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Dynamics of Parkinsonian tremor during deep brain stimulation
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The mechanism by which chronic, high frequency, electrical deep brain stimulation~HF-DBS!
suppresses tremor in Parkinson’s disease is unknown. Rest tremor in subjects with Parkinson’s
disease receiving HF-DBS was recorded continuously throughout switching the deep brain
stimulator on~at an effective frequency! and off. These data suggest that the stimulation induces a
qualitative change in the dynamics, called a Hopf bifurcation, so that the stable oscillations are
destabilized. We hypothesize that the periodic stimulation modifies a parameter affecting the
oscillation in a time dependent way and thereby induces a Hopf bifurcation. We explore this
hypothesis using a schematic network model of an oscillator interacting with periodic stimulation.
The mechanism of time-dependent change of a control parameter in the model captures two aspects
of the dynamics observed in the data:~1! a gradual increase in tremor amplitude when the
stimulation is switched off and a gradual decrease in tremor amplitude when the stimulation is
switched on and~2! a time delay in the onset and offset of the oscillations. This mechanism is
consistent with these rest tremor transition data and with the idea that HF–DBS acts via the gradual
change of a network property. ©2001 American Institute of Physics.@DOI: 10.1063/1.1408257#
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Chronic, high frequency, electrical deep brain stimula-
tion can suppress tremor in Parkinson’s disease. This sur-
gical technique involves implanting an electrode into sub-
cortical structures in the brain for long-term stimulation.
The mechanism by which deep brain stimulation sup-
presses tremor is unknown, but might involve a gradual
change in network properties controlling the generation
of tremor. We hypothesize that high frequency deep brain
stimulation induces a qualitative change in the dynamics
so that the stable oscillations are destabilized as a param
eter affecting the oscillation is modified. One possible
qualitative change in the dynamics, which we explore
with a schematic network model, is a supercritical Hopf
bifurcation. With the model, we are able to make definite
predictions concerning the time course of the onset and
suppression of the tremor. This work should be helpful in
identifying the time scale of effect of high frequency deep
brain stimulation on Parkinsonian tremor.
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I. INTRODUCTION

Parkinson’s disease is a serious neurological disor
with a broad spectrum of symptoms. One of the most ob
ous and disabling symptoms is a large amplitude, low f
quency'4–6 Hz tremor.1,2 One way to treat this tremor is to
introduce an electrode deep into a patient’s brain and to
liver stimuli at frequencies of greater than 100 Hz.3,4 When
this procedure is successful, the abnormal tremor is a
ished. Consequently, high frequency deep brain stimula
is developing into an important therapeutic option for tre
ment of intractable Parkinsonian tremor. The developmen
high frequency stimulation as a means to control Parkin
nian tremor arose initially from surgical procedures in whi
destruction~lesioning! of certain regions of the brain led t
greatly reduced tremor. Subsequently, it was observed
rapid electrical stimulation of the same regions could lead
a profound reduction of the symptoms. Thus, the devel
ment of high frequency deep brain stimulation has be
largely empirical, rather than based on a theoretical foun
tion.

The origin of Parkinsonian tremor is not well unde
stood. Although most models for Parkinsonian tremor
sume an oscillation in complex networks that are modeled
differential equations,5–11 there is not general agreeme
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about the detailed structure of the network or the abnorm
ties that lead to Parkinsonian tremor. Excellent reviews
the neural correlates of Parkinsonian tremor are in L
et al.,12 and McAuley and Marsden.13

A variety of different hypotheses have been advanced
explain the effects of high frequency deep brain stimulat
on Parkinsonian tremor. Assuming that Parkinsonian trem
is associated with abnormal oscillations in some region
the brain, high frequency stimulation might act simply
block or interfere with the transmission of oscillatory activi
to the motor neurons.14 With this hypothesis, the abnorma
oscillations would still be present in brain structures b
would no longer lead to observed tremor. Another hypothe
is that Parkinsonian tremor is associated with an abnor
synchronization of many independent oscillators, but t
deep brain stimulation acts to desynchronize th
oscillators.10,11Yet another hypothesis is that high frequen
stimulation acts via reversible inhibition of the target fun
tion, thus mimicking the effects of lesioning the targ
structure.4 Other hypotheses, that have not been conside
before in the context of controlling Parkinsonian tremor, b
which are well known in other contexts seema priori
equally plausible. For example, high frequency deep br
stimulation might act to entrain the abnormal oscillator in
1:0 rhythm15 so that the oscillator is effectively arrested as
consequence of repetitive phase resetting as happen
simple models of cardiac cells or other oscillators.16 Finally,
high frequency deep brain stimulation might lead to a cha
in system parameters, and this in turn would lead to a H
bifurcation in the dynamics17 so that the abnormal limit cycle
associated with the tremor would be destabilized. T
change in system parameters could be related to a gra
change in network properties generating the tremor.18 Under
the Hopf bifurcation hypothesis, the periodic oscillations
sociated with the tremor would no longer be present in a
of the brain structures.

