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Summary

In the symptomatic therapy of Parkinson's disease, the substitution

of the missing neurotransmitter dopamine through the oral administra¬

tion of its precursor, levodopa with a decarboxylase inhibitor gives satis¬

factory results in most cases. Nevertheless, the dosage of the medication

is controversial, mainly due to its short-term and long-term side effects.

In this work, the relationship between the medication and the

parkinsonian symptoms is modelled as a dynamic system. The model

is composed of two parts. First part of the model describes the blood

concentration of levodopa as a function of the administered drug, the

so called pharmacokinetics. It is modelled by means of assays of the

blood samples taken at different times after the administration of a single
normed dose. This model is used to optimize the therapy with respect

to the pharmacokinetic data of the used drug.
The second part of the model describes the symptoms as a function

of the blood concentration of levodopa, the so called pharmacodynam¬
ics. It is modelled by measuring the symptoms at various levodopa
concentrations in the blood. The clinical methods to assess the parkin¬
sonian symptoms are qualitative and depend heavily on the subjective

perception of the examiner, thus rendering themselves unsuitable for

the modelling purposes. Therefore, a quantitative and objective mea¬

surement method with the aid of a computer based tracking device is

developed for this purpose.

The modelling errors and measurement inexactitudes comprise the

stochastic parts of the model which is used to solve a classical optimal

open loop control problem where the input (the therapy) belongs to

a finite set. The optimal therapy, i.e., the dosage and timing of each

drug administration, is obtained by minimizing a performance index or a

penalty function composed of the dynamic behavior of various symptoms
and the amount of the administered drug. Clinical experience shows this

method to be worth pursuing further.

The measurements with the device mentioned above seem to suggest

a simple PD-controller role for the substantia nigra over the striatum.

In patients with Parkinson's disease, the parameters of this controller

are significantly different from their normal values. Levodopa therapy
has a corrective influence on these parameters.
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Zusammenfassung

Die symptomatische Behandlung der Parkinsonschen Krankheit

durch die Substitution des fehlenden Neurotransmitters Dopamin durch

orale Verabreichung seiner Vorstufe Lavodopa mit einem Decarboxy-
lasehemmer ergibt in den meisten Fallen zufriedenstellende Resultate.

Trotzdem ist die Dosierung der Medikation umstritten, hauptsachlich

wegen ihrer kurz- und langfristigen Nebenwirkungen.
In dieser Arbeit ist die Beziehung zwischen der Medikation und

den Parkinsonschen Symptomen modelliert als ein dynamisches System.
Das Modell setzt sich aus zwei Hauptteile zusammen: Der erste Teil des

Modells beschreibt die Blutkonzentration von Lavodopa als eine Funk-

tion des verabreichten Medikamentes, die sogenannte Pharmakokinetik.

Er ist modelliert mit Hilfe der Analyse der Blutproben, welche zu ver-

schiedene Zeitpunkten nach der Einnahme einer einfachen, normierten

Dosis genommen wurden. Dieses Modell wird beniitzt, um die Behand¬

lung bezuglich die Pharmakokinetik des verwendeten Medikamentes zu

optimieren.
Der zweite Teil des Modells beschreibt die Symptome als eine Funk-

tion der Blutkonzentration der Lavodopa, die sogenannte Pharmako-

dynamik. Er ist modelliert durch Messungen der Symptome mit ver-

schiedenen Blutkonzentrationen von Lavodopa. Die klinischen Metho-

den fur die Einschatzung der Parkinsonschen Symptome sind qualita-
tiv und hangen stark von der subjektiven Beurteilung des Klinikers ab.

Folglich sind diese Methoden fur Modellierungszwecke ungeeignet. Aus

diesem Grund wurde ein quantitatives und objektives Messverfahren mit

Hilfe von rechnerunterstiitzten Verfolgungsaufgaben entwickelt.

Die Modellierungsfehler und das Messrauschen bilden die stochastis-

chen Teile des Modells, welches fur die Losung eines klassischen opti-
malen Steuerungsproblems verwendet wird, bei dem der Eingang (die
Behandlung) zu einer endlichen Menge gehort. Die optimale Behand¬

lung, d.h. die Dosierungen und die Zeitpunkte der Verabreichung des

Medikamentes, wird durch die Minimierung einer Ziel- oder Straffunk-

tion erhalten, die sowohl das dynamische Verhalten der verschiedenen

Symptome als auch die Menge der verabreichten Medikation beinhal-

tet. Bisherige klinische Erfahrungen zeigen, dass diese Methode weiter

verfolgt werden soil.
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Die Messungen mit dem oben erwahnten Gerat scheinen eine ein-

fache PD-Regler Rolle fiir die Substantia nigra iiber dem Striatum zu

bestatigen. Bei Parkinson-Patienten weichen die Parameter dieses Re-

glers stark von ihren normalen Werten ab. Eine Lavodopa-Behandlung
hat einen korrigierenden Einfluss auf diese Parameter.
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Chapter 1

INTRODUCTION

The last couple of decades witnessed a rapid development of con¬

trol and system theory. Parallel to these developments, advances in

electronics and especially computers resulted in many application areas

of control theory, hitherto making do with their own methodologies, to

be strongly influenced by these developments and to adapt their meth¬

ods. Clinical medicine, although basically a science totally unrelated to

control engineering, was affected to such an extent that it is now consid¬

ered malpractice not to use available control devices, especially during

surgical operations and in intensive care units. This, on the other hand,
is hardly surprising if one considers all the other application areas of con¬

trol engineering, like mining, hazardous industry, air travel or nuclear

power production, which resulted in increased safety standards where

human lives are concerned.

The current application areas of control engineering in clinical med¬

icine constitute a wide spectrum ranging from simple dosage prescription
schemes to highly sophisticated adaptive controllers which control the

depth of anaesthesia. However, in all cases the physician is an integral

part of the control loop and control engineering thrives in assisting the

physician in decision making or in the execution of his decisions, thus

freeing him for more demanding, humane tasks, which no circuitry or

computer can ever—at least not in the foreseeable future—accomplish.

One particular application area of control theory in clinical med¬

icine is the determination of dosage regimens used in drug therapy of
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various diseases. One such disorder is the parkinsonian syndrome, or

parkinsonism, which is characterized by tremor, muscular rigidity and

loss of postural reflexes. The causes of parkinsonian syndrome is not

yet fully understood. However, it has been established that neuronal

degeneration in the brain is at least partially responsible for its onset.

Although some researchers seem to have found evidence to the contrary,

it is still widely believed that this degeneration is irreversible, thus ren¬

dering the parkinsonian syndrome incurable. Therefore, the treatment

of parkinsonism is limited to symptomatic or palliative therapy.
It can be said that the drugs used in the treatment in Parkinson's

disease belong to either of the generations 1) anticholinergic drugs, 2)
levodopa with decarboxylase inhibitors or 3) direct acting dopamine ag¬

onist drugs. However, levodopa is still the most effective single drug

(Quinn, 1984), because it is a precursor of dopamine, the absence of

which is believed to cause the parkinsonian symptoms. Unfortunately
the side effects of long term levodopa therapy constitute an important
cause of functional disability. The effect of fluctuating plasma con¬

centrations of levodopa resulting in the so called 'on-off' phenomenon

prompted many researchers to look for ways of administering this drug
in a way as to result in more or less constant plasma concentrations.

One possibility of achieving that goal is by means of slow release lev¬

odopa preparations. However, studies by Eckstein, Curzon and cowork¬

ers (1973) could not demonstrate any significant difference in blood con¬

centrations or therapeutic effect to standard formulations of levodopa.
Studies with Madopar-HBS*, a retard product similar to Madopar* is

currently being tested for this purpose. Preliminary results seem to con¬

firm the long lasting effect of this product (Albani and Hacisalihzade,

1986).
Another possibility of achieving a nonfluctuating clinical response

is given by continuous intravenous infusion of levodopa (Quinn, 1982).
However, it has been found out that despite steady delivery of levodopa
to the blood, certain amino acids can interfere with its access to the

brain. Furthermore, levodopa solutions are highly acidic, and have to

be diluted to be administered intravenously. One alternative drug which

does not show this inconvenient property is lysuride (Obeso et al., 1983).
Pumps which can be worn and which can deliver this drug in truely

* Madopar and Madopar-HBS are registered trade marks of Hoff-

mann-LaRoche.
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minute amounts sufficient to achieve therapeutic effect are already com¬

mercially available but their high costs hinder them to become widely

applicable.

It should also be mentioned that studies aiming at the surgical
treatment of Parkinson's disease through the replenishment of the cere¬

bral dopamine stores are well under way (Bjorklund etai, 1982, Back-

lund etai, 1985, Wyatt etai, 1986). At the moment this is achieved

through the transplantation of adrenal medullary tissue to the striatum

of parkinsonian patients. Although the results in animals seem very

promising, attempts to use the same technique in humans—apart from

causing criticism on ethical grounds—show disputable results at best.

In this thesis, an analytical framework, making use of control engi¬

neering techniques, for the individual prescription of dosage schemes in

levodopa (Madopar*) therapy of Parkinson's disease will be introduced.

Chapter 2 includes a brief discussion of the parkinsonian syndrome.
Several aspects of its etiology and pathophysiology are reviewed with

special emphasis on various physiological models explaining the under¬

lying structural deformities. The history of the treatment of Parkinson's

disease with drugs or through surgery is also briefly surveyed.

Chapter 3 gives an analytical basis to the problem of dosage opti¬

mization. The old wisdom "one pill for a man, two for a horse" is revised

and refined using the pharmacokinetic approach. Several different ways

of solving the optimization problem with analytical or numerical meth¬

ods are given. Various solutions of the problem of determining optimal
doses as well as optimal timings of drug administration are introduced

and computer methods for solving them are explained. Applications
of some of these algorithms on parkinsonian patients are discussed in

detail.

Chapter 4 introduces a computer based tracking device with which

motor function can be measured objectively and quantitatively in con¬

trast to the subjective rating scales used in the clinical neurological ex¬

amination. Data processing aspects of the problems during the evalua¬

tion of these measurements are also discussed in detail. A study with a

fairly large control group is described and its results analyzed to infer

on the applicability of this method on the measurement of parkinsonian
deficits.

* Madopar is a registered trade mark by Hoffmann-LaRoche.
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Chapter 5 describes models of the human tracking behaviour. A

parametric analysis method is discussed with which one can different!-

ate between parkinsonian patients and control subjects. Results of the

experiments with a group of parkinsonian patients are presented. A

mathematical model is used to demonstrate how substantia nigra which

controls the striatum during the execution of motor actions fails to do

so in patients with the parkinsonian syndrome. Finally, a mathemati¬

cal model of the dose-effect relationship of Madopar* on parkinsonian

symptoms is introduced.

Chapter 6 outlines the historical background of control theoretical

approaches in clinical medicine and describes application examples in

various fields. The mathematical model, derived in the previous chap¬

ter, describing the dose-effect relationship of Madopar* on parkinsonian

symptoms is used to compute an optimal dosage regimen for a patient.
It is explained how a stochastic model can still lead to a deterministic

optimization problem.

Chapter 7 discusses the case history of a parkinsonian patient who

is treated with Madopar*. His case is used to verify the mathematical

model of the dose-effect relationship developed for the optimization pro¬

cess. The clinical results of an optimal dosage scheme computed with the

methods of the previous chapter are compared with the predicted ther¬

apeutic effect. It is found that they agree to a large extent. An outlook

on further developments and refinements of this method is discussed.

Madopar is a registered trade mark by Hoffmann-LaRoche.



Chapter 2

PARKINSONISM

The parkinsonian syndrome, or parkinsonism, is a syndrome charac¬

terized by tremor, muscular rigidity and loss of postural reflexes (Merritt,
1979). The largest number of cases of parkinsonism falls in the category

of Parkinson's disease (also known as primary parkinsonism, paraly¬
sis agitans or shaking palsy) which has no definable cause. Patients with

the so called Secondary parkinsonism (known also as symptomatic

parkinsonism) have other symptoms besides the parkinsonian ones.

Section 2,1

Etiology

The parkinsonian syndrome is a leading cause of neurological dis¬

ability in adults over sixty years of age and it affects both sexes and

all races. The overall prevalence rate of the parkinsonian syndrome has

been estimated to be about 100 to 150 per 100,000 population with an

incidence of 20 cases per 100,000 per year (Merritt, 1979).
The occurrence of the parkinsonian syndrome is believed to be cor¬

related with the loss of neurons in the basal ganglia (Alvord, 1958, Ward,

1958, 1961, Bernheimer etai, 1963). It is not yet understood whether

the parkinsonian syndrome is a disorder of the extrapyramidal motor
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system alone or if all catecholamine neurons, noradrenergic as well as

dopaminergic are affected. The majority of the cases with parkinson¬
ism are idiopathic, i.e., the etiology of neuronal degeneration in these

patients is unclear. These cases, i.e., the patients with Parkinson's dis¬

ease, are in most countries—inexplicably—more prevalent in the male in

the ratio of 10:7 (Ironside, 1952, DeJong, 1966) in spite of exceptions.
Also the average age of onset of Parkinson's disease is about seven years

earlier in the male (Onuaguluchi, 1964)- Parkinson's disease is about

four times more common in people with fair complexion compared with

dark coloured races (Goldberg and Kurland, 1962, Kurland and Darrell,

1962). A widely accepted view attributes this unevenness to the abun¬

dance of melanin—the loss of which is seen by some researchers as a

cause of Parkinson's disease (Marsden, 1982)—in the pigmentation of

dark skinned individuals.

Studies investigating the role of aging in the etiology of Parkin¬

son's disease show that the dopamine levels in the corpus striatum of

healthy adults diminish by 13% per decade. The appearance of parkin¬
sonian symptoms coincides with this level falling 70% below the normal

(Riederer etai., 1977). It has also been suggested that the onset of par¬

kinsonian symptoms is due to the combined effects of normal aging and a

lesion which has been acquired earlier—maybe even during infancy—and
which resulted in a loss of more than 20% of the dopaminergic neurons

(Calne and Langston, 1983).

Recent epidemiologic studies suggest an increasing prevalence of

Parkinson's disease during the industrial age (Marttila and Rinne, 1981)
and a correlation between incidence rates and environmental toxins has

been widely established (Rosati etai., 1980, Spencer and Schaumburg,

1980, Gajdusek and Salazar, 1982, Barbeau and Roy, 1986). Unusual

cases of drug abuse with synthesized designer drugs (Davis et al., 1979)
led to the positive identification of MPTP as a parkinsonian neurotoxin

(Langston etai., 1983, Calne etai, 1985). The metabolite of MPTP,

MPP+, is taken up by catecholaminergic neurons in the striatum and

the substantia nigra and thus causes the cell death (Javitch et al., 1985,
D'Amoto etai, 1986, Snyder and D'Amoto, 1986, Snyder etai., 1986).
Presently, this drug is employed to induce parkinsonism in animals to

create a valid animal model for Parkinson's disease (Zamir etai., 1984)
which may help towards a better understanding of the etiology of Par¬

kinson's disease and a therapy of patients suffering from it.
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Many researchers from the late nineteenth century (Leroux, 1880)
on till lately (Siegfried, 1968) believed in the significance of hereditary
factors in the etiology of Parkinson's disease. Although many neurologic
conditions are genetically determined, no such influence has been posi¬

tively demonstrated in Parkinson's disease ( Ward etai., 1983, Duvoisin,

1984) except for early-onset cases (Barbeau and Pourcher, 1982). The

erroneous belief in the role of hereditary factors may be due to the fact

that the environmental factors affect all members of a family in a similar

fashion.

The cases of the parkinsonian syndrome with a definable disease

process are called secondary or symptomatic parkinsonism. Reasons

for the cases with secondary parkinsonism include encephalitis lethar-

gica (Buzzard and Greenfield, 1919), cerebral arteriosclerosis (Kurland,
1958, Pollock and Hornabrook, 1966), intoxication with chemicals like

manganese(Abdelnaby and Hassanelin, 1965), carbon monoxide, (Shil-
lito etai., 1936) and carbon disulfide (Negro, 1930), the use of some

neuroleptic agents (Perrottet, 1965) and—in a smaller scale—brain tu¬

mours, trauma, syphilis or Behcet's syndrome (Onuaguluchi, 1964, Sieg¬

fried, 1968).

Section 2.2

Pathophysiology

Already researchers of the first half of this century pinpointed the

substantia nigra as the locality of pathogenesis (Tretiakoff, 1919, Hass-

ler, 1938). Ehringer and Hornykiewicz (1960) discovered, that dopa¬
mine was depleted in the brains of patients with parkinsonism. Subse¬

quent research confirmed that the death of pigmented neurons in the

substantia nigra, locus ceruleus and brain stem nuclei led to a dege¬
neration of the nigrostriatal dopaminergic pathway and that the corre¬

sponding dopamine deficiency accounts for the major symptoms of the

parkinsonian syndrome (Hoehn and Yahr, 1967, Andrews etai, 1970,
Bernheimer etai, 1973).

Biochemical, pharmacological and histochemical studies have shown

that the major chemicals involved in the electrochemical transmission of

7



the neural impulses in the central nervous system include dopamine, nor¬

adrenaline, acetylcholine and serotonin which gives them their generic
name neurotransmitters (Blaschko and Muscholl, 1972, Ganong 1977).
The concentration of acetylcholine—the transmitter of the cholinergic

system—is not diminished in the parkinsonian striata (Merritt, 1979)
and earlier studies showed a relationship between dopamine and ex¬

trapyramidal motoric activity (Carlsson etai, 1958, Bertler and Rosen-

gren 1959). These two facts combined with the proof of dopaminer¬

gic depletion in substantia nigra led to the hypothesis that the loss of

dopamine leads to a predominance of acetylcholine, and that the symp¬

toms of parkinsonism are caused by the disturbed balance between the

dopaminergic and the cholinergic activity in the striatum (Riederer et al.,

1977, Merritt, 1979),

However, it is not yet certain that the loss of dopamine is the only
defect in the brains of patients with parkinsonism. Indeed it has been

suggested that noradrenaline and serotonin may also be involved. On the

other hand, it is well established that restoration of striatal dopamine

activity has an anti-parkinsonian effect and this constitutes the basis of

the symptomatic therapy of patients with a parkinsonian syndrome.

In the beginnings of this century many researchers believed that

coordinated movements could be explained in terms of sequential acti¬

vation of reflexes. The concept of command interneurons and the notion

of motor programs introduced in the previous decade, however, brought
the attention away from reflex systems (Kupfermann and Weiss, 1978).
Different models of varying detail and complexity have been proposed
to explain the various aspects of the pathophysiology of Parkinson's dis¬

ease (Poirier, 1971, Evarts etai., 1979, Marsden etai., 1976, Tatton

and Bruce, 1981, Berardelli etai., 1983, Burns etai., 1983,.Penney and

Young 1983, Lee, 1984, Tatton etai, 1984).
Clinical evidence suggests that the basal ganglia are responsible for

the automatic execution of learned motor programs (Marsden, 1982).
Fig. 2.1 illustrates schematically the relationships of the basal ganglia
to motor output structures.

