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Abstract. In recent years, the authors have developed
what appears to be a very successful phenomenological
model for analyzing the role of deep brain stimulation
(DBS) in alleviating the symptoms of Parkinson’s dis-
ease. In this paper, we extend the scope of the model
by using it to predict the generation of new frequen-
cies from networks tuned to a specific frequency, or in-
deed not self-oscillatory at all. We have discussed two
principal cases: firstly where the constituent systems
are coupled in an excitatory-excitatory fashion, which
we designate by “+/+”; and secondly where the con-
stituent systems are coupled in an excitatory-inhibitory
fashion, which we designate “+/−”. The model predicts
that from a basic system tuned to tremor frequency we
can generate an unlimited range of frequencies. We il-
lustrate in particular, starting from systems which are
initially non-oscillatory, that when the coupling coeffi-
cient exceeds a certain value, the system begins to oscil-
late at an amplitude which increases with the coupling
strength. Another very interesting feature, which has
been shown by colleagues of ours to arise through the
coupling of complicated networks based on the physiol-
ogy of the basal ganglia, can be illustrated by the root
locus method which shows that increasing and decreas-
ing frequencies of oscillation, existing simultaneously,
have the property that their geometric mean remains
substantially constant as the coupling strength is varied.
We feel that with the present approach, we have pro-
vided another tool for understanding the existence and
interaction of pathological oscillations which underlie,
not only Parkinson’s disease, but other conditions such
as Tourette’s syndrome, depression and epilepsy.
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1. Introduction

Over the last ten years, some of the authors’ research
on external assistive technology have been reported in
this journal. The first steps taken in internal assistive
technology, deep brain stimulation for the relief from
symptoms of Parkinson’s disease, have also been pub-
lished here [1], and elsewhere [2], [3].

In [2], [4], a computational model of Parkinsonian
pathological oscillatory activity and its suppression
with the application of high-frequency stimulation is
presented. The model is a macroscopic neural-mass
type model and aims to capture the key features of
a synchronized group of neurons in a mathematically
tractable manner. The model has been shown to pro-
duce theoretical results that provide a fit in close agree-
ment with clinical data published in [5], [6] and also
provided by the University of Oxford.

In this study, the model presented in [2] is used as the
basis with which to explore the oscillatory activity in
self-oscillating and non-self-oscillating coupled loops.
This is inspired by the observation that pathological
basal ganglia oscillations in the range 3–300 Hz have
been recorded in Parkinsonian patients. We suggest
that the interaction between distinct loops either tuned
to a particular frequency or inherently non-oscillatory
can give rise to this range of oscillatory frequencies. We
explore this hypothesis using two inter-coupled loops
set to produce oscillations in the tremor range of fre-
quencies, although this could easily be extended to en-
compass a wide range of frequencies such as appear in
the Parkinsonian basal ganglia LFP recordings [7], [8],
[9], [10]. Concepts from control theory, in particular
the use of root locus analysis, are applied to analyze
the model.
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2. Methods

In this paper we present results obtained in our studies
so far of the generation of the multitude of frequencies
observed in the basal ganglia from the inter-coupling
of our basic model shown in Fig. 1. For g1 = g2 > 0
we have “+/+” coupling and for g1 = −g2 < 0 we have
“+/−” coupling.

Fig. 1: The basic system considered. +/+ coupling has g1 =
g2 > 0; +/- coupling has g1 = −g2 < 0.

For small signal analysis the arctan nonlinearities are
replaced by their small signal gains

d

dz

{
2

π
arctan

( z
h

)}∣∣∣∣
z→0

=
2

πh
. (1)

The small signal equivalent circuit is shown in Fig. 2,
where we have introduced the closed loop transfer func-
tions of the two feedback loops.

Fig. 2: Small signal (linearized) equivalent of Fig. 1.

The characteristic polynomial of the small signal sys-
tem is

P (s) =

[
(s+ b)

2 − 2b

πh
s

]2
−
[
2b

πh

]2
g1g2 · s2. (2)

Our tool for the study of P (s) is the root locus method
[11], [12], based here on the observation that P (s) is of
the form

P (s) = N2(s)−KM2(s), (3)

with

N(s) = (s+ b)2 − 2b

πh
s,

M(s) = s,

K =

[
2b

πh

]2
g1g2.

