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The mechanism by which chronic, high frequency, electrical deep brain stimuldierDBS)
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 frequeng¢yand 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 datd) 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. @001 American Institute of Physic§DOI: 10.1063/1.1408257

Chronic, high frequency, electrical deep brain stimula-
tion can suppress tremor in Parkinson’s disease. This sur-
gical technigue 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 disorder
with a broad spectrum of symptoms. One of the most obvi-
ous and disabling symptoms is a large amplitude, low fre-
quency~4—6 Hz tremor:? One way to treat this tremor is to
introduce an electrode deep into a patient’s brain and to de-
liver stimuli at frequencies of greater than 100 ¥#f2When
this procedure is successful, the abnormal tremor is abol-
ished. Consequently, high frequency deep brain stimulation
is developing into an important therapeutic option for treat-
ment of intractable Parkinsonian tremor. The development of
high frequency stimulation as a means to control Parkinso-
nian tremor arose initially from surgical procedures in which
destruction(lesioning of certain regions of the brain led to
greatly reduced tremor. Subsequently, it was observed that
rapid electrical stimulation of the same regions could lead to
a profound reduction of the symptoms. Thus, the develop-
ment of high frequency deep brain stimulation has been
largely empirical, rather than based on a theoretical founda-
tion.

The origin of Parkinsonian tremor is not well under-

"¥ood. Although most models for Parkinsonian tremor as-
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differential equations;*! there is not general agreement
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about the detailed structure of the network or the abnormali:
ties that lead to Parkinsonian tremor. Excellent reviews of
the neural correlates of Parkinsonian tremor are in Len:z
et al,*? and McAuley and Marsdeh?

A variety of different hypotheses have been advanced tc
explain the effects of high frequency deep brain stimulation
on Parkinsonian tremor. Assuming that Parkinsonian tremo
is associated with abnormal oscillations in some region of
the brain, high frequency stimulation might act simply to
block or interfere with the transmission of oscillatory activity
to the motor neuron¥ With this hypothesis, the abnormal
oscillations would still be present in brain structures but
would no longer lead to observed tremor. Another hypothesis
is that Parkinsonian tremor is associated with an abnormal
synchronization of many independent oscillators, but that
deep brain stimulation acts to desynchronize these

: 0,11 o :
oscillators:®** Yet another hypothesis is that high frequency e subject’s index finger in a resting position continuously

stimulation acts via reversible inhibition of the target func- throughout switching the deep brain stimulation @t an

tion, thus mimicking the effects of lesioning the target effactive frequencyand off. These four subjects with high
structure’ Other hypotheses, that have not been conS|deregmp"tude tremor were part of a study examining the quali-
before in the context of controlling Parkinsonian tremor, butiative effect of high frequency stimulation on rest tremor in
which are well known in other contexts seean priori  parkinson's disease: the comparison of separate recordings
equally plausible. For example, high frequency deep brain; o not transitions of the subjects’ tremor with effective

stimulation might act to entrain the abnormal oscillator in agtjmy|ation and without stimulation is presented elsewRgre.
1:0 rhythnt® so that the oscillator is effectively arrested as a Figure 1 shows a schematic representation of the laser
consequence of repetitive phase resetting as happens (iBrueI and Kjaer, Naerum, Denmarkvhich is a saf¢Class
simple models of cardiac cells or other oscillatti&inally, II) helium—neon laser, placed at about 30 cm from the finger
high frequency deep brain stimulation might lead to a changg, qyring rest tremor recording. The laser beam is split with

in system parameters, and this in turn would lead to a Hopfne part directed at the finger and the other, called the refer-
bifurcation in the dynamics so that the abnormal limit cycle once directed at a rotating disk inside the laser. Back scat-
associated with the tremor would be destabilized. Thiggreq |ight from the rotating disk determines the sign of the
change in system paramgters could .be related to a gradu\%mcity signal: a positive velocity when the finger extends
change in network properties generating the trejrf\bn?der and negative when the finger flexes. Tremor in the finger is
the Hopf bifurcation hypothesis, the periodic oscillations asetected and converted to a calibrated voltage output that is
sociated with the tremor would no longer be present in any, oqortional to finger velocity. The raw data were collected
of the brain structures. _ _ using the MacLab data acquisition systéw 3.5.6/S, AD

