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Abstract
The effect of chronic high frequency deep brain stimulation (DBS) on rest tremor was investigated in subjects with Parkinson’s disease
(PD). Eight PD subjects with high amplitude tremor (Group 1) and eight PD subjects with low amplitude tremor (Group 2, used as a reference
group) were examined by a clinical neurologist and tested with a velocity laser to quantify time and frequency domain characteristics of
tremor. Possible rebound effects in rest tremor when DBS was stopped for 60 min were also explored. Participants received DBS of the
internal globus pallidus (GPi) (n = 7), the subthalamic nucleus (STN) (n = 6) or the ventrointermediate nucleus of the thalamus (Vim)
(n = 3). Tremor was recorded with a velocity laser under two conditions of DBS (on–off) and two conditions of medication (l-Dopa
on–off). Correlations between clinical and experimental results for tremor amplitude was 0.70 with no medication and no stimulation. In
Group 1, DBS decreased tremor amplitude but also increased spectral concentration and median frequency significantly. Under medication,
the changes in tremor with and without stimulation were not statistically significant (Group 1). When stimulation was stopped for 60 min, a
rebound in tremor amplitude was observed and median frequency remained stable in Group 1. None of the comparisons examined produced
significant effects in Group 2. Taken together, these results suggest that beyond its effect on tremor amplitude DBS acted also on tremor
frequency and did not modify tremor characteristics in subjects with low amplitude tremor. © 2001 Elsevier Science Ltd. All rights reserved.
Keywords: High frequency chronic stimulation; Time and frequency domain analysis

1. Introduction
Parkinson’s disease (PD) is characterised by the progressive loss of dopamine neurons in the substantia nigra of the
midbrain, and is associated with motor symptoms including
tremor, bradykinesia and rigidity. Tremor is a highly sensitive manifestation of the motor system. In PD, it becomes
more regular or harmonic, its frequency is shifted to a lower
range, its amplitude increases, the shape of its oscillations
changes, and it fluctuates over time (Beuter and Edwards,
1999; Edwards and Beuter, 2000). These changes are subtle and intermittent at first and become more permanent and
obvious as the disease progresses.
Albe-Fessard et al. (1962) observed that during the electrophysiological steps preparing a thalamotomy, stimulation
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of the thalamus decreased tremor (see Speelman and Bosch,
1998 for a review). Since that time it has been shown that
chronic high frequency thalamic stimulation (also called
electrical neuroinhibition, neuromodulation, high frequency
stimulation and deep brain stimulation, DBS) can decrease
tremor amplitude in a spectacular way (Benabid et al., 1991;
Caparros-Lefebvre et al., 1993). These dramatic effects have
also been observed with lesions or stimulation of the globus
pallidus (GPi) (Siegfried and Lippitz, 1994; Gross et al.,
1997) and the subthalamic nucleus (STN) (Limousin et al.,
1995; Krack et al., 1997) and have been shown to relieve not
only tremor but also other symptoms of PD such as rigidity
and dyskinesia (see Benabid et al., 2000 for a review). According to Schuurman et al. (2000), both lesion and stimulation of the thalamus are thought to be as effective for tremor
reduction but thalamic stimulation is associated with fewer
adverse effects than thalamotomy. Stimulation has become
a standard technique for relieving tremor not only in PD,
but also in essential tremor (Vuong et al., 2000) and multiple sclerosis (Benabid et al., 1998; Gross and Lozano, 2000
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for a review). The decrease in tremor is well documented
for the Vim, the STN and the GPi (Kumar et al., 1998;
Benabid et al., 1996; Limousin-Dowsey et al., 1999; Speelman et al., 1998). In a review of 17 studies on the effect of
DBS, Gross and Lozano (2000) noted a 45–97% decrease in
tremor. Thus, it seemed interesting to us to characterise precisely this decrease in tremor amplitude and in fluctuation of
amplitude (typical of PD tremor) both in a group of subjects
receiving DBS to relieve tremor (Group 1) or to relieve other
PD symptoms (Group 2, considered as a reference group).
The effect of DBS on tremor frequency is less documented. It has been suggested that on average DBS increased tremor frequency to values that are closer to those
observed in normal physiological tremor. For example, in
one study, results for tremor frequency remained unchanged
for thalamic stimulation of one subject (Burleigh et al.,
1993). Timmer et al. (1999) applied a test for difference
between peak frequencies to power spectra for postural
tremor of one subject with and without DBS of the Vim
and found that Vim stimulation shifted the peak frequency
of the subject’s postural tremor from 4.9 to 6.27 Hz (P <
0.01). Thus, we examined the effect of DBS on tremor
frequency and spectral concentration in the two groups
of subjects.
A secondary objective was to examine the effect of stopping stimulation for 60 min. One study used a 10-min stop
(Ceballos-Baumann et al., 1999) but generally little or no
specific guidance to clinicians is provided in the literature.
We know that tremor reappears within seconds when stimulation is stopped (Benabid et al., 1998; Caparros-Lefebvre
et al., 1993; Titcombe et al., 2001). Recent reports on
tremor assessed qualitatively (UPDRS) after discontinuing
thalamic stimulation in PD vary from a clear tendency of
tremor rebound (Hariz et al., 1999) to an inconsistent rebound increase of tremor (Vuong et al., 2000). Thus, we
decided to quantify tremor amplitude and frequency every
15 min during a 60-min period after stopping DBS.

