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ABSTRACT

THE USE OF A TRACKING TEST BATTERY IN THE
QUANTITATIVE EVALUATION OF NEUROLOGICAL FUNCTION

Brian Stephen Repa

"In the present research, a number of tracking tasks that have proven
useful to control engineers and psychologists measuring skilled perfor-
mance have been evaluated for clinical use. Normal subjects as well
as patients with previous diagnoses of Parkinson's disease, multiple
sclerosis, and cerebral palsy were used in the evaluation. The tests
that were studied included step tracking, random tracking, and critical
tracking.

A position control stick with negligible dynamics and a large
range of movement was employed to keep response limitations imposed

"by the equipment to a minimum. An over-size display screen with large

vertical lines for target and follower helped to reduce the effects of
any patient visual problems. The standard quantitative performance
measures, reaction time and movement time, integrated absolute error,
and estimated effective time delay, were used.

The tests were administered to a group of young normals, ages 18 to
21, and to a group of older normals, ages 50 to 74, to obtain quantitative
standards against which patient performance could be compared and to
assess the importance of age, sex, learning, and hand dominance on
performance. Ten of the older normals participated in a test-retest
study to determine reliability measures. Five of the six tracking indices
had reliability coefficients significantly different from zero at or
above the 5% level. Learning effects, measured with the same subjects,
were not statistically significant.

Significant differences in performance with age were found for the
step reaction time and step movement time measures. These differences
were attributed to a more cautious approach taken by the older subjects.
While males tended to perform better than females, statistically signifi-
cant differences were observed only for the movement time measures in the
young normal group and were attributed to large differences in strength.
No differential effeFts for right versus left handed performance were
noted in a sub—groupLof 8 young normals.

A factor analysiis of the new tracking measures and selected measures
from two establlshed,quantltatlve cllnlcal‘test batteries, the CQNE

--{Clinical-Quantitative_Neurological. Examlna,Jon) and the . SADLE . (Slmulated

Activities of Daily Living Bxamlnatlon) wag’ performed using 20 young .
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normals. The analysis demonstrated that the tracking measures were
comprehensive in that each of them loaded heavily on a different factor.
In addition, integrated absolute error was found to measure a factor
identified as Rate Control which was previously lacking in "the CQNE.

As an evaluation of practical utility the tracking test battery was
used in a drug trial designed to compare the efficacy of amantadine versus
placebo in treating 28 parkinsonian patients already receiving optimal
doses of L-DOPA. The tracking measures provided information that was
useful in detecting modest but statistically significant changes in
motor performance. The findings were verified by comparison with more
established qualitative and quantitative measures of performance, in-
cluding the professional opinion of two attending neuroclogists.

Phase plane diagrams of step tracking responses and power spectral
density functions of random tracking error provided dramatic pictorial
characterizations of the performance of patients with movement dis-
orders. Both techniques offer a compact way of describing tracking
behavior while still retaining the important features of the actual
movement patterns involved. The phase plane method, in particular,
appears to offer promise for objectively evaluating intention tremor.

The results of the present experiments encourage the continued
use of tracking tasks ss assessment procedures in a clinical environ-
ment. They have proven to be reliable, valid, and sensitive measures
of neurolocgical function.
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CHAPTER I

INTRODUCTION

Approaches to the Study of Movement Disorders

The capacity of man's motor system plays a prominent role in deter-
mining the effectiveness with which he carries out his daily activities
and responsibilities. The problems presented by patients with neuro-
logical disorders are many, and some of the most devastating are those
involving movement control. The symptoms may include involuntary
abnormalities of simply a reduction in normal movements. The evaluation

of motor disabilities has received increased attention during the last

few years with a number of approaches being used to assess the functional

capacity of patients with neurological disorders.

First, there is the skilled but subjective approach of the clinical
neurologist using the standard neurological examination. This examina-
tion includes evaluations of mental state? coordination, gait, and

ey er ¥ .
equilibrium, sensation, reflexes, the motor: system, and the cranial

—_ |

nerves. The sum total of the patient's performance on each of these

. i

! R S . .
sepdrate categories is referred to .as hisjineurological function. In

the jpatient's subjective responses anﬁ the meurologist's qualitative

!
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given neurological function of the patient into brecad categories such
as‘supernormal, normal; and abnormal (mild, moderate, or severe),bhe
often has difficulty in detecting small but significant changes in the
Vpatient‘s condition over time. Certain aspects of patiént function,
such as gait and associated movements, can be routinely measured in a
subjective manner even though they do not, at the present time, lend
themselves readily to objective measures. However, objective measures,
when available, are more precise than subjective ones and are especially
ﬁseful when small changes in performance are expected.

Batteries of sensory-motor perforéance tests have thus become in-
creasingly popular as a means of evaluating neurological abilities.
These tests achieve considerable cbjectivity by using highly restricted
responses that are readily counted or timed. For example, hand speed,
reaction time, and hand steadiness are a;i fairly easy to measure
objectively with the result that they are far more precise than when
measured in a subjective manner. However, moét objective tests of
motor performance afe concerned with the completion of a specific task
or the number of tasks completed in a given interval of time with little
concern for how the outcome is achieved. fhe Purdue Pegboard is typical;
and it requires '%at tbe subject pick up a series of small pegs, move
them, and then pl%ce them into a row of small holes. The number of

pegs so placed within a given period of’%ime is measured; but the process

N ~ ,

. . TN S : .
of picking up a peg, moving it, and'alaciLg it is not examined in detail.
i o

!:.‘ ] t
Thus, while tests like the Purdue Pegboﬁrd provide quantitative.measures
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Another approach to the evaluation of motor performance makes use
of activities of daily living, such as putting on a shirt, squeezing
toothpaste, and using a fork. Performance is measured by recording the
amount of time it takes the patient to accomplish the simulated task.
Since the tasks can be performed in various ways with various types of
movements and since they are dependent on a number of factors such as
strength, speed, and coordination, they too provide only a gross
measure of performance. However, they do specifically measure functions
that are of great 4importance to the patient and represent the ultimate
in face vaiidity.

Other approaches have utilized motion pictures of patients performing
specified tasks. Many of thése approaches are just minor extensions
of the standard neurological examination, however, and involve mo&ie
ratings by a panel of neurologists instead of a single examiner. The
industrial engineering tecﬁnique of motion time study breaks a motion
sequence into basic elements such as reaching, grasping, and moving
and then determines from the filmed actioﬁs‘the time required for each

i

of the elements. While this approach is ﬂove analytic than using raw
. i
0 I O

timed scores, it still fails to capture manjfof the basic features of
it retains many of the useful

11

10, : . . i
fFﬁng most of their disadvan-

movement disorders.
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required to perform continuous movements graded along various spatial

and temporal dimensions, and it is a breakdown in the spatial-temporal
organization of movements that is a characteristic of many neurological
disorders. The movements required in a tracking task are a compromise
between highly restricted movements which make response processes
difficult to study and highly unrestricted ones which result in recording
and scoring difficulties. furthermore, the standard tracking apparatus
provides complete access to the stimulus and response records for both
on-line and off-line analysis and quantitative as well as qualitative

interpretations.

Introduction to Tracking

Basically, all tracking tasks require motor responses that bring

an output signal into correspondences with an input signal. In the

majority of tracking tasks, input informétion is displayed visually on

a cathode ray tﬁbé (CRT). The output iszfrom a system that is controlled
manually by the subject through a céntrol stick which is typically
operated by the hand or arm. A general representation of a tracking
system is shown in Figure l.l.‘ The subject is referred to as the human
operator because he can be viewed as an infofmation‘processing system

operating on sensory inputs in order to produce an appropriate motor

output. The task of the human operétor is to bring the system output
] : S

{ohn-as~the_system_forcipg

R !

Tm output is a measure of the output

.}

fh M3y be dFscribéd by a differen-

L

|
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As a result, psychologists and phy<1%logi

to the input, the system is known as a closed loop control éystem. If
the operator is presented with a display screen showing only the error
between the system output and the system forcing function, the task is
called compensatory tracking. If both the forcing function and the
system output are displayed individually, the task is referred to as
pursuit tracking. The operator controls the output of the plant by
means of a control stick or manipulator which, like the plant, can alsp
be described in terms of a differential equation. The operator thus
serves as a continuous controller who perceives the system error,
determines a course of action, and then communicates his decision to
the system by an appropriately controlled muscular response.

' Tracking research was initiated out of préctical necessity, i.e.,
certain facts about how the human behaved as a tank turret operator and
anti-aircraft gunner during World War II Qere required in making practical
engineering design decisions. The tracklpg task made it possible to
study rather precisely the combined sensory, decision-making, and motor-
behavior of a human.subject as a component in a closed-loop control system.
Tracking was soon applied to aircraft control and more recently to auto-
mobile and spacecraft control. As a result,»an extensive and sophisticated
methodology for s%udying tracking behavior is now in existence (two good

survey papers are| Summers and Ziedman, 1964 and Young and Stark, 1965).

The input and output signals as we%l as the general nature of the
|
— -t ‘

tracklng task are operationally well deFlzed and experlmentally controllable.

" ‘
ts have turned to tracklng as L
i ‘ |
! {
ormance calabllltles.
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In fact, the potential of tracking tasks for use in clinical applications
has been recognized for many years. A number of investigators have
demonstrated the usefulness of these tasks in drug research and in
measuring the perforﬁance of patients with neurological disorders.
Stark and Iida (1961) were among the first to use tracking tasks in
studying patients Qith neurological disorders. Working with a group
of 20 parkinsonian patients, they performed a series of experiments
including random compensatory tracking and step tracking. Comparisons
made between normals and patients indicated that the motor performance
of the patients‘was severely restricted. The main interest of the
investigators was to obtain a model for predicting the important features
of parkinsonism, and their efforts were not directed to practical clinical
considerations.

Webster (1960, 1966) and others have developed control sticks which
are used to manipulate the subject's arm in order to measure muscular

rigidity. The same type of device can also be used to measure tremor

!
and rapid alternating movements. Webster; has also used a secondary

- = -4

pursuit tracking task to keep patients alérq and to divert their atten-

Al

tiorj while rigidity measures were being}téken on their free arm; and

he flound significant improvement in per}ofnﬁnce with parkinsonian patients

aftdr drug therapy and brain surgery #hl.?_ tandard clinical tests

shoged only minimal improvement,

: 1 : ) . '
Johns and Draper (1964a,b) lhave '§ istep tracking device composefl i

fiter controlled by wrist

of #n arc-like. array of neon lamps aﬁﬁjf',l
! LS
rotdtion to quantify coordinateq movep

in botp normals as we}l as
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parkinsonian patients. They reportéd that the major defect of parkinsonism
lay in reduced velocity of motion although reaction time was also delayed
somewhat. The effect of a variéty of drugs on -this disorder was also
reported.

Angel, et al. (1970, 1971) alsc tested parkinsonian patients with
a,  step tracking task, but they purpcsely elicited false moves by
periodically reversing the control/display polarity. Error correction
times were found to be significantly longer for patients than for normals
and during treatment with L-DOPA were found to be more sensitive to small
changes in neurological function than either movement tiﬁe or reaction
time.

In a recent random tracking study by Bowen, Hoehn, and Yahr (1972),
parkinsonian patients were required

to track a moving target light with

finger. While this technique uses

a photocell attached to thgir index
a simple time off target scoring proceduﬁe and can not be administered
to patients exhibiting severe tremor, it does represent the ultimate in
keeping movement restrictions imposed by the equipment to a minimum.
The authors found patient perfofmance to be_significantly worse than

£

that of a normal control group. Of more importance, however, comparison

of the performanc% of patients with primarily unilateral symptoms with

that of patients with nonlateralized symptoms suggested to the authors

that the right heﬁisphere plays a more

ability than the left hemisphére.

Eye tracking has been investigs

(1971a,b) who have found that the ¢
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movements are essent{élly the same for parkinsonian patients and normals
except for the tendeé;y of patients to make smaller saccades requiring
subsequent correctioﬁé. However, when rapid, alternating eye movements
between two fixed viéﬁal targets were required, it was found that the

patients took about twice as long as normal to complete a cycle of the

task. It was suggesfed that the impairment of oculcmotor performance

3

-————--—— — —_appeared similar to that in the skeletal motor system of parkinsonian

patients. -ﬁ

Eye-tracking wa§ also investigated in a pilot study of cerebral
palsied childrern by ghackel and his assbciates (Shackel, et al., 1962).
Grouping the data together for both saccadic and pursuit tasks, the
cerebral palsied children were found to perform 50 percent worse than
the control groups. kScoring was based on the number of saccades required
to move from one poigt to the next and the average number of saccadic
movements and the pe?centage of time off target during a pursuit task.
Another interesting finding was that eye tracking performance correlated
with age for both(gxperimental and control groups indicating a long-term
development of eye tracking as é sensory motor skill.

Wo?k in this laboratory (Albers, et al., 1869, 1970, 13872) has also

] ’ )

d;monstgated the usefulness of trgckhng tasks in measuring neurological
function. Using constant,‘singsoidal,}%nd random input signals and

employing a force control stick, Albers showed that quantitative tracking

]

i N i L
measurds are sensitive enough to dgtect small individual differences in

1]
b
epresent the performance of gven the

Aﬁormal# as well as to meaningfully |r

most sgverely |afflicted patient. gratgéé %n patient performance-resulting
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from drug therapy and surgical intervention were also investigated and
documented using these measures.

Objective evaluations of many of the clinical uses of tracking
tasks must remain qualified, however. In general, the reliability and
validity of the tests have not been repcrted. In the drug studies,
either the number of patients used has been very small, placebos have

istered for control purposes, or the effects of learning

- not_been adm i.

on improvements in pérformance in repeated testing have been unreported.
Furthermore, only a small number of the different types of tracking

tasks and tracking performance measures available have been investigated.

Criteria for Test Evaluation

lThe essential factors in determining the value of tracking tasks
for use in clinical investigations are tﬁe reliability and validity of
a representative sample of the tasks in ;pecified clinical situations.
The term reliability refers to the degreé of stability or consistency
with which a test will order persons on a trait continuum. Validity
refers to the degree to which a.test actually measures what it purports
to measure. There are several operational ways of measuring both
reliability and validity. No one measufe is univer;ally preferable,

for the choice depends upon the way in which the test scores will

be used. . . :
i i . i
e e {

' ) T T Thé oSt obvious and”“and in thefcasT of sensory—motor tests, the ;

most appropriate method for findiné:the T‘ll&blllty of a test is by -

ST,

means of a retest on a second occaw}on.: f e rellablllty is then

h
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H
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specified by the correlation between the two resulting sets of test
scores., .For tests in which two administrations cannot be considered
independent samples of the same behavior the retest technique is not
suitable. In this éase, alternate-form reliability, where the subjects
are tested with one form on the first occasion and with another, com-
parable form on the second, can be used. Internal~consistency reliability

— . __can_also _be deter@igg@_by_divi@igg_zﬁe results from a single adminis-

tration of a test into comparable halves and then correlating the two

halves.

Numerous ﬁrocedures are also available for determining validity,
but they are all basically coﬁcerned with the relation between performance
on the test in question and other indepgndent information on the be-
havior under consideration. Four categories of validity are generally
accepted; namely, content, concurrent, predictive, and construct
validity. The content validity approach islcommonly used in evaluating
achievement tests, for it is concerned with whether -or not a test or

set of tests covers a representative sample of the behavior domain to
4 i

be measured. It is relevant to the tracking test battery because the
batiery is intended to include a compreheh%%ve sample of tracking skills.

i
Facg validity is sometimes confused with jcontent validity. While face

valjdity is a desirable feature of t%stsgﬁ;iis not validity ir the
tecpnical sense, for it refers to wh%t Q:L;%‘of tests "appears" to measure.
| ll he relationship ;etween the ‘
P measures obtqiged at the
|

11y #mportant in 'evaluatingf | /

f | .
Concurrent validity is detarmin%d,f;
' ot

tesf scores jand other established perforr
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same time. [This type of validity s

1%

T i,

Y

USRS

LTI
_— YT Y
. o

L ¥ <
g o S
o e e o ot e

T b 4 s oy = am

~....___.~_.__-~
opessy S



12

the usefulness of the_tracking tests in controlled clinical trials.