The current study was motivated by the wish to develop g ments Pty Ltd., Castle Hill Austrajiand exported to
a better und.erstgndmg. of potentlal_ mechamsms of the eﬁec‘i@latlab (V 5.2, The Mathworks Ing.for plotting. The data
of deep brain stimulation on Parkinsonian tremor by studyyyere converted from volts to meters/second and a three-point
ing the tremor dynamics that occur during the onset andnegian filter was applied to interpolate across artifacts in the
offset of high frequency deep brain stimulation in subjectsysia created by the rotation of the laser wheel.
with Parkinsonian tremor. , The amplitude and pulse duration of the deep brain
~In Sec. II, we describe the effects on rest tremor in thegsim ation were constant in a particular subject, but varied
index finger observed during high frequency deep brainyenyeen subjects, since the parameters are determined clini-
stimulation in subjects_ with I_Darkmson’s d|sease_. These dat@a"y to optimize tremor suppression and to minimize unde-
suggest that a Hopf bifurcation may be underlying the trangjrapie effects for each individual. In general, the stimulation
sitions induced b_y deep brgln stimulation. In_Sec. I, We\oltage amplitude was approximately 3 volts, the pulse width
present a theoretical analysis of some dynamical aspects gf, approximately 9Qus, and an effective frequency was
the Hopf bifurcation from a very general perspective. To il- — 100 Hz. In the data recordings presented here, the effect of
lustrate these results, in Sec. IV we show a highly Simp”ﬁedswitching the stimulation ofiat an effective frequengyand
oscillating network model in which oscillations are destabi- ¢ \\/q5 explored. Table | summarizes the stimulation param-
lized during a periodic perturbation. eters for each subject.

In the tremor velocity data, there is a delay on the order
of several seconds from the time the deep brain stimulator is
switched on at an effective frequency to the suppression of

Rest tremor velocity was recorded using a low-intensityoscillations. Figure 2 contains four partial time series of the
velocity laset® in four subjects with Parkinson’s disease re- off-to-effective transition in rest tremor velocity data from
ceiving chronic, high frequency, deep brain stimulation.four different subjects, with at least one example for each of
These data were recorded at a sampling rate of 100 Hz frorthe three stimulation targets in the deep brain: subthalamic

FIG. 1. Velocity laser recording of rest tremor.

II. CLINICAL DATA
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TABLE |. Stimulation parameters for the four subjects with Parkinson’s disease receiving high frequency deep
brain stimulation.

Full subject Effective Pulse Pulse Stimulation Contact
Subject identifief frequency(Hz) duration(us) intensity (V) modé polarity®
A 08STN 135 90 2.8 cont. -
B 04Vim 185 90 5.3 cont. S
C 02GPi 160 120 3.7 cycl. -
D 07STN 185 90 2.4 cycl. Se—

Final three letters indicate the stimulation target: subthalamic nu¢&TiN), internal globus pallidu¢GPi) or
ventrointermediate nucleus of the thalani\@n).

Pcont. = Continuous stimulation, cyck Cyclic stimulation(e.g., 1 minute on, 1 second pff

Polarity of stimulation for contact points in quadripolar electrgelenegative,- not stimulateg

nucleus(STN), internal globus pallidusGPi), and the ven- that the stimulation induces a Hopf bifurcation in the dynam-

trointermediate nucleus of the thalamsm). The choice of ics. In the next section we develop certain basic properties of

target for the implanted stimulating electrode depends on ththe Hopf bifurcation.

symptoms of the subject at the clinical level. High frequency

stimulation of any of th.e .three curreptly ysed targets allevi4||. THE HOPF BIFURCATION

ates tremor, whereas rigidity and akinesia are improved un- o ) ) ) )

der stimulation of GPi or STH. In this discussion,u is a bifurcation parameter that
Similarly, when the deep brain stimulation at an effectiveChanges over time. We assume that there is a stable limit

frequency is switched off, the data show a delay in the onsefScillation existing foru>u. and a stable fixed point for

of tremor, which also varies between subjects. Figure 3*</c- In the typical situation, whemp increases through

shows the partial time series of the effective-to-off transitiont€ Valuéu., an oscillation of growing amplitude is induced,

corresponding to the four subjects in Fig. 2. In all subjects@nd similarly, whenu decreases through the valye the

we see a gradual increase in the amplitude of the tremor. oscillation dies out. In this scenario, which is called the su-
The data show striking effects in which there is a delayPercritical Hopf bifurcation, there is no hystere$is.