were clinically stable at the moment of the tests, they did
not show cognitive impairment (scores above 130/144 on the
Mattis scale) and did not suffer from a major depressive disorder. All subjects, but one, were right-handed as determined
by the Edinburgh Handedness Inventory (scores between 60
and 100). The only left-handed subject (Group 1: subject 5)
had a score of −100. Since tremor is not affected by gender
(Louis et al., 1998), we tested males and females. All subjects were under minimum dopaminergic therapy (ranging
from 300 to 1200 mg per day of l-Dopa) at the time of the
study and took no other PD related medications.
2.2. Experimental procedures
All subjects gave informed consent and institutional ethics
procedures were followed. The subjects selected were asked
to refrain from taking their medication at least 12 h before
the beginning of the tests and were allowed to have no
more than one coffee at breakfast on the two testing days.
Rest tremor was recorded on the most affected side with
a velocity-transducing laser (Beuter et al., 1994; Norman
et al., 1999). This laser (Bruel and Kjaer, Naerum, Denmark) is a safe (Class II) helium–neon laser. The laser beam
is split with one part directed at the finger and the other,
called the reference, directed at a rotating disk inside the
laser. Back scattered light from the rotating disk is used to
determine the sign of the velocity signal. Finger tremor was
detected and converted into a calibrated voltage output proportional to finger velocity. Velocity is more sensitive than
acceleration to low frequency components that are inherent to pathological and physiological tremor (Norman et al.,
1999). The system did not require a special calibration procedure. The laser was placed at about 30 cm from the index
finger tip and the laser beam was directed perpendicular to
a piece of reflective tape placed on the finger tip (Fig. 1).
Each tremor test lasted 60 s. Positive velocity was recorded
when the subject extended the finger and negative velocity
when the subject flexed the finger.

2. Methods
2.1. Subjects
Sixteen subjects diagnosed with PD participated in the
study. All subjects were receiving chronic stimulation either
uni- or bilaterally for the relief of PD symptoms including
tremor, dyskinesia, or rigidity. They were all under 70 years
of age and included 11 males and 5 females. They included
eight subjects (n = 8) with high amplitude tremor (Group
1: subjects 1–8) receiving stimulation of the GPi (n = 2),
the STN (n = 3) and the Vim (n = 3) for tremor, and eight
subjects (n = 8) with low amplitude tremor (Group 2: subjects 9–16) receiving stimulation of the STN (n = 3) and
the GPi (n = 5) for rigidity or dyskinesias. The average age
for Group 1 was 58.5 years (S.D. = 9.8 years) and it was
52.8 years (S.D. = 10.2 years) for Group 2. All participants