Fig. 2.2 shows the roles of several brain structures in movement.

It has been suggested that the basal ganglia and the cerebellar hemi¬

spheres are involved with the association cortex in the programming
of the voluntary movements. When motor command from the basal

ganglia, the cerebellum and the association cortex reaches the motoneu-

8



Fig. 2.1

Relationships of the basal ganglia to motor output structures.

The arrows show pathways between structures. CM: centrome-

dian nucleus of thalamus, Hab: habenula and other limbic struc¬

tures, Pi, Pe: globus pallidus internus, externus, Ret: reticular

nuclei, SC: superior colliculus, SNc, SNr: substantia nigra com-

pacta, reticulata, SMA: supplementary motor area, Sth: subtha¬

lamic nucleus, TPC: pedunculopontine nucleus, VA,VL: ventroan-

terior and ventrolateral nucleus of thalamus after Tatton et al.,

(1984).

rons, the pars intermedia updates the intended movement, based on the

motor command and somatosensory information. Follow-up correction

can be performed by motor cortex when cerebellar hemisphere and pars

intermedia malfunction (Allen and Tsukahara, 1974).

9



Idea- Association

cortex

Basal

Ganglia

Lateral

Cerebellum

Motor

Cortex

Execution

Intermediate

cerebellum

Sensory and

visual

,
feedtinck

_

Fig. 2.2

Schematic diagram of the most important physiological relation¬

ships in movement initiation and control after Brooks, (1979).

Studies comparing the tracking performance of control subjects with

patients suffering from parkinsonism (Flowers, 1975, 1976, 1978) re¬

vealed striking differences. Preprogrammed movements in parkinsonians
were slow and they showed a decreased repertoire of movements. Parkin¬

sonian patients did not increase velocity of the movement proportional to

the amplitude of the reference signal. Furthermore, parkinsonian move¬

ments were broken to several smaller movements when the amplitude
became too big. When visual feed-back was interrupted, the parkinson¬
ian movements went "off-track"—suggesting the somatosensory feedback

to be insufficient. Finally, tracking performance in parkinsonians did not

improve with exercise. It was concluded that the parkinsonians have a

defect in their capacity to use kinestethic feedback to predict the subse¬

quent course of movement.

A long known rule of control engineering states that position con¬

trol (as in moving a hand from one position to another) can be ac¬

complished with a proportional-differential-integral controller (Hostet-
ter, 1982). The controller's differential part can be seen as a predictor in

this context. Flower's research—in conjunction with studies of cats and

MPTP treated monkeys (Tatton etai, 1979, Bedingham and Tatton,

1983)—seems to confirm the mathematical model where the parkinson-
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ian symptoms are attributed to a deficiency of the differential part of

the controller responsible for the control of motor activity. This exhibits

itself in the slowing down of the movements.

Fig. 2.3 shows the schematic representation of sensory and motor

components of a hypothetical nervous system including the results of

the studies mentioned above.

Section 2.3

Symptoms

The classical triad of parkinsonian symptoms are tremor, rigidity,
and akinesia, although Parkinson (1817) did not mention rigidity as

one of the cardinal signs of Parkinsonian syndrome (Merritt 1979). Aki¬

nesia is characterized by the inability to transform potential energy to

kinetic energy (Birkmayer, 1965), thus rendering the patient immobile.

Rigidity is caused by the simultaneous innervation of the agonist and

antagonist muscle pair. Tremor is the uncontrolled shaking of the differ¬

ent parts of the body (Parkinson called the disease 'shaking palsy'). In

Parkinson's disease disturbances of posture, equilibrium and autonomic

function are of comparable frequency and prominence (Merritt, 1979).
Tremor is described as a pathognomonic symptom of Parkinson's

disease (Parkinson, 1817) but it is by no means sine qua non although

present together with the loss of fine motoric ability in some 80% of

cases (Schwab, 1961). Parkinson tremor is a resting tremor which es¬

pecially affects distal extremities with a frequency of about 5Hz, an

average velocity of 45cm/s and a maximum acceleration of 16.8m/s2
(Birkmayer and Riederer, 1980) (the average velocity and maximum

acceleration of intention tremor are about four respectively five times

bigger). The tremor can virtually disappear during sleep or rest (April,
1966), whereas excitement amplifies it (this fact has been traced back to

adrenaline production (Barcroft etai, 1952, Constas, 1962)). Parkin¬

son tremor is in many cases initially unilateral and it becomes bilateral

as the disease progresses (Siegfried, 1968).
Muscular rigidity is present almost in all cases of Parkinson's

disease (Birkmayer and Riederer, 1980). It can be defined as increasing
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SEQUENCING
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NETWORKS

SENSORY

AFFERENTS

Fig. 2.3

Schema of the human nervous system after Tatton et al., (1984).
The blocks on the left are neuronal networks. They are connected

with neuronal pathways and named A through E. The motor pro¬

grammer can update, modify or learn new movements and select

the appropriate subroutines directly (B') or via a program selector

(C). The subroutines (components) of the desired movement are

controlled by a set of switching and sequencing networks via D.

The resulting activity is transmitted (E) via driver neurons to the

motoneurons for execution by muscle units. The big block on the

right is the sensory processing unit. It interacts with the motor

apparata by the linkages 1 through 5. Afferent activity can initiate

program selection for a desired movement (1), advance the pro¬

gram to the next subroutine (2), modify the amplification of the

program output (3) and together with A and A' inform the motor

programmer whether movement modifications are necessary (4).
Information concerning the present state of the subroutines and

the driver neurons can be conveyed to the sensory processing net¬

works (5). The levels at which the defects in Parkinson's disease

could occur are indicated with thick black arrows.
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resistance to passive movement. The resistance can be felt through¬
out the movement in contrast to 'clasp knife' rigidity caused by pyra¬

midal lesions. The parkinsonian rigor especially affects the proximity
of a member. Rigor is amplified during active movements and during

rest and excitement—unlike tremor—it virtually disappears (Siegfried,
1968). Electromyographic activity visible in passive as well as in active

movements is typical of rigor (Hofer and Putnam, 1940).
Akinesia is probably the most complex symptom in Parkinson's

disease. It can be described as a liability to sudden arrest of voluntary
movements while carrying out purposive action (Onuaguluchi, 1964).
Constant awareness of fatigue, difficulty in shifting from one motor con¬

traction pattern to another and inability to complete tasks and hence

never beginning others have also been reported as manifestations of aki¬

nesia (Schwab et al., 1959). In the progress of Parkinson's disease akine¬

sia is usually preceded by bradykinesia (slowing down of the movements)
and hypokinesia (deterioration of the ability to execute voluntary move¬

ments) (Siegfried, 1968). Probably, akinesia is unrelated to rigidity,
because it has been reported to be present without clinical hypertonus

(Cruchet, 1927).
The physiology behind posture and equilibrium disturbances in Par¬

kinson's disease are controversial. Some researchers see these distur¬

bances as a consequence of rigor (Onuaguluchi, 1964), whereas others

hold a lesion of the nucleus caudatus responsible (Billenkamp, 1959).
Some additional symptoms which can be observed in patients with Par¬

kinson's disease are kinesia and akinesia paradoxa (Jarkowski, 1925),
clog-wheel phenomenon (Negro, 1928), "on-off" phenomenon (Cotzias
etai, 1969) and yo-yoing (Calne, 1976). Although Parkinson himself

reported the intellect to be unaffected, some researchers believe that

dementia is an intrinsic characteristic of Parkinson's disease (Merritt,
1979).
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Section 2.4

Treatment

No cure for Parkinson's disease has so far been established, mainly
because—as previous paragraphs indicate—its etiology and pathogene¬
sis are not yet fully understood. Therefore, any treatment can only be

symptomatic or palliative. The accepted methods of treatment nowa¬

days include drug treatment, surgical treatment, physiotherapy and psy¬

chotherapy whereas the last two are ment to alleviate secondary symp¬

toms like deformities caused by rigor and emotional disturbances.

Surgical treatment of Parkinson's disease includes section of various

tracts in the spinal cord (Putnam, 1938), ablation of parts of caudate nu¬

cleus (Meyers, 1940), resection of the premotor cortex (Klemme, 1941),
destruction of the globus pallidus (Narabayashi etai., 1956), occlusion

of the anterior choroidal artery (Cooper etai., 1958) and stereotaxic

surgery (Krayenbuhl and Ya§argil, 1960). For a detailed review of sur¬

gical treatment of Parkinson's disease (especially stereotaxic operations
and instruments) see Siegfried, 1968.

Although surgery does not relieve akinesia, it can, however, dra¬

matically alleviate tremor and rigidity although these symptoms tend

to reappear in the months following the operation (Onuaguluchi, 1964).
Because of the risks of an intracranial operation—like hemiplegia, speech

defects, mental confusion and emotional disturbances (Riklan and Diller,

1958)—surgery is advisable only in very carefully selected cases.

First effective drug treatment of Parkinson's disease, which made

use of preparations from solanaceous plants resulting in symptomatic

relief, dates back to the end of last century (Charcot, 1892). Synthetic

anticholinergic drugs with anti-parkinson effect were introduced after

the second World War (Sigwald etai., 1946). Dopaminergic substi¬

tution through intravenous (Birkmayer and Hornykiewicz, 1961) and

oral (Barbeau etai, 1961) administration of its precursor levodopa (L-
3,4-dihydroxyphenylalanine) constituted a major breakthrough in the

treatment of Parkinson's disease. Addition of benserazide to inhibit the

decarboxylase of levodopa (Birkmayer, 1969) made it possible to dimin¬

ish the latter's side-effects by means of increasing the anti-parkinsonian
effect of much smaller doses (in some countries, where benzerazide is

not commercially available due to its presumed carcinogenic effect, car-
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bidopa is used for the same purpose (Podiwinsky etai, 1979)). Combi¬

nation of levodopa with levotryptophane helped to decrease the psycho¬

logic side-effects of dopaminergic therapy. (Birkmayer and Neumayer,

1972). Hyperkinetic side effects of dopaminergic therapy may be re¬

duced by combining levodopa with taurine and litoralone (Birkmayer,
1984).

Parallel to the development of a dopaminergic therapy, research

concerning the monoamine oxidase (MAO) inhibitors resulted in alter¬

native drugs. Studies of combined levodopa and MAO inhibitor therapy
showed a remarkable decrease in on-off periods (Birkmayer et al., 1975).
Research with dopamine antagonists which increase the serotonin con¬

centration in the brain showed significant relief of akinesia, rigor and

tremor, however, with far more side-effects than levodopa therapy (Calne
etai, 1974, Marttila etai, 1976).

The dosage in levodopa therapy of Parkinson's disease is still con¬

troversial. Some researchers tend to prescribe huge amounts (Cotzias
etai, 1967), whereas others give so little as to be ineffective (Riederer,
1984). It has been reported that levodopa therapy may induce nau¬

sea, vomiting, anorexia, heightened nervous tension, anxiety, delusions,

hallucinations, hypomania, depression, cardiac dysrthymia and hypoten¬
sion (Merritt, 1979). One of the most marked side effect of long-term

levodopa therapy is the development of adventitious involuntary move¬

ments. Moreover, there is evidence to believe that the higher doses

tend to increase the speed with which the therapeutic effect of levodopa
diminishes over the years (Merritt, 1979).

Therefore, it makes sense to prescribe levodopa in such a way that

it is always just barely effective, thus keeping the dosage relatively low.

We have been able to show the merits of individual dosage prescription

(Albani etai., 1986) and the determination of individual dosage schemes

constitutes the main subject of this thesis. An analytical framework for

this purpose will be prepared in the next chapter.
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Chapter 3

PHARMACOKINETIC

OPTIMIZATION

OF LEVODOPA THERAPY

Studies of drug concentration level problems fall in the domain

of pharmacokinetics. In the pharmacokinetic literature such problems
have been analysed traditionally with the aid of compartmental mod¬

els or models using flows (Wagner 1975, Gibaldi and Perrier, 1975).
Although the idea of using statistical moments to analyse drug concen¬

tration level problems is fairly old (Rescigno and Segre, 1966), noncom-

partmental methods based on statistical moment theory have become

fashionable only recently (Yamoaka etai, 1978, Riegelmann and Col¬

lier, 1980, Gibaldi and Perrier, 1982, Nuesch, 1984). Of course all

these approaches have their specific advantages and limitations. In this

chapter, a background of compartmental approach will be outlined and

a modern approach will be introduced. This approach will be used to

optimize the dosage scheme of levodopa therapy in Parkinson's disease.
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Section 3.1

Compartmental and State Space Methods

in Pharmacokinetics

The most commonly employed approach to the pharmacokinetic

characterization of a drug is to represent the body as a system of com¬

partments, even though these compartments usually have no physiologic

or anatomic reality (Gibaldi and Perrier, 1982). The assumptions be¬

hind the compartmental models are that the pharmacokinetic processes

can be analysed in distinct volumes by stating what happens in each of

these compartments and that the processes are linear, time independent

and have first order dynamics. These assumptions result in a system

which can be described by the following set of equations:

da>i . . ,
— = KiiQi -f- «i202 + h Kinan

dt

da2 . . .

—— = K2lfll + «22«2 + H k2nO>n
at

-~ = fcniai + fcn2a2 H h knnan

(3.1)

or using dot notation and matrix form

a = Ka (3.2)

with aT = (ai,a2,..., an) and

K =

/ kn k12

fc2l ^22

V kni kn2

(3.3)

''fin

ai(t) is the amount of drug in compartment * as a function of time. The

elements of the kinetic matrix K are the intercompartmental transfer

rate constants. This, of course, is the state space description of a linear

system as known in control engineering.
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It is well known that the solution of the linear equation system in

(3.1) is a sum of exponential functions for each compartment (Codding-
ton and Levinson, 1958) assuming that Ay, the eigenvalues of K have

the multiplicity m

aiM = £C,AeV (3.4)
I I it •

3 = 1

whereas the coefficients Cty are components of the eigenvectors Cj be¬

longing to Ay.
The modelling of pharmacokinetic data now reduces itsef to a curve

fitting problem, where the set of parameters CZJ and Ay have to be

determined for a given system order n from the measurements of drug
concentration levels for which numerous algorithms and commercially
available programs exist (Metzler etai, 1974, Berman and Weiss, 1974,
Sedman and Wagner 1976, Rufer 1977, Endrenyi and Tang, 1980).

Section 3.2

A New Approach to Drug Concentration

Level and Multiple Dosing Problems

Although some drugs—like analgesics or hypnotics—may be used

effectively as a single dose, most drugs—like antibiotics or as in our case

anti-parkinsonian drugs—are administered multiply to attain a lasting

pharmacological response. The problem of determining the time points
and the doses of the administrations in such cases is referred to as the

multiple dosing problem. Many ways of solving this problem with vary¬

ing degrees of success and complexity have been proposed (Engberg-
Pedersen, 1974, Gibaldi and Perrier, 1975, Colburn etai, 1976, Wheeler

andSheiner, 1976, Hetenyi etai, 1977, Kim etai., 1977, Swan and Vin¬

cent, 1977, Bellman, 1983, Jacobs etai, 1985). The modern approach
which will be presented in this chapter makes use of the system concept.

Since the word system can be understood in totally different ways

by different people according to their professional backgrounds it will be

defined as
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.. .a configuration of objects on which energy, information or

matter acts through its inputs and which gives out energy, infor¬
mation or matter through its outputs (Leuthold and Schaufel-

berger, 1975).

Mathematically speaking, a system can be seen as a mapping which

maps the input on the output (a rigorous mathematical definition of

a system can be found for instance in a publication of Kalman and

coworkers (1969)). This mapping can be formalized as

y(t) = f(u(t)) (3.5)

with u(t) as the input, y(t) as the output and /(.) as the mapping which

maps the function space U of the functions u(t) on the function space Y

of the functions y(t). Of course a system may have several inputs and

several outputs (as in Fig. 3.1), in which case u(t) and y(t) are vectors

of respective dimensions and in the most general case the functional /(.)
may be represented as a nonlinear time-variant vector.

Input Linear Output

system

Pharmacokinetics

,

.

.

Fig. 3.1

Relationship between the administration of drugs and their plas¬
ma concentrations as a linear system.

Drug administration can now be considered as the input of a system

and plasma concentration level as its output; the system itself charac¬

terizes the pharmacokinetics. The multivariable case corresponds to the

case in which several drugs are administered simultaneously and several

plasma concentration levels are to be studied. An example may illustrate

how these considerations can be formalized.
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Example: There are cases in which a drug is administered in con¬

junction with another one (in many cases an inhibitor) which is ment

to control the absorption or catabolism of the first one. It is possible

that the treating physician is interested in the plasma concentration of,

say, three metabolites as functions of administered drugs and time. In

this case the pharmacokinetics can be modelled as a system with two

inputs (the drug d and the inhibitor c) and three outputs (the metabo¬

lites mi, m,2 and 1TI3). This can be formalized (without writing the time

dependencies explicitly) as follows:

i = h(c,d),

m2 = f2(c,d),

z = fz(c,d),

(3.6)

In terms of (3.5) y(t) is a vector with components mi, 1712 and m^,

u(t) is a vector with components c and d and fi, f2 and /3 comprise the

mapping with which the pharmacokinetic dependencies are expressed.
Note that this is a very general expression and that normally a linear

model would be used.

The input-output relation of a multivariable, time-variant linear

system with p inputs and q outputs (see Fig. 3.1) is given by

V2{t)
//11W /12W
/21W /22W ... /2PW

.. fiP(t)\ /ut(t)\
u2(t)

(3.7)
. ....

W*)' V/gl(*) fq2(t) ... f„(t)J \up(t)J

or more compactly

Y = F*U (3.8)

where * symbolizes convolution. The fc-th output can thus be written

as

Vk(t) = X^fc*'M*w*'M (3.9)
t=i
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Normally drug administrations are represented as rectangular func¬

tions with the area under the curve being the total administered dose.

In case of oral administration it can be assumed that the administration

itself takes practically no time at all, meaning that the breadth of the

rectangle approaches to zero. In that case the drug administration can

be represented by a Dirac-pulse S(t), the amplitude of which is equal to

the dose. Therefore, multiple dosing can be formalized as

n

u(t) = £<W-r,-) (3.10)

where d{ denotes the i-th dose and rt the timing of this dose, n is

the number of administrations in the time interval of interest. In the

multivariable case the j-th input can be expressed as

n3

3 = 1

where dji denotes the dose and Tji the timing of the i-tb. administration

of the j-th drug, ny is the number of doses of drug j in the time interval

of interest. Substitution of (3.11) in (3.9) results (with the application
of a well known theorem in the distribution theory (Holbrook, 1959)) in

P rt

3=iJ°

j=lJ° t=l

P n3

y=i i=i

p n3

3= 1 t=l

The matrix F in (3.8) is composed of elements which are responses

to Dirac-pulses. In this case the element /,y of F is the time-history of

substance z's plasma level after the administration of a unit dose of the

r)fkj(t-T)dr

dji8(T - Tji)fkj(t - r)dr

/ S(T-Tji)fkj(t-T)dl
Jo

(3.12)

fkj(t-Tji)
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drug j. fij can be determined through several plasma level assays after

the administration of standard oral forms.