The effectiveness of a set of tests in predicting some future outcome

is referred to as preaictive validity. Construct validity is concerned

with the degree to which a test measures a "theoretical construct" or

trait. It is a broadér, more general concept of validity that makes use

of the common implica;ion of results from a wide variety of approaches
—____to_get .at_aiing&@gﬁ&L Factor analysis, a statistical technique

for uncovering interrelationships between different test variables, is

of particular relevance to this concept of validity;

Selection of Tracking Tasks

The first problém in evaluating the effectiveness of tracking tasks
for use in clinical applications is the selection of a comprehensive set
of tasks. A very extensive and sophisticated methodology for studying
tracking behavior has been developed. Three tésk variables have a major
effect on the subject's performance-~the forcing function characteristics,
the controlled element dynamics, and the control stick characteristics.
One of the keys to realizing the objectives of the present experiments
lies in the proper selection of these task variables.

i
Si%ce the forcing function characteristics must be measurable and

i

amenable to mathematical analyses, they have typically been restricted

i
to step;or ramp functions; sine, squgré, or sawtooth waveforms; a
1
. i L L -
superpopition of several nonharmonilc' sinusoids; or a random signal
]

c :
describpble statistically. A wide variety of control devices has also
N e |
Been used in tracking research, and [the!selection of such a devi%e has
1o
t
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i
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an important bearing on the strategy used by the human tracker. For

applied to the control stick, in which case, the stick displacement

resulting from the force input is given by

2
J 9—%— + B %%- + Kx = £(t)
dt

convenience, the subject's primary output can be considered as a force

where J is the control stick inertia, B is the damping, K is the spring

selection of a control stick can be viewed as a selection of the magnitude

of the terms J, B, and X in addition to the physical configuration, i.e.,

whether the stick is to be controlled by arm movements, wrist rotation,

finger pressure, etc. The dynamics of the controlled element can also

take a variety of forms. In general, displacement of the control stick

can be though of as producing a controlleﬁ element output given by

r(t) = kx(t) +k, [ x(t)at + k, ff.x(t)didt + K, [ r(r)at -+ k; [ r(t)dt

where the ki are constants, x(t) is the control stick displacement, and

r(t) is the controlled element output.

The controlled element dynamics

are thus dependent on the constants kl through kg which can be selected

with a great deal ,of freedom.

l
1

G

' '
used for analyzing feedback contro]zsyst

A
f

| t
§ iRk

subject 's tracking performance:™ "In-fact

[
1

f

specifying human performance. For |gtep i}

o
.

~'acking' tasks

|
i
|

!
|
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time-domain and frequency-domain techniques available for measuring a

R

In addition to the variety of task configurations, there are numerous

falmost-all-of the techniques
e%s can be used to advantage in
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delay, rise time, peak overshoots, and numerous other unitary measures.
For the continuous tracking situation, time on target scores and a variety
of average error scores are available., Freguency domain technigues

allow the use of still other parameters such as sensitivity, effective

time delay, and neuromuscular lag. While present data analysis techniques

do not yet allow the accurate identification of anatomical subsystems,

they do make it possible-to—isolate-seme-of—the-functional subsystems

involved in human tracking performance.

The difficult task of selecting among the many task configurations
and performance measures presently available is simplified, scmewhat,
by the existence of a number of special requirements for a clinical

application of a tracking test battery. These requirements are that

the test battery must:

(1) Include a comprehensive sample of tracking behavior.
(2) Be simple enough to be performed by patients with movement

disorders yet sensitive enough tb reveal small changes ibp

performance. 31

(3) Include tests that require the phartest run lengths and
i
fewest trials possible. - | P

(4) Contain performance measures that can be easily obtained

I

‘.;Cking test battery composed
}: i
<

on-line..

i
- 1

With these requirements in mind,:a
H l . {

of tthree bas;c tasks was selected. S? tha

not affect performance substant?,
‘ . f vk
i1

neg¥igihle dynamics and an over+siz d

!
b1 . 1
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and follower lines weﬁe used for all the tests. Step tracking with a
unity gain piant was chosen for the first basic test because it provides
a somewhat simpler si%uation than continuous tracking for studying the
timing aspects of motar responses. Since both stimuli and responses
occur at discrete poiéts in time, this type of task corresponds closely

to a series of rapid positioning movements. Reaction time and movement

time—were—selected-as—performance measures.
A continucus tracking task with a random appearing input signal was
chosen as the second test. The random input requires the subject to

depend upon the continuous observation of display error rather than

his predictive abilities to make his response, thus providing data
relating to the final_common pathways of the neuromuscular control
system. In order to keep the task as simple as possible a unity gain
plant was selected. integrated absolute error was chosen for the
perfofmance measure.

The final task included in the test battery is that of critical
tracking. This task, developed by Jex and his associates (Jex, et al.,
1966) is fairly easy to mechaniée, does not require extensive learning,

and is highly reliable, thus providing features of considerable impor-

tance for clinical applications. The task is used with no external
{

! . .
?wn motor noise serves as an input
c

|

t

forcing {function, for the subject's (
' :
ontrolled element. The effective

to excite the increasingly unstable

i
time delay, which is the single performance index of the critical task,

y

i
L
i
|
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is a function of the subject's transport delays and central nervous
system latencies, average neuromuscular lag, and predictive aﬁility.
Although this task has not been previously used with pathological
subjects, it has proven useful in documenting performance changes due
to small doses of g;amphetamine (Domino, et al., 1972), to long term
confinement in a space station atmosphere (Allen and Jex, 1971), and

to—the—stresses—of-heat-and-noise-(Swisher_and Maher, 1972).

The CQNE and SADLE

While tracking tasks have much to>offer in quantifying neurologiéal
functiqn they are not intended to measure all aspects of psychomotor
performance. Investigators have long known that the total performance
capabilities of an individuél cannot be specified on the basis of a
single performance test. A much more comprehensive series of tests is
required, and the most extensive battery ;f objeéti;e tests for evaluating
the performance of patients in controlled clinical trials is the Clinical
Quantitative Neurological Examination (CQNE), developed by Tourtellotte
and his associates. The CQNE is composed of motor and sensory tests
that purport to measure abilities that determine an individual's perfor-
mance limitations, Some of the tests included in the battery are rotary

pursuit, Purdue pegboard, visual acuity, and strength of various muscle

groups. A complete list of the test battery is provided in Chapter II.
i |-

|

*Considerabiewexperience~has«been»gaingd.Qithuthe*CQNEwas_nghas.been

AL I {
used in a number of studies using asymptopatic subjects to obtain:
£ .

normative data and in several ther pe

1
z .
i ! |

c| trials involving multiple
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sclerosis and Parkinson's disease patients. In addition, the reliability

and validity of the measures have been well documented (Tourtellotte,
et al., 1965; Kuzma, et al., 1965; Rose, et al., 1987C; Pctvin, 1971;
Walker, et al., 1972a,b).

A set of tests called the Simulated Activities of Daily Living
Examination (SADLE), originated by therapists in the Department of

Physical—Medieine-at—the-University of Michigan, has also been used @ith

Pd

the CQNE in evaluating clinical trials (Walker, et al., 1972a,b). As
its name implies, the SADLE is composed of a set of tests that simulate
simple skills éf daily activity, such as putting on a shirt, dialing a
telephone, and using a fork. Test scores reflect a compound measure of

a variety of factoré, such as reaction time, coordination, and strength;
and, as a result, provide little information regarding the nature of
improvement in a clinical trial. The SAbLE is of importance to both

the patient and the physician, however, because it measures the patient's
ability t6 carry out his functional actiyities and, consequently, has

)
{
!

greater face validity than the CQNE.

j
- |

Considerable research has gone intoie%tablishing the effactiveness

é . .

of 1he CQNE and SADLE for use in evaluating controlled clinical trials.
1
i

As & result, both batteries provide exc=%lont standards for comparison

with the tracking test battery,'which a s to fall somewhepe in

';nplexity and relevance to

1
v

fere administered concurrently !
] :

betpeen the CQNE and SADLE withiregand
i

!
fun?tiohal activities. The CQNE and |SADL

ﬁ
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to all subjects and patients studied with the tracking test battery, and
they thus provided excellent external criteria for assessing the

effectiveness of the new tracking measures.

Objectives of the Present Experiments

The present experiments have been specifically directed toward the

evaluation of the effectiveness of the selected tracking test battery

!
in documenting and detecting changes in motor dysfunction. The empirical

o)

studies to be reported thus take several forms.

(1) Establishing the relizbility of the selected traéking test
measures in a clinical context.

(2) Studying asymptomatic subjects to cobtain quantitative stan-
dards against which patient performance can be compared and
to assess the importance of age, sex, and learning on performance.

(3) Establishiﬁg the validity of the tracking test measures
through comparison with other standards in a controlled .
clinical tpial.

(4) Determining the interrelations between the tracking test
measures and other more established motor performance tests.

(5) Investigating more analytic procedures for describing

: abnormal tracking performance.

.

Contentls of the Following Chapnters

a

Chapter I has served as an intnodpctory chapter to present a back-

! Lo
ground in the techniques that have JeJn used in the evaluation of motor
! 1 . i

!
l i
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disabiliities, ito describe the feat1m§s ofitracking tasks that make them
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worthy of consideration for use in clinical evaluations, and to suggest
an approach for thoroughly evaluating the effectiveness of tracking tasks
for use in a quantitative clinical testing program.

With this background, Chapter II describes the subjects, patients,
and methods that were used in the evaluation of a tracking test battery
that was specifically designed for clinical use. A complete documentation

of the test apparatus is also included.

Chapter—III -describes_the results_of applying the tracking test

battery to normal subjects. The reliabilities of the tracking performance
measures as well as the importance of age, sex, learning, and hand
dominance on performance are considered.

The interrelations between the tracking test measures and upper
extremity tests from the CQNE and SADLE are considered in Chapter IV.

Chapter V describes the application Pf the tracking test battery
to a controlléd therapeutic drug trial. gThe results of the tracking
battery are compared with those from mor; established tests which were
also administered during the trial.

The application of two advanced systems engineering techniques,
phase plane diagrams and power épectral density analysis, are considered
in Chapter VI.

In Chapter ViI overall conc;usions, a summary of contributions, and

suggestions for fliture work are presented.
i . ; o
M i . i |




CHAPTER II

SUBJECTS AND METHODS

This chapter will consider:

1)
(2)
(3)
(1)
(5)
(6)

The patients and subjects that were studied

The tracking test battery and performance measures
The technique used for administering the tests

The CQNE and SADLE

The data analysis techniques employed

The experiments conducted

Patients and Subjects

Four groups including both patients and normal adults were studied

in the present experiments. Each group will be considered individually.

Parkinsonian patients: The parkinsonian patients were participating

in a drug study designed to compare the efficacy of L-DOPA and amantadine

to that of L-DOPA and placebo in the trea

i
The 28 parkinsonian-patients evaluated

tment of Parkinson's disease.
1
i

'

during the study were re-

cruited from 42 patients participating inJa;previous study designed to

evaluate the efficacy of amantadine alonel

prodlems, questionable diagnoses, phySigél;@isabilities making it :
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Hoehn and Yahr, 1967. A summary description of Parkinson's disease
characteristics is shown in Table 2.1l. More complete descriptions can
be found in Selby, 1968 and in Hoehn and Yahr, 1967.

Multiple sclerosis patients: The 5 female patients were previously
diagnosed by the University of HMichigan Neurology Staff as having

multiple sclerosis. All patients were ambulatory and had varying degrees

of upper extremity ataxia ranging from slight to moderate-severe.

Sensory deficit and métor weakness were minimal. The patients had an
aVePége age of 30.6 yéars and an average disease duration of 6 years.
Table 2.1 gives a summary description of multiple sclerosis, with more
complete descriptioné being found in Fog and Linneman, 1970 and
McAlpine et al., 196€.

Cerebral palsy Qatient: Heterogeneous groups like cerebral palsy
are usually not selected for group studies. In the present experiments,
however, illustrating the effectiveness of the tracking techniques is of
primary importance; and the 40 year old male patient with a previous
diagnosis of congenital cerebral palsy demonstrated minimal resting
tremor and mild spastic quadraplegia, characteristics that were
amenablF to tracking analysis.

H i H
‘ Young adult normal subjects: Ten right-handed male and 10 right-

handed famale undergraduates from The University of Michigan served as
i

' !
paid supjects in the present experiments. Responding to a newspaper
.

. . doT C
advertisement, the students were required to answer a telephone questionnaire,
N R 1 i

l B
i | ! Vol . .
Qesignﬁd to screen out subjects withﬂeVid?nt physical or neurological
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neurologoical examlnatlon 1mmed1ately prior to performing in the
experiments. The students ranged in age from 18 to 21 years.

Older adult norﬁal subjects: Fifteen subjects age-matched to the

parkinsonian Datients were also studied. Requirements for selection were

that the subjects be neurologlcally and physically normal and right-handed.

The subjects were Dredomlnantly the husbands and wives of the patients

and consisted of 9 women and 6 men with an average age of 62.3 years.

Ten of the subjects Qere re-evaluated 3 weeks after their initial testing.

M

They consisted of 5 men and 5 women with an average age of 63.8 years.

Description of Tracking Test Battery

A schematic diagram of the general tracking task, including a
summary description of the different tests used is shcwn in Figure 2.1.
A picture of the display screen and control stick is shown in Figure 2.2,

The display was posifioned 80 cm from the subject. Two large vertical

lines of 13 cm and 6 cm were used for the target and follower, respectively,

to help reduce the effects of any patient visual problems. A large
position stick with negligible dynamics was used for the control stick

to keep response limitations imposed by the equipment to a minimum
l' -

[ -
(see Herzog , 1967). Three types of tracking tasks were used in the

test bgttery:
(%) Step tracking: In this tas : he subject was required to execute
. I

quicl}l adjustive movement that trar§ferred his upper 1imb from one

: ' x .
ositign to another. A pursuit diéplay was used with the target) line

' ! I
to the rlght or left of cehter.
|

ccupying one|of two positions, lhi|¢
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The task of the subjeét was to maintain alignment of the target and
follower. A sequence of five interstep intervals selected at random
and ranging from 3.5'%0 6.0 seconds was used repeatedly with control
stick movements of i?b° required for alignment. Mean reaction time
and movement time mea;ures for right to left and left to right tran-
sitions were calculatéd for the last 20 of 30 steps.

(2) Random tracking: In this task.using a compensatory display,

the subject was required to follow a random appearing input signal.

The difference betweén the subject's cutout and the desired output was
displayed. The random input hzd a 0.3 radian/second cutoff frequency,
meaning that fﬁequency coroonents above 0.2 radian/second were attenuated
with the degree of attenuation increasing with freguency. A more de-
tailed consideration of how the signal was generated is shown in
Appendix C.

Five trials, each 75 seconds in -length, were used, the score for
each trial being the integral of the subject's absolute position error
during the middle 45 second porticn of the run. The average score for
the five trials, expressed in mm-seconds/second, was used as the test
measure}

i _
(33 Critical tracking (Jex, ekgal., 1966, 1967): In this task
the sublject was required to stabiiigL an increasingly unstable plant up
[
to the point of loss of control. T;L.éyﬁamics of the plant were

¥

s L b ! .
simulatpd on an analog computer with! he‘plant output given by

i
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where A(t) increases linearly with time, K is a constant, x(t) is the
control stick displacement, and r(t) is the plant output. An analogous
physical task is balancing a broomstick that is getting shorter all the
time. X was initially set at a low value of 1.0 rad/second and then
slowiy increased at a rate of 0.05 rad/sec until the error went off
scale. At this time, the computer went into the hold mode and the

value of A at which control was lost was recorded. This value is called

[V U S

the critical root. The score, determined by the reciﬁrocal of the
critical root and given in millisec, is an estimate of the subject's
effective time delay in reponding to the continuous error signal. The
average of the last 15 out of 20 trials was used as the test measure.
Detailed computer mechanizations for the three tasks are shown in

Appendix C.