(4)

Substituting
s = σ + jω, (5)

in Eq. (3) and denoting

N(s) = A+ jB,

M(s) = C + jD,
(6)

the roots of the characteristic equation i.e. the values
of s for which P (s) = 0, are governed by

(A+ jB)2 −K(C + jD)2 = 0. (7)

Equating the real and imaginary parts of Eq. (7) sepa-
rately to zero (noting that K is a real parameter) gives
the root locus equation as:

[AD −BC] · [AC +BD] = 0, (8)

conveniently given here factorized into two parts. The
first part, as we shall show below, corresponds to 0 <
K < ∞ (+/+), and the second to −∞ < K < 0
(+/−). From Eq. (4) we have, subject to Eq. (5),

A = σ2 − ω2 + 2b

[
1− 1

πh

]
σ + b2,

B = 2σω + 2bω

[
1− 1

πh

]
,

C = σ,

D = ω.

(9)

The root locus equation for the +/+ condition is AD−
BC = 0, which is readily decomposed into two parts,

ω = 0 (10)
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and
σ2 + ω2 = b2. (11)

Equation (10) simply indicates that part of the root
locus lies on the real axis. Evans’ root locus sketching
rules can be applied, and immediately tell us that this
is the complete real axis, since there are two real poles
or zeros on this axis. The root locus whose equation is

AD −BC = 0, (12)

is shown in Fig. 3, for b = 10π, h = 0.3 which gives
double “poles” (roots of N2(s) = 0) at

s = 1.9174± j31.3574. (13)

Fig. 3: (a) shows root motion for non-oscillatory system (πh >
1). As the gain is increased, the system begins to oscil-
late when a pair of complex conjugate roots cross the
imaginary axis. The frequency of oscillation decreases
with increasing gain. (b) is for a self-oscillatory sys-
tem (πh < 1). As the gain increases one frequency
of oscillation increases slightly then disappears as the
corresponding complex pair of roots enters the left half
plane. The other complex pair move to the right, with
frequency decreasing.

If we had πh > 1, the “poles” would be in the left
half plane, but the circle would be followed to the left
as well as to the right as K is increased, and the system
would be just on the point of oscillation at s = ±jb,
and oscillatory beyond that. The “+/−” root locus is
described by

AC +BD = 0. (14)

This gives

ω2 = σ

[
b2

2b
[

1
πh − 1

]
− σ
− σ

]
. (15)

Two sketches of the corresponding root locus are shown
in Fig. 4. It is noteworthy here that for 1

πh < 1 (e.g.
h = 0.4) the locus is confined entirely to the left half
plane. This shows that oscillations cannot be induced
by increasing g1 or g2 in the “+/−” situation: the in-
dividual loops must be in self-oscillation, as indicated
by the right half plane branches in Fig. 4.

Fig. 4: Root locus sketches for individual loops self-oscillating
(right half plane) and not self-oscillating (left half
plane). The σ coordinate of the right half plane poles is
ζb.

3. Results

Firstly, we studied the onset of oscillations in the
“+/+” situation with πh > 1, taking h = 0.4 (individ-
ual loops not self-oscillatory). The branches now start
from the “poles” shown in the left half plane in Fig. 3,
and follow the circle to the right as g is increased. A
simple application of the root locus calibration equa-
tion

|K| =
∣∣N2(s)

∣∣
|M2(s)|

, (16)

at either crossing point of the imaginary axis, s = ±jb,
gives the critical value of g1 = g2:

g1,2 = [πh− 1] . (17)

This is illustrated in Fig. 5.

Fig. 5: Amplitude of oscillation as a function of gain (g1g2) for
a value of h = 0.4 (system is not self-oscillatory). The
curve is derived by simulation of the system shown in
Fig. 1.
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The angular frequency of oscillation of y1 as a func-
tion of g1, derived by simulating the system in Fig. 1,
also with h = 0.4, is plotted in Fig. 6.

Fig. 6: The angular frequency of oscillation of y1as a function
of gain (g1g2) derived by simulating the system shown
in Fig. 1 for the “+/+” case. The loops are not self-
oscillatory, with h = 0.4.

The decrease in frequency with increase in coupling
strength g1g2 is notable. What we show here is that
such a decrease in frequency could arise from “+/+”
coupling of closely coupled neurons in the basal ganglia,
or indeed other centers of the brain.