in onset/suppression of the tremor, and second, there is In order to model the effects of the stimulation in a sche-

gradual increase or decrease in the amplitude of the oscilldhatic way, we assume that each stimulus induces release of

tions. These observations are consistent with the hypothesf! @moun® of a substance that subsequently decays with a
time constant. and that this substance induces a change in

the bifurcation parameter. Recent studies have indicated that
during brain stimulation, there is a buildup of

‘Subject A (STN, Off to 135 Hz)
0
1 . ! T Subject A (STN, 135 Hz 16 OF)
13 0 3 6 9 12 0 : A
! Subject B (Vim, Off 1o 185 HY) !
- 1
0 ) ;3 0 3 6 9 12
Q
I
3_ 1 . . .
£ 0 3 6 9 12 0 '
% ! Subject C (GFi, Off 10 160 19) 5 !
U 1
$0 Wi £l 0 3 6 9 12
» . . . . z! T Subject C (GPi, 160 Hz to Off) "
5 0 3 6 9 12 % 0 X
] Subject D (STN, Off to 185 Hz) > !
_ 1 i L !
0 WWWVVWW\!V‘ 13 0 3 5 9 12
- : - . . ! T Subject D (3TN, 165 Hz t3 Of) '
-3 0 3 6 9 12 !
. : : . ACAPAAAAMAAMNAAAAANANNA
Time elapsed since stimulator switched on (sec) Y )
]
FIG. 2. Stimulation off-to-effective transitions: 15 seconds of Parkinsonian ']3 6 3 6 9 12
rest tremor finger velocityin meters/secondf four different subjects dur- Time elapsed since stimulator switched off (sec)

ing which deep brain stimulation at an effective frequency is switched on at

the vertical dashed line. In the brackets following the subject identifier, weFIG. 3. Stimulation effective-to-off transitions: 15 seconds of Parkinsonian
indicate the target of the deep brain stimulation, which is either the subtharest tremor finger velocityin meters/secondf four different subjects dur-
lamic nucleus(STN), the internal globus pallidu€GPi) or the ventrointer-  ing which deep brain stimulation at an effective frequency is switched off at
mediate nucleus of the thalam(ém), as well as the frequency of effective the vertical dashed line. In the brackets following the subject identifier, we
stimulation in Hz. For subjed, although the 12 seconds shown of effective indicate the target of the deep brain stimulation, which is either the subtha-
stimulation was not sufficiently long to suppress the tremor, the correspondamic nucleus(STN), the internal globus pallidu€GPi) or the ventrointer-

ing trace of effective-to-off transitions in Fig. 3 begins with a clearly sup- mediate nucleus of the thalam(#ém), as well as the frequency of effective
pressed tremor. stimulation in Hz.
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neurotransmitters:>’We call 5 the magnitude of the amount

1__30
released per stimulus,the period of the stimulation, so that tmin=1tc IN— 'u_ . 4
the frequencyf of the stimulation isf =1/7. Without stimu- He™ Mo
lation, z decays to 0 with the same time constant Assuming that the frequency and amplitude of the stimu-
At t=0 we assume that the value pfis uo>uc. We  |ation are adjusted so that they are just on the boundary so
assume that as time proceeds that ., = i, we find
w(t)=po—2(1), D 5=(1— o) (eYfte—1). (5)
so that eventually might decrease to be less thag. Note thatt, sets the time scale for the lower bound of the

The periodic stimulation leads to a time-dependent in-delay from the stimulation onset to the suppression of tremor
crease ofz(t). We call z, the initial value ofz just before and for most values of the parameters, will be of the
stimulation commences with a pulse which we will call the same order of magnitude &s. However, this is not neces-
“Oth” pulse. Given the period of the stimulation pulses sarily always true. In order to appreciate this assume
then just before the first pulse, we hazg=(zo+ 8)e™ ', 1>e>0, and recall we have assumed>L.>u.. . In Eq.
and just before the second pulse, we hawg=(z;, (4), if wc—p.=e€ and >u., thenty,,>t.. This corre-

+ 8)e~ "', Continuing in this way, for the expression pf sponds to the situation in which the stimulation parameters
just before thenth pulse, a geometric series emerges whichjie just beyond the borders at which control is effective. In

when summed, simplifies the expression to carrying out the procedures, the neurologist tries to find
stimulation parameters that are most effective, and do not lie
s(e "Mte—1) on the boundary. On the other hand, i-L.=€ and 1