Fig. 1. Schematic representation of the position of the laser beam on the
index fingertip covered with a piece of reflective paper during rest tremor
recording.
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Participants removed their watch and sat on a chair with
their forearms resting on special foam padded supports. The
tests started after a settle-down time of 5 min as suggested
by Ito (1961). The subject’s wrist hung freely over the edge
of the padded support (Fig. 1). The experiment was done
over a 2-day period. The conditions, counterbalanced across
subjects, included the following.
1. The l-Dopa condition (no stimulation): After 12 h without medication, the subject took 150% of his or her morning dose of l-Dopa (Modopar). The testing started as
soon as the clinical neurologist administering the UPDRS (Part III) estimated that the medication was fully
effective. Usually, it took between 20 and 40 min.
2. The DBS condition (stimulation only): The subject was
tested after being off medication for 12 h but with the
stimulator on without interruption.
3. The “off” condition (no medication and no stimulation):
The subject off medication for at least 12 h was tested
after the stimulator was switched off for at least 1 h. During this hour, rest tremor was measured every 15 min for
60 s.
4. The “on” condition (on medication and on stimulation):
This condition was tested after the subject took his or
her medication and the clinical neurologist determined
based on the UPDRS (Part III) that medication was fully
effective. Stimulation had been on for at least 1 h.
A clinical neurologist examined the subjects using Part III,
item 20 (scores between 0 and 4), of the UPDRS (Fahn and
Elton, 1987) before each testing condition. This item takes
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into account both amplitude and frequency of occurrence of
tremor episodes. The clinical examination was performed
immediately before each tremor test. One subject was tested
before and after surgery (subject 5). Subjects who were not
feeling well enough on the first testing session (i.e. subjects
2, 6, 8 of Group 1 and subject 10 from Group 2) were tested
again at a later date. When DBS was stopped for 60 min,
the subject generally relaxed in the testing chair, read or
changed seat and remained in the testing room. This test
was not completed by subjects receiving Vim stimulation
because it was too stressful and tiring for these subjects to
remain without stimulation for 1 h.
2.3. Data acquisition
Data were collected using the MacLab data acquisition
system (version 3.5.6/S, AD Instruments Pty Ltd, Castle
Hill, Australia) and sampled at 100 Hz. Raw data were exported to S-Plus (Stat. Sci. Inc., Seattle, WA) for analysis
and converted from volts to mm/s. For the calculation of
characteristics based on the Fourier power spectrum, only
frequencies below 20 Hz were used. A 3-point median filter
was applied to raw data sets to interpolate across artifacts in
the data created by the rotation of the laser wheel.
Quadripolar leads were implanted stereotactically uni- or
bilaterally in the Vim, GPi or STN, and DBS was applied
for 24 h a day. Stimulation parameters are presented in
Table 1. Note that the cyclic mode of stimulation (e.g. 1 min
on and 1 s off) was used in six subjects to optimise the stimulation parameters while avoiding side effects. Furthermore,

Table 1
Stimulation parameters for Group 1 (subjects 1–8) and Group 2 (subjects 9–16)
Subject

Sexa and age (year)

Stimulated
targetb

Intensity
(v)

Pulse duration (s)

Frequency
(Hz)

Mode
(Cont/Cycl)c

Stimulation
contactsd

Group 1 (high amplitude tremor)
1
M 54
2
M 52
3
F 71
4
M 67
5
M 40
6
F 61
7
F 59
8
M 64

GPi
GPi
Vim
Vim
Vim
STN
STN
STN

2.4
3.7
3.3
5.3
1.3
2.0
2.4
2.8

90
120
60
90
90
90
90
90

185
160
130
185
135
185
185
135

Cont
Cycl
Cont
Cont
Cont
Cycl
Cycl
Cont

−, −, −, NS
−, NS, NS, NS
−, NS, NS, NS
NS, NS, −, −
NS, NS, −, −
NS, −, −, NS
NS, NS, −, NS
−, −, NS, NS

Group 2 (low amplitude tremor)
9
M 68
10
M 59
11
M 57
12
M 54
13
F 50
14
M 57
15
M 40
16
F 37