While prescribing a drug, the physician generally faces a dilemma

which includes total dose and therapeutic effect. The more he prescribes
the more effective is the drug—at least in a limited range—but the

more pronounced are the side effects. The plasma concentration of the

administered drug must attain a certain level for the drug to show the

desired therapeutic effect. However, in most cases he wants to administer

the drug in such a way as to result in the smallest possible total dose.

Therefore, the multiple dosing problem can now be reduced to a

class of classical optimization problems where a trade-off can be achieved

between the desire to minimize both the discrepancy between the result¬

ing and the desired time-histories of the plasma concentration and the

desire to administer small amounts of drug.

Section 3.3

Optimization with a Quadratic Objective
Function

It was explained in Chapter 2 that the symptoms of Parkinson's

disease can be traced back to the lack of the neurotransmitter dopamine.

Therefore, it is fairly standard to use drugs in the symptomatic therapy
of this disorder which contain a precursor of dopamine, namely levodopa.
It has been established that the motor activity level, which changes

during the day in healthy subjects, correlates with the blood level of

dopamine (Munter and Tyce, 1971). Therefore it makes sense for the

treating physician to try to achieve a desired profile of dopamine's blood

level which has "highs" when there is need for fine motor ability like

shaving or eating, e.g., early in the morning. The level may be allowed

to sink during the night while the patient sleeps and hence is inactive.

The problem now is to find the doses and the timings of the drug
administration such that the time-history of the levodopa plasma con¬

centration approximates the desired trajectory as closely as possible.
The fact that the doses and the timings belong to a finite set can be

exploited in the optimization process.
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In one dimensional case, the equation (3.12) derived in the previous
section becomes

n

y(t) = f(t) * u(t) = ]T dif(t - n) (3.13)
t=i

We now want to find d{ and r^ so that the L2 norm

ftf
Z= (y(t)-y3et(t))2dt (3.14)

Jto

is minimized, to and tf are the beginning and the end points of the time

interval in which we are interested (typically a day) and y3et(t) is the

desired plasma concentration.

As mentioned above, the doses can only be integer multiples of a

basic weight. Therefore it makes sense to designate to each possible dose

this integer value. Furthermore, due to the potential side-effects of very

high doses, a single dose cannot be arbitrarily large. Thus the set of

possible doses can be given as

d%1 {0,1,2,. ..,dmax} (3.15)

Similarly, for obvious reasons, it does not make sense to tell the

patient to take, say, two pills at 7hrs 21min 32sec. Therefore, taking tQ

as 0 (which does not compromise generality), the set of possible timings
can be given as

T{ {..., —30rmn, —15mm,0,15mm,30mm,45mm,... ,£/} (3.16)

Note that the negative values for r, result from the consideration

that sometimes pills must be administered before £0 in order to have the

desired plasma concentration by to.

To put it mathematically, what we intend to do is to find the pa¬

rameters di,d2,...,dn and Ti, T2,..., rn such that

Z(di,d2,.. .,dn,Ti,T2,.. .,Tn) —+• Minimum (3.17)

In other words we look for a set of parameters in the 2n-dimensional

parameter space which minimize the value of the objective function Z.
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Subsection 3.3.1

Cyclic Coordinate Search Method (CCSM)

One way to perform parameter optimization in a higher dimensional

parameter space is the so called "cyclic coordinate search method". It

means that starting from a reasonable combination of doses and timings,

all parameters are kept constant except for the first dose. The first dose

is varied till Z is minimum. Then all the parameters are kept constant

(including the first dose) and the first timing is varied till Z is minimum.

This process is continued till all of the doses and the timings are varied.

Then starting again from the first dose the whole procedure is repeated

again till the value of Z stops decreasing, meaning that minimum is

reached.

The computation of y(t) needed to calculate Z can be done accord¬

ing to the formula

y(t) = f(di,d2,...,Ti,T2,...,t) (3.18)

or through numerical integration (simulation) of the corresponding dif¬

ferential equations in the nonlinear case. However, in the linear case we

have here y(t) is computed according to (3.13). Note that neither yset (t)
nor f(t) have to be known analytically. In our case the desired time-

history and the pulse-response are assumed to be known at certain given

points in time. The values of these functions for the times in between

those points are computed through linear interpolation. Of course spline
interpolation or curve fitting, especially for the pulse-response, could also

be used (Herden, 1979, Powell, 1981). The idea behind spline approxi¬
mation is to place an infinitely elastic bar—a spline—in such a manner

as to pass through a given set of rigid points. In an interesting study,
the assumption about the points being rigid is left out. Instead each

point is assigned arbitrary elasticity coefficients to generalize the spline

theory which is used to approximate the pharmacokinetic response and

the desired time history (Buffet and Strotz, 1984).
So far unimodality of the objective function has been assumed. In

general, this is obviously not the case. However, when we accept the

unpleasant fact that the objective function is multimodal, meaning that

it has several local minima, the situation shown in Fig. 3.2 might occur.

This figure shows the plot of the objective function versus, say r4.
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Value of the

objective function

I I I 1 1 1 1 1 T^T
815 830 900 915 930 945 1000 1015 1030

Fig. 3.2

Objective function may be multimodal.

Suppose we start with T4 = 9.00 (all the timings here and in the

sequel are decimal!). We indeed have a case as just mentioned, whereas

Z(8.75) < Z(9.00) > Z(9.25)

and

Z(8.75) < Z(9.25) (3.19)

The obvious choice of 8.75 would (since we do not know the values

of Z(9.50) etc.) lead us to only a local minimum. As can be seen, there

is no easy solution to this particular problem. Therefore, the following

way—which, admittedly, sounds somehow contradictory—was chosen:

Unimodality of the objective function is assumed and the minimum is

searched as described above. However, since it is known that the min¬

imum which is found is a local one, dependent on the starting values

of the doses and the timings, the initial guess is changed several times

and this algorithm is applied to each combination. Then the optimal

therapy is taken as the set of doses and timings resulting in the smallest

value of the objective function out of these results. Such an approach of

varying the starting values randomly is called the Monte Carlo method

(Law and Kelton, 1982). The example in the next section gives more

insight to this problem.

26



Subsection 3.3.2

Application of Program CCSM

The possible doses of the drug used in this study were multiples of

the basic weight 62.5mg up to 375mg, i.e., in the integer form 0,1,..., 6.

Tab. 3.1 shows the results of the repeated application of program CCSM

on a typical patient with different initial guesses.

Value of the

objective function

Initial Doses : 3 1 1 1 1 1 1

guess Timings : 6.00 8.00 10.00 12.00 14.00 16.00 18.00 618.14

Optimal Doses : 4 2 2 1 1 1 1

therapy Timings : 5.50 9.00 10.50 13.00 14.50 16.00 17.50 332.35

Initial Doses : 4 1 1 2 1 1 2

guess Timings : 5.50 8.75 10.00 10.75 13.00 14.75 16.75 354.21

Optimal Doses : 4 1 1 2 1 1 2

therapy Timings : 5.50 8.50 9.75 10.75 13.00 14.50 16.75 338.31

Initial Doses : 3 1 1 1 1 1 l

guess Timings : 5.50 8.75 10.00 10.75 13.00 14.75 16.75 457.75

Optimal Doses : 4 2 1 1 1 2 1

therapy Timings : 5.50 9.25 10.50 11.25 13.00 15.00 17.25 375.96

Initial Doses : 3 1 3 1 2 1 1

guess Timings : 5.50 8.00 10.25 12.00 14.00 16.00 17.50 352.67

Optimal Doses : 4 1 3 1 2 1 1

therapy Timings : 5.50 8.25 10.25 12.00 14.00 16.00 17.50 335.44

Initial Doses : 3 1 3 1 2 1 1

guess Timings : 6.00 8.00 10.00 12.00 14.00 16.00 18.00 486.45

Optimal Doses : 4 1 3 1 2 1 1

therapy Timings : 5.50 8.25 10.25 12.25 14.25 16.25 17.25 335.77

Tab. 3.1

Results of optimization with program CCSM.
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Fig. 3.3

Simulation of a dosage scheme prescribed without a mathematical

model.
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Fig. 3.4

Simulation of the dosage scheme resulting in the smallest value of

the objective function computed with CCSM.
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Apart from the vast difference in the values of the objective func¬

tion, the simulations shown in Fig. 3.3 and Fig. 3.4 demonstrate the

superiority of the method described here over the classical ones with

multicompartment models.

As can be seen, the optimal therapy reached in this manner is the

one with the underlined value of the objective function. However, it has

been observed that all the optimal therapies result in values of the ob¬

jective function which differ from each other only within the magnitude
of the accuracy of this method, thus enabling the treating physician to

choose from different possible therapies.

Subsection 3.3.3

Analytic Dosage Optimization

Let us "forget" for a while that the doses are discrete and find

the doses which minimize the objective function in an analytic way for

the single drug case (the result can then be readily modified for the

multivariable case).
It is important to remember that the drug concentration is a linear

function of the administered doses as (3.13) indicates. Therefore, the

error

e(t)=y(t)-yset(t) (3.20)

is also a linear function of the doses. This linear dependency can be

formalized as

e(t) = ar(<)d + b(t) (3.21)

with d= (d1,d2,...,dn). Substituting (3.20) and (3.21) in (3.14) yields

Z = [ '{(a.T(t)d)2 + b2(t) + 2a.T(t)db(t)}dt (3.22)
Jt0

Since Z is quadratic in d, the condition

I = ° w
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(3.28)
to

Jtn
yset{t)f{t-Ti)dt/hi=

toJ
Tj)dt-Ti)f{t"/(*

'

f=9ij
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J
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Subsection 3.3.4

Application of Analytic Dosage Optimization

Application of the results obtained in the previous section on a

typical patient results in the doses shown in Tab. 3.2. The timings were

chosen as the ones which resulted in the smallest value of the objective
function with the cyclic coordinate search method. The simulation of

the dosage scheme obtained through the discretization of the analytically

computed doses is shown in Fig. 3.5.

Normed Daily

Doses Error Amount of

Madopar
[ng/ml] [mg]

Continuous : 3.89 0.76 2.64 1.70 2.19 1.66 1.38 0.28 660.21 906.3

Discrete : 4 1 3
'

2 2 2 1 1 771.53 1000.0

Tab. 3.2

Results of analytical dosage scheme optimization.

*) This dose should actually be rounded to zero but the treating

physician insisted on administering at least the minimum dose at

each given timing.

Subsection 3.3.5

Optimization of the Timings

The simplicity of the analytical dosage optimization lies in the fact

that the dose-drug level relationship is linear. However, the relationship
between the timings and the drug level is highly nonlinear, thus render¬

ing itself unsuitable for an analogous analytical solution. Nevertheless,
another approach which is based on a Tauberian approximation of the

drug level set-trajectory results in an acceptable solution.

The desired profile of the drug concentration can be expressed by

means of a Tauberian approximation as a sum of weighted and time

shifted pulse-responses ( Wiener, 1933).

n

yset(t) = ^2dig(t-Ti) (3.29)
1=1
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Simulation of the dosage scheme shown in Tab. 3.2.

the Fourier transform of which is

n

n«t(w) = £ 4M*(-/r,-«)6?M (3.30)
»=i

or rewriting this equation

t=i

iT(u>) is computable since Yset(u) and C?(u>) can both be determined

by Fourier transforming the given functions y3et(t) and g(t). Introducing
the notation Hk = H(ojk) where u/fc = ujq + fcAw for fc {0,..., K — 1}
with K > 2n results in

n

Hk ~ Yl dieXP{-JTiUk), k = 1, . . . ,
K - 1 (3.32)

«=i

Prony has shown that the solution of the equation system in (3.32)
can be reduced to the problem of finding the zeros of one single function.

It can be shown that the optimal timings can be computed with the

following scheme (De Figueiredo and Hu, 1982), where
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c0 = l,c =
C2

Vcny

,H =

Hn-i

Hk-:

Ho

Hk-n-l

Hn

,h =

Hk-]

1) Compute c with the equation

Hc=-h

The general solution of this equation is given by

(3.33)

(3.34)

cs-fH'HJ'^'h (3.35)

with *

denoting the conjugate complex transpose of a matrix.

2) Compute the n solutions of the equation

n

E
3=0

.vn-3

CiZ (3.36)

Due to (3.31), the roots of the polynomial in (3.36) have a simple
structure containing the timings alone as

Zi = exp(—JTiAu) Zi\ = l (3.37)

3) Compute the timings from the roots in (3.37) with

1
Ti =

Aw
[arctan(-9{^}/SR{2t}) + (w)} (3.38)

This scheme has the following distinct advantages :

a) If (3.29) holds, the optimal timings T{ can be computed exactly.

b) The equation system for the computation of the timings contains a

single nonlinear equation, namely (3.36).
c) The method is lucid and results in a unique solution.

d) The computational expense for the solution of the equation is small.
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On the other hand this method brings with itself certain problems:
As mentioned before, the desired profile, in general, cannot be attained

exactly. Therefore (3.31) has to be modified as follows

HH =
T^

= £ diexpi-fru) + V(u)
G(«)

(3.39)
t=i

where V(u>) is the Fourier transform of v(t) which is assumed to be

a zero mean Gaussian noise. This means, however, that the elements

of the matrix H and the vector h in (3.33) are not exact, but noisy.
Because of the noise imposed on the ilfc's, a substantial property of the

Prony's algorithm is lost, i.e., the absolute values of the roots zt in (3.37)
are different from unity. As a results of this and in order to achieve a

simple solution for the computation of the timings, the absolute values

of the roots zt should be normed to unity in the direction of the complex

pointer as illustrated in Fig. 3.6.

Fig. 3.6

The roots of (3.36) have to be normed to unity to make use of the

Prony algorithm.

However, the negative influence of the noisy roots can be substan¬

tially reduced by a time shift of the desired profile relative to the pulse

response. As can be seen in Fig. 3.7y3et(t) has to be shifted such that

the resulting timings are as large as possible. Of course this off-set has

to be corrected later during the computation of the timings.
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Fig. 3.7

Visualization of the fact that that the influence of the noise on

the roots Z{ is bigger for small r,.

Another possibility to reduce the effect of the noisy -fife's on the

computation of the timings makes use of the fact that at least 2rc H^s

are needed to solve (3.34).The minimum number of H^s to be used in

the linear regression can be estimated by means of the concept of the

power of a signal. This can best be explained with the aid of a periodic
desired profile y3et(t) with the period T. The pulse response can also be

thought to continue with the same period. The Fourier coefficients can

now be used to compute the H^s. With wj- as the basic harmonic.

Wfc = kuT = k
2tt

T1
k = 0,...,K -1, K>2n (3.40)

*=W-

w
-££ - ci -* (3-41)

where

Chy = k—th Fourier coefficient of yaet(t)

Ckg = k—th Fourier coefficient of g(t)

The power of the signal yset(t) can be estimated as
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1 r^ °° .°°

Py =

r
^tW^ = ^ + 2£|cfcy|2>2£|cfc2/|2 (3.42)

1 Jo
fc=0 fc=o

Pg can also be estimated in the same manner. If, now, a maximum

permissible deviation of the power is given arbitrarily, the minimum

number of H^s is fixed.

Yet another way of reducing the adverse effect of noisy H^s on

the optimization of the timings is to compute more than n necessary

timings. Afterwards, by eliminating, for instance, the timings which are

outside the period of interest or coalescing the timings which are very

close to each other their number can be reduced to n.

Another problem which arises is that the timings which are com¬

puted in this manner have yet to be rounded, because the timings must

have discrete values. However, it has been found out that this rounding

error is negligible if the discretization steps are sufficiently small.

Subsection 3.3.6

Application of Timing Optimization

The optimization of the timings and the doses was conducted with

the program TDPP, the flow chart of which is shown in Fig. 3.8. First,

the timings are computed for a set of given dosage sequence. This is

accomplished by the algorithm described above. Than the doses are

minimized for the resulting timings. This is done by dynamic program¬

ming. The whole procedure is repeated till the objective function stops

to be reduced and a local minimum is achieved (obviously, this approach
is equivalent to a cyclic coordinate search method where the doses and

the timings build the two "metaaxses"). This process can now be re¬

peated starting with different initial guesses of the dosage sequence—the
so called Monte Carlo method.

The fact that the doses must have discrete values was exploited in

the application of dynamic programming for their optimization. The

reason why dynamic programming was not used to optimize the timings
as well as the doses lies in the enormous computational expense it would

require in this case—the so called "curse of dimensionality".
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( Start J

Read Yset(t) and g(t)

Compute H^' s

Build H and h

Compute the optimal timings

with Prony's algorithm

Compute the optimal doses

with dynamic programming

f Stop ^
Fig. 3.8

Flow chart of the program which optimizes the timings with a

modified form of Prony's algorithm and uses dynamic program¬

ming to optimize the doses.

Obviously, a high number of administrations is rather uncomfort¬

able for the patient. Therefore, the number of the administrations is

also included in the optimization process, thus modifying the objective
function to

z= (y(t)-ySet(t))2dt + en

Jto

(3.43)

e denotes the weighting factor for the number of administrations.

The optimal therapy schemes for a patient for e different from zero and

equal to zero result in eight, respectively thirteen administrations in a

day, which is the periodicity of the desired profile.
The resulting therapy schemes are given in Tab. 3.3 and Tab. 3.4.

The simulations of these sequences of administrations are shown in Fig.
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3.9 and Fig. 3.10. It can be seen in these figures and tables that a

decrease in the value of e results, up to a certain point, in an increas¬

ing number of administrations in a day, which facilitates attaining the

desired profile. Vigorous tests to validate the model used for the simula¬

tions would include assays of blood taken at intervals of a quarter of an

hour during a whole day. Therefore, humane considerations forced us

to be satisfied with various clinical tests concerning the validity of the

model.

Doses :31132212

Timings : 6.00 6.75 8.00 10.00 12.50 14.75 15.75 17.25

Tab. 3.3

Optimal dosage scheme with e ^ 0 results in eight doses a day.

Doses :31112111

Timings : 6.00 6.75 7.75 9.00 10.00 10.75 12.50 13.50

Doses : 1 1 1 1 1

Timings : 14.50 15.25 16.00 17.00 17.75

Tab. 3.4

Optimal dosage scheme with e = 0 results in thirteen doses a day.