— —nrltg - . .
Zn=Z0€ + 1_e'te 2) > .., thent,,<t.. In this case, the baseline valygy, of

the bifurcation parameter lies just marginally in the oscilla-
From this it follows that ag—o, the asymptotic value of tory region. In the scenario of the supercritical Hopf bifurca-

z(t) is given by tion, this parameter range would be associated with low am-
plitude oscillations, and it would not be likely that the
) subject would be receiving deep brain stimulation for tremor
Z“ZM' control. Thus, we believe it likely that the for the decay of

the putative substance that builds up in this scenario, is
In order to determine how. depends on time during roughly of the order of the time until suppression of tremor
stimulation, we assume thag= 0, and substitute Eq2) into  during high frequency deep brain stimulation.

Eq. (1) to obtain Equation (5) indicates that if the minimal stimulation
amplitude is plotted as a function of the minimum frequency
S(ee—1) to obtain tremor suppression, the boundary will be a mono-
m(1) = po= 1—e™te ®) tonically decreasing function. However, we expect that the
refractory period of neurons would prevent activation at too
Here, we have used the fact that during stimulaticanr. rapid a stimulation rate. Consequently, the stimulation ampli-

We now scale parameters by dividing jay and define  tude needed to affect control of tremor would not decrease to
n(t)=uw(t) mo, we=pmcl o, and 5= 8luo. Scaling Eq. zero asindicated in E@5), but rather would saturate at some

(3), we have constant positive value. Thus, the general form of the bound-
. ary separating effective and ineffective stimulation is similar
_ (e Vte—1) to the clinical resultS.We consider these general results in
m(t)=1- et the context of a definite network model for oscillations in the

next section.
Thus, in the limitt— o we find
o IV. ANETWORK MODEL FOR SUPPRESSION OF
) TREMOR

1—ete’ To illustrate the properties of the Hopf bifurcation in a

) ) concrete example, we present a mathematical model of a

Let us now put this back into the context of the deeppepyork with negative feedbatkto illustrate how an oscil-

brain stimulation. In deep brain stimulation, one can vary thqaing system interacts with periodic stimulation. Although a
frequency of the stimulator as well as the amplitude of the,mper of different network models have been proposed for
stimulator. We assume that changing the amplitude of thegryinsonian tremor, the current model is not based on
stllmulatlon is equivalent to increasing the yalﬂee'lease'd known anatomy or physiology but is simply meant to illus-
with each stimulus. Ifu.<uc, then the stimulation will 416 one way that the Hopf bifurcation might arise in a net-
eventually lead to a suppression of the tremor. The length of,k context.
time, ti,, until w(t) reaches its critical valug.. can be We consider the three-unit network model
computed from the expressions above and sets a lower bound
on the length of time until suppression occurs. Assuming %_ . %_ B .
initial values o andz(0)=0, we find at vy, Gr=telyic)—yi, 1=23. (6

Me=1+
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This network exhibits feedback inhibition, in whigh ex- @)
citesy,, y, excitesys, andys inhibits y, .%* Here, f,(y) and

fe(y) are inhibitory and excitatory response functions re- 0.8 t,=0.16 sec
spectively. Typically, response functions are sigmoidal, and = :

are monotonically decreasing for inhibition and monotoni- ;"05

cally increasing for excitation. For our illustration, we use -%04 |

Hill functions, which are sigmoidal in form, to represent the 3

|
|
'
|
'
|
|
|
(
|
(
'
[
|
'
)
|
|
|
1

response of the units 02/ STIMOFF ! STIMON | STIM OFF |
Hg yg 0 :
- - - 0 1 2 3 4 5
fi(y)= ey fe(y)= yi+ 69’ 6=0.5, (7 time t (sec)
®)
where the exponeng controls the slopggain of the re- 1
sponse and where we have set the units’ thresha@ldp 08 t_=0.08 sec

6=0.5.

Our three-unit model involves a negative feedback sys- i’o.e
tem without time delay and thus, the Hopf bifurcation would §
be induced by an increase in gain. This network is a special 204 :
case of am-unit feedback inhibition netwofR which can '”'02 !
display oscillations provided that=3. The dynamics of sys- “|STIMOFF; STIMON | STIMOFF
tems of this type are a network effect, meaning that the units % ; : p 3 : a 5
will not oscillate independently. The network in E¢6) and time t (sec)

(7) exhibits a Hopf bifurcation afj= u.=4: for g<pu.=4,

; ; ; — FIG. 4. Numerical simulations of the three-unit network corresponding
Fhe solution has. a. stable fixed point, whereasgoruc=4, to the periodic stimulation in Fig. ®requency 125 Hz, scaled amplitude
it has a stable limit cycle.