Administration of Tracking Test Battery

To reduce variability between subjeéts, all subjects were read
jdentical instructions and orientation (see Appendix B). Practical
examples were used to introduce the task requirements wherever possible
and fairly exact descriptions of the performance measures used for
evaluation were also included.

|
The CQNE and SADLk

; :
Lists of the test items in the CQﬂu‘and SADLE that were administered

- - B T, — s _, - -

to the subjects and patients studled wi %h the tracklna test battery are

I
l

‘ i
shown in Tables 2.2 and 2.3, respe;@%ve%?. Cases where abbreviated
ni tered will pe noted in thei

versions of the CQNE and SADLE wer ;j

!
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TABLE 2.3

THE SIMULATED ACTIVITIES OF DAILY LIVING
EXAMINATION (SADLE)

Putting on a shirt
Cpening a door

Managing visible buttons (three different tests)
Zipping a garment

Putting on gloves

Scrubbing a hand

Dialing a telephone

Tying a bow

Manipulating safety pins
Picking up coins

Threading a needle

Unwrapping a Band-&id

Tearing an envelope

Squeezing-toothpaste
Cutting with a knife
Using a fork
Pouring water
Drinking with a straw

TABLE 2.2

The Clinical Quantitative Neurological Examination
(CQNE) Test Items

1. Vision: Visual Acuity
II. Upper Extremities
A. Strength of Movements
1. Grip )
2. Wrist dorsiflexion
3. Shoulder abduction
B. Control of Movements

1. Steadiness

a. Hole steadiness, supported and un-

supported
b. Force steadiness, supported and un-
supported

c¢. Finger tremor, restmg a.’nd sustension

Simple reaction time

Speed of hand !

Speed-coordination of hand|

Rotary pursuit I

Finger dexterity f i

a. Purdue Pegboard

b, Pencil rotation

C. Fatigue of Movements

O W
.

! | 1. Touch, hand ; ol
. | 2. Vibration sense, index fi -
§ 3. Position sense A i

: 4. Two-point discriminatic

i
i

1,
2,
3.

D. Sensation

Grip strength ‘! f '
Speed of hand } R
Speed-coordination ofih:m_'

e

o 1A
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chapters to follow. A brief description of the test items is given in
Appendix A. The order of administration of the test batteries‘was

randomized from subject to subject, but tests within each battery were
always presentéd in a‘fixed order to minimize undesirable interactions

between tests.

Data Reducation and Analysis

" Tracking records for the step tracking task and random tracking
task were recorded on'magnetic tape and then reduced off-line. ForAthe
step tracking task, tépe-recorded signals of output velocity and target
position were displayed on paper by means of a strip-chart recorder.
Reaction time and movement time were read directly from the strip chart

record as shown in Figure 2.3. The reaction time for a given response

Input
{Degrees) +20
0
=20 .
Tronsient Response ! i I
]
Position T
(Degrees) +20 K
0 251 L )\
=20 : 4 5
: T
e . : »
Velocity UL e T T Reaction Time
(Deg/Sec) +90 ' ;
0 T X i
i R |
-90 L LL .l T
+ e ovement Time
] I S TS T

Time (Seconds)

i
H
)

SURES FOR STEP TRACKING TASK

b A

] '
i
i) ! - . .. :j
!

|
|

Fig. 2.3 | _ DEFINITION OF PERFORMANCE ME
|
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was taken as the time between target motion and the beginning of a

deflection away from zero on the velocity

curve. The ending of the

movement was defined by the point at which the velocity curve crossed

the zero level. Movement time was thus defined as ths time between the

beginning and the end of the movement as determined from the velocity

curve.

Phase plane diagrams were obtained by playing back at one-quarter

real time the taped signals of output pos

playing them on an x-y plotter.

ition and velocity and dis-

For the random tracking task, the taped error signal was played

back through an absolute value circuit and then an integrator to

obtain integrated-absolute-error (IAE) scores. A timing device was

used to provide integration over the midd

le 45 sec portion of the 75 sec

runs. Error power spectra were obtained by sampling the recorded error

signal at 20 hz with a Hewlett Packard 2115 Digital Computer and then

computing autocorrelations which were then properly integrated by a fast

Fourier transform program to yield the power density spectra. The power

spectra were displayed on a line printer.

See Appendix D for more details.

The quantitative tracking indices were analyzed statistically on

an IBM 360/67 coﬁputer using programs described in Potvin, 1271.

Description of Experiments

iy

. i

not tracking behavior reflects imp rﬁan:

can be effectively documented in
|

The primary purpose of the individus

m~-~~_mmThempresentlexperimgnggwhﬁygwbéggu;§$§5n99_t0 determine whether or

§
1

i

neurological functions which

itative clinical testing program.

t i i

Ne&iment is dénoted by #he title.
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Experiment 1 - Reliability: Experiment 1 was designed to examine
the reliability of the tracking test measures in a context similar to
that used in controlled clinical trials. Ten older adult normal subjects
were tested and then retested approximately 3 weeks later to determine

which of the test measures were reliable.

Experiment 2 - Effects of age: The tracking performance of 20 yocung

adult normal subjects, 18-21 years of age, and 15 older adult normals,

50-74 years of'age were analyzed to determine effects due to age. Since
performance tends-to decline with increasing age, it is important to
choose a well matched control group when making comparisons between
patient performance and normal performance. Potvin (1971) found that

for the CQNE and SADLE tests ''young adult normal subjects do not parform
significantly better *than normal subjects in the age range of multiple
sclerosis (MS) patients; however, young adult normal subiects perform
significantly better than normal subjects in the age range of Parkinson's
disease (PD) patients..." In the pfesent study, the older normal group
was specifically age-matched to the parkfpsonian patients for this

i

!
reason. The performance of the MS patientg, however, was compared with
Y
!

that of the young adult normal controls?

A

i
|
§
Experiment 3 - Effects of sex: For [each of the two ncrmal subject
4§
1

groLps, the data were analyzed with ﬁale ?nd female subjects considered

i l ,

| L | !

sepprately to determine the effects df 1on performance. i
| | il

]

s
i

‘ I s
Experiment 4 - Effects of %earn#ng;

, L scores obtained: on the
; , .

. s
two.different occasions, 3 weeks apart, fiorithe 10 older normal subjects i

H

i
! bl N " . -
re used to determine the
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effects bf leerning. In addition, trizl by trial scores for both the
young normals and oléer normals were investigated to evaluate the
effects of short—ter@ learning on performance.

Experiment 5 - gffects of lateral dominance: Eight young adult
normal subjects were_%ested on both right and left sides to determine
the effects of 1ater$l dominance on tracking performance. Since, with

the exception of this experiment, only dominant side tracking performance

was measured for all subject and patient groups, it was felt important

to take at least a cﬁrsory look at these effects,
Bxperiﬁent €& - Interrelations betwsen the tracking test battery
énd the CQNE and SADLE: Twenty young adult normal subjects were studied
with the tracking test battery, CQNE, and SADLE on the same occasion.
The data collected were analyzed by means of factor analysis to evaluate
the interrelationshius between the 3 batteries of tests. If the tracking
tests cprrelate too highly with already existing tests, without adding
any advantages, then they may merely represent needless duplication.
Experiment 7 - Establishing consensual validity: The tracking test
battery was applied in a drug trial designed to compare the efficacy of
L-DOPA §nd amantadine to that of L-DOPA and placebo in the treatment of
2? patiLnts with Parkinson's diseaser Batteries of'subjective and

objectiye measures, including the CQNE and SADLE, were also administered.

The propedure for the study was as falioWs. Over a 4 to 5 month period,
- 1'1’ ’
|

i .
the 28 patients received a gradually, increasing dose of L-DOPA until

=T

each paFient reached a stable, maxima

A
ients were randomly divided into
|

ly}tolerable dose (see (Walker,

ﬁit al.,| 1972b). At this time, the pp
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two treatment groups. One group was given 100 mg of amantédine twice
daily and the other group received a placebo capsule of identical taste
and appearance twice daily. Both groups continued to receive their
maxiﬁally tolerable L-~DOPA dose. Three weeks later patients were
evaluated and the amantadine and placebo groups were reversed. After
another three week period, the patients returned for a final evaluation.

The results of the tracking test measures were then compared with

patients' impression, neurologists' subjective interpretations, and
CONE and SADLE results to determine their consensual validity.

Experiment 8 - Phase plane and power spectral analyses: Experiment
8 is a demonstration experiment intended to illustrate the value of 2
systems engineering methods, phase plane diagrams and power density
spectra, for use in describing movement disorders. Selected tracking
samples from each of the patient and ncr%al groups were analyzed using

!

these techniques, and comparisons were made between the graphical
results and the neurologiéts' previous diagnoses of patient function.

Step tracking performance was analyzed using phase plane diagrams and

random tracking performance was analyzed using error power spectra.

!
S, — — d “‘f" e T e
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CHAPTER III

NORMATIVE DATA

Whenever new quantitative tests for measuring neurological disorders

are developed, it is of interest to examine the performance of normal

subjects as well as patients on the tests.

The tracking test battery

was thus administered to two groups of normal sublects:

S,

(1)

20 young adult normal subjects, 18-21 years old.

(2) 15 older adult normal subjects, 50-75 years old, 10 of whom

were retested after 3

weeks.

The normal subjects were studied for the following reasons:

1)
(2)

To determine the reliability of the tracking task measures.

To assess the importance of age, sex, learning, and

dominant versus nondominant body sides on tracking performance.

(3)

performance could be compared. |

Reliability
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. Spearman-Brown slit-half correlation coefficients are showﬁ in Table 3.1.
A1l coefficients are significantly different from 0 at or above the

. 5% level with the exception of the right to left movement time measure.
With the given sample size, the smallest correlation significant at

the 5% level is .63, so the movement time correlation is only slightly

below this value.

TABLE 3.1

Reliability of Tracking Test Battery Involving 10 Matched
Normals with a Three Week Interval Between the First and
Second Examinations

2r 1
1 _<r
TEST r 1+ |7
STEP TRACKING
Reaction Time, Right to Left | .T5% .86
Reaction Time, Left to Right f . 82%% .90
Movement Time, Right to Left - .60 .75
Movement Time, Left to Right .67 . 80
RANDCM TRACKING
Integral of Absolute Error .91 %%E .95
CRITICAL TRACKING
Reciprocal of Critical Root . 96%%* .98

1 Pearson product moment correlation coefficient
t1Spearman-Brown split-half correlation formula
*p = |05 *x*p = .01 *k%p =, 001
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Reliabilities of test measures in the CQNE have recently been
determined by Potvin;f197l) using 18 young normal adults and a one month
inter-test intefval.i Examination of those tests that purport to measure
upper extremity coor&ination reveals that their reliabilities range
from .52 to .84. Thé_trackiﬁg tests measures, with a range of .60 to

.96, thus compare faﬁorably with the more established measures, although -

exact comparisons cannot be made because of differences in experimental

.
e e

1 et o w12 F o

design. Typically, éhe tracking measures represent a larger number of
samples of behavior ;f each subject than the CQNE tests. While Kelly
states that "The mos% common basis fbr-low reliability of a set of test
scores 1s that they %re bzsed on too few samples of behavior," Anastasi
(1866) warns that "Tﬁe change in nature of many motor tests with practice
complicates the determination of reliability." Thus, increasing the
number of test sampl;s will not always result in increases in reliability
since different tesf samples may not measure quite the same function.

The fact that the CQNE.measures were determined with a young subject
population and a la;éer number of subjects than the tracking measures
would tend to produée higher reliabilities for the CONE tests. One of
the maior generalizations in the field of aging 1s that older adults
are Dréne to be more Yariable in théir pefformance than younger adulfs
(Botwirjick and Thompson, 1968). -Also, smaller numbers of subjects tend
|

|
{ .
to affdct reliabilities adversely. QT the other hand, the tracking study

1tiliz¢d a shorter inter-test interval than the CQNE experiment which
: T i

i
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Yas a Tavorabie effect on the track1n$ reliability measures.
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In any event, the reliabilities of the tracking measures are quite
good with the reliability of the Critical Task unusually high for a '

motor performance test.

Effects of Age

Average tracking performances for the young adult normal and older

adult normal subject groups are shown in Table 3.2. In general, the

young normals performed better on the tracking tasks—than—the—older
normals, which is to be expected as "one of the most pronounced changes
associated with aging is the slowing of sensorimotor activities" (Tolin

and Simon, 1968). Reaction time scores are significantly faster for the

TABLE 3.2
COMPARISON OF TRACKING PERFORMANCE OF YOUNG

ADULT NORMAL SUBJECTS AND OLDER ADULT NORMAL SUBJECTS.

) Young Adult Older Adult .
Test Units Normols Normals % Change tw
Mean ' SD Mean  SD
STEP TRACKING
Recction Time, Right to Left Milliseconds 232.3 320 302.8 38.9 23.3 5.86 ***
Reoction Time, Left to Right Milliseconds 243.3 32,4 294.,2 33.4 17.3 4,54 w*+
Movement Time, Right to Left Milliseconds 289.0 61.0 489.0 110.0 40.9 6.86 ***
Movement Time, Left to Right Mill seconds 302.0 61.0 568.0 ° 118.0 46,7 8.67 ***
RANDOM TRACKING
integral of Absolute Error Centimeter-Seconds i
Second 2.01 0.54 1.89 0.58 6.3 0.63
CRITICAL TRACKING |
Reciprocal of Critical ) Milliseconds 336.9 47.3 361,7 64.3 6.9 1.32
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young normals, a finding in agreement with other investigators who have
noted that the time taken by mental processes to initiate movements in-
creases with age (e.g;, Singleton, 1954 and Leonard, 1853). The large
differences in movemegt time scores for the 2 groups are especially
striking. The instrupticns for the task were to "move as quickly and
accurately as possibi;." A rapid movement required a high degree of

control, however, sigfe the position stick dynamics were negligible.

* Cmamisprma e sevimE

It appears as if the Slder subjects have shifted toward increased
accuracy. Welford (1958) has suggested that such a shift might be due
to the greater care older people take in the activities in order to
avoid injury. Singléton (1955) found that with longer movements that
must be accurately aimed, speed limitations with age are set by the

perceptual and translatory processes involved in the visual guidance.

Thus, two factors, increased caution and a reduced information processing

capacity, appear to account for the slower step tracking responses of
the older group.

Both the random tracking task and the Critical Task force the pace
of performance more than step tfacking. Instead of allowing several
seconds; to prepare for the next stimulus and response, these tasks

: | .
require| continuously graded responses. As a result, these tasks might

be expected to force the older subjects to give up their overly cautious

P

approaéh and thus raise their perfcpmapce to more nearly the same level
P ,
s the younger subjects. This appea:J to be the case. In fact,, the

]
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older normals!showed superior perfcrménCe;On the random trackingjtask,
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although this may be only a technical difference. In order to make

the task within the capabilities of severely handicapped patients,
however, the bandwidth of the target signal was kept very low (0.3 rad/
sec). It is reasonable to assume that the amount of information, in
the technical sense, to be dealt with in this task was thus well within
the older normals' capacity to deal with in time. -When the view that

as people get older they tend to become more accurate (Welford, 1958)

is also considered, it is not at all unreasonable to see slightly better
random tracking performance with the older group.

The same arguments cannot be ma&e with regard to the Critical Task,
however. While the fast-paced nature of the task might cause an abandon-
ment of excessive caution in the older normal group, the lower informa-
tion processinglcapacity of this group weuld be expected to result in a
definite sacrifice in accuracy as higher;and higher degrees of instability
are to be dealt with. The fact that the young normals performed better
than the older normals is thus an expected finding.

Another possibie reason why the older normals performed slightly
better than the younger normals on the random tracking task may be due
to motivation. The random tracking task is quite tedious and requires
sustained concent%ation and subject cooperation. Older normal subjects
are usually highl& motivated because of their close relationship to the

patients. The yohng normal subjects are‘paid volunteers; and even

though they are urged to perform at.thezf best they do not always appear
as motivated as the older subjectsrti‘o1 %n (1971) compared performance
| :xA ‘ | i '
in the CQNE for incentive groups w1o offered monetary rewarde with
1 .
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that for control groups who were given standard instructions to perform -
at their best. Although no significant differences in overall performance
between these two groups were found for either young normal subjects or
older normal sﬁbjecfs, the young ircentive subgroup showed the largest
improvements. The tests in Potvin's study were of much shorter duration
than the present tracking tasks, so motivation might be a bigger factor

in the present results.

