilateral muscle coherence would be found. 

Contralateral muscle coherence suggests the ability of central oscillators to become linked 

between different brain hemispheres. This phenomenon was observed in two ET subjects. 

Wrist and neck muscle coherence appeared to be independent of disease duration and tremor 

severity. For example, high levels of neck and wrist tremor coherence were found in one 

individual who had experienced tremor symptoms for only 7 years, while another subject who 
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reported having had tremor for 20 years demonstrated no coherence at all. The most severe 

tremor case reported in this study showed significant neck and wrist muscle tremor coherence; 

however, other subjects with much smaller tremor amplitude demonstrated coherence of equal or 

greater magnitude. 

As previously discussed in section 2.6, coherence is a normative measure of association. The 

significant coherence values observed between neck and wrist muscle EMG suggest that these 

signals share a significant degree of similarity at tremor frequency. We may further suggest that 

these signals are originating from a common source of oscillation within the CNS (Raethjen, et al. 

2000); they likely share a common neural driver. 

 

5.2  Coherence 

The most important finding of this study was the identification of coherence between EMG 

activity in the ECR and EMG activity of neck muscles in subjects with ET. This is contrary to the 

evidence found in the other known study comparing neck and wrist muscle tremor coherence 

(Raethjen, et al. 2000). As previously mentioned (section 5.1), four of the six subjects who 

demonstrated coherence had coherence in only one muscle pair in one experimental condition. 

There was no indication of a condition in which coherence was more likely to be present. Two of 

these subjects showed coherence in the reclined condition while the other two subjects 

demonstrated coherence in both the reaction task and the right wrist extension conditions. 

Although two of the four conditions listed are the same, we are unable to conclude an association 

between incidence of coherence and test condition based on the sample size. The true purpose of 

each experimental condition in this study was to physically stress the subject. The intent was to 

use physical stress as a means by which to exacerbate the tremor (section 3.3). Therefore, no 
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difference in condition was hypothesized. However, if neck-wrist muscle coherence was more 

readily observable in certain conditions, it might have assisted in the generation of further 

hypotheses on how dynamic linkage between central oscillators arises. 

The subject with the most severe tremor demonstrated coherence in one muscle pair, reproducible 

in four conditions. The subject demonstrated significant levels of coherence between the left TD 

and the left ECR in the 5% adductor, 25% adductor, postural and left wrist extension conditions. 

Coherence analysis revealed highly significant peaks at the subject’s tremor frequency with 

coherence values ranging from 0.31 to 0.42. The highest of these values was recorded during the 

left wrist extension condition. It is possible that this condition required the most work from each 

of these muscles as compared to other conditions. The ECR was under stress when extending 

against the resistance of the load cell apparatus, and it is possible that the TD was under stress by 

supporting the arm in this task. This is not to suggest that the condition evoked coherence 

between these two muscles, rather it is to suggest that the increased physical demand on each 

muscle may have influenced the strength of coherence by demanding stronger contractions from 

each muscle. Coherence between the ECRs and the other neck muscles was not observed in this 

subject. 

The incidence of significant peak coherence values was found to be the highest between TD and 

ECR muscles. The only other muscle found to demonstrate significant peak tremor coherence 

with one of the ECRs was the SPL muscle. This isolated case revealed coherence of the right SPL 

and the right ECR in one subject in the reclined condition. Seven of the eight muscle pairs 

demonstrating coherence involved the TD and the ECR. This phenomenon is of interest because 

it suggests that the TD may share a common input with that of the ECR. The more axial neck 

muscles, the SPL and the SCM are less likely to share common neural input based on the absence 

of significant muscle coherence. 
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One of the possible explanations for the high levels of coherence observed between the TDs and 

the ECRs is that different areas of the motor system can become functionally linked while 

performing a task in which two systems are required to work together (Marsden, et al. 2000). 

There is evidence of coherence between the nucleus ventralis intermedius (Vim) of the thalamus 

and the sensorimotor cortex, recorded using electroencephalography, in subjects with 

pathological tremor. The Vim has been called the cerebellar thalamus because it is the target of 

projections from the deep nuclei of the cerebellum. Signals recorded from Vim in these subjects 

were also coherent with the contralateral EMG recorded in both the first dorsal interrosseous and 

the wrist extensor muscles in the 8 – 27 Hz frequency band (Marsden, et al. 2000). It was also 

identified that coherence between Vim and EMG signals was only present during an isometric 

contraction of the muscle. This range of frequencies from 8 – 27 Hz is understood to be of 

physiological origin (Duval and Jones. 2005, McAuley, et al. 1997, Marsden, et al. 2000) with 

evidence that it descends the spinal cord via the corticospinal tract (Sawyer, et al. 1994). 