The current study was motivated by the wish to deve
a better understanding of potential mechanisms of the eff
of deep brain stimulation on Parkinsonian tremor by stu
ing the tremor dynamics that occur during the onset a
offset of high frequency deep brain stimulation in subje
with Parkinsonian tremor.

In Sec. II, we describe the effects on rest tremor in
index finger observed during high frequency deep br
stimulation in subjects with Parkinson’s disease. These d
suggest that a Hopf bifurcation may be underlying the tr
sitions induced by deep brain stimulation. In Sec. III, w
present a theoretical analysis of some dynamical aspec
the Hopf bifurcation from a very general perspective. To
lustrate these results, in Sec. IV we show a highly simplifi
oscillating network model in which oscillations are desta
lized during a periodic perturbation.

II. CLINICAL DATA

Rest tremor velocity was recorded using a low-intens
velocity laser19 in four subjects with Parkinson’s disease r
ceiving chronic, high frequency, deep brain stimulatio
These data were recorded at a sampling rate of 100 Hz f
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the subject’s index finger in a resting position continuou
throughout switching the deep brain stimulation on~at an
effective frequency! and off. These four subjects with hig
amplitude tremor were part of a study examining the qu
tative effect of high frequency stimulation on rest tremor
Parkinson’s disease: the comparison of separate record
~i.e., not transitions! of the subjects’ tremor with effective
stimulation and without stimulation is presented elsewher20

Figure 1 shows a schematic representation of the la
~Bruel and Kjaer, Naerum, Denmark!, which is a safe~Class
II ! helium–neon laser, placed at about 30 cm from the fin
tip during rest tremor recording. The laser beam is split w
one part directed at the finger and the other, called the re
ence, directed at a rotating disk inside the laser. Back s
tered light from the rotating disk determines the sign of t
velocity signal: a positive velocity when the finger exten
and negative when the finger flexes. Tremor in the finge
detected and converted to a calibrated voltage output th
proportional to finger velocity. The raw data were collect
using the MacLab data acquisition system~V 3.5.6/S, AD
Instruments Pty Ltd., Castle Hill Australia! and exported to
Matlab ~V 5.2, The Mathworks Inc.! for plotting. The data
were converted from volts to meters/second and a three-p
median filter was applied to interpolate across artifacts in
data created by the rotation of the laser wheel.

The amplitude and pulse duration of the deep br
stimulation were constant in a particular subject, but var
between subjects, since the parameters are determined
cally to optimize tremor suppression and to minimize und
sirable effects for each individual. In general, the stimulat
voltage amplitude was approximately 3 volts, the pulse wi
was approximately 90ms, and an effective frequency wa
.100 Hz. In the data recordings presented here, the effec
switching the stimulation on~at an effective frequency! and
off was explored. Table I summarizes the stimulation para
eters for each subject.

In the tremor velocity data, there is a delay on the ord
of several seconds from the time the deep brain stimulato
switched on at an effective frequency to the suppression
oscillations. Figure 2 contains four partial time series of t
off-to-effective transition in rest tremor velocity data fro
four different subjects, with at least one example for each
the three stimulation targets in the deep brain: subthala

FIG. 1. Velocity laser recording of rest tremor.
P license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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Downloaded 18 Aug
TABLE I. Stimulation parameters for the four subjects with Parkinson’s disease receiving high frequency
brain stimulation.

Subject
Full subject
identifiera

Effective
frequency~Hz!

Pulse
duration~ms!

Pulse
intensity ~V!