I

Effects of Sex

The data for the two groups of subjects were also analyzed with
male and female subjects considered separately. The results for the
young normal group are shown in Table 3.3. ¥While the males showed

superior performance on all of the tests, only the movement time scores

TABLE 3.3

COMPARISON OF TRACKING PERFORMANCE OF MALES
AND FEMALES FOR YOUNG ADULT NORMAL SUBJECT GROUP

Test . Units Male | Femalo % Change t
Mean SO | Mean SO
STEP TRACKING - 0
Reaction Time, Right to Left Milliseconds 22.0 :3*;._5 27.7 30.5 4.5 0,74
Reoction Time, Left to Right Milliseconds 237.4; ‘! isg.‘z 2492 35.1 4.7 0.81
Movement Time, Right to Left Milliseconds | 2%.00 480 | 3220 .0 20.5 2,82 +
Movement Time, Left to Right Milliseconds 268.0] [.57.0 | 337.0  45.0 20.6 3,04
L - N
DOM TRACKING ' i h
Ttit:gml of Absolute Error Centimeter-Seconds i 4 ’ ;
T Second . | 12.2; -4 1.82 0.3) 17,1, 1.64
. ey |
gEnmAitucmNc Pl |
Rpciprocal of Critical Root Milliseconds E 323 4 49,9  55.8 7.}4 1.25
RN :
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were significantly better. Males are decidedly stronger than females.
It is fair to assume that a subject's strength will indicate the power
that he can put into;causing a movement to be made rapidly. The
significantly faster movement times observed for the males are thus

to be expected.

Similar trends exist for the older normals, as shown in Table 3.4.

The—differences—in—performance-due to_sex_appear_to decrease with age,

however.

Learning Effects

The same group of 10 older normals used in the reliability study
was also used to measure long term learning effects, as shown in Table 3.5,
Although all test scores showed an improvement on the second examination,
none of the improvements were statistically significant. The greatest
improvenments occurred for the movement time measures. One of the
reasons offered for the big difference in scores between the older
normals and the youné normals was the excessive caution of the older
subjects. A second exposure to the step tracking fask would thus be

expected to relieve some of its unnaturalness resulting in a reduction

|
!

in their overly cautious behavior.
Improvement in performance with repeated trials for each of the

P
measurds is shown in Figures 3.1 through 3.4 for both the young and
v
. il : . .
older pgormal groups. The pattern in'improvement was not uniform as

|
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some sHbjects’Showed'continued improvement during the trials.
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TABLE 3.4

COMPARISON OF TRACKING PERFORMANCE OF MALES
AND FEMALES FOR OLDER ADULT NORMAL SUBJECT GROUP

Test Units Male Female % Change t
Mean sD Mean sD
STEP TRACKING
Reaction Time, Right to Left Milliseconds 299.0 33.2 305.3 4.1 2.1 0.30
Reaction Time, Left to Right Milliseconds 780.2 R 27.6 303.6 35.1 8.4 1.37
Movement Time, Right to Left Milliseconds 429.0 99.0 529.0 108.0 3.2 1.86
Movement Time, Left to Right Milliseconds 532.0 135.0 591.0 106.0 1n.o 0.95
RANDOM TRACKING
Integral- of-Absolute-Error Centimeter=Seconds | .
ec. 7.4 . 6.3 19.9 5.6 14.4 0.80
CRITICAL TRACKING
Reciprocal of Critical Root Milliseconds 337.1 44,7 378.1 72.3 12,2 1,23
TABLE 3.5
LEARNING IN TRACKING TEST BATTERY INVOLVING 10 MATCHED NORMALS
WITH A THREE WEEK INTERVAL BETWEEN THE FIRST AND SECOND EXAMINATIONS
Test Units Exam | Exom 11 Difference | % Chonge | 1-Difference
Mean ' SO Meon SD
STEP TRACKING i
Reoction Time, Right to Left “Milliseconds 308 4 305 43 -3 -3 z
Rreaction Time, Left to Right Milliseconds 297 ?7 | 297 5 0 -.2 .00
Movement Time, Right to Left | Milliseconds 510 | ‘\so 1 43 106 -17 -2.7 .82
Movement Time, Left to Right | Milliseconds | 596 w09 0 ne| -es -10.5 2.9
|
RANDOM TRACKING |
integra! of Absolute Error Centimetar-Seconds ltl'
T Zocond is4] 1.8 .82 -4 -1.4 .68
i Al
. RN
CRITICAL TRACKING P
Reciproco! of Critical Root Milliseconds H 56 61 -10 -2'.6 1.77
: '
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Dominance Effects

Eight young normal subjects, 4 men and 4 women, were tested on
both right and left sides to determine the effects of lateral dominance
on tracking performance, Half of the subjects were tested first on the
right side and then the left, while the other half were tested in the
reverse order. The results of these tests are shown in Table 3.6. No

significant trends are noted. While significant differences between

the two body sides in activities such as throwing and handwriting would
be expected, Provins (1956, 1967) claims that there should be no
difference where differential training between body sideé has not
occurred. - Bowen, Héehn, and Yahr (1972) also failed to observe any
difference in tracking performance for the two sides with their group

of normal control subjects.

TABLE 3.6

i
i
:
i
i
.
.

TRACKING PERFORMANCE FOR A GROUP OF 8 YOUNG ADULT
NORMAL SUBJECTS COMPARING DOMINANT AND NONDOMINANT HANDS

Test Units Dominant Non=-Dominant % Change t
Mean sb Mean sD

STEP TRACKING

Reaction Time, Right to Left Milliseconds 246 2.7 | 2261 3201 0.9 0.20
Reaction Time, Left to Right Mitliseconds 22,0 341 | 231.8 240 3.6 1.15
Movement Time, Right to Left Milliseconds 285.9 53.4 291.6 5.4 3.0 0.37
Movement Time, Left to R'fgho Milliseconds 296.2 54.8 | 2927 65.7 1.24 0.30

RANDOM TRACKING

Integral of Absolute Ervor | Centimeter-Seconds |
| 2.3 0,68 2.44 0.76 6.8 0.82
i [
T CRITICAL - TRACKING -~ — - —§ [ SOS [SN A ;
Reciprocal of Critical Root Milliseconds §.335.207 j29.1 | 328.6  47.1 2.3 0.91




Lsg

Quantitative Standérds

One of the most important reasons for using normal subjécts on
new tests is to establish quantitative standards. Since it is the goal
of the physician tolbring the performance of patients to the pre-disease
level, it is meaningful to express patient data as a percentage of
that obtained from matched normal controls. This was done for the

L-DOPA and amantadine drug study and will be discussed further in

Chapter V. Chapter VI also utilizes matched-control performance records

to dramatize the movement characteristics of different patient groups.

R
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CHAPTER IV

FACTOR ANALYSIS OF TRACKING TEST BATTERY AND
SELECTfD MEASURES FROM THE CQNE AND SADLE

This chapter considers a factor analytic study of the tracking tests
and selected measures from the CQNE and SADLE that were administered to

20 young adult normal subjects. Factor analysis is a statistical pro-

cedure that is widel§ used for identifying psychologicél traits. The
present study is thué of theoretical interest because it explores those
characteristics or traits that are common to the various test measures

and in so doing help; to provide a‘perspective on the new tracking test

variables.

A Brief Description of Factor Analysis

The starting point for a factor analysis is the correlation matrix
of the test variablés. A correlation matrix is simply a table of the
infercorrelations ambng the tests. The fact that the variables
intercorrelate indicates that they share certain characteristics. A
factor is a grouping of variables that have a particular characteristic

in common. Inspection of the correlation matrix can sometimes reveal
‘ ! 4 B .

: / { !

the nature of some of the isolated factors, but a complete analytical

‘solutign is required to determine ﬂke‘c?mmon factors necessary to

i
. . P b
account for the observed correlation .

13
!S.
ber?of variables necessary to describe
“-- "i N .,
0 @ relatively small number] of
BB
iﬁctiof the analysis is a Factor
1 i ,
' ; |
;

a Pl :
A . [i

Factor analysis reduces the pﬁn

individualls overall performéncT

PE—

o]

+
actorg or common traits. The endig
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matrix which is a table of the loading of each of the factors in each

test variable. Factor loadings represent the correlations between the
test variables and the individual faétors. The nature of a particular
factor is determined from the characteristics of the variables with the

highest loadings.

The Factor Analysis Model

The factor analysis program used in the present study was—based-on
the method of principal-components with subsequent "normal" Varimax
rotation. It has been developed and thoroughly described by Henderson
(1970). thile it is beyond the scope of this chapter to cover the
mathematical basis of this method, a brief description of the procedure
will be given.

The principal components model is b?sed on the following set of

linear equations:

a,.F. +a, F, +°* - +a,.,F +++++a F

N
i

1 111 12°2 1k k Ipp
2, = a2lFl + a22F2 + : . 4+ anPk t+ : .+ aQPFP
Zi = alel + anFQ + - : s+ aijk + : -+ aijP
z' = a Foota F, t 0 s + & F. ++ s+ «+a F
p pll p22 Pkk PP P

!
varlables, [F } is the set of

e

loadings ranging from

; .

. ol

where {zj} is the set of p origina; test

p common factors, and {ajk} is theﬁl qf facto
t i i

1
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-1.0 to +1.0. In the initial formulation of the problem there are as
many factors as original variables. The principal components method
selects each factor so that it has the maximum amcunt of variance among
all factors uncorrelated with the previously determined factors. It
thus happens that only a small number of factors are usually required to
adequately account for the intercorrelations among variables.

Once a solution has been determined it can be transformed to a

different solution with the same adequacy of fit. The factors can be
thought of as reference axes in terms of which each test variable can

be plotted. Tﬁe "normal'" Varimax method rotates the factors or reference
axes so that the small factor loadings are moved toward "0" and the

large loadings toward "1". The result is a simplified, more easily
interpretable factor pattern. Once the rotated factor matrix has been
computed, the statistical process stops and the interpretation of the

factors begins.

'

Previously Reported Factor Analyses '

i
An attempt will bemade to identifyithe factors found in the present
I
study with those found in previously repoft?d analyses. Some of the

: Clii
most extensive factorial research on motor %unctlons has been conducted

by Fleishman and his associates (Fleishman),|1967, 1960, 1956, 1954).

l ' [l
They admlnlstered more than 200, dlffererf‘iésts to thousands Lf basic

Air] Force trnainees during the 1guo s‘anﬁ 3?5 s with the goaL of

|
i number of ‘actors necessary

I

!

Jre. :A descrlptlon of the

L !

f27 is presented :in Table 4.1

]
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Henderson (1970) and Potvin (1971) have performed factér analyses
on tests in the CQNE and SADLE. Potvin's results are particularly
relevant to the present study and are summarized in Table 4.2. While
agreement between Fleishman's results and Potvin's results is not
complete, numerous common factors can be identified, such as reaction
time and control precision. Making identifications of factors across

studies is not always straightforward. The factors and the loadings

found in a particular study depend somewhat upon the-nature of the
data used in the analysis. Some of the conditions which influence the
results are the types of tests and the combinations of tests used in
the analysis. Also of concern are the subject population selected, the
type of sampling used, and the testing situation that prevailed.

In this light, comparisons with Potvin's results should be the
easiest to make since the present study %as conducted under very nearly
the same conditions. However, if one aséumes that an individual's
ability structure can be represented by a reasonably small number of
basic traits and that factor analytic solutions do uncover these traits,
then general cross-identifications should be possible even if experimental

conditions are different. Whenever possible, the factor names introduced

by Fleishman wilg be used in interpreting the present results.

Results of the Present Study

' 0

"““The“correlation»matrix—of~the-oQiggnél_testsmadministered to the

T L i
: I L .
20 young adults is shown in Table 4.3. |iThis matrix supplies the basic

3

P :

data from whicp the factor analysi%;isfaritiated. Numerous sensory tests,
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such as touch and position sense, were not included in the analysis
because they showed little or no variation between subjects.

Table 4.4 presents the factor pattern for the "normal" Varimax .

rotated factors. Before rotation, 11 common factors with variances

greater than 1.0 weré isolated, accounting for 83 percent of the total

variance of the original test variables. At the bottom of Table 4.4

are listed the variance of each rotated factor, the percentage of total

bt eat

variance accounted fér, and the cumulative percentage of total variance
accounted for. The Qarimax rotation has destroyed the property of
maximum variance of éuccessive factors‘that resulted from the principal
components solution,‘but the percentage of total variance accounted

for by the 11 factoré remains the same.

The nature of t#e individual factors can be determined by examining
the correlations or loadings between the factors and the original test
variables. For convénience, loadings of 0.40 and higher were arbitrarily
considered as being qf probable significance and are underlined in the
factor matrix. The.following factor identifications weré made:

Factor 1, Reaction Time: Factor 1 has its most significant loadings

(.70's Fnd .80's) in the two step reaction time measures and the simple
! i .

i
reaction time measure from the CQNE. The factor thus characterizes the

speed wWith which a subject respondg to a stimulus regardless of the
. o
P!
specific response required. Puttirg,op~golves and the Purdue pegboard
B ' -

!
fest hgve intermediate loadings on|this factor. While neither of these

(!
[

" tests directly resembles the simple réaction time tests, both ap?ear to
i

N
o

!
have a preaction time component. [ . . i

-

P

A I,
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2, Wrist and Shoulder Strength, Speed, and Steadiness:

Wrist strength and shoulder strength (.90 and .92) load most highly on

this factor.

Other tests with high loadings (.60's and .70's) include

the step movement time measures, cutting with a knife, force steadiness

unsupported, and sustention tremor.

combination of strength, speed, and steadiness.

Factor 2 thus appears to involve a

Strength and speed are

positively correlated while stfength and steadiness are negatively

s

correlated.

Zipping a garment, managing three small buttons, and the

rotary pursuit task also have moderate loadings.

The sign of

the

loadings on the first two of these tests suggests that the test measures

are negatively correlated with strength and speed, a somewhat puzzling

relation.

Factor

3, Finger Dexterity:

Factors 3 and 7 offer some difficulty

in interpretation because to a certain extent thev both involve the

skillful manipulation of small objects.

Manipulating safety pins (.86)

loads most highly on factor 3 with intermediate loadings (.40's) from

managing small buttons, pencil rotation,
loadings from the_Purdue pegboafd test and
preéent (.30's). ‘
dexterity factor and a manual dexterity
thi§ classification in the present stﬁd

morg appropriately identified wi

the latter.

|

. Factor
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u Hand Speed and H
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In his studies, Fleis?na
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n,

‘,re

; T
‘§nd sustention tremor. Modest

putting on a shirt are also

has identified both a finger

rtor.

r tralt and factor 7 with

spekd fétigu
{

. e
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factor while cutting'with a kpife has an intermadiate loading. The fork
and knife tests both appear to be highly affected by hand speed.

Factor 5, Contral Precision: The loadings from the Critical Task

(.79), pursuit rotor (.66), and supported force steadiness (.41) identify

this factor as the ability to mske "fine, highly controlled, but not

(L

overcontrolled muscular adiustments" (Fleishman, 1960). High loadings

'h

from putting on a shirt and grip strength fatigue (.50's) were also

present. While the ébility to meke sustained muscular adjustments would
be expected to correlate with grio fatigue, the high correlation with

the shirt test was unexpected.

Factor 6, Grip Strength: The grip strength test has By far the

highest loading on this factor (.386). Moderate locadings (.50's) from
zipping a garment and squeezing toothpaste zre also consistent with
the identify of this factor.

Factor 7, Manual Dexterity: Managing large buttons (.77) and tying

a bow (.90) exhibit fhe highest loadings on this factor. Two-point
discrimination has aﬁ intermediate loading (.51). Numerous other tests
have modest loadings (.30's). These include the movement time measures,
z1pp1ng a garment, squeezing toothpaste, Purdue pegboard, and force
steadlness supported. It was thus!Felt that this factor was more closely
identiﬁied with manual dexterity than with finger dexterity.