The idea that coherent activity may reflect the linking of different neuronal populations is 

becoming a more commonly accepted hypothesis (Marsden, et al. 2000, McAuley, et al. 2000, 

McAuley and Marsden. 2000). It is possible that the reason for higher incidence of significant 

peaks in coherence between the TDs and the ECRs is due to the nature of motor control; the two 

muscles may be receiving common neural input because the actions of each muscle are more 

functionally linked than is true of other pairs of muscles. That is to say that the ECRs and the TDs 

typically work together in order to move the upper limb in a centrally guided motor pattern. The 

near-absence of coherence observed between the ECRs and the more axial neck muscles may be 

explained by their having less functional linkage. Since the SCMs and the SPLs are more closely 

related to the posture of the head and neck (Blouin, et al. 2007) and not that of the upper limb, 
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there is less chance that they might share neural input from higher brain centers in common with 

muscles that control the wrist. 

What is not well explained by the concept of functional linkages between muscles is the fact that 

the SCMs and the SPLs were found, in only 2 cases, to be coherent with the TDs at tremor 

frequency. This result was identified in subjects who also displayed coherence between the TDs 

and the ECRs. The TD is an interesting muscle with functional significance in both the neck and 

the shoulder. It may be functionally linked to both the ECR and the muscles of the neck. Both the 

SCM and the TD receive nerve supplies from the accessory nerve as well as from the cervical 

plexus (Stacey, et al. 1995). The results of Gandevia and Applegate (1988) suggest strong short 

latency projections from the motor cortex to the contralateral neck muscles (Gandevia and 

Applegate. 1988). In subjects who demonstrated coherence between the TD and the SCM, the 

phase plots revealed a consistent lag of the TD behind the SCM of the same side. This perhaps 

reflects common contralateral hemispheric input mediated by the accessory or cervical nerves to 

both of these muscles (Stacey, et al. 1995). When both of these muscles were found to be 

coherent at tremor frequency, they were likely receiving tremor signals via the same neural 

projections. However, it should be noted that approximately 63% of projections to the SCM are 

bilateral (Berardelli, et al. 1991) and the TD is exclusively contralateral in innervation. It is 

therefore interesting that the SCM did not demonstrate significant peak coherence values with the 

ECR and even more interesting that the SCM did demonstrate significant peak coherence values 

at tremor frequency with the SPL. 

There were only two subjects who demonstrated significant coherence peaks between the SCMs 

and the SPLs. One of these subjects had severe tremor and showed significant coherence between 

neck and wrist muscles, while the second subject had milder tremor, without significant neck and 

wrist muscle coherence. The subject with mild tremor demonstrated an in-phase SCM - SPL 
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muscle relationship. Both phase traces revealed values of approximately 0 radians at coherent 

frequencies. In this case, both muscles were most likely receiving synchronous commands from 

the CNS. Both muscles were contracting at tremor frequency at approximately the same time. In 

the subject with more severe head tremor, the SCMs always led the SPLs in contraction latency. 

It is possible that the SPLs were not receiving the same oscillatory commands from the CNS but 

were in fact being driven by stretch reflex modulation as a result of rhythmic head movement. It 

is also possible that the SPLs receive oscillatory activity from the CNS which is not linked to the 

oscillatory activity received by the SCMs. Furthermore, it is possible that an additional central 

oscillator is driving the SPLs independently from the oscillator driving the SCMs. 

The pathophysiology of ET is still unknown, and this research is unable to identify the locations 

of neural structures that are the source of oscillations in people with ET. This study does however 

provide further evidence of multiple oscillators in ET subjects. Both the TDs and the SCMs 

demonstrated significant spectral peaks at tremor frequency. However, the comparison only 

demonstrated mildly significant coherence peaks in four subjects. If the muscles were receiving 

common tremor input, it is likely that higher coherence values would have been found. It is more 

likely that two central oscillators exist – one driving the SCM and one driving the TD. 

Furthermore, the TDs were more consistently coherent with the ECRs at peak tremor frequency 

in comparison to the SCMs and the SPLs. Some of the spectral plots for the TDs revealed a wide 

frequency band of tremor activity; the frequency band often encompassed both the lower 

frequency oscillations observed in the SCMs and the SPLs as well as the higher frequency 

oscillations observed in the ECRs. We suggest that the TDs may be receiving oscillatory 

commands from more than one oscillator. Not only would this explain the wide peak frequency 

band observed in the TD spectrum, it would also explain the finding that the TD was sometimes 

coherent with both the SCM and the SPL of the neck as well as the ECR of the wrist.  
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One study, previously discussed in section 2.6, examined the relationships between different 

muscles with tremor in subjects with ET. Results revealed no significant coherence between 

muscles of the neck and wrist (Raethjen, et al. 2000). The TD was not one of the neck muscles 

examined in the latter study. Instead, both the SCM and the SPL were recorded, and no coherence 

was found. Only one of the subjects in the present study demonstrated coherence between the 

SPL and the ECR. The reason for discrepancy between the findings of this study and those of 

Raethjen, et al. (2000) is possibly due to the difference in muscles studied. It is also possible that 

in the latter study surface electrodes used to record muscle activity from the small axial SCMs 

and SPLs were not able to accurately record subtle similarities in muscle activity. Recording 

EMG from larger muscles such as the TD is much easier and generally yields more reliable 

results.  

The two cases of coherence found between the TD and the contralateral ECR were unexpected. 