We now turn to “+/−” coupling, for which the root
loci, in self-oscillatory and non self-oscillatory modes,
are shown in Fig. 4. These root loci are described by
the equation

AC +BD = 0, (18)

which leads to

ω2 + σ2 =
b2σ

(2bζ − σ)
, (19)

where

ζ =
1

πh
− 1. (20)

One of the equations for root locus gain which follows
from the prescription given earlier in Eq. (16) is

K =
B2

C2
. (21)

This leads very readily to the expression

K =
4ω2

σ2
[σ − ζb]2 , (22)

substituting for ω from Eq. (19), setting

σ = ζb± δ, (23)

where δ is the deviation from the pole σ coordinates of
ζb.

K = 4

{
b2

(ζ2b2 − δ2)
− 1

}
δ2. (24)

The important feature here is that K is an even func-
tion of δ, i.e. values of K are evenly distributed about
σ = ζb. The interesting feature here is that not only
can frequencies less than that of tremor (our basic os-
cillator frequency) be generated, but also frequencies
much higher. This agrees with the observations of Fof-
fani et. al [7], [8], who have observed frequencies up to
300 Hz in the human STN.

Figure 7, corresponding to the right half plane root
locus branches in Fig. 4, shows the increasing and de-
creasing frequencies which can be generated by varying
g1 = −g2 in the “+/−” situation. The geometric mean
of these two frequencies, follows fairly readily as

√
ω1ω2 =

√
b2 (1− ζ2) + δ2. (25)

Typical figures arising from coupling tremor band os-
cillations are b = 10π, ζ =

[
1
πh − 1

]
= 0.061 and δ

going from 0 to ±1.197. Thus, the geometric mean of
ω1 and ω2 is almost constant, at a value very close to
b. This feature has been noted by colleagues in a more
complex model based on the actual layout of the basal
ganglia [13] . It is fascinating to see it emerge here also,
in our much simpler phenomenological model of LFPs,
observed in the neighborhood of oscillating neurons,
without explicit reference to their anatomical arrange-
ment.

Fig. 7: The angular frequencies of oscillation of y1as a function
of gain (g1g2) derived by simulating the system shown
in Fig. 1, for the “+/−” case, with h = 0.3 (system self-
oscillatory). The geometric mean of the two frequencies,
which remains almost constant, is also included.

4. Discussion

In this paper we have followed an observation made
in [9] that “neurons exhibiting oscillatory activity at
tremor frequency (typically 4–6 Hz) are located in the
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dorsal region of the STN, where neurons with beta ac-
tivity (typically 15–30 Hz) are observed.” This sug-
gested to us that a study of interactions of our basic
oscillator which has proved of great value in matching
DBS results from [5] and [6], might throw light on the
variety of frequencies observed in the basal ganglia of
Parkinsonian patients. We have found that “+/+” cou-
pling can generate all frequencies below tremor. The
higher frequency bands most often observed in Parkin-
son’s disease are beta (15–30 Hz) and gamma (35–
80 Hz), but frequencies up to 300 Hz have been ob-
served [7], [8]. The beta band oscillations are impli-
cated in the seizure of gait, whereas the gamma band
oscillations are considered pro-kinetic. However, we
have shown that gamma and other higher frequencies,
can be generated by “+/−” coupling of neurons tuned
to much lower frequencies, illustrated here by a typical
tremor frequency, 5 Hz (=10π rad·s−1). It seems possi-
ble that “+/−” coupling of neurons tuned to tremor (or
other) frequencies could generate the whole gamut of
frequencies observed in disease states correlated with
pathological oscillations in the basal ganglia and other
centers.

Acknowledgment

The authors are very grateful to Professor Alim-Louis
Benabid, Joseph Fourier University of Grenoble, Pro-
fessor Peter Brown, University of Oxford, and Profes-
sor Warren Grill, Duke University, for permission to
use their experimental results in the studies which have
led to those outlined here.

References

[1] HEARN, A., M. LOWERY and A. DE PAOR.
Some Thoughts on Electrical Interventions for the
Control of Tremor in Parkinson’s Disease. Ad-
vances in Electrical and Electronic Engineering.
2008, vol. 7, no. 1–2, pp. 334–337. ISSN 1804-3119.