Stimulation
modeb

Contact
polarityc

A 08STN 135 90 2.8 cont. 22••

B 04Vim 185 90 5.3 cont. • •22

C 02GPi 160 120 3.7 cycl. 2 • • •

D 07STN 185 90 2.4 cycl. ••2•

aFinal three letters indicate the stimulation target: subthalamic nucleus~STN!, internal globus pallidus~GPi! or
ventrointermediate nucleus of the thalamus~Vim!.

bcont. 5 Continuous stimulation, cycl.5 Cyclic stimulation~e.g., 1 minute on, 1 second off!.
cPolarity of stimulation for contact points in quadripolar electrode~2 negative,• not stimulated!.
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nucleus~STN!, internal globus pallidus~GPi!, and the ven-
trointermediate nucleus of the thalamus~Vim!. The choice of
target for the implanted stimulating electrode depends on
symptoms of the subject at the clinical level. High frequen
stimulation of any of the three currently used targets alle
ates tremor, whereas rigidity and akinesia are improved
der stimulation of GPi or STN.4

Similarly, when the deep brain stimulation at an effecti
frequency is switched off, the data show a delay in the on
of tremor, which also varies between subjects. Figure
shows the partial time series of the effective-to-off transit
corresponding to the four subjects in Fig. 2. In all subjec
we see a gradual increase in the amplitude of the tremo

The data show striking effects in which there is a de
in onset/suppression of the tremor, and second, ther
gradual increase or decrease in the amplitude of the osc
tions. These observations are consistent with the hypoth

FIG. 2. Stimulation off-to-effective transitions: 15 seconds of Parkinson
rest tremor finger velocity~in meters/second! of four different subjects dur-
ing which deep brain stimulation at an effective frequency is switched o
the vertical dashed line. In the brackets following the subject identifier,
indicate the target of the deep brain stimulation, which is either the sub
lamic nucleus~STN!, the internal globus pallidus~GPi! or the ventrointer-
mediate nucleus of the thalamus~Vim!, as well as the frequency of effectiv
stimulation in Hz. For subjectA, although the 12 seconds shown of effecti
stimulation was not sufficiently long to suppress the tremor, the corresp
ing trace of effective-to-off transitions in Fig. 3 begins with a clearly su
pressed tremor.
 2003 to 132.216.11.185. Redistribution subject to AI
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that the stimulation induces a Hopf bifurcation in the dyna
ics. In the next section we develop certain basic propertie
the Hopf bifurcation.

III. THE HOPF BIFURCATION

In this discussion,m is a bifurcation parameter tha
changes over time. We assume that there is a stable
oscillation existing form.mc and a stable fixed point fo
m,mc . In the typical situation, whenm increases through
the valuemc , an oscillation of growing amplitude is induced
and similarly, whenm decreases through the valuemc the
oscillation dies out. In this scenario, which is called the s
percritical Hopf bifurcation, there is no hysteresis.17

In order to model the effects of the stimulation in a sch
matic way, we assume that each stimulus induces releas
an amountd of a substancez that subsequently decays with
time constanttc and that this substance induces a change
the bifurcation parameter. Recent studies have indicated
during brain stimulation, there is a buildup o

n

at
e
a-

d-

FIG. 3. Stimulation effective-to-off transitions: 15 seconds of Parkinson
rest tremor finger velocity~in meters/second! of four different subjects dur-
ing which deep brain stimulation at an effective frequency is switched of
the vertical dashed line. In the brackets following the subject identifier,
indicate the target of the deep brain stimulation, which is either the sub
lamic nucleus~STN!, the internal globus pallidus~GPi! or the ventrointer-
mediate nucleus of the thalamus~Vim!, as well as the frequency of effectiv
stimulation in Hz.
P license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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neurotransmitters.21,22We calld the magnitude of the amoun
released per stimulus,t the period of the stimulation, so tha
the frequencyf of the stimulation isf 51/t. Without stimu-
lation, z decays to 0 with the same time constanttc .

At t50 we assume that the value ofm is m0.mc . We
assume that as time proceeds

m~ t !5m02z~ t !, ~1!

so that eventually,m might decrease to be less thanmc .
The periodic stimulation leads to a time-dependent

crease ofz(t). We call z0 the initial value ofz just before
stimulation commences with a pulse which we will call t
‘‘0th’’ pulse. Given the period of the stimulation pulsest,
then just before the first pulse, we havez15(z01d)e2t/tc,
and just before the second pulse, we havez25(z1

1d)e2t/tc. Continuing in this way, for the expression ofz
just before thenth pulse, a geometric series emerges whi
when summed, simplifies the expression to

zn5z0e2nt/tc1
d~e2nt/tc21!

12et/tc
. ~2!

From this it follows that ast→`, the asymptotic value o
z(t) is given by

z`5
d

et/tc21
.

In order to determine howm depends on time during
stimulation, we assume thatz050, and substitute Eq.~2! into
Eq. ~1! to obtain

m~ t !5m02
d~e2t/tc21!

12et/tc
. ~3!