Unlike the SPL and the SCM which receive bilateral innervations, the TD is exclusively 

contralateral (Krause, et al. 1991). Since the TD and the ECR only receive descending motor 

commands from the contralateral hemisphere, TDs and ECRs on opposite sides of the body 

should be receiving commands from opposite brain hemispheres. A study by Hellwig, et al., 

(2003) suggests a possible explanation for such an occurrence (Hellwig, et al. 2003). The study 

was performed by recording EMG from both the left and right wrist extensors and recording EEG 

from the sensorimotor cortex of subjects with ET. Coherence was found between the 

sensorimotor cortex and the contralateral wrist in 42.6% of cases. This is intuitively logical since 

descending commands from the cortex are known to influence muscles of the contralateral side. 

However, 21.6% of cases revealed coherence at tremor frequency between the wrist EMG and 

both the contra- and ipsi-lateral sensorimotor cortex. It was also noted that EEG – EEG coherence 

increased in cases of bilateral EEG – EMG coherence. The authors suggested that 
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interhemispheric coupling via the corpus collosum permitted dynamic synchronization of 

multiple central oscillators (Hellwig, et al. 2003). It is possible that the coherence between 

contralateral TDs and ECRs observed in the present study resulted from the same dynamic 

synchronization of oscillators. The occurrence of contralateral muscle coherence recorded in the 

present study is further evidence that oscillators in different brain hemispheres may not be 

independent of one another. 

In order to make inferences as to the possible mechanism of coherent muscle activity, it is 

important to understand the efferent sources of neural inputs to those muscles. The following 

sections will discuss the contraction patterns and nerve supplies to each of the neck muscles 

under investigation. The brain centers from which the efferent motor commands originate will 

also be discussed along with possible neurological explanation of the observed neck-wrist muscle 

coherence. 

 

5.3   Neck Muscle Characteristics 

Each of the three neck muscles recorded during this study exhibited different contraction patterns 

and varying degrees of common frequency signal. These differences are most likely due to the 

functional nature of the muscles and the source of nervous input to the muscles. Blouin, et al., 

(2007) identified varying characteristics of both deep and superficial neck muscles in humans. 

The trapezius was shown to have a very consistent preferred direction of contractile force, 

posterolateral in nature (Blouin, et al. 2007). The TD is a large muscle considered to be both a 

muscle of the neck as well as of the shoulder. It contracts to extend the neck and cause rotation of 

the head. Recent cadaver studies have isolated the source of nervous innervations to the TD from 
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both the accessory nerve as well as from the C3 and C4 level of the cervical plexus (CP) (Stacey, 

et al. 1995, Krause, et al. 1991).  

The SCM receives similar nerve supply to the TD. Both the accessory nerve and the cervical 

plexus (CP) appear to innervate both muscles. The patterns of innervations to these muscles are 

not always consistent and sometimes reveal different results for different subjects. In 

approximately 6.4 % of cases, the accessory nerve terminates in the SCM – the CP in this case 

provides all the nervous innervations to the TD (Krause, et al. 1991). Furthermore, in 22.5 % of 

cases, the accessory nerve receives no fibers from the CP, while the other 71.1 % of cases 

demonstrate connections between the accessory nerve and the CP. 

Despite similar innervation patterns of the TD and the SCM, these muscles did not demonstrate 

similar results in the current study. The TD was most commonly coherent with wrist extensor 

activity; this occurred in five out of ten cases. The SCM however showed no coherence with 

either the left or right ECRs. When the TDs and the SCMs were compared for common 

frequency, there was only slight coherence found between the TDs and either the contralateral or 

the ipsilateral SCMs. Only four ET subjects had moderate coherence between the TDs and the 

SCMs. 

As previously mentioned (section 2.2), little has been published on the phenomenon of head 

tremor. It is a relatively new area of scientific research with very few pre-established guidelines 

or methods by which to measure head tremor. Of the small number of studies which have used 

EMG to measure neck muscles involved in head tremor (Masuhr, et al. 2000, Valls-Sole, et al. 

1997, Leegwater-Kim, et al. 2006, Finsterer, et al. 1996), the majority of them only recorded 

muscle activity from the SCM and the SPL (Valls-Sole, et al. 1997, Finsterer, et al. 1996) or 

simply from the SCM (Leegwater-Kim, et al. 2006). Although it is likely that both the SCM and 
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the SPL contribute to head tremor in ET subjects, it does not make sense to exclude the TD, as 

one of the largest muscles responsible for head movement. Based on the results from the current 

study, the TD is significantly involved in the generation of head tremor.  