Section 3.4

Optimization with a Linear Objective
Function Including the Doses

It was mentioned earlier that the treating physician might be in¬

terested in prescribing a dosage scheme which results in the smallest

possible total dose. Obviously the therapy with the minimal total dose

would be not to give any pills at all! Therefore, it makes sense to state

a constraint which should additionally be fulfilled, e.g., asking for the

absolute value of the error between the desired trajectory and the actual
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Simulation of the dosage scheme in Tab. 3.3 with eight doses a
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Simulation of the dosage scheme in Tab. 3.4 with thirteen doses

a day.
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one of the levodopa plasma level not to exceed a given value. To put it

formally,

\e(t)\ < emax, VteT (3.44)

with e(t) described as in (3.20) and where emax has to be specified. T

denotes the time interval in which the patient is awake.

Substituting (3.13) in (3.20) and rewriting (3.44) gives the linear

programming problem which has to be solved in order to find the dosage
scheme which results in the minimal total daily dose while fulfilling

(3.44):

Equations:

n

«w - Yldi^ -r*) = -w*). Vi e t

t=i

Inequations:

&max S [t) ^ £max, vt c ./

0 < d{ < dmax, i — 1,..., n

Objective function:

n

d{ — Minimum (3.45)
»=i

Some comments on the linear programming problem (3.45) are due

here. T is not a temporal continuum but rather a set consisting of

a finite number of points in time. Since it is desirable to prescribe
round numbers as the timings of the pills, e.g., not 8hrs 18min 32sec,

a temporal discretization with a quarter of an hour long steps makes

sense, thus resulting in n = 4(tf — to) such points in time. t0 and tf
denote the times when the patient wakes up, say 7am, and goes to sleep,

say 9pm, respectively. Therefore, the set of equations and the first set

of inequations stand for about sixty equations and sixty inequations. As

to the second set of equations, it is obvious that the doses may not be

negative and it also makes sense to limit the size of a single dosage. The

E
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unit dose of the used drug weighs 62.5mg. Therefore, it is convenient

to denote each dosage as a multiple of this basic weight, e.g., dmax is 6

which corresponds to 375mg.

The application of (3.45) on a patient results in the dosage scheme

shown in Tab. 3.5 and Fig. 3.11

Doses : 3.27 0.57 0.50 0.02 1.60 0.06

Timings : 6.25 6.75 7.00 8.25 8.50 10.00

Tab. 3.5

Optimal dosage scheme for emax = 2000.

8L00D LEVEL OF LEVODOPA

3800

3600

3400

3200

3000

2800

2600

2400

2200

2000 +

1800

1600

1400

1200

1000

800

0**

7.5 10.3

ACTUAL VALUE

DESIRED VALUE

i i i i i i i i i i i i i i

***-**»*_*****-*****-****-*****-*«YTIME

A A A A

13. 1 16.0 18.7 21.6

Fig. 3.11

Simulation of the dosage scheme in Tab. 3.5.

The geometric interpretation of the equations and inequations in

(3.45) is simple: We are looking for the intersection of several hy-

perplanes in a convex region of the hyperspace spanned by the axis

e(t0),e(to + At),e(to + 2At),...,e(tf-At),e(tf) and di,d2,... ,dn. Ob¬

viously, we might not have a solution at all if we look in too small a

region, i.e., if we give emax as too small. Here arises an interesting ques¬

tion: How small can we ask emax to be and still get a feasible solution

to (3.45)? A new variable in (3.45), namely z, must be defined and

minimized to answer that question. Formally,
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Fig. 3.12

Simulation of the dosage scheme in Tab. 3.6.

Equations:

n

e(t) ~Y,dif(t~Ti) = -»•««(*) i
v<er

t=l

z = e
max

Inequations:

emax < e(£) < emax, Vt T

0 < d{ < dmax, i = 1,..., n

Objective function:

z —* Minimum (3.46)

The application of (3.46) on our patient results in the therapy shown

in Tab. 3.6 and Fig. 3.12.

Doses : 3.98 1.29 0.29 0.59 0.52 0.25 1.77 3.08 1.20 0.06 1.09

Timings : 6.25 8.00 8.25 8.50 8.75 9.25 9.50 17.25 20.25 20.50 20.75

Tab. 3.6

Optimal dosage scheme for the smallest possible emax = 1910.
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The simulations on Fig. 3.11 and 3.12 show that such an optimiza¬
tion does not result in the desired therapeutic effects. Therefore, we

shall now try not to minimize the total dosage but rather the discrep¬

ancy between the desired and the actual time-histories of the levodopa
blood level. Formally,

y^ \y(t) - y3et(t)\ — Minimum (3.47)
vter

This needs a little trick to solve which is shown in the formulation

of the linear programming problem (3.48).

Equations:

n

j=i

Inequations:

-ei(t) <e(t) <e2(t), Wt T

ei(t)>0, VteT

e2(t)>0, V*eT

0 < di < dmax, i = 1,..., n

Objective function:

}] \ei(t) + e2(t)] -> Minimum (3.48)
VtGT

The application of (3.48) on our patient results in the therapy shown

in Tab. 3.7 and the simulation of this therapy in Fig. 3.13 which shows

an excellent agreement of the desired trajectory with the actual one.

Doses : 2.70 0.06 0.09 0.16 ... 0.06 0.06 0.05 0.06

Timings : 6.25 7.25 7.50 7.75 ... 19.00 19.25 19.50 19.75

Tab. 3.7

Dosage scheme optimizing |e(i)| results in 48 doses a day.
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Fig. 3.13

Simulation of the dosage scheme in Tab. 3.7.

However, a glance at Tab. 3.7 tells us that the patient has to take

very small doses practically every quarter of an hour, a regimen which

is clearly out of question. Therefore, it makes sense to prescribe the

timings (and their quantity) first and perform the optimization with

those given timings. This means that the index i in (3.48) should vary

from one to m which is not to be, say, more than ten. Also t\, T2,..., Tm

should be specified.
The result of this modified optimization algorithm's application on

our patient (for m = 7) are to be seen in Tab. 3.8 and Fig. 3.14 which

shows quite a good correspondence of the desired trajectory with the

actual one.

Doses : 3.92 1.32 2.22 0.94 1.73 1.13 1.30

Timings : 5.50 8.50 10.25 11.50 14.00 16.00 17.50

Tab. 3.8

Optimal dosage scheme for seven given timings.

It should be pointed out again that the elaborations are valid for the

points in time in T only. The temporal discretization steps are chosen

such that they are much smaller than the smallest time constant in the

system, hence the discretization error is not too big.
The last optimization does not consider the total dosage at all.
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Fig. 3.14

Simulation of the dosage scheme in Tab. 3.8.

However, a slight modification of (3.47) can account for it too as it can

be seen in (3.49).

n

<*!> + E ieWi
vteT

Minimum (3.49)
»=i

where a is an appropriate weighting factor for the total dose. This only
results in a corresponding alteration in the objective function of (3.48).
The application of (3.49) on a patient with given timings and different

choices of a result in the dosage schemes shown in Tab. 3.9, 3.10 and

3.11. Fig. 3.15, 3.16 and 5.i7show the simulations of these dosage
schemes.

Doses : 4.90 3.30 2.19 2.42 1.42 1.14 1.26 1.50 2.56

Timings : 5.00 6.50 9.25 11.25 11.50 13.25 14.00 15.50 16.00

Tab. 3.9

Optimal dosage scheme for a = 0.

There might be a problem concerning the choice of a in (3.49).
The treating physician will assign a different value to ex. according to his

assessment of the side-effects. The more critical the side-effects are, the

less drugs should be prescribed, meaning a large value for a. If a is
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Doses : 4.61 2.69 2.10 0.86 2.62 0.91 1.30 2.35 0.53

Timings : 5.00 6.50 9.25 11.25 11.50 13.25 14.00 15.50 16.00

Tab. 3.10

Optimal dosage scheme for a = 6000.

Doses : 3.18 2.03 1.14 2.38 0.98 1.23 2.58

Timings : 6.50 9.25 11.25 11.50,13.25 14.00 15.50

Tab. 3.11

Optimal dosage scheme for a = 7000.
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Fig. 3.15

Simulation of the dosage scheme in Tab. 3.9.

assigned the value zero it means the the side-effects are not considered

at all in the optimization.
For instance, taking a as 6000 in our example reduces the daily

dosage by 13% as can be seen in Tab. 3.10. If a is taken as 7000 it

results in a 35% reduction of the daily dosage, as can be seen in Tab.

3.11. However, the simulations in the last three figures show that the

desired therapeutic effect is attained less and less as a grows.
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Simulation of the dosage scheme in Tab. 3.10.
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Fig. 3.17

Simulation of the dosage scheme in Tab. 3.11.
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Section 3.5

Remarks on Optimization of Therapy with

Respect to Pharmacokinetic Data

In this chapter, we have seen the application of several optimiza¬
tion techniques to the problem of dosage optimization with respect to

an objective function containing the pharmacokinetics of the used drug.
It can be said that each of these techniques, varying from analytical op¬

timization to dynamic programming, has its advantages and drawbacks.

Not surprisingly, the more exact methods require longer computational
time. It soon became apparent that the more sophisticated algorithms
resulted in an overkill due to the errors in modelling. Experience result¬

ing from extensive work with different algorithms and techniques shows

that the cyclic coordinate search method is the most simple and time

efficient method to optimize the discrete doses and timings.

It has to be emphasised at this point that the methods used in this

chapter use input-output relations of a system and not its state space

description, which is used in the classical compartmental techniques.

Furthermore, the input-output relation does not have to be known ana¬

lytically. As a matter of fact, all the methods in this chapter relied on

the description of this relation in table form with interpolations. The

price one has to pay for this convenience is the loss of knowledge about

the internal states of the system.

It should be pointed out that (3.13), i.e., the linearity of the phar¬
macokinetic relationship holds, must be tested thoroughly before the

above explained algorithms can be applied. One way of doing this can

be sketched as follows: The blood level of the relevant substance should

be measured at different times after the administration of a unit pill.
After waiting till the level sinks back to its original value, a multiple
of the unit pill should be administered and the profile of the relevant

substance's blood level recorded again. If both of the time histories

are proportional and the proportionality factor is the multiplicity of the

second pill, one should proceed with the next test where the blood level

profile should be measured after temporally shifted multiple administra¬

tions of the drug to validate the assumption of linearity. Only if both of

these tests result in satisfactory findings can the explained algorithms
be used sensibly. The second test is especially important if the drug con-
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tains several chemicals which affect each others absorption or excretion

rate.

The results of the above mentioned optimizations must be handled

with a healthy dose of scepticism since they in no way account for dis¬

turbances like varying effects of different nourishment on the absorption
of the drug. Other optimization strategies which are based on stochastic

optimal control are more suitable for cases when those effects have to

be taken into consideration (Astrom, 1970).
In case the pharmacodynamic response can be modelled as a linear

system, the therapy can be optimized the same way to achieve a desired

time history of the relevant dynamic variable like the body temperature

or the blood pressure. However, such a relation is seldom, if ever, linear.

It is more likely that it can be approximated as linear in a limited zone

or domain.

Therefore, it is very interesting to establish a relationship between

the drug administration and its therapeutic response. In order to do

this, the effect has to be made measurable. Consequently, the next chap¬
ter deals with the problem of measuring the neurological functions and

more specifically the effects of dopaminergic substitution in Parkinson's

disease.
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Chapter 4

MEASURING

NEUROLOGICAL FUNCTIONS

Various methods of dosage scheme optimization where the objective
function which was to be minimized always included a prescribed time-

history of the used drug's plasma concentration level were shown in

Chapter 3. It was illicitly assumed that there is a direct correlation

between the plasma concentration of levodopa and anti-parkinsonian
effect. But is that really so?

In order to answer this question both the plasma concentration of

levodopa and the neurological functions affected by Parkinson's disease

or the symptoms thereof have to be measurable. The former can be

readily measured with known analytical assay methods (Asper, 1984).
However, the measurement of neurological functions and parkinsonian

symptoms is not as straight forward as that.

In this chapter, a short discussion of the clinical methods of assess¬

ing parkinsonian symptoms and a brief review of the existing "modern"

methods of measuring neurological functions will be followed by the

description of a computer-based device with which certain aspects of

the neurological functions and parkinsonian symptoms can be measured

through analysis of the patients' tracking performances.
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Section 4.1

Clinical Assessment

of Parkinsonian Symptoms

The standard neurological examination (De Jong, 1967) is the clas¬

sical method of assessing the sensory and motor system functions. This

examination consists of subjective evaluations of strength, sensory and

motor coordination, equilibrium, gait, sensory perception, mental state,

language, reflexes and the cranial nerves. The examiner studies the pa¬

tient for signs and symptoms of disease and judges the extent of impair¬
ment. The overall impression the examiner acquires from each neurologic

category is the so called neurologic function of the patient.

It has to be stressed that the judgments of factors like speech, facial

expression, touch and pressure sensation are necessarily subjective. A

given function is then assigned a vaguely defined category like "mildly
abnormal", "moderately abnormal" etc. to assess sensory and motor

functions better and each category is enumerated. This kind of an as¬

sessment is called an ordinal scale rating. It is simple and very quick to

perform. Although such a scale can be used for initial evaluation and

differential diagnosis of a neurologic disorder, the rating categories are

often too broad and vaguely defined to detect effects of medication or

small changes in the patient over a longer period of time. It also has to be

mentioned that in addition to differences in the rating techniques of dif¬

ferent neurologists, the rating style of the same examiner may change due

to time and experience. Therefore, direct comparisons—one of the pri¬

mary motivations behind rating scales—may become worthless or even

impossible to carry out.

Many rating scales have been developed and employed to assess par¬

kinsonian deficits over the years (Schwab et al., 1969, Fieschi et al., 1970,
Parkes etai., 1970, Hunter etai, 1970, Mann etai., 1971, Markham,

1971, McDowell etai, 1971, Fahn andIsgreen, 1975, Pilling etai, 1975,
Kartzinel etai., 1976, Calne etai., 1978, Diamond etai., 1978, Tourtel-

lotte etai, 1978). Most commonly used rating scales include the eval¬

uation methods introduced by Hoehn and Yahr, 1967, Webster, 1968,
Duvoisin, 1971 and Marsden etai, 1973. Sample questions from such

rating scales are shown in Tab. 4.1 and Tab. 4.2.
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Bradykinesia of hands including handwriting

No involvement

Detectable slowing of the supination-pronation rate

evidenced by beginning difficulty in handling tools,

buttoning clothes, and with handwriting
Moderate slowing of supination-pronation rate, one

or both sides, evidenced by moderate impairement
of the hand function

Severe slowing of supination-pronation rate. Unable

to write or button clothes. Marked difficulty in

handling utensils

Rigidity

Non-detectable 0

Detectable rigidity in neck and shoulders. Activation

phenomenon is present. One or both arms show mild,

negative, resting rigidity 1

Moderate rigidity in neck and shoulders. Resting ri¬

gidity is positive when patient not on medication 2

Severe rigidity in neck and shoulders. Resting rigi¬
dity cannot be reversed by medication 3

Tab. 4.1

Some questions chosen from the Webster rating scale.

Section 4.2

Quantitative Assessment of

Neurological Functions

Measurement of skills, abilities and human performance have long
been in use by psychologists and neurologists alike to assess the neu¬

rological function (Fleishman, 1953). However, no general sensory and

motor test or a single ability exists which can describe the functional

capacities of a subject. Therefore, batteries of tests including a wide

variety of tasks have been developed to describe the sensory and motor

function (Seashore, 1928, Patterson etai, 1930, Melton, 1947, Fleish-
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Facial expression

Normal 0

Minimal hypomimia, could be normal "poker face" 1

Slight but definitely abnormal diminution of fa¬

cial expression 2

Moderate hypomimia 3

Masked or fixed facies with severe or complete
loss of facial expression 4

Foot tapping

Normal 0

Slightly slow 1

Slow 2

Markedly slow 3

Unable 4

Tab. 4.2

Some questions chosen from the Columbia University rating scale

for Parkinson patients.

man, 1956). These tests include the measurement of control precision,
multilimb coordination, reaction time, speed, dexterity, steadiness, eye-

hand coordination, flexibility, strength, equilibrium and stamina (Potvin
etai, 1981).

Objective quantitative methods to assess sensory motor function re¬

placing subjective opinions like "mild" or "severe" with objective mea¬

sures like number of mistakes in a certain aiming test were introduced

by Ungley (1949). Later, more sensitive tests were introduced to assess

the effectiveness of various drug therapies in Parkinson's disease. These

tests include the measurement of grasp strength with dynamometers,
the time needed to draw a number of circles of a given size, the time

required to rise from a chair and the time needed to walk a given dis¬

tance (Schwab and Prichard, 1951). Further test batteries included the

measurement of manual and finger dexterity with the time it took to

insert pegs in holes of various sizes (Kaplan etai, 1954). Sensory and

motor tests of functional activities of daily living to evaluate the effects

of surgery on parkinsonism have later been added (Riklan and Diller,
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1961). Although the ordinal scale for activities of daily living showed

no improvement, it was possible to demonstrate with the instrumented

tests, that pallidectomy resulted in a significant improvement of steadi¬

ness and speed of movement. An instrumented test battery including
the measurement of rigidity, tremor and bradykinesia was developed by
Webster (1968) and used to monitor parkinsonian patients over longer

periods of time ( Webster, 1969, 1972, Webster and Mortimer 1977) to

detect even the small variations of these symptoms reliably. Tapping
tests were also used to assess the motor performance of patients with

Parkinson's disease before and after a thalamotomy (Perret, 1968, Fer¬

ret etai, 1970).
The Neurofunction Laboratory, a very broad battery of instru¬

mented tests was developed over a long period of time by a group of

researchers jointly in the University of Texas in Arlington and the Uni¬

versity of California in Los Angeles (Potvin and Tourtellotte, 1985).
This battery contains a wide variety of tests ranging from zipping a

garment to standing on one leg with closed eyes and further tests of

vision and motor function. The Neurofunction Laboratory was used in

numerous studies which include Parkinson's disease drug trials ( Walker
etai, 1972, Tourtellotte etai, 1978, Tourtellotte, 1980), drug trials

with normal individuals (Domino etai, 1972, Potvin etai, 1975a) as

well as studies of reproducibility with different examiners (Henderson
etai, 1975) and learning through repetition (Potvin etai, 1975b).

A computer-based motor system test battery was specifically devel¬

oped to assess the symptoms of Parkinson's disease (Stuart etai, 1980).
The computer is used during test administration for data recording and

evaluation. The tests include measurements of gait, speed, tremor, dys¬
kinesia as well as reaction and movement times. It has since become

evident that test calibration, data collection, analysis, storage, retrieval

and display becomes much simpler and cheaper with the use of modern

digital computers.
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Section 4.3

Pursuit Tracking

One of the methods of measuring the neurological and motor func¬

tions is to evaluate the tracking performance of patients (Velasco and

Velasco, 1973, Flowers, 1976, Baroni etai, 1983, Wing and Miller,

1984). Therefore, basic principles of tracking will be briefly elucidated

in this section.