[
Fdctor 8, Finger Vibration Sense: Factor 8 is best identified from

bl
the hi&h loading on the vibration 1%§% ( 93) Moderate loadings from
f 1 ! ;
hanagi%g small buttons and pencil “étét%ob and modest loadings from
:‘ : . §
zipping-a-garment;-dialing a:telephehe, two-point discrimination are |
o H

.

glso cdnsistent with a trait for fir sen31t1v1ty

e e e e
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Factor 9, Hand Steadiness: The highest loadings on this factor are

for resting tremor (.84) and dialing a telephone (.77); but, as might be
expected, the two variables are negatively correlated.

Factor 10, Aiming: Hand coordination (.81), putting on gloves (.77)

and hand coordination fatigue (-.70) load most heavily on this factor
which has also been identified as "eye-hand ccordination."

Factor 11, Rate Control: The loading from integrated absolute

error (.83) was used as the basis for identifying this factor which
reflects the ability of the subject to make "continuous anticipatory
motor adjustments relative to changes in speed and direction of a moving
target" (Fleishman, 1960). The intermediate weighting (.53) from
squeezing toothpaste appears to be due to a flow rate estimate involved
in responding to this task. Certain aspects of rate control may also

1]

be present in the pencil rotation test (+.40). Moderate loading from

i

2 point discrimination (.42) is seemingly inconsistent with the
identification.

While there aré instances where certain factor loadings are not
logically consistent, for the most part, good agreement exists between
the present results and those reported by Potvin and Fleishman. MHost
of the factor na%es and identifications proposed by Fleishman are equally
appropriate for %he present factors. TFinger Dexterity and Manual Dexterity

were not as cleaf cut as could be desirﬁq, but Potvin also found that

e e e e e S i it -
—— ..‘,_..f'__.k_.. a—a o -k

manipulating safety pins and bow ty%%g ' ' load on the

id not load on the same factor.

1

)
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b |

For the most part, the anomalous ? are ﬁot highly significant and | -
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The present study brings out several interesting points relative to
the new tracking test measures. The comprehensive nature ofnthe tracking
tests is demonstrated by the fact that each of the measures loads heavily
on a different factor. The right to left and left to right measures for
both reaction time and step movement time are grouped together for the
young normal subjects, but this would not necessarily happen for patients

with_movement disorders. Step reaction time and simple reaction time load

B

nearly equally on Factor 1 suggesting that the former measure may represent
a duplication of an alreaﬁy existing test. Movement time appears com-
bined with stréngth and steadiness and not as a separate factor as was
anticipated. A larger sample size or a different subject population -
could change this relation, however.

The Critical Task and rotary pursuit task both load heavily on the
Control Precision factor. The advantages of the Critical Task, such as
high reliability and easy mechanization, sﬁggest that it should be con-
sidered as a possible replacement for the earlier test. The random

tracking error score appears to identify;?;factor, Rate Control, which
- - 1

|

1

was previously lacking in the CQNE. -

RN
The finding that the Critical-Task‘ﬁnduthe rotary pursuit task load

i

i

heavily on the same factor which is distinct from that for Integrated

e
Abgplute Error has a reasonable expl?nét%on. The first two ﬁasks both
: Hi

i

. : Cae ki . !
inyolve responses to more or less predrthP’e‘31gnals. In the Rotary
1

! | Pl i

: . e o o bbby P
suit Task, the input is a constant an 4r rate. For the (Critical

L

i

R
» while|there is no forcing functid
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et rmpeiarpatees

T e ot s e e e 4

|
!
g_
i

e g e e st e
: e T

\
|

l

le subject attempts to compensate
{




63

fqr his own output noise. To that extent, he responds to the effects

of hié own previous movements; and shortly after making a strong movement
in one direction he éan anticipate having to make a corrective move in
the opposite directién. On the other hand, the random tracking task
requires continuous fesponses to ‘an unpredictable input and thus re-

quires a different type of psychomotor ability.

While the usual practice in factor analyses is to retain from among

the original tests tﬁose providing the best measures of each of the
factors, this was no% the intent of the present analysis. Instead, the
principal object was to analyze the inferrelationships between the
various test measures and to provide evidence that the new tracking
measures cover approximately the same general area of behavior as the
CQNE and SADLE. In this regard, the tracking tests are more closely
related to the basic.CQNE tests than to the more complex SADLE measures
vhich tend to have l;adings well distributed among the various factors.
The findings of the present factor analysis can thus be offered as an

argument for the construct validity of the tracking tasks. Additional

justification for using tracking tests to measure sensory motor

"function is given in the next chapter where strong supporting evidence
1

|

new test measures is given.

|

for the concurrent validity of the

e oo v -

Tt ————
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CHAPTER V

A THERAPEUTIC CLINICAL TRIAL

The purpose of this chapter is to describe the application of the

tracking test battery in a therapeutic clinical trial. The trial provided

an ideal opportunity for objectively evaluating the usefulness of the

tracking tests in assessing modest changes in neurological function.

The tracking test battery was administered to 28 parkinsonian patients

participating in a randomized, double-blind, crossover trial designed

by Walker and his associates (Wélker, et al., 1972b) to evaluate the

efficacy of amantadine versus placebo in patients already receiving

maximally tolerable doees of L-DCPA.

were randomly assigned to 2 groups,

The 28 Parkinson's disease patients -

the first receiving L-DOPA + amantadine

first and L-DOPA + placebo second, with ﬁhe second group receiving just

the opposite schedule as shown in Table 5.1. Corresponding treatment

groups were then combined for aralysis.

The tracking tasks provided one of several sets of measures of

neurological function. Other measures included qualitative impressions

of the patients, professional opinions of the attending neurologists,

subjective evalu%tions of functional disabilities, the Simulated

Activities of Da%ly Living Examination, the Clinical Quantitative

‘

Neurological Exaﬁination, and a neuro—psyghological test battery.

of the drug trial can be found els

i
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ewhere
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.

A complete description of the otheriﬁest’mea ures and a completé evaluation -

(Walker, et al., 1972a,b). |
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TABLE 5.1

EXPERIMENTAL PARADIGHM FOR L-DOPA +
AMANTADINE CLINICAL TRIAL

Group No. of |Medication Taken During Week
Patients 1 -3 4 - 6
1 14 L-D+A L=D=+P
2 ' 14 L-D+ P L-D+ A
L-D = L-DOPA A = Amantadine P = Placebo

Only those results that have direct relevance to the evaluation of the

tracking measures will be considered here.

Numerous investigations of the combined effects of L-DOPA and

amantadine on the treatment of parkinsonism have been undertaken. While

some have shown a beneficial effect from

imp
and

bec

e ™

rovement (Millac, et al., 1970;'Greaur
Godwin-Austin, et al., 1970). The pr
ause it was felt that many aépect% of

oved. ﬁor example, each ofjthe gboye
fne:or sdveral of the following w}
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?"970; Hunter, et al., 1970;

fént drug trial was undertaken
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1. Lack of proper blinding, randomization, crossover.
2. Too few patients evaluated to obtain significance.
3. Failure to use objective measures of motor performance
and psychométor skills.
4. The effect ;f concurrent anticholinergic medication was
not eliminaééd.

In spite of the imprévements offered by the present trial, however, the

y
|

benefits of adding amantadine to L-DOPA were expected to be modest at
best; and the drug trial thus served as a stern test of the sensitivity

and validity of the fracking test battery.

Tracking Measures

A summary of the quantitafive tracking measures comparing the
coﬁtrol data obtained from the 15 age-matched normals to the patient
scores obtained after administration of L-DOPA + placebo and L-DOPA +
amantadine is shown in Figure 5.1. The control subjects are found to
perform better than fhe patients on all the tracking tasks regardless
of the treatment group, although the patients do perform relatively
better on step and critical tracking than on random tracking.

Th% performance of the combined treatment groups is expressed as a

. ||
percentfge of matched normal performance and shown in Table 5.2. It is

useful fto express patient scores in any ﬁrug trial as a percentage of

| ]

normal {function since it is the goal of the physician to return the

i !
) !

patientl's function to the pre-disease level. For example, an improvement

[ P
it
b

1]
f’bq 0.50 instead of 1.89..

| :
|
{
!

Jn the jrandom {tracking score from 3.[36
! §
i

H

f #he‘hormal control score was found |
‘S i

5
\

to, 3.04 would be far less|meaningful
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TABLE 5.2

PERFORMANCE OF PATIENTS N THE TRACKING TEST BATTERY EXPRESSED
AS A PERCENTAGE OF MATCHED ADULT NORMAL FUNCTION

Test Units Matched Adult Patients on Potients on
Nommal Function L-Dopa + P - {-Dopa + A
Meon £ 25D % SO % sSD
STEP TRACKING
] Reaction Time, Right to Left Milliseconds 303 + 78 83 19 90 22
Reaction Time, Left o Right Milliseconds %4 & 67 87— —86—18
Movement Time, Right to Left Milliseconds 489 + 220 78 22 80 20
Movement Time, Left to Right Milliseconds 548 & 234 76 22 84 2
RANDOM TRACKING
Integral of Absolute Ermor Centimeter-Seconds
Second 1.89 ¢ 1.16 &1 23 65 17
CRITICAL TRACKING i
Reciprocal of Critical Root Milliseconds 362 + 128 78 17 81 i8

The fact that the parkinsonian patients perform considerably below

normal is not surprising. Numerous investigators have noted that patients

“

i

-

yith parkinsonism have difficulties in initiating responses and are
I

slow to react to sensory stimuli (Tallanq, ;963; Dinnerstein, et al.,

196R). Parkinsonian patients have beenfrea?rted to have particular

=

diffficulty in maintaining continuous;mo?q ents (Perret, 1968; Perret,

i i :

‘ | ! d .
et Bl., 1970; Schwab, et al., l?Sh; Qn%:K;ng, 1959). The esp%cially
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error measure is espgcially sensitive to large deviations from the target.
Not only did the patients have a tendency to occasionally deviate by large
amounts but they als;>failed to correct immediately. The relatively
better perfovmanée b£ the patients on the Critical Task is an interesting
finding. Part of the improvement may be the result of the test measure,

for the critical root is not as sensitive to the cumulative error as

the TAE score. Another possibiiity is that the Critical Task is more

motivating than randgm tracking. A typical remark from one of the
patients was that thé test "makes you feel like you've been defeated

when the line goes off the screen." Mény patients that appeared bored
with the random tracéing task became quite enthused and challenged during
the Critical Task.

As can be seen from Figure 5.1 and Table 5.2, the L-DOPA + amantadine

treatment group demonstrates better performance on all of the tests than

does the L-DOPA + plécebo treatment group. Paired-t tests were performed

on the mean differenées in performance for the 2 treatment groups. The
results of this analysis are shown in Table 5.3. While all of the

tracking test measures showed improvements favoring the L-DOPA + amantadine

treatment group, only the step tracking (left to right movement time) and

i | :
the Critical Task measure showed improvements significant at the 5% level.

While dhanges in the random tracking scores and right to left reaction
I

i 1
time s¢ores were equal to or greater ghan 10%, large variations in

these $cores among patients prevented these changes from reaching
i : N i

|

1

| ;
stat is‘ﬁiical s {gnificance .
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TABLE 5.3

RESULTS OF TRACKING TEST BATTERY INVOLVING 28 PARKINSON
PATIENTS: COMPARISON BETWEEN L-DOPA + PLACEBO AND
L-DOPA + AMANTADINE TREATMENT GROUPS

Test ' Unins L-DOPA + Amentodine | L-DOPA + Placebo | Difference |% Chonge| 1
Mean S0 Mean sD
STEP TRACKING
Reaction Time, Right to Left Milliseconds 359 91 385 102 7 10 1.61
Reaction Time, Left to Right Milliseconds 358 84 368 8 10 4 .75
Movement Time, Right to Left |  Milliseconds 842 145 679 215 4 7 1.18
Movement Time, Left to Right Milliseconds ny 191 820 289 10 16 2.32
—RANDOM-TRACKING

Integral of Absolute Error Centimeter-Seconds

oc 3.04 74 3.3 1.35 .32 " V.42
CRITICAL TRACKING .
Reciprocal of Critical Root Mitliseconds 463 95 486 110 n 5 2,23
* p<.05 e e .-

Concurrent Validity
As pointed cut in Chapter I, one of the most important nmethedological

issues in the evaluation of new test measures is that of validity.
According to Kelly (1969), "the validityjof a set of scores refers to
the correctness of the inferences which @ne makes on the basis of the
scores."” In the case of the tracking scores one would infer that the
effects of adding émantadine to L-DOPA are beneficial but mcdest. The
next step is to determine the éppropriateness‘of this inference by re-~
ferring to other established measures of the neurolgoical condition of

the patients. Tﬁe concurrent validity of the tracking test battery may

be deduced from Lhe extent to which its scores agree with those of the

W i

more established: testing procedures.

i
1

—_ R

the 28 patients felt tht
L-DOPA + amantadine was superior té ﬁ—E PA + placebo, and 11 of the I

| ! ;

toIL-DOPA + amantadine, and

Patients' Impressions: Nineteen g
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these patiem:s Juéged it at leasfc 25% better. TFour of the patients felt

that neither the a’nan..adlne ror thz placebo treatment of er‘ed any rnprove-

ment in function. None of the patients Lelt that thelr func‘clonal

capac:Lty was worsened by eltn oF the treatments.

Neurologtlsts‘ Su.'bjectzve Imoressions: Scores on Lhe dlsablllty
scales (dress:.ng, hyglene, feedin se ech) were all 1ov~er' on the

average, 1nd1cat1ng less dlsanl_uty, for the L-DOPA + amantad.me treat-—

ment group, although no 1nd1v ual egorj of function al dlSab:Lllty wes

s:.gnlflcantly better ('I'able 5 4L). In addition, scores octa:med from the

standard neurologlc examnatlou SugE sted that the coabenatlon of L DOPA

+ amantadlne i roves arm trer.or leg tremor, and gait more than L DOPA
'“P : P 2 g

+ placebo (Table 5. 5).
""""" TABLE 5.4

Compcnson of Patient Scores on Dusobxley Scales
For L-DQPA + Plac_:ebo and L_-DOPA +Amcnfcdme

......

Treofmenf Groups

B L-DOPA ;"‘El';;;t;; _| i L-DOPA + Amantadine
wglt—:_liir_ug_v . '1.?”“? ‘} ' _ ‘ 1.7
Dressing | | R .2.5 ‘[ 2.%
Pygiege o ' _2.'8‘ 3 ; 2,7
o || s e
~¢iégblsab111ty ' 3 Dléﬁblllgy T
>derate Dlsabllity g it Lossiof Pu?etl_% P
St i il
i o |
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TABLE 5.5

Comparison of Patient Scores on Standard Neurlogical
Examination for L-DOPA + Placebo and L-DOPA + Amantadine

Treatment Groups

L-DOPA + Placebo - L-DOPA + Amantadine

Tremor,‘right hand 2.1 1.8%
Tremor, left hand 1.4 1.1
Tremor, right leg 0.8 ‘0.5*
Tremor, left leg 0.5 0.2%
Rigidity, right arn 0.8 0.7
Rigidity, left arm 0.7 0.6
Finger coord., right 1.8 1.7
Finger coord., left 1.6 1.5
Bradykinesia . 1.5 1.4
Weakness, right leg 0.4 0.4
Weakness, left leg 0.4 0.3
Rising 1.0 1.0
Posture . 1.8 1.6
Stability 1.0 0.8
Gait | 1.5 1.3%
Loss of assoc. movt., right 3;6: 3.4
Loss off assoc. movt., left 3.1 2.9

i 1 S o i e

#I= p < .05
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Quantitative Measures: Analysfé of the CQNE test scorés revealed

that the combination of drugs is suﬁérior to L-DOPA + placebo for

several tests associated with coordination of the hands as shown in

Table 5.6. This was also evident féi the Simulated Activities of Daily

Living Examination, where the combipation was significantly better than

L-DOPA + placebo for 3 of the 17 teéts (Table 5.7). The change in per-

cent of normal function was from 76;7% (L-DOPA + placebo) to 81.6%

(L-DOPA + amantadine) on the SEﬁEEi; Congidering the entire-battery—of

quantitative tests, 94 of the 105 tétal test measures favored the
L-DOPA + amantadine treatment grouﬁ%

It is helpful for supporting t;e validity of the tracking test
measures to look more closely at tﬁ; specific tests in the CQNE and
SADLE that were shown in Chapter Iéito relate tc the tracking measures.