[2] DAVIDSON, C. M., A. M. DE PAOR and M.
LOWERY. Application of Describing Function
Analysis to a Model of Deep Brain Stimulation.
IEEE Transactions on Biomedical Engineering.
2014, vol. 61, iss. 3, pp. 957–965. ISSN 0018-9294.
DOI: 10.1109/TBME.2013.2294325.

[3] DAVIDSON, C. M., A. M. DE PAOR and M.
LOWERY. Control Theory and Deep Brain Stim-
ulation for Relief from Neurological Deseases. Acta
Mechanica Slovaca. 2013, vol. 17, no. 2, pp. 22–30.
ISSN 1335-2393.

[4] DAVIDSON, C. M., A. M. DE PAOR and M.
LOWERY. Insights from Control Theory into

Deep Brain Stimulation for Relief from Parkin-
son’s Disease. In: ELEKTRO 2012. Rajecke
Teplice: IEEE, 2012, pp. 2–7. ISBN 978-1-4673-
1179-3. DOI: 10.1109/ELEKTRO.2012.6225591.

[5] BENABID, A. L., P. POLLAK, D. HOFFMANN,
C. GERVASON, M. HOMMEL, J. E. PERRET,
J. DE ROUGEMONT and D. M. GAO. Long-
term Suppression of Tremor by Chronic Stim-
ulation of the Ventral Intermediate Thalamic
Nucleus. The Lancet. 1991, vol. 337, iss. 8738,
pp. 403–406. ISSN 0140-6736. DOI: 10.1016/0140-
6736(91)91175-T.

[6] COOPER, S. E., A. M. KUNCEL, B. R. WOL-
GAMUTH, A. R. REZAI, W. M. GRILL, J.
E. PERRET, J. DE ROUGEMONT and D.
M. GAO. A Model Predicting Optimal Pa-
rameters for Deep Brain Stimulation in Essen-
tial Tremor. Journal of Clinical Neurophysiology.
2008, vol. 25, iss. 5, pp. 265–273. ISSN 0736-0258.
DOI: 10.1097/WNP.0b013e318182ed44.

[7] FOFFANI, G., A. PRIORI, M. EGIDI, P.
RAMPINI, F. TAMMA, E. CAPUTO, K.
MOXON, S. CERUTTI and S. BARBIERI. 300-
hz Subthalamic Oscillations in Parkinson’s Dis-
ease. Brain. 2003, vol. 126, no. 10, pp. 2153–2163.
ISSN 0006-8950. DOI: 10.1093/brain/awg229.

[8] FOFFANI, G., G. ARDOLINO, P. RAMPINI, F.
TAMMA, E. CAPUTO, M. EGIDI, S. CERUTTI,
S. BARBIERI and A. PRIORI. Physiological
recordings from electrodes implanted in the basal
ganglia for deep brain stimulation in Parkin-
son’s disease. The relevance of fast subthalamic
rhythms. In: Evidence-Based Neurorehabilitation.
Wien: Springer, 2005, pp. 97–99. ISBN 978-3-211-
27577-1. DOI: 10.1007/3-211-27577-0_16.

[9] WEINBERGER, M., W. D. HUTCHISON, A. M.
LOZANO, M. HODAIE, J. O. DOSTROVSKY,
M. EGIDI, S. CERUTTI, S. BARBIERI and A.
PRIORI. Increased Gamma Oscillatory Activity
in the Subthalamic Nucleus During Tremor in
Parkinson’s Disease Patients. Journal of Neuro-
physiology. 2008, vol. 101, iss. 2, pp. 789–802.
ISSN 0022-3077. DOI: 10.1152/jn.90837.2008.