) - 6=1/30) which leads to time-dependent decrease of the paramétg. 5
Given an initial valuey,, and the value of the exponent and thereby induces a Hopf bifurcation in the dynamics. The solutign of

g, we solve the system of three ordinary differential equa-s shown for two values of the time constagt which governs the buildup/

tions in Eqs.(6) and (7) for y using a fourth-order Runge— decay of the control parameter.

Kutta integration scheme with a step-sizeXf=0.01. For

the simulations, we use 10000 time steps so that the tlml% arbitrary time units. A typical period of oscillation in Par-

interval in the arbitrary time units of the model correspondsk. . . :
: s . insonian tremor is 0.18 s, which corresponds to a tremor
to 5 seconds. We include additive noise to the system, of the

form dy/dt="f(y:g,6)+ £ where &(t)=0.02 (normally with frequency 5.7 Hz. Thus, in the figures, we scaled the

distributed random numbgrto counterbalance rounding er- arpltrary time gf the model by a factor of 2.@1.rb..t|me
units)/s so that it corresponds to the characteristic time scale

rors in the time-stepping routine. Here, we assume that the]c h d
sources of noise are independent of the precise state of tr?et c tremor data. . o .
Ssvstem Figure 4 shows the solution from unit 1 in the three-unit
y . . . . network in Eqs(6) and(7) as a result of the variation of the
As in Sec. lll, we model deep brain stimulation as a — . . .
S . . A . . parameterg, through high frequencyfE 125 H2 pulsatile
periodic train of short pulsatile stimuli in which each stimu- "~ ~ """ = : .
. . L periodic stimulation for two values of the time constant
lus pulse releases every 7 time units, and this in turn leads . . . )
: . L : Figure 5 illustrates how the stimulation decreases the param-
to a decrease ig, the gain of the units’ response in BQ). — - — . . .
Specifically, we leig(t) be of the form gterg until it Crossesy= uc and induces a Hopf blfur_ca_non
' in the dynamics. The value af after thenth pulse isg,
dz 1 =1-7z,, wherez,=goz, is in Eq. (2). For a smaller time
g(t)=go—2z(t), TR constant, we observe in Fig. 4 an increased delay in suppres-
¢ sion of the oscillations. As well, in this figure, we see the
wherez(t) expresses the deviation due to stimulation of thegradual decrease and increase in the amplitude of oscillation
responseg, from its baseline valuey,, without stimulation. as the parametég is varied which are typical of oscillation
We assume thag,>u.=4 so that without stimulation the transitions in a supercritical Hopf bifurcatidf®* Figure
network resides in its oscillatory state. 4(b) demonstrates the increase in suppression time when the
To describe our results, we refer to the respogser  stimulation parameters lie just beyond the border at which
do) and the time constartt, as network parameters, which stimulation is effectivdi.e., when {u.—g..) is small. The
are inherent properties of the network. Also, we referSto  minimum time to suppression ts,, given in Eq.(4), which
and 7 as stimulation parameters, which are the stimulationdoes not include the time for decaying transients and the
pulse amplitude and stimulation period, respectively. effect of noise added to the system.
For our simulations, we have set the baseline value of Figure Ga) displays the scaled steady-state gaip( ),
the bifurcation parametér.e., the response of the units with- for a fixed stimulation amplitudés=1/60) for three values
out stimulation at go=6.0 so that the network is in its os- of the time constant.. From this figure, forr=0.01 (i.e.,
cillatory state. Thusg=g/6.0. Forg=1 and with no stimu- stimulation frequency100 H2 as an example, the value of
lation, the period of oscillation in the network model is 3.53t, corresponding to the critical value of the control parameter
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FIG. 5. Periodic stimulation leads to time-dependent decrease of gain of §. ot
responseg(t), to its steady-state vallg. . The critical valueu, defines the e ) ) ) ) ) )
border below which the control is effective. The time constant of the 8 0 0005 001 0015 002 0025 003 0035

buildup/decay of the control parametertis Stimulation parameters: fre- Time between stimuli, T (sec)