Tracking can be defined generally as the problem of making the

output of a controlled process to correspond as closely as possible to the

reference input (Poulton, 1974, Sheridan and Ferrel, 1974). Basically,
one can differentiate between four distinctly different types of tracking

systems (see Fig. 4-l):

- In a compensatory system the human operator has a single input

e(t) which is the error between actual system response y(t) and the

reference input r(t). This corresponds to the classical servomecha-

nism. The task of the human operator is to keep the error as close

as possible to zero without reference to the instantaneous values of

the system response and the reference input. A typical example of a

compensatory tracking task is keeping the needle of the speedome¬
ter on a constant speed while driving a car in spite of the changing

gradient of the road.

- In a pursuit system both the reference input r(t) and the system

response y(t) are available to the human operator independent of

each other. His task is to make the system response follow the

reference input as closely as possible. A typical example of a pursuit

tracking task is keeping the spotlight on a dancer while he dances.

- A preview system is very similar to a pursuit system with the

difference that the human operator knows the future values of the

reference input, up to a certain point in time, in addition to its

instantaneous value. A typical example of a preview tracking task

is trying to keep a car on the road in spite of the curves and twists of

the road by looking ahead and being prepared to turn the steering
wheel just when it becomes necessary.

- A precognitive system is similar to a preview system with the

difference that the human operator has a certain but not total fore-
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Fig. 4.1

Block diagrams showing the differences between (a) Compen¬

satory Tracking, (b) Pursuit Tracking, (c) Preview Tracking and

(d) Cognitive Tracking after Poulton, (1974).

knowledge of the reference input other than by visual and direct

means. This knowledge can be, for instance, about the amplitude
constraints of the reference input or contingency information. Mod¬

ern arcade games are typical examples of precognitive tasks where,

for instance, the player knows that after hitting a "space base"

usually three "alien raiders" occur on the upper left corner of the

screen.
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Since the tracking tasks in psychometric and motor testing measure¬

ments are executed by the human operator through sensory feedback,
two principal types of tracking tasks can be defined:

- The systems depicted in Fig. 4-1 are all closed loop systems where

the behaviour of the process which is to be controlled is fed back to

the human operator visually and/or through somatosensory feed¬

back.

- One speaks of an open loop systems if the process output is not

fed back to the human operator. In many cases the absence of

visual information about the behaviour of the process is enough to

interrupt this feed back.

Differences between closed loop and open loop tracking performance
can represent valuable diagnostic data in many cases.. Therefore, these

two principal types of tracking tasks reflect the neurological tests used

in clinical examination to assess sensory and motor function as well as

coordination.

Many models of the human operator depicted in Fig. 4-1 have been

developed by various researchers during the last two decades. These

models vary considerably in their complexity and according to their

intended fields of application. Simplified models of neuromuscular dy¬
namics can be found in publications by Milsum, (1966) and Jex, (1971).
More complicated models of the overall human operator which account

for nonlinear phenomena are given by Costello (1968) and Kleinman and

coworkers (1971). Johannsen (1972) proposed a very complex model

which is able to explain most of the observed data. In this model, ex¬

cessive parametrization is the price paid for the attained accuracy. A

more recent and general model which makes use of modern control the¬

ory is given by Johannsen, (1982) which strictly differentiates between

a perception and attention allocation part, a central information pro¬

cessing part and an action part (see Fig. 4-%)- Several nonlinear and

adaptive models of the human operator using the describing function

approach and related techniques have also been proposed (Timofeyef
and Yakubovich, 1974, Kvalseth, 1981, McDonald 1981).

The conclusion which can be drawn from this multitude of models is

that no single model is adequate to explain all observed phenomena and

that according to the field of application and the accuracy requirements
a more or less simplified model should be chosen.
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Block diagram of the human operator model in Fig.

Johannsen, 1982.

4-1 after

It can be said that evaluation of motor performances by means of

tracking performance data analysis is, using the tracking terminology,

determining the parameters of an appropriate human operator model.

Which model should be used depends on the particular motor function

to be evaluated, consideration for the patient and the purpose of evalu¬

ation (this can be, for example, diagnosis or therapy optimization). The

tracking tasks with which the neurological functions are to be measured

should not include preview tracking tasks since these would involve eval¬

uation of the predictor inherent in the human operator model and the

learning abilities of the subject. This leaves the possibility of pursuit
and compensatory tracking. With the repetition of the experiments on

the same subject, he naturally learns certain properties of the reference

input, thus eventually evolving the tracking task to a precognitive one.
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Section 4.4

A Device to Measure Tracking Performance

Subsection 4.4.1

Hardware

The configuration depicted in Fig. 4.3 is a simple device developed

during this work with which open and closed loop pursuit tracking tests

can be performed.
Since motor tasks can be performed using different motor strate¬

gies, i.e., the coordinated activation of different muscles, measurements

using movements with several degrees of freedom are usually difficult

to analyse. The measurements discussed in this paper use the displace¬
ment of the end phalanx of the thumb to perform the tracking tasks.

This movement has a single degree of freedom and the peripheral control

mechanisms have been analysed in detail (Marsden etai, 1976).
A single digital process computer (PDP 11/23) is used in the mea¬

surements

- to drive the stimulus of the tracking task, (real time/on line),
- to record the tracking performance of the subject (real time/on

line), and
- to analyse the recorded tracking data (off line) in order to infer on

the degree of various symptoms of Parkinson's disease like tremor,

rigor and bradykinesia.

The end phalanx of the thumb is tightly strapped to the shaft of a

direct current motor. The angular position of the shaft is measured by
a potentiometer. An individual plaster of Paris cast is used to ensure

that the hand rests in its most relaxed form. Potentials of relevant

muscles can be checked by means of EMG to ensure that the tracking
is performed by the flexion and extension movements of the thumb.

Through adjustment of the shaft's position with respect to the fixed

position of the hand in the cast, it is made sure that this movement is

executed through the activation of the extensor and flexor pollicis longus
muscles alone and not by thenar and forearm muscles.
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Fig. 4.3

Picture of the device with which tracking tasks can be performed,

(a) armrests, (b) hand platform, (c) motor, (d) thumbscrew, (e)

potentiometer measuring the position of the thumb, (f) button to

start the experiment, (g) power amplifier, (h) overheating surveil¬

lance, (i) D/A and A/D converters.

The reference input of the tracking task is a small target which

moves on the vertical axis of an oscilloscope screen. The task is to move

a point of light up and down on the screen so that it stays in the middle of

the target. The position of the point of light corresponds to the angular

position of the shaft which can be rotated by the movements of the end

phalanx of the thumb.
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The motor can produce disturbances of the thumb position by ap¬

plying a variable torque. It is possible to perform measurements with

this configuration with or without disturbing torque as well as mea¬

surements in which the actual position of the thumb is visible only for

a fraction of the time (visual or somatosensory open loop conditions).
Fig. 4.4 shows the functional diagram of the setup.

Program controlling the

reference signal

Program controlling the

disturbing torque

Program

to

analyse

the

tracking

data

Computer

Motor

3
Scope Potentiometer

Vision Somatosensory
perception

i

Perception, information

processing end action

Hardware

Subject

Fig. 4.4

Schematic diagram depicting the experiment configuration.

Subsection 4.4.2

Software

The program with which the reference input as well as the disturb¬

ing torque are computed is called PREPAR. A second program, which

uses the data from the program PREPAR to execute the actual tracking
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test and to acquisition the tracking performance data, is called MESHUR

(read "measure").
PREPAR is an interactive program with a question and answer type

dialogue. Every answer is read as a string, type-checked and converted

to the appropriate type. This feature enables the program to be robust

towards input errors. This means that the program continues, in spite
of errors (like entering alphanumeric characters when the program is

expecting integer input), by stating the error and repeating the question.
There are interactive programs where this feature is not implemented
and the user can become rather frustrated if he makes a typing error

well advanced into the dialogue and has to restart from the beginning.
Another user friendly feature of the program PREPAR is the HELP

facility. At any point of the dialogue when the user might not know how

to answer the question the program poses, he can simply type HELP

and a brief explanatory text for that particular question appears on the

screen, after which the question will be repeated. Plausibility checks are

performed for all inputs to assure that the answers are meaningful. For

instance if the age of the subject is entered as 235, or his height as -1.6

it is made sure that they are corrected before proceeding any further.

Program PREPAR starts, after a greeting (subroutine HELLO), by

asking relevant data about the subject like name, sex, age and so on

(subroutine WHOSIT). Then it is asked what type of a reference input

(subroutine REFSIG) and what type of a disturbance (subroutine DIST)
are desired. Basically the reference signal which is to be tracked and the

torque acting on the thumb to disturb the tracking can either be pre¬

dictable or unpredictable signals. If the user decides upon a predictable

signal he can choose from a menu which includes:

- A constant, yconst(t) = c (subroutine CONST).
- A ramp, yramp(t) = ct (subroutine RAMP).
- A quadratic parabola, yprboi(t) = ct2 (subroutine PRBOLA).
- A cubic parabola, ycube(t) = ct3 (subroutine CUBIC).
- A square wave, y3quar(t) = c for nT < t < (n + 1)T

(n = 0,..., nmax) and 0 otherwise (subroutine NPLDT).
- A sine curve, y«,-ne(t) = Asm(wt) (subroutine SINE).

In all cases the appropriate coefficients c, A, T or w have to be

specified.
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If the user decides upon an unpredictable signal he can choose from

a menu which includes:

- A step, y3teP(t) = ce(t — t) (subroutine STPST).
- A sum of steps, y3tePs(t) = J2ysteP(t) (subroutine NSTPST).
- A pulse, ypui3e(t) = c(e(t) - e(t - T)) (subroutine PLSST).
- A sum of pulses, ypuiss(t) = J^yPuise(t) (subroutine NPLSST).
- A sum of sine curves, y3ines(t) = ^2 Ai sin(uit) (subroutine
NSINES).

- A sum of variable length pulses, (subroutine NPVLST) in which

case he will be asked to specify the height and mean length of the

pulses. Their actual length will be random and computed to lie

equally distributed in an interval of mean length ±20%.

- A sum of pulses with variable polarity, (subroutine NPDPST)
in which case he will be asked to specify the height and the mean

length of the pulses. Their polarity and actual length will be random

and computed like in subroutine NPVLST.

- A sum of wild pulses (subroutine NPLSST) which results in a

sum of pulses with random variable length, height and polarity.

In all cases the appropriate coefficients c, A{, T or u have to be

specified, r is a random variable. e(t) is the unit step.

These are the types of reference inputs and disturbances which have

already been implemented and used. Of course, further signal forms

can easily be added should the need arise. The time histories of the

reference input and the disturbance are thus computed and stored during
the execution of the subroutines REFSIG and DIST of the program

PREPAR respectively.

Program MESHUR starts with a sequence of questions to make

sure that the power amplifier and the overheating surveillance of the

motor are turned on, the arm, the hand and the thumb of the subject
are secured and that he is well instructed about the tracking task. The

subject is asked to flex and extend his thumb and the extremal positions

are recorded and used to scale the computed reference input to attain

an optimal usage of the available range of the oscilloscope screen. The

actual measurement starts as soon as the button to start the experiment
is pressed. The reference input, the disturbance and the response of the

subject are all recorded during the execution of the program MESHUR

for further processing and evaluation later on.
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In many experiments it is of interest to get statistical data about

the performance of a single subject as well as comparative data about

the performance of different subjects. In order for the data to be compa¬

rable, the stimuli must be identical in all cases. The program REPEAT

was written exactly for this purpose. Basically this program consists of

repetitive calls of the program MESHUR in a loop. The place where the

data concerning the time histories of the reference input and the distur¬

bance are to be found in the memory, as well as the memory space where

the tracking performance is to be recorded are computed as functions of

the loop index. The reference inputs and the disturbance time histories

of each run have, of course, to be computed beforehand by repetitively

running program PREPAR with appropriate inputs.
The programs PREPAR, MESHUR and REPEAT are all written in

ANSI-FORTRAN-IV, except for the code where the data concerning the

input reference and the disturbance as well as the tracking performance
is stored and retrieved. Those parts are coded in RT-11 FORTRAN

(and clearly marked in the source code as such) in order to accelerate

the reading and writing process. The time economized this way can be

measured in tens of seconds for each experiment on a computer with

hard disks. The programs were developed and tested on a PDP 11/45
under RT-11.

The subroutines which drive the clock, the A/D and the D/A con¬

verters are, of course, programmed in MACRO-11. The HELP facility
is implemented as an external, sequential file which is read up to the

relevant information. This causes in the worst case a delay of about five

seconds. The executable code of the programs PREPAR, MESHUR and

REPEAT are 23K, 22K and 21K two-byte words long respectively.
The reference input, the disturbance and the performance data each

require 4K words storage. Usually the tracking test continues for forty
seconds and the sampling rate is 100Hz. Of course, in experiments which

have to continue longer the sampling rate must be reduced by changing
the appropriate parameter of the real time clock. The memory required
is kept down using various sophisticated optimization schemes during
compilation and—especially—linking.
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Subsection 4.4.3

An Example

The program PREPAR will be illustrated in a possible application
where the tracking performance is used to measure the effect of levodopa
therapy on the symptoms of Parkinson's disease.

The program starts with the greeting

Good morning !

You are now using program PREPAR (version V2.1).
Please answer the following questions patiently.
If you cannot answer a question, simply type HELP.

Tab. 4.3

followed by the questions concerning the subject.

What is the name of the patient ? HANS MEIER

What is his/her year of birth ? 1991

Are you sure about this date ? HELP

HELP» A plausibility check for the patient's birth year is

HELP» performed. If the patient was bom before 1900 or

HELP» after 1970 this question is asked. If you made an

HELP» error and want to correct it, zou answer this ques-
HELP» tion with no. Otherwise, e.g. if the patient was
HELP» born in 1894, with yes.

Please answer with yes or no

Are you sure about this date ? NO

What is his/her year of birth ? 1901

What is the momentary DOPA concentartion ? 0

Do you want to make any corrections ? NO

Tab. 4.4
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Obviously the birth year of the patient is typed erroneously, which is

detected and the user is warned. Not understanding the question or

not knowing how to answer it, the user types HELP which prompts
the program to write the appropriate information on the screen and to

repeat the question.
After making sure that the data about the subject is entered cor¬

rectly the program PREPAR stores this data in a file and proceeds by

asking about the desired reference input.

You can now chose the reference signal.
Do you want a deterministic or a stochastic one ? HELP

HELP» The reference signal is the trajectory of the point
HELP» of light on the oscilloscope which the patient has

HELP» to follow and it is generated by this program. Two

HELP» classes of reference signals are available :

HELP»

HELP» 1) DETERMINISTIC signals are constant, ramp,

HELP» parabola, cubic parabola, sine wave and

HELP» square wave.

HELP» 2) STOCHASTIC signals are step, pulse, sum of

HELP» steps, sum of pulses and sum of sine waves.

HELP»

HELP» If you want to choose a deterministic signal type
HELP» "DET", otherwise "STO".

Do you want a deterministic or a stochastic one ? DET

Tab. 4.5

Evidently, the user, a novice, does not know what type of a signal to

choose, thus evoking the HELP facility again and he eventually decides

upon a predictable signal as the reference input.
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What type of a signal should it be ? HELP

HELP» There are several deterministic reference signals
HELP» from which you can choose :

HELP»

HELP» CONSTANT : y = c

HELP»

HELP» RAMP : y = ct

HELP»

HELP» 2

HELP» PARABOLA : y = ct

HELP»

HELP» 3

HELP» CUBIC PARABOLA y = ct

HELP»

HELP» SINE y = sin(wt)
HELP»

HELP» SQUARE Square wave

HELP»

HELP»

HELP» You just have to type the name of the signal.
HELP» For example: PARABOLA

Tab. 4.6

Not knowing which predictable signal he should choose, he refers to

HELP again and decides upon a sine as the reference input.

What type of a signal should it be ? SINE

What should the amplitude be ? 12.

The amplitude should lie in 0.1 - 8.0

What should the amplitude be ? EIGHT

Your answer must be a number ith a decimal point.

What should the amplitude be ? 8.

What should the frequency be ? .1
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Your reference signal is a sine curve of the form

y = Asin(wt)

You chose the amplitude to be 8.0 and the frequency 0.1

Do you want to correct the amplitude or the frequency ? NO

Are you satisfied with your reference signal ? YES

Tab. 4.7

However, he decides upon an amplitude which is too large. This fact is

detected and conveyed to him by PREPAR. In an attempt to correct

it he types the desired amplitude with alphanumeric characters which

prompts the program PREPAR to remind him that he should answer

with a decimal number. After making sure that the user is intent on

having the specified reference input, PREPAR now computes the time

history of the reference input and stores it in a file.

The disturbing torque can now be specified. After making sure that

any disturbance is desired it is asked what type of a disturbance it should

be. The user decides upon a step but soon changes his mind to a pulse.
The height of the pulse which he wants to have is too large. This is

again noticed by program PREPAR and the user is warned.

You can now specify the disturbance.

Do you want any disturbance at all ? YES

Do you want a deterministic or a stochastic one ? STOCHASTIC

What type of a disturbance do you want ? STEP

What should the height of the step be ? TWO

Your answer should be a number with a decimal point.

What should the height of the step be ? 2.

Your disturbance is a step of the height 2.0

but you don't know when it will come !
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Do you want to correct the height of the step ?

Are you happy with your disturbance ?

Do you want any disturbance at all ?

Do you want a deterministic or a stochastic one ?

What type of a disturbance do you want?

How high should the pulse be ?

The height of the pulse should lie in -8.0 - +8.0

How high should the pulse be ?

What should be the breadth of the pulse ?

Your disturbance is a pulse of the height 8.0 and

the breadth 10.0. However, you don't know when

it will come!

Do you want to correct the height or the breadth

of the pulse ?

Are you happy with your disturbance ?

Tab. 4.8

After the user corrects the height of the pulse and communicates

his satisfaction with the disturbance signal, program PREPAR computes

the time history of the specified disturbance and stores it in a file. Now

that the relevant data about the subject is recorded and the time histo¬

ries of the reference input as well as the disturbance are computed and

stored, the execution of the program PREPAR is terminated.

Section 4.5

Evaluation of the Tracking Performance

Theoretical analysis and practical experience with different combi¬

nations of reference signals and disturbances has shown that regular and

irregular step sequences are sufficient in measuring neurological func-

NO

NO

YES

STOCHASTIC

18.

8.

10.

NO

YES
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tions. In Parkinson's disease where slowing down of the movements is

a typical symptom, the tracking performance can be used to infer upon

different symptoms.

Therefore, it was decided to limit a measurement session to the

following set of combinations of reference signals and disturbances:

1) A sequence of steps with 5 second intervals, no disturbance.

2) A sequence of steps with random intervals equally distributed be¬

tween 4 and 6 seconds, no disturbance.

3) A step sequence of alternating polarity with random intervals equal¬

ly distributed between 4 and 6 seconds, no disturbance.

4) A sequence of steps with random intervals equally distributed be¬

tween 4 and 6 seconds, constant disturbance.