What was not explained by the nature of innervations to the various neck muscles is why EMG 

recorded from the TD was found to be coherent with the EMG signal recorded from both the 

SCM and the SPL. Significant coherence between the TD and SPL muscles was identified in only 

two cases. The common nerve supplies to the SCM and the TD gives indication as to why these 

muscles were coherent at tremor frequency. However, the SPL muscle with more distinct nerve 

supplies was found to be coherent with the TD in two of the ten ET subjects. One explanation for 

this may be the influence of the stretch reflex. The SPL muscle may not have been receiving 

tremor signal from the central oscillator responsible for driving tremor, but rather it may have 

been contracting due to the influence of the stretch reflex. For this to be true however, the 

contralateral TD would have to be contracting prior to the contraction of the SPL. This was 

observed in some of the phase traces where the contralateral TD was leading the SPL. However, 

the relationship observed between the SCM and the TD was that of nearly a co-contracting 

pattern of activation, with a phase relationship nearing zero radians. In some cases, the SCM was 

leading the ipsilateral TD. Therefore, a second possible explanation for the coherence observed 

between the TD and the more axial neck muscles, suggests that coherence may arise from 

linkages formed within centres of the brain, like the functional linkages postulated above for the 

coherence between TD and ECR. That is to say, common neural input to neck muscles, which 

result in significant coherence values, may be due to dynamic connections of neural systems 

within the CNS. 
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5.4   Descending Motor Pathways 

Many studies have probed the CNS for the origin of a central driving mechanism for pathological 

tremor. Imaging techniques such as positron emission topographic mapping and magnetic 

resonance imaging have identified the motor cortex, the cerebellar cortex, the inferior olive, the 

thalamus, the dentate nucleus and the red nucleus as possible sites of essential tremor origin. 

Though there is much evidence to implicate each of these structures as the source, the central 

mechanism has not yet been identified. 

Commands from the CNS to the muscles of the forearm descend the spinal cord primarily via the 

corticospinal tract (Maier, et al. 2002). Muscles of the upper limb such as the ECR receive neural 

input from the C6 and C7 ventral roots of the cervical spine. These nerve roots help to form the 

brachial plexus which gives rise to the radial nerve which in turn supplies the ECR (Branovacki, 

et al. 1998).  

Multiple brain nuclei are responsible for the actions and coordination of movement patterns 

conducted at the hands and wrists. Depending on the task being performed, the ECR receives 

different information from various brain nuclei. It is therefore difficult to isolate a single pathway 

involved in muscle control of the ECR. The same is true of neck muscles. Since we have 

recordings of the muscle activity and the limb kinematics, we are able to make inferences about 

the associations of various brain centers and the descending pathways involved in tremor and 

tremor coherence. 

There are six descending pathways with projections from both the cortex and the brainstem 

responsible for projections to neck muscles via various motoneurons. Of these five pathways two 

of the brainstem tracts are included: the reticulospinal, and the vestibulospinal tracts. The role of 

rubrospinal neurons in motor control of the neck is uncertain. It appears to be involved in the 
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control of forelimb muscles in primates with which we share some ancestral roots (Hallett. 2002). 

Also included are the tectospinal, the corticobulbar, and the corticospinal tracts. Each of these 

motor tracts serves a different purpose and therefore has a different effect on the muscles they 

influence. As well, each of these pathways passes through different neural structures within the 

CNS which have the ability to modulate the descending command. It is possible that the 

coherence observed in this study between specific neck and wrist extensor muscles arose from the 

parallel processing of descending motor commands of common origin. Likewise, the different 

modulation of various motor pathways may explain the absence of coherence between certain 

muscle pairs even if both muscles receive input from a common original source. 

The primary motor cortex projects to the pontomedullary reticular formation (PMRF) which 

includes many pyramidal tract neurons (PTN) with a receptive field in the distal forelimb (Hallett. 

2002). Projections from the cortex to the PMRF have also been associated with slow PTNs that 

have receptive fields in the face, back and neck. Some of the projections from the primary motor 

cortex to the reticular formation are relayed in turn to the cerebellum. The cerebellum has been 

implicated by many studies as a likely source of neural oscillations responsible for ET (Wills, et 

al. 1994, Louis, et al. 2002b, Dupuis, et al. 1989). Perhaps the original motor commands received 

from the motor cortex and the PMRF are modulated by a hyperactive olivo-cerebellar loop. These 

modulations may in turn cause neck muscles to contract at a rhythmic 5-12 Hz, resulting in 

tremor. 

There is further evidence to suggest that the monosynaptic excitatory connections from the 

reticulospinal neurons are responsible for much of the input to the neck muscle motoneurons. 

Reticulospinal neurons also project to the SPL via the C2 and C3 ventral horns (Iwamoto and 

Sasaki. 1990). Studies of cat motoneuron connections to the SPL revealed excitatory post-

synaptic potentials (EPSP) in 36 dorsal neck motoneurons. Of these 36 connections, 25 were 
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responsible for innervations of the SPL. Results of this study revealed monosynaptic connections 

to the SPL with high muscle specificity (Iwamoto and Sasaki. 1990). Single fiber EPSPs were 

identified in all motoneurons making connections with reticulospinal neurons.  

The modulation of efferent input to the SPL by reticulospinal neurons provides a possible 

explanation for the differences observed between the SPL and the other neck muscles in the 

present study. These monosynaptic connections to the SPL from the PMRF might explain the 

lack of coherence between the TD and the SPL. The descending neural commands to each muscle 

may be modulated differently within the CNS. 