[10] MARCEGLIA, S., A. M. BIANCHI, G. BASELLI,
G. FOFFANI, F. COGIAMANIAN, N. MOD-
UGNO, S. MRAKIC-SPOSTA, A. PRIORI and
S. CERUTTI. Interaction Between Rhythms
in the Human Basal Ganglia: Application
of Bispectral Analysis to Local Field Po-
tentials. IEEE Transactions on Neural Sys-
tems and Rehabilitation Engineering. 2007,
vol. 15, iss. 4, pp. 483–492. ISSN 1534-4320.
DOI: 10.1109/TNSRE.2007.907893.

c© 2015 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 253

http://dx.doi.org/10.1109/TBME.2013.2294325
http://dx.doi.org/10.1109/ELEKTRO.2012.6225591
http://dx.doi.org/10.1016/0140-6736(91)91175-T
http://dx.doi.org/10.1016/0140-6736(91)91175-T
http://dx.doi.org/10.1097/WNP.0b013e318182ed44
http://dx.doi.org/10.1093/brain/awg229
http://dx.doi.org/10.1007/3-211-27577-0_16
http://dx.doi.org/10.1152/jn.90837.2008
http://dx.doi.org/10.1109/TNSRE.2007.907893


BIOMEDICAL ENGINEERING VOLUME: 13 | NUMBER: 3 | 2015 | SEPTEMBER

[11] POWER, H. M. and R. J. SIMPSON. Introduction
to dynamics and control. New York: McGraw-Hill,
1978. ISBN 00-708-4081-4.

[12] PHILLIPS, C. L. and R. D. HARBOR. Feedback
control systems. Upper Saddle River, N.J.: Pren-
tice Hall, 2000, 4th ed. ISBN 01-394-9090-6.

[13] KANG, G. and M. LOWERY. Interaction of Os-
cillations, and Their Suppression via Deep Brain
Stimulation, in a Model of the Cortico-Basal
Ganglia Network. IEEE Transactions on Neu-
ral Systems and Rehabilitation Engineering. 2013,
vol. 21, iss. 2, pp. 244–253. ISSN 1534-4320.
DOI: 10.1109/TNSRE.2013.2241791.

About Authors

Clare DAVIDSON holds a postdoctoral research
position at the Insight Centre for Data Analytics,
National University of Ireland, Dublin (UCD). Her
research interest lies in developing mathematical
models of human diseases in order to devise novel, or
refine existing, treatment strategies. Dr. Davidson
completed a B.Sc. in Physiology in 2004 at University
College Dublin, and received B.E. and Ph.D. degrees
from the School of Electrical, Electronic and Commu-
nications Engineering, University College Dublin, in
2010 and 2014 respectively.

Annraoi de PAOR was born in Waterford,
Ireland in 1940. He received the B.E. degree from
the National University of Ireland (NUI), Dublin, in
1961 and the MS from the University of California,
Berkeley, in 1963. In 1963 he began his career as
a full-time university teacher and researcher, at the
University of Salford, UK. He was awarded the Ph.D.
by NUI in 1967. In 1969 he was appointed Professor

of Control Engineering at the University of Salford.
In 1974 he was awarded the D.Sc. degree by NUI and
in January 1978 returned to NUI Dublin as Professor
of Electrical Engineering. He has been Professor
Emeritus since 2005, but remains active in teaching
and research. During his career he developed and
taught a wide range of courses at undergraduate and
postgraduate level, particularly those related to his
main areas of research-control engineering, renewable
energy systems, biomedical engineering and assistive
technology to help improve the quality of life for
disabled people. In 1986 he established a research
laboratory devoted to assistive technology, at the
National Rehabilitation Hospital, Dun Laoghaire, and
directed it until his retirement. In 1996, he was one
of the founders of the Centre for Disability Studies at
NUI Dublin. Since 1976, he has made about 30 visits
to Slovakia, mainly on academic assignments.

Madeleine LOWERY is an Associate Professor in
the School of Electrical, Electronic and Communi-
cations Engineering, University College Dublin. Her
research involves the exploration of nerve and muscle
activity through mathematical modelling, analysis,
and experimentation, to increase understanding of
neu-romuscular activity in healthy and diseased states
and develop novel and improved rehabilitation strate-
gies. Her research interests include electromyography,
myoelectric prosthetic control, bioelectromagnetics,
electrical stimulation, deep brain stimulation and
neural control of movement. She received the B.E.
and Ph.D. degrees from the Department of Electronic
and Electrical Engineering, University College Dublin,
Dublin, Ireland, in 1996 and 2000, respectively.
Between 2000 and 2005, she was a Postdoctoral
Fellow then Research Assistant Professor at the Re-
habilitation Institute of Chicago and the Department
of Physical Medicine and Rehabilitation, Northwestern
University.

c© 2015 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 254

http://dx.doi.org/10.1109/TNSRE.2013.2241791