5) Zero reference signal, disturbance of a sequence of steps with ran¬

dom intervals equally distributed between 4 and 6 seconds.

6) Zero reference signal, disturbance of a step sequence of alternating

polarity with random intervals equally distributed between 4 and 6

seconds.

7) A sequence of steps with random intervals equally distributed be¬

tween 4 and 6 seconds whereas the reference signal (the target) be¬

comes invisible from one second before a step till one second after

a step (visual open loop), no disturbance.

The steps are all 6cm high on the oscilloscope screen which is placed
at 50cm distance from the eyes of the subject. The height of the steps

correspond to a 20° rotational movement of the end phalanx of the

thumb. The disturbing torque, when present, is 50mNm. In a measure¬

ment session all the above mentioned combinations are repeated seven

times, whereas a single sequence continues for about forty seconds. The

sampling rate of the tracking performance is 100Hz.

Fig. 4-5 depicts a typical tracking data as response to a step of

the reference signal of the type 1, 2, 3 or 4. The characteristics which

can be extracted from such a step response are the reaction time, the

movement time, the error area and the maximum speed. In order for

the recorded tracking performances to be processed meaningfully, they
are first filtered with a tapped delay filter (FIR) of 100th order and \Hz

cut-off frequency.
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Typical tracking response (thin line) to a step reference signal

(bold line) H is the height of the step which starts at to and

continues till tf. h and a are the values of the response at to and

the overshoot respectively. Tj denotes the reaction time, and Tm
the movement time. A is the error area.

The reaction time is defined as the time interval between the ap¬

pearance of the stimulus and the detection of a reaction to the stimulus.

It comprises the time it takes for the stimulus to be percepted, pro¬

cessed, a reaction to be decided upon and a certain amount of minimal

action to be executed. Since the reaction time includes a certain time

in which a movement has to occur, its length gives an idea about the

severity of motor impediment, among others, in parkinsonian patients.
Reaction time is computed as the time it takes for the response to pass a

threshold of 5% of the stimulus step and not to fall below this threshold

for another half a second. Of course, one cannot expect the response

to be exactly zero when the stimulus appears. Therefore, an increase of

5% of the step size from the momentary position is to be detected.

The movement time is the time between the end of the reaction

time and the time the response passes a threshold of 95% of the stimulus

step. But since the initial position of the response and the overshoot

can distort the length of the movement time it has yet to be normed,
for instance, according to

T'M = TM(H + h)(H + a)/H2 . (4.1)

This characteristic of the response gives valuable information about
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the ability of the subject to execute fast movements. For instance Par¬

kinsonian patients with rigor and bradykinesia have invariably very long
movement times.

The error area is another characteristic which gives information

about the subject's ability to track the stimulus signal. It is defined

according to

A= I
'

\s(t) - r(t)\dt (4.2)
•/to

where t0 is the beginning and tf is the end of the stimulus step. s(t) and

r(t) denote the stimulus and the response time functions respectively.

The maximum speed is the highest speed with which the response

tries to catch up with the step stimulus. This characteristic is, of course,

very closely related with the movement time, however since it is not

normed by the overshoot, it gives information about how fast the subject
can move his finger.

Fig. 4-6 depicts a typical tracking data as response to a step of

the disturbance of the type 5 or 6. The characteristics which can be

extracted from the response to such a disturbance are the maximum de¬

flection, error area caused by the disturbance, the speed with which the

finger is deflected due to the torque and the speed with which the dis¬

turbance is corrected. Those characteristics are computed analogously
to the ones of Fig. 4-5, therefore, further discussion is relinquished.

Fig. 4-7 depicts a typical tracking data as response to a step of the

reference signal of the type 7. Actually, the same characteristics as in

Fig. 4-5 could be extracted from this type of measurement. However,
the most interesting one is the error area, which could also be used

to distinguish between the healthy subjects and the ones with motoric

impediment.
A typical instability of movement is caused by tremor which is a

relevant disorder in parkinsonian and other patients. This manifests

itself as relatively high frequency components in the frequency spectrum
of the tracking response. In order to quantify the tremor one can look at

the power spectral densities (PSD) of the tracking response. The main

characteristics which can be extracted from the PSD are the power of
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Fig. 4.6

Typical tracking response (continuous line) to a step disturbance

(dashed line). The thumb is deflected at most by Dmax. A is the

error area due to the disturbing torque.

Response

visible
-H-

Response Response

invisible visible

Fig. 4.7

Typical tracking response (thin line) to a step reference signal

(bold line) when the response is not visible shortly before and

after the step. The subject initially tries to follow the step, but

not seeing the actual position of the thumb stops at some value

short of (it can also be more than) the reference step's height. A

correction follows after the response becomes visible. The error

area A is composed of Ai and A2.

the frequency component with the highest amplitude and the energy

the tracking response r(t) between two frequencies according to
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P(f) = R(f)R*(f)

ffu (4-3)
E = / P(f)df

Jfd

where R(f) denotes the Fourier transform of r(t),
* stands for the com¬

plex conjugate, fd and fu stand for the lower and upper frequency lim¬

its. Of course for the theory to work properly, the signal r(t) should

be infinitely long which it is not. Therefore the PSD's are "noisy". A

"filtering" of the PSD can be achieved if r(t) is divided into several sub-

signals rt (t) and the PSD of each subsignal is computed separately and

finally the average of all PSD's is taken.

Section 4.6

A Tracking Study of Control Subjects and

Parkinson Patients

Subsection 4.6.1

Control Group

Before any measurements with motorically impaired patients were

done, a series of tests were performed to gather comparative data about

the tracking performance of healthy subjects. A control group of 26

healthy subjects (10 female, 16 male) with an average age of 47.9 (s.d.
13.0, range 25 to 63) was studied. A measurement session consisted of

the seven types of reference signals and disturbing torques as explained

above, each one being repeated seven times.

In addition to the measurements with the dominant hands of the

whole control group (three of them were left handed) further measure¬

ments were performed with 19 of them with the non dominant hand. The

visual open-loop tests (reference signals of the type 7) were added to the

measurements after the study began, therefore they were not performed
in all cases.
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The results of the measurements as functions of the age groups are

synopsized in Fig. 4-8- It has to be stressed that the size of the con¬

trol group and consequently the sizes of each age group are rather small.

Therefore, although an increasing trend in reaction and movement times

as well as the error area and a decreasing trend in the maximum speed

as a function of the age can be seen in Fig. 4-8, further characteristics

in connection with the disturbing torque like the speed with which the

torque moves the thumb, do not necessarily show that trend. Conse¬

quently, these results were omitted in Fig. 4-8. Similarly, sometimes the

non-dominant hand seems to be faster than the dominant one.

21-30 31-40 41-50 51-60 61-70

Age groups

Fig. 4.8a

The reaction time as a function of different age groups. The dark

and light bars show the characteristics of the dominant and non

dominant hands respectively.The grey bars in between show the

average of the two. It looks as if the 51-60 group is faster then

the 41-50 group. This is only because the single age groups were

small.

Reproducibility tests were performed by repeating a measurement

of 40 seconds duration 20 times right one after the other. Then, vari¬

ous characteristics like the reaction time or the speed was computed for

each measurement. It was found out that the maximum or the mini¬

mum values did not differ more than 10% from the mean values. This

accuracy is sufficient to measure the effect of the circadian rhythm on,

for instance, reaction time which has been established experimentally.

The sensitivity of the method also allows to detect deteriorating tracking

performance due to fatigue about half an hour after the beginning of the

measurement session. It has to be pointed out that a simple eye sight
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test was performed with each subject before the measurements to ensure

that tracking ability would not be impaired due to defective sight.

21-30 31-40 41-50 51-60 61-70

Age groups

Fig. 4.8b

The movement time as a function of different age groups.

Age groups

Fig. 4.8c

The maximum speed with which the reference steps can be fol¬

lowed as a function of different age groups.
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Age groups

Fig. 4.8d

The error area as a function of different age groups.

Subsection 4.6.2

Tremor Patient

Fig.4-9 compares the tracking performances of a healthy control

subject and a Parkinson patient with pronounced tremor of the upper

extremities as the main symptom in a measurement with the reference

signal of the type 2.

As mentioned above, the PSD is used to quantify this symptom.

Fig. 4.10 shows the PSD's of the responses in Fig. 4-9. A quick glance

at Fig.4.10 suffices to see the tremor present in the response of the

parkinson patient.
The results of the quantitative comparison of the responses in Fig.

4.9 are synopsized in Fig. 4°H° The total energy (excluding the d.c.

component) of the Parkinson patient is about twice that of the healthy

subject. The ratio of the energy between 4 and QHz is six to one and

the ratio of the PSD peaks in the same bandwith is about ten to one.

A measurement session to show the effects of medication on this

patient was also conducted after the administration of the drug used in

his therapy. Fig. 4-12 shows a remarkable improvement which can be

captured nicely with this type of a measurement.
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Fig. 4.9

Comparison of the tracking performances of a healthy subject (a)
and a parkinsonian patient with tremor as the main symptom (b).
(The dashed line is the reference signal, the continuous line is the

response.)
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Fig. 4.10

Comparison of the power spectrum densities of a healthy subject

(a) and a parkinsonian patient with tremor as the main symptom

(b). Notice the presence of high frequency components in the

tremor patient which is the manifestation of the tremor.

J 1 Healthy sub) BCt 1 | Tremor patient

211

122

36 1

107

6 1 ' 08
s

Total energy

[eul

Energy Between

4-6HZ

(eul

Maximum power

Between 4-6H2

(pul

Fig. 4.11

Comparison of data extracted from the power spectrum densities

of a healthy subject and a parkinsonian patient with tremor as

the main symptom.
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Fig. 4.12

The tracking performance of the same parkinsonian patient as in

Fig 4-9b after medication shows the disappearance of the tremor.

Subsection 4.6.3

Bradykinetic Patient

Another leading symptom of Parkinson's disease is bradykinesia,
the slowing down of the motor functions. The tracking response of a

patient presenting bradykinesia in the right hand in a session identical

to the one in Fig. 4.9 is depicted in Fig. 4.13.

A remarkable slowing down of the movements, thus the disability to

perform fast movements becomes visible. The comparison of the reaction

times, the movement times, the speed and the error area as described

above between the bradykinetic patient and the average of his age group

results in the chart shown in Fig. 4-14-

A quick glance at Fig. 4-14 shows that the bradykinetic patient
has a reaction time and an error area which are about two times and a

movement time which is about four times as long as the control group

average which is probably due to the fact that the maximum speed with

which the bradykinetic patient can move is about a third of the control

group's average speed.

It has to be pointed out that the application of the device and

the measurement method described above is not limited to Parkinson's
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Fig. 4.13

The tracking performance of a parkinsonian patient with severe

bradykinesia compared with the healthy subject in Fig. 4.9 shows

a marked slowing down of the movements.

;: Control group average Bradykinetic patient

2400

465

254
820

921

8 72

4 12 279

Initiation Movement Error area Maximum

time in ms time in ms in cm2 speed in mm/s

Fig. 4.14

The comparison of some characteristics extracted from the track¬

ing performance of the bradykinetic patient in Fig. 4-13 and the

corresponding age control group average.

disease and that it can also be used to assess symptoms in various other

diseases resulting in impairment of the motor functions. For instance,

the result of a measurement with a patient with cerebellar lesions is
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Time in seconds

Fig. 4.15

The tracking performance of a patient with cerebellar lesions dif¬

fers substantially from that of parkinsonian patients.

shown in Fig. 4-15which demonstrates the applicability of the method in

such cases as well. Comparison of Fig. 4.15with Fig. 4-9 and 4-13shows
the totally different characteristics of different motoric impediments.

The measurement method described in this chapter can now be used

to establish the mathematical models of the dose-effect relationship of

the used drug. Besides, these measurements can also be used to model

the tracking abilities of the human operator. Moreover, the variation in

the parameters of these models between the control persons and parkin¬
sonian patients can also be used for quantification purposes. Therefore,
the next chapter deals with the multitude of modelling problems arising
in this context.
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Chapter 5

MODELLING THE

DOSE-EFFECT RELATIONSHIP

OF LEVODOPA

The measurement method described in the previous chapter can

now be used to establish the mathematical model of the dose-effect rela¬

tionship of the used drug. Besides, these measurements can also be used

to model the tracking abilities of the human operator. Moreover, the

variation in the parameters of these models between the control persons

and parkinsonian patients can also be used for quantification purposes.

Therefore, this chapter deals with the multitude of modelling problems

arising in this context.

Section 5.1

Modelling Tracking Behaviour in Parkinso¬

nian Patients as a Second Order System

Many studies, especially by USAF and NASA in the late fifties,

(McRuer and Krendel, 1957) analysing the tracking data by means of

mathematical models have shown that in most cases simple linear sec¬

ond order models are sufficient to duplicate the tracking behaviour of hu-
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mans. In this section such a model is used to study parkinsonian deficits

as deviations of the system parameters from their normal values. The

experiments discussed in this section are based on the measurements in

Chapter 4.

Reference

Display
Human

operator
Process

Output

—»

Fig. 5.1

Human operator acts as a controller in a tracking task.

As Fig. 5.1 indicates, the role of the human operator in tracking
can be considered to be that of a controller. Studies on the dynamic
behaviour of the human operator resulted in a broad spectrum of math¬

ematical models ranging from the very simple (McRuer and Krendel,

1959) to the extremely complex (Johannsen, 1972).
The model used in this section is the input-output model of a linear,

time-invariant system (input: the reference signal on the display, output:
the position of the thumb) with the transfer function

_

K(l + THs)
^S)~

(l + TlS)(l + T2s)
e
-TLs

(5.1)

where K denotes the gain, Tl the residual transmission time lag, Th
the highpass filter time constant, Ti and T2 the lowpass time constants,

s is the complex frequency.

The step response of the system given by (5.1) is

7(t) =KAH(t - TL)+

KBH(t-TL)e~Wu~+

KCH(t - TL)e:liW:Ll
(5.2)

86



with

a = i

B^-^-l

c =

Tl + T2

(Ti - TH)
T1 + T2

H is the Heaviside step function.

The problem of finding the values of parameters K, Ti, Th, Ti and

T2 of the model such that the step response of the model approximates
the measured tracking step response as closely as possible can be shown

(Astrom and Eykhof, 1971) to be equivalent to

/•OO

,min / (7(t)-m(t))2d* (5.3)

where ~f(t) denotes the simulated model step response and m(t) the

measured step response. This minimization (identification of the pa¬

rameters) is performed with a modified, finite difference, Levenberg-

Marquardt (IMSL, 1984) algorithm.

Experiments with a control group of 26 healthy subjects (10 female,
16 male) with an average age of 47.9 (s.d. 13.0, range 25 to 63) as well as

with a parkinsonian population of 11 subjects (4 female, 7 male) with an

average age of 50.8 (s.d. 11.7, range 34 to 72) presenting bradykinesia
as the major symptom have been conducted. In each case at least 30

step responses were averaged before performing the identification. Fig.
5.2 and 5.3 show typical step responses of a healthy and a bradykinetic
subject respectively.

Tab. 5.1 shows the results of parameter identification using data of

experiments with the control group. Identification results with experi¬
mental data from the parkinsonians are shown in Tab. 5.2.

Fig. 5.4 shows the comparison of the identified parameters normed

with the mean of the healthy group in each case.

A comparison of the step response of a bradykinetic patient after

adequate medication depicted in Fig. 5.5 with the step response of a

control subject in Fig. 5.2 shows the remarkable amelioration of the

motor abilities. The identified parameters in this case are also indistin¬

guishable from the parameters of the healthy subjects.
It was observed that the two lowpass time constants are equal. This

holds for parkinsonians as well as for control subjects. Further analy-
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Fig. 5.2

Averaged step response of a healthy subject. Continuous curve is

the modelled and the dashed one is the measured step response.

sis of the parameters shows that the transmission time lag as well as

the time constants of the lowpass filters are significantly longer in the

parkinsonian patients, whereas no significant differences in the gain and

the highpass filter time constant were detectable.
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Fig. 5.3

Averaged step response of a bradykinetic patient. Continuous

curve is the measured and the dashed one is the modelled step

response.

1 T2 TH

[-] [s] [s] [s] [s]

x" 0.98 0.26 0.43 0.43 156.6

a 0.01 0.07 0.11 0.11 78.9

'max

mm

1.00 0.41 0.50 0.50 344.7

0.96 0.13 0.22 0.22 14.5

Tab. 5.1

Identified tracking parameters of the healthy group.
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K

[-]

¥ 0.93

a 0.03

xmax
0.97

xm.;„ 0.86

[s] [s] [s] [s]

rrnn

0.41 0.54 0.54 143.7

0.09 0.12 0.12 79.0

0.49 0.88 0.88 267.3

0.16 0.37 0.37 8.9

Tab. 5.2

Identified tracking parameters of the parkinsonian population. It

was observed in all cases that the time constants of the two first

order lowpass filters are almost identical in parkinsonians as well

as in control subjects. ,#i

Parkinsonians

1.53

T..T,
H

Fig. 5.4

Comparison of the identified parameters of the healthy group with

the parkinsonian population. For the purpose of clarity, the pa¬

rameters are normed by the mean values of the parameters of the

healthy group %h-
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Fig. 5.5

Averaged step response of the bradykinetic patient in Fig. 5.3

with adequate medication. Compare with Fig. 5.2 and 5.3 to

see the remarkable therapeutic effect.

Section 5.2

Modelling the Effects of Levodopa on the

Parkinsonian Symptoms

As it was mentioned earlier, a mathematical model which describes

the dynamic relationship between the drug administration and the ef¬

fects of the drug is needed to compute an optimal therapy. In order to

determine the parameters of such a model the effects have to be made

measurable. The device and the method described in the previous chap¬
ter were developed exactly for that purpose.

So far, the term pharmacokinetics has been used to describe the pro¬

cess controlling drug concentration at any time after a single or multiple
dose and the usual pharmacokinetic models describe drug concentra-
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tions as a function of both dose and time (Holford and Sheiner, 1981a).
However, most pharmacodynamic models are essentially independent of

time and they describe the time-independent relationship between con¬

centration and effect as Fig. 5.6 shows (Holford and Sheiner, 1981b).

Dose Drug concentration EffectPharmaco¬

kinetics

Pharmaco¬

dynamics

Fig. 5.6

Schematic representation of the dose-effect relationship using phar¬
macokinetic and pharmacodynamic models.

Subsection 5.2.1

Pharmacokinetics of Levodopa

Previous researchers have found out that the pharmacokinetics of

Madopar,* a drug mainly consisting of levodopa, can be adequately mod¬
elled using a two-compartment model. The transfer function of second

order kinetics with drug administration as input and blood concentra¬

tion of levodopa as output is given by

°« =

(i + T.Ki + .fl)
(M)

where K denotes the amplification factor and has the unit mg/ng/ml,
7\ and T2 are the time constants in hours.