The vestibular system acts to maintain balance and a state of equilibrium by projection to muscle 

groups of the legs, trunk and neck (Armstrong, et al. 2008). There is no known literature to 

suggest the effect head tremor has on the vestibular system or what role the vestibular system 

plays in the manifestation of head tremor. However, since the vestibular system contributes to the 

maintenance of neck muscle stability, the actions of head tremor must greatly affect its neural 

output. The actions of the vestibular system on neck muscles are mediated primarily by the 

vestibulocollic reflex (VCR). The VCR counteracts head rotation by causing the contraction of 

antagonist muscles that pull against the imposed motion (Keshner, et al. 1992).  

To our knowledge, there has been no direct research regarding the potential contributions of the 

VCR or the vestibular system in the head tremor of ET subjects. The authors of this paper are of 

the opinion that the VCR along with the vestibulo-ocular reflex (VOR) has an effect on the 

individuals’ ability to recognize their head tremor. Only half of the subjects in the current study 

were aware of their head tremor. This suggests a coping mechanism to compensate for head 

movements experienced by subjects with head tremor. The VCR and VOR act to stabilize vision 

during voluntary movements of the head. They may also stabilize vision during involuntary 
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movement of the head in cases such as head tremor. Otherwise, the person would experience 

difficulty performing tasks requiring visual focus and head stability.  

Individuals with greater head tremor amplitude appeared to be more aware of their head tremor 

than those subjects with a milder form of head tremor (observation). It is therefore possible that 

the vestibular system is able to compensate for smaller head oscillations so that the individual 

isn’t even aware that they have head tremor. Once a certain threshold of head tremor amplitude is 

met, the VCR and the VOC may no longer be able to compensate for the sensory disturbances of 

the head tremor, making the individual more aware of their head oscillations. This has not been 

reported by previous research investigating head tremor (Masuhr, et al. 2000, Hardesty, et al. 

2004, Leegwater-Kim, et al. 2006). 
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5.5   Study Limitations 

This study involved the development of a new technique to analyze head tremor using various 

tools and experimental conditions. Since there were very few studies performed on head tremor, 

there was no guideline by which to model our study. Following the completion of this study, we 

recognized a number of areas requiring improvement in the present protocol, areas which limited 

the current study. 

It became evident during data collection that surface electrodes used to collect EMG signal were 

insufficient in detecting minute muscle contractions of smaller neck muscles. Signals from larger 

muscles such as the TDs and the ECRs were almost always of adequate amplitude to be 

considered for data analysis. However, the SCMs and the SPLs were not always active enough to 

generate a signal of adequate amplitude to meet the signal-to-noise ratio specified by this study. 

Future studies using EMG to investigating head tremor should consider using fine wire electrodes 

for a more accurate representation of neck muscle activity. 

A second limitation to the study was the small sample size. The inclusion criteria of the study 

limited our experimental group to individuals with ET, a population representing approximately 4 

– 5% of the total population over the age of 60 years (Louis. 2000). We further narrowed the 

inclusion criteria by requiring our subjects to have both head and hand tremor. The majority of 

subjects with ET do have hand tremor, but only 40-45% of individuals with ET exhibit a form of 

head tremor (Louis, et al. 2005). This meant that of the total senior population, we were interested 

in a sub-population of approximately 2.5%. Our subject sample is reasonably representative of 

the total ET population with head and hand tremor; the majority of our subjects were women over 

the age of 60 years with a positive family history of ET. Since this was a community-based 
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sample, it was biased towards relatively mild tremor cases. The small sample size made it 

difficult to look for trends and patterns in the data. 

5.6   Future Research Directions 

This study has provided new evidence for the hypothesis that multiple oscillators may be driving 

muscles of different body parts. Furthermore, it has also presented evidence that some of these 

muscles share a common central oscillator. There is therefore reason to further the investigation 

of muscle coherence in subjects with ET. By developing a greater understanding of the way in 

which ET manifests itself in the framework of the CNS, we stand a greater hope for identifying 

the central driving mechanism and improving the treatment methods for people coping with this 

disorder.  

Future research will benefit from the use of either wire or needle electrodes to study EMG signal 

from the neck muscles. There were certain cases in the present study when tremor signal was 

visible in surface EMG recordings but the data was unusable. If fine wire electrodes were 

accurately placed in the muscles of interest, very little data would be lost due to an inability to 

meet signal-to-noise ratio cutoffs. Furthermore, minute tremor signals, perhaps from a weak 

connection between a central oscillator and a distal muscle would be more perceptible if recorded 

by a wire electrode. 

Future areas of research might also benefit from the use of manual tracking tasks to be performed 

by the subject. The concept of functionally linking the TD and the ECR should be investigated 

further. Perhaps common oscillatory activity is only present when the muscles are engaged in a 

common motor task. A bimanual tracking task would provide insight into the oscillatory coupling 

of different muscle groups. It may even provide new information regarding the ability of a central 

oscillator to drive both wrists at a coherent frequency while performing a common motor task. 
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Chapter 6 

Conclusion 

This study effectively identified significant coherence values between neck and wrist muscle 

EMG at tremor frequency in subjects with ET. Since significant coherence was not identified 

between the neck and the wrist in all ET subjects of the current study, the null hypothesis was 

accepted. However, the results of the six ET subjects with coherent neck-wrist activity suggest 

similar efferent input to the muscles via a common central oscillator. Control subjects did not 

demonstrate significant coherence in muscle activity between the neck and the wrist. 