quencyf=125 Hz, scaled amplitudé=1/30. o
FIG. 6. (a) Scaled steady state of gaf,(7)=1— &/(e”%—1), whereris
the stimulation period in second&) The corresponding amplitude of os-
cillations, scaled by its maximum value. To obtain the amplitude of oscilla-
g=uc is t;=0.2 s. Figure @) displays the corresponding tions, we computed the standard deviation of three cycles of computed
amplitude of oscillations in the network model solution Points after transients in the oscillations died away. Parameter values for
which undergoes a Hopf bifurcation Whgmrosses through botg ;?3) gnzd (g)ibscaled stimulation amplitudé=1/60; time constantt,
- In the model, there is a buildup/decay of a substance{ £ B8 DIPS

induced by the stimulation that changes on a time scale of . —
approximately 0.2 seconds. mine the value ot from these data. ForQ7/t.<1, (1)

The simulations of our model reflect qualitatively the = (1~ #c) 7/tc, so the value ot depends on the scaling of

observations in the data. In addition to identifying a time (7). More physiological information is necessary to re-
constant governing the oscillation stability, our model ac-move the degree of freedom.

counts for the frequency dependence of effective stimulation.

Figure 7 shows the curvg= . separating the effective and F\/ DISCUSSION

ineffective stimulation regimes for different time constants  In this work, we have analyzed the transitions between
and compares this with clinical data for thalamic tremor and its control induced by high frequency deep brain
stimulation® To compute this curve, we solve fof as a  Stimulation in subjects with Parkinsonian tremor. The clinical

function of , using data show that following onset of stimulation at stimul_ation_
— parameters that are capable of effecting control, there is typi-

S(r) = (1=wo)(eTe—1),  7=75, cally a decrease in amplitude of the tremor leading to sup-

T (1-me)(e™s/te—1), 7<r,. pression of tremor within several seconds. Similarly, upon

removal of the stimulation there is a lag of several seconds
%ollowing which there is a buildup of oscillations. We believe

\ég?rtssag?]\é?::oqoa; g%}ﬁg‘ﬁoz fsr gmﬁéanté?; Sﬁocngs‘;:a that these observations indicate that the mechanism by which
P g q 9 high frequency stimulation suppresses tremor is by modify-

thus the stimulation amplitude saturates. The units of the : L
ing a parameter so that the previously stable oscillation is

stimulation pulse amplitudé from_the model were scaled o\ destabilized.

to the data points: we multiplied by a scale factor of Although this is a natural hypothesis in the context of

500~(intensity necessary to abolish tremor of one subjechonlinear dynamics, it is a bit surprising that previous hy-

from Benabidet al®)/(stimulation pulse amplitudé for t. potheses for the mechanism of high frequency deep brain
=0.10) both at a frequency of 250 Hz. Although there isstimulation on tremor control have not mentioned this possi-
qualitative agreement between the shape of the curve préility. Several hypotheses put forth previously relate to an

dicted by the theory and the clinical data, we cannot deterinhibitory mechanisnti.e., that deep brain stimulation inhib-

Here, we assume that the refractory period of neurons pr
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12 — . — However, bifurcations could be induced by other parameter
\‘ '\,‘ _ t =0.34sec changes as V\{ell, which would depend on the particular form
e | - : --- 1,=017sec| of the osc,lla_tmg netwqu. . . o
R E t,=0.11sec What is important is the notion that the stimulation in-

duces changes in the stability of an oscillating network and
1 that the time scale for the observed transitions in the dynam-
ics reflects the time scale for parameter changes induced by
the stimulation. These parameter changes could be related to
the release of neurotransmitters, which if released to the ex-
tent of depletion could then inactivate certain motor path-
ways.

The idea we have presented here does not exclude the
1 interplay of other physiological mechanisms such as neurons
switching their mode of discharde.g., bursting to spiking
due to depolarization via the high frequency stimulation. At
this stage of our understanding, these mechanisms could be
Stimulation frequency, 1 (Hz) operating simultaneously. Future work needs to focus on the
particular changes induced by electrical stimulation.

