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Abstract

Objective: Coherence analysis of electromyography (EMG) signals in essential tremor (ET) suggests that tremor in the right and left arm

is induced by independent central oscillators. The sensorimotor cortex seems to be part of the tremor-generating neuronal network in ET.

Here, we investigated using electroencephalography (EEG) whether the independence of central oscillators in ET is supported by the analysis

of cortical activity.

Methods: In 8 patients with ET, bilateral hand tremor was activated by wrist extension. EMGs from the wrist flexors and extensors were

recorded simultaneously with an EEG. EEG-EMG coherence was estimated for 74 epochs of 60 s duration.

Results: In 42.6% of the cases, EEG-EMG coherence at the tremor frequency existed only with the contralateral sensorimotor cortex.

However, 21.6% of the tremor-EMGs were coherent with EEG activity over both the contralateral and ipsilateral sensorimotor cortex.

Bilateral and exclusively contralateral EEG-EMG coherence could alternate within the same recording. Bilateral EEG-EMG coherence was

associated with increased right-left EEG-EEG coherence, increased right-left EMG-EMG coherence as well as with increased tremor

strength.

Conclusions: In ET, central oscillators in the right and left brain are not entirely independent of each other. They may dynamically

synchronise, presumably by interhemispheric coupling via the corpus callosum.

q 2003 International Federation of Clinical Neurophysiology. Published by Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Essential tremor is a frequent movement disorder which

is characterised by a postural tremor of the upper limbs. The

tremor is typically bilateral, but not necessarily symmetric.

Other body parts may also be tremulous, for instance the

head, the chin, the trunk or the lower limbs. Cerebellar signs

such as intention tremor may be present, other neurological

abnormalities, however, do not occur (Deuschl et al., 1998).

The neurophysiological mechanisms leading to the

clinical expression of essential tremor are not precisely

known. There is, however, good evidence that essential

tremor is of central origin (Elble, 1996, 2000). A number of

structures seem to be involved in the tremor-generating

oscillatory neuronal network. First, the olivocerebellar

system appears to play an important role. This is supported

by animal experiments on harmaline-induced tremor which

is considered as an animal model of essential tremor (Llinás

and Volkind, 1973; Lamarre, 1984), as well as by functional

imaging studies in human beings which have demonstrated

increased glucose metabolism in the medulla oblongata

(Hallett and Dubinsky, 1993) or increased blood flow in

the cerebellum (Jenkins et al., 1993; Bucher et al., 1997).

Second, there is evidence that the nucleus ventralis inter-

medius, a cerebellar relay nucleus in the ventrolateral

thalamus, is involved in the generation of essential tremor.

Thalamic activity recorded during stereotactic operations in

patients with essential tremor is strongly correlated with

forearm electromyography (EMG) signals (Hua et al.,

1998). Moreover, stereotactic lesions or high-frequency

stimulation in the nucleus ventralis intermedius have been

shown to suppress essential tremor (Benabid et al., 1991;

Schuurman et al., 2000). Third, the cerebral cortex seems to

be part of the tremor-generating neuronal network. Coher-

ence analysis of simultaneous electroencephalography

(EEG) and EMG recordings in patients with unilaterally
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activated essential tremor revealed tremor-correlated

activity in the contralateral sensorimotor cortex (Hellwig

et al., 2001).

Considering the bilateral symmetric architecture of the

brain and taking into account that essential tremor is typic-

ally bilateral, the question arises whether there is one

common central oscillator or whether there are two separate

oscillators, one in each half of the brain. Although tremor

frequencies of the right and left arm may be very similar in

essential tremor, analysis of EMG-EMG coherence did not

reveal a significant right-left correlation (Lauk et al., 1999;

Raethjen et al., 2000). This was considered as evidence

that essential tremor is generated by independent central

oscillators in the right and left brain.

However, the investigation of peripheral EMG activity

provides only indirect insights into neurophysiological

mechanisms in the central nervous system. A direct obser-

vation of brain activity would certainly be more conclusive.