These relationships were determined'with:a group of normal young adults

]
i

so they may not hold as well for older patients with neurological
abnormalities. ANevertheless, it is of i;terest to consider some of the
CQNE and SADLE tests in more detail.

Simple reaction time in the CQNE, for example, was found to correlate
significantly with step reaction time for the young adult normals
(r = 0.40). In the therapeutic trial, the éarkinsoﬁian patients had
step reaction times well over 100 milliseconds longer than simple

reaction times. iSince part of the latency in the step tracking task is
l B : .

i '

- ;- o s e ! . . .
used for organizing and preparlng'thé‘e?écutlon~of a-highly skilled ,
: ] .
: i { )
response, the size of this differgnce is reasonable. The general trend
b :
i - . . R !
for both step reaction time and sa@[leAfaaCtlon time is the game, namely,
: ‘ i i i
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TABLE 5.7

Com;;crison of Patient Scores on SADLE for L-DOPA -+ Placebo

and L-DOPA + Amantadine Treatment Groups

Test L-DOPA + A L-DOPA + P Diff % t - DIFF
Mean SD Mean SD

Shirt - 46,18 74.21 | 58.51 91.29 | 12.33 | 32.96| 1.27
Large Button 9.91 5.45 | 14,74 2.1 4,82 | 34,66 | 1.26
Small Button 14.61 21.73 | 23.96 35.42 9.35 | 64.67 { 1.83
Zipper 5.62 3.89 6.80 6.19 1.18 1 19.08 } 2.08 *
Bow 19.04 19.82 | 30.57 36.46 | 11.53 | 42.71 | 2.42 +
Cutting 14.57 6.06 | 20.73 21,11 6.16 | 44,04 | 1.62
Fork 2,77 0.81 3.17 1.62 0.40] 11.483] 1.95
Toothpaste 10.15 6.59 8.93 4.00 1.22 1.05] 1.17
Dialing 18.79 14,79 | 16.51 6.22 2,27 181 0.77
Safety Pin 8.13 5.97 | 14.47 24,52 6.35] 67.85] 1.42

*=p< ,05 ,

*#* =p < ,01

{

to favdr the L-DOPA + amantadine treatment group. The step tracking

|
measure showed a greater percent cha

!

nge favoring this treatment, however,

and apgears to be a slightly more sensﬁEiVe measure than simple reaction

time.
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The movement time measures for the step tracking task were found
to correlate with a number of strength and steadiness measures as well
as with the SADLE test requiring cutting with a knife in the young normal
population. In theltherapeutic trial only step movement time for a
left to right transition showed a statistically significant improvement
with L-DOPA + amantadine, although all the other measures did show
improvements favoring this treatment. It is interesting to note, howevef
that with the young normal group, movement time and steadiness were
negatively correlated indicating that the faster a person is the less

steady he will‘tend to be. If this same relationship held with the

2

parkinsonian patients, their improvement in speed should have corresponded

to a decrement in steadiness, which was not the case. Because of the
pathological tremor demonstrated by many of the patients, it is fair to
assume that the steadiness tests were probably measuring different
functions than with the young normal group.

While the random tracking task meésgre stood somewhat alone as the

major identifier of a Rate Control facto%%,it did have moderate

0
il
(r F 0.35). All of these measures. showed improvement with L-DOPA +

amahtadine, but only the pencil task change! in performance reached
: : i

stdtistical significance. ‘v-ra!-

L i

wife used #o identify a Contro; | factor. Only the bpitical

The Critical Task, rotary pursuit,j%dd supported force steadiness
1

540

. s s . i sl
<-sc¢ores | showed significant ver,: The main jreason for t}

ability:with. this=task:th
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Tt is thus founé that there is general agreement between the
majority of qualitatiye and quantitative measures and the tracking
battery. Furthermor;, in comparing all measures of performance involving
the upper extremity,’the tracking tests were found to be at least as
sensitive to the performance changes observed between the two treatment
groups as the most sénsitive quantitative measures of either the
Clinical Quantitativé Neurological Zxamination or the Simulated Activities

of Daily Living Examination.
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CHAPTER VI
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e

PHASE PLANES AND:POWER SPECTRA

)

The purpose of this chapter is %o consider the application of two

frequently used systems engineering;%echniques, phase plane diagrams

r~

and power spectral density functioni; for describing the tracking

behavior of patients with neurologiéél disorders. Samples from the
. ...':‘;- -

e

tracking records of 35 normal subjeqts, ages 18 to 74 years, and 35
patients demonstrating movement disﬁfders with previous neurological
diagnoses of multiple sclerosis, Paékinson's disease, and cerebral palsy

were examined using these techniques. Representative time records and

)

phase plane diagrams for the step tfacking task and time records and

power spectra of the tracking errop?for the random tracking task are
presented. In that the sample sizéiis small and the application of
these techniques is new, most of thé diséussion will be devoted to

. !

qualitative inferences.

Introductory Description of Phase Planes and Power Spectra

A phase plane trajectory is simply a plot of velocity versus
position with time as a paramefer {Graham and McRuer, 1961, and Levinson,
1962). In engineering applications the chief.value of the phase plane
approach lies inithe fact that the trajectories, which represent the
transient behavi?r of a system, can-oftfn be determined even though the

n .

~—exact.relationship between position and|.time is unknown.*

P

In this paper

, _i__ T !

phase plane trajectories were obt‘inﬁd ? plotting know values of
. H N
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*Analysis' is limited to first{y ‘andjsecond-order Systems:
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velocity against known values of position. The velocity and position
signals were recorded on magnetic tape and then played back at a reduced
speed on an X-Y plotter. A hypothetical phase plane diagram is shown

in Figure 6.1. Phaee trajectories have a definite direction associated
with them; for when the velocity is positive the path must go to the
right, and when the velocity is negative the path must go to the left.
Crossovers on the velocity axis indicate overshcots in the response
function.

Even when the time behavior is already known there is still merit
to examining performance in the phase plane. This is especially true
when families of trajectories are examined. Testing with humans is
normally subject to considerable variability even when performance for
the same individual is concerned, and this is even more true for patients
with neurological disorders. Plotting several phase plane trajectories
on the same graph provides a compact way of displaying the variability
in step responses at the same time that it clearly illustrates charac-
teristic movement patterns. ;

paver ]

The phase plane method is a time domai

] 0 technique because it deals
with signals that are expressed as_funcF:Bné .of time., Power spectral

avior in the frequency domain.

dengities, on the other hand, represent b‘
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resolution of complex sounds into in@ividual ccmponents. Similarly,

o

-£7

‘the task of frequency analysis is tdiresolve a complex waveform into

e
g

sinusoidal components of different frequencies and then to represent

2

the waveform in terms of the charactéristics of the individual sinusoids

Eoy

Fi

(see, for example, Licklider, 1951).° The square wave of Figure 6.2

is a good example to ccnsider for tHis type of analysis. This waveform

can be represented by a fundamental 2omponent and a series of odd

Y

harmonics of varying amplitudes. Efén with the two components shown

in the figure, it is apparent that %;e square waveform is being approached.
By adding more and more components %?gether it is possibie to bring the

sum arbitrarily close to the squarej%aveform. The term‘"density" is

used because the area under the function over all frequencies from zero

3
to infinity is the total 'power™ in .the waveform. The power density

“*

functions thus illustrate the dominant freguency ranges in a signal which

contribute to its overall mean-square value. Detection of periodicities

can be noted in the power spectral density function by the presence of
sharp peaks at discfete frequenciesu(see Bendat, 1962).

Since the frequency domain.concept may be difficult to grasp for the
uninitiated, time histories of a sinusoidal function, narrow-band noise,.
and wide-band noi%e, along with the corresponding power spectral density

functions are shan in Figure 6.3. For the sinusoidal function, the

mean-square poweri is concentrated at a s?qgle frequency. In the case of

{

e e B L T,

I . '._i_q—- : |
narrow-band noise, the power spectral density function is centered at a

g | :
particular frequency and then rapidly agproaches zero on either side.

, ‘ )
i 1

! ;
itude in a narrow frequ

N
|

! B
A resting tremor of somewhat varyij
[ a1
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Square Wave
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Fig, 6,2. Resolution of a Square Wave lin
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story.' For wide-band noise, there

The power spectral density funct ons for random tracking error were
sc

obtained by first computing an autocorrelatlon function and then computing

-4

the Fourier transform of this functﬁon to obtain the desired spectral

representations (see Appendix D an EStern, 1971 for details). While

the absolute levels of the spectra-shown are arbitrary, the power spectra

)

are not normalized, thus allowing é?mparisons between the power in db

P

54

for any given subject and the powei"i{ at the same frequency for any other

Y]

‘subject.*® : -
Results %

s
o

While quantitative indices off}racking performanée are useful in
evaluating the effects of differené typeé of therapy, spatial-temporal
response records provide a more complete:source of information on
tracking performance. Such records preserve the interesting ﬁovement
characteristics and often provide é basis for hypotheses which further
the ‘understanding of motor performance. Furthermore, inspection of graphic
records often provides the rationale for choosing among different

possible quantitdtive indicants, With these thoughts in mind, phase

*The db or de01bel scale is a logarlthmﬂc form of the power den31ty scale.
Thus, if the power density level P, at" Er quency’ f; “Is 10-times. the level
P, at frequency f,, then P, is sall to be 10 db greater than P2 If P

is 100 times P hen P. is 20 db greatar than P2 . .
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plane diagrams and power spectra were .used to characterize the - .-

tracking performance of patients with various movement disorders.

Phase Plane Diagrams

Figure 6.4 illustrates typical step response patterns for four
subjects with widely varying neurological conditions. The initial
starting point is at a position of 40 degrees and the desired end point
is at 0 degrees. Each response pattern will be considered individually.

1. Young adult normal: The step response is rapid and precise
and exhibits a single small overshoot.

2. Multiple sclef&sis patient with moderate to severe intention
tremor: Classical intention tremor which appears only during
active movements is clearly demonstrated here. No tremor is
present at rest or during the early part of tﬁe movement; but
as the target is approached, oscillations appear and then
persist for several seconds after the target region has been
reached. The step response is somewhat violent, the tremor

s

is coarse, and—the patient has ¢onsiderable difficulty in

!

settling on the exact target pp.it?on.
iR

: : L. .
3. Parkinsonian patient with severe pesting tremor: A classical

this response. The tremor

form of resting tremor is shownti
! i

! g RN
becomes manifest at rest and ceases during voluntary, movement.

s
[

Feveral seconds b?tween the

. : }
resppearance of tremor. The
| :

! i

There is a characteristic delay
’ : i

h

: |
stéppage of the movement ané t

B
:5"7’ gig! : i .
tremor begins with smalll Fmgrit,ﬁv bscillations and jreaches its

i K

EIBJ ‘

accustomed level within a
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4. Adult cerebral palsy patiégf with mild intention tremor and
B

5t

slight resting tremor: The step response is rapid and precise

£
except for mild oscillations at the end of the movement. These
oscillations settle down tO a low amplitude tremor which remains

1
i

at rest.

B

Figure 6.5 shows families of f?ajectories for four normal young

>

adult subjects. These trajectoriesiare for both right to left and left

T

to right movements. The starting ﬁ;int for the right to left movement

2%

is +40 deg. and the target point ié 0 deg., while for the left to right

movement they are just the opposite:. While there is considerable

variability in peak velocities bet&éen subjects, intra-subject variability

is low. A single, small overshoot is characteristic of most of the
3
responses. E

Families of trajectories for ;ﬁx mu?tiple sclerosis patients are
shown in Figure 6.6. The patients are listed according to a physician's
subjective evaluation of their intention tremor, from slight to moderate-
severe. It is important to note tﬁat this evaluation was made prior to
the time the patients were tested with the tracking battery. The move-
ment patterns vary from those that are only slightly different from

normal to patterés that show coarse and violent oscillations about the

target point.
li “
The information contained in tpeseg

i

plots can be transformed into

quantitative measures. For examplg;;inlthe parkinsonian study considered

i

b

used which was based on the
1 . ¢

5 % P
rom zero in the velociﬁy record
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A
and the return to zero. While movement time is a meaningful measure

- of step tracking performance for nofmals and parkinsonian patients,

‘inspection of the phase plane diagrdms for multiple sclerosis patients

suggests that additional measures are required to effectively describe
this performance. The neurologist'é evaluation of intention tremor is
based on a subjective weighting of aifferent aspects of the speed and

Tui
g

accuracy of a movement toward a taréet, as in the finger-to-nose test.

Movement time, decomposition, overshoots, and oscillations about the

S
&
w7

target all enter into his evaluatiqﬂ. Control engineers use a number
EN
of precise performance measures for’judging the step responses of

]
4

physical systems which are equally jppropriate for quantifying movement

disorders in a step tracking task. ' Time delay and rise time are two

P
vy

measures that are closely related to reacticn time and movement time.

i :
i

More important measwres, as far as Entengion tremor is concerned, are
peak overshoot and settling time. Peak évershoot is the largest negative
error between input and output during the transient state. On the phase
plane diagram for the moderate-severe multiple sclerosis patient this
corresponds to 19 degrees for a left to right movement and 15 degrees

for a right to left movement. A typical female normal, Figure 6.5(b),
has a left to rigrt peak overshoot of 2 degrees and a right to left peak
overshoot of 8 deFrees. Settling time is the time required for fhe

response to decrease and stay within a sﬁgcified percentage of its final
H i o

{

value, typically 5%. For the multiple ge
i l :
. ) ! l '
Figure 6.4, the settling time is 3}8 Fecbnds while for the normal young
S . | !

' I ' . .
adult in the same figure it is onlqu.zg teconds. Inspection) of the |
. ’ . i ; , .

5 E ( f
i il - |
A . ?
i it f

‘I’
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lerosis patient shown in
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phase plane trajectories for multiple sclerosis patients strongly

suggests that the neurologist is also influenced by these performance

measures in making his rating and that these measures can provide a

meaningful and objective characterization of patient performance.

Attempts to obtain a quantitative measure of the finger-to-nose

test have previously proved unsuccessful.

Seems apparent.

Part of the difficulty now

Performance in this test is multidimensional in nature

and unless a psychomotor test contains the same type of performance

dimensions, high correlations will not be found.

Although the small

number of multiple sclerosis patients studied precludes the use of

statistical correlations, the phase plane features do appear to be in

close agreement with what the neurologist can see.

Power Spectral Densities

of random functions in terms of the frequency domain.

Power density spectra basically describe the statistical behavior

Errcr patterns in

the random tracking task were analyzed using this techhique. Error

patterns were selected because they are c?n

ok
between the desired response and the actual

behs
patf

meag

movdment patterns present in the erro

1

. s
lvior is more concerned with this re%a
ern itself. Spectral densities were

| D
ure, integrated absolute error (IAE),i
1 I

ided

powd

Fical 1A
t
spectr
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al densities are leg
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1s to account foA the actual
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. error patterns.
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o transient and infrequent
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lapses in tracking accuracy which are often the cause of large variability
in TAE scores for the same subject.

Figure 6.7 shows error power spectra for four normal control subjects.
Based on previously obtained IAE scores, these control subjects span
the range of performance found for the normal groups. The shapes of
the spectra are basicélly similar with no sharp peaks. The fact that
the two older control subjects have the highest and lowest low frequency
power levels is worth noting. The variability in performance for the

group of 15 older normals was much greater than for the 20 young normals.

Error records for the four subjects are shown in Figure 6.8.

!
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Fig. 6.9. Error Power Spectra for a Normal Subjects in a Test-

Retest Study.

Figure 6.9 shows the error power spectra obtained from the same

'

t
&

0

. ; .
older normal on two separate occasions tTrge weeks apart. There is

t

good agreement between the two sets of méasurements especially at

| C 2'{;
higher frequenc#®s: - The group of older mormals terded to improve their

performance when retested, i.e., they ré?u:ed their power density levels,

i

butf the trends were not statistically significant based on IAE scores
/ '
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sharp peaks in the error spectrum. :The slowly moving random target

~signal did not require limb movements sufficiently rapid to always

suppress resting tremor in the parkinsonian patients. As. a result,

the power spectrum for the parkinsoéian patient has a rather broad peak

in the 3 to 4 hz range indicating tﬁat his resting tremor appeared

fn
K

only intermittently during the tracklng task. In contrast, the cerebral
‘palsy patient had a very regular, small amplitude tremor throughout
the random tracking trials. This resulted in a very decided peak at

about 3.5 hz.