GPi
GPi
GPi
GPi
GPi
STN
STN
STN

3.7
3.7
4.6
4.0
4.0
2.8
2.5
2.2

90
70
90
90
90
90
90
90

185
185
185
185
130
185
135
185

Cont
Cont
Cont
Cycl
Cont
Cont
Cycl
Cycl

−, −, −, NS
−, −, NS, NS
NS, +, −, −
−, −, −, NS
+, −, −, NS
NS, NS, NS, −
NS, −, − NS
−, −, −, NS

a

M: male; F: female.
Target structures: GPi, internal globus pallidus; Vim, ventrointermediate nucleus of the thalamus; STN, subthalamic nucleus.
c Mode of stimulation: Cont, continuous; Cycl, cyclic (e.g. 1 min on, 1 s off).
d Stimulation contact points listed in order of proximal distal direction: “+”, positive stimulation; “−”, negative stimulation; “NS”, contact points
that are not stimulated.
b
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the polarity of the stimulation allowing an improved control
of current within the stimulated structure (Ranck, 1975) was
based on a compromise between clinical improvement and
adverse effects.
2.4. Tremor characteristics
Four parameters were computed from the 60 s signal
samples.
1. Amplitude measured using the root mean square (RMS)
of the filtered velocity signal. Increasing tremor amplitude is the most obvious sign of abnormality.
2. Amplitude fluctuations measured as amplitude variability
in an envelope around tremor oscillation (demodulation)
normalised with respect to tremor amplitude. Increasing
scores indicate that tremor amplitude is fluctuating over
time and this is considered as a sign of abnormality (Edwards and Beuter, 2000).
3. Spectral concentration measured by the concentration of
power in a narrow frequency range. It is the sum over all
frequency bins of the product of each frequency and its
associated power in the spectrum sorted in descending
order of power, divided by the total power of the spectrum. In physiological tremor, power is distributed over
a large part of the spectrum and in pathological tremor
it is usually concentrated in one peak. Decreasing scores
are a sign of abnormality and indicate that power is concentrating in fewer and narrower peaks (Beuter and Edwards, 1999).
4. Median frequency measured as the frequency below
which lies 50% of the power in the spectrum between
0 and 15 Hz. A broad spectrum associated with normal
physiological tremor produces a higher score, thus decreasing scores are a sign of abnormality (Beuter and
Edwards, 1999).
3. Results
First, we examine the effect of DBS on tremor amplitude
and frequency characteristics when the two groups of subjects are off and on medication, and second, we examine the
effect of stopping DBS for 60 min. Before presenting these
results, we report briefly the correlation between clinical
scores and quantitative tremor results obtained immediately after the clinical scoring. RMS of tremor amplitude
and UPDRS scores are presented in Table 2 for the “off”
condition (no medication and no stimulation). The three
other conditions are not reported since the clinical scores
for tremor were “0” for Group 2 and some of the subjects of Group 1. Note however, that when a clinical score
of tremor is “0”, tremor is still measured by the laser as
shown by the RMS scores (Table 2) and is similar in terms
of amplitude to physiological tremor recorded in healthy
subjects. The Spearman rank correlation coefficient for the
“off” condition was 0.70 (P < 0.005).