Therefore, we analysed in the present study EEG activity

in bilaterally activated essential tremor. Following our

previous study on unilaterally activated essential tremor

(Hellwig et al., 2001), one would predict significant

corticomuscular coherence between the sensorimotor cortex

and contralateral muscles. Significant ipsilateral EEG-EMG

coherence, however, should not occur given the presence of

independent central oscillators in the right and left brain.

2. Methods

2.1. Patients

Eight patients (4 women, 4 men) with essential tremor

participated in this study. They were selected because they

showed a distinct postural tremor of both arms without

significant head tremor. Apart from intention tremor in

3 patients, there were no further neurological abnormalities,

particularly no Parkinsonian symptoms. Patients were on

average 60 years old (range 44–74 years). Tremor had been

present for at least 5 years (mean 15.6 years; range

5–30 years). Six patients were without medical treatment

for tremor, one patient received 30 mg propanolol per day,

another patient 500 mg primidone per day. Medical treat-

ment was not changed before the recordings. The study

protocol was approved by the local ethical committee of the

University of Freiburg. All patients gave informed consent

to participate in this investigation.

2.2. Recording procedure

Inside a dimly lit room, patients were seated in a com-

fortable chair with their forearms supported. Surface EMG

electrodes were attached to the wrist flexors and extensors

of both arms. EEG was recorded with a 64-channel EEG

system (Neuroscan, Herndon, VA, USA). Patients were

asked to keep their eyes open and to fix their eyes on a point

of light about 1.5 m away. Bilateral postural tremor was

elicited by wrist extension on the right and left side. EEG

and EMG signals were sampled at 1000 Hz and bandpass

filtered (EEG 1–200 Hz, EMG 50–200 Hz). Data were

stored on a personal computer and analysed off-line.

2.3. Data analysis

Each recording was divided into non-overlapping high

quality epochs of 60 s duration. In all, 74 such epochs were

analysed in the present study. According to the quality of

the recording and to the patient’s ability to co-operate, the

number of epochs investigated per patient varied (between

two and 15 per patient). The EMG was full-wave rectified.

The potential field over the scalp was transformed into the

reference free current density distribution (Hjorth, 1991)

which has been shown to be the optimum basis for EEG-

EMG coherence analysis (Mima and Hallett, 1999a).

In all, eight EEG electrodes were considered for data

analysis, 4 over the left and 4 over the right frontocentral

cortex (Fig. 1). These electrodes included C3 and C4 which

are supposed to be situated over the hand areas of the right

and left sensorimotor cortex. In a previous study on uni-

laterally activated essential tremor (Hellwig et al., 2001),

corticomuscular coherences were particularly high for C3

and C4. In some cases, the above-mentioned study revealed

also significant corticomuscular coherences at electrodes

adjacent, i.e. anterior and/or medial to C3 and C4. There-

fore, these electrodes (C1, C2, C1a, C2a, C3a, C4a) were

also included in the data analysis.

Coherences between the rectified tremor EMGs of both

arms and each of the 8 EEG channels mentioned above

were estimated by cross-spectral methods (Priestley, 1989;

Brockwell and Davis, 1991; Salenius et al., 1997; Timmer

et al., 1998a,b; Halliday et al., 1998; Mima and Hallett,

Fig. 1. Schematic layout of the 8 EEG electrodes over the right and left

frontocentral cortex which were considered for data analysis.
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1999b; Grosse et al., 2002). In each epoch, the highest

EEG-EMG coherence found on each side was selected for

further analysis. We investigated also right-left coherences

between the tremor EMGs. Moreover, right-left coherences

between the EEG channels over the frontocentral cortex

illustrated in Fig. 1 were calculated. Here, we considered

always those EEG channels with the highest EEG-EMG

coherence. In cases without significant EEG-EMG coher-

ence, the signal at the EEG electrodes C3 or C4 was used for

the calculation of EEG-EEG coherence. Volume conduction

as a possible source of spurious right-left EEG-EEG coher-

ence was examined in two ways. First, the EEG-EEG

coherence spectra were inspected for significant coherences

over a broad range of frequencies assuming that volume

conduction must involve a large frequency band. Second,

we calculated the EEG-EEG cross-correlation which would

be characterised by high and narrow peaks at time lag 0 ms

in case of volume conduction (Raethjen et al., 2000).

