Chapter 8
A Systems View of Pathological Tremors
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Abstract In this paper, we consider a specific case of movement disorders, i.e.,
resting tremors and attempt to formulate a simple mathematical description of these
tremors. A novel aspect of the paper is that it is a first attempt at using standard
tools from systems theory, such as state space and Lyapunov stability analysis, to
model resting tremors. We formulate tremor control as a disturbance rejection
problem, and derive conditions under which disturbance rejection is achievable.
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8.1 Introduction

Movement disorders often occur due to a defective central nervous system. One
particular symptom of movement disorders is tremors, and there are 120 kinds of
tremors categorized [1]. Tremors can have a debilitating affect on the normal life of
subjects. A common reason for tremors is due to lack of sufficient dopamine
produced in the substantia nigra, which affects the functioning of the motor cortex
[2]. In this paper, we are interested in analyzing the behavior of one particular
tremor, called the resting tremor. This is a tremor where the muscles are at rest and
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supported against gravity. Other types of tremor include kinetic tremor—which is
caused due to goal-directed movements and has the same frequency as resting
tremor.

The tremor waveform is roughly sinusoidal with characteristic frequency for
each of the 120 kinds of tremors. Hence, frequency is important in tremor classi-
fication, and it is often used to characterize between different types of tremors,
whereas the amplitude is not consistent between different tremors and is not used
for characterization, e.g., the amplitude widely vary under controlled conditions
since there are many factors (psychological, pathological, environmental, etc.)
which can influence it [3].

Tremors are classified as physiological tremor, generally occurring in the
8-12 Hz frequency range and pathological tremor occurring in the 4-8 Hz fre-
quency range; there is often a small overlap between the two frequency ranges.
Physiological tremors are normal tremors which all humans have, and they do not
interfere with motion. There are various conditions under which pathological
tremors are generated. Often, underlying neurological (e.g., Parkinsonian) condi-
tions can make a patient susceptible to tremors.

Currently, there exist few system theoretic formulations of tremors, especially
from a control theoretic viewpoint. Notions of stability, disturbance rejection,
reachability, and so on could find important use in tremor analysis and control. In
this paper, we attempt to formulate resting tremors as a control problem, specifically
in a disturbance rejection framework. Thus, we shall argue that subjects experi-
encing resting tremors have a poor disturbance rejection control mechanism.

8.2 Formal Definitions of Tremors

In this section, we will provide formal notions of resting tremors, where a tremor is
essentially a function mapping an input signal space into an output signal space.
Tremors are usually generated under the influence of certain events, and these event
(trigger)-driven dynamics can be modeled from a system theoretic viewpoint. For
this paper, let us consider a single body part—the arm for our study; without loss of
generality. Consider two systems Xphysiremor aNd 2 pahiremor- 2 phystremor 18 @ System
describing the dynamics' of an arm experiencing only physiological tremors but not
resting tremors; Zpairemor 15 @ system describing the dynamics of an arm experi-
encing pathological tremors (in our case: resting tremors).

The tremor signals themselves can be modeled as external disturbances acting on
the arm, and we are essentially interested in studying the output behavior of the
systems 2physiremor aNd 2 pahiremor SUbject to the disturbances. Figure 8.1 shows a
plant G—modeling the human arm—experiencing a disturbance d at the output,
with a reference signal r. Such a system provides a simple starting model of resting

' We shall study these dynamics later.
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Fig. 8.1 Plant with external disturbance

tremors, where » can be considered to be zero since the arm (or system G) is at rest
and supported against gravity. The disturbance d, in our case, is a sinusoidal signal
and is defined as follows:

d := {di,dns}, or any linear combination of {djs,dps}

where dyy is a high-frequency sinusoidal input with frequency in the range §-12 Hz,
and djr is a low-frequency sinusoidal input with frequency in the range 4-8 Hz.

The block diagram in Fig. 8.1 indicates that feedback is not present—though is
not true for an actual human arm. Instead, we make a simplifying assumption that
the plant G is modeled as an open-loop system with passive damping present,
subject to external disturbances. A model of such a system is presented in the
following section. Let us first formally define the physiological tremor system and
the pathological tremor system.

Definition 1 (Physiological Tremor System) A physiological tremor system,
denoted Xppystremor, 18 formally defined by the maps

thystremor s dne — Yur, thystremor tdif — 0

where yne is the output sinusoidal response corresponding to the sinusoidal dis-
turbance signal dy,r; we define the output of 2 physremor t0 be zero when the input is
djs. This definition simply says that the system 2 ppysiremor 18 capable of rejecting the
low-frequency disturbance signals and passes through the high-frequency distur-
bance signals.