Table 2
Rest tremor amplitude measured by Part III of the UPDRS (Item 20) and
by the RMS of velocity data (mm/s)
Subject

Side tested

UPDRS

RMS (mm/s)

Group 1
1
2
3
4
5
6
7
8

Left
Right
Left
Right
Left
Left
Right
Left

2
4
1
4
4
3
4
4

211.78
310.13
19.66
174.65
87.01
270.12
52.39
123.07

Right
Left
Left
Right
Right
Right
Right
Left

2
0
0
0
0
1
2
0

4.91
3.21
5.98
1.31
1.28
1.65
1.22
4.84

Group 2
9
10
11
12
13
14
15
16

3.1. Effect of DBS on rest tremor
Fig. 2 illustrates the effect of DBS of the GPi and the
STN on tremor amplitude when subjects are without medication. As can be seen in Fig. 2, when tremor amplitude is
large, it is also more regular (Group 1, top) and when tremor
amplitude is small, it tends to be more irregular (Group 2,
bottom). As expected, under DBS tremor oscillations disappear almost completely in all subjects of Group 1 (shown
only for subjects 2 and 8 in Fig. 2, solid line). For subjects
of Group 1 receiving stimulation of the Vim, the results
in tremor amplitude are similar (not shown). For subjects
from Group 2, the irregularity of tremor which is typical of
normal physiological tremor remains relatively unaffected
by DBS (Fig. 2). Results for the two groups are compared
(Table 3) using the Wilcoxon signed rank test of differences
between means. As can be seen, for Group 1 tremor amplitude decreases significantly while median frequency and
spectral concentration increase significantly. These results
remain significant after a Holm adjustment (Howell, 1998).
Amplitude fluctuations do not change significantly but increase in six out of eight subjects (Group 1) under DBS. No
significant differences are noted for Group 2 (Table 3).
When subjects were on medication, DBS did not affect
tremor significantly (Table 3). A trend was observed for
tremor amplitude but the variability of tremor across subjects
prevented the effect from reaching statistical significance
(P = 0.07).
Irrespective of target stimulated (GPi, STN, or Vim), we
observed a decrease in rest tremor amplitude due to DBS
for subjects in Group 1 who were off medication: a 92–99%
decrease for GPi (n = 2), a 83–99% decrease for Vim (n =
3) and a 95–98% decrease for STN (n = 3). With medication, the change in tremor amplitude showed a trend but was
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Fig. 2. Effect of DBS on rest tremor amplitude of subjects of Group 1 (top) and Group 2 (bottom) without medication: DBS on (solid line) and DBS
off (dashed line). Stimulated targets are indicated in brackets (i.e. GPi on left and STN on right). Note the difference in scale for the vertical axis.

variable across the targets stimulated. We report these observations only for the interest of the reader, since the small
size of subgroups based on stimulation target (GPi, STN or
Vim) prevents valid differential analysis.
3.2. Effect of stopping DBS on tremor
The effect of stopping DBS for 60 min on rest tremor
amplitude and frequency is presented in Table 4 and Fig. 3,

respectively. This test was not performed on subjects receiving stimulation of the Vim (n = 3) since, as indicated above,
it was too stressful for them to remain without stimulation
for 60 min. Thus, only four subjects were tested in Group 1
(since subject 1, GPi, did not complete this test). This test
took place after stimulation was stopped and tremor had returned. This occurred between 5 and 30 s on average. These
preliminary results indicate that rest tremor amplitude increases after 15 min and then decreases after 30 min for all

Table 3
Means (with S.D.), and Wilcoxon signed rank test of the four tremor characteristics when DBS is on or off (with and without l-Dopa) for the two
groups (without adjustment)
Tremor measure

Off l-Dopa

On l-Dopa

DBS on

DBS off

P-value

DBS on

DBS off

P-value

Group 1 (high amplitude tremor)
Amplitude
Amplitude fluctuations
Spectral concentration
Median frequency

8.2
0.8
2.7
6.1

(7.1)
(0.4)
(1.3)
(1.8)

156.1
0.4
1.0
4.8

(103.8)
(0.2)
(0.5)
(0.7)

0.003a
0.961
0.003a
0.019a

2.6
0.7
3.8
5.1

(1.3)
(0.3)
(0.7)
(2.0)

33.4
0.7
2.8
4.4

(75.3)
(0.3)
(1.3)
(2.1)

0.07
0.50
0.28
0.28

Group 2 (low amplitude tremor)
Amplitude
Amplitude fluctuations
Spectral concentration
Median frequency