Finally, we studied the signal-to-noise ratios (SNRs) of

the tremor EMGs. SNRs can be considered as a measure of

the tremor strength. They were calculated with the EMG

autospectra by dividing the peak at the tremor frequency

above the noise level by the noise level itself (Timmer,

1998).

3. Results

Figs. 2a,b display unrectified tremor EMGs of the left

and right forearm extensor muscles in a patient with essen-

tial tremor who activated bilateral postural tremor by wrist

extension. Tremor frequencies are at about 5 Hz in both

arms. This is confirmed by the respective EMG autospectra

which exhibit clear peaks at 5 Hz (Figs. 2c,d).

Using data from the same patient, Fig. 3 illustrates

EEG-EMG coherence for two consecutive recording epochs

of 60 s duration. In epoch I, there is highly significant

corticomuscular coherence at the tremor frequency and its

first harmonic between the left extensor and the contra-

lateral frontocentral cortex (Fig. 3a). Coherence analysis

does not reveal significant EEG-EMG coherence at the

tremor frequency between the left extensor and the

ipsilateral frontocentral cortex (Fig. 3b).

The presence of contralateral but not ipsilateral

EEG-EMG coherence does, however, not seem to be a

general rule. This is demonstrated by the analysis of

recording epoch II. Again, there is highly significant

Fig. 2. (a, b) EMG traces of the right and left arm in a patient with bilaterally activated essential tremor. (c, d) The corresponding EMG autospectra.

Fig. 3. (a, b) Recording epoch I. EEG-EMG coherence between the left arm

and the contra- and ipsilateral cortex. The horizontal line at a coherence of

about 0.4 indicates the level of significance (P , 0:01). (c, d) Recording

epoch II (derived from the same patient and the same recording as in (a, b)).

EEG-EMG coherence between the left arm and the contra- and ipsilateral

cortex.
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corticomuscular coherence at the tremor frequency and its

first harmonic between the left extensor and the contra-

lateral frontocentral cortex (Fig. 3c). There is indeed a

distinct similarity between Figs. 3a and c. However, in

contrast to the results shown in Fig. 3b, analysis of the

EEG-EMG coherence between the left extensor and the

ipsilateral frontocentral cortex reveals also significant

values at the tremor frequency (Fig. 3d).

In summary, Fig. 3 illustrates in an example that exclu-

sively contralateral EEG-EMG coherence and bilateral

EEG-EMG coherence may occur in the same patient with

bilaterally activated essential tremor. This alternation

between contralateral and bilateral corticomuscular coher-

ence was present in 6 of the 8 patients investigated here. In

the 74 time series of 60 s duration studied, exclusively

contralateral EEG-EMG coherence occurred in 42.6% of the

cases, while bilateral EEG-EMG-coherence could be found

in 21.6% of the cases (Fig. 4).

Closer inspection of Figs. 3c,d reveals that the contra-

lateral EEG-EMG coherence at the tremor frequency is

higher than the ipsilateral one. This seems to be a general

tendency. In Fig. 5a, all significant contralateral and ipsi-

lateral EEG-EMG coherences at the tremor frequency

encountered in this study are illustrated. Contralateral

EEG-EMG coherences tend to be higher than the ipsilateral

ones, the difference being statistically significant (P , 0:01,

Wilcoxon rank sum test). This finding is corroborated by

comparing ipsi- and contralateral EEG-EMG coherences in

those cases in which, as in Figs. 3c,d, bilateral EEG-EMG

coherences were present. Ipsi- and contralateral EEG-EMG

coherences were plotted against each other (Fig. 5b). In

case of approximately equal values of ipsi- and contralateral

EEG-EMG coherences, the dots in Fig. 5b should be scat-

tered around the diagonal. However, the dots mainly fall

below the diagonal confirming that contralateral EEG-EMG

coherences tend to be higher than the ipsilateral ones.