Here, we have used the fact that during stimulation,t5nt.
We now scale parameters by dividing bym0 and define

m̄(t)5m(t)/m0 , m̄c5mc /m0 , and d̄5d/m0 . Scaling Eq.
~3!, we have

m̄~ t !512
d̄~e2t/tc21!

12et/tc
.

Thus, in the limitt→` we find

m̄`511
d̄

12et/tc
.

Let us now put this back into the context of the de
brain stimulation. In deep brain stimulation, one can vary
frequency of the stimulator as well as the amplitude of
stimulator. We assume that changing the amplitude of
stimulation is equivalent to increasing the valued released
with each stimulus. Ifm̄`,m̄c , then the stimulation will
eventually lead to a suppression of the tremor. The lengt
time, tmin , until m̄(t) reaches its critical valuem̄c can be
computed from the expressions above and sets a lower b
on the length of time until suppression occurs. Assum
initial valuesm0 andz(0)50, we find
Downloaded 18 Aug 2003 to 132.216.11.185. Redistribution subject to AI
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tmin5tc ln
12m̄`

m̄c2m̄`

. ~4!

Assuming that the frequency and amplitude of the stim
lation are adjusted so that they are just on the boundary
that m̄`5m̄c , we find

d̄5~12m̄c!~e1/f tc21!. ~5!

Note thattc sets the time scale for the lower bound of t
delay from the stimulation onset to the suppression of trem
and for most values of the parameterstmin will be of the
same order of magnitude astc . However, this is not neces
sarily always true. In order to appreciate this assu
1@e.0, and recall we have assumed 1.m̄c.m̄` . In Eq.
~4!, if m̄c2m̄`5e and 1@m̄` , then tmin@tc . This corre-
sponds to the situation in which the stimulation paramet
lie just beyond the borders at which control is effective.
carrying out the procedures, the neurologist tries to fi
stimulation parameters that are most effective, and do no
on the boundary. On the other hand, if 12m̄c5e and 1
@m̄` , then tmin!tc . In this case, the baseline value,m0 , of
the bifurcation parameter lies just marginally in the oscil
tory region. In the scenario of the supercritical Hopf bifurc
tion, this parameter range would be associated with low a
plitude oscillations, and it would not be likely that th
subject would be receiving deep brain stimulation for trem
control. Thus, we believe it likely that thetc for the decay of
the putative substance that builds up in this scenario
roughly of the order of the time until suppression of trem
during high frequency deep brain stimulation.

Equation ~5! indicates that if the minimal stimulation
amplitude is plotted as a function of the minimum frequen
to obtain tremor suppression, the boundary will be a mo
tonically decreasing function. However, we expect that
refractory period of neurons would prevent activation at t
rapid a stimulation rate. Consequently, the stimulation am
tude needed to affect control of tremor would not decreas
zero as indicated in Eq.~5!, but rather would saturate at som
constant positive value. Thus, the general form of the bou
ary separating effective and ineffective stimulation is simi
to the clinical results.3 We consider these general results
the context of a definite network model for oscillations in t
next section.

IV. A NETWORK MODEL FOR SUPPRESSION OF
TREMOR

To illustrate the properties of the Hopf bifurcation in
concrete example, we present a mathematical model
network with negative feedback23 to illustrate how an oscil-
lating system interacts with periodic stimulation. Although
number of different network models have been proposed
Parkinsonian tremor, the current model is not based
known anatomy or physiology but is simply meant to illu
trate one way that the Hopf bifurcation might arise in a n
work context.

We consider the three-unit network model

dy1

dt
5 f I~y3!2y1 ,

dyi

dt
5 f E~yi 21!2yi , i 52,3. ~6!
P license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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770 Chaos, Vol. 11, No. 4, 2001 Titcombe et al.
This network exhibits feedback inhibition, in whichy1 ex-
citesy2 , y2 excitesy3 , andy3 inhibits y1 .23 Here,f I(y) and
f E(y) are inhibitory and excitatory response functions
spectively. Typically, response functions are sigmoidal, a
are monotonically decreasing for inhibition and monoto
cally increasing for excitation. For our illustration, we u
Hill functions, which are sigmoidal in form, to represent t
response of the units

f I~y!5
ug

yg1ug
, f E~y!5

yg

yg1ug
, u50.5, ~7!

where the exponentg controls the slope~gain! of the re-
sponse and where we have set the units’ threshold,u, to
u50.5.