4.2
0.5
3.2
6.0

(3.8)
(0.2)
(1.1)
(0.9)

3.6
0.6
3.4
5.4

(2.0)
(0.4)
(1.2)
(1.1)

0.80
0.27
0.76
0.47

3.7
0.7
4.0
5.0

(3.8)
(0.3)
(0.9)
(2.3)

3.0
0.6
4.1
5.3

(3.1)
(0.3)
(1.2)
(2.1)

0.62
0.87
0.47
0.67

a

The comparison is still significant after a Holm adjustment for multiple comparisons (Howell, 1998).
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Table 4
Effect of stopping stimulation on rest tremor amplitude for subjects receiving DBS of the GPi or STNa
Tremor

Subject

Stimulated target

Group 1

2
6
7
8

GPi
STN
STN
STN

Group 2

9–16

5 GPi and 3 STN

a
b

Amplitude (RMS, mm/s)
0 min

15 min

30 min

45 min

60 min

310.10
270.10
52.39
123.00

413.90
280.40
71.05
472.60

198.40
100.60
61.67
390.70

360.80
188.20
Mb
388.80

189.90
208.20
M
386.10

3.05 (1.95)

3.11 (2.62)

2.20 (1.07)

2.38 (1.62)

2.26 (1.15)

Results for Group 2 are averaged and standard deviations are presented in parentheses.
M: missing data.

Fig. 3. Effect of stopping DBS for 60 min on rest tremor frequency of subjects of Group 1 (top) and Group 2 (bottom). Stimulated targets are indicated
in brackets. Note the difference in scale for the vertical axis.

four subjects tested in Group 1. No statistical analysis was
performed because of the small sample size. For subject
2, amplitude increases again after 45 min. A closer look at
the raw data reveals that tremor amplitude fluctuates at that
time and these fluctuations artificially increase the RMS.
Fig. 3 illustrates the effect of stopping DBS on rest tremor
frequency. As can be seen in this figure, subjects from Group
1 (top) have a strong spectral peak that remains stable over
time while subjects from Group 2 (bottom) have a wider
spectrum that presents some fluctuations over time. Note the
wide difference in scale for the vertical axis. No systematic
changes were observed for Group 2 (Table 4).
In summary, stopping DBS is associated with a rebound in
amplitude after 15 min for subjects from Group 1 and a stable

frequency. No systematic change was noted for subjects from
Group 2 either in amplitude or frequency.

4. Discussion
The effect of DBS on amplitude and frequency characteristics of tremor in PD was examined in a group of subjects
with high amplitude tremor (Group 1) and another group
with low amplitude tremor (Group 2).
First, as expected, DBS decreases tremor amplitude in
Group 1. The decrease in tremor amplitude was observed
for all subjects for the three targets examined. Mean tremor
amplitude remained unchanged for Group 2. The decrease in
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amplitude due to DBS was clear but not significant when the
subjects of Group 1 were under medication (l-Dopa). Again
no effect was detected for Group 2 when under medication
(l-Dopa) for the three targets examined. What was not expected, however, was the increase in amplitude fluctuations
in Group 1 (six out of eight subjects) in the direction opposite to what we had predicted (1 − P = 0.039). Although
these results in the predicted direction are not statistically
significant, we think that they are interesting. We expected
that DBS would reduce the fluctuations in amplitude that
are associated with abnormality. It is worth noting, however, that the increase in fluctuations appeared in the form
of isolated bursts of activity as if tremor were temporarily
escaping its control by DBS.
Second, DBS increased median frequency in Group 1.
We found a significant mean increase of 1.22 Hz in median
frequency for Group 1. On the average, this increase is noted
for all three targets stimulated. The mean increase is similar
to the value found by Timmer et al. (1999) on one subject
with Vim stimulation (i.e. 1.37 Hz). The present study differs from that of Timmer et al. (1999) in three ways. Our
measure is slightly different from peak frequency (in that
broadness of spectrum comes into median frequency), we
examined rest tremor in several subjects, and finally these
subjects received DBS of three different structures (i.e. Vim,
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STN and GPi). A careful examination of the power spectra
suggests that the increase in median frequency may be due
in part to a redistribution of power after the strong dominant
peak was attenuated by DBS. Thus, this explains why median frequency is shifted to higher values. Fig. 4 illustrates
this observation. For subjects from Group 1 (top), there is
an obvious decrease in power associated with an attenuation
of the dominant frequency peak. For Group 2 (bottom), the
two power spectra overlap almost completely. Note the log
scale on the vertical axis. In addition to its effect on tremor
frequency, DBS also increased spectral concentration (see
Table 3). The increase in spectral concentration was observed for all subjects for the three targets examined. This
is consistent with the “normalisation” of median frequency
noted above. Thus, under DBS tremor becomes less regular
(Fig. 2, solid line). As expected, no significant differences
were noted for these two characteristics in Group 2. These
results suggest that under DBS pathological tremor becomes
similar to normal physiological tremor in terms of amplitude
and frequency. They also suggest the presence of a continuum between pathological and physiological tremor, which
is in agreement with the idea that PD is a dynamical disease
(Beuter and Vasilakos, 1995). In a dynamical disease, the
same system can function in a normal or pathological mode
depending on the values taken by its control parameter(s).