Furthermore, the control subjects did not demonstrate predominant spectral peaks upon 

calculation of the frequency spectral estimates. The results of this study suggest a difference 

between ET subjects and control subjects both in spectral content and coherence estimates.  

The identification of significant neck and wrist muscle coherence did not appear to be associated 

with specific disease demographics. Coherence between neck and wrist muscle activity appear to 

be independent of age, sex and disease duration. Significant coherence values at peak tremor 

frequency were found in ET subjects both with severe and milder forms of tremor. Moderately 

high coherence values were demonstrated for tremor frequencies in subjects of both long and 

short disease durations.  

The TD was principally responsible for significant coherence between neck and wrist muscles. 

Only one case presented significant coherence between the SPL and the ECR at peak tremor 

frequency, while the SCM was never identified as being significantly coherent with the ECR. 

These results lend support to our hypothesis that muscles responsible for head and hand tremor 

are sometimes driven by significantly coherent rhythmic oscillations in subjects with ET. This 

suggests that efferent commands of tremor activity may originate from a common source within 
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the brain. Axial neck muscles such as the SPL and the SCM demonstrated intra-subject 

differences in tremor frequencies. The TD was determined to share common frequency content 

with the ECR, the SCM and to a lesser extent the SPL. The multifunctional nature of the TD 

lends itself to the possibility of receiving neural commands from multiple central oscillators. 

Multiple sources of innervation may have provided the TD with the means by which to be 

coherent with both axial neck muscles and wrist extensor muscles. 

The observation of coherent neck and wrist muscle activity provides evidence contrary to the 

findings of previous research investigating inter-limb coherence in ET subjects. The one study to 

have previously investigated head and hand tremor coherence determined that muscle specific 

central oscillators drive ET. The current study provides a novel contribution in the area of head 

tremor research, providing neurophysiological and kinematic data on subjects with ET. It is our 

hope that these data will not only provide new insight into the driving mechanism of ET, but also 

in the future contribute to novel methods of disease diagnosis and prognosis.  
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Appendix A 
Complete Coherence Analyses for One Subject with ET 

Figure Legend 

The following abbreviations are applied to figures 1A through 21A: 

SPL: splenius capitis, SCM: sternocliedomastoid, TD: trapezius descendens, ECR: extensor carpi 

radialis, coh: coherence estimate. 

Figure 1A: The top and bottom three rows show neck muscle comparisons with the left and right 

ECR respectively for a subject with ET. The comparisons are arranged horizontally with 

coherence traces in columns three and six preceded by two log10 scaled auto-spectral plots of the 

muscles involved in the comparison. The vertical bars in the power spectral plots are error-bars 

representing the 95% confidence interval of the estimated spectrum. The dashed line at the base 

of the coherence plots represents the 95% confidence limit of the comparison. The same format is 

applied to figures 2A through 5A. Moderately high significant coherence is observed between the 

left ECR and the left TD at tremor frequency in this adductor 5% condition. 

Figure 2A: Only moderately low coherence is observed at tremor frequency between the left TD 

and the left ECR of a subject with ET recorded during the adductor 25% condition. 

Figure 3A: Neck and wrist coherence estimates for a subject with ET. No highly significant 

coherence values are observed between the wrist and neck muscles for the reaction task 

condition. Where plots are absent from the figure indicates poor EMG signal quality. The signal-

to-noise ratio was not adequate to perform the analysis. 
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Figure 4A: Neck and wrist coherence estimates for a subject with ET during the postural 

condition. A highly significant peak at tremor frequency is observed in the coherence estimate 

between the left TD and the left ECR.  

Figure 5A: Neck and wrist coherence estimates for a subject with ET during the reclined 

condition. No significant coherence values are observed between neck and wrist muscles at 

tremor frequency in the reclined condition. 

Figure 6A: Only the left ECR muscle is compared with the neck muscles in this figure. The top 

and bottom 3 rows show neck muscle comparisons with and without vision respectively, of a 

subject with ET. The comparisons are arranged horizontally with coherence traces in columns 

three and six, each preceded by log10 scaled auto-spectral plots. The same format is applied to 

figure 7A. Significantly high coherence is observed between the left TD and the left ECR at 

tremor frequency.  

Figure 7A: Only the right ECR muscle is compared with the neck muscles in this figure. 

Significant coherence values are absent at tremor frequency between the right ECR and neck 

muscles during the right wrist extension condition. 

Figure 8A: Neck muscle comparisons of the SCM and the SPL of a subject with ET. The 

comparisons are arranged horizontally with coherence traces in the third column. Columns one 

and two contain log10 scaled auto-spectral plots for each muscle being compared in the coherence 

estimate. The vertical bars in the power spectral plots are error-bars representing the 95% 

confidence interval of the estimated spectrum. The dashed lines at the base of the coherence plots 

represent the 95% confidence limit of the comparison. The same format is applied to figures 9A 

through 14A. Moderately high significant coherence values are observed at tremor frequency in 

each comparison. These data were recorded during the adductor 5% condition. 