The blood level of levodopa was measured several times after the

administration of a 125mg Madopar* capsule in order to identify the

parameters K, Ti and T2 in this model. The results of the parame¬

ter identification and the simulation of the model with the identified

parameters is depicted in Fig. 5.7.

*
Madopar is a registered trademark of Hoffman-LaRoche.
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Fig. 5.7

Comparison of the two-compartment model describing the phar¬
macokinetics of levodopa with K = 1572, Ti = 0.5031 and

T2 = 0.5028 (dashed line) with the second order model with

a time lag with K = 1418, T = 0.2461, Tt = .05473 and

T2 = 0.6073 (solid line). Black points indicate actual measure¬

ments.

Although there is an acceptable correspondence between the simu¬

lated concentration profile and the measurements, a slight modification

of the model in (5.4) to include a time lag between the drug administra¬

tion and an increase in the levodopa concentration ameliorates the cor¬

respondence between the modelled and measured concentrations. This

can be formulated as

G(s) = ^
Ke-sT

(5.5)
(l + ^Kl + ^a)

with T denoting the time lag needed for the levodopa to start to be
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absorbed in the blood. The amelioration of the correspondance is due

to the sounder physical justification of the augmented model.

The results of the parameter identification and the simulation of

this extended model with the identified parameters is also depicted in

Fig. 5.7. A comparison of the two curves convinces that the second

model describes the pharmacokinetics of levodopa better.

Subsection 5.2.2

Pharmacodynamics of Levodopa

Various pharmacodynamic models have been proposed and used for

different purposes. The most common ones will be briefly discussed here.

(Actually the term pharmacodynamics is a misnomer since it usually
contains no dynamics!)

The fixed effect model can be seen as a two-point relay, stating
whether the effect is present or not. This simple model can be used by

stating a threshold for the effect and giving the concentration level of the

used drug above which the effect is present. An example of such a model

for the levodopa pharmacokinetics and pharmacodynamics in fluctuating

parkinsonian patients was used by Nutt and Woodward (1986).

The Emax model is another simple model which, however, describes

the drug effect over the whole range of concentrations. It is based on

the hyperbolic relationship

rp
Eimax^ ir .\

FjC$o + C

where E is the effect, C the concentration, Emax the maximum effect

due to the drug and EC50 is the concentration producing 50% of Emax.

This model which has long been in use in enzyme kinetics and protein

binding has a sound basis in the molecular level (Ariens and Simonis,

1964). Two very important properties of this model is that it predicts
no effect when no drug is present and that it predicts the maximum

effect attainable by the drug. This model is so successful, because it

incorporates the biological law of diminishing returns—which simply
means that ever higher concentrations are needed to increase the effect

by a given amount.
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The linear model is described by

E = SC (5.5)

where S is the slope of the line relating effect to concentration. It is

applicable when the drug concentrations are much smaller than E50 in

the Emax model.

The sigmoid Emax model differs from the Emax model only in

an additional parameter and it is described by

E ~

EC?0 + C*
(5'6)

n does not have to have a physical meaning. It just influences the slope
of the curve described by (5.6).

Another possibility of modelling the pharmacodynamics is by means
of a dynamic model although this approach is not often used. Such a

model can be described by

E = f(C) (5.7)

where / is the functional which maps the concentration and its deriva¬

tives on the effect.

It was found out during the pretrials described in the previous chap¬
ter that the attributes which are most representative of the symptoms
of Parkinson's disease and which are best measurable are speed, error

area, reaction time and movement time.

In a measurement session with the patient ASG45 (suffering from

Parkinson's disease since a decade, Hoehn&Yahr rating 2), a tracking
task consisting of step sequences during a minute was repeated every

three to fifteen minutes for more than three hours after the adminis¬

tration of 125mg Madopar* After a qualitative study of the evaluations

of these measurements it was decided to model the dose effect relation¬

ship as a single input (dose) and multi output (reaction time, movement

time, error area and speed) system, whereas the pharmacodynamic part
of each output was modelled as a first order linear system with saturation

as Fig. 5.8 shows.

Madopar is a registered trademark of Hoffman-LaRoche.
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Pharmacokinetics Pharmacodynamics

Fig. 5.8

Block diagram of the effect of levodopa on the reaction time, the

movement time, the error area and the speed. The pharmacoki¬
netic part has the parameters which were already identified.

The purely dynamic part of the relationships between the levodopa
concentration C and the reaction time r, the movement time m, the

error area e and the speed s can be formalized as

m*(t) =

«*(*) =

•*(*) =

-r*(t)/Tr + KrC/Tr

-m*(t)/Tm + KmC/T,

-e*(t)/Te+KeC/Te

-s*(t)/T3 + K3C/T3

(5.8)

where K{ denote the pharmacodynamic amplifications and T, denote

the pharmacodynamic time constants of the corresponding effects. Note

that Kr, Km and Kt have to have negative values, because an increase

of the concentration results in a decrease of the error area as well as the

reaction and the movement times.
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The non-linear and static part of the pharmacodynamics can be

written as

rft\ _ / r*M + ro > rM > rmin

^ fmin > 'A*/ — '"mt'n

mft) =
I m*^ + m° ' m^ > mmin

1 mmi-n , m(t) < mmin

e(t) = { 6*^ + e° ' e^ > Cm,'n (5.9)

>mtn

"TrtlTl 5 8\t) 5s Stnt'n

*(*) = < **(*) + S0 , Smin < s(t) < Smax

\ Smax j 8\t) ci $max

where the index 0 denotes the values of the effects without medication;
the indices min and max denotes the minimum and the maximum values

of the corresponding attribute which can be achieved through medication

respectively. Note that in the case of speed the saturation is, of course,

the maximum attainable speed and that sq is zero.

The identification of the parameters in (5.8) and (5.9) using the

measurement session described above results in the values of the param¬

eters shown in Tab. 5.3.

The simulation of the system described by the equations in (5.8)
and (5.9) with the parameter values shown in Tab. 5.3 are shown in

Fig. 5.9 to 5.12.

A thorough verification of the model derived above would have to

include numerous tests with other doses as well. However, this would

mean further hardship for the patient who voluntarily agreed to partic¬

ipate in the measurements described in this chapter. Therefore, it was

decided to perform just one more similar test session with a substan¬

tially higher dose of Madopar.* The results of a measurement session

conducted after the administration of 375mg capsule under identical con¬

ditions as above are depicted in Fig. 5.13. Note that the effect of the

triple dosage continues about two and a half times as long, which agrees

well with the simulations.

Before we go any further, limitations of this model have to be dis¬

cussed. First of all, the model derived in this subsection is based upon

Madopar is a registered trademark of Hoffman-LaRoche.
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T K Limit Values

3

Reaction T. = 1.439 K = 0.2048 rmin = 122.3

Time 3r r rO = 238.0

Movement T = 1.660 K = 0.9318 mmin , 772.0

Time 3m m mO = 1300.0

Error T = 1.604 K = 0.0024 emin = 2.9

Area 3e e eO = 4.8

Speed T = 4.648 K = 0.0133 smin

sO

smax ii

ii

ti 7.0

0.0

10.0

Tab. 5.3

Identified parameters of the pharmacodynamic relationship be¬

tween the administration of levodopa and the reaction time, the

movement time, the error area and the speed.

80.

0. 20. 40. 60. 80.100.120.140.160.180.200.220.240.

Fig. 5.9

The effect of 125mg Madopar on the reaction time as a function of

time after administration. Black points indicate measured values.

The continuous curve is the result of parameter identification.
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500
0. 20. 40. 60. 80.100.120.140.160.180.200.220.240.

Fig. 5.10

The effect of 125mg Madopar on the movement time as a func¬

tion of time after administration. Black points indicate measured

values. The continuous curve is the result of parameter identifi¬

cation.

5.0

4.5

4.0 -

3.5

3.0 •

0. 20. 40. 60. 80.100.120.140.160.180.200.220.240.

Fig. 5.11

The effect of 125mg Madopar on the error area as a function of

time after administration. Black points indicate measured values.

The continuous curve is the result of parameter identification.
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0. 20. 40. 60. 80.100.120.140.160.180.200.220.240.

Tine in minute* after administration of 125nq Madopar

Fig. 5.12

The effect of 125mg Madopar on the speed as a function of time

after administration. Black points indicate measured values. The

continuous curve is the result of parameter identification.

a single dose response. No tests were conducted to test how the model

performs in predicting the therapeutic effect after several bolus admin¬

istrations at different times. However, the measurement sessions with

125mg and 375mg Madopar* seem to verify the effects of a higher sin¬

gle dose. Furthermore, it is assumed that the measurable effects are a

function of levodopa alone, whereas other metabolites of the drug (like
carbidopa or 3-methyl-o-dopa) probably play a therapeutic role as well.

It must also be stressed that Madopar* is composed of 80% lev¬

odopa and 20% benserazide, a decarboxylase inhibitor. Although no

assays with benserazide were made, it is known to have a much slower

metabolization rate. Therefore, subsequent doses of Madopar* can be

reasonably expected to be metabolized in a slower speed than the first

one. Moreover, the measurements on which the model is based were

performed after a day of 'drug holiday', whereas in daily use it can be

expected that benserazide concentration in the blood is in a steady state.

* Madopar is a registered trademark of Hoffmann-LaRoche
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Fig. 5.13a

The effect of 375mg Madopar on the reaction time.
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Fig. 5.13b

The effect of 375mg Madopar on the movement time.
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Section 5.3

Modelling the Control Properties
of the Basal Ganglia

The results of the last two sections and the brief review of Parkin¬

son's disease in Chapter 2 bring the following questions into daylight:
What is the role of the basal ganglia in motor activity and in which

way does the neuronal depletion in the basal ganglia affect the motor

abilities in Parkinson's disease? A school of thought led by Marsden

advocates the notion of learned motor programs which are hypothesized
to be recorded in the basal ganglia. However, the analysis of the track¬

ing data in this chapter and the previous one seems to suggest that the

basal ganglia have a simpler role as a controller.

The model of the major afferents and efferent connections (Fig.
5.15) assumes a control loop which has the block-diagram depicted in

Fig. 5.14. This highly complex and high order model can be simplified
to include the somatosensory and visual feedback to result in the first

order human tracking controller model shown in Fig. 5.16.
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Periphery

and mechanics

e-sT2
-O-

1 e-sT2 Execution
1 sr ^s

f
1 sTe —

1 sT„

Striatum

1 1

1 *sT
r

1 +sT
s

-c
r

Substantla ni qra

Sub

oai

pars retic JlOtO

stontia n igr«
eta

*f

somatc

Vis

sen

ua

so

1 and

ry feetJback

Fig. 5.14

Block diagram of the control loop which is affected in Parkinson's

disease.
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Fig. 5.15

Major afferent and efferent connections in the brain after Cote,

1982.

It is now important to identify the parameters of this system to see

the differences between the parkinsonians and healthy subjects. Tab.

5.4 shows the result of parameter identification and Fig. 5.17 shows the

comparison of the measured and modelled step responses of an average

control and a parkinsonian in "on" and "off" states. The feedback gain

Kf was identified through the comparison of the open loop and closed

loop tracking data of the control group described in Chapter 4.
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Fig. 5.16

Simplified model showing the controller characteristic of the sub¬

stantia nigra.

Parameter Controls Parkins

"off"

omans

"on"

T

s

[s] 0.069

(0.019)

0.071

(0.018)

0.067

(0.022)

T + T

1 2

Cs] 0.251

(0.087)

0.257

(0.094)

0.243

(0.117)

K

P

C-] 0.018

(0.007)

0.157

(0.054)

0.049

(0.027)

K

d

[s] 0.195

(0.071)

1.243

(0.347)

0.277

(0.121)

K

f

[-] 0.001

(0.001)

- -

Tab. 5.4

Identified parameters of the model depicted in Fig. 5.16 for nine

controls and eleven parkinsonians.

The significant difference in the proportional and derivative feed¬

back gains KP and Kd between the control group and the parkinsonian

population leads to the conclusion that the basal ganglia actually have
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Modelled and measured step responses of a) a control, b) a parkin¬
sonian in "off" state and c) a parkinsonian in "on" state.

a PD-controller characteristic and that the neuronal depletion increases

the values of these gains significantly which renders fast tracking impos¬
sible, thus rendering the parkinsonians bradykinetic. Further evidence

may be gathered if subsequent studies show a correlation between the

increase in the values of controller gains and the stage of the disease.
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Chapter 6

PHARMACODYNAMIC

OPTIMIZATION

OF LEVODOPA THERAPY

The mathematical model of the dose-effect relationship of Madopar*
developed in the previous chapter can now be used to optimize the doses

and the timings with respect to an objective function including the mea¬

surable attributes of the effect of the drug. Before doing that, a brief

background and history of treatment optimization with respect to phar¬

macodynamics will be given. In this context, open loop and closed loop
treatment of various clinical cases will be concisely discussed to pave the

road for the optimization of levodopa treatment in Parkinson's disease

with respect to its symptoms.

Madopar is a registered trademark of Hoffmann-LaRoche
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Section 6.1

Background and History

Various therapeutic situations are related to control problems and

many control theoretical considerations are used implicitly for dosage

optimization. The mathematical closeness of control theory and drug
treatment strategies was discovered and published some time ago (Buell
etai, 1969).

It has long been known that it is necessary to maintain minimum

plasma concentrations of certain drugs, like digitalis or sulfa drugs, for

the whole duration of therapy in order to achieve the desired therapeutic
effect. A possible solution to this problem is given by the administra¬

tion of an initial dose D*, which is higher than the following maintenance

doses D. It was shown later, that (under the assumption that the drug
kinetics may be described by a model consisting of two consecutive irre¬

versible first-order reactions) the ratio between the initial dose and the

maintenance doses must fulfill

D* 1
R* =

~D~
=

(l-e-fcoir)(i_e-*elr)
t6'1)

where k0i and kei are the absorption and the elimination constants re¬

spectively and t is the time interval between the maintenance doses

(Kruger-Thiemer, 1960). Further research (Buell etai, 1969, Smolen

etai, 1972) confirmed the identity of the drug administration problem
and a class of control theoretical problems. The formulation of the prob¬
lem such that computers could be conveniently used to solve it came as

a natural consequence (Bellman, 1971, Sheiner etai, 1972).
The recent development of rapid, inexpensive and reliable drug as¬

says and the advances in the computer technology resulted in an in¬

creased interest in the application of control methods in clinical phar¬
macokinetics and pharmacodynamics. However, the proposed methods

fail to reflect the developments in control theory and technology and

their potential impact on drug dosage optimization. Studies by Vo2eh

and Steimer (1985) as well as by Linkens (1984) show the discrepancies
between what is theoretically and technologically possible and what is

already in clinical use.
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Section 6.2

Open Loop Control

Deterministic open loop approaches for dosage optimization were

proposed in many cases without explicit use of control theory (Kruger-
Thiemer, 1966). The application of control theory in pharmacokinet¬
ics which came later, mostly relied on some deterministic assumptions

(Buell et al, 1969, Bellman, 1971). The general approach was to assume

that the pharmacokinetics is modelled exactly by a linear compartmental

system with exactly known parameters. Then, a performance index was

chosen, mostly as an integral of the error between a set concentration

profile and the simulated profile. Constraints on the size of each dose or

the total administered drug amount were also considered. The solution

of such a problem relying on dynamic programming was first suggested

by Bellman (1971). Further works by Pierce and Schumitzky (1976,
1978) completed the theory of optimal open loop impulsive control of

linear systems.

In another approach which was also based on the deterministic con¬

trol theory the pharmacological effect of the drug was considered instead

of a drug concentration (Smolen etai, 1972). This approach assumes a

linear relationship between the dose and the effect. The modelling and

identification of the linear system is performed by measuring the effect

after the administration of a bolus. This approach found no clinical ap¬

plication, because the assumption of linearity does not hold for practical

pharmacodynamic problems.

On the other hand, the application of open loop control to the in¬

sulin therapy of diabetes proved extremely successful (Albisser, 1979,
Albisser etai, 1980, Spencer, 1981, Perlman etai, 1981, Albisser and

Spencer, 1982, Zimmerman, 1986, Albisser etai, 1986a). Many com¬

mercially available devices which are either implantable or worn main¬

tain a preprogrammed glucose level by a combination of sustained base¬

line infusion and bolus administrations of insulin.

It has to be stressed that the deterministic approach to dosage op¬

timization is inherently suboptimal for individuals, because the param¬

eters of the models used in optimization are the average parameters of

a population and the individuality of each patient is generally not taken

into account. However, the interindividual as well as the intraindividual
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variability of the parameters can sometimes become crucial (Rowland
etai, 1985).

A stochastic approach which works with a model where the param¬

eters are random variables with mean values and distribution functions

which are given or computable from the population data has also been

described (Galliot et a/., 1979). In this case the objective function which

is to be minimized contains the expectancy value of the error. It is im¬

portant to note that the dosage regimens which are optimal with respect

to the expectancy may differ considerably from the dosage schemes re¬

sulting from deterministic optimization.

Pharmacologically speaking it is, of course, best to gather relevant

pharmacodynamic information about the individual patient and perform
the optimization for the model with the identified parameters of the

individual patient. However, this is practical only if the effect is readily
measurable and if the patient is available for the measurements.