Our three-unit model involves a negative feedback s
tem without time delay and thus, the Hopf bifurcation wou
be induced by an increase in gain. This network is a spe
case of ann-unit feedback inhibition network23 which can
display oscillations provided thatn>3. The dynamics of sys
tems of this type are a network effect, meaning that the u
will not oscillate independently. The network in Eqs.~6! and
~7! exhibits a Hopf bifurcation atg5mc54: for g,mc54,
the solution has a stable fixed point, whereas forg.mc54,
it has a stable limit cycle.

Given an initial value,y0 , and the value of the exponen
g, we solve the system of three ordinary differential equ
tions in Eqs.~6! and ~7! for y using a fourth-order Runge–
Kutta integration scheme with a step-size ofDt50.01. For
the simulations, we use 10 000 time steps so that the t
interval in the arbitrary time units of the model correspon
to 5 seconds. We include additive noise to the system, of
form dy/dt5 f (y;g,u)1j, where j(t)50.02* ~normally
distributed random number!, to counterbalance rounding e
rors in the time-stepping routine. Here, we assume that
sources of noise are independent of the precise state o
system.

As in Sec. III, we model deep brain stimulation as
periodic train of short pulsatile stimuli in which each stim
lus pulse releasesd everyt time units, and this in turn lead
to a decrease ing, the gain of the units’ response in Eq.~7!.
Specifically, we letg(t) be of the form

g~ t !5g02z~ t !,
dz

dt
52

1

tc
z,

wherez(t) expresses the deviation due to stimulation of
response,g, from its baseline value,g0 , without stimulation.
We assume thatg0.mc54 so that without stimulation the
network resides in its oscillatory state.

To describe our results, we refer to the responseg ~or
g0) and the time constanttc as network parameters, whic
are inherent properties of the network. Also, we refer tod
and t as stimulation parameters, which are the stimulat
pulse amplitude and stimulation period, respectively.

For our simulations, we have set the baseline value
the bifurcation parameter~i.e., the response of the units with
out stimulation! at g056.0 so that the network is in its os
cillatory state. Thus,ḡ5g/6.0. Forḡ51 and with no stimu-
lation, the period of oscillation in the network model is 3.
Downloaded 18 Aug 2003 to 132.216.11.185. Redistribution subject to AI
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in arbitrary time units. A typical period of oscillation in Pa
kinsonian tremor is 0.18 s, which corresponds to a trem
with frequency 5.7 Hz. Thus, in the figures, we scaled
arbitrary time of the model by a factor of 20~arb. time
units!/s so that it corresponds to the characteristic time sc
of the tremor data.

Figure 4 shows the solution from unit 1 in the three-u
network in Eqs.~6! and~7! as a result of the variation of th
parameter,ḡ, through high frequency (f 5125 Hz! pulsatile
periodic stimulation for two values of the time constanttc .
Figure 5 illustrates how the stimulation decreases the par
eter ḡ until it crossesḡ5m̄c and induces a Hopf bifurcation
in the dynamics. The value ofḡ after thenth pulse isḡn

512 z̄n , wherezn5g0z̄n is in Eq. ~2!. For a smaller time
constant, we observe in Fig. 4 an increased delay in supp
sion of the oscillations. As well, in this figure, we see t
gradual decrease and increase in the amplitude of oscilla
as the parameterḡ is varied which are typical of oscillation
transitions in a supercritical Hopf bifurcation.17,24 Figure
4~b! demonstrates the increase in suppression time when
stimulation parameters lie just beyond the border at wh
stimulation is effective@i.e., when (m̄c2ḡ`) is small#. The
minimum time to suppression istmin given in Eq.~4!, which
does not include the time for decaying transients and
effect of noise added to the system.

Figure 6~a! displays the scaled steady-state gain,ḡ`(t),
for a fixed stimulation amplitude~d̄51/60! for three values
of the time constant,tc . From this figure, fort50.01 ~i.e.,
stimulation frequency5100 Hz! as an example, the value o
tc corresponding to the critical value of the control parame

FIG. 4. Numerical simulations of the three-unit network correspond
to the periodic stimulation in Fig. 5~frequency 125 Hz, scaled amplitud
d̄51/30! which leads to time-dependent decrease of the parameterḡ ~Fig. 5!
and thereby induces a Hopf bifurcation in the dynamics. The solution oy1

is shown for two values of the time constanttc , which governs the buildup/
decay of the control parameter.
P license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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771Chaos, Vol. 11, No. 4, 2001 Dynamics of Parkinsonian tremor
ḡ5m̄c is tc50.2 s. Figure 6~b! displays the correspondin
amplitude of oscillations in the network model solutio
which undergoes a Hopf bifurcation whenḡ crosses through
m̄c . In the model, there is a buildup/decay of a substa
induced by the stimulation that changes on a time scale
approximately 0.2 seconds.