 

 122 

Figure 9A: The SCM and the SPL show moderately high significant coherence at tremor 

frequency for this subject with ET. The data recorded for the adductor 25% condition reveal 

higher coherence values between the right SPL and both SCMs than do the left SPL comparisons. 

Figure 10A: SCM and the SPL show moderately high coherence at tremor frequency for this 

subject with ET. The data were recorded during the reaction task condition. 

Figure 11A: SCM and the SPL show moderately low coherence at tremor frequency for this 

subject with ET. The data were recorded during the postural condition. 

Figure 12A: The SCM and the SPL show highly significant coherence at tremor frequency for 

this subject with ET. The highest values of coherence at tremor frequency are observed between 

the right SCM and the right SPL, during the reclined condition.  

Figure 13A: The muscle activity of the SCMs and the left SPL recorded in this ET subject 

demonstrate multiple peaks of significant coherence at different frequencies. The comparisons of 

the right SCM with the left SPL however demonstrate only one significantly coherent peak at 

tremor frequency. These data were recorded during the left wrist extension condition. 

Figure 14A: The SCM and the SPL show highly significant coherence at tremor frequency for 

this subject with ET. The significant coherence values are approaching a value of one, indicating 

nearly identical muscle activity of the SCMs and the SPLs. These data were recorded during the 

right wrist extension condition. 

Figure 15A: The top and bottom 2 rows show neck muscle comparisons with the left and right 

TD respectively of a subject with ET. The comparisons are arranged horizontally with coherence 

traces in columns three and six, each preceded by two log10 scaled auto-spectral plots. The 

vertical bars in the auto-spectral plots are error-bars representing the 95% confidence interval of 

the estimated spectrum. The dashed line at the base of the coherence plots represents the 95% 
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confidence limit of the comparison. The same format is applied to figures 16A through 19A. 

Highly significant coherence values are observed for comparisons involving the left TD and both 

SCMs. There is significantly high coherence observed at tremor frequency between the right TD 

and the SCMs and the SPLs.  Coherence is absent between the left TD and the SPLs. 

Figure 16A: Significant coherence is observed at tremor frequency in all comparisons of the TDs 

with the SCMs and the SPLs. The coherence values at tremor frequency are lower for the 

comparison of the left SPL and the right TD. These data were recorded during the adductor 25% 

condition. 

Figure 17A: Data was insufficient for analysis comparing the left TD and the SCMs and SPLs. 

Significant coherence at tremor frequency is observed between the right TD and the SCMs and 

SPLs in this subject with ET during the reaction task condition. 

Figure 18A: Moderately significant coherence values are observed for comparisons involving the 

left TD and both SCMs. There is also moderately significant coherence observed at tremor 

frequency between the right TD and the SCMs and the SPLs.  Significant coherence is low 

between the left TD and the SPLs. 

Figure 19A: Data was insufficient for analysis comparing the left TD and the SCMs and SPLs. 

Significant coherence at tremor frequency is observed between the right TD and the SCMs and 

the right SPL in this subject with ET. Significant coherence is absent between the right TD and 

the left SPL. These data were recorded during the reaction task condition. 

Figure 20A: The top and bottom 2 rows show neck muscle comparisons with and without vision 

respectively of a subject with ET. Only the left TD is compared with the SCMs and the SPLs in 

this figure. The comparisons are arranged horizontally with coherence traces in columns three and 

six, each preceded by two log10 scaled auto-spectral plots. The same format is applied to  
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Figure 21A: Only the right TD is compared with the SCMs and the SPLs in this figure. The 

amount of usable data recorded during the right wrist extension condition was limited. Thus the 

confidence limits have been raise appropriately. Still, moderately significant coherence is 

observed between the right TD and the SCMs and the SPLs at tremor frequency. This is observed 

in both vision and no-vision data. 
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Appendix B 

Consent and Information Form 

School of Rehabilitation Therapy, Queen’s University 

 

INFORMATION AND CONSENT FORM FOR RESEARCH PROJECT 

 

Title of project: An examination of Essential Tremor: Do the Hands and the Head 

Oscillate at the  

 Same Frequencies?  

 

Principal investigators: Mr. Morgan MacDonald (Candidate MSc) 

 

Co-investigators:  Dr. Kathleen Norman     

   Associate Professor     

   School of Rehabilitation Therapy 

   Office: 613-533-6104 

   Lab: 613-533-6000, ext. 78005 

    

Background Information: 

 Although the hallmark of the disorder of essential tremor (ET) is 

involuntary hand/wrist tremor, many people with ET have involuntary head 

tremor. It is typically described as either a "no-no" movement or a "yes-yes" 

movement or as a combination of the two. The research literature contains very 

few reports of actually measuring the head and even fewer reports about what 

causes it. To fully understand the head tremor, we need more precise 

measurement of head tremor, and methods of distinguishing subtle head 

tremor. It has also been debated that tremor from different limbs comes from 

the same driving mechanism within the central nervous system. In order to 

determine if tremor generating signals are shared between affected limbs, the 

researchers of this study propose to examine the frequencies of simultaneously 
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collected tremor signals. Furthermore, tremor frequencies will be recorded 

under various conditions in order to examine tremor similarity under various 

circumstances and task requirements. 