Section 6.3

Feedback Control

As mentioned in Chapter 1, almost in every therapeutic situation

some kind of feedback information is used to adjust the dose. A widely
cited simple example is the person who takes a second aspirin tablet

because the first one fails to relieve the pain sufficiently. This constitutes

a feedback control, where the control law is deduced intuitively or by

previous experience.
Feedback control methods in clinical medicine can be grouped in

two classes: adaptive and non-adaptive (see Fig. 6.1). Actually the

implication that the dosage is determined and applied by the controller

alone is not always applicable. In most cases a physician determines the

dosage making use of the controller output. The reason for this is the

fact that it is often difficult to measure the therapeutic effect frequently.
Another difficulty which arises in the application of classical controllers

is the difficulty to model the dose-effect relationships with finite order

systems. However, in anaesthesia and in intensive care medicine the fully
automated control circuits—under the supervision and monitoring of a

110



Treatment
Patient

Therapeutic

effect

r...L...,
'

i Physician i

i i

'

1
'

Controller

(a)

Treatment

Patient

Measured

therapeutic effect

Model

i Physician
i

,
1

Modelled

therapeutic effect

Model

identification

controller

adaptation

Controller

(b)

Fig. 6.1

The feedback control methods in clinical medicine are either a)
non-adaptive or b) adaptive. In both cases the physician may or

may not be an integral part of the control loop after Vozeh and

coworkers 1985).

specialist—making use of drip rate controllers and volumetric pumps

have found wide application. In some instances this goes so far, that

some view the failure to use such controllers as negligence or malpractice

(Shepard, 1983). Other areas of fully automated drug delivery includes

the control of blood glucose in diabetes (especially in case of a coma

(Albisser etai, 1986b, Albisser etai, 1986c)) and the control of blood

pressure (Koivo, 1981, Kanjilal, etai, 1986).
The assumption behind non-adaptive control methods is that the

dose-effect relationship can be modelled as a deterministic process with

known constant parameters. Since the parameters do not vary with

time, the control law can be determined as an implicit function of the

process parameters. Actually, the parameters of the individual patients
are seldom ever known. Average values from studies with a group of
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patients are used instead. Such controllers perform adequately with

sufficiently rich feedback even with a relatively simple model of the dose-

effect relationship. On the other hand, if the individual parameters of a

patient deviate too much from the average values for which the controller

was designed, poor performance of the controller becomes inevitable in

most cases (Chilcoat, 1980).
The interindividual and the intraindividual variability of the param¬

eters, together with the increasing availability of reliable and inexpen¬
sive technology leads more and more to the use of adaptive controllers

in clinical medicine. The adaptive controllers have the advantage of as¬

suming the variability of the parameters in the dose-effect relationship
model. Therefore, the adaptive controllers making use of the certainty

equivalence principle first identify the parameters and then adjust the

controller to result in an optimal performance for the identified values

of the parameters (Astrom, 1970). In most clinical applications, the

identification step is not performed continuously. The parameters of the

individual are determined through measurements after the administra¬

tion of ,a unit dose instead and the control law is computed for these

specific parameters. This approach—also called one-step adaptation—is

currently used for anaesthesia (Tatnall etai, 1981) and glucose control

in diabetes (Salzsieder etai, 1984).
It is, of course, theoretically also possible to perform the identifi¬

cation of the parameters continuously by using an autoregressive model

of the dose-effect relationship (Koivo, 1981). These parameters can be

used to compute the control law which results in the minimum variance

controller. However, the parameters of the time series involved in the

model have no physiological meaning. This is the most criticized aspect
of this approach (Schneider 1984, Schmidt 1984, Barnikol 1984).

There is also a whole class of feedback control methods where the

physician constitutes an integral part of the control loop. A common

method here is the dosage adjustment nomograms (VoZeh etai, 1985).
This non-adaptive technique relies on a study of a patient population
with strictly defined and standardized tests which are not always easy

to administer clinically.

Adaptive control with the physician as a part of the control loop
has been more successful, because it takes the variability of the pa¬

rameters in account. Again, the most widely applied methods rely on

one-step adaptation in which the parameters of an individual dose-effect
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relationship are identified at the beginning of the therapy and assumed

not to vary afterwards during the therapy. This adaptive step can ei¬

ther assume a deterministic or a stochastic model (Sawchuk etai, 1977,

Schumiizky, 1978, Peck et al, 1980). The identified parameters are then

used to compute a dosage regimen which minimizes an adequate objec¬
tive function. The physician can now base his decision which dosage to

administer on the identified values of the parameters, the simulations

and the proposed optimal therapy. It has to be stressed that the ob¬

jective function generally includes both the therapeutic effect and the

amount of administered drug which generally compete with each other

in the minimization process. This approach, however, gives the physi¬
cian the possibility of changing the weighting factors of the therapeutic
effect and the amount of administered drug systematically to achieve a

dosage regimen with which he can be satisfied.

An inexhaustive list of successful and wide-spread state of the art

application areas of automatic control in clinical medicine include

- inhalational anaesthetics (Chilcoat etai, 1984, Gray and Asbury,

1986),
- digitalis therapy (Gorry etai, 1978, Jelliffe, 1983),
- control of blood glucose (Carson etai, 1983, Albisser, 1986c),
- control of blood pressure ( Westenskow et al, 1985, Low et al, 1985)
and

- muscle relaxation (Linkens etai, 1982, Asbury, 1985).

Section 6.4

Optimal Control of Levodopa Therapy

Certain theoretical considerations have to be made before the model

developed in the previous chapter describing the dose-effect relationship
of levodopa and parkinsonian symptoms can be used to compute an

optimal dosage regimen.
First of all an adequate objective function has to be defined. In our

case, it makes sense to try to minimize the reaction time, the movement

time and the error area over the whole period of optimization and maxi-
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mize the speed over the same time window. On the other hand the total

amount of levodopa which has to be administered should also be mini¬

mized. The parameters of the input function with which the objective
function can be minimized are the doses d, and the timings r, of each

drug administration. These objectives can be formalized as

rtf n

ainZ= (oiir(t) +Q2mW -¥oi3e(t) - a4s(t))dt + ct5 Y^dt, <*% > 0
U

Jtn
•_.

mm Z =

*o
,=1

(6.2)
with

n

u[']
t=l

(t) = '£diS(t-ri)

where d» is the «-th dosing with u being the corresponding timing. t0

and tf denote the beginning and the end of the time window of interest.

n is the number of dosings in this time window.

It was illicitly assumed that the dose-effect relationship which was

modelled in the last chapter is deterministic. However, a look at Fig.
5.10 to 5.13 show that there is a fairly large discrepancy between the

model and the measurements. Taking that discrepancy into considera¬

tion, the dose-effect relationship should be drawn correctly as in Fig. 6.2

where y(t) is composed of the measured attributes r(t), m(t), e(t) and

s(t). Notice that the modelling errors in the case of pharmacokinetics v

and in the case of pharmacodynamics w are modelled as autoregressive
functions of the input u(t) (dosing) as

v = Au

= (a0 + ai« + a2z2 -\ \-amzm)u

W{ = BiU

= (bi0 + b{1z + bi2z2 + • • • + binizn<)u

with z as the shift operator and with ay and 6tJ as random variables

with normal distribution. This means that the dose-effect relationship
is inherently stochastic, which further complicates the minimization of

the objective function Z as described in (6.2).
Let us now analyze the random functions v(t) and w(t) before we

go any further. They can be computed as the difference of the modelled
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The dose-effect relationship modelled as a stochastic system. It

is assumed that the discrepancies between the measured and the

modelled blood concentration of levodopa and the therapeutic

effect can be modelled in both cases as additive white noise which

are produced by Gaussian processes driven by the input of the

system.

and the measured values of the blood concentration of levodopa and the

attributes r(t), m(t), e(t) and s(i) respectively as

v(t) = c(t) - c'(t)

mit) = Vi(t) - y'i(t)
(6.4)

Fig. 6.3 and 6.4 show the plots of v(t) and W{(t). A correlation

analysis of these random functions and the Dirac-pulse at the input
of the system shows that the correlations between u(t) and Wi(t) are

negligible. On the other hand, there is a strong correlation between

u(t) and v(t). Further analysis shows that the cause of this correlation

is the poor agreement of the last two measurements with the model,
which hardly warrants the use of an autoregressive relationship between

the dosing and the blood concentration of levodopa (Box and Jenkins,

1970, Anderson, 1977). This means that the random functions v(t) and

W{(t) can be modelled as noise produced by a random process which is

not driven by u(t) (see Fig. 6.5).
This observation has far reaching consequences. Let us have a closer

look at the equation (6.2). If the dose-effect model shown in Fig. 6.2

were valid, the objective function which is separable in a deterministic

part Zd and a stochastic part Zs
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Fig. 6.4a

The difference between the modelled and the measured course of

the reaction time after the administration of 125mg Madopar.

This difference can be modelled as a random function with a

normal distribution with the mean value fi = —.5077 and the

standard deviation <r2 = 24.10.
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The difference between the modelled and the measured course of

the movement time after the administration of 125mg Madopar.
This difference can be modelled as a random function with a nor¬

mal distribution with the mean value /x = 8.295 and the standard

deviation a2 — 125.1.

Z = Z(u,f,v,w) = Zd(u,f) + Z3(u,f,v,w) (6.5)

(with / describing the deterministic part of the combined pharmacoki¬
netics and pharmacodynamics) would be a random functional and we

would have to minimize its expectancy value. Note that both Zd and Z3
would be a function of u.

However, since the measurements have shown that we can use the

model depicted in Fig. 6.5, the objective function Z can now be written

as

Z = Z(u,f,v,w) = Zd(u,f) + Z3(v, w) (6.6)

with a stochastic part which is not a function of u. Therefore,

minZ = mm(Zd(u,f) + Z3(v,v/))
u u

v '

= mm Zd(u,f)
(6.7)
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Fig. 6.4c

The difference between the modelled and the measured course of

the error area after the administration of 125mg Madopar. This

difference can be modelled as a random function with a normal

distribution with the mean value \i = 0.0426 and the standard

deviation a2 = 0.2883.

which is a purely deterministic optimization problem! The solution of

this problem was described in detail in Chapter 3.

This surprising result is, of course, possible only if the objective
function is linear or the nonlinearity in the objective function does not

produce products of input and noise. Furthermore, it has to be noted

that this result does not assume the linearity of / or any other restricting
conditions on the noise.
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Fig. 6.5

The dose-effect relationship modelled as a stochastic system. It

is assumed that the discrepancies between the measured and the

modelled blood concentration of levodopa and the therapeutic
effect are in each case caused by an additive white noise which is

not correlated with the input of the system.
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Chapter 7

RESULTS AND CONCLUSIONS

In this chapter, we will see the results of the application of the

treatment optimization which was developed in the previous chapter
on a patient. Concluding remarks concerning the applicability of the

methodology described in this thesis as well as its limitations will be

discussed. Finally, further research directions for the refinement of lev¬

odopa therapy in Parkinson's disease will be briefly indicated.

Section 7.1

A Case Study

ASG45, the patient in Chapter 5, has been suffering from Parkin¬

son's disease for about a decade. He has been treated over the years

with various drugs and he was prescribed Madopar* in the last couple
of years.

The optimization of the dosage scheme with the procedure explained
in the previous chapter by applying the cyclic coordinate search method

which was studied in Chapter 3—with the weighting factors c*t in equa¬

tion (6.2) chosen such that the therapeutic effect and the total amount of

*
Madopar is a registered trademark of Hoffmann-LaRoche.
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the drug are weighted about the same in the objective function—results

in the dosing regimen shown in Tab. 7.1. The simulation of this dosage
scheme results in the measurable attributes depicted in Fig. 7.1.

Doses : 2 2 2

Timings : 7.50 11.00 14.00

Tab. T.l

A simple dosage scheme with which the drug-effect model of

Madopar* is verified.
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Fig. 7.1a

The simulated course of the reaction time resulting from the ad¬

ministration of the dosage scheme in Tab. 7.1.

It is, of course, of great interest to see how the modelled and the

actual therapeutic effects of this regimen compare with each other in

daily life. To use the measurement device introduced earlier would be

utterly impracticle, because this would mean to perform frequent (every
couple of minutes) measurements with the patient during a whole day
(measuring once every hour or so would not yield the desired verifica¬

tion, because of the variance of every single measurement). Therefore,
it was decided to use a method based on rating scales to evaluate the
real therapeutic effect of the dosage scheme in Tab. 7.1. The patient
was given a set of prepared charts on which he was asked to note his

lAi
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Fig. 7.1b

The simulated course of the movement time resulting from the

administration of the dosage scheme in Tab. 7.1.
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Fig. 7.1c

The simulated course of the error area resulting from the admin¬

istration of the dosage scheme in Tab. 7.1.

subjective evaluation of his motor impediment in hourly intervals for a

period of four weeks while pursuing his daily life without any modifica¬

tions. To facilitate his evaluation, he was asked to rate his momentary

feeling from "better" (1) to "worse" (4) (see Fig. 7.2).
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Fig. 7.2

The rating scale with which the patient ASG45 rated his move¬

ment index. The small crosses are his subjective hourly assess¬

ments of his ability to move on a typical day. (1-4: better—worse).
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Comparison of the modelled and (continuous curve) the subjec¬

tively assessed (dots with s.d. bars) movement index shows a

remarkable congruence.

It has to be pointed out that this method cannot be reliably used

in most cases. However, the mental capabilities of the patient ASG45

render this method suitable for the purpose of comparing the actual

therapeutic effect and the effect which the model predicts.
The results are compared in Fig. 7.3, where the subjective rating

of the patient averaged over four weeks is shown on the same plot as the

movement index. (The movement index is composed of the weighted sum
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of the measured attributes as in equation (6.2)). It can be seen that the

model correctly predicts a rapid amelioration after the first dose at 7am

in the morning and a diminishing therapeutic effect after 5pm. There is

also a short period of lessened therapeutic effect just before noon which

is also predicted by the model.

It has to be stressed at this point that these results are obtained

from a single patient. Before the optimization method proposed in this

work is clinically established, at least a dozen of patients have to be

examined under similar conditions. However, it can be said that the

results of a study with a single patient are very encouraging indeed.

Section 7.2

Conclusions

The problem of dosage determination in the levodopa therapy of

Parkinson's disease was formalized as a classical parameter optimiza¬
tion problem. The parameters were the doses and the timings of the

drug administration. The drug used in this case was Madopar* (80%
levodopa, 20% benserazide, a decarboxylase inhibitor). The relation be¬

tween the drug administration and levodopa concentration in the blood

was modelled as a linear system which was described by its input-output

relationship. This model was used in the study of various optimization

techniques and algorithms applied to the problem of finding the doses

and the timings of drug administration, such that a predefined time

history of levodopa concentration in the plasma was approximated as

closely as possible. It was found that a cyclic coordinate search method

is best suited for the case of discrete doses and timings—the only case

which is clinically relevant.

However, it soon became apparent that the problem of achieving
a desired concentration profile is only of relative interest, because the

assumption that the levodopa level in the plasma is directly correlated

with the antiparkinsonian effect of the drug does not generally hold.

Therefore, it made more sense to optimize the treatment with respect

* Madopar is a registered trademark of Hoffmann-LaRoche.
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to its therapeutic effect. However, the therapeutic effect of levodopa is

not readily measurable in an objective manner.

Therefore, a simple computer based tracking device was designed
to render some parkinsonian symptoms measurable. The tracking was

performed by moving the end phalanx of the thumb and the tracking
data was recorded by the process computer which also controlled the

reference signal. The development of some sophisticated filtering and

signal processing algorithms were necessary to analyse the tracking data

of the parkinsonian patients. These algorithms allowed the quantitative
and objective measurement of tremor and bradykinesia in the same mea¬

surement sessions. Rigorous tests with a control group and a population
of parkinsonians showed the measurements to be practically relevant in

clinical use.

It was observed that the results of extensive measurements with

this device seem to suggest a simple PD-controller role for the substan¬

tia nigra over the striatum. The evaluations showed that the parameters

of the controller are significantly different in control persons and parkin¬
sonians. Moreover, it was established that Levodopa treatment brings
the parkinsonian parameters closer to the control group values

Furthermore, the device was used to model the pharmacodynamic

relationship between the drug administration and its therapeutic effect.

It resulted in a nonlinear third order model with delay. This model was

than used to optimize the timings and the doses of drug administration,
such that maximum therapeutic effect is achieved. This maximization,
of course, took the amount of the administered drug into consideration

as well. The application of this method on a patient showed the model

and the method to be pertinent in the clinical sense.

However, it must be stressed that further tests with at least a dozen

patients have to be made before this method of treatment prescrip¬
tion can become standard clinical practice. Furthermore, although only
thumb movements were analysed—mainly because of their simplicity—
in this work, maybe more complicated motor activity should also be

studied and modelled to get a better clinical picture of the therapeutic
effect of the used drug. In this context, the study of normed move¬

ments as well as speech and gait analysis, can be named. Methodologies
in these fields are so advanced that various instruments and software

products are already commercially available.

As mentioned in Section 4.2, many researchers have tried to find
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ways of measuring the neurological functions objectively and quantita¬

tively. Numerous batteries of tests to measure the neurological functions

exist already. Basically, these batteries fall into two groups: a) general
measurement of the neurological function and b) measurement of the

neurological deficits in specific diseases like multiple sclerosis or Parkin¬

son's disease. Most of these batteries use simulated daily activities like

the time it takes to button a garment or to walk a normed distance.

Since a decade or so, mini and midi computers are also in use to facilitate

the administration of these test batteries and to record their outcome.

However, all these batteries (which were mostly developed in university

hospitals) are rather cumbersome to perform and the equipment needed

can seldom be afforded by individual physicians.

On the other hand, personal computers are on their way to become

ubiquitous, meaning that no physician's practice will be without one very

soon. However, at the moment PC's in the practices are mostly used for

administrative purposes alone, which means that there is plenty of idle

computing capacity at the fingertips of the physicians. It seems more

than likely that these PC's will be used more and more for diagnostic

purposes with the time, as various application programs makes them

invaluable aides to the physicians. With this development in mind, it

would be very meaningful to make use of a PC for the measurements

described in the earlier chapters. For instance, the screen of the PC

could be used for displaying the reference signal in the tracking tasks

which would decrease the hardware costs dramatically.

Moreover, it is, of course, possible to develop further programs to

measure symptoms of other diseases as well. As mentioned above, the

PC can also act as an excellent core for other measurements. Another

possibility given by the use of PC's is the storage and classification of the

measurement results which can facilitate studies concerning a population
of patients. It has to be pointed out that the role of the PC in measuring
symptoms is not limited to the therapy optimization. A very important
use in this context is the assessment of the therapeutic effects of various

drugs.

Further refinements of the mathematical drug-effect model in our

case can include the consideration of the pharmacokinetics of various

metabolites and chemicals relevant to the therapeutic effect of the drug.
Moreover, the model can certainly be enriched in a manner which allows

it to include the various side effects of the drug.
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Also, it might be very useful to modify the objective function such

that it includes the dynamic side effects in a more direct way. It is also

certainly possible to penalize each dose separately and not necessarily

linearly such that the optimization problem can look like

max Z = ai T(u, t)dt - a2 S(u, t)dt - ]T ft-d?*
J to J t0 1=j

where T is the therapeutic effect and S denotes the side effects. at, /S«
and 7, are positive weighting factors.

One practical problem which may arise from complicated dosage

regimens which require the patient to administer different doses at ir¬

regular times can be solved with a simple device. This device is a "pro¬

grammable" alarm watch, which rings at preset times and flashes a cer¬

tain lamp. The color of this lamp is consistent with the color code of

the used drug. For instance, green can mean 62.5mg, yellow 125mg and

red 250mg. If,e.<7., both red and green lamps would flash, it would mean

that the patient has to take 312.5mg.
It must also be pointed out that the methodology described in this

thesis can be used very effectively in the education of neurologists. They
can see the possible therapeutic as well as undesired side effects of a

treatment they might have in mind by merely simulating it. Repeated
use of this method can render itself eventually unnecessary if the physi¬
cian becomes proficient enough to guess the optimal therapy before hand.

Also, in this context, the optimization process may be further developed
to include factors which are not easily quantifiable but clinically rele¬

vant. This would ultimately lead to the development of an expert sys¬

tem, suggesting dosage regimens with the help of artificial intelligence

methodologies.
Last but not least, it has to be stressed that although the drug used

was Madopar*, the methodology described in this thesis is applicable
to any present and future drug used in the symptomatic treatment of

Parkinson's disease.

*
Madopar is a registered trademark of Hoffmann-LaRoche.
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