]
T

Scaled stimulation pulse amplitude,
R (2]

FIG. 7. The range of effectivéEFF and ineffective(INEFF) stimulation
parameters in the theoretical model in the stimulation amplitude-frequency
plane for three different time constarits=0.33, 0.16, 0.10 s. The discrete  ACKNOWLEDGMENTS

points are data values from Benabéd al. (1991 illustrating electrical .
stimulation frequency versus intensity necessary to abolish tremor in four ~ This work was supported by NSERCanads FCAR
different patients receiving chronic electrical deep brain stimulation(Qu'ebeQ, and Coobr:ation Qu'ebec—France, and the Na-

of the Vim. tional Center for Research Resources of the NIP#1
RR13622 (USA). The authors would like to thank the sub-
jects for their participation and A.B. thanks Dr. B. Bioulac
and Dr. C. Gross for their invitation. We would also like to
thank Dr. Arthur Winfree for helpful conversations.

its neuronal output, either by a depolarization block of STN
glutamatergic neuroAsor GPi GABAergic neurorfS or by

a habituation of thalamic relay cells. However, only a few
previous studies have proposed a theoretical model to exam-

ine tremor control by deep brain stimulatidht**4Eurther 'Handbook of Tremor Disorder®dited by L. J. Findley and W. C. Koller
. ' ' (Marcel Dekker, New York, 1995
in contrast to the current work, the other hypotheses OfZR. J. Elble and W. C. KollerTremor (Johns Hopkins University Press,

tremor control by block or interference with the transmission Baltimore, 1990.
of oscillatory activity to the motor neuro$desynchroniza-  °A. L. Benabid, P. Pollak, C. Gervason, D. Hoffman, D. M. Gao, M. Hom-

tion of many independent oscilIatd%ll or entrainment of mel, J. E. Perret, and J. de Rougemont, “Long-term suppression of tremor
! by chronic stimulation of the ventral intermediate thalamic nucleus,” Lan-

the tremor oscnlator'lln a 1:0 rhythimdo not appear to lead  cer337 403-406(1991).
to the sorts of transitions that were observed in the presenta. L. Benabid, A. Benazzouz, D. Hoffmann, P. Limousin, P. Krack, and P.
study. Pollack, “Long-term electrical inhibition of deep brain targets in move-

Alth.Ol.Jgh the scher_natlc three-unit mOde_I _Wlth excitatory 5g.ez\hgtlisnoerl?1?jré "FASZIY ‘PAI?)%r;jsliglEJSgliJcp;;Ib:éiilalgndljg(/i?(?[?n.ﬁent of a model
and inhibitory connections captures the clinically observed o parkinsonian tremor,” Confin. Neura22, 248—258(1962, 1st Inter-
behaviors, i.e., gradual increase and decrease in oscillatiomational Symposium of Stereoencephalotomy 1961.

amplitude; time delay for onset and suppression of oscilla—e’\_/- S. Gurfinkel and S. M. Osovets, “Mechanism of generation of oscilla-
tions: increased time delay in suppression coupled with de- tions in the tremor form of Parkinsonism,” Biophysik8, 781-790

creased dela_-y _in onset of OSCi”atiOQﬁgS- 2 and 3, SUbjeCtS 71. Fukumoto, “Computer simulation of Parkinsonian tremor,” J. Biomed.
A and D), similar observations could be observed in any Eng.8, 49-55(1986.
other model that shows a Hopf bifurcation induced by stimu- 8A. Beuter and K. Vasilakos, “Tremor: Is Parkinson’s disease a dynamical

. . . disease?” Chaos, 35—-42(1995.
lation as discussed in Sec. Il °R. Edwards, A. Beuter, and L. Glass, “Parkinsonian tremor and simplifi-

In our model, we apply the periodic stimulation directly cation in network dynamics,” Bull. Math. Biok1, 157-177(1999.
to the bifurcation parameter of the oscillatory network. By '°P. A. TassPhase Resetting in Medicine and Biology: Stochastic Modeling
modeling stimulation in this way, the effects of each stimu- ,ad Data AnalysisSpringer, Berlin, 1999 o
lation pulse can be easilv reformulated to represent an in- P. A. Tass, “Stochastic phase resetting: a theory for deep brain stimula-
p y rep Al tion,” Prog. Theor. Phys. SuppL39, 301-313(2000.
crease or decrease of a parameter controlling the stability 0fr. A. Lenz, R. R. Tasker, H. C. Kwan, S. Schnider, R. Kwong, Y. Mu-
the oscillations. For the particular type of network we use to rayama, J. O. Dostrovsky, and J. T. Murphy, “Single unit analysis of the
illustrate our results. we require at least three units for the human ventral thalamic nuclear group: correlation of thalamic ‘tremor
K il ! illati . . cells’ with the 3—6 Hz component of Parkinsonian tremor,” J. Neurdci.
network to oscillate. However, oscillations can arise via a 754_764(1988.
Hopf bifurcation in systems with fewer units: for example, 233, H. McAuley and C. D. Marsden, “Physiological and pathological trem-

by increasing the gain or time delay in a one-variable mode| ors and rhythmic central motor control,” Brair23 1545-15672000.
14 « . .
of the human pupil light refle® E. B. Montgomery, Jr. and K. B. Baker, “Mechanisms of deep brain