The simulations of our model reflect qualitatively th
observations in the data. In addition to identifying a tim
constant governing the oscillation stability, our model a
counts for the frequency dependence of effective stimulat
Figure 7 shows the curveḡ5m̄c separating the effective an
ineffective stimulation regimes for different time constan
and compares this with clinical data for thalam
stimulation.3 To compute this curve, we solve ford̄ as a
function of t, using

d̄~t!5H ~12m̄c!~et/tc21!, t>ts ,

~12m̄c!~ets /tc21!, t,ts .

Here, we assume that the refractory period of neurons
vents activation at too rapid a stimulation rate~we chosets

corresponding to a stimulation frequency off s5180 Hz! and
thus the stimulation amplitude saturates. The units of
stimulation pulse amplituded̄ from the model were scale
to the data points: we multipliedd̄ by a scale factor of
500'~intensity necessary to abolish tremor of one subj
from Benabidet al.3!/~stimulation pulse amplituded̄ for tc

50.10) both at a frequency of 250 Hz. Although there
qualitative agreement between the shape of the curve
dicted by the theory and the clinical data, we cannot de

FIG. 5. Periodic stimulation leads to time-dependent decrease of ga
response,ḡ(t), to its steady-state valueḡ` . The critical valuem̄c defines the
border below which the control is effective. The time constant of
buildup/decay of the control parameter istc . Stimulation parameters: fre

quencyf 5125 Hz, scaled amplituded̄51/30.
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mine the value oftc from these data. For 0,t/tc!1, d̄(t)
'(12m̄c)t/tc , so the value oftc depends on the scaling o
d̄(t). More physiological information is necessary to r
move the degree of freedom.

V. DISCUSSION

In this work, we have analyzed the transitions betwe
tremor and its control induced by high frequency deep br
stimulation in subjects with Parkinsonian tremor. The clinic
data show that following onset of stimulation at stimulati
parameters that are capable of effecting control, there is t
cally a decrease in amplitude of the tremor leading to s
pression of tremor within several seconds. Similarly, up
removal of the stimulation there is a lag of several seco
following which there is a buildup of oscillations. We believ
that these observations indicate that the mechanism by w
high frequency stimulation suppresses tremor is by mod
ing a parameter so that the previously stable oscillation
now destabilized.

Although this is a natural hypothesis in the context
nonlinear dynamics, it is a bit surprising that previous h
potheses for the mechanism of high frequency deep b
stimulation on tremor control have not mentioned this pos
bility. Several hypotheses put forth previously relate to
inhibitory mechanism~i.e., that deep brain stimulation inhib

of

FIG. 6. ~a! Scaled steady state of gain,ḡ`(t)512 d̄/(et/tc21), wheret is
the stimulation period in seconds.~b! The corresponding amplitude of os
cillations, scaled by its maximum value. To obtain the amplitude of osci
tions, we computed the standard deviation of three cycles of comp
points after transients in the oscillations died away. Parameter values
both ~a! and ~b!: scaled stimulation amplituded̄51/60; time constant,tc

5$0.25, 0.2, 0.16% s.
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its neuronal output, either by a depolarization block of ST
glutamatergic neurons25 or GPi GABAergic neurons26 or by
a habituation of thalamic relay cells27!. However, only a few
previous studies have proposed a theoretical model to ex
ine tremor control by deep brain stimulation.10,11,14Further,
in contrast to the current work, the other hypotheses
tremor control by block or interference with the transmiss
of oscillatory activity to the motor neurons,14 desynchroniza-
tion of many independent oscillators,10,11 or entrainment of
the tremor oscillator in a 1:0 rhythm15 do not appear to lead
to the sorts of transitions that were observed in the pre
study.

Although the schematic three-unit model with excitato
and inhibitory connections captures the clinically observ
behaviors, i.e., gradual increase and decrease in oscilla
amplitude; time delay for onset and suppression of osc
tions; increased time delay in suppression coupled with
creased delay in onset of oscillations~Figs. 2 and 3, Subject
A and D!, similar observations could be observed in a
other model that shows a Hopf bifurcation induced by stim
lation as discussed in Sec. III.