We investigated also how contralateral or bilateral

EEG-EMG coherences are related to EEG-EEG coherence

and EMG-EMG coherence. Results are shown in Table 1.

When comparing recording epochs with bilateral and exclu-

sively contralateral EEG-EMG coherence, the percentage of

significant EEG-EEG coherence at the tremor frequency is

more than 5 times higher in the bilateral case. In order

to check for volume conduction as a cause of spurious

EEG-EEG coherence, the coherence spectra were inspected

for significant coherences over a broad range of frequencies.

This was never the case. EEG-EEG coherence was rather

restricted to narrow peaks at the tremor frequency.

Additional consideration of the EEG-EEG cross-correlation

(cf. Section 2 and Raethjen et al., 2000) revealed only one

case in which EEG-EEG coherence due to cross-talk could

not be safely excluded. Disregarding this case would not

alter the results substantially, the frequency of significant

EEG-EEG coherence at the tremor frequency in case of

bilateral EEG-EMG coherence would be reduced to 31.2%.

Table 1 reveals also that EMG-EMG coherence at the

tremor frequency is distinctly more frequent in bilateral than

in exclusively contralateral EEG-EMG coherence. Thus,

bilateral EEG-EMG coherence seems to be associated with

increased coupling between the right and left frontocentral

cortex and the right and left tremulous arm.

In Fig. 6, the tremor strength in contralateral and bilateral

EEG-EMG coherence is displayed. Signal-to-noise ratios

(SNRs) calculated from the autospectra of the tremor EMGs

(see Section 2) were used as a measure of the tremor

amplitudes. Fig. 6 illustrates that the SNRs cover a wide

range. They tend to be higher in recording epochs with
Fig. 4. Relative frequencies of bilateral, exclusively contralateral,

exclusively ipsilateral and not significant EEG-EMG coherences.

Fig. 5. (a) All contralateral and all ipsilateral EEG-EMG coherences

encountered in this study. The horizontal line at a coherence of about 0.4

indicates the level of significance (P , 0:01). (b) For all cases of bilateral

EEG-EMG coherence, the contralateral EEG-EMG coherences are plotted

against the ipsilateral ones.
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bilateral EEG-EMG coherence than in those with exclu-

sively contralateral EEG-EMG coherence, the difference

being statistically significant (P , 0:01, Wilcoxon rank sum

test). This indicates that bilateral EEG-EMG coherence is

associated with increased tremor amplitudes.

4. Discussion

A recent study on unilaterally activated essential tremor

demonstrated significant coherence between the forearm

muscles of the tremulous arm and the contralateral sen-

sorimotor cortex (Hellwig et al., 2001). The present study

tackled the issue of corticomuscular coherence in bilaterally

activated essential tremor. Previous work on EMG-EMG

coherence in bilaterally activated essential tremor did not

provide evidence for a significant right-left correlation

(Lauk et al., 1999; Raethjen et al., 2000). Therefore, it was

assumed that independent central oscillators are responsible

for the tremor in the right and left arm. Similar conclusions

have been drawn for Parkinsonian tremor (Lauk et al., 1999;

Raethjen et al., 2000; Hurtado et al., 2000; Ben-Pazi et al.,

2001). Based on these studies on EMG-EMG coherence,

there was a clear prediction about corticomuscular coher-

ence in bilaterally activated essential tremor: the activity in

each tremulous arm should only be coherent with the

contralateral sensorimotor cortex, but not with the ipsi-

lateral one.

The present study confirmed this prediction only to some

extent. In 42.6% of the cases investigated, coherence existed

indeed exclusively between the tremulous arm and the

contralateral cortex. However, in contrast to the prediction,

significant EEG-EMG coherence with both the contra-

and ipsilateral cortex was found in 21.6% of the cases.

EEG-EMG coherence could switch between the exclusively

contralateral and the bilateral condition within the same

recording.

There is no indication that bilateral EEG-EMG coher-

ence was simply due to volume conduction in the brain.