. . stimulation and future technical developments,” Neurol. R&s259-266
In the context we presented, the stimulation decreases >qqq.

the gain in a network that eventually induces a bifurcation®*m. S. Titcombe, L. Glass, D. Guehl, and A. Beuter, “Control of Parkin-

Downloaded 18 Aug 2003 to 132.216.11.185. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/chaos/chocr.jsp



Chaos, Vol. 11, No. 4, 2001 Dynamics of Parkinsonian tremor 773

sonian tremor by deep brain stimulation: data and dynamics,” Poster pre??G. Paul, T. Reum, W. Meissner, A. Marburger, R. Sohr, R. Morgenstern,
sentation, 6—7 June 2000, the Mathematics of Information Technology and A. Kupsch, “High frequency stimulation of the subthalamic nucleus
and Complex System$MITACS) Annual General Meeting, Toronto, influences striatal dopaminergic metabolism in the naive rat,” NeuroRe-
| Lanada. ) _ , o port 11, 441—444(2000).
M' R. Guevara gnd L. Glass,_ Phase-locking, pc_erlo_d—doubl_mg bn_‘urca_— 2L, Glass, “Combinatorial and topological methods in nonlinear chemical
tions and chaos in a mathematical model of a periodically driven biologi- kinetics,” J. Chem. Phys63, 1325—13351975
cal oscillator: A theory for the entrainment of biological oscillators and the ,, T ’ ' : ) . .
generation of cardiac dysrhythmias,” J. Math. Bid#, 1-23(1982). L. Glass and M. C. Mackef;rom Clocks to ChaogPrinceton University
173. Guckenheimer and P. Holmasonlinear Oscillations, Dynamical Sys- _ Press, Princeton, NJ, 1988
tems and Bifurcations of Vector Fiel@Springer-Verlag, New York, 1993 ~ 2°P. Burband, C. Gross, and B. Bioulac, “Effect of subthalamic high fre-
18A. Benazzouz and M. Hallett, “Mechanism of action of deep brain stimu-  quency stimulation on substantia nigra pars reticulata and globus pallidus
lation,” Neurology 55, S13—S162000. neurons in normal rats,” J. PhysigPari9 88, 359-361(1994).
19K. E Norman, R. Edwards, and A. Beuter, “The measurement of tremor26¢. Gross, A. Rougier, D. Guehl, T. Boraud, J. Julien, and B. Bioulac,
using a velocity transducer: comparison to simultaneous recordings using “igh-frequency stimulation of the globus pallidus internalis in Parkin-
tral_nsducers of displacement, acceleration and muscle activity,” J. Neuro- o< gisease: a study of seven cases,” J. Neuro&rgio1—498(1997).
sci. Methods92, 41-54(1999. 27A. Strafella, P. Ashby, M. Munz, J. O. Dostrovsky, A. M. Lozano, and A.

20, Beuter, M. S. Titcombe, F. Richer, C. Gross, and D. Guehl, “Effect of EL “mhibition of volunt dvity by thalamic stimulation in h
deep brain stimulation on amplitude and frequency characteristics of rest — ang, “inhibition ot voluntary activity by thalamic S imulation in hu-
mans: Relevance for the control of tremor,” Mov. Disol®, 727-737

tremor in Parkinson’s disease,” Thalamus and Related Systenmsess.
21E windels, N. Bruet, A. Poupard, N. Urbain, G. Chouvet, C. Feuerstein, (1997.

and M. Savasta, “Effects of high frequency stimulation of subthalamic *®A. Longtin, J. G. Milton, J. E. Bos, and M. C. Mackey, “Noise and critical

nucleus on extracellular glutamate and GABA in substantia nigra and behavior of the pupil light reflex at oscillation onset,” Phys. Rev4A

globus pallidus in the normal rat,” Eur. J. Neurosd2, 4141-4146 6992-70051990.

(2000.

Downloaded 18 Aug 2003 to 132.216.11.185. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/chaos/chocr.jsp