 

 You are eligible to participate if: 

 you have Essential Tremor and your head and at least one of your hands are 
affected 

 you do not have any other known disorders affecting the nervous system and 
you have no muscle, joint or bone problems affecting your ability to exert 
force or support loads with your legs or hands 

 if you are approximately the same age as people with essential tremor, have 
no disorders of the nervous system and have no muscle, joint, or bone 
problems which affect your ability to exert force or maintain loads with your 
legs or hands 

 

Description of involvement: 

 Participation in this study will require one 120 minute session at the 

School of Rehabilitation Therapy Motor Performance Laboratory. You will be 

interviewed to ensure that you meet the criteria listed above. The testing set-up will 

include affixing small lightweight devices to your head, neck and forearms in order to accurately 

measure the tremor. Once set-up is complete, you will be asked to perform a series of simple 

movement tasks: sitting still with your hands extended at the wrists, performing controlled 

contractions with your legs while maintaining a target force, performing stable contractions of 

your forearms at a constant force, lifting your head from a reclined position and extending your 

wrists. All tasks will take no more than 45 seconds each.  

 

Risks: 

 There will be no major risks to you during this study. One anticipated 

risk is mild fatigue of your muscles during the some of the aforementioned 

tasks and. This problem will be minimized by giving you adequate rest breaks 

between tasks.  

Some of the recordings of hand tremor are made with a sensor that uses a laser. The laser beams 

will always be pointed away from your face, and they are a type that do not pose a risk to your 

health if you do not try to look directly into the source of the laser beam. 

 



 

 148 

These evaluations will be conducted by trained individuals who will ensure your safety at all 

times during those evaluations. 

 

 

Benefits: 

 We can not offer an incentive for your participation in this research. 

However, you will help us to better understand the condition of essential tremor 

which may lead to better treatments for the condition. 

 

Confidentiality: 

 All information obtained during this research project will remain strictly 

confidential and your anonymity will be protected at all times.  A participation 

identification number will be assigned to your data and this information will be 

kept in a secure location.  Only the investigators will have access to the 

information collected from you.  When the results are reported, your identity 

will not be revealed because we will only be revealing the general characteristics 

of the group. 

 

Voluntary Nature of the Research Project/Freedom to Withdraw: 

 Participation is completely voluntary.  You may withdraw from this study 

at any time with no explanation needed. If you have essential tremor, your 

decision to withdraw will have no effect on the care or treatment 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 your 

transportation and/or parking expenses if you have any. 

 

STATEMENT OF PARTICIPANT: 

 I have read and understand the consent form for this study.  I have had the purposes, 

procedures and technical language of this study explained to me.  I have been given sufficient 

time to consider the above information and to seek advice if I chose to do so.  I have had the 
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opportunity to ask questions which have been answered to my satisfaction.  I am voluntarily 

signing this form.  I will receive a copy of this consent form for my information.  

 If at any time I have further questions, problems or adverse events, I can contact the 

investigators: 

 Morgan MacDonald 

 or 

 Dr. Kathleen Norman  at 613-533-6104 (office) 

      613-533-6000 ext 78005 (lab) 

 or: 

 Director of the School of Rehabilitation Therapy 

 

 Dr. Elsie Culham at  613-533-6727 (office) 

 

 If I have questions regarding my rights as a research subject I can contact: 

  

 Dr. Albert Clark, Chair, Research Ethics Board  at   613-533-6081 

 

 By signing this consent form, I am indicating that I agree to participate in this study. 

 

 _______________________   _________________ 

 Signature of Participant    Date 

 

 _______________________   _________________ 

 Signature of Witness    Date 

 

STATEMENT OF INVESTIGATOR: 

 I, or one of my colleagues, have carefully explained to the subject the nature of the above 

research study.  I certify that, to the best of my knowledge, the subject understands clearly the 

nature of the study and demands, benefits, and risks involved to participants in this study.  

 

 ____________________________  _________________ 

 Signature of Principal Investigator  Date 
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Appendix C 

Intake Form 

Information page 
 

Name:        Participant code: 
 
 

Date of birth: _______ / _______ / _______  Date of testing: _______ / 

_______ / _______ 

    (year)   (month)     (date)     (year)   

(month)     (date) 

 

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) 
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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? 

For how long have you taken the medication(s)? 

 

Are you aware of any factors that make your tremor temporarily better or temporarily 
worse? 



 

 152 

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] 
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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] 

 

 

When did you become aware of your head tremor? 

 

 

Were you the first person to recognize your head tremor or did someone else bring it to 
your attention? 

If so, who? 

 

 

Are you aware of your head tremor throughout a typical day? 

If yes, is there a specific time of the day when you are most aware of your head tremor? 

 

 

 

 

Do certain activities make you more aware of your head tremor? 

If so, what are these activities and does the head tremor make them more difficult?  
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Do your hands tend to shake at the same time or during the same activities in which your 
head shakes?     Yes             No            I don’t know 

If yes, what activities influence this? 

 

 

ANY OTHER COMMENTS (ABOUT ANYTHING): 