Definition 2 (Pathological Tremor System) A pathological tremor system, denoted
2 pathtremor» 18 formally defined by the maps

Zpathtremor : dhf — Ynf, Z:pathtremor : dlf — Vit

where yy is the output sinusoidal response corresponding to the sinusoidal distur-
bance signal dys; we define the output of Xppysiemor t0 be another sinusoid yir when
the input is dj;. This definition says that the system X pathremor 1S Unable to reject both
the low- and high-frequency disturbance signals. The above two definitions provide
a simple mathematical description of the two types of tremors. The following block
diagram illustrates a simple systems approach to elucidate the above definitions.
Figure 8.2 attempts to explain the onset of tremors under the influence of certain
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Fig. 8.2 An open-loop system representation of tremors on the human arm

events and the availability of dopamine in the brain. The figure is a massive sim-
plification of a highly complex process but is sufficient for our purpose here. When
certain events” occur (e.g., stress or sudden loss of dopamine producing neurons for
various reasons) and if sufficient dopamine is not available in the brain® then
abnormal synchronization activities, [4], occur in the brain and affect the functioning
of the motor cortex and can induce pathological tremors, see [5, 6]. If sufficient
dopamine is present, the motor cortex functions normal and pathological tremors are
not observed. It is well known, [7], that Parkinson patients often rely on other
signals, apart from proprioceptive feedback,”* to control their motions during tremor.
If we consider tremors in the arm, one possibility of control would be to essentially
increase the damping of the arm (by stiffening the muscles) so as to reduce the
tremors. In the absence of such sensory feedback, patients cannot control the
tremors. Also, often the available sensory measurement is weak or faulty (e.g., in
proprioception) and hence sufficient active damping is not produced to minimize the
tremors.

8.3 Simple Dynamical Model of the Human Arm

In the previous section, we have provided formal definitions for systems modeling
tremors—physiological and pathological. We defined tremor systems by functions
mapping input spaces (signal spaces) into output spaces (signal spaces). In this
section, we attempt to define simple models for these systems focusing on a specific
part of the human anatomy (a single segment of the arm), and we use Lyapunov
theory to show that pathological tremors essentially represent poor disturbance
rejection. There exist many models to capture the behavior of the human arm [8, 9].
We adopt the simple mass spring damper (MSD) model [10, 11] for our study.

2 Note that events may be instantaneous or may build up overtime.

3 Observe that we are not localizing the specific part of the brain here, e.g., the substantia nigra is
affected in Parkinson’s case. For the purposes of this paper, we will use the generic term brain
instead of focussing on the specific part responsible.

* Proprioceptive feedback often degenerates during dopamine loss.
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We also do not explicitly model the feedback for motion control of the arm;
instead, we implicitly assume that the damping term in the MSD model is con-
trolled appropriately’ when sufficient dopamine is present and is poorly controlled
in the absence of sufficient dopamine. Thus, we will argue that the available
damping, for patients with loss of dopamine, is not sufficient to control the tremors.

The MSD system under the influence of an external force, u, is governed by the
differential equation mg + cq + kg = u. In the state space form, this can be

rewritten as
x| |0 1 X 0
=0 ] ) 2

where x = [x xz]T;xl =gq, x» = q; q is the measured displacement of the mass.
Consider the unforced dynamics of this system, i.e., when u = 0. If we assume that

x=[0 O]T is a stable equilibrium of the system (8.1), then there correspondingly

exists a Lyapunov function, V(x) which is positive definite and satisfying % <0.

One of the standard choices of a Lyapunov function for the unforced (z = 0) MSD
system is V(x) = 1kx} +imx3. For the unforced MSD system, we then obtain
V(x) = —cx3 which obviously satisfies V(x) <0, Vz.

Remark 1 One could think of the unforced system as corresponding to the human
arm, where there are no tremors generated (as sufficient dopamine is present in the
brain) and thus we have the arm (modeled as a simple MSD system) at rest. In
the absence of the tremors, we would expect the arm position to be stable; indeed,
this is what we observe in the simple model used above.

8.3.1 Tremor Control as a Disturbance Rejection Problem

Pathological tremors are often classified as either resting or action [12]. Tremor is
an involuntary and (often) rhythmic motion of a body part in a fixed plane and
resting tremor occurs in a body part, [12], which is supported against gravity and is
at rest. Thus, there is no intentional movement of the limb, and any observed
dynamics is purely resting tremors. Resting tremors are most commonly caused by
Parkinsonian disease and sometimes occur in severe essential tremors as well. We
are specifically concerned with the tremors occurring in the 4—6 Hz range.