Fig. 4. Effect of DBS on tremor frequency between 0 and 20 Hz for subjects of Group 1 (top) and Group 2 (bottom) without medication: DBS on (solid
line) and DBS off (dashed line). Stimulated targets are indicated in brackets (i.e. GPi on left and STN on right). Note the log scale for the vertical axis.
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In a companion paper (Titcombe et al., 2001), we have proposed a simple theoretical model of tremor control by DBS
related to changes of a control parameter in an oscillating
system.
Third, the results indicate a correlation of 0.70 between
qualitative and quantitative measures of rest tremor in the
“off” condition. Previous studies reported low correlations
between quantitative and qualitative measures for voluntary
movements performed by subjects with PD. Beuter et al.
(1999a,b) found correlation coefficients of 0.3 or below in
studies in which clinical scoring and quantitative recording
of tremor were done with a lag of 30–90 min. Pernat et al.
(1996) also found low correlations between quantitative tests
and rating scales in PD. They suggest that fluctuations in
symptoms, time since last medication, and different strategies used by subjects to overcome difficulties might explain
the results. In the present study, the correlation is higher
than those found in previous studies. This may come from
the fact that an attempt was made to control the time since
medication and to record tremor immediately after its clinical scoring.
Fourth, examining tremor every 15 min for 60 min after
stopping DBS is associated with a relatively stable median frequency and a rebound effect in tremor amplitude
after 15 min in all subjects of Group 1 that were tested.
This increase in amplitude was observed later than what
was reported in previous studies (Benabid et al., 1998;
Caparros-Lefebvre et al., 1993). At the practical level, our
results suggest that DBS should be stopped at least 30 min
before performing clinical tests to control for this rebound
effect. Beyond these practical aspect, Montgomery anticipated that this rebound effect in amplitude would occur
(Montgomery, personal communication, 2000) if tremor in
PD were a network property due to re-entrant activity in
coupled positive and negative feedback loops (Montgomery,
1994). In a personal communication, he suggested that the
alternative to this network property is a bursting activity in
a specific set of neurons in a pacemaker like fashion. However, he favours the network property and explains that “one
would not expect a rebound increase in tremor amplitude if
the mechanism is bursting pacemaker-like activity in thalamic neurons (which have slow Ca2+ potentials that generate
bursting)”. Benazzouz and Hallett (2000) also suggest that
DBS involves a change in network properties. It remains to
clarify how observations on rebound in tremor amplitude,
increase in median frequency and spectral concentration,
effect of medication and dependency on target fit into this
network hypothesis. A better understanding of these mechanisms may help us understand why tremor sometimes recurs
in about 20% of the patients a few months after surgery.
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