First, we did not encounter bilateral corticomuscular coher-

ence when essential tremor was activated only unilaterally

(Hellwig et al., 2001). Second, closer investigation of

EEG-EEG coherence did not indicate that volume conduc-

tion played a major role (cf. Section 3). Third, bilateral

EEG-EMG coherence was associated with increased right-

left EMG-EMG coherence. Cross-talk between muscles of

the right and left arm can be positively excluded.

How does EEG-EMG coherence switch from the exclu-

sively contralateral condition to the bilateral one? The

involvement of ipsilateral corticospinal connections is

unlikely. The increased incidence of significant EEG-EEG

coherence between the right and left cortex in the case of

bilateral EEG-EMG coherence indicates rather that inter-

hemispheric coupling plays an important role. Presumably,

a pool of cortical neurons coherently active with the contra-

lateral tremulous arm is able to induce coherent oscillations

also in the opposite hemisphere via reciprocal callosal con-

nections. Interhemispheric synchronisation of cortical

oscillatory activity has indeed been described. It was first

shown by Engel et al. (1991) who studied neuronal activity

in homologous areas of the cat visual cortex. These authors

provided also evidence that interhemispheric synchron-

isation is mediated via the corpus callosum and not by

subcortical structures. Murthy and Fetz (1996) extended

these findings to the sensorimotor cortex of monkeys. They

showed that oscillatory local field potentials and associated

spike activity in the precentral areas of both hemispheres

could become synchronised when the monkey made

bimanual movements. This was corroborated by Cardoso

de Oliveira et al. (2001) who found task-specific neural

interactions between the motor cortical areas of monkeys

during bimanual movements. The degree of interhemi-

spheric correlation could change rapidly during the

execution of the task. For human beings, functional

coupling of the right and left sensorimotor cortex has also

been shown. Andres et al. (1999) found that interhemi-

spheric coherence was increased during the learning of a

bimanual task.

In summary, there is good experimental evidence for

interhemispheric coupling of cortical motor areas during the

execution of bimanual voluntary movements. This physio-

logical mechanism seems to have some importance also in

the pathological condition of bilaterally activated essential

tremor. Interhemispheric coupling does, however, not

mean that the involvement of the two hemispheres is evenly

Table 1

Incidences of EEG-EEG coherence and EMG-EMG coherence at the

tremor frequency (P , 0.01) in the cases of exclusively contralateral and

bilateral EEG-EMG coherence at the tremor frequency (P , 0.01)

EEG-EMG coherence

Bilateral Contralateral

EEG-EEG coherence (%) 34.4 6.3

EMG-EMG coherence (%) 15.6 3.2

Fig. 6. SNRs of the tremor EMGs in bilateral and exclusively contralateral

EEG-EMG coherence. SNRs in cases of bilateral EEG-EMG coherence are

significantly higher (P , 0:01).
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balanced. In the present study, contralateral EEG-EMG

coherence tended to be higher than the ipsilateral one.

Moreover, bilateral EEG-EMG coherence was not a stable

phenomenon. Within the same recording, exclusively

contralateral and bilateral EEG-EMG coherence could

alternate. In other words, there seemed to be a dynamic

synchronisation and desynchronisation of the tremor gene-

rating oscillators in the right and left brain. A similar

phenomenon has been observed using dual microelectrode

recordings in the globus pallidus of a Parkinsonian patient

(Hurtado et al., 1999). Pallidal neurons firing in synchrony

with upper limb tremor could fluctuate between states of

independence and transient interneuronal coupling.

It should be emphasised that the occurrence of bilateral

EEG-EMG coherence has a clinical correlate. There is an

association with increased signal-to-noise ratios in the EMG

autospectra, i.e. tremor amplitudes increase with bilateral

EEG-EMG coherence. It remains, however, an open ques-

tion if the interhemispheric coupling of cortical motor areas

enhances essential tremor, or if, vice versa, increased tremor

amplitudes induce interhemispheric coherence by a more

prominent proprioceptive input to the sensorimotor cortex.

Both mechanisms need not be mutually exclusive. They

may reinforce each other via positive feedback.
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