The fact that the rhythmic character of some tremors is more
obvious than that of others is clearly illustrated by these spectra.
.In general, tremors are composed oé;waves of different frequencies and
amplitudes. If a particular frequagcy ia dominant and persistent, as
in the case of the cerebral palsy é;tienﬁ, the tremor appears to be
extremely regular. On the other hand, if no particular frequency
is dominant or if the frequency and amplitude patterns are changing,
then an irregular rhythm is apparent.

Figure 6.11 compares the pbwer spectra for 2 multiple sclerosis
patients with that of a normal young adult. The differences in the
power density le%els at the low frequency end of the spectra are striking

The patient with jthe previously diagnosed intention tremor of mild to

moderate does show a slight peak at aro?nd 2 hz,

PRS— [

Figure 6.12 shows the power spectra

For a parklnsonlan patlent

i
taking part in a drug trial design:dito compare the efficacy of L—DOPA
i) | 5

f . .
+ amantadine to that of L-~DOPA + plad : This partlcular patl nt had
, 5

N ;

i
|

i :

|
!
I
|
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severe hypokiﬁesia and a severe resting tremor which did not cease
during the tracking task and which was not affected differentially by
the two treatments. There is a slight overall improvement with the
L-DOPA + amantadine treatment combination, however. This improvement
is not caused by learning as amantadiné was administered first.

Figure 6.13 compares two parkinsonian patients with an age-matched
control subject. The patient with severe hypokinesia has a very rapid
fall-off in error power density with frequency and very high power
density at the low end of the spectrum. This type of characteristic
indicates that'the patient made predominantly slow, smooth motions and
very few gquick, corrective movements. The other parkinsonian patient
had a severe resting tremor which appeared intermittently during

voluntary movement, thus producing small peaks arocund 2.5 and 3.5 hz.

Figures 6.14 and 6.15 show error traces for each of the patients described

above.
While the intent of the random tracking studies and the subsequent
I
spectral analysis was not to investigate [the mechanisms of tremor, an

interesting observation can still be madﬁ this regard. A number of

— -

investigators have studied the effect of
i

i

|

of the vibrating body part on the frequer% of tremor (see Stiles and
e

1E) e e ()

Ranflall, 1967 for a brief reviev). éotﬁ"
. | b
eviflence for a mechanical mechanism df tr

1

z
in tremor frequency with
. )
added mass while others have reoorte?'ﬁé_f’ fe‘decreases in frequency

A T i
Sl F . |
: e"}" trongly influericed by the
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P
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L L
investigatons have found little;or n? c

whilth would{be expected if the

reasing the moment of inertia
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‘mechanical properties of the body part. The present experiments support

" these latter findings. Very deflnlye reductions in upper limb tremor

frequency were noted for the patieﬁ%s tracking with the large position

i

stick. The observed frequencies océurring during purposeful movement

ranged between 2.0 and 5.0 hertz while the normal, unloaded range is

i

»k

typically 4.0 to 7.0 hertz. Thus, while the mechnical properties of a

&I

limb may not be the only influence 0n the frequency of tremor they,

nevertheless, contribute an 1mbortant elerent to it.

Although only a small sample oF all the patients and control subjects

tested have been analyzed using power density spectra, there do appear

to be particular spectral patterns_which characterize different groups
i

of individuals. Normal subjects seem to have a much flatter spectrum
¥

than the other groups indicating t@éy used a combination of slow, smooth

t
1

movements and quick, corrective onéé. Parkinsonian patients with severe
hypokinesia showed much less power at higher frequencies relative to
lower frequencies than did the normal subjects. In fact, the slope of
the power spectral density curve appears to be a good measure of
hypokinesia. The greater the siope is, the more severe is the disorder.
Patients with tremulous movements can be identified by the presence of

peaks at discreté frequencies in the spectral records.
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CHAPTER VII

SUMMARY AND SUGGESTIONS

Summary

The development of highly successful therapeutic metheds for the

H

treatment of neurological disorders and the expansion of experimenta
investigation in neurology and neurcpharmacology have led to increasing
use of objective methods in such research. Clinical invsstigztors are
becoming more egacting in their attempts to detect small changss in
neurological fﬁnction, and it is important that new methodologies for
measuring human performance be thcroughly investigated. While consider-
able reliance is still placed on subjective clinical evidence, more and
more attention is being devoted to the development of standardized
quantitative performance indices. In the present research, a number of

tracking tasks that have proven useful to control engineers and

psychologists measuring skilled performance have been evaluated for use

!

in a clinical environment. Three basic Ia§ks have been investigated;
4
n%‘the Critical Task. The

namely, step tracking, random tracking,

; . . RN . .
standard quantitative performance measurgsl,! reaction time and movement
: ‘ i k

i
time, integrated absolute error, and esit jm

ated effective time delay,

werte used, More sophisticated phase pllatiej and power spectral analyses
: § R

i E
weie performed on a small sampﬁe of Fhe.‘j Fking records.

i

: ! . . . . N . 4 . L
Most tracking investigatians haye jbédniiconcerned with situations of

i
11
I

'tationar? nature, that is, uhere,§hgi;;iy variables are constant and
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variability. In a clinical environment, however, extensive training

time is a luxury thaf:simply cannot be afforded. Reasonable stationarity
and repeatability are still recuired if the tracking measures are to be
meaningful. In order to minimize variability under these conditions,

the four engineering Eask varizbles, forcing function characteristics,
display charect ristécs, control stick dynamics, and plant dynamics

were kept as simple ;s possible in the present experiments.

Whenever new qu#ntitative tests for measuring neurologic disorders
are developed it is 5f interest to examine the performance of normal
subjects as wsll as éatients on the teéts. The tracking test battery
was administered to é groun of young adult normals, ages 18 to 21, and
to a group of older adult normals, ages 50 to 74, for the purpose of
obtaining quantitati?e standards against which patient performance could
be compared and to assess the importance of age, sex, learning, and hand.
dominance on performance. Ten of the older normals were used in a
test-retest study td'determine reliability measures for the tracking
battery. Five of the six performance indices had reliability coefficients
significantly different from zero at or above the 5% level. Integrated

absolute error and estimated effective time delay had coefficients

1
H
i

above i90. Learning effects, measured with the same 10 subjects, were
not statistically significant.

Significant differences in performance due to age were found for the

action time and step movemen e measures. Twenty young adult

m
b .

5 L . | e

normalg and 15 older normals were for comparison. The especlally

yrmance was attributed to ja more

| %

ifference in movement time |

TR e

s ————




cautious approach taken by the older’ subjects. While in general, males
 tended to perform better than femalgg, statistically significant differ-
ences were observed only for the moé%ment time measures in the young
%'appear to be due to large differences

normal control group. These results§

P
iz
vE-

in strength between the males and fémales. No differential effects for
right versus left handed performance were noted in a sub-group of 8 young

.

normals.

A factor analysis of the new fﬁacking measures and established

P

measures from the CQNE and SADLE wag performed to provide a perspective

oo
i

on the new tests., The analysis deménstrated that the tracking measures

chosen for study were comprehensive;in that each of them loaded heavily

1

on é different factor or trait. In;addition, integrated absolute error
was found to measure a factor idenf}fied:as Rate Control which was pre-
viously lacking in the CQNE. High ioadiggs on the factor Control
Precision by both the Critical Task and fhe rotary pursuit task suggest
that the Critical Task, with its added advantages, might be considered
as a replacement for the earlier teét. As an evaluation of practical

utility the tracking test battery was used in a drug trial designed to

compare the efficacy. of amantadine versus placebo in treating 28
i

parkinsonian patiLnts already receiving optimal doses of L-DOPA. The
selected trackin% measures provided -information that was useful in

Lo s . ags
emee__detecting and _documenting modest but sta}‘tlsthally significant changes
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in motor performance. The findingT’gere;verified by comparison with
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including the professional opinion of two neurologists recorded during
the clinical trial. Taken together, the results of the factor analysis
and the controlled clinical trial offer strong evidence supcorting the
construct and concufrent validity of the quantitative +*racking measures.

Phase plane diagrams and power spectral density functions were

th

found to provide a useful méans of characterizing the tracking perf
of patients with movement disorders. Both techniques offer a compact
way of describing tracking behavior while still retaining the imsortant
features of the actual movement patterns involved. The phase plane
mefhod, in parficular,.appears to offer much promise for objectively
evaluating intention tremor. Comparisons of phase plane diagrams and
the neurologist's ratings of 6 multiple sclerosis patients with varying
degrees of intention tremor demonstrated that the phase plane character-

istics are in close agreement with what the neurologist can see.

Suggestions for Future Work

This research effort has shown thatétracking can be a sensitive
I

and convenient task for_use in clinical eVPluations. Methods for scoring

. IR E
range from very simple paper and pencil hegsurements to very elaborate
] i d ’
iy

!

thd task can be made extremely easy or!i@poésibly difficult. The force,
! i

: Co
ralge of pafterns. As Seashore (1951) ﬁéT’ oted, the nattern of

!

o3

gmehts i#volved in a given task is ;ik$lv to be the most important

motor skills for‘normal

i :

the specific musculature
i

i R
tor unde‘lying individual di , >NC ﬁé
TN

jec s, rather than the sense

.
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émployed. Thus, oncé.set up, a tracking apparatus can be used to provide
a wide range of testing situations, each providing additional information
relevant to the subjé‘:ct's ability structure.

While the preseét selection of quantitative tracking indices has
proven reliable and éalid, additional research on task variables and
performance indices fér clinical applications is necessary. Improvements
in the present tracking task battery can certainly be made. The random
tracking task is an ;xample. The results of the factor analysis indicate
that randonm trackingferror measures a trait that should be included in
a comprehensive evaluation of motor function. OFf all the measures in
the tracking test battery, thls measure showed the lowest percent of
normal function for fheiparkinscnian patients; and yet, infegrated
absolute error faileé to discriminate between young adult normals and
older normals. In tﬁe controlled clinical trial, the L-DOPA + amantadine
treatment group shoﬁed an 11% irmorovement in this measure over the
L-DOPA + placebo treatment group; but this improvement was not of.
statistical significance because of the large variability in scores.

These results point out tﬁe difficulties in designing a random
trackiﬁg task fer use with patient§ having movement disorders. The
éarget can be made extremely easy éﬁ impossibly-difficult to follow.
Patients are already working underia great deal of stress from their
P
pathol:gical condition, and their Taréiﬁ for test cooperation is markedly
icéme.easily annoyed’ or degressed

¢

peducei from normal. They may thu

| |

?f the! test situation is too diffi

substaxtial subject attention and
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for the patients it will affect their task attitude, and the meaning of

- the results will be obscured. Additional research with this task is

called for. Shorter task durations/and displaying a target circle whose
diameter is proportional to integra%%d absolute error for the previous

5 to 10 second period might help to;lower the high variability in the

patient's scores.

In the case of patients with néurological disorders, not only the

movement pattern used but the specific musculature involved is an

important factor to consider in designing a task. For this reason,

lower extremi tracking aopears t e an especiall romising area for
jags 2 I yp

future investigations. Multiple sclerosis patients often have severely

o

affected lower extremities withoutu;ny major disability in their upper
extremities. TFor many patients taging part in the L-DOPA and aﬁantadine
drug trial, the most noticeable im;;ovemént occurred in their lower
extremeties. Another area worthy éf con%ideration is eye tracking.
Visual and eye movement control problems:are among the first to appear

in many neurological disorders; and more precise measures in these

areas could provide a very sensitive means of evaluating therapeutic

procedures.

The presentjresearch effort has been concerned with establishing

the effectiVenes% of tracking tasks for use in clinical applications,

Primary intérest:has been in the effects of different neurological
; {
i

L . i

conditions and therapeutic druéu%;égfﬁéhﬂéﬁ6n“tﬁéwbésulting quantitative

..5 ! i f

data.
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Practical guestions regarding reliability and validity have been
considered. While additional research on task variables for clinical
use should be pursued, more theoretical orientations concerned with the
clarification of unaerlying mechanisms responsible for a given pathological
condition or response to a given drug may also be worthwhile considering.
One method for analyzing random tracking data that appears particularly
promising for this tvpe of research is transfer function*analysis. This
method involves a slight extension and alteration of the power spectral
density approacﬁ described in Chapter VI and Appendix D. In recent years,
research with fransfer_functions, which measure the input-output behavior
of a system, has been directed toward obtaining accurate measures of the
diverse functions carried out by subsystems of the nervous system.
Admittedly, only rather crude and speculative identifications of the
anatomical subsystems involved in tracking performance can be made.
However, these identifications do offer advantages over the use of
more general performance measures such as integrated absolute error.
It is quite likely fhat the subsystems tﬁaﬁ can be identified by means

— F} 1

of transfer function analysis will be di

disease states, drugs, or other stressor

f%rentially affected by different
.E_For this reason, transfer

aoproach to the étudy of
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and physicians is a formidable cne. Perhaps the main challenge is for

n

the engineer tc demonstrate the value of his technigues for use
medical research and actual medical practice. lMedical investigators have
learned that it is useful to study those parts of the brain that deal
with movement as a cémplete system rather than as isolatesd components.
There is a growing awareness that the functions that feedback control
systems are designed{to perform are in many respects analogous to those
required by humans in many of their everyday tasks. The tracking
apparatus serves as a useful framework for studyving and describing man's
sensory-motor abilities in terms of syétems engineering concepts.

Quantitative measures of motor function are not meant as replacements
for sound clinical judgment, but they may serve to free the neurologist
from some of the routine aspects of an examination and, more importantly,
supply him with more objective and precise information on a patient's
neurological conditibn. As De Jong (1958) has noted:

"Wo other branch of medicine lends itself so well to the correlation

of signs and symptoms with disease structure as does neurology,

but it is only by means of a systematic examination and an

accurate appraisal that one can elicit and properly interpret

|
’ his findings."

It is $oped that the present trackL?g research has contributed in a small
- |

»ologlcal function and that it

|
way tol|a more accurate appraisal of ?
el
will help to stimulate more w1de—s>7 ad use of systems engineering con-
r ok i :
{ { .|’.'
cepts in the study of neurologicaljdis
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'APPENDIX A

BRIEF DESCRIPTIONS OF VISUAL!ACTUITY AND SELECTED UPPER
EXTREMITY TESTS IN THE CQNE AND SADLE%

CQNE Tests

Vision: Distance vision is méésured using a Snellen chart placed
20 feet away from the subject. Thé;subject covers one eye at a time
and attempts to read the smallestviine possible. The smallest line

read completely correct is recorded: and the measure used is percent

control visual efficiency.

Grip Strength: A Jamar hand dynamometer is used to measure grip
strength. Five trials are performéd in succession with each trial con-
sisting of the subject squeezing the handle with as much force as

possible for 5 seconds. Grip strength is measured using the average of

the maximum force exerted for the first 2 trials. Grip strength fatigue

is measured as 100 times the ratio of the maximum force on the 5th trial

divided by the maximum force on the 1lst trial.:

Wrist and Shoulder Strength: Wrist and shoulder strength are

measured using a modified Newman myometer applied at a fixed point on
the subject's hand or wrist perpendicular to the direction of motion.

l . . .
For wrist strengfh the subject places his arm on the arm rest of a chair

with the wrist m?ximally dorsiflexed. The experimenter applies force

A

T | |
|
n [Potvin (1971).

i
j i
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*More detailed descriptions are fqund i
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over the third metacarpal perpendicular to the dorsum of the hand. For
shoulder strength, the subject is seated with his arm extended and held
sideways at a right angle to the bedy. TForce is applied downward on the
wrist. In both tests the subject is told to maximzlly resist the force.
Two trials are performed without rest with the average of the maximum
force taken as the measure of strength.

Force Steadiness: These tests are basically constant force tracking

tasks requiring the subject to epply a constant 300 gm force to a force

stick. A meter is used to display to the subject his deviation from

300 gm. The test is performed with the arm both supported and unsupported.