For the purpose of disturbance rejection, we can treat resting tremors as caused
due to an external disturbance (a sinusoid) acting on the MSD system (8.1), also
refer to Figs. 8.1 and 8.2. Thus, we have the following dynamics:

3 Through some complex feedback mechanism, not discussed here.
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Note here that the MSD system is completely supported against gravity, thus the
only force acting on it is the external sinusoid (modeling the tremor signal). Our
objective is to compute the lower bound on the active damping in the system () to
be able to reject the (low frequency) disturbance.

Lemma 1 The system, X, in (8.2) achieves disturbance rejection if Asin(wt) < cx,.

Proof 1t is easily seen that if Asin(wf) < cx; (strong damping force) then for any

initial condition sufficiently close to the origin x = [0 O]T, the resulting trajectory
will also be sufficiently close to the origin (note that the chosen Lyapunov function
has a global minima at the origin). However, since the output response of a linear
system to an input sinusoid is again a sinusoid of varying amplitude and phase—the
trajectory will be a sinusoid but will be in a neighborhood of the origin and has very
small amplitude. O

Remark 2 Lemma 1 describes a system experiencing resting tremors if
Asin(wt) > cxp. If Asin(wt) < cx, then Lemma 1 describes a system where the
resting tremors are negligible.

8.4 Conclusions

This paper attempts a system theoretic formulation of resting tremors, a type of
movement disorder. We model the pathological tremors occurring in the 4-8 Hz
range acts as a disturbance on the system, and this disturbance can be rejected
provided sufficient active damping is present in the system. We derive bounds on
the damping factor so as to reject this disturbance.

Acknowledgments The first author wishes to thank Dr. Nanda Kumar (MS Ramaiah Medical
College) for detailed discussions on gait analysis and providing insight into an engineering
approach to understanding movement disorders.

References

1. Deuschl G, Krack P, Lauk M, Timmer J (1996) Clinical neurophysiology of tremor. J Clin
Neurophysiol 13(2):110-121

2. Helmich RC, Hallett M, Deuschl G, Toni I, Bloem BR (2012) Cerebral causes and
consequences of parkinsonian resting tremor: a tale of two circuits? Brain 135(11):3206-3226

3. Findley LJ (1996) Classification of tremors. J Clin Neurophysiol 13(2):122-132



8 A Systems View of Pathological Tremors 97

4.

10.

11.

12.

Franci A, Chaillet A, Panteley E, Lamnabi-Lagarrigue F (2012) Desynchronization and
inhibition of Kuramoto oscillators by scalar mean-field feedback. Math Control Signals
Systems 24(1-2):169-217

. Fahn Sanley (2003) Description of Parkinson’s disease as a clinical syndrome. Ann N'Y Acad

Sci 991:1-14

. Damier P, Hirsch EC, Agid Y, Graybiel AM (1999) The substantia nigra of the human brain.

II. Patterns of loss of dopamine-containing neurons in Parkinson’s disease. Brain 122
(8):1437-1448

. Jobst EE, Melnick ME, Byl NN, Dowling GA, Aminoff MJ (1997) Sensory perception in

parkinson disease. Arch Neurol 54(4):450-454

. Kutz M (2003) Standard handbook of biomedical engineering and design. McGraw Hill,

New York

. Shadmehr R, Wise SP (2005) Computational neurobiology of reaching and pointing: a

foundation for motor learning. MIT Press, Cambridge

Fu M, Cavusoglu MC (2012) Human arm-and-hand dynamics model with variability analyses
for a stylus-based haptic interface. IEEE Trans Syst Man Cybern Part B 42(6):1633-1644
Nowak DA, Hermsdorfer J, Marquardt C, Topka H (2003) Moving objects with clumsy
fingers: how predictive is grip force control in patients with impaired manual sensibility? Clin
Neurophysiol 114(3):472-487

Crawford P, Zimmerman E (2011) Differentiation and diagnosis of tremor. Am Fam Physician
83(6):697-702



	8 A Systems View of Pathological Tremors
	Abstract
	8.1 Introduction
	8.2 Formal Definitions of Tremors
	8.3 Simple Dynamical Model of the Human Arm
	8.3.1 Tremor Control as a Disturbance Rejection Problem

	8.4 Conclusions
	Acknowledgments
	References