In our model, we apply the periodic stimulation direct
to the bifurcation parameter of the oscillatory network. B
modeling stimulation in this way, the effects of each stim
lation pulse can be easily reformulated to represent an
crease or decrease of a parameter controlling the stabilit
the oscillations. For the particular type of network we use
illustrate our results, we require at least three units for
network to oscillate. However, oscillations can arise via
Hopf bifurcation in systems with fewer units: for exampl
by increasing the gain or time delay in a one-variable mo
of the human pupil light reflex.28

In the context we presented, the stimulation decrea
the gain in a network that eventually induces a bifurcati

FIG. 7. The range of effective~EFF! and ineffective~INEFF! stimulation
parameters in the theoretical model in the stimulation amplitude-freque
plane for three different time constantstc50.33, 0.16, 0.10 s. The discret
points are data values from Benabidet al. ~1991! illustrating electrical
stimulation frequency versus intensity necessary to abolish tremor in
different patients receiving chronic electrical deep brain stimulat
of the Vim.
Downloaded 18 Aug 2003 to 132.216.11.185. Redistribution subject to AI
m-

f

nt

d
on
-

e-

-

-
n-
of
o
e
a

l

es
.

However, bifurcations could be induced by other parame
changes as well, which would depend on the particular fo
of the oscillating network.

What is important is the notion that the stimulation i
duces changes in the stability of an oscillating network a
that the time scale for the observed transitions in the dyn
ics reflects the time scale for parameter changes induce
the stimulation. These parameter changes could be relate
the release of neurotransmitters, which if released to the
tent of depletion could then inactivate certain motor pa
ways.

The idea we have presented here does not exclude
interplay of other physiological mechanisms such as neur
switching their mode of discharge~e.g., bursting to spiking!
due to depolarization via the high frequency stimulation.
this stage of our understanding, these mechanisms coul
operating simultaneously. Future work needs to focus on
particular changes induced by electrical stimulation.

ACKNOWLEDGMENTS

This work was supported by NSERC~Canada!, FCAR
~Québec!, and Coope´ration Québec–France, and the Na
tional Center for Research Resources of the NIH~P41
RR13622! ~USA!. The authors would like to thank the sub
jects for their participation and A.B. thanks Dr. B. Bioula
and Dr. C. Gross for their invitation. We would also like
thank Dr. Arthur Winfree for helpful conversations.

1Handbook of Tremor Disorders, edited by L. J. Findley and W. C. Koller
~Marcel Dekker, New York, 1995!.

2R. J. Elble and W. C. Koller,Tremor ~Johns Hopkins University Press
Baltimore, 1990!.

3A. L. Benabid, P. Pollak, C. Gervason, D. Hoffman, D. M. Gao, M. Hom
mel, J. E. Perret, and J. de Rougemont, ‘‘Long-term suppression of tre
by chronic stimulation of the ventral intermediate thalamic nucleus,’’ La
cet 337, 403–406~1991!.

4A. L. Benabid, A. Benazzouz, D. Hoffmann, P. Limousin, P. Krack, and
Pollack, ‘‘Long-term electrical inhibition of deep brain targets in mov
ment disorders,’’ Mov. Disord.13 ~Suppl. 3!, 119–125~1998!.

5G. Austin and C. Tsai, ‘‘A physiological basis and development of a mo
for Parkinsonian tremor,’’ Confin. Neurol.22, 248–258~1962!, 1st Inter-
national Symposium of Stereoencephalotomy 1961.

6V. S. Gurfinkel and S. M. Osovets, ‘‘Mechanism of generation of oscil
tions in the tremor form of Parkinsonism,’’ Biophysik.18, 781–790
~1973!.

7I. Fukumoto, ‘‘Computer simulation of Parkinsonian tremor,’’ J. Biome
Eng.8, 49–55~1986!.

8A. Beuter and K. Vasilakos, ‘‘Tremor: Is Parkinson’s disease a dynam
disease?’’ Chaos5, 35–42~1995!.

9R. Edwards, A. Beuter, and L. Glass, ‘‘Parkinsonian tremor and simp
cation in network dynamics,’’ Bull. Math. Biol.51, 157–177~1999!.

10P. A. Tass,Phase Resetting in Medicine and Biology: Stochastic Model
and Data Analysis~Springer, Berlin, 1999!.

11P. A. Tass, ‘‘Stochastic phase resetting: a theory for deep brain stim
tion,’’ Prog. Theor. Phys. Suppl.139, 301–313~2000!.

12F. A. Lenz, R. R. Tasker, H. C. Kwan, S. Schnider, R. Kwong, Y. M
rayama, J. O. Dostrovsky, and J. T. Murphy, ‘‘Single unit analysis of
human ventral thalamic nuclear group: correlation of thalamic ‘trem
cells’ with the 3–6 Hz component of Parkinsonian tremor,’’ J. Neurosci8,
754–764~1988!.