Three 10 second trials are conducted for both conditions. The average
of the subject's absoclute error for the 3 trials, given in gram second/
second, is used as the test measure.

Tremor: Measures of resting and sustention tremor are obtained
using an accelerometer placed on the index finger of the dominant hand.

For resting tremor, the subject places.his arm on the arm rest of a
|

chair with his wrist hanging relaxed oveF the edge. TFor sustention
e |

tremor, the subject extends his arm in JoAt of him at right angles to
. IR
y . . IR .

thg body with the wrist and fingers exteﬁded horizontally. In each test,

B

3 tirials are conducted with the average Ecore for the trials, expressed

B

ﬁt measure.

injG second/second, being used ias the te

| ]" :
. . . - iy . . . ! s
Reaction Time: The subject's simple lneaction time is measured witl
! | | z]f i
. R . . { FY . :
a device using a visual and auditoryj s! s 51multaneouslyi The res-
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fast as possible after the presentation of the stimuli. The average
time between stimulus onset and response for 10 trials is taken as the
test measure.

Hand Speed and Coordination: A hand tapping board consisting of a

row of keys mounted éver a set of microswitches is the basic instrument
for these two tests;: For the hand speed test, the subject is instructed
to tap anyone of theﬁkeys as quickly as possible for a 30 second period
using the index finéér. The measure for hand speed is the number of taps
registered during thé first 10 seconds. Hand speed fatigue is expresséd
as 100 times the numﬁer of taps in the‘last 10 seconds divided by the
number of taps in the first 10 seconds. For hand coordination, the
subjecf is>instvucte§ to alternately tap as fast as possible 2 target
keys, whose centers are 16 inches apart, without making any errors. The
triél again lasts 30 seconds. Hand coordination ana hand coordination
fatigue are measured in the same manner as the hand speed measures.

Rotary Pursuit: A Lafayette rotary pursuit apparatus which con-

sists of a hinged stylus and a 3/4 inch diameter target rotating on an
8 inch disk is used in this test. The subject attempts to keep the tip

of the stylus on the target while it rotates at 30 revolutions per

H
1

i

i L .
minutei The average percent of time on target for three 20 second trials

is used as the test measure. L
N l i

Pardue Pegboard: This task requires the subject to pick up, move,

| e

and place, one at a time, a series 6f small pegs into a prescribed row
! i . 1
‘ | Ll
f holgs. Thg number of pegs placed in.a 30 'second trial is used as the

(

e,




Pencil Rotation: This task reg:

pencil using only the thumb, index,-&nd middle fingers. The top of the

3

'“pencil is rotated away from the bod§ and each time the pencil reaches
i

e

the vertical position it is tapped %n the surface of a table. The

: A
‘'subject is instructed to rotate and’tap as fast as poessible without

P

dropping the pencil. The average number of taps over two 10 second-
pping p g : I

trials is used as the test measure

Touch Sense: A Cochet and Bonnet monofilament aesthesiometer con-

S

~sisting of an adjustable nylon fil%@ent is used in this test. A 1 inch

e

stroke is applied to the dorsum of}ihe hand causing modest bending of

the filament. The longest length of filament (in centimeters) for
which the subject can feel three oFf three strokes with his eves closed
. 3

is used as the test measure. g

r, i

B 1
Vibration Sense: An electrical vibrator, or biosthesiometer, is
|

applied to the pad of the subject's index finger. With eyes closed,
the subject is asked to report when he first perceives the vibratory
stimulus. The stimulus is slowly incremented from an amplitude of zero,

+

and the average of three trials expressed in microns is used as the

test measure.

Position Sedse: This test measures the subject's ability to identify

the position of 4is joints with his. eyes closed. The distal joint of

the index finger'is examined first., Fodr.trials are used. If the

i e e

' ! 3
subject correctly identifies the natgre‘cf the examiner's passive positioning
. x‘! } .
o ‘ .
on all 4 trials, the testing is cqmpletgjand a score of 1 is received. !
!
|

i ;' |
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If not, the examiner goes on to the proximal joint of the index finger
and then to the wrist, elbow, and shoulder, as needed, until the subject
responds correctly to all four trials. If the subject fails to respond
correctly on the shéulder joint a score of & is recorded. Integer scores

between 1 and 6 are possible with this scheme.

Two-Point Discrimination: A Sweet two-point compass is used to

apply the stimulus to the subject's index finger. The smallest distance
in millimeters that the subject recognizes correctly as two points on

3 consecutive trials is taken as the test measure.

SADLE Tests

With the exception of Putting on a Shirt, the subject begins each
test sitting in front of a table with his hands flexed and placed against
the edge of the table. The subject is instructed to complete the task
as rapidly as possible. Timing begins with the word "go'" and continues
until the test is completed. Each test is repeated twice and measured
to the nearest 0.1 second. The test score is the average of the 2 trials. .
l

Putting on a Shirt+ The subject is séated on the edge of a chair

U .
and is handed a man's long sleeve ShiPtELCJFfS unbuttoned) with the
froht facing him. His instructions are at %he word "go'" to take the

shifpt, put his right arm through thefr%ght Lleeve, bring the shirt to

l,t. - .

tha.top of his right shoulder, reach?beh n ihls back, place his left
:'siA

irt] over his left shoulder,
: -
t ; !

stralghten #he collar, and bring theffro : of the shirt together. ‘

{
} : P
i

arm through the left sleeve, bring t?e 51
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HManaging Buttons: A cloth covered board with a 1 inch button

and a buttonhole andia similar board with a 1/2 inch button and buttonhole
are used in these taéks. The tasks are referred to as large and small
button, respectively. The subject is required to unbutton and then
button the cloth as gquickly as possible.

Zipping a Garment: A cloth covered board with a 7 inch zipper is

placed in front of tie subject who is instructed to open and close the
zipper twice as quic;ly as possible.

Tying a Bow: A%board with two 16 inch laces secured in the center
is placed in front of the subject with.the laces placed in parallel
1 inch apart. The subject's task is to pick up the laces, tie a single

knot and then 2 bow,.:

Cutting with a ¥nife: A 7 inch plate, held in place by a suction

device, is placed in front of thé subject. A piece of permoplast, 3
inches x 3 inches x 3/8 inches, is placed in the center of the plate
with a knife placed to the right of the plate and a fork to the left.
The subjecf's task is to pick up the knife and fork, position them for
cutting, cut 2 bite-size pieceé of permoplast, and place the utensils

on the plate.

i
‘

; i
Uding a Fork: A 7 inch platewith a 1/2 inch cube of permoplast is

|

placed {in front of the subject. A fOﬁk{is placed to the left of the

|
plate.| The subject picks up the fork, spears the permoplast, and

rings{it up to his mouth. ' i

H
i
i
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Squeezing Toothpaste: A board;with a 1/2 inch line drawn in the

center and with an uncapped tube of: oothpaste on the right is placed

in front of the subject. The subjeé} picks up the tube of toothpaste,

squeezes it onto the line, and putsxthe tube back on the table.

Dialing a Telephone: A standag , spring loaded telephone is placed

directly in front of the subject. ‘Without lifting the receiver, the

subject dials 764-7172 which is written on a card in 3/8 inch letters

placed in front of the telephone.

¥anipulating Safety Pins: Two:standard 1 1/2 inch safety pins,

one orened and one closed, are placed in front of the sdbject. The

task is to pick up and close the first pin and then pick up and open
the sscond.

Putting on Gloves: A pair of ‘garden gloves are placed in front
ot ,

of the subject whose task is to puﬁ on both gloves and clasp his hands
2 E

together with his fingers intertwined.

P
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APPENDIX B

INSTRUCTIONS READ TO SUBJECTS BEFORE
AbMINISTRATION OF TRACKING TEST BATTERY

"Please be seated. Place your right arm on the control stick,
grasping the handle so that your upper arm is vertical. Make yourself
comfortable and remain in this position during the tests.

"You are about to take part in a tracking test examination that
measures differenf aspects of your ability to coordinate your eyes and
hand. (Experimenter turns up scope intensity) You now see two vertical
lines near the center of the screen. The large vertical line is now
stationary. The position of the small vertical line is controlled by
movements of the control stick. In general, if you want the small line
to move to the left you must move the control stick to the left; and
if you.want the line to move to the right, move the control stick to
the right. Your task in this set df tests will be either to match the
movement of the large target line or to éompensate for movements of the

i
small line away from the large line."

4
4

Familiarization Procedure

"Your first task is to test the contrpl stick action and '"feel" by

; | !

sinply moving the stick back and forth ag,a steady rate. Keep the small
H ‘ '

jn't worry about gelng exact

llﬂe w1th1nithe limits of the screen

v i . Cod
t move free and easy. The trial r 1 lagt for one mlnute{

ﬁ

stick back and iforth as
Hiline{within the limits of

"Your next task is to moveg t

:
ragidl-- as possible again keeping

e s e e e s

et e oy

e e

e



S

i i | ! 1: '
| i |
.

N —

118

the screen. I will tell you when to start and stop. The trial will
last for 20 seconds. "
"Now that you have become somewhat familiar with the characteristics

of the control stick, we are ready to begin the tests."

Step Tracking

Y"As we start thé first test the large vertical line or target will
move to the right of the screen. Position the control stick so that the
small vertical line or follower lines up with the target. ¥hen we begin
the test the target Qill jump suddenly to the left and then to the right
and so forth at appréximately S second intervals. Your task is to follow
the target with the follower by proper movement of the control stick.
Make your movements as fast and accurate as possible after the target
makes its jump. Hola the stick steady until the next jump. Do not worry
if you overshoot the target and have to move the stick back. You will
be scored on how fast you react to target movements as well as hcw fast
you perform your movéments. Each trial will consist of & jumps. There

will be 5 trials with a rest in between. Any questions?n

Randomeracking
i P

! ! . . s
"In this test the large target;line will remain fixed in the center

!
of theiscreen. You should begin byfhﬁving the control stick in the center
! I

!
positipn. When the test begins the small vertical line will start moving

{ | .
back apd forth across the screen ipjairandom manner. You must then
i ! A ‘

© ! . Pt .
begin Poving %he control stick to keep the small line as near tqd the

’ .
B {
[ |

o
1ﬁ, you must compensate |for its |

center| of the screen as possible. THat:

i

l
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movements. The task is much like driving a small sports car down a

~winding road under conditions of poér visability such as fog. Your

score will depend on the average deviation of the follower from the

center. There will be five 75 secoﬁd trials. Any guestions?"

Critical Tracking

"In this test the target alsof?emains in the center and you should
=

o

A

begin by having the control stick i% the center. When the test begins

the small follower line will begini@oving off the screen in one direction

or the other. You must again compgﬁsate by moving the control stick to

£y

keep the line in the center. In th;s test, however, the line will res-

4

pond more sluggishly to your moveméhts than before so you must make

your movements more quickly. As time increases it will become more

5

difficult to keep the line in the éénter% The more you allow the line
to stray from center, the harder iflwill?be to control. This test is
analogous to dﬁiving a truck without brakes down a hill with the speed
gradually increasing as you go. The test ends when you can no longer
keep the truck from going off the road into the ditch. Your score

depends on how long you keep the line on the screen. There will be

20 trials with a;short rest between each § trials. Any questions?"




APPENDIX C

INSTRUMENTATION

The apparatus used in the tracking studies consisted of the

following parts:

I.

II.

III.

P T e VP,

Function generators

A. Series of timer-relays for generating rectangular pulses
for step trakcing (Figure C.1)

B. Pseudo-random binary noise generator and analog filters
for random tracking input (Figures C.2 and C.3)

Computing equipment

. zs
amplifier

ALY v h] -~
Si ANALCE 'J.'J_‘:.-:.'lltEI’

A. Twenty-four
1. To prepare function generator signals for display
2. To compute performance measures

3. To simulate controlled element dynamics
B. Logic circuitry

1. To properly time diffgrent aspects of tracking tasks

2. To control critical task (Figure C.4)
Display equipment i

| 0

A. Subject oriented: Dumoﬁt%737A Large Screen Indicator

t i

and special cirquitry;tof},

; y

it beam into target and

follower signalg (Pigﬁre§:

P. Experimenter oriented| I8
L

1. Digital voltmeter?fp} : ﬂlay performancé scores
{

i

i
|

i
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2. Brush recorder to display time tracings
3. Mosley x-y plotter to display phase plane trajectories
Iv. Position control stick designed and constructed by the
University of Michigan Yan-Machine Systems Laboratory
V. Four channel Ampex SP-300 FM recorder to obtain permanent

tracking records

The low frequency random voltage used as a target signal in the
random tracking task was obtained from a 12 stage sequence generator
followed by a low-pass analog filter (Figure C.2). The sequence
generator is a clock driven shift register with the modulo-two sum of

the twelvth, sixth, fourth, and first stages fed back to the first stage.

With this feedback, the output is a pesudo-random sequence of period 2N-l,

where N is the number of stages, in this case, 12. This can be shown
to be the period -which can be obtained using an N stage register. The

sequence is then low-pass filtered to provide analog noise with closely

controlled characteristics. N
The clock fféquengy chosen is a funéﬁion of the cutoff freguency

of the low-pass filter. The clock frequéréy must be high compared to the

cu#off frequency to ensure that the an%l%g%noise has a flat spectrum out

tof{the bandwidth of the filter. Howevir§

i ﬂ

too high of a clock frequency

{ i

| £0 cutoff frequency:ratio of
: |
N
thja closely approximated
;?Lii=“ | '
t

'“,gtoff}frequencyéof 0.3 rad per

: T !
It has:been'found that a clock|frequenc:

abbut 20 to| 1 yields an analogisign

GaJssian amplitude distribution. Fori
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wigl result in a skewed analog!noisefampllﬁude distribution {Gilson, 1966).

i I
A fm.l,t!

. -'--"\\.



e e

122

second that was used in this set of experiments, a clock frequency of
1.5 hz was used. This yields a ratio of 30 which is sufficiently close

to the optimum ratio to produce satisfactory results.
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d KEY
3(X)K§3.9K§ 3.9K§300K IN1305
.01 uf 2N5459
% moz4
10K % 9K
1N4385
o o
= £
SWITCHING CIRCUIT 100 X
100 K
Target D
Signal : To x oxis of display
L +
100 K -
Follower
Signal +1 . 100 K
Bo—3 T
—O
= To y axis of display
9.3KHz 100k = A
Trianguiar
\vVave 1= vy
i 1
j .033 ut _;[' 00 K

;
47K

.||

e ——— s

S eemaca e g s

.|l

§§
oy

LS

‘%47

:Fig, 4.5 Beam Splitter Circuitry

To z axis of display

[T
————— e,




APPEN}_)"_:-IX D

)

v TECHNIQUE FOR OBTAINING §OWER SPECTRAL DENSITIES

Error power spectral density functions were obtained from a computer
analysis of the error records for tﬁe random tracking task. The analysis

makes use of programs written by St;rn (1971).

As implemented, the technique 3nvolves calculation of the error

4

autocorrelation function and subsequent computation of its Fourier trans-

e

form to obtain the error power speéiral density function (Figure D.1).

The autocorrelation function is deﬁined as:

R_(T) = limit 5= [ e(tle(t - T)at.
2T

In practice, it is possible to corfélate only over a finite time span

and thus obtain only an estimate o; the True function. For this purpose,

an on-line continuous correlation prograﬁ for a Hewlett-Packard 2115A
mini-computer was employed. The error signal was sampled at 20 times

per second and correlation functioﬁs were processed in blocks of 256 samples.
Each newly calculated correlation function was averaged with the previous
estimate to obtain the  current average estimate. The error records
consisted of fivé 75 second runs, and the final correlation estimate

was based on the| average of 25 blocks of 256 sample each.

|
~.The error pbwer spectral den31tlté§ were obtained by Fourier

e T NI NN L

l

i T e ' '
i

transforming Ree(T) as shown in thg follTw1ng relatlonshlp

}
]
o i ! ; U
- ;?:ii?ﬂik | ' ,
t See(f) = f Ree(T) i—,g‘g_ ‘ .
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A 256 point Fast Fourier Transform based on the algorithm developed by
Cooley and Tukey (1965) was used for the integration process. Since (auto)
power spectral density functions have a zero phase angle for all fre-

quencies, only the magnitude of S e(f) was considered.
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