13J. H. McAuley and C. D. Marsden, ‘‘Physiological and pathological tre
ors and rhythmic central motor control,’’ Brain123, 1545–1567~2000!.

14E. B. Montgomery, Jr. and K. B. Baker, ‘‘Mechanisms of deep bra
stimulation and future technical developments,’’ Neurol. Res.22, 259–266
~2000!.

15M. S. Titcombe, L. Glass, D. Guehl, and A. Beuter, ‘‘Control of Parki

cy

ur
P license or copyright, see http://ojps.aip.org/chaos/chocr.jsp



pr
log
,

ca
g

the

-

u

o
si
ur

of
re

ein
ic

an

rn,
us

Re-

cal

re-
lidus

ac,
n-

A.
-

al

773Chaos, Vol. 11, No. 4, 2001 Dynamics of Parkinsonian tremor
sonian tremor by deep brain stimulation: data and dynamics,’’ Poster
sentation, 6–7 June 2000, the Mathematics of Information Techno
and Complex Systems~MITACS! Annual General Meeting, Toronto
Canada.

16M. R. Guevara and L. Glass, ‘‘Phase-locking, period-doubling bifur
tions and chaos in a mathematical model of a periodically driven biolo
cal oscillator: A theory for the entrainment of biological oscillators and
generation of cardiac dysrhythmias,’’ J. Math. Biol.14, 1–23~1982!.

17J. Guckenheimer and P. Holmes,Nonlinear Oscillations, Dynamical Sys
tems and Bifurcations of Vector Fields~Springer-Verlag, New York, 1983!.

18A. Benazzouz and M. Hallett, ‘‘Mechanism of action of deep brain stim
lation,’’ Neurology55, S13–S16~2000!.

19K. E Norman, R. Edwards, and A. Beuter, ‘‘The measurement of trem
using a velocity transducer: comparison to simultaneous recordings u
transducers of displacement, acceleration and muscle activity,’’ J. Ne
sci. Methods92, 41–54~1999!.

20A. Beuter, M. S. Titcombe, F. Richer, C. Gross, and D. Guehl, ‘‘Effect
deep brain stimulation on amplitude and frequency characteristics of
tremor in Parkinson’s disease,’’ Thalamus and Related Systems~in press!.

21F. Windels, N. Bruet, A. Poupard, N. Urbain, G. Chouvet, C. Feuerst
and M. Savasta, ‘‘Effects of high frequency stimulation of subthalam
nucleus on extracellular glutamate and GABA in substantia nigra
globus pallidus in the normal rat,’’ Eur. J. Neurosci.12, 4141–4146
~2000!.
Downloaded 18 Aug 2003 to 132.216.11.185. Redistribution subject to AI
e-
y

-
i-

-

r
ng
o-

st

,

d

22G. Paul, T. Reum, W. Meissner, A. Marburger, R. Sohr, R. Morgenste
and A. Kupsch, ‘‘High frequency stimulation of the subthalamic nucle
influences striatal dopaminergic metabolism in the naive rat,’’ Neuro
port 11, 441–444~2000!.

23L. Glass, ‘‘Combinatorial and topological methods in nonlinear chemi
kinetics,’’ J. Chem. Phys.63, 1325–1335~1975!.

24L. Glass and M. C. Mackey,From Clocks to Chaos~Princeton University
Press, Princeton, NJ, 1988!.

25P. Burband, C. Gross, and B. Bioulac, ‘‘Effect of subthalamic high f
quency stimulation on substantia nigra pars reticulata and globus pal
neurons in normal rats,’’ J. Physiol.~Paris! 88, 359–361~1994!.

26C. Gross, A. Rougier, D. Guehl, T. Boraud, J. Julien, and B. Bioul
‘‘High-frequency stimulation of the globus pallidus internalis in Parki
son’s disease: a study of seven cases,’’ J. Neurosurg.87, 491–498~1997!.

27A. Strafella, P. Ashby, M. Munz, J. O. Dostrovsky, A. M. Lozano, and
E. Lang, ‘‘Inhibition of voluntary activity by thalamic stimulation in hu
mans: Relevance for the control of tremor,’’ Mov. Disord.12, 727–737
~1997!.

28A. Longtin, J. G. Milton, J. E. Bos, and M. C. Mackey, ‘‘Noise and critic
behavior of the pupil light reflex at oscillation onset,’’ Phys. Rev. A41,
6992–7005~1990!.
P license or copyright, see http://ojps.aip.org/chaos/chocr.jsp


